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Abstract:

A combinatorial map is a connected topological graph cellularly embedded in a sur-
face. This monograph concentrates on the automorphism group of a map, which is
related to the automorphism groups of a Klein surface and a Smarandache manifold,
also applied to the enumeration of unrooted maps on orientable and non-orientable
surfaces. A number of results for the automorphism groups of maps, Klein surfaces
and Smarandache manifolds and the enumeration of unrooted maps underlying a
graph on orientable and non-orientable surfaces are discovered. An elementary clas-
sification for the closed s-manifolds is found. Open problems related the combi-
natorial maps with the differential geometry, Riemann geometry and Smarandache
geometries are also presented in this monograph for the further applications of the
combinatorial maps to the classical mathematics.
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Chapter 1 Preliminary

All surfaces are 2-dimensional compact manifolds without boundary, graphs are
connected, possibly with loops or multiple edges and groups are finite in the context.
For terminology and notation not defined in this book can be seen in [33],[34] and
[35] for graphs and maps and in [6], [73] for groups.

81. Klein surface and s-manifold

1.1 Definitions

1.1.1 Definition of a Klein surface

The notion of Klein surface is introduced by Alling and Greenleaf [2] in 1971
concerned with real algebraic curves, correspondence with that of Riemann surface
concerned with complex algebraic curves. For introducing this concept, it is need
to enlarge analytic functions to those of dianalytic functions first.

Now let f : A — C be a mapping. Write z = 2 + iy, 2,y € R,i = /—1,Z =
r —iy and f(2) = u(z,y) + vz, y) f(z) = u(z,y) — iv(z,y)for certain functions
u,v: A— R.

A mapping f: A — C is analytic on A if % = 0 (Cauchy-Riemann equation)
and is antianlytic on A if % =0.

A mapping f is said to be dianalytic if its restriction to every connected compo-
nent of A is analytic or antianalytic.

Now we can formally define a Klein surface.

A Klein surface is a Hausdorff, connected, topological space S together with a
family >~ = {(U;, ¢;) |i € I} such that the chart {U;]i € I} is an open covering of
S, each map ¢; : U; — A; is a homeomorphism onto an open subset A; of C or
Ct ={ze€C:Imz >0} and the transition functions

Gij = Gig; ¢j(UiﬂUj) — ¢i(UiﬂUj)'
are dianalytic.

The family >" is said to be a topological atlas on S.
The boundary of S is the set

0S = {x € S|there existsi € [,x € U, p;(x) € R
and ¢;(U;) CCT}.
The existence of Klein surfaces is obvious, for example, a Riemann surface is a

Klein surface viewed as an orientable surface with empty boundary and Y to be
analytic functions. Whence, we have the following relation:
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{Riemann Sufaces} C {Klein surfaces}.

The upper half plane H = {z € C|Imz > 0} with {(U; = H,¢; = 1)} and the
open unit disc D = {z € C||z| < 1} with {(U; = d,¢1 = 1p)} in C are two Klein
surfaces with empty boundary and analytic structures.

If £(S),g(S) and x(S) are the number of connected components of 0S5, the
topological genus and the Euler characteristic of a surface S, then we have that

Theorem 1.1.1([2])

() = 2 —2¢(S) — k(S), if S is orientable,
AT g(S) — k(S). if Sis non — orientable.

1.1.2 Definition of a Smarandache geometry

By the history, we know that classical geometries include the Euclid geometry,
the hyperbolical geometry and the Riemann’s geometry. Each of the later two is
proposed by denial the 5th postulate for parallel lines in the Euclid postulates of
geometry. The Smarandache geometries is proposed by Smarandache in 1969 ([61]),
which is a generalization of the classical geometries, i.e., the Euclid, Lobachevshy-
Bolyai-Gauss and Riemannian geometries may be united altogether in the same
space, by some Smarandache geometries. These last geometries can be either par-
tially Euclidean and partially Non-FEuclidean, or Non-Euclidean. It seems that the
Smarandache geometries are connected with the Relativity Theory (because they in-
clude the Riemann geometry in a subspace) and with the Parallel Universes (because
they combine separate spaces into one space) too([32]).

In [61], Smarandache defined several specific types of Smarandache geometries,
such as the paradozist geometry, the non-geometry, the counter-projective geometry
and the anti-geometry. He also posed a question on the paradoxist geometry, i.e.,
find a nice model on manifolds for this paradoxist geometry and study some of its
characteristics.

An axiom is said smarandachely denied if in the same space the axiom behaves
differently (i.e., validated and invalided; or only invalided but in at least two district
ways).

A Smarandache geometry is a geometry which has at least one smarandachely
denied axiom!* . At present, the Smarandache manifolds (abbreviated s-manifolds)
are the central object discussed in the Smarandache geometries today. More results
for the Smarandache geometries can be seen in the references [4], [16],[27] —[28], [32]
and [58] — [59] etc..

The idea of an s-manifold was based on a hyperbolic paper in [69] and credited
to W.Thurston. A more general idea can be found in [59]. According to the survey
[27] of H.Iseri, an s-manifold is combinatorially defined as follows:

LAlso see www.gallup.unm.edu/~ samrandache/geometries.htm
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An s-manifold is any collection C(T,n) of these equilateral triangular disks T;, 1 <
1 < n satisfying the following conditions:

(i) Each edge e is the identification of at most two edges e;,e; in two distinct
triangular disks T;,T;,1 < 4,5 <n and t # j;

(13) Each vertex v is the identification of one vertex in each of five, siz or seven
distinct triangular disks.

The vertices are classified by the number of the disks around them. A vertex
around five, six or seven triangular disks is called an elliptic vertex, a Fuclid vertex
or a hyperbolic vertex, respectively.

An s-manifold is called closed if the number of triangular disks is finite and each
edge is shared by exactly two triangular disks, each vertex is completely around by
triangular disks. It is obvious that a closed s-manifold is a surface and its Euler
characteristic can be defined by the Theorem 1.1.1.

1.2 Classification of Klein surfaces and s-manifolds

A morphism between the Klein surfaces S and S’ is a continuous map f : S — 5’
such that f(05) C 95’ and given s € S, there exist chart (U, ¢) and (V, ) at s and
f(s) respectively, and an analytic function F': ¢(U) — C such that

([ (5)) = (F((s))),

where, @ : C — C* : x + iy — x +i|y| is a continuous map.

An automorphism of a Klein surface S is an 1 — 1 morphism f : S — S. It has
been known that for a given Klein surface S, the set AutS of automorphisms of S
forms a group with respect to the composition operation and AutH = PGL(2, R).

Let I' be a discrete subgroup of AutH. We say that I' is a non-euclidean crys-
tallographic group( shortly NEC group) if the quotient H/T" is compact.

More results can be seen in [11]. Typical results for automorphisms of a Klein
surface S are as follows.

Theorem 1.1.2([11]) Let S be a compact Klein surface, g = g(S) and k = k(S),
then
(i) there exists an NEC' group I such that AutS = Nq(I')/T", where Q = AutH.
(ii) if S satisfies the condition 2g + k > 3 if S is orientable and g+ k > 3 if S
is mon-orientable, then AutsS is finite.

Similarly, two s-manifolds C;(7',n) and Co(T,n) are called to be isomorphic if
there is an 1 — 1 mapping 7 : C;(T,n) — Co(T,n) such that for V1,15 € C;(T,n),

T(T1 mT2> = T(Tl) mT(Tg)
If Ci(T,n) = Ci(T,n) = C(T,n), 7 is called an automorphism of the s-manifold
C(T,n). All automorphisms of an s-manifold form a group under the composition
operation, called the automorphism group of an s-manifold C(7T,n), denoted by
AutC(T,n).
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§2. Map and embedding of a graph on surface

2.1 Graphs

Combinatorially, a graph I' is a 2-tuple (V, E) consists of a finite non-empty
set V' of vertices together with a set E of unordered pairs of vertices, i.e., F C
V x V([22],[35],[70]). Often denoted by V(I'), E(I') the vertex set and edge set of
the graph T'.

The cardinal numbers of |V| and |E| are called the order and the size of the
graph I'.

We can also obtain a representation of a graph I' representing a vertex u by a
point p(u), p(u) # p(v) if u # v and an edge (u,v) by a curve connecting the points
p(u) and p(v) on the plane.

For example, the graph in the Fig. 1.1

Fig 1.1
is a graph I' = (V, E) with V' = {u, v, w,z} and

E = {(u,u), (v,v), (w,w), (z,x), (u,v), (v,w), (w,z), (r,u)}.

A walk of a graph I' is an alternating sequence of vertices and edges uq, 1, us, €,
e, U, With e; = (ug,u;4q1) for 1 <4 < n. The number n is the length of the
walk. If u; = w,1, the walk is said to be closed, and open otherwise. For example,
ueiveswegwesreswesv is a walk in the graph of the Fig. 1.1. A walk is called a trail
if all its edges are distinct and a path if all the vertices are distinct. A closed path
is said to be a circuit.

A graph I' is connected if there is paths connecting any two vertices in this graph
and is simple if any 2-tuple (u,v) € E(I') C V(I') x V(I") appears once at most and
u # v.

Let I be a graph. For Vu € V(I'), the neighborhood N{(u) is defined by Ng(u) =
{v|(u,v) or (v,u) € E(I')}. Its cardinal |[Ng(u)| is called the valency of the vertex
w in the graph T', denoted by pr(u). By the enumeration of edges, we know the
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following result
S e V(T)pr(u) = 21E(T)|.

2.2 The embedding of a graph on surfaces

A map on a surface S is a kind of partition S which enables us to obtain home-
omorphisms of 2-cells {(z,y)|z* +y*> < 1,2,y € R} if we remove from S all the
curves used to partite S. There is a classical result for the partition of a surface
gotten by T.Radé in 1925.

Theorem 1.2.1([52]) For any compact surface S, there exist a triangulation {7T;,i >
1} on S.

This theorem is fundamental for the topological graph theory, which enables us
to discussion a surface combinatorially.

For any connected graph I' = (V(I'), E(I')) and a surface S, an embedding of the
graph I' in the surface S is geometrical defined to be a continuous 1 — 1 mapping
7:I'— S. The image 7(I") is contained in the 1-skeleton of a triangulation of the
surface S. If each component in S — 7(I") homeomorphic to an open disk, then the
embedding is said a 2-cell embedding, where, components in S — 7(I") are called
faces. All embeddings considered in this book are 2-cell embeddings.

Let I' be a graph. For v € V(I'), denote by Ni(v) = {e1, e, -+, e,)} all the
edges incident with the vertex v. A permutation on ey, ey, - -+, €, is said a pure
rotation. All pure rotations incident a vertex v is denoted by o(v). A pure rotation
system of the graph I' is defined to be

p(I) = {o(v)|v e V(I')}
and all pure rotation systems of the graph I' is denoted by o(T).
The first characteristic for embedding of a graph on orientable surfaces is found
by Heffter in 1891 and formulated by Edmonds in 1962, states as follows.

Theorem 1.2.2([17]) Every pure rotation system for a graph I' induces a unique
embedding of I' into an orientable surface. Conversely, every embedding of a graph
I' into an orientable surface induces a unique pure rotation system of I.

According to this theorem, we know that the number of orientable embeddings
of a graph I is [T ey (r)(p(v) — 1)L

The characteristic for embedding of a graph on locally orientable surface is used
by Ringel in the 1950s and gave a formal proof by Stahl in 1978(]22][62]).

From the topological theory, embedded vertex and face can be viewed as disk,
and an embedded edge can be viewed as an 1-band which is defined as a topological
space B together with a homeomorphism h : I x [ — B, where I = [0, 1], the unit
interval.
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Define a rotation system pZ(T') to be a pair (J,\), where J is a pure rotation
system of I', and A : E(I') — Z5. The edge with A(e) = 0 or A(e) = 1 is called type
0 or type 1 edge, respectively. The rotation system of a graph I' are defined by

0" (D) ={(J, M|T € o), X: E(I') — Zy}.
Then we know that

Theorem 1.2.3([22][62]) Every rotation system on a graph I' defines a unique locally
orientable embedding of I' — S. Conversely, every embedding of a graph I' — S
defines a rotation system for I.

For any embedding of the graph I', there is a spanning tree T" such that every
edge on this tree is type 0([43]). Whence the number of embeddings of a graph I
on locally orientable surfaces is

2O ] (plv) — 1!

veV(T)

and the number of embeddings of I' on the non-orientable surfaces is

" 1) T[ (pw) ~ 1)
veV(I)
The following result is the Euler-Poincaré formula for an embedding of a graph
on surface.

Theorem 1.2.4 If a graph I' can be embedded into a surface S, then

() —e(l) + o(I') = x(5),

where, v(I'),e(I") and ¢(I") are the order, size and the number of faces of the graph
[, and x(S) is the Euler characteristic of the surface S:

2 —2p, 1f S is orientable,
2—gq, if Sisnon— orientable.

2.3. Map and rooted map on surface

In 1973, Tutte gave an algebraic representation for an embedding of a graph on
locally orientable surface ([66], which transfer a geometrical partition of a surface
to a kind of permutation in algebra.

According to the summary in [33], a map M = (X, g, P) is defined to be a basic
permutation P, i.e, for any x € X, 3, no integer k exists such that Pz = az,
acting on X, g, the disjoint union of quadricells Kx of v € X (the base set), where
K ={1,«,8,a8} is the Klein group, satisfying the following two conditions:
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(Ci) aP =P la;

(Cii) the group V; =< «, 3,P > is transitive on X, g.

For a given map M = (X, g, P), it can be shown that M* = (Xj3,, Paf) is also
a map, call it the dual of the map M. The vertices of M are defined as the pairs of
conjugatcy orbits of P action on X, 3 by the condition (C%) and edges the orbits of
K on X, g, for example,Vz € X, 3, {z, ax, Bz, afz} is an edge of the map M. Define

the faces of M to be the vertices in the dual map M*. Then the Euler characteristic
X(M) of the map M is

X(M) = v(M) —e(M) + (M)

where,v(M),e(M), $(M) are the number of vertices, edges and faces of the map M,
respectively.

For example, the graph K, on the tours with one face length 4 and another 8 ,
shown in the Fig. 1.2, can be algebraic represented as follows:

A map (X, 3,P) with X, 3 = {z,y, 2z, u,v,w, ax, ay, oz, au, av, aw, Bz, By, Bz,
Bu, fv, Bw, afz, afy, afz, afu, afv, afw} and

P = (x,y,2)(afz,u,w)(afz, afu,v)(afy, afv, afw)

The four vertices of this map are {(z, v, 2), (ax, az, ay)}, {(afz, u, w), (Bz, cw, au)},

{(afz, aPu,v), (Bz, v, u)} and {(afy, 0fv, afw), (By, fuw, Bv)} and six edges are
{e,ae, Be, afe}, where, e € {x,y,2,u,v,w}. The Euler characteristic x(M) is
X(M)=4—6+2=0.

Fig 1.2

Geometrically, an embedding M of a graph I' on a surface is a map and has an
algebraic representation. The graph I is said the underlying graph of the map M
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and denoted by I' = I'(M). For determining a given map (X, g, P) is orientable or
not, the following condition is needed.

(Ciii) If the group ¥; =< af,P > is transitive on X, gz, then M is non-
orientable. Otherwise, orientable.

It can be shown that the number of orbits of the group ¥; =< af,P > in
the Fig.1.1 action on X, 3 = {z,v, z,u, v, w, az, oy, az, ou, av, aw, Sz, By, Bz, fu,
Bu, bw, afz, afy, afz, afu, afv,afw} is 2. Whence, it is an orientable map and
the genus of the surface is 1. Therefore, the algebraic representation is correspondent
with its geometrical mean.

A rooted map M?® is a map M such that one quadricell x € X, 3 is marked
beforehand, which is introduced by Tutte in the enumeration of planar maps. The
importance of the root is to destroy the symmetry in a map. That is the reason why
we can enumerate rooted maps on surfaces by combinatorial approaches.

2.4. Classification maps and embeddings of a graph on surfaces

2.4.1 Equivalent embeddings of a graph

From references, such as, [22], [70], etc., two embeddings (J1, A1), (Ja2, A2) of I on
an orientable surface S are called equivalent if there exists an orientation-preserving
homeomorphism 7 of the surface S such that 7 : J; — Jo, and 7\ = Ar. If
(J1, A1) = (Ja, A2) = (T, A), then an orientation-preserving homeomorphism map-
ping (J1, A1) to (J2, A2) is called an automorphism of the embedding (7, A). Cer-
tainly, all automorphisms of an embedding form a group, denoted by Aut(J, \).

Enumerating the non-equivalent orientable embeddings of a complete graph and
a complete bipartite graph are considered by Biggs, White, Mull and Rieper et
al in [6], [54] — [55]. Their approach is generalized in the following Section 2.3.2
for enumerating non-equivalent embeddings of a given graph on locally orientable
surface in the view of maps on surfaces.

2.4.2 Isomorphism of maps
Two maps M; = (X, 5,P1) and My = (X2 5, P>) are said to be isomorphic if
there exists a bijection &
£: X;,ﬁ — Xiﬁ
such that for Vz € X, 5,

a(r) = ag(x),§0(x) = f(x) and  EPi(z) = Pat(x).

Call ¢ an isomorphism between My and M. If M; = My = M, then an isomorphism
between M; and M, is called an automorphism of M. All automorphisms of a map
M form a group, called the automorphism group of M and denoted by AutM.
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Similarly, two rooted maps MY, My are said to be isomorphic if there is an
isomorphism 6 between them such that 6(z) = y. All automorphisms of a rooted
map M" also form a group, denoted by AutM". It has been known that AutM" is
trivial ([33]).

Using isomorphisms between maps, an alternative approach for determining
equivalent embeddings of a graph on locally orientable surfaces can be gotten, which
has been used in [43], [49]—[50] for determining the number of non-equivalent embed-
dings of a complete graph, a semi-regular graph and a Cayley graph I' = Cay(G : 5)
with Autl’ = R(G) x H, is defined as follows.

For a given map M underlying a graph I, it is obvious that AutM|r < Autl'.
We extend the action Vg € Autl’ on V(I') to X, g, where X = E(I"), as follows:

Vo € X, p, if 29 =y, then define (ax)? = ay, (Bx)? = By and (afx)? = afy.

Two maps (embeddings) M;, M, with a given underlying graph I' are equivalent
if there exists an isomorphism ( between them induced by an element £. Call ¢
an equivalence between M, M,. Certainly, on an orientable surface, an equivalence
preserve the orientation on this surface.

Theorem 1.2.5 Let M = (X, g, P) be a map with an underlying graphI', Vg € Autl.
Then the extend action of g on X, g with X = E(I") is an automorphism of map M
iff Yv e V(M), g preserves the cyclic order of v.

Proof Assume that ( € AutM is induced by the extend action of an automor-
phism g in ', u,v € V(M) and w9 = v. Not loss of the generality, we assume
that

U= (21, T2, Tp) ) (AT p(u), - - -, T2, QT )

v = (ylv Yz, 7yp(v))(ayp(v)7 T, QY, ay1).

Without loss of generality , we can assume that

(@1, T2, Tpw))? = (Y15 Y25+ Yp())
that is,

(9(x1), 9(@2), -+, 9(Tpw))) = (Y15 Y25+, Yp(w))-

Whence, g preserves the cyclic order of vertices in the map M.

On the other hand, if the extend action of g € Autl’ on X, g preserves the cyclic
order of each vertex in M, ie., Yu € V(I'),3v € V(I') such that u9 = v. Assume
that

P:Hu.

ueV (M)
Then
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PI = H ud = H v="P.

uweV (M) veV (M)

Therefore, the extend action of g on X, g is an automorphism of the map M. il

2.5 Maps as a combinatorial model of Klein surfaces and s-manifolds

2.5.1 The model of Klein surfaces

Given a complex algebraic curve, it is a very important problem to determine its
birational automorphisms. For curve C of genus g > 2, Schwarz proved that Aut(C)
is finite in 1879 and Hurwitz proved |Aut(C)| < 84(g —1)(see [18] ). As observed by
Riemann, groups of birational automorphisms of complex algebraic curves are the
same as the automorphism groups of the compact Riemann surfaces. The latter can
be combinatorially dealt with the approach of maps.

Theorem 1.2.6([8][29]) If M is an orientable map of genus p, then AutM is iso-
morphic to a group of conformal transformations of a Riemann surface of genus
.

According to the Theorem 1.1.2, the automorphism group of a Klein surface has
the same form as a Riemann surface. Similar to the proof of the Theorem 5.6 in
[29], we can get a result similar to the Theorem 1.2.6 for Klein surfaces.

Theorem 1.2.7 If M is a locally orientable map of genus q, then Aut M is isomorphic
to a group of conformal transformations of a Klein surface of genus q.

Proof By a result in [8], AutM = Nzp(A)/A, Where T =< a,b,c|a® = b* = ¢* =
(ba)* = (ac)™ = (cb)* =1 >, A < T and T can be realized by an automorphism
group of a tessellation on the upper plane, A a NEC subgroup. According to the
Theorem 1.1.2, The underlying surface S of M has S = H/A with Q = AutH =
PGL(2,R) being the automorphism group of the upper half plane H. Since T' < €,
we know that AutM = Np(A)/A < Nq(A)/A, isomorphic to a group of conformal
transformations of the Klein surface S = H/G. h

2.5.2 The model of closed s-manifolds

For a closed s-manifold C(7', n), we can define amap M by V(M) = {the vertices in
C(T,n)}, E(M) = {the edges in C(T,n)} and F(M) = {T,T € C(T,n)}. Then, M
is a triangular map with vertex valency € {5,6,7}. On the other hand, if M is a
triangular map on surface with vertex valency € {5,6,7}, we can define C(T', p(M))
by

C(T,o(M)) = {f|f € F(M)}.
Then, C(T, ¢(M)) is an s-manifold. Therefore, we get the following result.
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—

Theorem 1.2.8 Let C(T,n), M(T,n) and M*(T,n) be the set of s-manifolds with
n triangular disks, triangular maps with n faces and vertex valency € {5,6,7} and
cubic maps of order n with face valency € {5,6,7}. Then

—

(1) There is a bijection between M(T,n) and C(T,n);
(17) There is also a bijection between M*(T,n) and C(T,n).

83. The semi-arc automorphism group of a graph with application to
maps enumeration

3.1 The semi-arc automorphism group of a graph

Let ' be a graph with vertex set V(I') and edge set F(I"). By the definition, an
automorphism of I' on V(I') U E(I") is an 1 — 1 mapping (£,7n) on I' such that

& v({I)—-v(I), n: EI')— EI),

satisfying that for any incident elements e, f, (£,71)(e) and (£, n)(f) are also incident.
Certainly, all automorphisms of a graph I' form a group, denoted by Autl'.

Now an edge e = uv € E(I') can be divided into two semi-arcs e,,e,. Call u
the root vertex in the semi-arc e,. Two semi-arc e,, f, are said incident if u = v
or e = f. The set of all semi-arcs of a graph I' is denoted by X 1 (T'). A semi-arc
automorphism of a graph, first appeared in [43] and then applied to the enumeration
rooted maps on surfaces underlying a graph I' in [46], is defined as follows.

Definition 1.3.1 An 1 — 1 mapping £ on X%(F) such that Ve, f, € X%(F), &(ey)
and &(f,) are incident if e, and f, are incident, is called a semi-arc automorphism
of the graph T.

All semi-arc automorphisms of a graph also form a group under the composition
operation, denoted by Aut 1 I', which is more important for the enumeration of maps
on surfaces and also important for determine the conformal transformations on a
Klein surface. The following table lists semi-arc automorphism groups of some well-
known graphs, which give us some useful information for the semi-arc automorphism
groups, for example, Aut%Kn =S, but Aut%Bn = S,[92] # AutB,,.

table 3.1

r Aut%F order
K, Sn n!
Kpn(m #n) S X Sy m!n!
Kon Sa[Sy] 2n/!?
B, Sy [Ss] 2""n)
Dp,, Sy xS, 2n/!
DpFt(k £ 1) | S5[Sk] x Sp x S5[S] | 25+ n!kl!
Dplk Sy X S, x (S2[Sk])? | 22K+ 1nlk!?




Chapter 1  Preliminary 12

Here, Dp,, is a dipole graph with 2 vertices, n multiple edges and Dp®! is a general-
ized dipole graph with 2 vertices, n multiple edges, and one vertex with k& bouquets
and another, [ bouquets. Comparing the semi-arc automorphism groups in the sec-
ond column with automorphism groups of graphs in the first column in table 3.1,
it is easy to note that the semi-arc automorphism group are the same as the auto-
morphism group in the first two cases. In fact, it is so by the following Theorem
1.3.1.

For Vg € Autl', there is also an induced action g|% on X%(F), g: X

X%(F), as follows:

) —

veu € X% (F)> g(eu) = (g(e)g(u)
All induced action of the elements in Autl’ on X (T') is denoted by Autl'|z. Notice
that
Autl’ = Autf\%.
We have the following result.

Theorem 1.3.1 For a graph I without loops,
Aut, T = Autl'[?.

Proof By the definition, we only need to prove that for vgé S Autél“, €= 5% Ir €

AutI’ and 5% = §|%. In fact, for any Ve,, f, € X%(F), where, e = wv € E(I') and
f=xye EI),if

5% (€U> = fﬂv?
then by the definition, we know that

gé(ev) = fy-
Whence, fé(e) = f. That is, §%|p € Autl.
Now since there is not a loop in I', we know that §%|p = idr if and only if
§1 = idr. Therefore, {1 is induced by §%|p on X%(F), that is,

Aut,T' = Autl'[2.

Notice that for a given graph I, X% (') = Aj, if we equal e, to e and e, to Be
for an edge e = uv € E(T).

For a given map M = (X, 3, P) underlying a graph I', we have known that
AutM|r < Autl', which made us to extend the action of an automorphism g of
the graph I' on X, 3 with X = E(I') to get automorphisms of a map induced by
automorphisms of its underlying graph. More detail, we can get the following result.
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Theorem 1.3.2 Two maps My = (X, 5, P1) and My = (X, 3, P2) underlying a graph
I' are

(i) equivalent iff there is an element ¢ € Aut%F such that P¢ = Py and

(i1 Jisomorphic iff there is an element ( € Aut%F such that P = Py or PS =
Pyt

Proof By the definition of equivalence between maps, if k is an equivalence be-

tween M; and Ms, then k is an isomorphism between M; and M, induced by an
automorphism ¢ € Autl’. Notice that

Autl' 2 AutD'|? < Aut, T
Whence, we know that « € Aut 1 I.

Now if there is a ( € Aut%F such that Pf = Py, then Ve, € X%(F), Cley) =
¢(e)¢(z)- Now assume that e = (z,y) € E(I'), then by our convention, we know that
if e, = e € X, 3, then e, = Be. Now by the definition of an automorphism on the
semi-arc set X% (I), if ((ez) = fu, where f = (u,v), then there must be ((e,) = f,.
Notice that X%(F) = Xs. We know that ((e,) = ((Be) = 5f = f,. We can also

extend the action of ¢ on X (I') to X, by ((ae) = al(e). Whence, we know that
Ve € Xaﬂ,

ag(e) = Cale), B¢(e) = ¢B(e) and Pi(e) = Py(e).
Therefore, the extend action of ¢ on X, g is an isomorphism between the map M,
and M. Whence, ( is an equivalence between the map M; and M. So the assertion
in (7) is true.
For the assertion in (i7), if there is an element ( € Aut %F such that 7;14‘ = P,
then the map M is isomorphic to M. If Pf = Py !, then Py® = P,. The map M,
is also isomorphic to M,. This is the sufficiency of (7).

By the definition of an isomorphism & between maps M; and M, we know that
Vo € Xaﬂ,

af(x) = Ea(z), BE(x) = EB(x) and Pf(x) = Py(z).

By the convention, the condition

B(x) = &B(x) and Pi(x) = Pa(x).
is just the condition of an automorphism & or a& on X 1 (I"). Whence, the assertion
in (i7) is also true. b

3.2 A scheme for enumerating maps underlying a graph

For a given graph I', denoted by £°(T"), EN(I") and £L(T") the sets of embeddings
of " on the orientable surfaces, on the non-orientable surfaces and on the locally



Chapter 1  Preliminary 14

orientable surfaces, respectively. For determining the number of non-equivalent
embeddings of a graph on surfaces and non-isomorphic unrooted maps underlying a
graph, another form of the Theorem 1.3.2 using the group action idea is need, which
is stated as follows.

Theorem 1.3.3 For two maps My = (X,5,P1) and My = (X, 5, P2) underlying a
graph T, then
(i) My, My are equivalent iff My, My are in one orbits ofAut%F action on X%(F);
(ii) My, My are isomorphic iff My, My are in one orbits ofAut%Fx < «a > action
on Xq .

Now we can established a scheme for enumerating the number of non-isomorphic
unrooted maps and non-equivalent embeddings in a given set of embeddings of a
graph on surfaces by using the Burnside Lemma as the following.

Theorem 1.3.4 For a given graph T, let £ C EX(T), then the numbers n(E,T) and
n(E,T) of non-isomorphic unrooted maps and non-equivalent embeddings in € are
respective

WET) = (g,

2|Aut%1—‘| gehutyT

where, ®1(g) = {P|P € £ and P9 =P or P9 =P} and

1
|AU't%F| gGAut%F

where, ®o(g) = {P|P € £ and P = P}.

Proof Define the group H = Aut %F X < a >. Then by the Burnside Lemma
and the Theorem 1.3.3, we get that

1
n(€,T) = H > 12i(g)l,

geEH
where, ®1(g) = {P|P € € and P = P}. Now |H| = 2[Auti['|. Notice that if

P9 = P, then P9 # P, and if P9* = P, then P9 # P. Whence, ®;(g) N P1(ga) = 0.
We have that

1
- 2|Auty T 2

g€Aut I’
2

n(€,T) |P1(g)],

where, ®,(g) = {P|P € € and PY = P or P9 = P}.
A similar proof enables us to obtain that
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1

Y. 2a(g)l,
geAut 1 I’
2
where, ®o(g) = {P|P € € and P9 = P}. h
From the Theorem 1.3.4, we get the following results.

Corollary 1.3.1 The numbers n®(I'),n™(T') and n*(T") of non-isomorphic unrooted
orientable maps ,non-orientable maps and locally orientable maps underlying a graph
I' are respective

1
°r) = —— d9(g)l; 1.3.1
n ( ) 2|AU.t%F‘ geglr‘ 1(9)‘7 ( 3 )
2
1
N N
n" () = oo/ 27 (), (1.3.2)
2|Aut%F| geglf‘ !
2
1
()= o= > |®7(9)l,  (1.3.3)
2|AUt%F‘ gEAut%F

where, ®¢(g) = {P|P € E°(T') and P9 = P or P9 = P}, ®V(g) = {P|P € EN(T)
and P9 =P or PI* = P}, dL(g) = {P|P € EX(T) and P9 =P or P9 = P}.

Corollary 1.3.2 The numbers n°(T'),nN (') and n*(T') of non-equivalent embeddings
of a graph I on orientable ,non-orientable and locally orientable surfaces are respec-
tive

PO = o 5 90F (13

cAut I’
2

1
N ) =
n (D) [Aut, T

SooeN (gl (1.3.5)

geAut 1 I’
2

B 1
a ‘Aut%m

n"(T)

Yo 1e5(9)l,  (1.3.6)

g€Aut I’
2

where, D9 (g) = {P|P € E°(T) and P? = P}, &Y (g9) = {P|P € EN(T) and P9 =
P}, ®L(g) = {P|P € EX(T) and PI = P}.

For a simple graph I', since Aut %F = AutI’ by the Theorem 1.3.1, the formula
(1.3.4) is just the scheme used for counting the non-equivalent embeddings of a
complete graph, a complete bipartite graph in the references [6], [54] — [55], [70]. For
an asymmetric graph I', that is, Aut 1 I' = idr, we get the numbers of non-isomorphic
maps underlying a graph I' and the numbers of non-equivalent embeddings of the
graph I' by the Corollary 1.3.1 and 1.3.2 as follows.
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Theorem 1.3.5 The numbers n®(T), n™¥(T') and n(T) of non-isomorphic unrooted
maps on orientable, non-orientable surface or locally surface with an asymmetric
underlying graph I' are respective

IT (p(v)—=1)!

_vev(D)

and

nN(F) _ (2ﬁ(F)—1 _ 1) H (p(v) — 1)}

veV(T)
where, B(I') is the Betti number of the graph T'.
The numbers n°(T'), n™¥(I') and n*(T') of non-equivalent embeddings of an asym-
metric underlying graph I are respective

n°(C)= [I (p(v)—1),

veV(T)

(1) =2"0 T (p(v) - 1)!
veV (T)

and

N (T) = (Qﬁ(r) —1) H (p(v) — 1)L

veV(T)

84. A relation among the total embeddings and rooted maps of a
graph on genus

4.1 The rooted total map and embedding polynomial of a graph

For a given graph I' with maximum valency > 3, assume that r;(I"),7(I"),i > 0
are respectively the numbers of rooted maps with an underlying graph I' on the
orientable surface with genus v(I') +¢ — 1 and on the non-orientable surface with
genus (I') + ¢ — 1, where y(I') and 7(I') denote the minimum orientable genus
and minimum non-orientable genus of the graph I', respectively. Define its rooted
orientable map polynomial r[U'|(x) , rooted non-orientable map polynomial 7[I'](x)
and rooted total map polynomial R[I'|(x) on genus by:
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i>0
P[] (z) = >_ri(l)a’
i>0
and
RI)(z) =Y ri(D)a" +>_m(T)a™"
>0 i>1
The total number of orientable embeddings of I' is [] (d — 1)! and non-
deD(T)
orientable embeddings is (2°M —1) T[] (d—1)!, where D(T) is its valency sequence.
deD(T)

Now let g;(I") and g;(I"), i > 0 respectively be the number of embeddings of I" on
the orientable surface with genus 7(I') 4+ — 1 and on the non-orientable surface with
genus J(I') + ¢ — 1. The orientable genus polynomial g[I'|(x) , non-orientable genus
polynomial g[I'](x) and total genus polynomial G[I'|(z) of I' are defined by

gll)(z) =>_gi(D)a",

i>0

glr)(@) = >_ (1)’

>0

and

ClN)(x) = X gD’ + 3 gD
i>0 i>1

The orientable genus polynomial g[I'](z) is introduced by Gross and Furst in [23],
and in [19], [23] — [24], the orientable genus polynomials of a necklace, a bouquet, a
closed-end ladder and a cobblestone are determined. The total genus polynomial is
introduced by Chern et al. in [13], and in [31], recurrence relations for the total genus
polynomial of a bouquet and a dipole are found. The rooted orientable map polyno-
mial is introduced in [43] — [44], [47] and the rooted non-orientable map polynomial
in [48]. All the polynomials r[I'|(x), 7[I'](x), R[I'](z) and g[I'|(x), g[I'](z), G[[')(z) are
finite by the properties of embeddings of I" on surfaces.

Now we establish relations of r[['|(z) with ¢[I'|(z), 7[I'|(z) with g[I'](z) and
R[I'](z) with G[I'](x) as follows.

Lemma 1.4.1([25][45]) For a given map M, the number of non-isomorphic rooted
maps by rooting on M s

4e(M)

|AutM|’
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where (M) is the number of edges in M.

Theorem 1.4.1  For a given graph T,

[ Aut, T[r[[7(x) = 2e(T)g[I'(x),

[ Auts T[T (x) = 2¢(T)g[I(x)

and

[Aut, TIR[L)(x) = 2¢(0)G[T(x).

where Aut%F and (") denote the semi-arc automorphism group and the size of ',
respectively.

Proof For an integer k, denotes by My(I",S) all the non-isomorphic unrooted
maps on an orientable surface S with genus y(I') + & — 1. According to the Lemma
1.4.1, we know that

de(M
nl) = 2 A(tM)
Mery(r,s) [AutM|
4¢(T) [Aut ' < o> |
[Aut I'x < a > |M€Mk(rs) |Aut M |
Since |Aut%Fx <a>|= |(Aut%F>< <« >)M||MAut%FX<a>| and |(Aut%F X

< a >)y| = |AutM|, we have that

me(l) = 4:(0) > M

\Aut%FX <a> | MeM(T,S)

2e(I")gx(T)
|Aut% P| ’

Aut1 I'x<a>
2

Therefore, we get that

|Aut%F|r[F](X) = |Aut%F|Zri(F)xi
i>0
= > JAuti (D)X
i>0 ’

= Y 2e(D)gi(T)a’ = 2¢(1)g[T] ().

i>0
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Similarly, let @(F, §) be all the non-isomorphic unrooted maps on an non-
orientable surface S with genus ¥(I') + k£ — 1. Similar to the proof for orientable
case, we can get that

- 4e(T |[Aut: T'x < a > |
rk(l“) — ( ) Z 2
[Aut: I'x <a>| = _ |Aut M |
3 MEeMy,(T,S)
4e(T) Aut; Tx<a>
= M 2
[Aut:I'x < a > | Z ~| ’ |
3 MEeMy,(T,S)
2¢(I)ge (L)
|Aut%F|
Therefore, we also get that
|Aut1F| I)(x Z|Aut1F|r( )x!
>0
3" 251G (D) = 26(T)g(T)(2).
i>0

Notice that

and

=> g(D)z" +> gT)a

i>0 i>1

By the previous discussion, we know that for k > 0,

2¢(I") gk (I')

2¢(I)gk(T)
|Aut%F|

F pu—
(L) [Aut, T

and 7 (I") =

Therefore, we get that

|Aut%F\R[F](X) = |Aut1F\ Z I)x' +Zr1

= ;\Aumf\rl X +;|Autlf|rl( )X~
= g 2¢(T)gs(T) " + g 2e(T)gs(T)a~" = 2¢(T)G[T)(z).

This completes the proof. b
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Corollary 1.4.1 Let be I a graph and s > 0 be an integer. If r4(I') and gs(I") are
the numbers of rooted maps underlying the graph I and embeddings of I' on a locally
orientable surface of genus s, respectively, then

[Aut, Tlry(T) = 22(I)gu(T).

4.2 The number of rooted maps underlying a graph on genus

The Corollary 1.4.1 in the previous section can be used to find the implicit
relations among r[I'|(z), 7[I'](z) or R[['](x) if the implicit relations among ¢[I'](x),
g[I'|(z) or G[I'|(x) are known, and vice via.

Denote the variable vector (zq, s, --) by X,

E(F> = ( o 7772(F)7771(F>7710(F)7Tl(r)vr2(r)7 o ')7

g(l) = (+,621), 91(I'), go(I'), g1 (T'), ga(L'), - - -).
)

The 1(I') and g(I') are called the rooted map sequence and the embedding sequence

of the graph I.
Define a function F'(x,y) to be y-linear if it can be represented as the following
form

F(x,y) = f(z1,22,---) + h(z1, 72, Zyz + (1, 22, - Z Ay
iel A€O

where, I denotes a subset of index and O a set of linear operators. Notice that
f(z1, 29, ) = F(x,0), where 0 = (0,0, ---). We have the following general result.

Theorem 1.4.2 Let G be a graph family and H C G. If their embedding sequences
g(I), T’ € H, satisfies the equation

Fy(z, g(I')) =0, (4.1)
);

then its rooted map sequences r(I'),T" € H satisfies the equation

P |Aut%F|
H(a 2:(T) *

and vice via, if the rooted map sequences r(I'),I" € H satisfies the equation

) =0,

FH(% I(F)) = 07 (42)
then its embedding sequences g(I'),I" € H satisfies the equation
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Pz %gm) —0.

Even more, assume the function F(z,y) is y-linear and |A2§$)F| ,I' € 'H is a constant.
2

If the embedding sequences g(I'),I" € H satisfies the equation (4.1), then

) =
where F5,(z, y) = F(z, y)+( ‘AQEEI;)F' —1)F(z, 0) and vice via, if its rooted map sequence
2

)F(z, C
g(I'), I € H satisfies the equation (4.2), then

By,

F(z, 9(I')) = 0.
|Aut1F|

where F, = F(z, y) + (ﬁ —1)F(z, 0).

Proof According to the Corollary 1.4.1 in this chapter, for any integer s > o and
I' € H, we know that

[Aut, Tlry(T) = 22(I)gu(T).

Whence,
2e(T)
s I' = s r
n0) = oy o0
and
r ‘Aut%F|
() = Sy

Therefore, if the embedding sequences g(I'),I" € H satisfies the equation (4.1),
then
P |Aut%F|
xSyt

and vice via, if the rooted map sequences r(I'),[' € H satisfies the equation (4.2),
then

) =0,

P, %g@» “0.

Now assume that Fj(x,y) is a y-linear function and has the following form

FH(Xv}_f):f(xlvx%"') + h(l’l,l’g, Zyz + ll’l,l’g, ZA}_/
iel A€O
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where O is a set of linear operators. If Fy(x,g(I')) = 0, that is

f($17$2a"') + h’ 1'1,1'2, Z gz + l 1'1,1'2, ) Z A(g(r)) :Oa
icl,leH A€OTeH
we get that
I Y )y Al
L1, T2, + T1,T2," " Ty
el TeM 2¢(I)
onaa) Y Ak =0
+ L1, Lo, " r == U.
reogen  2¢(I)
Since A € O is a linear operator and | A n )1“\ I' € H is a constant, we also have

‘Aut%mh r
floy,20,--4)  + =) ($1>$2,"')i6§6HTi()
) X AGED) =0
+ = X1, Lo, " r — Y,
2¢(I) ACOTEH
that is,
2¢(1)
A T f(xlax%”') +h([l§'1,l’2,"‘) Z TZ(F) +l($17$27"') Z A(E(F)) = 0.
|Aut I il TeH A€OTEH

Therefore, we get that

Similarly, if

then we can also get that
Fr(x,g(I") = 0.
This completes the proof. il

Corollary 1.4.2 Let G be a graph family and H C G. If the embedding sequence
g(I') of a graph I" € G satisfies a recursive relation

> ali,D)gi(I) =0,

ieJ,I'eH
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where J is the set of index, then the rooted map sequence r(I') satisfies a recursive
relation

a(i,T)|Auts T
2 ,r,z
2e(T)

>

ieJ,'eH

I) =0,

and vice via.

A typical example of the Corollary 1.4.2 is the graph family bouquets B,,n >
1. Notice that in [24], the following recursive relation for the number g,,(n) of
embeddings of a bouquet B,, on an orientable surface with genus m for n > 2 was
found.

(n+1)gm(n) = 4(2n —1)(2n = 3)(n = 1)*(n = 2)gm-1(n — 2)
+ 42n—1)(n —1)gm(n —1).

and with the boundary conditions

gm(n) =0if m <0 orn <0;

90(0) = go(1) =1 and ¢,,(0) = g (1) = 0 for m > 0;

90(2) =4,91(2) =2,9(2) =0 for m > 1.

Since |Aut %Bn| = 2"n!l, we get the following recursive relation for the number

rm(n) of rooted maps on an orientable surface of genus m underlying a graph B,, by
the Corollary 1.4.2

(n* —=1)(n—2)rnn) = 2n—1)2n-3)(n—1)*(n —2)rm_1(n —2)
+ 22n—1)(n—1)(n —2)ryu(n — 1),

and with the boundary conditions
rm(n) =0if m <0 orn <0;
r0(0) = ro(1) = 1 and 7,,(0) = 7,,,(1) = 0 for m > 0;
r0(2) = 2,71(2) =1, 9m(2) =0 for m > 1.

Corollary 1.4.3 Let G be a graph family and H C G. If the embedding sequences
g(I'), I € G satisfies an operator equation

>, A(gD) =0,
AeO,TeH
where O denotes a set of linear operators, then the rooted map sequences r(I'),T" € H
satisfies an operator equation

|Aut%F|

AeOT'eH
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and vice via.

k
Let 0 = (61,05, --,0;) F 2n,ie., Y 6, = 2n with positive integers #;. Kwak and
i=1

j
Shim introduced three linear operators I', © and A to find the total genus polynomial
of the bouquets B,,,n > 1 in [31], which are defined as follows.

Denotes by zy and Ze = 1/zy the multivariate monomials H zp, and 1/ H 20,5

where 6 = (61,05, --,60r) F 2n. Then the linear operators I', @ and A are deﬁned
by

and

1<i<j<k 0;%0; ;<0;

Denotes by i[B,](z;) the sum of all monomial zy or 1/z taken over all embeddings
of B,, into an orientable or non-orientable surface, that is

B(z) = X in(B)zo + Y ia(Bu)z
0-2n 0F2n

where, ig(B,,) and i4(B,) denote the number of embeddings of B, into orientable
and non-orientable surface of region type 6. They proved in [31] that

i[Bni1)(z;) = (T +© + A)i[B,](z;) = (T +© + A)"(l + 23).

zZ2

and

1
G[Bn—l—l](x) = (F + @ + A)n(z_2 + Z%)|Zj::c for j>1 and (Cx)-

Where, (C'x) denotes the condition

(Cx): replacing the power 14+n —2i of x by i ifi > 0 and —(1 +n+1) by —i if
1 <0.

Since
‘AUt%Bn‘ 2"n!
2¢(B,)  2n
and ', ©, A are linear, by the Corollary 1.4.3 we know that

=2""1n—1)!
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R[Byi1](z) = ] [Bal( |2j=¢ for j>1 and (C)

(C+O©+A)" (4 +27)

I] 2tk!

k=1

For example, calculation shows that

5 4
B =2 -+ —;
R[By](x) tot o+

41 42 22
MBM@253+?4f;+5+N%

and

488 690 304 93
R[B4]($) = ? + ? + ? + ? + 14 4+ 70z + 2122

= n zj=x for j>1 and (Cx)-

25



Chapter 2 On the Automorphisms of a Klein Surface and a
s-Manifold

Many papers concerned the automorphisms of a Klein surface, such as,[1], [15],
26], [38] for a Riemann surface by using Fuchsian group and [9] — [10],[21] for a
Klein surface without boundary by using NEC' groups. Since maps is a natural
model for the Klein surfaces, an even more efficient approach is, perhaps, by using
the combinatorial map theory. Establishing some classical results again and finding
their combinatorial refinement are the central topics in this chapter.

§1. An algebraic definition of a voltage map

1.1 Coverings of a map

For two maps M = (;\?(15,75) and M = (X, 3,P), call the map M covering the
map M if there is a mapping 7 : &, 3 — X, g such that Vo € &, 3,

ar(z) = ra(z), Br(x) = 7f(z) and 7P(z) = Pr(z).

The mapping = is called a covering mapping. For Vo € X, 3, define the quadricell
set 71 (z) by

7 Y(x) = {Z|7 € (X, and 7(F) = x}.

We have the following result.

Lemma 2.1.1 Let m : X,3 — X,p be a covering mapping. Then for any two
quad?“icells x1, T2 € Xo g,

(i) |7~ (z1)| = |77 (22)].

(it) If x1 # x, then 7' (z) Nt (22) = 0.

Proof (i) By the definition of a map, for z1, 2y € X, g, there exists an element
o€ V;=<a,B,P > such that zy = o(x1).

Since 7 is an covering mapping from M to M, it is commutative with «, § and
P. Whence, 7 is also commutative with . Therefore,

7 @) =7 (o (n1)) = o (7 (21)).

Notice that o € ¥ is an 1 — 1 mapping on X, 5. Hence, |77 (z1)| = |77 (a2)|.

(ii) If 2y # x5 and there exists an element y € 7~ !(z;) N7 ' (x2), then there
must be 1 = 7(y) = xo. Contradicts the assumption. b

The relation of a covering mapping with an isomorphism is in the following
theorem.
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Theorem 2.1.1 Let 7 : )AC';,[; — X, 3 be a covering mapping. Then 7 is an isomor-
phism iff m is an 1 — 1 mapping.

Proof If m is an isomorphism between the maps M = (5(;5,75) and M =
(X,,P), then it must be an 1 — 1 mapping by the definition, and vice via. il

A covering mapping 7 from M to M naturally induces a mapping 7* by the
following condition:

Ve e Xyp,9 € AutM, 7 : g — wgr ().

We have the following result.

Theorem 2.1.2 If m: X, g — X, is a covering mapping, then the induced mapping

*

7™ is a homomorphism from AutM to AutM.

Proof First, we prove that for Vg € AutM and x € Xop, ™(g) € AutM.
Notice that for Vg € AutM and z € X, g,

mgr ' (z) = (gn (1)) € Xop

and Yoy, 19 € Xy, if 1 # 1o, then mgr—!(x1) # mgm!(x3). Otherwise, assume
that

7rg7r_1(x1) = 7rg7r_1(x2) =19 € X, 3,

then we have that z; = mg~'n~!(zy) = x5. Contradicts to the assumption.

By the definition, for z € X, g we get that

™ a(z) = ngra(z) = ngar ' (z) = magr ' (z) = angr ! (z) = an*(x),

m*B(x) = mgn~' B(x) = mgBr~ " (z) = mBgn " (x) = frgn ' (z) = Br*(x).

Notice that 7(P) = P. We get that

mP(z) = mgn 'P(z) = mgPrnH(x) = 7Pgrn (z) = Prgr~'(z) = Pr*(x).

Therefore, we get that mgm—! € AutM, ie., 7 : AutMN—> AutM.
Now we prove that 7* is a homomorphism from AutM to AutM. In fact, for
Vg1, g2 € AutM, we have that

T (9192) = w(grg2)m " = (w1 ") (mgam ™) = 7 (g1) 7" (2)-
Whence, 7* : AutM — AutM is a homomorphism. b
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1.2 Voltage maps

For creating a homomorphism between Klein surfaces, voltage maps are exten-
sively used, which is introduced by Gustin in 1963 and extensively used by Youngs
in 1960s for proving the Heawood map coloring theorem and generalized by Gross
in 1974 ([22]). Now it already become a powerful approach for getting regular maps
on a surface, see [5], [7], [56] — [57], [65]], especially, [56] —[57]. It often appears as an
embedded voltage graph in references. Notice that by using the voltage graph the-
ory, the 2-factorable graphs are enumerated in [51]. Now we give a purely algebraic
definition for voltage maps, not using geometrical intuition and establish its theory
in this section and the next section again.

Definition 2.1.1 Let M = (X, 3, P) be a map and G a finite group. Call a pair
(M, V) a voltage map with group G if ¥ : X3 — G, satisfying the following condi-
tion:

(i) Vz € X, 5,0 (ax) = I(z), 9 (afx) = I(Bx) = I} (x);

(1) VF = (z,y,---,2)(Bz,--, By, fzx) € F(M), the face set of M, ¥(F) =
z)I(y)---9(2) and < I(F)|F € F(u),u € V(M) >= G, where, F(u) denotes all
the faces incident with the vertex u.

For a given voltage graph (M, ), define

Xaﬁﬂﬁ = Xa,g x G

Pﬁ — H H(xg7yg7...7zg)(azg7...7ayg7axg)7
(w,y,m,z)(az,---,ay,aw)GV(M) geG
and
Oéﬂ =

ﬁﬁ = H (l'g, (ﬁx)gﬁ(x))-
r€X,, 3,9€G
where, we use u, denoting an element (u,g) € X, 3 x G.
It can be shown that MY = (XKoo g0, P?) also satisfying the conditions of a map
with the same orientation as the map M. Hence, we can define the lifting map of a
voltage map as follows.

Definition 2.1.2 For a voltage map (M, V) with group G, the map M” = (X2 5, P”)
1s called its lifting map.

For a vertex v = (C)(aCa™t) € V(M), denote by {C} the quadricells in the
cycle C'. The following numerical result is obvious by the definition of a lifting map.

Lemma 2.1.2 The numbers of vertices and edges in the lifting map MY are respective
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v(MY) = v(M)|G| and e(M’) = e(M)|G]|

Lemma 2.1.3 Let FF = (C*)(aC*a™") be a face in the map M. Then there are
|G|/o(F) faces in the lifting map M? with length |F|o(F) lifted from the face F,
where o( F') denotes the order of [I 9(x) in the group G.

ze{C}

Proof Let F = (u,v---,w)(fw,---, v, Bu) be a face in the map M and k is the
length of F'. Then, by the definition, for Vg € GG, the conjugate cycles

(C™)" = (tg Vgouy, ++* Ugi()s Vgo(Fyiwys s Waa(FY2 " Wepolr) ()
B(tg, Vgau)s * * » Uga(F)s Vga(Fyo(u)s - * s Wga(F)2s * * *» Wygotmr—1(py) 0 -
is a face in M? with length ko(F). Therefore, there are |G|/o(F) faces in the lifting

map MY. altogether. .
Therefore,we get that

Theorem 2.1.3 The Euler characteristic x(M?) of the lifting map M? of the voltage
map (M,G) is
1
X(M7) =[G|(x(M)+ > (=1+ ),

meO(F(M)) m
where O(F(M)) denotes the order o(F') set of the faces in M.
Proof According to the Lemma 2.1.2 and 2.1.3, the lifting map MY has |G|v(M)

vertices, |Gle(M) edges and |G| 3. L faces. Therefore, we get that
meO(F(M))

X(MY) = v(M") —e(M") + ¢(M")

= lGlOn - GEOD +IE] Y -
meO(F(M))
= (GO~ 60N+ > )
meO(F(M))
= G+ X (1)

meO(F(M))

§2. Combinatorial conditions for a group being that of a map

Locally characterizing that an automorphism of a voltage map is that of its
lifting is well-done in the references [40] — [41]. Among them, a typical result is the
following;:
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An automorphism ¢ of a map M with voltage assignment ¥ — G is an automor-
phism of its lifting map M? if for each face F with 9(F) = 1g, Y({(F)) = 1g.

Since the central topic in this chapter is found what a finite group is an automor-
phism group of a map, i.e., a global question, the idea used in the references [40]—[41]
are not applicable. New approach should be used.

2.1 Combinatorial conditions for an automorphism group of a map

First, we characterize an automorphism group of a map.
A permutation group G action on € is called fized-free if G, = 14 for Va € Q.
We have the following.

Lemma 2.2.1 Any automorphism group G of a map M = (X, 5, P) is fixed-free on
Xog-

Proof For Vz € X, g,since G < AutM, we get that G, < (AutM),. Notice that
(AutM), = 1g. Whence, we know that G, = 1¢, i.e., G is fixed-free. il

Notice that the automorphism group of a lifting map has a obvious subgroup,
determined by the following lemma.

Lemma 2.2.2 Let MY be a lifting map by the voltage assignment ¥ : X5 — G.
Then G is isomorphic to a fived-free subgroup of AutM? on V(MY).

Proof For Vg € G, we prove that the induced action g* : X,0 go — X0 g by
g* 1 T, — x4, is an automorphism of the map M7,

In fact, g* is a mapping on X,» go» and for Vx, € X,» g, we get g* : 241, — .

Now if for xp,yr € Xyogo,xn # yp, we have that g*(x,) = ¢*(ys), that is,
Zgh = Ygf, Dy the definition, we must have that x = y and gh = gf, ie., h = f.
Whence, ), = yy, contradicts to the assumption. Therefore, g* is 1 — 1 on X,» go.

We prove that for z,, € X, g0, g* ia commutative with a’, 3? and P”. Notice
that

g*aﬁxu = g"(ax)y = () gy = QTgy = ag™(7y);

9 8% (x4) = ¢ (B2)use) = (B7)guie) = Bguoa) = 8" (2gu) = 879" ()

and

= g H H(Ilfu,yu,"',Zu)(OéZu,"‘,Oéyu,al'u)(l'u)
(z,y,,2) (az, -, ay,az)EV (M) ueG

= g*yu = Ygu
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= H H (Zgus Ygus **» Zgu) (Zgus * * * 5 OYgus gy, ) (Tgu)
(z,y,+,2)(az, - ay,azx)eV (M) gueG

= Pag) =Py ().

Therefore, g* is an automorphism of the lifting map M?.
To see g* is fixed-free on V' (M), choose Vu = (xp, yn, - -, zn) (@2, - - -, Qyp, axp) €
V(M),heG. If g*(u) = u, ie.,

(xghu Yghy* " s Zgh)(azgha c s, QYgh, Oél’gh) = (SCh, Yhy Zh)(OéZh, T, QYp, Oéxh)-

Assume that z,, = wy,, where wy, € {xp, yn, - -, 2n, @Th, OYp, - - -,z }. By the
definition, there must be that x = w and gh = h. Therefore, g = 14, i.e., Vg € G,
g* is fixed-free on V(M).

Now define 7 : ¢* — ¢. Then 7 is an isomorphism between the action of elements
in G on X,s g» and the group G itself. il

According to the Lemma 2.2.1, given a map M and a group G = AutM, we can
define a quotient map M/G = (X, 3/G,P/G) as follows.

Xo5/G = {2z € X},

where 2% denotes an orbit of G action on X, 5 containing = and

P/G = H ($G>yG>'")("'aayGaazG)>
(x,y,+,2) (az, - ay,00)€V (M)
since G action on X, g is fixed-free.
Notice that the map M may be not a regular covering of its quotient map M/G.
We have the following theorem characterizing a fixed-free automorphism group of a
map on V(M).

Theorem 2.2.1 An finite group G is a fized-free automorphism group of a map
M = (X,3,P) on V(M) iff there is a voltage map (M/G,G) with an assignment
¥ : X, 5/G — G such that M = (M/G)’.

Proof The necessity of the condition is already proved in the Lemma 2.2.2. We
only need to prove its sufficiency.

Denote by 7 : M — M /G the quotient map from M to M/G. For each element
of 771(2%), we give it a label. Choose x € 7~ 1(z%). Assign its label | : z — x1,,
i.e., I(r) = x1,. Since the group G acting on X, 5 is fixed-free, if u € 77 (z%) and
u = g(x),g € G, we label u with [(u) = z,. Whence, each element in 71 (z) is
labelled by a unique element in G.

Now we assign voltages on the quotient map M/G = (X,3/G,P/G). If pz =
y,y € 7 Y(y%) and the label of y is I(y) = yi,h € G, where, [(y*) = 1¢g, then
we assign a voltage h on 2% i.e., 9(z%) = h. We should prove this kind of voltage
assignment is well-done, which means that we must prove that for Vo € 7=1(2%)
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with [(v) = j,j € G, the label of fv is [(fv) = jh. In fact, by the previous labelling
approach, we know that the label of fv is

[(Bv) = U(Bgx) = l(gbr)
= lgy) = llghy") = gh.
Denote by M' the labelled map M on each element in X, 5. Whence, M' 2 M.

By the previous voltage assignment, we also know that M is a lifting of the quotient
map M /G with the voltage assignment ¥ : X, 3/G — G. Therefore,

M = (M/G).

This completes the proof. il
According to the Theorem 2.2.1, we get the following result for a group to be an
automorphism group of a map.

Theorem 2.2.2 If a group G,G < AutM, is fized-free on V (M), then

GIM/G) + Y (=14 —)) = x(M).

meO(F(M/G)) m

Proof By the Theorem 2.2.1, we know that there is a voltage assignment 1 on
the quotient map M /G such that

M = (M/G).
Applying the Theorem 2.1.3, we know the Euler characteristic of the map M is
1
X(M) =[GI(x(M/G)+ 3, (=14+—).

meO(F(M/G))

Theorem 2.2.2 has some useful corollaries for determining the automorphism
group of a map.

Corollary 2.2.1 If M is an orientable map of genus p, G =< AutM is fized-free on
V(M) and the quotient map M /G with genus 7, then

2p — 2
G| = .
=y s -5
meO(F(M/G))
Particularly, if M/G is planar, then
2p — 2

Gl = —

2+ Y (1-2))
meO(F(M/G))
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Corollary 2.2.2 If M is a non-orientable map of genus q, G < AutM 1is fized-free
on V(M) and the quotient map M /G with genus ¢, then

q—2

0—2+ > (1-— %))'
meO(F(M/G))

Gl =

Particularly, if M /G is projective planar, then

q—2

-1+ > 1=y
meO(F(M/G))

G| =

By applying the Theorem 2.2.1, we can also calculate the Euler characteristic
of the quotient map, which enables us to get the following result for a group being
that of a map.

Theorem 2.2.3 If a group G,G < AutM, then

XM+ > (12u(g)l + () = |GIx(M/G),

9€G,9#1¢

where, ®,(g) = {v|v € V(M),v? = v} and ®s(g) = {f|f € F(M), f? = f}, and if
G is fixed-free on V(M), then

X(M)+ >0 [24(g) = |GIx(M/G).

9€G,g#1¢

Proof By the definition of a quotient map, we know that

Ou(M/G) = orb,( Z |D,(g
|G| geG

and

¢f(M/G) = O’/’bf

|G| Z ‘(I)f

geG

by applying the Burnside Lemma. Since G is fixed-free on &, 3 by the Lemma 2.1,
we also know that

(M)
e(M/G) = :
|G|
Applying the Euler-Poincaré formula for the quotient map M /G, we get that
> |®u(9)] > |®4(9)]
M
i~ M e — /).

Gl Gl |G
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Whence, we have

Z(:J‘I%(g)l —e(M) + Z(:;|‘1>f(g)| = |GIx(M/G).
Notice that v(M) = |®,(1¢)|, ¢(M) = |Ps(1s)| and v(M) —e(M) + ¢(M) = x(M).
We know that

X(M)+ > (12u(g)l +124(9)]) = [GIX(M/G).
9€G g#1a
Now if G is fixed-free on V(M ), by the Theorem 2.1, there is a voltage assignment
¥ on the quotient map M/G such that M = (M/G)”. According to the Lemma
2.1.2, we know that

v(M)
v(M/G) = ——.
(/6) = U
Whence, Y |®,(g9)|=v(M)and > (|®,(g9)] = 0. Therefore, we get that
geG 9€G.9#1c
X(M)+ >0 [®p(9)l = GIx(M/G). 1
9€G,g#1c

Consider the properties of the group G on F'(M), we get the following interesting
results.

Corollary 2.2.3 If a finite group G, G = AutM is fized-free on V(M) and transitive
on F(M), for ezample, M is reqular and G = AutM, then M /G is an one face map
and

X(M) = |G|(x(M/G) = 1) + ¢(M)
Particularly, for an one face map, we know that

Corollary 2.2.4 For an one face map M, if G, G = AutM is fized-free on V (M),
then

X(M) —1=|G|(x(M/G) - 1),
and |G|, especially, |AutM| is an integer factor of x(M) — 1.
Remark 2.2.1 For an one face planar map, i.e., the plane tree, the only fixed-free

automorphism group on its vertices is the trivial group by the Corollary 2.4.

2.2 The measures on a map

On the classical geometry, its central question is to determine the measures on
the objects, such as the distance, angle, area, volume, curvature, . ... For maps being



Chapter 2 On the Automorphisms of a Klein Surface and a s-Manifold 35

a combinatorial model of Klein surfaces, we also wish to introduce various measures
on a map and enlarge its application filed to other branch of mathematics..
2.2.1 The angle on a map

Foramap M = (X, 3,P), x € X, 3, the permutation pair {(x, Pzx), (az, P~ az)}
is called an angle incident with x, which is introduced by Tutte in [66]. We prove
in this section that any automorphism of a map is a conformal mapping and affirm
the Theorem 1.2.7 in Chapter 1 again.

Define an angle transformation © of angles of a map M = (X, 3, P) as follows.

0= ][] (z,Pz).

wEXaﬁ

Then we have

Theorem 2.2.4 Any automorphism of a map M = (X, 5, P) is conformal.
Proof By the definition, for Vg € AutM, we know that

ag = ga, g = g0 and Pg = gP.
Therefore, for Vo € &, g, we have

Og(x) = (9(x), Pg(x))

and

90(x) = g(z, Px) = (9(x), Pg(x)).
Whence, we get that for Vo € X, 5, Og(z) = ¢gO(x). Therefore, we get that
Og = ¢gO.ie., gOg~! = 0O.
Since for Vo € X, 5, g0g~(z) = (9(x), Pg(z)) and O(z) = (z,P(x)), we have
that

(9(x), Pg(x)) = (z, P(x))-

That is, g is a conformal mapping. b

2.2.2 The non-Euclid area on a map
For a given voltage map (M, G), its non-Fuclid area p(M, G) is defined by

WM.G) =2m(—x(M)+ > (<14 -))
meO(F(M))

Particularly, since any map M can be viewed as a voltage map (M, 1), we get the
non-Euclid area of a map M

(M) = p(M, 1) = —2mx(M).
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Notice that the area of a map is only dependent on the genus of the surface. We
know the following result.

Theorem 2.2.5 Two maps on one surface have the same non-FEuclid area.

By the non-Euclid area, we get the Riemann-Hurwitz formula in Klein surface
theory for a map in the following result.

Theorem 2.2.6 If G < AutM is fized-free on V(M), then

Gl = (M)
u(M/G,9)’
where vV is constructed in the proof of the Theorem 2.2.1.

Proof According to the Theorem 2.2.2, we know that

G - —x(M)
—xX(M)+ 2 (=1+5)
meO(F(M))
_ —2myx (M) _ M) h
2m(—x(M) + me@%w))(—l +))  u(M/G9)

As an interesting result, we can obtain the same result for the non-Euclid area
of a triangle as the classical differential geometry.

Theorem 2.2.7([42]) The non-Euclid area p(A) of a triangle A on a surface S with
internal angles 0,0, 0 is

w(A)=n+60+o—m.

Proof According to the Theorem 1.2.1 and 2.2.5, we can assume there is a trian-
gulation M with internal angles 1, 6,0 on § and with an equal non-Euclid area on
each triangular disk. Then

O(M)u(A) = p(M) = —2mx(M)
= 21(v(M) — (M) + ¢(M)).

Since M is a triangulation, we know that

2e(M) = 36(M).

Notice that the sum of all the angles in the triangles on the surface S is 2mv(M),
we get that
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p(M)u(A) = =2r(w(M)—e(M)+ ¢(M)) = (2v(M) — ¢(M))
B(M)
= Z[(ﬁ—i-ﬁ—i—a)—ﬂ]:qb(M)(n—i—@—i—U—ﬂ).

i=1

Whence, we get that

w(A)y=n+60+o—m. f

§3. A combinatorial refinement of Huriwtz theorem

In 1893, Hurwitz obtained a famous result for the orientation-preserving auto-
morphism group Aut™S of a Riemann surface S([11][18][22]):

For a Riemann surface S of genus g(S) > 2, Aut™S < 84(g(S) — 1).

We have known that the maps are the combinatorial model for Klein surfaces,
especially, the Riemann surfaces. What is its combinatorial counterpart? What we
can say for the automorphisms of a map?

For a given graph I', define a graphical property P to be its a kind of subgraphs,
such as, regular subgraphs, circuits, trees, stars, wheels, ---. Let M = (X, 3, P) be
amap. Call a subset A of &, 3 has the graphical property P if the underlying graph
of A has property P. Denote by A(P, M) the set of all the A subset with property
P in the map M.

For refinement the Huriwtz theorem, we get a general combinatorial result in the
following.

Theorem 2.3.1 Let M = (X, 3,P) be a map. Then for VG = AutM,

[v°llv e V(M)] | |G]
and
G| [ A[JA(P, M),
where[a, b, - - -] denotes least common multiple of a,b, - - -.
Proof According to a well-known result in the permutation group theory, for
Yo € V(M), we know |G| = |G,||v®|. Therefore, |v“| | |G|. Whence,
[v€llv e V(M)] | 1G.

The group G is fixed-free action on X, 3, i.e., Vo € X, 3, we have |G,| =1 (see
also [28]).
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Now we consider the action of the automorphism group G on A(P, M). Notice
that if A € A(P, M), then then Vg € G,A9) € A(P, M), i.e., A C A(P,M). That
is, the action of G on A(P, M) is closed. Whence, we can classify the elements in
A(P, M) by G. For Vz,y € A(P, M), define x ~ y if and only if there is an element
g,9 € G such that 29 = y.

Since |G| = 1, i.e., |2%| = |G|, we know that each orbit of G action on X, 5 has
a same length |G|. By the previous discussion, the action of G on A(P, M) is closed,
therefore, the length of each orbit of G' action on A(P, M) is also |G|. Notice that
there are |A||A(P, M)| quadricells in A(P, M). We get that

G| AILA(P, M)).

This completes the proof. il
Choose property P to be tours with each edge appearing at most 2 in the map
M. Then we get the following results by the Theorem 2.3.1.

Corollary 2.3.1 Let Try be the set of tours with each edge appearing 2 times. Then
for VG < AutM,

T
el t=m= T =1, reTr,)

Let Try be the set of tours without repeat edges. Then

T
G| | (2 Tr],1=|T|= % >1, TeTr,).

Particularly, denote by ¢(i, j) the number of faces in M with facial length i and
singular edges j, then

where,(a, b, - - -) denotes the greatest common divisor of a,b, - -.

Corollary 2.3.2 Let T be the set of trees in the map M. Then for VG =< AutM,
|G| | (20,1 > 1),

where t; denotes the number of trees with | edges.

Corollary 2.3.3 Let v; be the number of vertices with valence i. Then for VG <
AutM,

G) | (20w, > 1).

Theorem 2.3.1 is a combinatorial refinement of the Hurwitz theorem. Applying
it, we can get the automorphism group of a map as follows.
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Theorem 2.3.2 Let M be an orientable map of genus g(M) > 2. Then for VG =<
Aut™ M,

G| < 84(g(M) — 1)
and for VG < AutM,

G| < 168(g(M) —1).

Proof Define the average vertex valence v(M) and the average face valence ¢(M)
of a map M by

l/
z>1
oM chb],
j>1

where,v(M),p(M),p(M) and ¢; denote the number of vertices, faces, vertices of
valence ¢ and faces of valence j, respectively.
Then we know that v(M)v(M) = ¢(M)p(M) = 2e(M). Whence, v(M) = £

v(M)
and ¢(M) =

—

Accordmg to the Euler formula, we have that

<Z>(M

v(M) —e(M)+ ¢(M) =2 —2g(M),
where,e(M), g(M) denote the number of edges and genus of the map M. We get
that

2(g ( )— 1)
e(M) = -
(- =5~ 570

M
Choose the integers k = [v(M)] and | = [¢(M)]. We have that
)

gy < 2000 =1

T -F-0
Because 1 -z —% > 0,Sok >3l > % Calculation shows that the minimum
value of 1 — 2 — 2 is - and attains the minimum value if and only if (k,1) = (3,7)

or (7,3). Therefore,

e(M < 42(g(M) —1)).

According to the Theorem 2.3.1 and its corollaries, we know that |G| < 4e(M)
and if G is orientation-preserving, then |G| < 2¢(M). Whence,

G < 168(g(M) —1))
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and if G is orientation-preserving, then

G| < 84(g(M) —1)),

with equality hold if and only if G = AutM, (k,[) = (3,7) or (7,3) h
For the automorphism of a Riemann surface, we have

Corollary 2.3.4 For any Riemann surface S of genus g > 2,

149(S) +2 < |Aut*S| < 84(g(S) — 1)

and
8g(S) + 4 < |AutS| < 168(g(S) — 1).

Proof By the Theorem 1.2.6 and 2.3.2, we know the upper bound for |[AutS| and
|Aut™S|. Now we prove the lower bound. We construct a regular map M, = (X, Py)
on a Riemann surface of genus g > 2 as follows, where k = 2g + 1.

Xk = {1'1,1'2, cry Tk, O, AT, - - ‘,Oé[lfk,ﬁxl,/@l'g, T ',ﬁl’k,@éﬁl’l,@ﬁ[lfg, T ‘,Oéﬁl'k}

Pk - (xla Toy -y Tk, O4/61'17 O4/61'27 Ty a/@l'k)(ﬁxka Ty /6$2> ﬁxla AT, -, T2, aIl)-

It can be shown that M} is a regular map, and its orientation-preserving auto-
morphism group Aut™ M, =< P} >. Direct calculation shows that if k = 0(mod2),
M, has 2 faces, and if kK = 1, M}, is an one face map. Therefore, according to the
Theorem 1.2.6, we get that

|Aut™S| > 2e(My,) > 49 + 2,

and

AutS| > 4e(My) > 8g +4.

For the non-orientable case, we can also get the bound for the automorphism
group of a map.

Theorem 2.3.3 Let M be a non-orientable map of genus g'(M) > 3. Then for
VG < AuttM,

G| < 42(9'(M) —2)
and for VG < AutM,
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|G| < 84(g'(M) —2),

with the equality hold iff M s a reqular map with vertex valence 3 and face valence
7 or vice via.

Proof Similar to the proof of the Theorem 2.3.2, we can also get that

e(M < 21(g'(M) — 2))

and with equality hold if and only if G = AutM and M is a regular map with vertex
valence 3, face valence 7 or vice via. According to the Corollary 2.3.3, we get that

|G| < 4e(M)

and if G is orientation-preserving, then

|G| < 2e(M).
Whence, for VG < Aut™ M,

G| < 42(q'(M) —2)
and for VG < AutM,

|G| < 84(g'(M) —2),

with the equality hold iff M is a regular map with vertex valence 3 and face valence
7 or vice via. il

Similar to the Hurwtiz theorem for a Riemann surface, we can get the upper
bound for a Klein surface underlying a non-orientable surface.

Corollary 2.3.5 For any Klein surface IC underlying a non-orientable surface of
genus q > 3,

[AutTK| < 42(q — 2)

and

|[AutC| < 84(¢q —2).

According to the Theorem 1.2.8, similar to the proof of the Theorem 2.3.2 and
2.3.3, we get the following result for the automorphisms of an s-manifold as follows.

Theorem 2.3.4 Let C(T,n) be a closed s-manifold with negative Euler characteristic.
Then |AutC(T,n)| < 6n and

|AutC(T', n)| < —21x(C(T,n)),
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with equality hold only if C(T,n) is hyperbolic, where x(C(T,n)) denotes the genus
of C(T,n).

Proof The inequality |AutC(7,n)| < 6n is known by the Corollary 2.3.1. Similar
to the proof of the Theorem 2.3.2, we know that

—X C(T> n))
e(C(T'n) =—F——=,
37 %
where k = m > iv; < 7 and with the equality holds only if £ = 7, i.e., C(T,n)
™) i>1
is hyperbolic. b

84. The order of an automorphism of a Klein surface

Harvey [26] in 1966, Singerman [60] in 1971 and Bujalance [9] in 1983 considered
the order of an automorphism of a Riemann surface of genus p > 2 and a compact
non-orientable Klein surface without boundary of genus ¢ > 3. Their approach is
by using the Fuchsian groups and N EC groups for Klein surfaces. The central idea
is by applying the Riemann-Hurwitz equation, stated as follows:

Let G be an NEC graph and G’ be a subgroup of G with finite index. Then

=[G : G,
where, u(G) denotes the non-Euclid area of the group G, which is defined as if

0 = (g; :l:; [mlv te '7mT]; {(nll,"',n151>v Tty (nklv o '7nk8>})

1s the signature of the group G, then

T ks
W@ =2rng+k—2+> (1—1/m;)+1/2> > (1—1/n;)),
i=1 i=1j=1
where, n = 2 if sign(o) = + and n =1 otherwise.

Notice that we have introduced the conception of non-Euclid area for the voltage
maps and have gotten the Riemann-Hurwitz equation in the Theorem 2.2.6 for a
fixed-free on V(M) group. Similarly, we can find the minimum genus of a map,
fixed-free on its vertex set by the voltage assignment on its quotient map and the
maximum order of an automorphism of a map.

4.1 The minimum genus of a fixed-free automorphism

k

Lemma 2.4.1 Let N = [] pi*,p1 < p2 < --- < pi be the arithmetic decomposition
i=1

of the integer N and m; > 1, m;|N for i = 1,2,---, k. Then for any integer s > 1,
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Proof If s = 0(mod2), it is obvious that

S-S ya-Ha-bs

i=1 m; i=1 p1 p1

Now assume that s = 1(mod2) and there are m;, # p1,j = 1,2,---,[. If the
assertion is not true, we must have that

1 1 1

1——)(1—-1) > 1— >(1——)
( pl)( ) ;( mij)_( >
Whence, we get that
1 1 1 1
11— >1—-——)I+1—— >(1—-—)I.
( P1> ( P2> b1 ( pl)

A contradiction. Therefore, we have that

Sa-)za- Dl

i=1 my; b1

k

Lemma 2.4.2 For a map M = (X, 3, P) with ¢(M) faces and N = I] p;’,p1 <
i=1

P2 < -+ < pg, the arithmetic decomposition of the integer N, there exists a voltage

assignment ¥ : X, 3 — Zn such that for VE € F(M), o(F) = py if ¢(M) = 0(mod2)

or there exists a face Fy € F(M), o(F) = py for VF € F(M)\{Fo}, but o(Fy) = 1.

Proof Assume that fi, fo, -+, fn, where,;n = ¢(M), are the n faces of the map
M. By the definition of voltage assignment, if x, Sz or x, oSz appear on one face
fi»1 < i < n altogether, then they contribute to 9(f;) only with J(x)d~(x) = 1,.
Whence, not loss of generality, we only need to consider the voltage z;; on the
common boundary among the face f; and f; for 1 < ¢,57 < n. Then the voltage
assignment on the n faces are

?9(f1) = T12213 * * - T1n,

ﬁ(f2) = T21%23 ** * T2n,
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We wish to find an assignment on M which can enables us to get as many
faces as possible with the voltage of order p;. Not loss of generality, we can choose
UPL(f1) = 1z, in the first. To make ¥71(f,) = 1z, choose T3 = 13, - - -, To, = T,
If we have gotten V7' (f;) = 1z, and i < n if n = 0(mod2) or i < n — 1 if
n = 1(mod2), we can choose that

_ -1 o1 1
T(i41)(i+2) = xi(i+2)7 T(i41)(i+3) = xi(i+3)7 L+ Dn = Ly
which also make 7' (fi11) = 14,

Now if n = 0(mod2), this voltage assignment makes each face f;,1 < i < n
satisfying that vP'(f;) = 1. But if n = 1(mod2), it only makes 97'(f;) = 1, for
1<i<n-—1, but I(f,) = 1z,. This completes the proof. il

Now we can prove a result for the minimum genus of a fixed-free automorphism
of a map.

Theorem 2.4.1 Let M = (X,5,P) be a map and N = pi*---pF,p1 < p2 <
< pi, be the arithmetic decomposition of the integer N. Then for any voltage
assignment ¥ : X, 3 — Zn,
(i) if M is orientable, the minimum genus Gmi of the lifting map MY which
admits an automorphism of order N, fized-free on V (M?), is

1 M
Gmin = 1+ N{g(M) =1+ (1 - 1,,¢(M)
meo(F(M)) P1

(ii) if M 1is non-orientable, the minimum genus g . of the lifting map M® which
admits an automorphism of order N, fized-free on V (M?), is

b = 2+ N{gan) —2+20 - D)2y

Proof (i) According to the Theorem 2.2.1, we know that
1

2-2g(M') = N{(2=29(M)) + Y (~1+—)}
meO(F(M)) m
Whence,
1
29(M”) =2+ N{2g(M) -2+ > (1-—)}
meO(F(M)) m
Applying the Lemma 2.4.1 and 2.4.2, we get that
1 M

gmin =1+ N{g(a1) — 1+ (1 = 1) 200y

(1) Similarly, by the Theorem 2.2.1, we know that
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1

2—g(M") = N{2—-g(M))+ > (-1+—)}

meO(F(M))

Whence,
1
g(M’) =24 N{g(M) =2+ > (1-—)}
meO(F(M))
Applying the Lemma 2.4.1 and 2.4.2, we get that
1. (M

=2+ Mg —2 420 - D

4.2 The maximum order of an automorphism of a map

For the maximum order of an automorphism of a map, we have the following
result.

Theorem 2.4.2 The maximum order N,,.. of an automorphism g of an orientable
map M of genus> 2 is

Noaw < 2g(M) +1

and the maximum order N] .. of a non-orientable map of genus> 3 is

N < g(M)+1,

max

where g(M) is the genus of the map M.

Proof According to the Theorem 2.2.3, denote G =< g >, we get that

X(M)+ > (12u(g)l + () = |GIx(M/G),

9€G,9#1¢
where, ®((g) = {F|F € F(M),F? = F'} and ®,(9) = {v|[v € V(M),v9 = v}. If
g # 1, direct calculation shows that ®¢(g) = ®;(¢?) and ®,(g) = P,(¢9?). Whence,

> 2u(g) = (IG] = D2y (9)]

9€G,g#1¢

and

> 12s(9)l = (1G] = DI2s(g)]-

9€G,9#1¢

Therefore, we get that

X(M) + (1G] = D@y (9)] + (1G] = D@y (9)] = [GIx(M/G)
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Whence, we have that

X(M) = (|Po(9)] + @ (9)]) = [GI(X(M/G) = (|Pu(9)] + | (9)]))-
It X(M/G) = (124(g)| + | (g)]) = O,ie., x(M/G) = [Pu(g)[ + [®f(g)| = 0, then
we get that g(M) < 11if M is orientable or g(M) < 2 if M is non-orientable. Con-

tradicts to the assumption. Therefore, x(M/G) — (|P,(g)| + |Pf(g)|) # 0. Whence,
we get that

0D - (@l
= 0070 = (g + 10y~ F e 9)

Notice that |G], x(M) = (|2.(g)|+[®s(g)]) and x(M/G) = (|®u(g)[ +|P(g)]) are in-
tegers. We know that the function H (v, f; g) takes its maximum value at x(M/G) —
(|Pu(g9)] + |®¢(g)]) = —1 since x(M) < —1. But in this case, we get that

|G = [D,(g)| + [®4(g)| = x(M) =1+ x(M/G) — x(M).
We divide the discussion into to cases.

Case 1 M 1is orientable.

Since x(M/G) + 1 = (|P,(9)| + |®f(g)|) > 0, we know that x(M/G) > —1.
Whence, x(M/G) =0 or 2. Therefore, we have that

Gl =1+x(M/G) = x(M) <3 —x(M) =2g(M) + 1.
That is, Npae < 2g(M) + 1.

Case 2 M 1is non-orientable.

In this case, since x(M/G) > —1, we know that x(M/G) = —1,0,1 or 2.
Whence, we have that

|Gl =1+ X(M/G) = x(M) <3 =x(M) = g(M) +1.

This completes the proof. il

According to this theorem, we get the following result for the order of an auto-
morphism of a Klein surface without boundary by the Theorem 1.2.7, which is even
more better than the results already known.

Corollary 2.4.1 The maximum order of an automorphism of a Riemann surface
of genus> 2 is 2g(M) + 1, and the mazximum order of an automorphism of a non-
orientable Klein surface of genus> 3 without boundary is g(M) + 1.

The maximum order of an automorphism of a map can be also determined by
its underlying graph, which is stated as follows.



Chapter 2 On the Automorphisms of a Klein Surface and a s-Manifold 47

Theorem 2.4.3 Let M be a map underlying the graph G and 0,,00(M, g), Omaz(G, g)
be the maximum order of orientation-preserving automorphism in AutM and in

Aut%G. Then

Omaz(M, 9) < Omaz(G, 9),
and the equality hold for at least one map underlying the graph G.

The proof of the Theorem 2.4.3 will be delayed to the next chapter after we prove
the Theorem 3.1.1. By this theorem, we get the following interesting results.

Corollary 2.4.2 The maximum order of an orientation-preserving automorphism of
a complete map KC,,,n > 3, is at most n.

Corollary 2.4.3 The maximum order of an orientation-preserving automorphism of
a plane tree T is at most |T| — 1 and attains the upper bound only if the underlying
tree is the star.



Chapter 3 On the Automorphisms of a Graph on Surfaces

For determining the automorphisms of a map, an alternate approach is to con-
sider the action of the semi-arc automorphism group of its underlying graph on
the quadricells and to distinguish which is an automorphism of the map and which
is not. This approach is first appeared in the reference [43] as an initial step for
the enumeration of the non-equivalent embeddings of a graph on surfaces, and also
important for enumeration unrooted maps underlying a graph on surfaces used in
Chapter 4.

81. A necessary and sufficient condition for a group of a graph being
that of a map

Let I' = (V, E) be a connected graph. Its automorphism is denoted by Autl.
Choose the base set X = E(I'). Then its quadricells X, 5 is defined to be:

Xop = U {z ax, Bz, Bafr},
zeX
where, K = {1, a, 3, a3} is the Klein 4- elements group.
For Vg € Autl', define an induced action g|¥# of g on X, s as follows.

ForVz € X, , if 19 =y, then define (ax)? = ay, (6z)? = [y and (afz)? = afy.

Let M = (X, 3, P) be a map. According to the Theorem 1.2.5, for an auto-
morphism g € AutM and glyay 1 v — v, u,v € V(M), if w9 = v, then call g
an orientation-preserving automorphism. if u9 = v~!, then call g an orientation-
reversing automorphism. For any g € AutM, it is obvious that g|r is orientation-
preserving or orientation-reversing and the product of two orientation-preserving au-
tomorphisms or orientation-reversing automorphisms is orientation-preserving, the
product of an orientation-preserving automorphism with an orientation-reversing
automorphism is orientation-reversing.

For a subgroup G < AutM, define Gt < G being the orientation-preserving
subgroup of G. Then the index of GT in G is 2. Assume the vertex v to be
v = (21,%2, , Tpw)) (0T p(v), - - -, 2, xy).  Denote by < v > the cyclic group
generated by v. Then we get the following property for the automorphisms of a
map.

Lemma 3.1.1 Let G < AutM be an automorphism group of a map M. Then
Yo e V(M),
(i) if Vg € G,g is orientation-preserving, then G, < < v >, is a cyclic group;
(ii) Gy R <v>x<a>.
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Proof (i)Let M = (X,3,P). since for any Vg € G, g is orientation-preserving,
we know for Vv € V(M),h € G, v" = v. Assume the vertex

V= (1, %2, Tp() ) (AT p(o)s AL p(py—1, "+ +, QT1).

Then

(21,2, Tp) QT po)s * + +, Q, @) = (21, Ta, - -+, Tp(o)) (AT (o), + T2, 7).

Therefore, if h(x1) = 2511, 1 < k < p(v), then

h=1[(z1, 22, Tp() ) (T p(o), AT p(e)—1, - - -, ay)]* = 0.
It h(xl) = QT p(v)—k+1, 1< k < P(U)a then
h=[(x1, 22, Zp() ) (AT po), ATpo)—1, - - -, ay) e = vFar,

But if h = v*q, then we know that v* = v* = v™!, i.e., h is not orientation-

preserving. Whence, h = v¥, 1 < k < p(v), i.e., each element in G, is the power of
v. Assume ¢ is the least power of elements in G,. Then G, =< ¢ >< < v > is a
cyclic group generated by v¢.

(17)For Vg € G, v9 = v, i.e.,

[(:1:17 Loy, xp)(a$p7 ATp—1," ", Oél‘l)]g = (xlu Loy, xp)(a']:pv ATp—1,""", Oél'l).

Similar to the proof of (i), we know there exists an integer s,1 < s < p, such
that g = v® or g = v’a. Whence, g €< v > orge<ov > q, ie.,

Gy <v>x<a>. il

Lemma 3.1.2 Let T’ be a connected graph. If G < Autl’, and Vv € V(I'),G, X <
v > X < >, then the action of G on X, is fived-free.

Proof Choose a quadricell x € X, 3. We prove that G, = {1¢}. In fact, if
g € G, then x9 = x. Particularly, the incident vertex u is stable under the action
of g, i.e., u9 = u. assume

U = (ZL", Yi, - >yp(u)—1)(a$a AYp(u)—15 """ ayl),

then since G, < < u > X < a >, we get that

9 = xvyg =Y, '7yg(u)_1 = Yp(u)-1

and
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(O‘I)g = ax, (ay1>g =Qyi, -, (ayp(u)—l)g = QYp(u)-1,
that is, for any quadricell e, incident with the vertex u, e = e,. According to the
definition of the induced action Autl’ on X, g, we know that

(61,)9 = ﬂSL’, (ﬂyl)g = ﬂylv ) (6yp(u)—l)g = ﬂyp(u)—l

and

(Ozﬂﬁ)g = Oéﬂ%, (a6y1>g = O‘ﬁylu Ty (aﬂyp(u)—l>g = O‘ﬂyp(u)—l-

Whence, for any quadricell y € &, 3, assume the incident vertex of y is w, then by
the connectivity of the graph I', we know that there is a path P(u, w) = uvjvs - - - vsw
in I connecting the vertex v andw. Not loss of generality, we assume that [y, is
incident with the vertex vy. Since (Byx)? = fyr and G, = < v1 > X < a >, we
know that for any quadricell e,, incident with the vertex vi, €J = e,,.

Similarly, if a quadricell e,, incident with the vertex v; is stable under the action
of g, i.e., (ey,)? = ey, then we can prove that any quadricell e,,,, incident with the
vertex v;;1 is stable under the action of g. This process can be well done until we
arrive the vertex w. Therefore, we can get that any quadricell e,, incident with the
vertex w is stable under the action of g. Particularly, we have that y9 = y.

Therefore, we get that g = 15. Whence,G, = {1¢}. h

Now we prove a necessary and sufficient condition for a subgroup of a graph
being an automorphism group of a map underlying this graph.

Theorem 3.1.1 Let I' be a connected graph. If G =< Autl', then G is an auto-
morphism group of a map underlying the graph T iff for Yv € V(I'), the stabler
Gy X <v>Xx<a>.

Proof According to the Lemma 3.1.1(47), the condition of the Theorem 3.1.1 is
necessary. Now we prove its sufficiency.

By the Lemma 3.1.2, we know that the action of G on X, g is fixed-free, i.e.,
forVx € X, 5, |G| = 1. Whence, the length of orbit of  under the action G is
129] = |G,||2%] = |G|, i.e., for Vz € X, 45, the length of z under the action of G is
|G|.

Assume that there are s orbits Oy, Oy, - -+, O, of G action on V(I'), where, O; =
{uy, ug, -+, ur}, Oy = {v1,v9, -, v}, .05 = {wy,woe, -, w}. We construct the
conjugatcy permutation pair for every vertex in the graph I' such that they product
P is stable under the action of G.

Notice that for Vu € V(T'), since |G| = |G, ||[u®], we know that [k,I,---,t]| |G]|.

In the first, we determine the conjugate permutation pairs for each vertex in the
orbit O;. Choose any vertex u; € Oy, assume that the stabler G, is {1¢, 91, 9291, - - -, T#Hf Gm—i}s

where, m = |G,,| and the quadricells incident with vertex u; is N(uq) in the graph
[' . We arrange the elements in N (u;) as follows.
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Choose a quadricell uf € N(uy). We use G,, action on uf and auf, respec-

m—1
tively. Then we get the quadricell set A; = {uf, g1(uf),--- H Im—i(uf)} and

aA; = {oud, ag(uf), -, « H gm—i(u§)}. By the definition of the action of an
automorphism of a graph on 1ts quadrlcells We know that A; NaA; = 0. Arrange
the elements in A, as Al =uf, g1(u$), -, ']_[1 GIm—i(uf).

If 1 N@l) \ AiUaA; = 0, then the ar;angement of elements in N@l) is A
If N(ui) \ AiUad; # 0, choose a quadricell u® € N(uy) \ A1 UaA;. Similarly,
using the group G, acts on u}, we get that Ay = {u?, gi(ub), -, mﬂ_l Gm—i(ub)} and

ady = {aul, ag(u), -, a H gm—i(u8)}. Arrange the elements in A; A, as

ey

AlUA2—U1791 uf), H Gm—i(uf); U1791 ul H Im—i ul

If N@l) \ (AiUAsUJaA;UaAs) = (), then the arrangement of elements in
ATUA, is A1UA2 Otherwise, N( )\ (AiUAUaAUaAy) # 0. We can

choose another quadricell u§ € N@l) \ (A1UAU aA;UaAs). Generally, If we
have gotten the quadricell sets Aq, Ag,---, A, 1 < r < 2k, and the arrangement of

element in them is A1UA2U---UAT, if N@l)\A1UA2U---UATUQA1UQA2U

--UaA,) # 0, then we can choose an element u¢ € N@l)\(Al UAdU---UA Uad
UaAsU---UaA,) and define the quadricell set

m—1
Ar+1 {ulv g1 (ucll) ’ gm—l(utli)}
i=1
m—1
adrn = {auf, agi(uf), - @ I gm-i(u)}
i=1
and the arrangement of elements in A, is
é m—
Ar+1 - u17g1 ul H
oor+l
Define the arrangement of elements in |J A; to be
j 1
s
r+1

UA = UAZ7 r+1-

Whence,
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N(uy) = (_L_Jl A)U(a !1 Aj)

52

and Ay is obtained by the action of the stabler G, on u{. At the same time, the

—_—
o k

k
arrangement of elements in the subset U A; of N(u1) to be | J 4;.
J=1 j=1
Define the conjugatcy permutation pair of the vertex u; to be

Ouy = (C) (aC_la),

where

m—1 m—1 m—1
C= (ulllvull)v o '7u§;gl(u[11)vgl(ul1)>v o 7gl(u§>v Tty H (uclt)v H (ul{)v Yy H (ui))
i=1 i=1 i=1

For any vertex u; € O1,1 < i < k, assume that h(u;) = u;, where h € G, then

we define the conjugatcy permutation pair g, of the vertex u; to be

0u, = Oy, = (C")(aC™ ™).
Since O is an orbit of the action G on V/(I'), then we have that

k k
i=1 i=1

Similarly, we can define the conjugatcy permutation pairs gy, , @u,, = -« Ovs -

Owsyy " * * » Ow, Of vertices in the orbits Oy, -+, Os. We also have that

l l
(H sz-)G = H Ou; -
i1 i=1

t t
(H Qw)G = H Ow; -
i=1 =1

Now define the permutation

P = (l:Ilguz> X (I:IIQUZ) X X (l:Ilng)

7@’11)17

Then since Oy, Oy, - -+, Oy are the orbits of V(I') under the action of G, we get

that
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k l ¢
PG = (1:[ Qm’)G X (1:[ Qvi)G X e X (1:[ Qwi>G
— (T x ([T x---x ([Tew) = P.

Whence, if we define the map M = (X, g, P)then G is an automorphism of the
map M. b
For the orientation-preserving automorphism, we have the following result.

Theorem 3.1.2 Let ' be a connected graph. If G < Autl’, then G is an orientation-
preserving automorphism group of a map underlying the graph T iff for Yv € V(T'),
the stabler G, = <wv > is a cyclic group.

Proof According to the Lemma 3.1.1(i)we know the necessary. Notice the ap-
proach of construction the conjugatcy permutation pair in the proof of the Theorem
3.1.1. We know that G is also an orientation-preserving automorphism group of the
map M. b

According to the Theorem 3.1.2; we can prove the Theorem 2.4.3 now.

The Proof of the Theorem 2.4.3

Since every subgroup of a cyclic group is also a cyclic group, we know that any
cyclic orientation-preserving automorphism group of the graph I' is an orientation-
preserving automorphism group of a map underlying the graph I' by the Theorem
3.1.2. Whence, we get that

Oma:c(Ma g) S Omax(Gvg)- h

Corollary 3.1.1 For any positive integer n, there exists a vertex transitive map
M underlying a circultant such that Z, is an orientation-preserving automorphism
group of the map M.

Remark 3.1.1 Gardiner et al proved in [20] that if add an additional condition ,
i.e, G is transitive on the vertices in I', then there is a regular map underlying the
graph I'.

82. The automorphisms of a complete graph on surfaces

A map is called a complete map if its underlying graph is a complete graph.
For a connected graph I, the notations £°(T"), EV(T") and EL(T") denote the embed-
dings of I' on the orientable surfaces, non-orientable surfaces and locally surfaces,
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respectively. For Ve = (u,v) € E(I'), its quadricell Ke = {e, ae, fe,afe} can be
represented by Ke = {u"" u’~ v v""}.

Let K,, be a complete graph of order n. Label its vertices by integers 1,2, ..., n.
Then its edge set is {ij|1 <i,j < n,i # jij = ji}, and

Xog(Kn) = {7 1<, j <m,i # 3P -1 <i,j <n,i #5},

1<i,j <.
p= Il @H&NE 0.
1<0,j <,

We determine all the automorphisms of complete maps of order n and give they
concrete representation in this section.

First, we need some useful lemmas for an automorphism of a map induced by an
automorphism of its underlying graph.

Lemma 3.2.1 Let I' be a connected graph and g € Autl'. If there is a map M €
EX(T) such that the induced action g* € AutM, then for ¥(u,v), (z,y) € E(T),

[19(w),l?(v)] = [I9(x), " (y)] = constant,

where, 19(w) denotes the length of the cycle containing the vertex w in the cycle
decomposition of g.

Proof According to the Lemma 2.2.1, we know that the length of a quadricell
u’" or u¥~ under the action ¢g* is [I9(u), [9(v)]. Since ¢g* is an automorphism of map,
therefore, g* is semi-regular. Whence, we get that

[19(u),l?(v)] = [I9(x),1?(y)] = constant. b

Now we consider conditions for an induced automorphism of a map by an auto-
morphism of graph to be an orientation-reversing automorphism of a map.

Lemma 3.2.2 If £« is an automorphism of a map, then Ea = aé.
Proof Since £« is an automorphism of a map, we know that
(§a)a = a(a).
That is, £a = aé. b

Lemma 3.2.3 If £ is an automorphism of map M = (X, s, P), then {a is semi-
regular on X, 5 with order o(§) if o(§) = 0(mod2) and 20(&) if o(&) = 1(mod2).

Proof Since £ is an automorphism of map by the Lemma 3.2.2, we know that the
cycle decomposition of £ can be represented by
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é- = H(x17x27 v '7xk>(ax17ax27 v ',Oé.]:k)’
k

where, [T, denotes the product of disjoint cycles with length & = o(¢).
Therefore, if k = 0(mod2), we get that

504 = H(xlv QTo, T3, "+, Oél'k)
k

and if £ = 1(mod2), we get that

505 = H(xlu QTo, XT3, ", Tk, AT, T2, ALY, "+, axk)
2k
Whence, ¢ is semi-regular acting on X, s. il

Now we can prove the following result for orientation-reversing automorphisms
of a map.

Lemma 3.2.4 For a connected graph T", let K be all automorphisms in Autl’ whose
extending action on X, 5, X = E(I'), are automorphisms of maps underlying the
graph T'. Then for V¢ € IC, o(&*) > 2, &*a € K if and only if o(&*) = 0(mod2).

Proof Notice that by the Lemma 3.2.3, if £* is an automorphism of map with
underlying graph I', then £*« is semi-regular acting on X, s.

Assume £* is an automorphism of map M = (X, 3, P). Without loss of generality,
we assume that

P=CiG---Ch,
where,C; = (%1, %2, - -, %;5,) is a cycle in the decomposition of {|y ) and z;; =
{(e™ e?, - e (ae, ae'i .- ae?)} and.

§|E(F) = (611, €12, ", 651)(621, €22, ", €2sQ) ce (611, €12, ", 6131)-
and
& =C(aC™a),

where, C' = (e11, €12, -+, €s,)(€21, €22, - -, €25,) - - - (€11, €12, - -, €15,). Now since £* is
an automorphism of map, we get that s; = so =+ =5, = 0(£*) = s.

If o(&*) = 0(mod2), define a map M* = (X, g, P*), where,

P = CiCs---Ci,

where, Cz* = (ij 55:27 ) xfji)a I;'kt = {(6:17 6:27 T 6;'kti)(a6;'k1’ aeztp T 6;2)} and
e, = epq- Take ef; = e, if ¢ = 1(mod2) and €j; = aey, if ¢ = 0(mod2). Then
we get that M = M.

Now if 0(¢*) = 1(mod2), by the Lemma 3.2.3, o({*a) = 20(£*). Therefore, any
chosen quadricells (e e, .- ¢') adjacent to the vertex z;; for i = 1,2,---,n,
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where, n = |I'|, the resultant map M is unstable under the action of {a. Whence,
&a is not an automorphism of one map with underlying graph T'. b

Now we determine all automorphisms of a complete map underlying a graph K,
by applying the previous results. Recall that the automorphism group of the graph
K, is just the symmetry group of degree n, that is, AutK, = S,,.

Theorem 3.2.1 All orientation-preserving automorphisms of non-orientable com-
plete maps of order> 4 are extended actions of elements in

& E  n-

1
[s7s ]

[s5]°
and all orientation-reversing automorphisms of non-orientable complete maps of
order> 4 are extended actions of elements in

af af 045[1,172},

[(25)% ] [(25) %]

where, & denotes the conjugatcy class containing element 6 in the symmetry group
Sh

Proof First, we prove that the induced permutation £* on a complete map of order
n by an element £ € .S, is an cyclic order-preserving automorphism of non-orientable
map, if, and only if,

é- < 85% Ug[l,snTil}

Assume the cycle index of € is [1F1, 22 ... nFn]. If there exist two integers k;, k; #
0, and 7,7 > 2,4 # j, then in the cycle decomposition of £ | there are two cycles

(ur,ug,...;u;) and (v, v, ..., v;).
Since

[1(u), 1 (u)] =i and  [1(01), 18 (v2)] = J

and ¢ # j, we know that £* is not an automorphism of embedding by the Lemma
2.5. Whence, the cycle index of &€ must be the form of [1*, s!].

Now if & > 2, let (u), (v) be two cycles of length 1 in the cycle decomposition of
¢. By the Lemma 2.5, we know that

[1° (), 15(v)] = 1.
If there is a cycle (w, ...) in the cycle decomposition of £ whose length greater or
equal to two, we get that

[1(w), 1 (w)] = [1, 15 (w)] = *(w).

According to the Lemma 3.2.1, we get that [*(w) = 1, a contradiction. Therefore,
the cycle index of ¢ must be the forms of [s!] or [1, s!]. Whence,sl = n or sl +1 = n.
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Calculation shows that [ = & or l = . That is, the cycle index of £ is one of the

following three types [1"], [1 s and [s] for some integer s .
Now we only need to prove that for each element ¢ in 5 S5 and 8 , there

exists an non-orientable complete map M of order n with the 1nduced permutatlon
&* being its cyclic order-preserving automorphism of surface. The discussion are
divided into two cases.

Case 1 el n

[s%]

Assume the cycle decomposition of € being & = (a,b,---,¢) - (x,y,--+,2) - (u,v,

w), where, the length of each cycleis k, and 1 < a,b, -+, ¢, z,y, -+, z,u, v, -, w <
n . In this case, we can construct a non-orientable complete map M; = (Xo%ﬁ, Py)
as follows.

Xig={F" 1<, <mi(GH U7 11 <4, <nji #j},
P = II (C(2))(aC(x) ),

me{a,b,"'707”'755731,'"727%”,"',“1}

_ a+ Tk u+ b+ + v+ .c+ z+ w
C(:L")_(:L’ 7-.-’:1/’ ’.-.7:6‘ ’:L’ ’:L’y ’.-.’.-.7:6‘ ’:L’ ’.-.7:6‘ 7-.-7;‘6‘ )7

where x** denotes an empty position and

It is clear that Mf = M;. Therefore, £* is an cyclic order-preserving automor-
phism of the map M.

Case 2 e 5[1 S25

We assume the cycle decomposition of £ being

E=(a,b,....c)..(z,y,....2)...(u,v, ..., w)(t),

where, the length of each cycle is k beside the final cycle, and 1 < a,b...c,z,y..., 2
u, v, ...,w,t < n . In this case, we construct a non-orientable complete map My =
(X7 5, P2) as follows.

X2o={i":1<ij<nmi# i} U#FE 1 1<i,j<nji#j}

Py = (A)(aA™) 11 (C(2)(aC(x) o),

xe{a,b7...,c,...,x,y,...zmm,...,w}
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where,
A= (tF,¢7F, T T v vt e T )
and
QA o = (10 T T T T T T T, L)
and

and

It is also clear that ]\425 = M,. Therefore, £* is an automorphism of a map M, .

Now we consider the case of orientation-reversing automorphism of a complete
map. According to the Lemma 3.2.4, we know that an element {a, where, £ € S,,,
is an orientation-reversing automorphism of a complete map, only if,

56 g ny n—nj .

kT, (2k) %]

Our discussion is divided into two parts.
Case 3 ny=n

Without loss of generality, we can assume the cycle decomposition of ¢ has the
following form in this case.

E=(1,2 - k) (k+1,k+2 -2k (n—k+Ln—Fk+2 - n).

Subcase 3.1 k = 1(mod2) and k > 1

According to the Lemma 3.2.4, we know that £*« is not an automorphism of
map since o(£*) = k = 1(mod2).

Subcase 3.2 k = 0(mod2)
Construct a non-orientable map Ms = (X2 5, Ps), where X* = E(K,) and

Ps= Il (C@)aCl) a),

i€{1,2,-n}

where, if i = 1(mod2), then
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C(Z) — (i1+, Z'k-i-l-i-’ . ’,én—k+1+’,é2+’ . _’,én—k+2+’ e ii*, . ','ék+, i2k+, e Z'n-i-)’
aC(i)_la _ (il_, in_, . iQk_,ik_, . ’z-k—i-l—)
and if ¢ = 0(mod2), then
C(i) = (Z'l—, z'kH_, . ,i”_k+1_,i2_, .. .’Z’"—k+2—7 e z'i*, .. .’Z’k—7 Z'%—, i),
ozC'(z')_loz — (i1+, in+, e Z-2k—i—7 Z~k+7 . ’Z»k—i-l—i-)'

Where, i denotes the empty position, for example, (21, 2%*, 23,24 25) = (21,23, 21 25).
It is clear that P3” = Ps, that is, £« is an automorphism of map Ms.

Case 4 ny#En

Without loss of generality, we can assume that

6 = (172a7k)(k+1ak+2>>n1)(nl_k+1>nl_k+299nl)
X (nm+1,n+2,---,n+2k)ny+2k+1,--- ,ny +4k)---(n—2k+1,---,n)

Subcase 4.1 k = 0(mod2)

Consider the orbits of 127 and n; + 2k + 1'* under the action of < £a >, we get
that

lorb((17F)=%7)| = &

and

lorb(((ny + 2k + 1)1+)<5°‘>)| = 2k.
Contradicts to the Lemma 3.2.1.

Subcase 4.2 k = 1(mod2)

In this case, if k # 1, then £ > 3. Similar to the discussion of the Subcase 3.1,
we know that £« is not an automorphism of complete map. Whence, k£ = 1 and

§ € Epm gna).

Without loss of generality, assume that

E=(1)(2)--(n)(n1 +1,ny +2)(ng +3,n1+4)---(ng +n2 — 1,101 +no).



Chapter 3 On the Automorphisms of a Graph on Surfaces 60

If ny > 2, and there exists a map M = (X, 3, P), assume the vertex v; in M
being
| = (1112+ 1113+ L. 111n+)(1l12— 1l1n_ . 1l13—)
where, l1; € {+2,-2,43,-3,---,+n, —n} and ly; # [y if i # j.
Then we get that
(Ul)ﬁa — (1112—’ 1l13—’ . 1l1n_)(1112+’ ]_lln‘l” e 1113+) 7& ;.

Whence, £« is not an automorphism of map M. A contradiction.

Therefore, no = 1. Similarly, we can also get that ny = 2. Whence, £ =
(1)(2)(34) and n = 4. We construct a stable non-orientable map M, under the
action of £« as follows.

M,y = (X(;l,[% P4)>

where,

P4 _ (12+ 13+ 14+)(21+ 23+ 24+)(31+ 32+ 34+)(41+ 42+ 43+)
x (177,10, 197)(217, 207, 29317, 31, 3%7) (417, 477,477,

Therefore, all orientation-preserving automorphisms of non-orientable complete
maps are extended actions of elements in

8 8 n—1

[5%]’ [1,s7=

and all orientation-reversing automorphisms of non-orientable complete maps are
extended actions of elements in

ag[(zs)ﬁls}’ Ozg[(2s)24_s} 045[171,2].

This completes the proof. il

According to the Rotation Embedding Scheme for orientable embedding of a
graph, First presented by Heffter in 1891 and formalized by Edmonds in [17], each
orientable complete map is just the case of eliminating the sign + and - in our
representation for complete map. Whence,we have the following result for an auto-
morphism of orientable surfaces, which is similar to the Theorem 3.2.1.

Theorem 3.2.2 All orientation-preserving automorphisms of orientable complete
maps of order> 4 are extended actions of elements in

& E  n-

57 “nsts
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and all orientation-reversing automorphisms of orientable complete maps of order>
4 are extended actions of elements in

ag[(ZS)?&s}’ Oég[(zs)%}? Oég[l,l,ﬂ?

where,Ey denotes the conjugatcy class containing 6 in S,,.

Proof The proof is similar to that of the Theorem 3.2.1. For completion, we only
need to construct orientable maps M?,i = 1,2,3,4, to replace the non-orientable
maps M;,i =1,2,3,4 in the proof of the Theorem 3.2.1.

In fact, for orientation-preserving case, we only need to take M, MS to be the
resultant maps eliminating the sign + and - in M;, M, constructed in the proof of
the Theorem 3.2.1.

For the orientation-reversing case, we take MY = (E(K,)as, PS) with

i€{1,2,,n}
where, if ¢ = 1(mod2), then
Y By =y | n—k+1 2 n—k+2 % -k -2k 20
C(’Z/) = (Z y Z y DR y ’Z/ y Z y o .. y ’Z/ y o .. y ’Z/ y DR y Z y Z y o .. y ’Z/ )7
and if ¢ = 0(mod2), then
NS By R | n—k+1 2 n—k+2 -k -k -2k n\—1
C(Z) = (’Z/ ”Z/ ’~ .. y Z ”Z/ 7- .. y Z 7- .. y Z ’~ . .7’1/ ”Z/ 7- .. y Z ) y

where i denotes the empty position and M = (E(K4)a 5, Ps) with

Pr= (175,15, 19)(21, 2%, 2%)(31, 3%, 3%) (47,47, 4%).
It can be shown that (M) = MP for i =1,2,3 and 4. h

§3. The automorphisms of a semi-regular graph on surfaces

A graph is called a semi-reqular graph if it is simple and its automorphism group
action on its ordered pair of adjacent vertices is fixed-free, which is considered in
[43], [50] for enumeration its non-equivalent embeddings on surfaces. A map under-
lying a semi-regular graph is called a semi-reqular map. We determine all automor-
phisms of maps underlying a semi-regular graph in this section.

Comparing with the Theorem 3.1.2, we get a necessary and sufficient condition
for an automorphism of a graph being that of a map.

Theorem 3.3.1 For a connected graph ', an automorphism & € Autl is an orientation-
preserving automorphism of a non-orientable map underlying the graph T iff & is
semi-reqular acting on its ordered pairs of adjacent vertices.
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Proof According to the Lemma 2.2.1, if £ € Autl’ is an orientation-preserving
automorphism of a map M underlying graph I'; then £ is semi-regular acting on its
ordered pairs of adjacent vertices.

Now assume that £ € Autl is semi-regular acting on its ordered pairs of adjacent
vertices. Denote by &|v (), S|E(F)ﬁ the action of £ on V(I') and on its ordered pairs
of adjacent vertices,respectively. By the given condition, we can assume that

vy = (a b, ¢) (g hy - k) (2,9, -+, 2)

and
{lem), =C1Ci--Cp,
where, s5,|C(a)| = -+ = 54|C(g)| = -+ = s,|C(x)|, and C(g) denotes the cycle
containing ¢ in &|y ) and
Cl = (a17b17"'7017a27b27"'7027"'7asa7bsa7"'7csa)7

_ 1,1 1 2,2
Cm_<x7y7...7z’...7x7y’...’z7...71'

Now for V€, & € Autl. We construct a stable map M = (X, 3, P) under the
action of ¢ as follows.

X =E()
and

P=11 II (Co(aCH).

geTY 2eC(9)

Assume that u = £/(g), and

Nr(g) ={9",97, -, 9"}
Obviously, all degrees of vertices in C'(g) are same. Notices that &, (g) is circular

acting on Np(g) by the Theorem 3.1.2. Whence, it is semi-regular acting on Np(g).
Without loss of generality, we can assume that

€|NF(9) = (9217 gZ2> o agzs)(gzs+1> gzs+2a e >gZ2s) T (gz(kil)SJrla gz(kil)SJrza e 7ngS)7

where, | = ks. Choose

_ z1+  ,Zs+1+ Z(k—1)s+1T 22+ Zst2+ zst+ 22 Zkst
Og_(g 795 7"'ag(k Dst1 » g 795 7"'793 » g ° e, g )
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Then,

C, = (le‘*" $z5+1+’ e xz(kfl)s+1+’ xzz-l-7 xzs+2+7 e xzs'*" xz257 - ’xzks+)
where,

v =€l (g7T),
fori=1,2,---, ks. and

aCt = (ax™t, arHt . apfe-vsat qpst qr®e o apteT)
xT Y Y Y ) Y Y ) *
Immediately, we get that M¢ = EME™1 = M by this construction. Whence, ¢ is
an orientation-preserving automorphism of the map M. b

By the Rotation Embedding Scheme, eliminating o on each quadricell in Tutte’s
representation of an embedding induces an orientable embedding with the same
underlying graph. Since an automorphism of an embedding is commutative with «
and 3, we get the following result for the orientable-preserving automorphisms of
the orientable maps underlying a semi-regular graph.

Theorem 3.3.2 If I" is a connected semi-regular graph, then for V& € Autl’, £ is an
orientation-preserving automorphism of orientable maps underlying the graph T'.

According to the Theorem 3.3.1 and 3.3.2, if I" is semi-regular, i.e., each auto-
morphism acting on the ordered pairs of adjacent vertices in I' is fixed-free, then
every automorphism of the graph I' is an orientation-preserving automorphism of
orientable maps and non-orientable maps underlying the graph I'. We restated this
result as the following.

Theorem 3.3.3 If T is a connected semi-reqular graph, then for V& € Autl', &
s an orientation-preserving automorphism of orientable maps and non-orientable
maps underlying the graph I.

Notice that if ¢* is an orientation-reversing automorphisms of a map, then ¢*«
is an orientation-preserving automorphism of the same map. By the Lemma 3.2.4,
if 7 is an automorphism of maps underlying a graph I'; then 7« is an automorphism
of maps underlying this graph if and only if 7 = 0(mod2). Whence, we have the
following result for the automorphisms of maps underlying a semi-regular graph

Theorem 3.3.4 Let I' be a semi-reqular graph. Then all the automorphisms of
orientable maps underlying the graph I' are

g™ and ah|¥s, g, h € Autl with h = 0(mod2).

and all the automorphisms of non-orientable maps underlying the graph T are also
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g|*? and ah|¥s, g, h € Autl with h = 0(mod?2).

Theorem 3.3.4 will be used in the Chapter 4 for the enumeration of unrooted
maps on surfaces underlying a semi-regular graph.

84. The automorphisms of one face maps

There is a well-know result for the automorphisms of a map and its dual in
topological graph theory, i.e., the automorphism group of a map is same as its dual.
Therefore, for determining the automorphisms of one face maps, we can determine
them by the automorphisms of a bouquet B,, on surfaces.

A map underlying a graph B,,n > 1 has the form B, = (X,3, P,) with X =
E(B,) ={e, e, --,e,} and

Pn = (1'1,1'2, t ‘,113'2”)(0(1'1,0(1'2”, o ',1'2)

where, z; € X, X or a5 X and satisfying the condition (C) and (C7) in the Section
2.2 of Chapter 1. For a given bouquet B,, with n edges, its semi-arc automorphism
group is

Form group theory, we know that each element in S,[Ss] can be represented by
(g;h1, ho, -+, hy,) with g € S,, and h; € So = {1,af} for i = 1,2,---,n. The action
of (g; hy, ha, -+, hy) on a map B, underlying a graph B,, by the following rule:

Zf.ﬁ(f € {62', aeE;, 662', aﬁei}, then (g7 hl, hg, Tty hn)(l') = g(hl(flf))
For example, if hy = af3, then,(g; hq, h, -+, hy)(e1) = aBg(er), (g; b1, ha, -+, hy) (aer)

= Bg(er), (g; i, ha, - -+, hy)(Ber) = agler) and (g; ha, ha, - -+ hy)(Ber) = g(er).
The following result for automorphisms of a map underlying a graph B, is obvi-
ous.

Lemma 3.4.1 Let (g; hy, ha, - -+, hy) be an automorphism of a map B,, underlying a
graph B,,. Then

(g; hla h2> T hn) = (1’1,1'2, "-ax2n)ka

and if (g; h1, ha, -+, hy)ac is an automorphism of a map B,,, then

(97 h’lah27”'ahn)a - (Z'l,l’g,"‘,l'gn)k
for some integer k,1 < k < n. Where, x; € {e1,e9, -+, e,},i = 1,2,--- 2n and



Chapter 3 On the Automorphisms of a Graph on Surfaces 65

Analyzing the structure of elements in the group S,[S;], we get the automor-
phisms of maps underlying a graph B,, by the Theorem 3.3.1 and 3.3.2 as follows.

Theorem 3.4.1 Let B, be a bouquet with n edges 1,2,---,n. Then the automor-

phisms (g; h1, ha, - -+, hy) of orientable maps underlying a B,,n > 1, are respective
(01) geE par h;=1,i=1,2,---.n
n/k
(02) g € S[k%] and if g = ']:[l(il,i2,-~-z'k), where i; € {1,2,---,n},n/k =
0(mod2), then hy = (1,af),i=1,2,---,% and h;, = 1 for j > 2;
2s ) (n—2ks)/2k
(03) g € E[kzs’( e and if g = ]_[1(@1,@2, k) j};[l (€j11€ins "> €y )
where i;,e;, € {1,2,-- ,n}, then h;, = (1,a08), i = 1,2,---,s,h;; = 1 for | >
2and hj, =1 fort=1,2,---,2k
and the automorphisms (g; h, ha, - -+, hy,) of non-orientable maps underlying a B,,n
> 1, are respective
(N1) geg[k%], h,=1i=1,2,---,n
n/k
(N2) g € 5 K and if g = [1 (1,02, - -ix), where i; € {1,2,---,n},n/k =
i=1

0(mod2), then h21 = (1,ap), (1, B) with at least one hy,, (1,3),i =1,2,---, F and h;, =
1 for j > 2;
2s ) (n—2ks)/2k

(N3) g € E[k% (o) B and if g = H(Zl,lg, “ig) 'Hl (€15 €jas s €l )s
where i;,e;, € {1,2,-- ,n}, then h;, = (1 af), (1,8) with at least one h;
(1,8),i=1,2,---,8,hjy =1 for I >2and h;, =1 fort=1,2,---,2k,
where, & denotes the conjugacy class in the symmetry group S, containing the
element 6.

201

Proof By the structure of the group S,[S], it is clear that the elements in the
cases (i), (1) and (éi7) are its all semi-regular elements. We only need to construct
an orientable or non-orientable map B,, = (X, 3, P,,) underlying B,, stable under the
action of an element in each case.

n/k
(1) g= 'Hl(il,z'g,---ik) and h; =1,i=1,2,---,n, where i; € {1,2,---,n}.

1=

Choose

n/k
Xo%ﬁ UK{ZlaZ2a }a

where K = {1, a, 5, a3} and

’P}L = 01(0401_104_1)
with
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n n n
CYl :( 11> 217"'a(%)baﬁllaaﬁQla"'aaﬁ(%)la12a22a"'a(%)2a
n n n
04/612, a/@22a"'704/6(E)27'"a1k>2ka'"7(%)]@70‘/61]670[/61]6’"'aaﬁ(z)k)‘

Then the map B, = (X, 5,P}) is an orientable map underlying the graph B, and
stable under the action of (g; hy, ho, -, hy).
For the non-orientable case, we can chose

n n

k)lv 127227 T, (%)27
n
2, '71k72k7 t '7(%)16751/%51/% t 75(_)k)

Ci=( 1y, 21,'",(%)17611,5217'“76(

Bla, B2, ()

> S

Then the map B! = (Xo%ﬂ,P}L) is a non-orientable map underlying the graph B,
and stable under the action of (g; hq, ha, -, hy).
n/k
(it) g = Il(i1, 02, -ix), by = (1,8) or (1,af),i = 1,2,---,n, ¥ = 0(mod2),
i=1
where i; € {1,2,---,n}.
If hyy = (1,aB) fori =1,2,---, % and h;, = 1 for t > 2. Then
n/k
(97 h17 h27 Ty hn) = H(ilv O‘ﬂi% T Oéﬂlk, aﬂila 7;27 o 7Zk>

i=1

Similar to the case (i), we take X7 ; = X 5 and

’PEL = 02(0402_104_1)
with

n n
Co=( 11, 21, -, ()1, afBly,aB2, - -+, aB(+)2, afBly, B2,

k k
n n n n
7a/6(_)k7 O4/611a CE/821, ) aﬁ(_)la ]-2a 22a ) (_)Qa Ty 1ka 2k7 ) (_)k)
k k k k
Then the map B = (X7 5,P3) is an orientable map underlying the graph B, and
stable under the action of (g;hq, ha,- -, hy). For the non-orientable case, the con-

struction is similar. It only need to replace each element a/3i; by (i in the con-
struction of the orientable case if h;, = (1, ).

25 | (n=2ks)/2k :
(ZZZ) 9= 1:[ (7'1’12" ’ 'Zk) Hl (6j1’€j27' ) .’ejZk) and h;, = (1,0&6), =12, 8 by =

= j=
1 forl>2and hj, =1 fort=1,2,---,2k

In this case, we know that
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s (n—2ks)/2k
(97 h’lah27”'7h'n):H(ilaaﬁi%”'aﬁikaaﬁilazéa'”aik) H (6j176j27"'a6j2k)'
i=1 j=1

Denote by p the number (n — 2ks)/2k. We construct an orientable map B3 =
(X2 5,P3) underlying B, stable under the action of (g; hy, ha, - - -, hy) as follows.
Take X7 ; = X, 5 and

PS = 03(0403_104_1)
with

03:( ]-l a21a"'a817611a6217"'a6p17a/612aa6227'"aaﬁSQa

€19y €25, ", Epy,y '7a61k7aﬂ2k7 o '7a65k761k7€2k7' Ty
€pLs Oéﬁ].l,Oé/@21, o ',04/651,61k+1,62k+1, o '>6pk+1> 12722a T
S92, €1k+2,€2k+2, o 'aepk+2> Ty 1k>2ka Ct oty Sky Clgyy €290 '>6p2k)'

Then the map B = (X2 5,P3) is an orientable map underlying the graph B, and
stable under the action of (g; hq, ha, -, hy).

Similarly, replacing each element a/3¢; by (37; in the construction of the orientable
case if h;; = (1, 3), a non-orientable map underlying the graph B, and stable under
the action of (g; hy, ha, -+, h,) can be also constructed. This completes the proof.
y

We use the Lemma 3.4.1 for the enumeration of unrooted one face maps on
surfaces in the next chapter.



Chapter 4 Application to the Enumeration of Unrooted Maps
and s-manifolds

All the results gotten in the Chapter 3 is more useful for the enumeration of
unrooted maps on surfaces underlying a graph. According to the theory in Chapter
1, the enumeration of unrooted maps on surfaces underlying a graph can be carried
out by the following programming:

STEP 1. Determine all automorphisms of maps underlying a graph;
STEP 2. Calculate the the fixing set Fiz(s) for each automorphism ¢ of a map;

STEP 3. Enumerate the unrooted maps on surfaces underlying a graph by
Corollary 1.3.1.

The advantage of this approach is its independence of the orientability, which enables
us to enumerate orientable or non-orientable maps on surafces. We present the
enumeration results by this programming in this chapter.

§1. The enumeration of unrooted complete maps on surfaces

We first consider a permutation and its stabilizer . A permutation with the
following form (z1,xs, ..., z,)(ax,, axg, ..., cuzy) is called a permutation pair. The
following result is obvious.

Lemma 4.1.1 Let g be a permutation on the set Q = {x1,9,...,2,} such that
ga=ag. If
921, Toy ooy ) (A, Q1 ooy 1) gt = (21, T,y oy ) (AT, Q1 . 1),
then
g = (z1,29, ..., 2,)F

and if

ga(xy, Tay ..y Ty) (T, Ty 1, ..., a:)sl)(ga)_l = (21, %2, ..., Tp) (AT, ATy _1, ..., T7),

then

go = (axy, aty_1, ..., )"

for some integer k,1 < k < n.
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Lemma 4.1.2 For each permutation g,g9 € 5%%} satisfying g = ag on the set

Q = {x1,29,...,2,}, the number of stable permutation pairs in ) under the action
of g or ga is

2¢(k)(n —1)!

where ¢(k) denotes the Euler function.

| )
n
]

Proof Denote the number of stable pair permutations under the action of g or
ga by n(g) and C the set of pair permutations. Define the set A = {(g,C)|g €
E[k%},C €C and CY9 =C or (9 = C}. Clearly, for Vgi,92 € & we have

n(g1) = n(g2). Whence, we get that

a3k

Al =€

n(g). (4.1.1)

On the other hand, by the Lemma 4.1.1, for any permutation pair C' = (z1, xa, ..., )
(xp, axy_1,...,axy), since C' is stable under the action of g, there must be g =
(21, 9, ..., )t OF ga = (@, @Tp_1, ..., ax1)!, where | = st,1 <s<kand (s, k) =
1. Therefore, there are 2¢(k) permutations in 5[k%} acting on it stable. Whence, we

k%]

also have

|A| = 2¢(k)|C|. (4.1.2)
Combining (4.1.1) with (4.1.2), we get that

26(k)IC| _ 20(K)(n— 1)1

n(g) = B G b

[k%]| [k%]|

Now we can enumerate the unrooted complete maps on surfaces.

Theorem 4.1.1 The number n*(K,) of complete maps of order n > 5 on surfaces
18

n—1

B(k)250R) (n, — 2)17%

a(mk) (1 — 2)13
nL(Kn) _ %(Z‘l’ Z )2 k%((n)'2)l n Z

kln  klnk=0(mod2) %) k| (n—1),k#1 n—1
where,
nS) i k= 1(mod2);
a(n, k) = 2k 7 - ’
(n, k) {"(ZkQ), if k= 0(mod2),
and
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and n*(K,) = 11.

Proof According to (1.3.3) in the Corollary 1.3.1 and the Theorem 3.2.1 for n > 5,
we know that

1

MNK,) = ———— i) P
) = g <O X el 3 (@)l
g1€EE n ga€E n
k%] [(25)25]
+ ) o)
he& n—1
[mk]

l\n,lEO(mod2)
¥ Z . e R,
l|(n—1)

(9200)]

where, g1 € £, = ;92 € En and he& e are three chosen elements.

ik i)
Without loss of generality, we assume that an element g,g € 5 has the fol-

lowing cycle decomposition.

g=(1,2, . k) (k+1,k+2, .., 21{:)...((% — kA1, (% —Dk+2,....n)

and
P = H1 X HQ’
where,
Hl — (11'217 11'317 s 1in1)(2i127 21'327 s 2in2>m(ni1n’ nizn7 e ni(nﬂ)n)7
and

~1
IL, = oI, o™
being a complete map which is stable under the action of g, where s;; € {k+, k—|k =

Notice that the quadricells adjacent to the vertex ”1” can make 2"~2(n—2)!different
pair permutations and for each chosen pair permutation, the pair permutations ad-
jacent to the vertices 2,3, ..., k are uniquely determined since P is stable under the
action of g.

Similarly, for each given pair permutation adjacent to the vertex k + 1,2k +
1,...,(3 — 1)k + 1, the pair permutations adjacent to k 4 2,k + 3, ...,2k and 2k +
2,2k+3,...,3k and,...,and (7 —1)k+2, (3 —1)k+3, ...n are also uniquely determined
because P is stable under the action of g.
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Now for an orientable embedding M; of K,, all the induced embeddings by
exchanging two sides of some edges and retaining the others unchanged in M; are
the same as M; by the definition of maps. Whence, the number of different stable
embeddings under the action of g gotten by exchanging r and ax in M, for xz €

UU C X, where X5 = U {z,8x} , is 290)~% where g(¢) is the number of
SCEE(Kn

orbits of E(K,) under the action of g and we substract 7 because we can chosen

125 k+ 1Y 2k + 1. n — k + 1 first in our enumeration.

Notice that the length of each orbit under the action of g is k for Vo € E(K,) if
k is odd and is g for x :i”%,i =1,k+1,---,n—k+1, or k for all other edges if
k is even. Therefore, we get that

U5 i = 1(mod2);
g(e) = { a(Kf)—%

Whence, we have that

n(n—3) : _
n if k= 1(mod2)
/{} = — — = 2k )
aln k) = g() = ¢ { M0 if k= 0(mod2),
and
B(g)] = 220 (n — )1, (4.13)
Similarly, if & = 0(mod2), we get also that
|®(gar)| = 2900 (, — 2)1% (4.1.4)

for an chosen element ¢.g € 5[]67_,5}.
Now for Vh € & LRy without loss of generality, we assume that h = (1,2, ..., k)

(k+1,k+2,.. 2]{:) (22 =Dk+1, (%t —1)k+2,...,(n—1))(n). Then the above
statement is also true for the complete graph K,,_; w1th the vertices 1,2,---,n— 1.
Notice that the quadricells n'™, n?*,--. n" ! can be chosen first in our enumera-

tion and they are not belong to the graph K,,_;. According to the Lemma 4.1.2, we
get that

1D(h)| = 200) ( — 2)1"F x Mn_f)' (4.1.5)

Where

EWnoy) _onol . (2D e = ] (0d2);
— — k k ! _ od2);
B(n, k) = h(e) { fWny) ol n2D0S) e B = (0(mod2).

Combining (4.1.3) — (4.1.5), we get that
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nh(K,) = Qi SlE @)+ X 1 lle(ga)]

k|n {|n,I=0(mod2)

+ Z 2 12 (R)])
1
2n

n!200k) (n, — 2)! !

x (3 + 3 En
kln ki F()! k|n,k=0(mod2) ke (7)!
n! 26(k)(n — 2)128000) (n — 2)1"%

+ Z n— 1 (%)' X (n 1) )

k™%
‘( k‘;ﬁl (n 1)

R‘|3
S
[\
2
S
z
—
3
|
[\
~
=3

k
n
k

20(nk) (y — 2)!

(k)250) ( — )1
n—1 '

= Z+ > ) >
), k#£1

2 Enk=0(mod2) k*(3)! kl(n—1

For n = 4, similar calculation shows that n”(K;) = 11 by consider the fixing set

of permutations in 5[8%},5[1’8%], 5[(28)%]@5[(28)%] and a9 il

For the orientable case, we get the number n°(K,,) of orientable complete maps
of order n as follows.

Theorem 4.1.2 The number n®((K,,) of complete maps of order n > 5 on orientable
surfaces is

Z+ > )(n—z)!%+ 5 gb(k)(n—2)!Tl.

290 kmkmomods) FEG h ke

and n(Ky) = 3.

Proof According to Tutte’s algebraic representation of map, a map M = (X, 3, P)
is orientable if and only if for Vo € &, 3,  and afBz are in a same orbit of X, g under
the action of the group ¥; =< a3, P >. Now applying (1.3.1) in the Corollary 1.3.1
and the Theorem 3.2.1, Similar to the proof of the Theorem 4.1.1, we get the number
n®(K,) for n > 5 as follows

n—1

Z+ > )(nn—Q)!%_l_ > o(k)(n = 2)I*

29 Knk=0(mod2) k(3! k| (n—1),k#1 n—1

and for the complete graph K}y, calculation shows that n(K,) = 3. b

Notice that n®(K,,) +n"(K,) = nL(K,). Therefore, we can also get the number
n™V(K,) of unrooted complete maps of order n on non-orientable surfaces by the
Theorem 4.1.1 and the Theorem 4.1.2 as follows.
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Theorem 4.1.3 The number n™ (K,,) of unrooted complete maps of order n,n > 5
on non-orientable surfaces is

I o e

kln  k|n,k=0(mod2)
k) (280 — 1)(n — 2)1"%
Ly o )(n—2)
k| (n—1),k#1 n—1

and n™¥(K,) = 8. Where, a(n, k) and 3(n, k) are same as in Theorem 4.1.1.

Fig4.1

For n = 5, calculation shows that nl(K5) = 1080 and n®(Kj;) = 45 based on
the Theorem 4.1.1 and 4.1.2. For n = 4, there are 3 unrooted orientable maps and
8 non-orientable maps shown in the Fig.4.1. All the 11 maps of K4 on surfaces are
non-isomorphic.
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Now consider the action of orientation-preserving automorphisms of complete
maps, determined in the Theorem 3.2.1 on all orientable embeddings of a complete
graph of order n. Similar to the proof of the Theorem 4.1.2, we can get the number
of non-equivalent embeddings of a complete graph of order n, which has been done
in [43] and the result gotten is same as the result of Mull et al in [54].

§2. The enumeration of a semi-regular graph on surfaces

The non-equivalent embeddings of a semi-regular graph on surfaces are enumer-
ated in the reference [50]. Here, we enumerate the unrooted maps underlying a
semi-regular graph on orientable or non-orientable surfaces.

The following lemma is implied in the proof of the Theorem 4.1 in [50].

Lemma 4.2.1 Let I' = (V, E) be a semi-reqular graph. Then for & € Autl’

30(6)] = [ (—2)

_d@) gy,
rery o(&|Nr(x))

and

oL _ ol I-ITY| ﬂ —1)!
1251 xl_T[g(O(ﬂNr(x)) "

where, T§V,T§E are the representations of orbits of & acting on v(I') and E(T') ,re-
spectively and En,.(z) the restriction of £ to Np(x).

According to the Corollary 1.3.1, we get the following enumeration results.

Theorem 4.2.1 Let I' be a semi-reqular graph. Then the numbers of unrooted maps
on orientable and non-orientable surfaces underlying the graph I' are

nO(T) = 1 d(z) _
(F) |AutF| (fe%tf )\(£> ml_T[Ev(O(ﬂNr(x)) 1>'
and
ANy - TE-ITY| _ dlz)
)= iy * 35, 276 T G o

where M\(&) =1 if o(&) = 0(mod2) and %, otherwise.

27

Proof By the Corollary 1.3.1, we know that
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1
(@] o
n () = > 12Vl
2|AUt%F| gEAut%F
1
L T
(D) = g—= @1 (9)]-
Q‘Autlr‘ g@A%lF '
2

75

According to the Theorem 3.3.4, all the automorphisms of orientable maps un-
derlying the graph I' are

g|**# and ah|*# g, h € Autl’ with h = 0(mod2).

and all the automorphisms of non-orientable maps underlying the graph I' are also

g|*e# and ah|%4, g, h € Autl’ with h = 0(mod2).

Whence, we get the number of unrooted orientable maps by the Lemma 4.2.1 as

follows.

w0 = g 3 [90(0)

geAutl’

(S T <£\Nm> -

geAUT peTY 0
d(x)

+ 2

s€AutT,0(¢)=0(mod2) zeTY O(§ | Nr(z) )

1 d(x)

= a2, MO LGy~

EEAutF xETEV

—1))

Similarly, we enumerate the unrooted maps on locally orientable surface under-
lying the graph I by (1.3.3) in the Corollary 1.3.1 as follows.

W) = gmm > 197G

geAutl’
T2 |- ITY|

1 _d@)
B 2|Autr\( 2 H(0(£|Nr(x>)

EeAutl :CETV

+ 3 ITE =T | I ¢

s€AutT',0(s)=0(mod2) zeTY O(<|NF(90 )

_ AE)2TEITY
\AutF\SZ 11 ¢ (£\Nr(x)

€Autl’ Z‘ETV

— 1)

-1

— ).
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Notice that n?(T') + n™(I') = nL(T), we get the number of unrooted maps on
non-orientable surfaces underlying the graph I' as follows.

nM() = M) —no()

— X X @R ) [T (e

£€AutT zeTy 0(§|Nr(x))

Y

This completes the proof. b
If T is also a k-regular graph, we can get a simple result for the numbers of
unrooted maps on orientable or non-orientable surfaces.

Corollary 4.2.1 Let I be a k-regular semi-reqular graph. Then the numbers of
unrooted maps on orientable or non-orientable surfaces underlying the graph I' are
respective

or (k — )75l
() = |Autl—‘|>< Z Ag

geAutl’

and

n(T) = S M) @ 1)k — 1)1
geAutl’

where, AN(€) =1 if o(§) = 0(mod2) and %, otherwise.

|AutF |

Proof In the proof of the Theorem 4.2 in [50], it has been proved that

Vo e V(F>7 O(gNr(:c)) =1

Whence, we get n?(I') and n™ (') by the Theorem 4.2.1. b
Similarly, if I' = Cay(Z, : S) for a prime p, we can also get closed formulas for
the number of unrooted maps underlying the graph I'.

Corollary 4.2.2 Let I' = Cay(Z, : S) be connected graph of prime order p with
(p—1,|S]) = 2. Then

(IS] = D +2p(|S| = )I* + (p— 1)(IS| = 1)!
4p

nP(T, M) =

and

plS|_

(2%~

M p+1

—1)(|S] =D+ 2(2
2p
2 —De-1(s ="

4p

Dp(lS] = D™

nN(IT, M) =
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Proof By the proof of the Corollary 4.1 in [50], we have known that

1, if o(g)=p
IT)| =< B, if o(g) =2
p. if o(g)=1
and
i %SS' if o(g) =p
Ty =1 22, if o(g) =2
23, it o(g) =1

Notice that Autl’ = D, (see [3]|[12]) and there are p elements order 2, one order
1 and p — 1 order p. Whence, we have

(1] = 1) + 2p(|S| = DI + (p — 1)(|S| - 1!

O J—
n”(I'y M) = "
and
VNNt B VL e 11
Y 2p
|S|—2
R Ctnt O/ T VI V11

4p
By the Corollary 4.2.1. b

83. The enumeration of a bouquet on surfaces

For any integer k, k|2n, let J; be the conjugacy class in S,,[S2] with each cycle in
the decomposition of a permutation in 73 being k-cycle. According to the Corollary
1.3.1, we need to determine the numbers |®° ()| and |®L(€)| for each automorphism
of a map underlying a graph B,,.

2n/k
Lemma 4.3.1 Let £ = [[ (C(2))(aC(i)a™") € Tk, where, C(i) = (Ti1, Tia, - - -, Tir)

1s a k-cycle, be a cycle cllgcomposition. Then
(1) Ifk # 2n, then

29(9) = K (2~ 1)

and if k=2n, then |®°(£)| = ¢(2n).
(15) Ifk >3 and k # 2n, then
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24(0)] = (20 % (2L -t

and

|25 (&)] = 2"(2n—1)!
if€d= (z1)(22) - - (wn) (avwy ) (a) - - - (awy) (Bar) (Baa) - - - (Bn) (afz1)(afT2) - - - (By),
|25 (¢)] = 1
if § = (21, aB21) (22, afTs) - - - (T, aBwy) (Qy, Br) (a2, Ba) - - - (T, By), and

n!
(n — 2s)!s!

if§ = (ier 69, 6n and ( € Epn-2s 95) for some integer s, e, = (1,a) for1 <i <'s
and €5 = 1 for s +1 < j < n,where, Ejn-2s 95 denotes the conjugate class with the
type [17725.2%] in the symmetry group S,, and

|[@5(6)] = ¢(2n)

if & = 0ie1,69,-,6p and 0 € Epry and g, = 1 for 1 <i <n—1, ¢, = (1,a0),
where, ¢(t) is the Euler function.

[@5(6)] =

n

Proof (i) Notice that for a given representation of C'(i), i = 1,2, -+, 27, since
< Pp,af3 > is not transitive on X, 3, there is one and only one stable orientable
map B,, = (X, 3, P,) with X = F(B,) and P, = C(aC~'a™), where,

C= ($117$217 o '7$27"17$21ax22a e 7I%2axlk>$2ka e 7I27"k)

Counting ways of each possible order for C(7),i = 1,2, -, 27", and different repre-

sentations for C'(i), we know that

20(9) = k¥ (5 1)

for k # 2n.

Now if k = 2n, then the permutation itself is a map with the underlying graph
B,,. Whence, it is also an automorphism of the map with the permutation is its
power. Therefore, we get that

|29(5)| = ¢(2n)

(i1) For kK > 3 and k # 2n, since the group < P,,af > is transitive on X, 3
or not, we can interchange C(i) by aC(i)"'a~! for each cycle not containing the
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quadricell zq;. Notice that we only get the same map if the two sides of some edges
are interchanged altogether or not. Whence, we get that

@H(©)] =28 HE (T = R R - 1)L

Now 1f§ = (xlu aﬁxl)('x% Oéﬂl‘Q) e ($n7 Oéﬂl‘n)(al'l, ﬂl’l)(al’g, 61‘2) T (Oél’n, 6«Tn),
there is one and only one stable map (X, g, P;) under the action of £, where

PrlL = (1'1,113'2, T >$n>a/6$1>a/6x27 o '>a/6xn)(axla/6$n> o '>ﬁxlaazn> o ',Oél’l).

Which is an orientable map. Whence, |®X(£)| = |®°(¢)| = 1.
[£ € = (x1)(2) - - (wn)(awr)(Qs) - - - () (B1) (B2) - - - (B (fr1) (aBizs)
-+ (afz,), we can interchange (afx;) with (fz;) and obtain different embeddings
of B,, on surfaces. Whence, we know that

[@4(&)] = 2"(2n — 1)!.

Now if § = ((;e1,€2,--,6n) and ¢ € Ejyn-2s 55 for some integer s, &; = (1, af)
for1 <i<sande; =1for s+1<j<mn, wecan not interchange (z;, afx;) with
(auy, Px;) to get different embeddings of B,, for it just interchanging the two sides
of one edge. Whence, we get that

DE(E)| = n! 95 n!
17=235(p — 25)125s! ~ (n—2s)ls!’

For { = (0;e1,69,---,6n), 0 € Epyand g, = 1for 1 <i <n—1, ¢, = (1,af), we
can not get different embeddings of B,, by interchanging the two conjugate cycles,
whence, we get that

|BH(€)] = |29(6)] = 6(2n).
This completes the proof. il

Recall that the cycle index of a group G, denoted by Z(G;sq,Sa,-,Sp), iS
defined by ([30])

Z S)\l(g .. S)‘"(g),

Z(G;Slas%'”asn n
geG

\GI
where, \;(g) is the number of i-cycles in the cycle decomposition of g. For the
symmetric group S5, its cycle index is known as follows:

A1 A2 Ak

_ S1 837 S
Z(Sn751>52a"'>sn) = Z IRSD WL D W iy SV
A1+2X2+-+kAp=n L 2 m

For example, we have that Z(S3) = 1+32 By a result of Polya ([56]), we know the
cycle index of S, [S5] as follows:



Chapter 4 Application to the Enumeration of Unrooted Maps and s-Manifolds 80

1
2n

0 G ) I G

Z(Sn[S2]; 51,82, S20) = AN 1222 000 AR N

>

n! A1+2X2+-+kAp=n

Now we can count maps on surfaces with an underlying graph B,.

Theorem 4.3.1 The number n®(B,) of non-isomorphic maps on orientable surfaces
underlying a graph B, is

n 1 9% (Z(S,[S
By = % I TGN,
k|2n,k#£2n (5)! Os)t

Proof According to the formula (1.3.1) in the Corollary 1.3.1, we know that

s2n,=0

1
n(B,) = ———— "(¢)].
)= g T 12760
Now since for V&, & € S,[Ss], if there exists an element 6 € S, [Ss], such that
& = 0£,071, then we have that |09 (&) = [®9(&)] and |®9(€)| = |®9(£a)|. Notice
that |®9(¢)| has been gotten by the Lemma 4.3.1. Using the Lemma 4.3.1(i) and
the cycle index Z(S,,[S]), we get that

2n

n°(B,) = (Y KE YT = DT+ 6(20)|Fan)
2 X an k|2n,k#2n k
o 12 1 0% (Z(S,[S
S DI AN CLACAL L
k|2n,k#2n (T) Os)f

9(Z(5n[52]))

082n

+ ¢(2n)

|52n:0 b

Now we consider maps on the non-orientable surfaces with an underlying graph
B,,. Similar to the discussion of the Theorem 4.1, we get the following enumeration
result for the non-isomorphic maps on the non-orientable surfaces.

Theorem 4.3.2 The number n™ (B,,) of non-isomorphic maps on the non-orientable
surfaces with an underlying graph B, is

2n

_ | o %
w(Ba) = (2”7,1)* S epE R oGS,
s k\zn 3<k<2n k s,k

+4™(n — 1>!<%§§[Sﬂ))|@:‘) - 15

n—2s 1s!

* 2"n' g
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Proof Similar to the proof of the Theorem 4.3.1, applying the formula (1.3.3)
in the Corollary 1.3.1 and the Lemma 4.3.1(i7), we get that

ni(B,) — w—l—gb@n)

1 n!
4"(n —1)!
2nn! (520 (n — 2s)!s! 4= DX

0" (Z(Sn[5:])) |
0s? s2n=0

" (Z(Sn[S2)))
0sY

X 3 (Qk)%—l(%” B 1>!5T(Z(5;_:[52])) oo,

k|2n,3<k<2n 0s,;"

=0 = 1))

Notice that n(B,) + n¥(B,) = n’(B,). Applying the result in the Theorem
4.3.1, we know that

2n —1)! on 2 0% (Z(S,]S
B = B s ey G,
s k|2n,3<k<2n k sk
1 n! O"(Z(S,[52])) n
4"(n — DN(————— =0 — |=])).
* 2"71!(821 (n — 2s)!s! +4%(n =X dsy [s2=0 L2J))
This completes the proof. il
Fig. 4.2
Calculation shows that
2
255 = 122

and
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ST+ 28759 + 353 + 284
3 )
For n = 2, calculation shows that there are 1 map on the plane, 2 maps on the
projective plane, 1 map on the torus and 2 maps on the Klein bottle. All of those

maps are non-isomorphic and same as the results gotten by the Theorem 4.3.1 and
4.3.2, which are shown in the Fig. 2.

Z(55]5:]) =

84. A classification of the closed s-manifolds

According to the Theorem 1.2.8, We can classify the closed s-manifolds by tri-
angular maps with valency in {5,6, 7} as follows:

Classical Type:

(1) Ay = {5 — regular triangular maps} (elliptic);
(2) Ay = {6 — regular triangular maps}(euclid);
(3) Ag = {7 — regular triangular maps}(hyperbolic).

Smarandache Type:

(4) Ay = {triangular maps with vertex valency 5 and 6} (euclid-elliptic);

(5) A5 = {triangular maps with vertexr valency 5 and 7} (elliptic-hyperbolic);
(6) Ag = {triangular maps with vertex valency 6 and 7} (euclid-hyperbolic);
(7) A7 = {triangular maps with vertex valency 5,6 and T} (mized).

We prove each type is not empty in this section.

Theorem 4.4.1 For classical types A1 ~ As, we have that

(1) Ay = {Oq0, Pio};

(2) Ay =A{T},K;,1 <1i,j < 4o0};

(3) Ay ={H;,1 <i<+4o0},
where, Oy, Py are shown in the Fig.4.3, T3, K3 are shown in the Fig. 4.4 and H;
s the Hurwitz maps, i.e., triangular maps of valency 7.

Fig. 4.3
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Fig. 4.4

Proof If M is a k-regular triangulation, we get that 2e(M) = 3¢(M) = kv(M).
Whence, we have

e(M) = and v(M) =
By the Euler-Poincare formula, we know that

X(M) = v(M) — (M) + 6(M) = (; ~ 2)6(M).

If M is elliptic, then k& = 5. Whence, x(M) = %J(\]/[) > 0. Therefore, if M
is orientable, then y(M) = 2, Whence, ¢(M) = 20,v(M) = 12 and (M) = 30,
which is the map Oq. If if M is non-orientable, then x (M) = 1, Whence, ¢(M) =
10, v(M) = 6 and (M) = 15, which is the map Py.

If M is euclid, then £ = 6. Whence, x(M) = 0, i.e., M is a 6-regular triangulation
T; or K; for some integer ¢ or j on the torus or Klein bottle, which is infinite.

If M is hyperbolic, then & = 7. Whence, x(M) < 0. M is a 7-regular trian-
gulation, i.e., the Hurwitz map. According to the results in [65], there are infinite
Hurwitz maps on surfaces. This completes the proof. il

For the Smarandache Types, the situation is complex. But we can also obtain
the enumeration results for each of the types Ay ~ Ay, First, we prove a condition
for the numbers of vertex valency 5 with 7.

Lemma 4.4.1 Let Let C(T,n) be an s-manifold. Then

vy > U5 + 2
if x(C(T,n)) < —1 and

vy < vs — 2

if X(C(T,n)) > 1. where v; denotes the number of vertices of valency i in C(T,n).
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Proof Notice that we have know

—x(C(T',n))
e(C(T'n) =——F——=—,
37 k&
where k is the average valency of vertices in C(T',n). Since

L — 5’U5+6U6+7U7
Vs + Vg + Uy

and (C(T,n)) > 3. Therefore, we get that
(4) If x(C(T,n)) < —1, then

1_ 2U5+2U6+2U7 -0
3 51)5—'—6’06—'—7’07 ’

ie., v; > v5+ 1. Now if v; = v5 + 1, then

5vs 4 6vg + Tvr = 1205 + 6vg + 7 = 1(mod2).

Contradicts to the fact that >,y pr(v) = 2¢(I') = 0(mod2) for a graph T
Whence we get that

’U7Z’U5—|—2.
(¢4) If x(C(T,n)) > 1, then

1 2v5 4 206 + 207 <0
3 51)5 + 6’06 + 7’07 ’

ie., v; <wvs—1. Now if v; = v5 — 1, then

5v5 + 6vg + Tvr = 1205 + 6vg — 7 = 1(mod2).

Also contradicts to the fact that 3-,cy () pr(v) = 2¢(I') = 0(mod2) for a graph I'.
Whence, we have that

vy < v — 2. b

Corollary 4.4.1 There is no an s-manifold C(T,n) such that

|’U7 — ’05‘ S 1,

where v; denotes the number of vertices of valency ¢ in C(T,n).
Define an operator =: M — M* on a triangulation M of a surface as follows:
Choose each midpoint on each edge in M and connect the midpoint in each
triangle as shown in the Fig.4.5. Then the resultant M* is a triangulation of the
same surface and the valency of each new vertex is 6.
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Then we get the following result.

Theorem 4.4.2 For the Smarandache Types Ay ~ Az, we have
(1) |As| > 2;
(77) Each of |A4], |Ag| and |Ar| is infinite.

Proof For M € Ay, let k be the average valency of vertices in M, since

—v(M
k= 75U5+6U6 <6 and e(M) = 73(( 2),
’U5—|—U6 37 &

we have that x(M) > 1. Calculation shows that vs = 6 if x(M) =1 and vs = 12 if
X(M) = 2. We can construct a triangulation with vertex valency 5,6 on the plane
and the projective plane in the Fig. 4.6.

Fig. 4.6 )
Now let M be a map in the Fig. 4.6. Then M® is also a triangulation of the
same surface with vertex valency 5,6 and M® # M. Whence, |A,| is infinite.
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For M € As, by the Lemma 4.4.1, we know that v; < vy — 2 if x(M) > 1 and
vy > vs+ 2 if x(M) < —1. We construct a triangulation on the plane and on the
projective plane in the Fig.4.6.

Fig. 4.7 )
For M € Ag, we know that k = % > 6. Whence, x(M) < —1. Since

30(M) = 6ug + Tvy = 2e(M), we get that

6vg + 7 6vs + 7
Vg + Uy — U62 U7—|— ,U63 ,U7:X(M)

Therefore, we have v; = —x(M). Since there are infinite Hurwitz maps M on
surfaces. Then the resultant triangular map M* is a triangulation with vertex
valency 6,7 and M* # M. Whence, |Ag| is infinite.

For M € A;, we construct a triangulation with vertex valency 5, 6,7 in the Fig.
4.8.

Let M be one of the maps in the Fig.4.8. Then the action of © on M results
infinite triangulations of valency 5,6 or 7. This completes the proof. il

Conjecture 4.4.1 The number |As| is infinite.
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Fig. 4.8

87



Chapter 5 Open Problems for Combinatorial Maps

As a well kind of decomposition of a surface, maps are more concerned by math-
ematician in the last century, especially in the enumeration of maps ([33] — [35])
and graphs embedding on a surface ([22], [35], [53], [70]). This has its own right,also
its contribution to other branch of mathematics and sciences. Among those map
application to other branch mathematics, one typical example is its contribution
to the topology for the classification of compact surfaces by one face, or its dual,
one vertex maps, i.e., a bouquet B, on surfaces. Another is its contribution to the
group theory for finding the Higman-Sims group (a sporadic simple group ([6])) and
an one sentence proof of the Nielsen-Schreier theorem, i.e., every subgroup of a free
group is also free ([63] — [64]). All those applications are to the algebra, a branch of
mathematics without measures. From this view, the topics discussed in the graph
theory can be seen just the algebraic questions. But our world is full of measures.
For applying combinatorics to other branch of mathematics, a good idea is pullback
measures on combinatorial objects again, ignored by the classical combinatorics and
reconstructed or make combinatorial generalization for the classical mathematics,
such as, the algebra, differential geometry, Riemann geometry, Smarandache ge-
ometries, --- and the mechanics, theoretical physics, ---. For doing this, the most
possible way is, perhaps by the combinatorial maps. Here is a collection of open
problems concerned maps with the Riemann geometry and Smarandache geometries.

5.1 The uniformization theorem for simple connected Riemann surfaces

The uniformization theorem for simple connected Riemann surfaces is one of
those beautiful results in the Riemann surface theory, which is stated as follows([18]).

If § is a simple connected Riemann surface, then S is conformally equivalent to
one and only one of the following three:

(a) CUoo;

(b) C;

(¢c) A={zelllz] <1}.

We have proved in the Chapter 2 that any automorphism of a map is conformal.
Therefore, we can also introduced the conformal mapping between maps. Then, how
can we define the conformal equivalence for maps enabling us to get the uniformiza-
tion theorem of maps? What is the correspondence class maps with the three type
(a) — (¢) Riemann surfaces?
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5.2 The Riemann-Roch theorem

Let § be a Riemann surface. A divisor on § is a formal symbol

U = ﬁ Pia(Pi)
i=1

with P, € S, a(P;) € Z. Denote by Div(S) the free commutative group on the
points in S and define

k
degd = a(P).
i=1

Denote by H(S) the field of meromorphic function on S. Then for Vf € H(S) \
{0}, f determines a divisor (f) € Div(S) by

()= TP,
PeS
where, if we write f(z) = 2"¢(z) with g holomorphic and non-zero at z = P, then

the ordpf = n. For Uy = [ PP Uy = [] P**P) € Div(S), call Uy > U, if
Pes Pes
a1(P) > as(P). Now we define a vector space

LU) ={f € H(S)|(f) =2 U,U € Div(S)}

QU) = {w|w is an abelian dif ferential with (w) > U}.
The Riemann-Roch theorem says that([71])

dim(LU™)) = degd — g(S) + 1 + dimS(S).

Comparing with the divisors and their vector space, there ia also cycle space and
cocycle space in graphical space theory ([35]). What is their relation? Whether can
we rebuilt the Riemann-Roch theorem by map theory?

5.3 Combinatorial construction of an algebraic curve of genus

A complex plane algebraic curve C; is a homogeneous equation f(z,y,z) = 0
in P,C = (C?\ (0,0,0))/ ~, where f(x,y,2) is a polynomial in z,y and z with
coefficients in C. The degree of f(x,y,z2) is said the degree of the curve C;. For
a Riemann surface S, a well-known result is ([71])there is a holomorphic mapping
v : S — PyC such that ¢(S) is a complex plane algebraic curve and

4(S) = (d(p(5)) = 1)2(d(90(5)) ~2)
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By map theory, we know a combinatorial map also is on a surface with genus.
Then whether we can get an algebraic curve by all edges in a map or by make
operations on the wvertices or edges of the map to get plane algebraic curve with
given k-multiple points? and how do we find the equation f(x,y,z) =07%

5.4 Classification of s-manifolds by maps

We have classified the closed s-manifolds by maps in the Section 4 of Chapter 4.
For the general s-manifolds, their correspondence combinatorial model is the maps
on surfaces with boundary, founded by Bryant and Singerman in 1985 ([8]). The
later is also related to the modular groups of spaces and need to investigate further
itself. The questions are

(1) how can we combinatorially classify the general s-manifolds by maps with
boundary?

(17) how can we find the automorphism group of an s-manifold?

(13i) how can we know the numbers of non-isomorphic s-manifolds, with or with-
out root?

(1) find rulers for drawing an s-manifold on a surface, such as, the torus, the
projective plane or Klein bottle, not the plane.

The Smarandache manifolds only using the triangulations of surfaces with vertex
valency in {5,6,7}. Then what are the geometrical mean of the other maps, such
as, the 4-reqular maps on surfaces. It is already known that the later is related to
the Gauss cross problem of curves([35]). May be we can get a geometry even more
general than that of the Smarandache geometries.

5.5 Gauss mapping among surfaces

In the classical differential geometry, a Gauss mapping among surfaces is defined
as follows([42]):

Let 8§ C R® be a surface with an orientation N. The mapping N : S — R® takes
its value in the unit sphere

S*={(z,y,2) € Rl2* +y* + 2" =1}
along the orientation N. The map N : S — S?, thus defined, is called the Gauss
mapping.

we know that for a point P € S such that the Gaussian curvature K(P) # 0
and V' a connected neighborhood of P with K does not change sign,
N(A)

K(P) = i =
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where A is the area of a region B C V and N(A) is the area of the image of B by
the Gauss mapping N : S — S%. The questions are

(1) what is its combinatorial meaning of the Gauss mapping? How to realizes it
by maps?

(73) how can we define various curvatures for maps and rebuilt the results in the
classical differential geometry?

5.6 The Gauss-Bonnet theorem

Let S be a compact orientable surface. Then

//SKda =2mx(S),

where K is Gaussian curvature on S.

This is the famous Gauss-Bonnet theorem for compact surface ([14], [71] — [72]).
This theorem should has a combinatorial form. The questions are

(1) how can we define the area of a map? (Notice that we give a definition of
non-Euclid area of maps in Chapter 2.)

(ii) can we rebuilt the Gauss-Bonnet theorem by maps?

5.7 Riemann manifolds

A Riemann surface is just a Riemann 2-manifold. A Riemann n-manifold (M, g)
is a n-manifold M with a Riemann metric g. Many important results in Riemann
surfaces are generalized to Riemann manifolds with higher dimension ([14],[71] —
[72]). For example, let M be a complete, simple-connected Riemann n-manifold
with constant sectional curvature ¢, then we know that M is isometric to one of the
model spaces R"™, Sgn or Hpn. There is also a combinatorial map theory for higher
dimension manifolds (see [67] — [68]). Whether can we systematically rebuilt the
Riemann manifold theory by combinatorial maps? or can we make a combinatorial
generalization of results in the Riemann geometry, for example, the Chern-Gauss-
Bonnet theorem ([14],[37],[71])¢ If we can, a new system for the Einstein’s relative
theory will be found.
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