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1. Introduction

A regular oriented map M is a triple (G; a, b) consisting of a 2-generated finite permutation group G with two
distinguished generators a and b satisfying (ab)> = 1. The pair {|a|, |b|}, where |g| stands for the order of g, is the classical
type of M.If M = (G; a, b) is a regular oriented map of type {m, n}, then its dual D(.M) = (G; b~!, a~!) is a regular oriented
map of type {n, m}. An isomorphism (G; a, b) — (H; a’, b’) is a group isomorphism ¢ : G —> H that takes a to a’ and
b to b'. If a regular oriented map M = (G; a, b) is isomorphic to its mirror image M = (G; a~', b~1), then M is reflexible,
otherwise M is chiral.

The work of Drmota and Nedela [10], albeit not addressing regularity, shows that the reflexible to chiral ratio function
% determined in [7], of oriented reflexible maps with n edges over oriented chiral maps with n edges, goes to zero as
n — oo. Does this nill asymptotic question extend to any restricted reflexible to chiral ratio? A recent work of Hubard and
Leemans [ 13] on Suzuki groups Sz(q), for g an odd power of 2, shows that 0(g(q)) ~ q.0(f(q)), that is, the reflexible to chiral

ratio g% (computed up to isomorphism and duality) of regular polyhedra (maps corresponding to regular polytopes of rank

3) with automorphism group Sz(q), goes to zero as ¢ — oo.
Among other things, we compute in this paper a non-nil asymptotic chiral ratio by restricting the ratio to regular oriented

maps with prime number of faces. More specifically, we consider the ratio RC,(n) = g %EZ; where T,RM (n) is the number

of reflexible regular oriented maps with p faces up to pn darts and T,CM(n) (p > 3 and n > p — 1) is the number of chiral
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regular oriented maps with p faces up to pn darts, and compute its limit when n — oo. For some classes of primes p we
show that the limit can be 1, greater than 1 and less than 1. The main theorem (Theorem 10) states:

Theorem. For any odd prime p > 3, the function RC,(n) = ;Zﬁm n > p — 1, has limit given by
lim RC,(n) = b= )
n— o0 2 op

where o), = Z‘,Z;; ngm%,k) @ (2b) . Here @ is the Euler totient function.

b>2. K odd

Du, Kwak and Nedela in [11] classified, and enumerated for each order and degree, the orientable regular embeddings of
simple graphs of prime order and in [ 12] those of order a product of two primes. In other words, they classified the regular
oriented simple maps of prime order, and of order a product of two primes. We note that in this paper we deal with regular
maps, but not necessarily simple. Regular maps of type {m, q} are regular hypermaps of type (q, 2, m). Up to a duality, a
primer hypermap is a generalisation of a simple map (map with underlying simple graph). In [2] we have classified the
primer hypermaps with a prime number of hyperfaces and in [3] we have extended the classification to the regular oriented
hypermaps with a prime number of hyperfaces.

In this paper we derive a classification of the regular oriented maps with p (prime) faces by identifying which of the
regular oriented hypermaps with p hyperfaces are maps (the classification of the regular oriented maps with a prime number
of vertices is obtained by duality), get an enumeration formula for the regular maps with p faces with fixed valency, count
the number of reflexible and of chiral up to given valency and then determine the limit of the reflexible to chiral ratio.

This paper has 3 sections. The first is the actual introduction which includes two subsections, one giving a quick overview
of the theory of regular oriented hypermaps and the second summarising the classification of the regular hypermaps with
a prime number of hyperfaces by writing down the most important results of [3] that are used in the third section. For a
complementary reading on these subjects we address the reader to[14,15,9,8,6,2]. In section two we derive a classification of
the regular oriented maps with p (prime) faces by determining those hypermaps that are maps. In section three we compute
the asymptotic behaviour of the reflexible to chiral ratio RC,(n). We show that the limit of RC,(n) does exist for any prime
p and that this limit depends on p.

Functions in this paper are read from right to left.

1.1. Regular oriented maps

As mentioned before, a regular oriented map is a triple M = (G; a, b) consisting of a (permutation) group G, called the
monodromy group of M, and two generators a and b of G that act on G (the set of darts) by right multiplication such that
(ab)? = 1. The faces, vertices and edges of M are, respectively, the left cosets g(a), g(b) and g(ab). This triple describes an
embedding of a graph § in an oriented surface 4 (i.e., an orientable surface with a fixed orientation). Graphs in this paper
are multi-graphs, that is, they may have multiple edges, loops and free-edges. The darts of M are the half-edges' of §. The
permutations a and b locally permute the darts counter clockwise (CCW) around faces and vertices respectively (actually
it is more common in the literature to see a and b as permutations of darts CCW around vertices and edges instead). The
type of M is the triple (k, 2, n), the classical notation being {n, k}, where the positive integers k, 2 and n are respectively the
vertex-, edge- and face- valencies. An extended version of the type is the M-sequence [k, 2, n; V, E, F; |G|] where (k, 2, n)
is the type, V, E and F are respectively the number of vertices, edges and faces, and |G| is the size of G (or the number of
darts of M). The Euler characteristic of the underlying surface 4§ is the characteristic of M, and it is given by the formula
x=V+E-+F—|G.

If M = (G;a,b) and M = (G';d, b’) are two regular oriented maps, then M covers M’ if the assignment a — d/,
b — b’ can be extended to a (canonical) epimorphism of monodromy groups G — G'. The map M is isomorphic to M,
M = M, if the canonical epimorphism G — G’ is an isomorphism. A map is reflexible if it is isomorphic to its mirror image
M = (G;a~ !, b 1), otherwise it is chiral. The chirality group of M is the smallest normal subgroup X (M) of G such that
M /X (M) is reflexible. This group ranges from X(M) = 1 when M is reflexible, to X(M) = Mon(.M) when M is totally
chiral [6,5]. The Chirality index of M is the size k = k(M) = |X(M)].

Let A denote the free product C, xC,*C, generated by ro, 1 and r», and I be the normal subgroup of index 2 in A generated
by a = rory and b = ryr, a free group of rank 2. Any regular oriented map M corresponds to a unique normal subgroup
M in I', called the fundamental map subgroup (or just map subgroup), such that M = (I"/M; Ma, Mb). In this context, the
chirality group of .M is given by X(M) = MM/M, where M = M. If (a, b: R(a, b)) is a presentation of the monodromy
group G, where R(a, b) denotes a set of relators on a and b, then the chirality group of M is X(M) = (R(a~', b=1))C, the
normal closure in G of the subgroup generated by R(a~!, b= 1) [1].

1 Each edge, seen as a triple {u, m,_,, v} composed of two “black” vertices u and v (vertices of the maps) and a middle “white” vertex m, ,, gives rise to
two half-edges {u, m,,} and {m, ,, v}.
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Relaxing the condition (ab)?> = 1 in the above definition, we end up with the definition of regular oriented hypermap.
Everything we said about maps applies equally to hypermaps. The type of a hypermap is now a triple (k, m, n) where m
is not necessarily equal to 2. M-sequences give rise to H-sequences which are 7-tuples [k, m, n; V, E, F; |G|] with m not
necessarily equal to 2.

A regular oriented hypermap # = (G; a, b) is (face-)canonical metacyclic if (a) is normal in G and factors G into a cyclic
group; this means that a and b are the canonical generators of the metacyclic group M(n, r,s,t) = {(a,b: a" = 1, b" =
a*, bab~! = a') where the parameters n, r, s, t satisfy the metacyclic conditions (t — 1)s = 0 modn, t" = 1 mod n. Simi-
larly, we say that (G; a, b) is vertex-canonical if (b) is normal in G and G/(b) is a cyclic quotient. In this case G = (a, b: b" =
1,a™ = b*, aba~' = b*) where (t — 1)s = 0 modnand t™ = 1 mod n. Both face- and vertex- canonical metacyclic hyper-

maps have cyclic chirality groups with chirality index W ; while the chirality group of a face-canonical hypermap is

the cyclic group generated by atz‘l, the chirality group of a vertex-canonical hypermap is generated by P [8]. Therefore
a (face- or vertex-) canonical metacyclic hypermap is chiral if and only if t> % 1 mod n.

The regular oriented hypermaps with 1 and 2 hyperfaces are all reflexible and the chiral hypermaps with 3 and 4
hyperfaces are all canonical metacyclic; in the particular case of 3 and 4 hyperfaces, r = F (F is the number of hyperfaces)
and the parameters satisfy the additional conditions n > 13 — 2F and t"~2 % 1 mod n. There are no chiral maps up to 4
faces [8] and with 5 faces all chiral maps have chirality index 5 [4].

1.2. Regular hypermaps with prime number of hyperfaces

In this section we summarise the main results of [3] that are relevant to this paper. The classification of regular oriented
hypermaps with p prime hyperfaces is given in the following theorem, where

M(n,p,u,t) = (a,b: a" =1, b = a", b~lab = a')
is the metacyclic group with parameters n, p, u, t, and
GPYt = (a,b: a" =1, BP = a*, [a*,b] = 1, bab™" = a*).

nu,v

Proposition 1 (/3, Theor. 6]). Let p be a prime number. If # = (G; a, b) is a regular oriented hypermap with p hyperfaces, each
of valency n, then J¢ is isomorphic to one of the following hypermaps:

(1) CMypue = (M(n, p,u,t); a, b), forsome,u, t € {0,1,...,n— 1} such that

(t—Du=0 modn and t’ =1 modn;

(2) ,’fjf,jﬁ’k = (Gﬁiﬁf); a, ba") (p odd prime), for some £ € {2, ..., n},

u,vef{0,...,n—1Lke{0,...,£ —1}andt € {2,...,p — 1} such that
(H1) ged(p — 1,n) =0 mod ¢,
(H2) t* =1 modp and t'#£1 modp for ie{1,2,...,£—1}
(that is, t has order ¢ in Z; =Zp \ {0}),
(H3) u=0 mod¢, v=1 mod ¢ and
(H4) (¢t — Du+p(v—1) =0 modn.

Moreover, all these hypermaps J{’r’,’jf;ﬁ’k for £, t, k, n, u, v satisfying the above conditions, have p hyperfaces of valency n, and
different parameters (£, t, k, u, v) correspond to non-isomorphic hypermaps with p hyperfaces of valency n.

Corollary 2 ([3, Cor. 7]). Gﬁjﬁjtv is a metacyclic group isomorphic to Gﬁgq =M(p,n,0,t) = (B,a: P =1, 0" =1, o B

= B) under the isomorphism v : a — a, b +—> Ba?, where 0 = ¢(1 — v) + du, for some c, d satisfying c(t —D+dp=1=
gcd(t — 1, p). Moreover, Jt’,’f,’,f f = +k(J€,, ), where Jt’n Y is the canonical metacyclic hypermap (Gn 0. ], o, B).

The following propositions give the chirality groups and the chirality index of these hypermaps.

Proposition 3 ([3, Theor. 9]). The chirality groups of C M, p . and J{’,’;f ,ﬂ‘k are the cyclic groups (atz*l) and (b‘zfl) respectively.

The chirality index of C-Mpp ¢ iS —5— o whlle the chirality index of J(’ﬁf e ki
p _J1, t=—-1 modp
ged(p,t2—1)  |p, t€{2,...,p—2}

2. Regular maps with prime number of faces

In this section we identify the regular oriented hypermaps # = (G; a, b) with prime number of hyperfaces that are
maps, and enumerate them for fixed prime p and valency n. For it we need to find those hypermaps that satisfy |ab| = 2.



1876 A. Breda d’Azevedo, M. Elisa Fernandes / Discrete Mathematics 338 (2015) 1873-1882
The primer map of a map

Let M = (G; a, b) be aregular oriented map. The monodromy elements a and b acting on the left induce automorphisms
¢q and ¢. The primer map of M is the map £ (M) = (P; A, B), where P = (A, B) and A = 7,~ !, B = m, !, where 7, and m;,
are the permutations induced by the action of the automorphism ¢, and ¢, on the faces of M. Being covered by M the primer
map & (M) is of course a map, though it may be degenerated, that is AB = 1; and this happens if and only if A = B = 1, that
is, if and only if the map M has one face. So if M is a regular oriented map with a prime number of faces, then its primer
map P = P (M) is necessarily non-degenerated and has the same number of faces. According to the Classification Theorem
16 and Corollary 17 of [2], &# is a primer map with a prime number p of faces (of valency ¢) if and only 1f( )p = 2and P
is the spherical map J 02”(k =0¢=1t=1),0or(2)p>2and P = pr = (P;y,yx"), withk = £ — 1 and ¢ even,
where P = M(p, £,0,t) = (x,y: ¥ = 1,y = 1, ¥ = x) and the parametert € {1,2,...,p — 1} satlsﬁes [t] = £ in the
multiplicative group Z; = Z, \ {0}. According to Corollary 17 of [2], the H-sequence (H-seq) of /» when p > 2 is one of the
following:

(II) If k = 0 (= ¢ = 2), then H-seq(P) = [p, 2,2; 2,p,p; 2p];
(IV)IFO <k <€ —1(= £ > 4), then

H—seq(:P):{[i A ppz,p ¢p], if£ =0 mod4,
2?

2,¢; 2p, pz,p ¢p], if£ =2 mod4.

As before, let ! = {£P*'}), and £8, = {#P“"},., where 0 < k < £ — 1, be the families of p-primer maps with
H-sequences (II) and (IV) respectively.

The classification

Theorem 4. If M = (G; a, b) is a regular oriented map with p (prime) faces, of valency n, then M is isomorphic to one of the
following maps:

(1) eMpe = (M, 2, —(t + 1), 1); a, b),

a map with p = 2 faces, for some t € {1,...,n — 1} such that t> = 1 mod n. These maps are all reflexible.
2,p-1,0 2.p-1 |
(21) Mﬁug u—1 (Gﬁ.u,ﬁfufv a, b)'
(p odd prime, and n = 2 mod 4), where u = p% mod n.
ME2h 0 is reflexible and its primer map P € .
(2i) Miuy" = (Ghubs a, bdb),
(p odd prime > 3,andneven), k = %—] > 0,forsomeevent € {4, ...,n},u,v € {0,...,n—1},and t € {2,...,p—1},
such that

(M1) ged(p —1,n) =0 mod£and 7 =1 mod2,

(M2) t* =1 modp and t'# 1 modp for ie {1,2,...,£—1},
(thatis, t has order £inZ; = Z \ {0}),

(M3) u=0 mod¥¢, v=1 mod ¥ and

(M4) (1 —t)u=p(v—1) modn.

M,ﬂ’jfjfjk is chiral, with chirality index p, and its primer map » € P% v

Moreover, all these maps Mﬁjﬁjfjk with ¢, t, k, n, u, v satisfying the above conditions, have p hyperfaces of valency n, and

different parameters (€, t, k, u, v) correspond to non-isomorphic maps with p faces of valency n.
Furthermore, denoting by NM; (p, n) the number of regular oriented maps with p faces of valency n in each item (j),
j =1, 2i and 2ii, we have:

_Jo, ifp>2,
* NMq)(p.n) = {\uz(nn, fp=2

where U, (n) is the subgroup of the units of Z, whose elements t satisfy t> = 1 mod n, that is, U,(n) is the set of square roots
of unity modulo n. In this case, writing n = Z‘Ef’p‘i1 .. .pz", where e; > 0 and the p;’s are distinct odd primes dividing n, then

2k7 lf €y = 05 1;
NM1) (2, n) = 220" = 221K if ¢y = 2
22+k’ lf eo > 2’

where A(0) = A(1) =0, A (2) = 1, A(e) = 2,for e > 2.

0, ifns#2 mod4,
e NMi)(p, n) = !1, if n=2 mod4.



A. Breda d’Azevedo, M. Elisa Fernandes / Discrete Mathematics 338 (2015) 1873-1882 1877

e NM i) (p, n) = 0, if nodd, and NM 2iiy(p, n) = Y _ejgedp—1.my @ (£), if n even.
£>4, [ even

7 odd

Proof. (1) If M = (M(n, 2, u, t); a, b) is canonical metacyclic map (case 1), sincep > 2,2 = |ab| = m
implies that

n
nf%zgcd(n,t"‘l+--~+l+u)§n,

sop = 2.Thisimplies thatt+14+u = 0 mod n. Conversely,ifp = 2andt+1+u = 0 modn,then M = (M(n, 2, u, t); a, b)
is amap. Thus u is a function of t. By the metacyclic condition > = 1 mod n and Proposition 3, M has trivial chirality group,
so M is reflexible.

As u is determined by t,

NMuy(p,n) =0,ifp > 2, and NMy(2,n) = [Ux(n)].

Let t(n) = |Uy(n)|. By the Chinese Remainder Theorem this function is multiplicative: T (nm) = t(n)t(m) for any positive
integers n, m such that gcd(n, m) = 1. Having in account that gcd(t — 1,t + 1) is 1if t is even and 2 if t is odd, we have
T(pf) = 2 if pis an odd prime, and 7 (2¢) = 1,ife = 1, 7(2%) = 2,if e = 2, and t(2°) = 4, ife > 2. Combining and making
the convention t(1) = 1 and writingn = 2‘*0p§1 .. .pi", where e; > 0 and p;’s are the k distinct odd primes dividing n, then
we get the well known formula

NM1y(2,m) = T(n) = T(2)T(p}) ... T(p}) = 2H 020V T -+ = phleorth,
where A(0) = A(1) =0,A(2) = 1,A(e) = 2,fore > 2,and §(0) = 0and §(e) = 1, fore > 0.

@M = MELER = (GBLY: a, ba¥), as G = GBY has order pn and p is odd, then |ab| = 2 implies n even. We now
distinguish two cases according as & € P}, or P},

(2i) P € J’Z.Thenz =2andk = % —1=0.Sincet? =1 modpandt # 1 modp,t = —1 modp,sot = p — 1and
P = G/{a®) = D, is a dihedral group of order 2p. Since bab™* = a’ < bab'™? = a* & bab = a’b? & bab = a**,

G=(a, b:a"=1,b° =a", [a°, b] =1, bab = ")

and M is amap ifand only if (ab)? = 1 < a*t'*' =14 u4+v+1=0 modn. Notethatu+v € {0,1,...,n— 1}.
If M is a map, then n = 2 mod 4; in fact, replacing t = p — 1in Eq. (H4) of part (2) of Proposition 1 we get

2—-—pu=p(w—1) modn.
Then

u4+v+1=0modn <& u+v—1+2=0 modn
= pu+plv—1)+2p=0 modn
& pu+ (2—pu+2p=0 modn
= u+p=0 mod 3.

Asu+pisodd, thenn = 2 mod 4.Since t> = 1 mod p, by Proposition 3, M has chirality index 1, that is, M is reflexible.
Let Mﬁ’” be the family of regular maps M with p faces of valency n such that its primer £ (M) € J’f,. Sincenandp — 1
are both even, and t = —1 mod p, the conditions (H1) and (H2) are satisfied. Condition (H3) is equivalent to u even
and vodd.Nowasu+v =—1 modnandu+ v < n,thenu+ v = n — 1and this implies that v = n — 1 — u, which
is odd if u is even. Condition (H4) translates to

t—NDu+pv—1) =0 modn & (p—2)u+p(v—1) =0 modn
< p(u+v) —p=2u modn
< p(n—1) —p=2u modn
& u=p%2 modn (since } is odd)
and this determines uniquely u € {0, 1, ..., n — 1}. Hence for each odd prime p and each n = 2 mod 4, there is a
unique regular map with p faces of valency n, that is,

NM i (p, n) = |My"] = 1.

(2ii) » € P},.Then ¢ > 4, Lisevenandk = £ — 1 > 0.Now M = (G; a, ba"), where G = Ghit = (a,bra" =1, b =
a', [a*, b] = 1, bab~t = @), which is a group of order |G| = pn. Then M is a map if and only if |ba*t!| = 2 <
|b agl = 2.Since £ divides p — 1, we must have p > 3. Consider the isomorphism ¥ : a — «, b — Ba?, of Corollary 2,

where § = c(1 — v) + du and c, d are integers satisfying c(t — 1) 4+ dp = 1. This isomorphism maps G = Gﬁjﬁ’ﬁ, to
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Ghbl = M(p,n,0,t) = (B,a: B = 1, a" = 1, "B = B'). The image by ¥ of ba? is Ba’+5.So M is a map if
and only if
,Ba“% ﬂoze*% —1 & Ba¥tt b3 ﬂae% -1
PN ﬂa26+€ ﬁt0+% =1
o+t
@ =p T e @) n(p) =1
& 20+¢=0 modn A t2+4+1=0 modp;

note that ® = 0 mod ¢, so t? = 1 mod p. Now since t has order £ in the cyclic group Z*, t2 # 1 mod p and so,
r§+1=0 modp < (r%—l)(r§+1)=o modp < t‘—1=0 modp,
that is, the condition t2 + 1 =0 modp is redundant. Thus, M is a map if and only if

20 +¢ =0 modn. (1)

By manipulating the four equations fp = u,0(1 —t) = v — 1,0 =c(1 —v) +duandc(t — 1) +dp = 1,Eq.(1)is
equivalent to the following pair of equations

2u+pf =0 modn 2)
2w—1)4+4£(1—t) =0 modn.

In fact, multiplying (1) by p and using Op = u we get the first equation of (2), and multiplying (1) by (1 — t) and using
0(1 — t) = v — 1 we get the second equation of (2). Conversely, multiplying the first equation of (2) by d and the
second by c and subtracting we get:

2du+dpl — (2c(v—1)4c€(1—t)) =0 modn
< 2(du+c(1—v))+4€(dp+c(t—1)) =0 modn
& 20+ ¢ =0 modn.

Since t has order £ in Z; and £ > 4, t? # 1 mod p, and so, by Proposition 3, # is chiral with chirality index p.

Let M}, be the set of regular maps M with p faces of valency n such that its primer (M) € #%,. Let ¢ (u, v) be the
number of pairs (u, v) such thatu,v € {0,1,...,n — 1}, uand v — 1 are multiples of £ (condition (M3)), and u, v
satisfy the system of two equations (2) and the condition (M4). Then

NMein@,m) = [M5" = D D Y d@wv= Y > duv),

Llged(p—1,n) teGy k Llged(p—1,n) teGy
£>4, { even £>4, { even

since k is uniquely determined. We recall that G, is the set of elements of order £ in the cyclic group Z,* = C,_1.
Computing the solutions u that are multiples of £ of the first equation of (2). Let u = u{. Then

2u=—pl modn < 2u = —p mod 7.

This has solutions if and only if gcd (2, %) = 1, thatis, if and only if% is odd. The number of solutions that are multiples
n

. .. 1+7 n
of £ is then 1; the solution is u = € where u = —p—* mod 3.
Analogously, the second equation of (2) also has only one solution v — 1 which is a multiple of £. The solution is

v=1+yl, wherey = (t — I)HTZ mod 7.
One easily sees that the solution pair (u, v), just found, also satisfies (M4). Hence,

NMap(p.m =Y D dwv= Y Y 1= ) @ O

Llged(p—1,n) teGy L|ged(p—1,n) teGy Llged(p—1,n)
{>4, { even £>4, { even £>4, { even
n n
7 odd Yodd

Corollary 5. Regular oriented maps with 2 or 3 faces are reflexible.

Corollary 6. Denoting by NM (p, n) the number of regular oriented maps with p (prime) faces of valency n, then for odd prime p
we have:

0, if nodd,
NM (p, n) = { NM @25 (p, n), if n=0 mod4,
1+ NMqiy(p, n), if n =2 mod4.

This corollary says that for primes p > 2, there are no regular oriented maps with p faces of odd valency.
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Corollary 7. Regular oriented maps with an odd prime number p > 3 of faces of valency n # 2 mod 4, are chiral with chirality
index p.

Theorem 11 of [3] gives the H-sequences of the regular oriented hypermaps with p (prime) hyperfaces. Now we adapt
the H-sequences for the regular oriented maps with p faces.

Theorem 8. Let M = (G; a, b) be a regular oriented map with p (prime) faces, of valency n. Then:

(1) If Mis @My, thenp =2, u=n—(t+1)andt € {1,...,n—1}suchthat t* = 1 mod n. In this case M has M-sequence:

[ 2n
M-seq(M) = | ——,2,n; (n,u),n,2; 2n]|.
L (n, u)
(2i) IfeMiserq’f:ﬁ:Jf)l,thenpisodd, k=0t=p—1lu+v+1=0 modnandn=2 mod4andu = p"2 modn. Then
[ _pn pn
M-seq(M) =| ——. 2, n: (nu), =, p; pn|,
L (n,0) 2

where (n,u) =2if pt 5 and (n,u) =2pifp| 3.
(2ii) If M is MY = (Ghibs a, ba®), then

M-seq(M) = [ .2.m:p(n, 0 + k), %,p; pn] ,

n
(n,0 +k)
where & = c(1 — v) + du and c, d are integers satisfying c(t — 1) +dp = 1.

3. Asymptotic behaviour of the reflexible-chiral ratio

Let T,RM (n) and T,CM (n) be, respectively, the total number of reflexible and chiral regular oriented maps with p faces
up to pn darts:

n
T,RM(n) = > NM@y (p. m).
m=2

T,CM(n) = ZNM(zii)(p, m).

m=4

Notice that duals are not counted in either of the formulae, because the number of faces in duals is not p; but in the second
formula the two chiral enantiomers are counted. The function T,CM (n) is not zero whenn > p—1.Now let RG,(n) = ;ﬁ'gmg;

forp > 3and n > p — 1. For each prime p > 3 we wish to know what is the limit of RC, (if it exists) whenn — oo.

Theorem 9. For any odd prime p > 3, the function RC,(n) = ;}‘;%EZ; n > p — 1, has limit given by
—1
lim RC,(n) = &,
n—00 2 o

where o, = Y"_) NM i) (p, 2k) = 37— Zb‘gcd(%.m @ (2b).

b>2. K odd

Proof. (1) Calculus of T,CM (n):
Let ¥, (m) denote the function NM ;) (p, m) for fixed odd prime p. Since ¥,(m) = 0 form < 4,

T,CM(n) = Y &(m).
m=1

The function ¥, (n) is periodic with period 2(p — 1). In fact, since gcd(p — 1, n+ k(p — 1)) = gcd(p — 1, n) for any positive
integer k, the function ¥,(n) is periodic and seems to have period p — 1, however the restriction % odd implies the period
tobe 2(p — 1) instead.



1880 A. Breda d’Azevedo, M. Elisa Fernandes / Discrete Mathematics 338 (2015) 1873-1882

Dividingn by 2(p — 1),sayn = 2k(p — 1) 4+ r, for some 0 < r < 2(p — 1), then we can write

2(p—1)
T,CM(n) = T,(M2k(p — 1) +1) =k Y W(m) + R, = ko, + Ry,
m=1
whereR, = "I _, W (m)and o, = Z;(Z]) W,(m) = Zﬁ;; ¥, (2k), since ¥,(m) = 0 for m odd or m < 4.
(2) Calculus of T,RM ().

Let r’ be (n — 2) mod4, thatis, letn = 2 + 4k’ + r’ for some k' and some r’ € {0, 1, 2, 3}. Since NM (3;(p, m) = 0 for
m % 2 mod 4, and 1 otherwise, then

244K 41/ K
T,RM(2 + 4K +1)= > NMay(p.m) =Y  NMqy(p.2 +4K") = K + 1. (3)
m=2 k”=0
Butn =2k(p—1)4+r=2+2k(p—1)4+r—-2= 2+4k% +r —2,withr < 2(p — 1). Dividing r — 2 by 4 we get
r—2=4q+r' forsomer' <4andq<r-—2< 2(p—2).Thenn:2+4(k?+q)+r/andso,

-1
T,RM(n) = ka Fq+1

Therefore,
kel 4 g1
RG,(n) = —2———— 1
ko, +R,
and thus,
lim RCG,(m = >~ O
n— 00 2 op

The above formula proves the existence of the limit and shows that the limit is not null. However it does not show if the

limit is smaller, equal or greater than one. A prime number p is called safe prime if % is also prime. Define p to be a safe

2-prime if g = p;—] is a product of two distinct primes p; and p, (let p; < p,).If p; = 2 we say that p is an even safe 2-prime

and if p; > 2 we say that p is an odd safe 2-prime.

. . TpRM )
Theorem 10. For safe primes p, the function RC,(n) = Timgg, n > p — 1, has limit
1 p=>5;
—_— ‘l bl 9
lim RG,(n) = P _ p—1

Proof. For safe primes p, p — 1 = 2q for some prime q. Since ¥,(2k) = 0 for k # 0 mod q and ¥,(4q) = 0,

ifqg=2;

p—1 2 2,
= = / = = = —3
o ’; W, (2k) ; w,(2K'q) = ¥,(29) = ¢ (2q) { g—1= PT, if  odd prime. O

The above theorem says that, for large enough n, the number of reflexible regular oriented maps with 5 faces of valency
n is about the same as the number of chiral regular oriented maps with 5 faces of valency n, but for safe primes p > 5, there
are slightly more reflexible maps with p faces than chiral maps with p faces. With p faces the number of reflexible maps is
not always greater than the number of chiral ones as we can see next.

Theorem 11. For safe 2-primes p, the function RC,(n) = ?’;%EZ; n > p — 1, has limit
P2 .
1, p = even safe 2-prime;

<
im ey = {72 ),
3p1p2 — 2(p1 +p2) + 1

Thus for safe 2-primes p, if n is large enough, there are slightly more chiral regular oriented maps with p faces than reflexible
regular oriented maps with p faces.

<1, p = odd safe 2-prime.
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Proof. Let p be a safe 2-prime, and letq = % = p1p2, Where p; and p, are distinct primes. Assume p; < p,. The non-trivial
divisors of p1p, are py, p, and p1p,. Since ¥,(2k) = 0 for any k not divisible either by p4, or by p, and or by pip,,

p—1 p—1 p—1
o= Y. WEH+ Y wEh+ Y w2k
k=2 k=2 k=2
k=0 modpq k=0 mod py k=0 modpqpy
k#0 mod py k#0 mod pq
2py—1 2p1—1 2
= Z v,(2K'p1) + Z v,(2K'py) + Z W, (2K p1pa).
K'=1 K'=1 k=1
K'#p; K#py

(D (1) (1)

Now gcd(pip2, k') = p1,b | pyandb > 1= b = py,and "% =odd < k' odd. Then ¥, (2k'p;) = 0O for k" even, and for k'
odd, ¥,(2k'p1) = @(2p;). Hence

p2—1 p2—1

M= > %K +Dp)= Y @2p)=(p2— DP2p1).
k//:() k//:()
K42 kA2

Analogously we have,

p1—1 p1—1
Y w@EK + Dpo) = Y #2p2) = pid(2p2), if pr = 2;
K'=0 K’=0
) = p1—1 p1—1
Y BQEK +p) = Y @@Qp)=(p1—DP2py), ifpr>2.
k//=0 k//=0
k”;ﬁ? k”;ﬁ?

For (III) we have gcd(p1p2, kK) = p1p2,b | pipoandb > 1= b = p;, py, or p1p>; k/p;pz = k'py, K'p1, or k' is odd < k' odd. If
p1 = 2,thenb # p;.So k' = 1and

W (2pipy) = | LBPD + P2Pip) = P(4) + P (Apy), il p1=2;
p(eP1P2) =1 (2py) + & (2p) + B (2p1p2), if py > 2.

Thus, for p even safe 2-prime (p; = 2) we have:

oy = (1) + (1) + (1)
= (p2 — DP@4) +22(2p2) + (4 + P(4p2)
= 6(p2 - 1) + 27

and for p odd safe 2g-prime (p; > 2) we have:

op = (2 — DO 2p1) + (p1 — D@ (2p2) + P(2p1) + P (2p2) + P (2p1p2)
= 3p1p2 — 2(p1 +p2) + 1.

The limit now follows. 0O

We end the paper by leaving the following conjecture:

Conjecture 1. If p is not a safe prime, then lim,_, . RG,(n) < 1.
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