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The group of colored permutations, G, ,, is a natural generalization of the Coxeter groups
of types A (the symmetric group) and B (the hyperoctahedral group). Extensive research
has been devoted to extending the enumerative combinatorics aspects and methods from
the symmetric group to the group of colored permutations (see for example [2, 3, 8, 14,
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Abstract

The group of alternating colored permutations is the natural analogue of the
classical alternating group, inside the wreath product Z,0.5,,. We present a ‘Coxeter-
like’ presentation for this group and compute the length function with respect to
that presentation. Then, we present this group as a covering of Z% 1S, and use
this point of view to give another expression for the length function. We also use
this covering to lift several known parameters of Z% .Sy, to the group of alternating
colored permutations.

Introduction

16, 17], and many more).

It is well-known that the symmetric group S, has a system of Coxeter generators

which consists of the adjacent transpositions:

{Gi+1)|1<i<n—1}
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The alternating subgroup, A,,, which is the kernel of the sign homomorphism, is a well-
known subgroup of the symmetric group of index 2. A pioneering work, expanding one of
the fascinating branches of enumerative combinatorics, namely, the study of permutation
statistics to A,, has been done by Roichman and Regev in [15]. They defined some
natural statistics which equidistribute over A,, and yielded identities for their generating
functions.

Brenti, Reiner, and Roichman [7] dealt with the alternating subgroup of an arbitrary
Coxeter group. They started by exploring Bourbaki’s presentation [4, Chap. IV, Sec. 1,
Exer. 9] and elaborated on a huge spectrum of extensions of the permutation statistics
of S, to the (general) alternating group.

In this paper, we study the subgroup of G, ,, consisting of what we call alternating
colored permutations, which is the analogue of the usual alternating group A, in the
colored permutation group. For every n € N and even r, the mapping which sends all
"Coxeter-like’ generators of G, (see the definition in Section 2) to —1 is a Zy-character,
whose kernel is what we call here the group of alternating colored permutations, denoted
by A,,. We present here a generalization of Bourbaki’s presentation, for r = 4k + 2,
equipped with a set of canonical words, an algorithm to find a canonical presentation for
each element of the group, and a combinatorial length function.

For the study of permutation statistics of A,,, Regev and Roichman [15] used a covering
map from A, ;1 to S,, which enabled them to pass parameters from .S,, to the alternating
group A, 1. In this paper, we use a similar idea, where in this time we consider the group
of alternating colored permutations as a 2" !-cover of the group of colored permutations
of half the number of colors. We use this technique to shed a combinatorial flavor on our
length function and to pass some statistics and their generating function to the group of
alternating colored permutations.

Note that there are two additional candidates for the group of alternating colored
permutations. Namely, every Zs-character of G, ,, provides a kernel which deserves to be
called a group of alternating colored permutations. A work in this direction, which gives
a profound treatment to the other two non-trivial kernels, and points out the connections
between the three groups, and some interesting properties of each group separately is in
progress.

The paper is organized as follows. In Section 2, we gather the needed definitions on
the colored permutation group, as well as some notations which we use in the sequel.
A Coxeter-like presentation for the group of colored permutations, G, is presented at
the end of this section. The notion of alternating colored permutations is introduced in
Section 3. We present its set of generators, and show their corresponding relations. In
Section 4, we present an algorithm for writing each element as a product of the generators.
A detailed analysis of that algorithm yields a set of canonical words, as well as a length
function. Section 5 is devoted to some technical proofs, as well as to the generating
function of the length function.

In Section 6, we present the covering map and study the structure of the cosets, thereby
providing a way to decompose the length function via the quotient group. The part of the
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length which varies over each coset (fiber) is called the fibral length and is studied here
in a combinatorial way. Then we provide a generating function for this parameter. In
Section 7, we give some examples for using the covering map for lifting parameters from
the colored permutations group of half the number of colors to the group of alternating
colored permutations.

2 Preliminaries and notations

In this section, we gathered some notations as well as preliminary notions which will be
needed for the rest of the paper.

2.1 The group of colored permutations

Definition 1. Let r» and n be positive integers. The group of colored permutations of n
digits with v colors is the wreath product

Gr,n :Zrzsn :Z? X Sna

consisting of all pairs (2, 7), where Z'is an n-tuple of integers between 0 and r — 1 and
7 € S,. The multiplication is defined by the following rule: for 2" = (zy,...,2,) and
Z=(2,...,2),

(5, 7-) . (Z_;, 7'/> = ((Zl + 24_71(1), e ,Zn + Zg_fl(n))7 T O T/) (1)
(the operation + is taken modulo 7).

Another way to present G, ,, is as follows: Consider the alphabet
E - {1,---,n7i7...”}7)/7_.‘,1[7‘_1]"..’,’1[7‘—1]}

as the set {1,...,n} colored by the colors 0,...,7 — 1. Then, an element of G,,, is a
colored permutation, i.e., a bijection m : ¥ — X satisfying the following condition: if
7 (i) = j1%, then 7 (il*™) = jIP+1 (the addition in the exponents is taken modulo r).
Using this approach, the element 7 = ((z1,...,2,),7) € G, is the permutation on >,
satisfying m(i) = 7(il%) = (i)~ for each 1 < i < n. For example, the element 7 =
((2,1,0,3,0,0), (; ? i 3 2 g)) € Ggg satisfies: w(1) = 2l 7(2) = 12, 7(3) =

481 7 (4) = 319 7(5) = 6 7(6) = 5.

For an element 7 = (2,7) € G,,, with 2 = (z1,...,2,), we write z;(7) = z;, and
denote || = (0, 7). We define also ¢;(7) =7 — z;(7') and &(r) = &= (cy,...,¢,). Using

. . Lo 123456 .
this notation, the element 7 = (Z,7) = ((2,1,0,3,0, 0), 9 1 4 3 6 5)) satisfies

¢=(1,2,3,0,0,0).
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We usually write 7 in its window notation (or one line notation): m = (a[lcl] - aLf”),

where a; = 7(i), so in the above example, we have: 7 = (2011214B3131016015101) o1 just
(274365)
Note that z; is the color of the digit i (i is taken from the window notation), while ¢;

is the color of the digit 7(j). Here, j stands for the place, whence i stands for the value.
The group G,.,, is generated by the set of generators S = {so, s1, ..., s,-1}, defined by

their action on the set {1,...,n} as follows:
it1 =i
s()=4 i jei+l

J  otherwise,

whereas the generator s is defined by

00 ={ } atierns

J otherwise.

It is well-known that the group G, ,, has the following 'Coxeter-like’ presentation with
respect to the set of generators S (see e.g. [6]):

Presentation 2.
o 55 =1,

osleforlgign—l,

SiSi+1S8; = Si+18iSit+1 forl <i< n,
o 55, =585, for1<i<j<m, j—i>1,

e (s081)* = 1.

2.2 Some permutation statistics

For m € G, define the length of m with respect to the set of generators S to be the
minimal number of generators whose product is 7. Formally:

lr)=min{reN:m=s; ---s; ,foriy,....i, €{0,...,n—1} }.
Definition 3. The length order on the alphabet
S={1,...,n,1,...,78,... 107U a1}
is defined as follows:

[r—1]

< << <1< clcl< i <n (2)
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Let 0 € G,.,,. We define:

n n

csum(o) = Z ci(o) = Z zi(o).

i=1 =1

For 7 € G, ,, the inversion number, inv(r), is defined as follows:

inv(m) = [{(z,5) | i <j,m() > m(j)},
where the partial order is the length order defined above.

For any a,n € N, let R, (a) be the representative of [a| € Z, satisfying 0 < a < n.
Moreover, assume that r = 4k + 2 for k € N.
In the sequel, we will use the following operator:

Definition 4. Let ¢ € N. Define:

R: (4)  a=0(mod 2)
@o2= { R (#) a # 0(mod 2)

It is clear that the operator @ commutes with the addition operation in Z¢, i.e.

(a+b)22) = ((a02)+ (b2?2)) (mod g) (4)

3 The group of alternating colored permutations

The main target of this paper is the group of alternating colored permutations. We define
it now. Let ¢ be the function defined on the set S by ¢(s;) = —1 forany 0 <i < n—1. It
is easy to see that for even 7, ¢ can be uniquely extended to a homomorphism from G, ,,
to Zs, since the lengths of all the relations in Presentation 2 are even (see Lemma 1.4.1
in [5] for the corresponding proof for all Coxeter groups). so the following is well-defined:

Definition 5. Let r be an even positive number. Define:
A, = ker(p).
The group A, ,, is called the alternating subgroup of G, ,,.

r"n!

5 -

Since A, , is a subgroup of index 2, we have: |4, ,| =

In this paper, we concentrate on the case r = 4k + 2 where £ € N. The other case,
r = 4k where k € N, will be treated in a subsequent paper.

We start by presenting a set of generators for A, ,, (we prove that they indeed generate
the group in Theorem 11). Define:

-1
A ={ag,a1,a7 ", as,...,a,1},
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where: )
a; =535 forl<i<n—-1
ap = 3.

Using Presentation 2, and the definition of the generators a;, one can verify that the
following translation relations hold in G, ,:

1. s;s; = a;a; for 4,5 € {2,...,n— 1},
2. s18;=aj'a; fori e {2,...,n—1},

3. sis1 = a;a; for i > 2,

r4+2
J— 4
4. 5081 = ay* aq,

d. 5180 = a;
r
2 __

6. a5 =1,

7. 808 = ay* a;.

4 Combinatorial algorithm for presenting elements
of A, ,

In this section, we introduce an algorithm which presents each element of A, ,, as a product
of the set of generators A of A, , in a canonical way.

Let m € A,,,. We first refer to 7 as an element of G,.,, and apply the known algorithm
on 7 to write it as a product of elements in §. In the second step, we translate that
presentation into the set of generators A of A, ,.

The algorithm for writing 7 as a product of elements in S consists of two parts: the
coloring part and the ordering part.

In the coloring part, we start from the identity element and color all the digits + having
z; # 0. This part terminates with an ordered permutation o with respect to the length
order. In the second part, we use only generators of the set S — {sg} to arrive at = from
the ordered permutation o.

4.1 The coloring part

Define: Col(m) = {1 <i < n | z(n) # 0}, and col(7) = |Col(m)|. Note that the set Col(r)
contains the colored digits in the image of 7, (i.e. those appearing in the window notation),
and not their places. We order Col(7) as follows: Col(m) = {iy < iy < -+ <lcoi(n)}-

We start with the identity element and color each digit ¢ € Col(w) by z; colors. This
process is done according to the order of the elements in Col(w). We use the element
Sip—15i,—2 - - - 5155 to color the digit i; by 2 colors.
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Example 6. Let 7 = (12[2]45[1]3[3]) € G 5.

(12345) 30 (221345) =250 (3Blgl145) g0 (5lI3B19214) = o

The permutation ¢ is an ordered permutation with respect to the length order.

4.2 The ordering part

For simplifying the presentation, in this part we start with 7 and arrive at the ordered
permutation o, instead of continuing the algorithm from the point we have left it at the
end of the coloring part.

We start by pushing the element i; = |o|(1) in the window notation of 7 to its correct
place. Let p = |7|7!(¢;). The pushing is done by multiplying 7 (from the right) by the
element u; = s,_15,_2- - 51.

Now, we continue to push the other digits of 7: for each 1 < k < n — 2, if iy, = |o|(k)
is located at position p, we use the element s, 15, 5 -- s, in order to push the digit 7, to
its correct place.

Example 7. We continue the previous example. Again, let 7 = (121451381). The
coloring part ends with the following ordered permutation:

o= (513F214) .
Now, we go the other way around: we start with 7= and order it until we reach o:
m = (12P145030]) =227 (5019RI4308]) e
— (5!13B112014) = (50I3B2R114) = 0.
Therefore, we have:

™ = (\9183 . 828183 . 8483828189'§3 + 5953854 * 15253 .
Vv v
coloring part ordering part

The algorithm described above gives a reduced word representing 7 in the generators
of G, ,,. This fact was proved in [2, Theorem 4.3]. The same algorithm can also be found
in [17]; see also [16]. The word which was obtained in this way is called the canonical
decomposition of .

4.3 Translation

Now, we translate the word obtained by the algorithm described above into a word in the
generators in A: Let m € A, ,. Use the above algorithm to write a reduced expression of
7 (in the usual generators of G, ,,) in the form: s; s;, - - s;,. Divide the elements of the
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T T

reduced expression into pairs: (8, 8:,) -+ (Siy._, iy, ). Now, insert sZsg inside each pair,
as follows:

T ror T r T T
3.2 2 o2 _ 2 2 2 2 _
<8i1 5050 Si2> e <Si2k—180 S0 Sizk) - <Si1$0> (SO 8i2> e <Si2k—180> (80 Sizk) -

fr— a?il PR afiQk
1 2k )

where g, = 1ifi; > 1, g, € {x1}ifi; =1, and g, € {1,.... L — 1} if i; = 0.
Example 8. We continue with 7 = (12451381) € Aq 5 from the previous examples. As

we saw, T = 5153325158545352515053525354513253. Now, we perform the translation:

T = (5150)(S052)(5150)(S050)(S453)(5251)(S053)(S5283)(8451)(5283) =
(5150) (5950) (5055) (s952) (5155) (5550) (5055) (5550) (5450) (5553) -
(5250) (5951) (5050) (5553) (5250) (5053) (5457 (5551) (5250 (5353) =
= aflagagazaflagagagawgagalaga3a2a3a4a1a2a3 =
= al_lagagaf1a4a3a2a1a3a3a2a3a4a1a2a3.
In the last equality, we cancelled some appearances of the bold-faced generator ag, since
in Ags, ag = 1.

4.4 Analysis of the algorithm
For analyzing the algorithm described above, we define the following sets of elements of
Gy, and A, .

4.4.1 The coloring part

Let L,
Cr={1,s8,85...,80 "} = {1,@0,...,%7}.
For each 1 < i < n, define for odd 7 — 1:

0 2 4 r—2
c; = {S(]Si—l Tt 81,808i—1 " 85150, S05i—1 " 5150 - -+, S0Si—1 " "+ S15 }

1 3 r—1
Cz’ = {1,8i,1“'8180,81‘,1"'8180,...,Sifl"‘slso },

or, in the language of the set A of generators of A, ,:

r+2 r+2 r4+2 9
4 4 4
o0 — Qg Aj—1 - Q1,0y Aj—1 " A1Q0, Ay~ Aj—1 *** A1qg, - - -,
A r+2 r_
4 2
Ay~ Qj—1 * - A1Gyg

T
1 -1 -1 1 51
c; = {1,ai_1~~-a1 Qi1 vt A2ay A, ..., Gi—1 Q] A }
For even 7 — 1, we define:

0 3 r—1
C; = {8081'—1 ©0 08150, 8051 " S15¢y - - -5 S0Si—-1 " S15 }

1 2 4 r—2
C; = {175171"'51,81‘71“'8150751‘71"'8150;---75@'—1"'5180 }7
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or, in the language of the set A of generators of A, ,:

r+2 1 r+2 1 r+2 1.9

4 - 4 - 4 -
CO . CLO a/i_l"'al 7a0 ai_l"'al CL(),CLO ai_l"'all ao,...,
v o2 —1 51
ol = {1 2 !
i y Ai—1 A1, Aj—1 * * - A1Q0, Aj—1 =+ - A1Ag, - - -, Aj—1 =+ * A1A( .

Define also:

Ci=C'UC! and Cpyy = {1,6&2} .

Let m € A,,. Write m as a product of the generators of G, in the canonical form
described above.

If there is no coloring part, then m € A, (the classical alternating group in S,), so
its expression contains an even number of generators from the set {sy,...,s,_1}. We
can easily make the pairing by the relations mentioned above. The length of such an
expression is clearly inv(7) (note that in this case, it does not matter whether we use the
length order or the usual order).

Otherwise, we start with the coloring part. Denote by ¢ = 4, the smallest colored digit
in the window notation of 7, and by z = z;, its color. We divide our treatment into four
cases:

1. 2—1 and z are both even: In this case, we translate s; 1 ---s; to a;—1 - --a; and s
to ag, so the contribution of this sub-expression is i =1+ Rz (5) = i — 1+ R: (2 ©2).

Z
We have used a;_1 - --ajai € C;.

2. 2 — 1 is even and z is odd: In this case, we translate

z—1
Si—1° " 8150

to a;_q - - -ala; 21 € C; and leave an additional generator sg which will be treated
during the coloring of the next digit, or just before the ordering part. Note that since
m € A,,, there must be some s;, j # 0, appearing right after the sub-expression
Si—1-+-s185. In calculating the contribution of coloring the current digit (including
the missing generator sy which will be paired later), consider the sub-expression:

+T +T
zZ, _ 5 215 L Z2§ 3 52
SgSj = SgSy 285 = ay

2o, 2 4202
8585 = ag? a; = ag  ay.

Hence, i contributes i — 1 + R: (2 © 2). We have used:

z—1
Aj—1 """ a1a02 € C’Z

42
and note that in the next colored digit, we complete the remaining a,* , since
r+2

zQ2= % + %. If 4 is the last colored digit, then the term a,* € C, 41 will be
chosen from the set C), 1.
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3.2 — 1 and z are both odd: In this case, the sub-expression s; i---s9 will be
+3 —1, 202

;
Z 513 3 32 —
translated to a;_; - - - as and s;s§ will be written as s155s, *> = aj qg

This expression contributes i — 1 + Rz (2 ©2) to the length of 7, and we have used:

@i -+ Q0] 1a§®2 e ;.

4. ¢+ — 1 is odd and z is even: Here, again, the sub-expression s; ---s, will be
z— 1+7"
—Z _ )2
translated to a;_y ---ay and s;s5” L will be translated to ay ao > o=qa laéz o ,
SO we use:

—1 (2—=1)02
A1 Q0] a(() € G,

and leave an additional generator sy, which will be paired with some s; during the
coloring of the next digit or just before the ordering part. In order to calculate
the contribution of coloring this digit to the length of 7 (including the missing
generator sy which will be paired later), we borrow the generator s] appearlng just

2

after the Colormg expression of the current digit: s;sis; = s15¢ sg ;. Since we

Z+Z ) . )
25, = Z®2 The contribution in this case is

wrote: s15¢ = a; ', we are left with s, *s;

again i — 1 + Rz (2 © 2). Now, since

B r+2 r
2Q2= ((z—1)®2+T) (mod 5),

we take:
a1+ al_la(()z_l)®2 €

r42
and the remaining a,* will be taken from the next colored digit or from C,;; (as

in case (2)).

Now, we apply the same procedure to the next colored digits, but note that there

might be a situation in which the expression coloring the digit j is sgs;—15;_2---, due
to the debt of the generator sy from the preceding colored digit, so the cases might be
42

switched after converting sys; to ag* a;_1.

The following example will illuminate the situation.
Example 9. Let 7 = (12[2]45[1]3[3]) € Ags. Then the ordered permutation is: o =
(5[1}3[3]2[2]14). We perform the coloring part:

S18 :a;la2 S 525153:a2a2af1
(12345)® -5 0(2[”1354)@ TR (3PI2Pl145) —

@ $4838281=a4a302a1
— (

53B1202114) = o

Step D: The smallest colored digit is 2, which has to be colored by two colors, so we
are in case (4). We choose s159 = a; ‘a2 from C3. The additional generator s, will be

THE ELECTRONIC JOURNAL OF COMBINATORICS 21(2) (2014), #P2.29 10



treated in the next step. Note that in the calculation of the contribution of this step to
the length of m we borrow the generator s, from the next colored digit:

S15052 = s185 > 8o = (s187) 85 (s§s2) = a; 'agas.

This expression contributes only 2 to the length of 7. The generator as will be counted
in the next step.

Step @): The next colored digit is 3, and we have a debt of a generator sy from the
previous step. Thus, we choose:

4 (.3 3 2 -1 0
505251505050 = Sg (8052) (8180) = QG204 € 03.

Even though ¢ — 1 = 2 is even and z = 3 is odd (case (2)), after spsy in the previous
step, we are actually again in case (4). Note that the expressions a; ‘a2 from step ) and
aZaza;* from step @ join together to be aj 'agasa; .

Step 3: The next colored digit is 5. We choose:
54835251 = (8483) (8383) (8283) (8381) = Q40302071 € 051,

and leave the treatment of the additional generator sy to the next step (in this case, to
the transition between the coloring part and the ordering part, i.e. a2 € Cg). We will
elaborate on this point after describing the ordering part.

4.4.2 The ordering part

We turn now to the ordering part. For 1 < k£ < n — 1, define the sets Oy as follows:

O, = {sisi_l---slséaﬂgzgn 1, 5Ei(mod2)}u{1}:
AN

1, e=i(mod 2)} U {1},

]

= {aiai—l PN a%—Qe | 1 n —

and for2 <k <n—1:

r

O, = {sisi_l---sksgs |lk<i<n—1 e=(i+1—k)(mod 2)}U{1}:
= {aa;i1-ap |E<i<n—1}U{1}.

We start by pushing the digit i; = |o|(1) of 7 to its correct place. Let p; = |7 |(41).
The pushing will be done by multiplying 7 (from the right) by the element o, € Oy,
where:

o Spi—18p—2° 81 = Qp,—1 " A1 p1 — 1 is even
1= r _ .
Sp1—18p,—2 "+ 5153 = Qp,—1 " - Q20 L pr —1is odd.

Now, we continue to push the other digits of 7: for each 1 < k < n — 2, assuming that

the digit i, = o(k) is now located at position py, we use the element o, € Oy, defined by:

T

o { Spp—15pe—2° " Sk = Qp,—1---Qp  DPr — k is even
e =

Spe—1Spp—2 """ SkSG = Qp,—1 - Qx Dr — k is odd,

in order to push the digit i; to its correct place in m. Now, we have two possibilities:
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e The coloring part was completed without remainders, which means that both the
coloring part and the ordering part consist of even number of G, ,-generators. In
this case, we choose 1 € (11, and we have that:

—1 —1
T="Tn-l-0, 20,

where v; € C; for 1 <i<n,and o; € O; for 1 <i<n—1.

e The coloring part has a remainder of the generator so. This means that the coloring
part required an odd number of G, ,-generators, and therefore the ordering part
had an odd number of G, ,-generators as well (since the sum of the1r lengths is

even). Thus, in the ordering part, there will be a remainder of SO, so we choose
r r r+2

41
5550 =355 =ay" € Cpi1, and we have that:

r42 1 1
_ 4 —
T="1""""Tn"Qy O0p_1°""01,

where v, € C; for 1 <i<n,and o; € O; for 1 <i<n—1.
In both cases, we have now: m =0 -0,',---0;", and we are done.

Example 10. We continue the previous example. Again, let 7 = (12[2]45[1]33]) After
the completion of the coloring part, we have reached the permutation: o’ = (53[3]2[2]14).
Now, we go the other way around: we start with 7= and order it to obtain o

(12845030 D sz ss g ygpy © sosrastascaen

S (s3gy) @2 gagsapigy
D 5™ (530214) = o,

In step (@), we push the digit 5 to its correct place with respect to the permutation
o’'. We use 33325138 = agagafl € O;. Note that the digit 5 is bearing extra three colors.
In step ®, we push the digit 3 into its place, using s4835255 = asazas € O,. Note that
the color of the digit 5 is correct again. Next, in step (B), we push 2 to its correct place
using s3sp = az € Oj.

Now, note that after completing step (), we still did not arrive at ¢’, since the digit
5 has again a wrong color. On the other hand, we have a debt of a generator sy from the
coloring part. Both problems would be solved simultaneously by using s;'sy® = ay* €

Cg'. This is exactly what we have done in step @.

From the above analysis, we can conclude that each permutation 7 € A,, has a
canonical decomposition with respect to the set A. This is the content of the following
theorem.
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Theorem 11. The set A= {a; | 0 <i <n—1}U{a;'} generates A,,. Moreover, for
each m € A, ,,, there is a unique presentation as:

_ -1 -1
7T—’Yl""7n'7n+1‘0n_1“‘01 ,

where v; € C; for 1 < i< n+1andoj € O; for 1 < j < n—1. This presentation is
called the canonical decomposition of 7.

Proof. Let M be the Cartesian product:
M:C’l X XCnXCn+1 XOn_l X XOl.

We start by defining a subset L of M which we call the set of legal vectors. A vector
G = (Y1, Yn, Ynt1, On1,--.,01) € M is called a legal vector if it satisfies the following
two conditions:

1. Let 7 and j be two indices satisfying 7, = 1 forall i < k < j, v; # 1 and 7; # 1 (i.e.
the digits ¢ and j are colored, but the digits between them are not colored). If ~;
ends with 36_1, then 7, does not start with s.

2. Let 7 and j be two indices satisfying 7, = 1 for all i <k < j,v; # 1 and y; # 1. If
7 ends with s;, then ~; starts with s.

We have to prove the following two claims:

(a) The algorithm associates a legal vector in L to any = € A,,. This proves the
existence of the presentation.

(b) [L] =

7""2”! (= |A,»]), which implies the uniqueness of the presentation.

Claim (a) is implied immediately from the algorithm, so we pass to the proof of Claim
(b). For that, we define the notions of external and internal components of a vector:

W= (’71a"'7’7na’7n+170n_1,-..,01) c L.

A component v; € C; is called external, if it ends either with 56’1 or with s; (i.e. a

component which imposes a restriction on the next non-trivial component), and internal
otherwise. Note that ~; is always internal, since by definition, the generator s; does not
appear in v, and it cannot end with the expression s ' since r — 1 is odd.

For constructing an element of L, we start by choosing the element ~v; € C}, out of
5 possibilities. Next, we choose which components will be external. Note that for each
external component there are two possibilities, but each external component restricts the
possibilities for the next non-trivial component (i.e. 7; # 1). Next, for each internal
component, we choose one out of r — 1 possibilities.

When the coloring part is over, we have two possibilities: If we have no remainder
from the coloring part, then we choose 7,1 = 1 € ()11, and we have to complete the
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process by a permutation of S, of even length. On the other hand, if we do have a
remainder, then we choose 7v,.1 = 't € Cny1 and we have to complete the process
by a permutation of S, of odd length. Altogether, this contributes n! possibilities for
completing the presentation.

Following the above discussion, we have that the number of legal vectors is:

=5 [2_; (n i 1) (r— 1)"“‘] =D eyt = O

as needed. ]

Remark 12. Note that we do not claim that the presentation described above is irre-
ducible as it. Take for example the expression for 7 = (12[2145M13B)) computed in Example
8, to be:

-1,2,.2
aq aOaOaQal a0a0a0a4a3a2a1a0a3a2a3a4a1a2a3,

which can be shortened to a; aoaQal a4a3a2a1a0a3a2a3a4a1agag. On the other hand, after
we cancel all the redundant appearances of ag, we do obtain an irreducible expression, as
will be proven in the next section (Corollary 21).

For m € A, ,, let Ls(m) be the number of generators needed to write 7 as a product
of the A, ,-generators by the algorithm.
As a consequence of the analysis of the algorithm, we have the following result:

Theorem 13. 1. Let m € A,,,, and let w = s5'bysi?by - - - s§"by, where b; € (S — {so})”
(i.e. a word written using generators from S — {so}) be its canonical presentation
with respect to S. Then the translation of w to the generators in A will be

1®2b/ zg@Qb/ . '&Zn@Zb/
0

where b; € (A—{ap})".
Moreover, if b; = s;, -+~ 8y, then b, = a;* - a;’*, where g, € {£1} if i = 1 and

’Lk 7
gi; = 1 otherwise.

2. Letm € A,,. Then:

n

L(m) = (i—1)+inv(m) + > (z(7) 02).

2i(m)#0 i=1

Proof. Part (1) is straightforward from the analysis of the algorithm, so we proceed to
the proof of part (2).

In [2, Theorem 4.3], the algorithm for presenting an element in G,., is described (see
also [17]). It is proven that for m € G, ,, the length of 7, with respect to the generators

in S, is:
la,.,(T) = Z (i —1) +inv(m) + Z zi(m

2i(m)#£0
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so by part (1) we have:

n

La(m) = (i — 1) +inv(m) + Y (z(7) @ 2). (5)

2i(m)#0 i=1
O

Another consequence of the algorithm is the following criterion for being an element
in the group A4, ,:

Theorem 14. Let m € G,,,. Then: m € A,,, if and only if:
csum(m) + inv(|7|) = 0(mod 2).

Proof. By the definition, m € A,,, if and only if ¢, ,(7) = 0 (mod 2). By the algorithm
described above, (¢, , (7) = csum(7) +k, where £ is the number of generators s;, for i # 0,
used in the presentation of m. On the other hand, if we remove the appearances of s
from the presentation of 7, we get |r|. Since lengths of different presentations of the same
element of S,, have the same parity, we have that & = inv(|r|)(mod 2), and therefore the
criterion follows. O

5 The presentation of A, , and its length function

In [6], Dynkin-like diagrams were presented for the groups G, ,. Such diagrams are based
on a Coxeter-like presentation. In this section, we compute a Coxeter-like presentation
for A, ,, as well as a Dynkin-like diagram for the groups A, ,,.

5.1 The presentation of A, ,,
We start with the presentation of A, ,.

Theorem 15. The set A = {ag,ai",... ,a,_1} generates A,,, subject to the following
relations:

1. a2 =1,

2. a} =1,

3. az =1 fori>1,

4. aa; = aja; for |i—j|>1andi,j #1,
5. (a;ai1)® =1 fori>1,

6. (apay)?" =1,
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7. (aga; ') =1,
8. aga? = a3ay,
9. aya; = aial_l fori > 2.
We denote by R the above set of relations.

Remark 16. Note that relation (5) implies (a;'as)® = 1 too, and relation (8) implies
aflaoafl = ayapaq and aflaoal = alaoafl.

Proof. We have already shown in Theorem 11 that A generates A, ,,. Here, we prove that
the set R is a complete set of relations for A, ,,.

We imitate the idea of the proof of Proposition 2.1.1 in [7].

Consider the abstract group A;jn generated by the elements:

A - {a07a17a1_17 s 7an—1}7

with R as the set of relations. Note that the set mapping « : A — A}, defined by:

a(aj) = a;° for e € {—1,1},
a(a;) = a; fori € {0,2,...,n—1},
extends to a group automorphism o on A7 . Indeed, considering A,, as a subgroup of

Gy, @ is the inner automorphism defined by the conjugation by s¢.
Thus, the group Zs = {1, a} acts on A;fn and we have the semidirect product A;fn X i,
where the product is defined as follows:

(z10") - (2207) = 210" (29) - &7
The semidirect product has the following presentation:

R, aa;a = a(a;) for all ¢

At xZo={ a9, a1,a7 . as,....a,_ _ _
r,n 2 , WQ, 1, b, 42, sy Un—1 aalla:a(all)

We prove now that G, = A} x Z,. In order to do this, we define the following two
homomorphisms, which are inverses of each other:

p: A;tn X Ly — Gy,

defined on the generators by:

a =S85
ag 8?)
r
a; — s3s;fore>1,
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and
@ . GT,n — A;fn X ZQ,

defined on the generators by:

r42
S0 = aayt

s; — oaa,; fori>1.

It is easy to see that p and ¢ are isomorphisms, since poy = I, and pop =1+
so we have that G,, = A}, X Zs.
Now, since p(Af,) € A, and A, ,, A}, are both subgroups of G, ,, of index 2, they

must be isomorphic. O

The relations defining A,, can be graphically described by the following Dynkin-
like diagram, where the numbers inside the circles are the orders of the corresponding
generators, an edge without a label between two circles means that the order of the
multiplication of the two corresponding generators is 3, and an edge labeled 2r between
two circles means that the order of the multiplication of the two corresponding generators
is 2r (two circles with no connecting edge mean that the two corresponding generators
commute):

at

Figure 1: Dynkin-like diagram of A, ,,

5.2 The length function

Given a group G, generated by a set A, we denote by ¢4 the length function on G' with
respect to A. Explicitly, for each 7 € G:

la(m) =min{u | g = ay - - - a,, where a; € A}.

In this section, we prove that the algorithm described above, indeed gives us a reduced
word with respect to the set of generators A. In other words, we prove that for each
7w € Apn, ba(m) = La(m), where La(m) is the number of generators in the presentation of
7, obtained by the algorithm (and was computed in Theorem 13(2)).

We start with the following set of definitions:
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Definition 17.

o Let w = b0861b1862bg e Sékbk86k+lbk+1 be any factorization of m € A, , as a product

of the generators of S, such that b; € (S — {so})" for 0 <i <k + 1.

e Let n(w) be the number of generators s; in w such that i # 0.

k+1
o Let f(w) = > (i, @ 2).
u=1
e Let u(m) be the minimal value of f(w) 4+ n(w), obtained over all possible factoriza-
tions, w, of 7 to G, ,-generators as above.

Theorem 18. Let m € A,,,. Then: () = pu(m).

Proof. Let m € A,,. We start by proving the inequality: f4(7) > p(r). Let w be a
reduced word in generators frpm A. Apply the map p, defined inr the proof of Theorem
15 above, which sends a; to sgs; for i € {1,...,n — 1}, a;' to s1sZ, and aqg to s3 on each
letter separately, and concatenate.

This yields a word 7, factorizing 7 in G, ,-generators, satistying: (4(7) = B(n) +n(n).
This implies that the minimal value of p over all the factorizations of 7 to G, ,-generators
is at most £4(m), since pu(m) is defined as the minimal value of all such expressions. So,
we have: {4(m) > p(m) (see Example 19(a) below).

In order to prove the opposite inequality: pu(m) = C4(7), let w be a factorization

of ™ to G, ,-generators which achieves the minimal value of p(7). Apply the map ¢,
42
defined in the proof of Theorem 15, which sends sy to aq,* , and for all ¢ > 1 sends

s; to aa; on each letter separately, and concatenate. This gives us a factorization 7 of
7 in AU {a}-generators, having n(w) generators a; with ¢ # 0 and (w) occurrences of
ag. The factorization 1 contains also an even number of occurrences of the letter o (one
occurrence for each s; for i > 0; recall that the number of s;’s is even by definition). By
using the relations aa;o0 = a; for 0 < @ < n, i # 1 and aaja = a;° for ¢ € {£1}, we
can cancel out all occurrences of a and we have an A*-word factorization of 7 of length
u(m) (see Example 19(b) below). This proves that p(m) > €4(7), since the length is the
minimal number of generators of any presentation of 7. O]

Example 19.
(a) We illustrate the proof of the first direction of the above proof: Let

P— (1[5]3[3}2[3]4[0]) € Aga.
The A*-word w = aga; *asa,aza;’ is a reduced factorization of 7. Apply the map p on w

to get:

2 3.3 3 3 3
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One can calculate that:

Bm)+nm) = 202)+(602)+B02)+(B02)+B02)+5=
= 1404+0+04+0+5=06="l4(n).

(b) In this part, we illustrate the derivation described in the second direction of the above
proof: Let m = (1P20140131) "and let w = s3s2s150s15253 be a factorization of 7 (here
f(w) +n(w) = 8 is indeed minimal). Then:

p(w) = aa%aagaagaalaagaalaagaag = .
Now, after canceling out the appearances of o, we get the A*-word:
2 2 2 _ 2
Anpa2d10nA1A2a03 = ApA2A10QnA1A2a3,

whose length is 8 too.

Theorem 20. Let m € A,,,. Then:

Proof. Let m € A,,. The canonical decomposition of 7 demonstrates the inequality
La(m) > p(m). For the opposite inequality, assume to the contrary that there is some
decomposition w of 7 satisfying:

n(w) + B(w) < La(r).

This contradicts the fact that Equation (5) is the length of 7 with respect to the usual
generators of G, . O

Hence, we have obtained the following corollary, which is the main result of this section:

Corollary 21. The function Ly is indeed the length function of the group of alternating
colored permutations with respect to the set of generators A. Explicitly: for each m € A, ,,

fA(ﬂ') = LA<7T).
Consequently, we can easily get the generating function for the length function:

Corollary 22. The generating function for the length function €4 is:

1
> g = L,

TI'EAT,n J

(T+¢  (1+2¢+-+2¢271)).
1

n
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Proof. Each m € A, ,, has a canonical decomposition into generators from the set S. By
Theorem 4.4 of [2], the generating function for the length with respect to the set S over
the whole group G, ,, is:

Z g's(m = 'qH 1+¢ "(1+qg+--+4¢).
7=1

WEGr,n

By Theorem 13(1), the factor s;_;---s1s5 which colors the digit j by z colors is con-
verted to a;_; - aLlﬂcLS®2 Since the mapping Z, — Z: is a 2:1-epimorphism, the factor
(I4+¢ ' (14+qg+---+q¢") is converted to (14 ¢ '(1+2g+---+2¢27")). Finally,
after completing the coloring part, only half of the permutations of S, are permitted
(since the total length of the word in G, ,-generators should be even), so we have to

divide the generating function by 2. O]

6 The group of alternating colored permutations as
a covering group
In [15], a covering map [ : A, 1 — S, was defined and used to lift some identities of S,
to A,41. In this section, we use a similar technique with a covering map from A4, , to
G: . Unlike the case of A,14, this map is an epimorphism, and hence the kernel of this
map will be combinatorially described. We also present a section s : G%,n — A, ,, which
gives us a way to decompose the length function, £4(7), into two summands, one of them
is constant on the coset of 7, while the other, which will be called the fibral length, varies
over the coset. We present a nice combinatorial interpretation of the last parameter, as

well as a generating function for it over each coset. In Section 7, we use this covering map
to lift some identities and permutation statistics from G%m to A, .

Define the following projection:

p: Ann — G%,n,

as follows: if 7 = (b[f” . -b[c"]> then:

p(m) = (b[“@2 b[Cn@21>
Example 23. Let 7 = (320142115)) € Ag,. Then:
p(m) = (3[0®2]2[1®2}4[2®2}1[3®2]) — (3[0]2[2]4[1}1[0]) € Ga,.
Then, we have:

Lemma 24. The map p is an epimorphism. Moreover, the kernel of p is the normal

2 7 . ~ Arn
closure of aj in A, p. Thus: Gz, = s
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Proof. The map p is clearly a homomorphism since the operator © commutes with the
addition operation in Z: (see Equation (4)). Now, if o = <b[lcl],,.b7[f"]) € Gz, and
Jj €{1,...,n} satisfies b; = 1, then, by Theorem 14, we have either

(b[fcﬂ bl .bfcn]) € A,, or (b[fc” o plet] ...bgcd) € A,

J

where the computations are made modulo . This implies that p is indeed an epimorphism.
It remains to find the kernel. Since a? = (1[5]2[5]3[0} : --n[o]), we have a? € ker(p),

thus < a? >< ker(p). On the other hand, all the elements of ker(p) are of the form
(Lleal2lea] .o oplenl) where ¢; € {0,2} and {i | ¢; # 0}| is even. For each i < j, we can

use the element tiﬁja%t;jl ex a% >, where t;; = s;_18;_2--51 - 5j8;_1--- 52 in order
to color digits ¢ and j in § colors without touching the other digits. This proves that
< a? >= ker(p), as needed. O

We emphasize the following two observations, which can be concluded from the proof
of the previous lemma, for a future use.

Observation 25. 1. |ker(p)| = 2"

2. Let m,7" € A,,, be such that p(r) = p(n’). Then, for each i € {1,...,n}, ¢;(7) =
ci(m') (mod ). Moreover, ¢;(m) and ¢;(7’) differ by § for an even number of indices.

The following obvious lemma presents the action of p on the generators of A, ,:

Lemma 26.

We introduce the following section of the covering map p: Define

S: G%,n — Ay
as follows: if T = (p[fl] . -pg.cj] . -p,[f”]) and p; = 1, then:

<p[12cﬂ . .p[,Qcﬂ . .pgcnv inv(|r|) = 0(mod 2)

J

7T0 — S(ﬂ') = c.+ L c
(p[fcﬂ Pl M) inv(|7]) = 1(mod 2),

where the computations are made modulo r. It is easy to verify that p o s = Id.

Example 27. Let 7 = (2MU30411) € G5 4. Then, inv(|n|) = 3 and j = 4. Thus,
(221301421119) ¢ Ag . s0 s(r) = (22300421110) € Ag .
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6.1 The fibral length

For each m € A, ,,, the length function of m with respect to the set of generators A can be
decomposed into two summands. The first summand is the length of p(7) as an element
in Gz, which is obviously invariant on the fiber of 7. The second summand, which varies
along the fiber, will be called the fibral length. As will be shown in this section, it has a
nice combinatorial interpretation. We start with the definition of the fibral length.

Definition 28. For each m € A, ,,, define the fibral length of 7 to be:
lp(m) = La(m) = La(s(p(m))).

For 7 € G,.,, denote ¢(m) = > (i —1). By the definition of my = s(p(7)), we have:
zi(m)#0

o(m) —e(m)= Y (i1 (7)
{ilz:(m)=5}
We will need the following two lemmata in the sequel:

Lemma 29.
Up(m) = c(m) — c(mp) + inv(m) — inv(m).

Proof. Let m € A,.,,. Then, by Observation 25(2),

n n

Y (M @2) =) (z(m) ©2).
i=1 i=1
By Theorem 13(2), we are done. O

Lemma 30. For each m € A,.,,, we have: {p(m) > 0.

Proof. Let m € A, ,,. By Lemma 29, we have:
Up(m) = c(m) — c(mp) + inv(m) — inv(m).

By Equation (7), ¢(m) — ¢(mg) = 0. Now, let 1 < & < m < n be such that (k) =
il < 1P = 7(m), but mo(k) = il*1 > jI¥T = 75(m). A rather tedious calculation should
convince the reader that the only possibility is |7(k)| = i > j = |7(m)| with o = § and
£ =0 (and hence o = 8’ = 0), so that the digit i is colored in 7 but not in 7. Now, since
this situation can occur at most i — 1 times, the contribution of i to ¢(m) — ¢(my) which is
i — 1, will cancel the corresponding negative contribution to inv(7w) — inv(m), and hence

the total sum will be positive. O]
In order to make the previous proof a bit more accessible, we provide an example.

Example 31. Let m = (3[3}21) € Asy, so that my = (321). Then ¢ = 3 contributes 2 to
c(m) — ¢(m) and —2 to inv(7w) — inv(mg) since 38 < 2, 38 < 1, but 3 > 1,3 > 2. So, the
total sum remains positive.
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Denote by (¢ the length function of the group Gz ,. Then, we have:
Lemma 32. Let 7 € A,,, and mo = s(p(w)). Then:

Ca(mo) = La(p(m)).
Proof. Let m € A, ,,. Then:

(x)  Lelp(m)= Y (i—1)+inv(p(n)) + Zzi(p(ﬂ)) =

2i(p(m))#0

= >, (i—-D+inv(pm)+ ) (z(m) 02).
z(m)¢{0,5} i=1

Now, > (i—1)= > (i—1),sinceforall 1 <i<n, z(m)# 5. Moreover,
z(m)¢{0.5} 2;(m0)#0
one can check case-by-case that inv(p(r)) = inv(m).
Finally, one can check that for each 1 < i < n, one has: z;(m) @ 2 = z/(7) © 2 since
zi(mo) — zi(m) € {0, 5}, and thus ) (z(m) @ 2) = > (zi(m) @ 2).
i=1

=1

Therefore, we have:

—

tom) 2 Y (- +inv(pm) + Y () 02) =
z(m)¢{0.5} i=1

Y =1 +inv(p(mo) + Y (z:(m0) ©2) = La(m),

2 (m0) #0 i=1

as required. O
As a corollary, we now have by Definition 28 and Lemma 32:

Corollary 33. Let m € A,.,, and let p(m) be its projection into G ,,. Then:
la(m) = Lp(m) + La(p(m)).

6.2 A combinatorial interpretation of the fibral length

For presenting the fibral length in a combinatorial way, we introduce the following pa-
rameter on A, .

Definition 34. For each m € A, ,,, define the set of absolute transparent inversions by:

Tinv(r) = {(i,4) | 2(m) = 5, i > j, and |7[72(0) < |=[7(j) }

Define also:
tinv(m) = |Tinv (7).
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Example 35. If 7 = (2443B115]) € Ag,, then Tinv(r) = {(3,1)}, since (31¥,1P)) is
an absolute transparent inversion. Hence, tinv(7) = 1.

We have now:
Theorem 36. Let m € A,,,. Then:
lp(m)=2- > (i—1)—2tinv(m). (8)
{ilzi(m=5}
Proof. By Equation (7) and Lemma 29, it is sufficient to show that:
c(m) — ¢(mp) = inv(m) — inv(mp) + 2tinv(7). (9)

Let 1 < i < n be such that z(7) = 5. Then, by Equation (7), the contribution of

1 to the left hand side is ¢ — 1, so we have to show that i contributes the same to the
right hand side, i.e. for each 1 < j < i, the pair (i,7) contributes 1 to the expression
inv(m) — inv(my) + 2tinv(7). This can be easily done by a subtle, though, direct check.
Note that 7 = 1 contributes 0 to both sides.

If 1 <i < n satisfies z;(7) # 5, then i contributes 0 to both sides. O

We are interested in the distribution of the fibral length of 7 € A, , over the coset

containing 7. Define:
Fim)= Y  ¢*.

oep~t(p(m))
It would be much easier to calculate this distribution if we translate Theorem 36 to the

language of Lehmer codes [13]. Recall that the Lehmer code of a permutation 7w € S, is
defined by:

where for each 1 < i < n,
Li=Wjl5>i77 @) > ()}
For example, if 7 = (31452) € S5 (in window notation), then:
L(m) = (I3lil4lsl) = (20110).

Note that this definition is slightly different from the usual definition of the Lehmer code.
For m € A, ,, let L(|r|) = (I; - - - 1,,), and define:

The parameter tinv(m) can be written as:
n
tinv(m) = Z ligi(m),
i=1
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and Equation (8) can be restated as:

n

Cp(m) =2 e(m)((i—1) = 1,). (10)

i=1

The following theorem presents an expression for the generating function F'(7), using
Equation (10).

Theorem 37. Let m € A,,, and define for each 2 <i < n:

Then:
F(ﬂ') _ H (1 + q25z‘(’i—1—li))‘

=2

Proof. Let m = (a[fl] - 'af”]> € A, ,,. By Observation 25(2), the coset of 7 is

{(a[ldl] N _aLdn])} ’

where the vector (dy, ..., d,) is obtained from the vector (ci,...,¢,) by an addition of %
to an even number of coordinates. Hence, the vectors (dy, ..., d,), appearing as colors of
elements of the coset of 7 can be seen as forming the (n — 1)—dimensional affine subspace
(c1,..,¢n) + Sp({er —ea,... en—1 —€y}), where e; = (0,...,5,...,0) (ie. § in the i-th
coordinate and 0 elsewhere). Finally, note that when we run over all the elements of the
coset, only the coordinates with z;(m) € {0, g} and ¢ # 1 contribute to {p(7). O

7 Some permutation statistics

In this section, we present some permutation statistics for the group of alternating colored
permutations.

7.1 Passing parameters from Gg,n to A,

We exhibit now how to pass parameters defined on the full group of colored permutations
of half the number of colors to the group of alternating colored permutations. In order to
do that, we have to define the notion of a fiber-fized parameter.

Definition 38. Let f4 : A, = N and fx : Gz, — N be two permutation statistics.
The parameter f, is called fiber-fized if for each m € A, ,,,

fr(p(m)) = falm). (11)
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By Observation 25(1), we have the following connection between the corresponding
generating functions:

Lemma 39. Let fy : A.,, = N and fx : G%m — N be such that fa is a fiber-fized

parameter. Then:
S A — gt 3T gIklel),

TEArn el
Prook Z qu(W): Z Z qu(U _ Z Z qu(Pv)
TEA meGr , vepH(m) TeGy , vep~i(m)
2,
Gy,

]

We give two examples of fiber-fixed parameters, the first one is the flag-inversion
number, and the second is the right-to-left minimum.

7.2 The flag-inversion number

The flag-inversion number was introduced by Foata and Han [9, 10]. Adin, Brenti and
Roichman [1] used it as a rank function for a weak order on the groups G, ,. We introduce
it in G, ,:

Definition 40. Let 7 € G, ,,. The flag-inversion number of 7 is defined as:
finv(7) = r - inv(|7|) + csum(x).
In [11], the generating function of finv over G, ,, was computed:

Proposition 41.
Z qﬁnv ) —_ H [Ti]q.
T€Grn =1

We define here a version of the flag-inversion number for the alternating colored per-
mutations whose generating function over A, , can be computed using on the covering

map p.
Definition 42. Let 7 € A, ,,. Define:

ro. =
finva(m) = 5 - inv(|]) + 2 (c;(m) @ 2).
It is easy to see that the parameter finv is indeed fiber-fixed, in the sense of Equation
(11). Explicitly, for each m € A, ,,, finv4(7) = finv(p(n)), since || = |p(7)| and ¢;(7) @ 2

is fixed on each fiber. Consequently, we have:
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Theorem 43.

n

Z qﬁnvA(w) — gn—1 H |:g . Z:|q

TEAr R i=1

7.3 The right-to-left minima

Another parameter, which can be computed using the covering map, is the right-to-left
minima.

Definition 44. Let p = (aq,...,a,) be a word over an ordered alphabet (X, <). Then
a; € {1,...,n} is a right-to-left minimum if for any j > 4, one has: a; > a;. The number
of right-to-left minima will be denoted by RtlMin(p).

Example 45. Let p = (31254) € S5 (with the natural order), then 1, 2,4 are right-to-left
minima and hence: RtlMin(p) = 3.

Regev and Roichman [16] defined a version of the right-to-left minima for G,, as
follows:

Definition 46. Let 7 = (a[lcl] e alf"}> € G,.p. Define:
RtlMin(7) = |{a; | Vj > i :a; > a;,¢; # 0}].

They showed that the distribution of the parameter RtIMin over the full group of
colored permutations is (see Proposition 5.1 in [16] with L = {0,...,r — 1}):

D> MM = ((r = g+ 1)((r = Dg+r+1) - ((r = Dg+ (n—1)r +1).

71'EC:'r,n
We introduce here a version of the right-to-left minima for A4, .

Definition 47. Let m € A, ,,. Define:

RIMin (1) = Ha

Vi > 1, a; > ag, Cl’?é {O,g}})

Again, it is easy to see that RtIMiny is fiber-fixed. Explicitly, for each m € A, ,,, we
have RtIMiny(7) = RtlMin(p(7)), since we are considering only digits whose colors are
not 0 or §. Hence, as an immediate corollary of Proposition 5.1 of [16], we get:

Theorem 48. .
. _ T .
Z thleA(w) —9on IH(g(Q‘i‘Z—l)‘i‘l_Q)
7T€Ar,n 1=1
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