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Abstract

We investigate some operations where essentially, from a given word w, the word
ww’ is constructed where w’ is a modified copy of w or a modified mirror image
of w. We study whether ww’ is a primitive word provided that w is primitive. For
instance, we determine all cases with an edit distance of w and w’ at most 2 such
that the primitivity of w implies the primitivity of ww’. The operations are chosen
in such a way that in the case of a two-letter alphabet, all primitive words of length
< 11 can be obtained from single letters.

1 Introduction

A word w over an alphabet V is said to be a primitive word if and only if
there is no word u € ¥ with w = u" for some natural number n > 1. The
set of all primitive words over V' is denoted by @)y. There are a lot of papers
on relations of @)y to other language families as the families of the Chomsky
hierarchy (e.g. in [4] and [17], it has been shown that @y is neither a deter-
ministic nor an unambiguous context-free language, in [8] relations to regular
languages are given), Marcus contextual grammars (see [6]), to (poly-)slender
languages (see [5]) and some languages and language families related to codes
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(see e.g. [19]). Moreover, there are papers on combinatorial properties of prim-
itive words and of the sets Qy; we refer to [2], [1], [9].

However, there is only a small number of results concerning the closure of Qv
under operations. There are some papers where it was investigated whether
the application of homomorphisms to primitive words leads to primitive words
in all cases or leads to primitive words with a finite number of exceptions or
to non-primitive words in all cases; we refer to [13], [14], [15], [10]. In [18] ho-
momorphisms are studied which preserve the property to be a Lyndon word
or to be border-free (a word w is a Lyndon word if and only if any non-empty
proper suffix of w is greater than w with respect to the lexicographic order;
it is border-free if there is no non-empty word which is a proper prefix as
well as a proper suffix of w); it is shown that such homomorphisms preserve
primitivity, too. Substitutions form another operation which was investigated
with respect to preservation of primitivity. There were substitutions of very
short subwords in the focus, especially point mutations (deletions, insertions
and substitutions of one letter) were studied. We refer to [16] for details. A
further study in this direction concerns insertions (see [11]).

Obviously, there is a large variety of operations from which one can expect
that @y is closed under them (since the portion of primitive words is very
high). In this paper we consider some operations where essentially, from a
given word w, the word ww’ is constructed where w’ is a modified copy of w
or a modified mirror image of w. The modifications are of such a form that
the edit distance of w and w’ is very small or very large (i.e., it is very near
to the length of w).

We have two reasons for this investigation. The first one is of combinatorial
nature. Obviously, ww is not primitive for all w. We are interested in condi-
tions for changes of the second copy w to w’ such that ww' is primitive for
all w. Especially, how many changes or deletions or insertions of letters are
necessary and how many such operations are possible. For example, we shall
determine all possible transformation where the edit distance of w and w’ is
at most two and primitivity is preserved.

The second reason comes from the theory of dynamical systems. In the pa-
per [7] a dynamical system based on regular languages has been proposed.
The regular languages are essentially described by primitive words. Since in
dynamical systems one needs mutations in order to develop the system, one
is interested in devices which describe primitive words and allow mutations.
Here the use of operations which preserve primitivity is of interest. Then a
primitive word can be given as a sequence of operations; and a mutation is
the replacement of one operation by another one or a deletion or insertion of
an operation in the sequence. This ensures primitivity of the word obtained
from the mutated sequence of operations. Obviously, it is not necessary to
generate all primitive words, however, the set of generated primitive words
should contain a good approximation of any primitive word where the quality
of approximations is determined by the dynamic system (especially its fitness



function). We have chosen the operations under which Qy is closed in such a
way that, if the underlying alphabet V' consists of two letters, then by the op-
erations we can generate all primitive words of length < 11 (as can be shown
by computer calculations) and a sufficient large amount of primitive words of
the length up to twenty.

Thus this paper can also be considered as a continuation of the investigations
of devices generating only primitive words (see e.g. [3]).

The paper is organized as follows. In Section 2, we present and recall some
notations and some results on primitive words which are used in the sequel.
In Section 3, we introduce some operations where we first construct ww and
perform then some small modifications of the second copy yielding ww’. We
prove that all operations where the edit distance of w and w’ is 1 preserve
primitivity. An analogous result is shown for the edit distance 2 if at least one
change of a letter is used. In Section 4, we consider analogous operations as
in Section 2, but start from ww® and modify w’. In Section 5 we consider
ww' where w' is obtained from w or w! by a drastic change, i.e., the Ham-
ming distance of w’ and w or w’ is almost the length of w. Moreover, we give
some further operations where the length is almost doubled and primitivity is
preserved.

2 Some Notation and Facts

By #(A) we denote the cardinality of a set A.

For a given alphabet V', we denote by V* and V' the set of all and all non-
empty words over V', respectively. The empty word is designated by A. Given
a word w € V* and x € V, we denote its length by |w| and the number of
occurrences of z in w by #,(w). For a word w = z125 ... 2, € V' withz; € V
for 1 < i < n, we define the mirror image w” by w?® = z,2,_1 ... ;. Given
two words w = x1Z9...2, € VT and v’ = yys...y, € VT with x;,y, € V
for 1 < ¢ < n, the Hamming distance d(w,w’) is defined by d(w,w") = #({i |
x; # y;}) and the edit distance ed(w,w’) of w and w’ is the minimal number
of changes, deletions and insertions of letters in order to transform w into w’.
Throughout the paper we assume that V' has at least two elements.

A word w € V7 is said to be a primitive word if and only if there is no word
u € V' such that w = u™ for some natural number n > 1. By Qy we denote
the set of all primitive words over V. If V' is understood from the context we
omit the index V' and write simply Q).

We recall three facts (see [12], [19], [1]) which will be used in the sequel.
Lemma 1 For any words v,v' € V*, vv' € Q if and only if v'v € Q.

Lemma 2 For two non-empty words u and v, uv = vu if and only if there is



a word z such that u = 2" and v = z™ for some natural numbers n and m. O

Lemma 3 In a free monoid V*, the equation a™b" = P, where a,b,c € V*
and m,n,p > 2, has only trivial solutions, where a, b and ¢ are powers of some
word in V*. a

Lemma 4 (Fine-Wilf Theorem) Let u,v € V' and n,m > 2. If u" and v™
have a common prefiz of length at least |u| + |v| — ged(|ul, |v]), then u and v
are powers of the same primitive word. O

The following statement holds trivially.
Lemma 5 Ifw € Q, then also w’ € Q. O

Lemmas 1 and 5 can be interpreted as follows: If we apply a cyclic shift or
the mirror image to a primitive word, then we obtain a primitive word, again.
Thus cyclic shifts and reversal are operations which preserve primitivity.

Lemma 6 Foranyx e V,yeV and z € V*, if xz = zy, then x = y.

Proof. If z = A, then x = y immediately. If z = ayas...a, with a; € V for
1 <1 < n,then x = ay,a; = as,as = as,...an_1 = ap,a, = y and conse-
quently z =y. O

In the sequel we shall use the following notation. If w = wjwy...w, =
2123 ... 25 for some words wy, ... w,, z1,...,2, € V* such that |wjwsy ... w;| =
|z129 ... z;| for some i and j, we write

wi1wWs . . .w¢|wi+1wi+2 Wy = 2129 Zj’zj+1zj+2 ... Zs,

i.e., by the symbol | we mark a certain position in the word. (Some authors
write (w,w') = (z, 2') instead of w|w’ = z|z’.) Mostly, | will mark the middle
of a word of even length, or it will be put after the m-th letter if the word has
odd length 2m — 1.

3 Operations with an Almost Duplication

Obviously, the word ww obtained from w by a duplication leads from any
word w to a non-primitive word. In order to obtain primitive words from a
primitive word w one has to perform some changes in the second occurrence
of w, i.e., one has to consider words of the form ww’ where w’ differs only
slightly from w. In most cases the edit distance of w and w’ will be at most
2, and thus ww’ can be considered as an almost duplication of w.

We start with the case where we only change some letters to obtain w’ from
w.



Theorem 7 i) Let w be a primitive word of some length n and w' an arbitrary
word of length n such that the Hamming distance d(w,w") is a power of 2, then
ww' is primitive, too.

it) If d is not a power of 2, then there are a primitive word w and a word w'
with d(w,w") = d such that ww' is not a primitive word.

Proof. 1) Obviously, |ww’| is even. Let us suppose ww' ¢ @, that is, there
exists p € N and v € V' of length at least 2 such that ww’ = v?.

If p is even, then w = w' = v% since |w| = |w'|. Thus d(w,w’) = 0 which
contradicts the assumption on the Hamming distance of w and w’'.

If pis odd, i.e., p=2m + 1 for some m > 1, then |v| is even (since otherwise
|v|p = |ww'| would be odd). Thus there are words v" and v" of length |12’—‘ such
that v = v/v”. Then we get w = v™v' = (Vv")™" and w' = v"v™ = V" (V'v")™.
Then d(w,w") = (2m + 1)d(v',v"). Since 2m + 1 is an odd number, d(w, w")
is not a power of 2 in contrast to our supposition.

ii) Let d be not a power of 2. Then there is an odd number ¢ > 1 and a number
p such that d = ¢qp. Let ¢ = 2m + 1 for some m > 1. We now set

vV =107, " =117, w=(V")™', and W' = (V)"

Obviously, w is primitive, d(w,w’) = (2m + 1)d(v",v") = Cm+1)p=qgp =d
and ww' = (Vv")*"t ¢ Q. O

By part ii) of the preceding theorem, if w is a primitive word and d(w,w’) is
not a power of 2, in general, ww’ is not a primitive word. However, if we require
that the changes occur in special positions it is possible to obtain preservation
of primitivity. As an example we give the following operation.

Definition 8 For any odd natural numbers n > 3, any alphabet V', and any
mapping h : V. — V with h(a) # a for all a € V, we define the operation
On,h V= VQn by

Opn(x1a ... 2y) = 2122 ... h(21) 2o . o 2 h(2)Xig1 - . T h(2y)

where i = ”T“

Theorem 9 For any odd natural number n # 5, any primitive word q of
length n, and any mapping h : V. — V with h(a) # a for alla € V., O, 1(q) is
a primitive word.

Proof. Let w = zy29...2, withz; € V for 1 < j <nandi= ”T“ Then
Opn(x1o ... 2,) has an even length.

Let us suppose that O, ,(w) ¢ @, that is, there exist a p > 2 and v € @ such
that O, = vP.

If p is even then

VS|

V2 =T1T9...Tp-1Tp = h(l‘l)l'gfbg c. $¢—1h($i)$i+1$i+2 Ce ZL’n_lh(ZEn).



Thus z; = h(x;), which is a contradiction.
Thus p is odd, say p = 2m + 1 for some m > 1. As above there are words v,
vy and vy such that v = v1v9 and |vy| = |vg| and

Tq... $n_1xn|h(l’1)(lf2 e xi_lh(aci)xiﬂ e l’n_lh(l’n) = (Ulvg)mU1|U2(01U2)m.

Since vy starts with z; (first occurrence) and ends with x,, (last occurrence in
the first part), v; = x1v]x, and analogously, ve = h(x1)vbh(z,). Therefore we
have that O, ;(w) has the form

(x1v e h(zy)vhh(x,)) " wrva, |h(xy ) vah(z,) (2o e, h(x ) vyh(z,))™.

Since the letters z; and x, do not occur in the first occurrence of v, by the
definition of O, 5, the last letter of the first occurrence of v; (in the first part
of the word) and last letter of the first occurrence of vy in the second part
coincide, i.e., z,, = h(x,) which is a contradiction. O

The supposition n > 5 in Theorem 9 is necessary since the statement does not
hold for n = 3 as can be seen from the following example. Let ¢ = aba € Q.

Then O3 4,(q) = ababab = (ab)® ¢ Q.

We now discuss some operations where the edit distance of w to w’ is at most
2 and at least one deletion or one insertion is performed to obtain w’; more
precisely, we consider

(a) the deletion of an arbitrary letter,

(b) the deletion of an arbitrary letter and the change of an arbitrary remaining
letter,

(c) the insertion of an arbitrary letter,

(d) the insertion of an arbitrary letter and the change of an arbitrary letter
of w.

We now give the formal definition of these operations.

Definition 10 For any natural numbers n,i,j,i" with 1 <i<n, 0 <i <n,
1 <73 < nandi # j, letters x,y,z € V with x # y, and a word w =
1Ty ... Ty, x; €V, of length n, we define the following operations

. n 2n—1 . n 2n+1
Dyiy Dyjijay: V"=V and Ly 2y Ini sjay V' =V



Dn,i(I1$2 .. ,I‘n) =T1x2...TpT1x2 ... Li—1Ti41Ti42 ... Ty,

T1...Tp%1 .. Ti—1%i41 - - Lj—1YTjq1 ... T Tj = l’,i < ]
Dn,i,j,x,y(xl . xn) =y Z1.--TpT1.. - Tj1YTjq1 - - Ti—1Tjq1 .- Ty Tj = ZU,i > j )
undefined otherwise

Ly (21T .. ) =2122 ... XpT1Ta . . . Ty 2T 41 Ti4g - . - Ty,

Ty Ty T BT4041 - - - Tj—1YTjy1 ... Ty Tj = x,i, < ]

In,i’,z,j,x,y(xl cee 1}1) =Y T1-- - TpT1-. - Tj1YTjy1 .- - TyRTjr41 ... Ty Tj = T, 7> j .

undefined otherwise

Theorem 11 Ifn > 2,1 <14 <n, and q is a primitive word of length n, then
D, i(q) € Q also holds.

Proof. Let ¢ = uav for some u,v € V* and a € V. If |¢| = 1, i.e., ¢ = a, then
Dn,z(q) =ac Q

If [g| > 2, then Djg) uj+1(¢) = uavuv. Let us suppose that vavuv ¢ Q. Then
(vu)?a ¢ Q by Lemma 1. Let (vu)?a = 2™ for some z € V' and some m > 2.
Thus (vu)? is a common prefix of (vu)? and z™. Since

2Juv| +1
_l_ R S —

2Juv| +1 <
m 2

uv| + 2] = |uv| + < |vul < 2lvu| + 1,

we have
lvu| + | 2| — ged(Jvul, |2]) < 2vu| +1) — 1 = 2|vu| = |(vu)?|.

By Lemma 4, we obtain (vu)? = w* and (vu)?a = 2™ = w' for some w € VT
and some numbers k and [. Obviously, w = a. Hence u and v are powers of a
and thus ¢ is a power of a. This contradicts the primitivity of ¢. O

Theorem 12 If w € V' and D, ;. (w) is defined, then Dy, ;.,(w) € Q
holds.

Proof. We first discuss Dy, , jzy- Let w = x125. .. 2,. Then
Dnvn’jﬂxvy(w) =T1T2...Tj—1TXj41T5j42 ... Tpnl1X .. . Tj1YTjp1Lj42 ... Tp—1-

Let us assume that D, ,, j.,(w) ¢ Q. Then there is a word v € V™ such that
Dy, jwy(w) = vP for some p > 2. Since D,, ,, j»,(w) has odd length, p and the
length of v are odd numbers. Let p = 2m + 1 for some m > 1. Thus there are
words v; € V' and vy € VT such that v = xqv1v9, k — 1 = |v1| = |vg| and

m m
1T .. . Xj1TXj41T 542 - - - l‘n|l‘1l'2 e XYLy 1Ty o Tn—1 =V mlvl|vzv .



Then |v| = 2k — 1. We set s = 2k — 1. We distinguish some cases.
Case 1. Let 1 < j <k — 1. Then by definition of D,, , j 4.,

TV = T1Xg ... Tj_1TTjy4] - . . T 1T = 21T 22T},
and
Vo =T1T2 ... 05 1YTjq1 ... Th—1 = Z1Y22.
Thus, we get,
V= 21 X2TRp2 Y20
If m > 2, the first part of the word is
T 29T 21Y 2221 T 29T 21 Y22V ™ 221 T 29T, (1)
and that of the second part is
Y221 L2 T 1Y 222 T 2oL 21 Y 2o U™ 2 (2)

and these two words differ in the (|z12200,21y2021| + 1)-st letter, which con-
tradicts the definition of D, , ;4. If m = 1, the first and second part are

Z1T 2T |21 YR 21 X 22Xk and Z1YR221T 22T 21Y 22,

respectively, and we get a contradiction as above.

Case 2. Let j = k. Then the k-th letter in the second part is y. On the other
hand, it is x; since there starts the word v. Thus xy = y. This gives

11 = T1T2... T 1T = YT, Vg = 12 ...Tp_1 = Y=z and UV =Yzryz

with z = x93 ... 25_1. Then the first and second part are

yzryzyzryzo™ *yzr and yryzryzyzoyzo™ 2,

respectively. We obtain zx = yz by looking on the words starting in the
position |z| + 3. Thus by Lemma 6, x = y in contrast to the definition of
Dynjiwy-

Case 3. Let k+1 < j < 2k—1. Then v = zv,vixvsy. Moreover, |vy| = j—k—1.
Furthermore, y stands in the j-th position of vizviz vy, i.e., z1vy = z1v yv!
with |v]| = j—k—1. Therefore v = z1v]yv{vizv] and |v}| = |v4] and |[v]| = |[v]].
Then we get for the second part

/ ",/ 1 / ",/ 2
TV YV VglYUy TV YV] VyTVg T 1L2s - - . Ty
by the definition of D,, ,, ;. , and from the form

/ " ! /i ", m—1



given by our assumption. Considering the words which start in the position
(|zyviyvy |+ 1) and in the position (|z,v]yvivhy|+ 1), respectively, we see that
v] = vy = z and v]{ = v§ = 2’. Looking on the subwords starting in the first
position and in the position |[v|| + 2, we get x;2 = zz and yz’ = zz;. By
Lemma 6, ;1 = x and y = x1, which contradicts x # y.

Case 4. Let j = hs +q for some h > 1 and 1 < ¢ <k — 1. Then z; = z is the
g-th letter of v. Thus v = vjxv]vy with |v]| = ¢ — 1.

We now compute the position of y in v. Since the second part starts with vy of
length k—1 and hs+q = k—1+(h—1)s+s+q—(k—1) = k1 +(h—1)s+k+q, y is

the (k+ q)-th letter of v. Therefore v = vjzv]viyvy with |v]| = |v5|. Moreover,
|v]| = |vh] + 1. Now we get easily the same situation as in Case 1; thus we get

(1) and (2) and a difference in the (|z1| 4+ 1)-st position.

Case 5. Let j = hs + k for some h > 1. Then zx is the k-th letter of v. We
compute the position of ¢ in v. Since the second part starts with v, of length
k—1and hs+k=k—1+hs+k—(k—1),yis the first letter of v. Therefore
we get v = yzryz as in Case 2, which leads to a contradiction.

Case 6. Let 7 = hs +q for some h > 1 and £+ 1 < ¢ < 2k — 1. Then
xj = x is the ¢-th letter of v. Thus v = v vhzv] with |zivv)| = ¢ —1 > k.
Furthermore, |v)]| =2k —1 —gq.

We now compute the position of y in v. Since the second part starts with vy
of length k — 1 and hs +g=k —1+hs+q— (k—1), y is the (¢ — k + 1)-st
letter of v. Therefore

v = zviyvivyrvy with |zv)| = g — k.
Therefore |v]| = k—(¢—k+1) = 2k—1—q. Hence |v]| = |v}| and consequently

vt | = |vh|. Therefore we have exactly the situation of Case 3, which leads to
1 2 Yy
contradiction.

Let us now consider ¢ = 1, i.e., the operation D,, 1 ;... By the first part of this
proof

Dn7n’n_j+17z’y<wR) = TpTpn—1---L1TnTp—-1-.-Tj41YTj-1Tj—2 ... T2 € Q,
by Lemma 5,

T3 .. . Tj1YTjp1Lj42 ... TpX1T2 ... Tny S Q,
and by Lemma 1

T1To . TpT2T3 ... Tj1YTjs1Tj42 .. Tn = Dy jay (W) € Q.
We now consider the case j < 7. We set

w = Tit1Ti+2 .- - TpL1 T2 ... T5.



Moreover, let z; = x. By the first part of this proof we get

Dn,n,nfiJrj,x,y(w) =Ti41 -+ - Ty -+ - Tiljg1 -+ - TnX1 -+ - Tj1YTj41 -+ - Ti—1 € Q

Hence, by Lemma 1
L1 Xilig1 -+ - Tpd1 -+ - Lj1YTj41 -+ - Tj—1Ti41 - - - Tn = Dn,i,j,m,y<w) S Q

If i < j we can prove that D, ; ;. ,(w) € @ analogously to the case j < i using
Dn,l,j,x,y instead of Dn,n,j,a:,y‘ |

Theorem 13 If q is a primitive word of length n, 0 <1 < n and z € V, then
In,l’,Z(Q) €Q.

Proof. Let g be a primitive word of length n and a € V. Let u be the prefix
of ¢ of length ¢ and ¢ = wv. Then I, ; ,(w) = wvuav. If uwvuav ¢ @, we can
derive a contradiction as in the proof of Theorem 11. O

Theorem 14 If g€ Q and I,,; , .,(q) is defined, then I,,; . j..,(q) € Q.
Proof. Let w = z122...2;_12%j41%j4+2 . . . Tn. Then

In,n,a,j,a:,y =T1T2 ... TpT1T2 ... L5 1YTjr1Lj42 ... Tpd.

If we assume that I, , 42 is DOt in @, then

Ty Tj1YTjq1 ... TpQT1 ... Ty = Dn+1,n+17j,y,x<wl e L YTjgq - .ana) ¢ Q,

which is a contradiction to Theorem 12. The general case can be obtained
using Lemmas 1 and 5. O

Let ww' be given with ed(w,w’) = 1. Then w' is obtained by a change (i.e.,
d(w,w') = 1 = 29), either by a deletion or by an insertion. By the Theorems
7, 11 and 13, ww' is in @ provided that w € Q. If ed(w,w’) = 2 we have
again ww’ € @ if two changes, or a deletion and a change, or a change and
an insertion are performed (by Theorems 7, 12 and 14). In the remaining
cases, in general, primitivity is not preserved. Performing two deletions we
can get a non-primitive word, as can be seen from w = 110P1 which results
in 110P1110P1 and gives 11071107 = (1107)* ¢ Q if we delete the first and
last letters of the second copy (note that the statement holds for any length
n > 4 since it holds for any p > 1). The same holds for two insertions; e.g. the
duplication 107107 of w = 107 € Q yields 10711071 = (1071)? by inserting a
1 before and after the second copy of 107. Furthermore, if we cancel the first
letter and insert a 1 before the last 0 in the duplication 110110 of 110 € @,
we get 110110 = (110)* ¢ Q, again.

10



Therefore we have a complete picture for the case that the edit distance is at
most 2.

4 Concatenation of an Almost Mirror Image

In this section, again, we consider words of the form ww’. However, instead of
an almost copy w’ of w we choose w' in such a way that the Hamming/edit
distance of w’ and the mirror image w? is small.

We start with the remark that, in general, for a primitive word w, ww" is not
a primitive word. For example, if we concatenate 100110 and its mirror image,
we obtain 100110011001 = (1001)* ¢ Q. Moreover, if we delete one letter in
w’t, the obtained operation is not primitivity preserving as can be seen from
the following counterexample. Let w = 01001. Since w* = 10010, ww? =
0100110010. If we delete the first letter of w®, then we obtain 010010010 =
(010)° ¢ Q.

We define formally three operations which are analogous to some with a small
Hamming distance d(w,w’) considered in the preceding section.

R

Definition 15 For any natural numbers n,i,7 with1 <i <n and2 < j <n,
all letters x,y € V with x # vy, and a word w = 125 ...x,, x; € V, of length
n, we define the following operations

Mn,i,:c,y V= VQ", and M’ B VLN V2n—1

n,j,z,y

by

1T ... TpTpTn-1-. - Lip1YTi1Ti—2...201 T; =T
Mn,i,x,y(xle Ce l’n) =

)

undefined otherwise

, T1To ... TpnTpln—1...Tj41YTj_1Tj-9...T2 Tj =T
M, . (T2 2n) =

undefined otherwise

For all odd natural numbers n, all mappings h : V. — V with h(a) # a for
all a € V', and all words w = x1x5...2,, v; € V, of length n, we define the
operation O}, ; : V" = V" by

O;L’h(xll’g N ZL‘n) = T1T9 .. .l’nh(l'n)l‘n_l e $i+1h($i)l'i_1l’i_2 e ZEQh(l‘l)

n+1

where 1 = 5

Theorem 16 If w € Q such that M, ; ., (w) is defined, then M, ;. ,(w) € Q
also holds.
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Proof. Let w = x125...2,. Then
"= M, =
W = My jpey(W) = 2122 ... Ti 1 TTi 1 Tig 2T Tn Tt + - - Tig1YTi1Ti2 - . . T1.
Let uy =21...2;-1 and us = x;41...7,. Then
w = upruy and w' = uyruguiyul.
Let us assume that w' ¢ @. Then w' = v? for some p > 2 and some word

veVt.
If p is even, then

¥
2

V2 = uiruy = ubyul. (3)

We now count the number of occurrences of x and get
Ho(urzug) = #ao(ur) + 14 #o(u2)
and
#o(us'yur’) = #a(uy) + #o(ur') = #o(u2) + #o(w).
Thus
#o(uirus) # H#o(usyur)

which contradicts (3).

If pis odd, say p = 2m + 1 for some m > 1, then w' = v™v;v0™ where
v = vve and |vi| = |vy|. If i > |v|, then by the construction of w’ we get
w' = vzof with 2z = v lvvv™ ! and by our assumption (w' = v?™*1) we
have w’ = wvzv. Therefore v = v®. Now let ¢ < |v|. Then v; and vy and v

satisfy the following conditions:

o V' = (v1v)" = vl = Vv = W,
Hence in both cases we have v = v®. This implies
(@) = ()" = (o =0 =,

Thus x = y in contrast to our supposition. O

Theorem 17 If w € Q such that MT’LJ@’y
also holds.

(w) is defined, then M, , . (w) € Q

12



Proof. Let w = x125...2,. Then

1
(U)) =T1T2 ... Tpnlnlpn-1.. - Tj41YTj—1Tj-2...T2.

n7j7x7y
Obviously, [M], ;. ,(w)| = 2n — 1, i.e., the length of M], ;. (w) is odd.
If M, ., ,(w) is not a primitive word, then M], ;. (w) = v? for some primitive

word v of odd length and some odd number p with p > 3, say p = 2m + 1
with m > 1. As in the preceding proofs we get v = vz, vy with

!

njoy (W) = V012, V0™ = (V120,02) " V12, [V (V12 02) ™

and |v1]| = |va]. Let |v1] = q, 1.e., [v] =2¢ + 1.

Let 2 < j < 2¢ + 1. Then considering the (m + 1)-st factor v of M], ;. (w),
we obtain v = V12, |Vy = X1Ta . .. Ty Tp|TpT, . .. 9. Let 2 = zox3. .. x42,. Then
v = 2122, On the other hand, for 2 < j < 2¢+ 1, by definition of My ., (w),

M}, ; ».,,(w) does not end with (zz")% = 22". Thus we have a contradiction to
the fact that M), (w) ends with v and therefore with zz%.

Let j = 2¢+2. Then the (2¢+2)-nd letter of w is x. Moreover, the (2¢+ 2)-nd
letter of w is the first letter of the second factor v of M), ;  (w) which is z;.
Hence x = z;. On the other hand, by the definition of M] ;. (w), counting
from the end, y is the (2¢ + 1)-st letter of M, ;,  (w), which means that y is
the first letter of the last factor v of M,, ;. ,(w). Thus y = x;. Hence we get
r =y in contradiction to the definition of M, .

Let 2¢+3 < j < n. Then we can derive a contradiction by analogous argument
(if m(2¢ + 1) < j < n, then we get v = v11,v5 = z122" by considering the
first factor v; and the last factor vy in M, ;  (w)). O

Finally in this section, we give a result which is the counterpart of Theorem 9.
We omit the proof which can be given in analogy to the proof of Theorem 9.

Theorem 18 For any odd natural number n > 5, any primitive word q of
length n, and any mapping h: V — V with h(a) # a for alla €V, O, ,,(q) is
a primitive word. O

5 Further Operations with an Almost Duplication of Length

First in this section, we discuss the situation where w’ in ww’ is obtained from
w or wf by large changes.

If we change all letters in the second part, primitivity is not preserved in
general. For instance, if we take the primitive word w = 100110, then by
changing all letters of w we obtain 100110011001 = (1001)? ¢ Q; and starting
with the primitive word w = 10010110 and changing all letters of w® we get
1001011010010110 = w? ¢ Q.

13



Theorem 19 Let w and w' be two words of length n such that n — d(w,w")
is a power of 2, then ww' is a primitive word.

Proof. The proof can be given in a way analogous to the proof of Theorem 7.
O

The following definition and result are analogies to D, ,, and Theorem 11.

Definition 20 For any natural numbers n, any natural number v with 1 <
i <mn, and any homomorphism h : V* — V* with h(a) # a and h(h(a)) = a
for all a € V', we define the operation D, j, : V" — V1 by

Dyp(z122 ... 2n) = 2122 ... xph(120 ... Tp—1).

Theorem 21 For any natural numbers n, any natural number v with 1 < i <
n, any homomorphism h : V* — V* with h(a) # a and h(h(a)) = a for all
acV, and any w € Q, D, p(w) € Q also holds.

Proof. Let w = x125...2, with z; € V for 1 < j <n. Then
Dyp(z129. .. 2n) = 129 ... xph(zy . Tpq)

has an odd length.

Let us suppose that D, ,(w) ¢ @, that is, there exist a p > 2 and v € @) such
that D, ,(w) = vP.

Thus p is odd, say p = 2m + 1 for some m > 1. As above there are words v,
v1 and vy such that v = vyx,,v, and

T1xo ... Tplh(xy . 2p1) = (V1T00) V1T, |V (V1T 9) ™.

Since |(v12,v2)" 01| = |va(v1XR2)™], JU1] = |va].
Furthermore vy = h(v;) by definition of D,, ,. Therefore we get

1o .. xplh(xy . 1) = (12h(01)) o1, | h(v1) (V12 h(01))™.

Thus (h(vy)h(z,)v1)™h(v1) = h(vy)(viz,h(v1))™, that is,
(h(v1)h(zy)v1)™h(v1) = (h(v1)v12,) " (V7).

Hence h(z,)v; = v12,. Therefore, by Lemma 6, h(x,) = x,, in contrast to the

supposition concerning h. O

By Theorem 19, from a word w € ) we obtain a primitive word ww’ where
w’ is constructed from w by changing all letters except one letter. This result
does not hold for the mirror image, i.e., if one concatenates w with its mirror
image and changes all letters of the mirror image besides one letter, in general,
one does not obtain a primitive word. For example, if w = 11100 € () and
i = 3, then we obtain 1110011100 = (11100)* ¢ Q. However, if we restrict to
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special positions, then the corresponding statement is true, as shown by the
following two theorems.

Definition 22 For any natural numbers n and i with 1 < ¢ < n and any
homomorphism h : V* — V* with h(a) # a for all a € V, we define the
operations

Mn,l,ha Mn,n,h V= V2n

Mpip(z12e. .. 2p) = 2129 . . Tpxph(Ty 1Ty ... 21),
Mynn(Tims. . Tp) =210 . . Xy (T Ty .. 2) 1.

Theorem 23 For anyn > 2, any homomorphism h : V* — V* with h(a) # a
for alla € V and any w € Q, M,,1,(w) € Q also holds.

Proof. Let w = x125...2,, where z; € V. Then
Muip(w) = 2129 .. Ty 12Ty WXy 1Tp o ... 1)

has an even length.

Let us suppose that M, 1 ,(w) ¢ @, that is, there exists a p € N and v € @
such that x1xs ...z, X2, h(Tp 12,2 . .. 21) = VP.

If p is even and p > 2, then v: = w and £ > 2, which contradicts w €
Q. If p = 2, then 129 ... Ty 1Tp T h(Tn 1Tn_o...71) = v% that is, v =
T1To ... Ty 1Ty = Tph(x, 12, 9. .. 21). Then z, = z; and x, = h(z1), which
is a contradiction.

If p is odd, then p = 2m—+1 for some m > 1 and v = z10'z,v"” with v’,v" € V*,

which can be shown as in the proof of Theorem 12. Since
_m / 1".m o
1o Ty 1 Zp|Tph(Tp_1Tp_g ... 1) = V" x|z, 0" "0 V| = V7).

We distinguish the cases v' # X # v” and v/ =\ ="
Supposing v' Z X # V" and v =y ...y, and v" = z; ... z.. Then

X1 Ty 1 X | T h(Tp1Tp_o ... T1)

= (Y1 - Ypn21 - 20) "Y1 Y|z 2 (Y Yz 2e)

and y, = x,. Since h(x1y1y2 ... Yy) = Zr2r—1 ... 212, by construction, h(y,) =
Zpn, which contradicts vy, = z,
Supposing v' = A = v”, we get

1o Ty 1 Zp| (T 1Ty o ... x1) = (x12,) " 21 |20 (212,)™,
which implies z,, = x; and z,, = h(z1), so it is a contradiction.

Therefore Q1 p(w) € Q. O
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Theorem 24 For anyn > 2, any homomorphism h : V* — V* with h(a) # a
foralla € V and any w € Q, My, n(w) € Q also holds.

Proof. Let w = x125...x,. Let us assume that M, , ,(w) ¢ Q. Then there is
a word v € VTand a natural number p > 2 such that M, , ,(w) = vP.

If p =2, then v = x129... 2, = h(zp2p_1...22)x;. Hence x; = h(x,) and
z, = x1, which is a contradiction. If p > 2 and even, then w = v% € Q in
contrast to our supposition.

If p is odd, i.e., p = 2m + 1 for some m > 1, then there are words v; and v
with v = V109, |v1] = |vg| and

T1Tg ... Tp|H(TpTp_q ... x2)x1 = VU1 VU™,
Let k = |vy|. Then
v =212y ... 2 and vy = h(TprE_q1 ... T2)xy

by definition of M, , . Thus xo,+1 = 1 and h(2e,4+1) = 2 in contrast to the
required property of h that h(a) #a for alla € V. O

We now define an operation where we duplicate the word, but the copy is
shifted some positions to the left. Hence, on one hand, no change is done
in the copy, but on the other hand, the position of the letters are changed
essentially. An analogous operation is performed where we shift an almost
completely changed version of the word.

Definition 25 For any natural numbers n and ¢ with 1 <1 < n—1, we define
the operation S, ;: V" — V2" by

Sn?i(LUlQ?Q ce .Tn) =X1T2...T;X1X2 ... TpLix1L542 ... Tp.

Theorem 26 For any natural numbers n > 2 and i with 1 < i <n—1 and
any word q € Q of length n, S, ;(q) € Q also holds.

Proof. Let ¢ = ww' € Q with w = x125...2;_1 and W' = z;2;,1 ... x,, where
xzj €V forl <j<mn.ThenS,;(q) = wwww'.
Assume www'w’ ¢ @, that is, there exist a p € N, p > 2 and v € @

such as www'w’ = oP, that is, w?(w')? = vP. It is known, by Lemma 3,
w = uf,w = u,v = u™. Since ww' € Q and ww' = u**!, we have a con-
tradiction.

Therefore www'vw' € Q. O

We mention that an analogous statement does not hold, if one uses the mirror
image instead of a copy. The following example shows that then primitivity is
not preserved. Let w = 01 and ¢ = 1; using the mirror image and shifting it
by one position to the left we get 0101 ¢ Q.
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Finally in the following theorem we present some operations which, together
with the above operations, allow the generation of all primitive words of length
< 11 (as can be shown by computer calculations) and of a considerable amount
of primitive words of length up to twenty.

Theorem 27 Let w € Q be a primitive word of length n > 2 and x € V and
y € V two different letters of V.

i) Then wz" and wz" ' and wzy" 2 are in Q, too.

i) If n is even, then w(zy)™ 2%z and w(xy)™=2/2y are primitive words, too.

Proof. We omit the easy proofs for i).

n=2)/2y- the other proof can be given

ii) We only prove the statement for w(zy)(
analogously.

Let us assume that w(xy)™ /22 ¢ Q. Then there is a word v € V* such that
w(xy)"=2/2z = P for some p > 2. Since w(xy)"~?/2z has odd length, p and
the length of v are odd numbers. Let p = 2m + 1 for some m > 1. Thus there

are v1,vy € VT such that

v = vy, |v1] = |vo| + 1 and w|(zy) ™22z = vy ™.
By w(xy)" 225 = v+ ¢ = (zy)*z for some k > 1, and then v; = (zy)",
vo = (zy) 'z and

wl(azy) 2P e = ((wy)*z)™(2y)" | (xy) " o ((zy)ra)™

Since the (n + 2(r — 1) 4+ 2)-nd letters in both representations differ, we have
a contradiction. O

Acknowledgement

The authors are very grateful to the three reviewers whose hints considerably
improved the paper.

References

[1] J.-P. ALLOUCHE and J. SHALLIT, Automatic Sequences. Theory, Applications,
Generalizations. Cambridge University Press, Cambridge, 2003.

[2] D. CALLAN, The value of a primitive word. Math. Monthly 107 (2000) 88-89.

17



[3] P. DOMOsI, D. HAuscHIDT, G. HORVATH and M. KUDLEK, Some results on

small context-free grammars generating primitive words. Publ. Math. Debrecen
54 (1999) 667-686.

[4] P. DOMOsI, S. HORVATH and M. ITO, Formal languages and primitive words.
Publ. Math. Debrecen 42 (1993) 315-321.

[5] P.DOMOsI, S. HORVATH, M. ITO and M. KATSURA, Some results on primitive
words, palindroms and polyslender languages. Publ. Math. Debrecen 65 (2004)
13-28.

[6] P. DOMOsI, M. ITO and S. MARCUS, Marcus contextual languages consisting
of primitive words. Discrete Mathematics 308 (2008) 4877-4881.

[7] J. Dassow, G. M. MARTIN and F. J. Vico, Dynamical systems based on
regular sets. Submitted.

[8] M. Ito, M. KaATsura, H. J. SHYR and S. S. YU, Automata accepting
primitive words. Semigroup Forum 37 (1988) 45-52.

[9] T. HArJU and D. NowiTzkl, Counting bordered and primitive words of a fixed
weight. Theor. Comp. Sci. 340 (2005) 273-279.

[10] H. K. Hs1a0, Y. T. YEH and S. S. YU, Square-free-preserving and primitive-
preserving homomorphisms. Acta Math. Hungar. 101 (2003) 113-130.

[11] L. KAar! and G. THIERRIN, Word insertions and primitivity. Utilitas
Mathematica 53 (1998) 49-61.

[12] M. LOTHAIRE, Combinatorics on Words. Cambridge University Press,
Cambridge, 1997.

[13] V. MITRANA, Primitive morphisms. Inform. Proc. Lett. 64 (1997) 277-281.

[14] V. MITRANA, Some remarks on morphisms and primitivity. Bull. EATCS 62
(1997) 213-216.

[15] GH. PAUN and G. THIERRIN, Morphisms and primitivity. Bull. FEATCS 61
(1997) 85-88.

[16] GH. PAUN, N. SANTEAN, G. THIERRIN and SH. YU, On the robustness of
primitive words. Discrete Appl. Math. 117 (2002) 239-252.

[17] H. PETERSEN, On ambiguity of primitive words. In:Symp. Theor. Aspects
Comp. Sci. '94 Lecture Notes in Computer Science 775, Springer-Verlag, Berlin,
1994, 679-690.

[18] G. RICHOMME, On morphisms preserving infinite Lyndon words. Discrete
Math. Theor. Comp. Sci. 9 (2007) 89-107.

[19] H. SHYR, Free monoids and languages. Hon Min Book Co., Taichung, 1991.

18



