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Abstract. This paper investigates the notions of 6-bordered words and
f-unbordered words for various pseudo-identity functions 6. A #-bordered
word is a non-empty word u such that there exists a word v which is a
prefix of u while 0(v) is a suffix of u. The case where 6 is the identity
function corresponds to the classical notions of bordered and unbordered
words. Here we explore cases where 6 is a pseudo-identity function, such
as a morphism or antimorphism with the property 6™ = I, n > 2, or a
literal morphism or antimorphism. We explore properties of #-bordered
and f-unbordered words in this context.
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1 Introduction

Periodicity, primitivity, and repetitions of words are fundamental properties in
combinatorics on words and formal language theory. Their applications include
pattern-matching algorithms (see e.g. [3], and [4]) and data-compression algo-
rithms (see, e.g., [23]). Sometimes motivated by their applications, these classical
notions have been modified in various ways that, in essence, replace the identity
function with a pseudo-identity, and the notion of repetition with the notion
of pseudo-repetition. A representative example is the “weak periodicity” of [5]
whereby a word is called weakly periodic if it consists of repetitions of words with
the same Parikh vector. This type of period was also called Abelian period in [2].
Carpi and de Luca extended the notion of periodic words to that of periodic-like
words, according to the extendability of factors of a word [1].

Czeizler, Kari, and Seki have proposed and investigated the notion of pseudo-
primitivity (and pseudo-periodicity) of words in [6,20], motivated by the prop-
erties of information encoded as DNA strands. One of the particularities of
information encoded as DNA strands is that a word w over the DNA alpha-
bet {A,C,G,T} contains basically the same information as its Watson-Crick
complement, denoted here by #(u). This led to natural as well as theoretically
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interesting extensions of the notion of “identity”, leading to several new no-
tions in combinatorics on words and formal language theory such as pseudo-
palindrome [7], pseudo-commutativity [18], as well as hairpin-free and bond-free
languages (e.g., [13-15,19,21]). In this context, Watson-Crick complementarity
has been modeled mathematically by an antimorphic involution 6 over an alpha-
bet X, i.e., a function that is an antimorphism, 0(uv) = 6(v)8(u), Yu,v € X*,
and an involution, 6(0(z)) = z, Vo € X*.

In [16], given a morphic or antimorphic involution 6, a nonempty word u
was defined to be #-bordered if there exists v € X7 that is a proper prefix of u,
while 6(v) is a proper suffix of u. A nonempty word u was called #-unbordered
if it was not #-bordered, and properties of #-bordered and #-unbordered words
were investigated in [16], [17]. Other generalizations of the classical notions of
bordered and unbordered words include pseudo-knot-bordered words, defined
in [19] as nonempty words w with the property that w = zya = 50(yx) for some
words z, ¥y, «, and (.

In [8-10], studies of §-periodicity have been extended to consider the cases
where the morphism or antimorphism 6 is literal, non-erasing or uniform. We
continue this line of study by extending the investigation of #-bordered words
from the case of morphic or antimorphic involutions 6 to cases where 6™ is the
identity function, for some n > 2, and the case where 6 is a literal morphism or
antimorphism. We study properties of 6-(un)bordered words in Section 3, some
properties of the set of #-(un)bordered words where 6 is a morphic involution in
Section 4, and conclude with several directions of further research in Section 5.

2 Basic definitions and notations

An alphabet Y is a finite non-empty set of symbols. X* denotes the set of all
words over X, including the empty word A. X% is the set of all non-empty words
over X. The length of a word u € X* (i.e. the number of symbols in a word) is
denoted by |u|. By X™ we denote the set of all words of length m > 0 over X.
The complement of a language L C X* is L¢ = X*\ L. A word is called primitive
if it cannot be expressed as a power of another word. Let () denote the set of all
primitive words. A function 6 : X* — X is said to be a morphism if for all words
u,v € X* we have that 6(uv) = 0(u)f(v), an antimorphism if 6(uv) = 6(v)0(u)
and an involution if 62 is an identity on X*. If for all a € X, |6(a)| = 1, then 0
is called literal (anti)morphism'. A §-power of a word u is a word of the form
iy -+ - Uy, for n > 1 where uy = w and u; € {u,6(u)} for 2 < i < n. A word
is called @-primitive if it cannot be expressed as a f-power of another word. Let
Ry denote the set of all 8-primitive words.

For a language L C X*, the principal congruence Pr determined by L is
defined as follows: for any z,y € X* such that  # y, © = y(Pr) if and only
if uzv € L < wuyv € L for all u,v € X*. The index of Py is the number of
equivalence classes of Py. L is said to be disjunctive if Py, is the identity, i.e., for
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any x # y € X* there exists u,v € X* such that uzv € L and uyv ¢ L or vice
versa.

A language L C X* is said to be dense if for all uw € X*, LN X*uX* # .

Definition 1. 1. Forv,w € X%, w <, v iff v € wX™.

Forv,we X*, w<sv iff ve Xw.

<g=<p N <s.

Forw e X*, ve X" is said to be a border of u if v <4 u, i.e., u=vr =yv.

Forv,w € X*, w <, v iffvewXt.

Forv,we X*, w<,v iffve YTw.

<g=<p N <s.

Forue X* v e X* is said to be a proper border of u if v <q u.

Foru e X7, La(u) = {v € X*|v <q u}.

10. vg(u) = |Lg(u)|.

11. D(i) = {u € Y |vg(u) = i}.

12. A word uw € X7 is said to be a bordered word if there exists v € X such
that v <4 u, i.e., w = vx = yv for some x,y € XLT.

13. A non-empty word which is not bordered is called unbordered.

For a word w, Pref(w) = {u € X*|Fv € *, w = wv} and Suff(w) = {u €
X*|Fv € X*,w = vu} denotes the set of all prefixes and suffixes respectively.
Similarly, the set of proper prefixes and proper suffixes of a word w can be
defined as PPref(w) = {u € XT|Fv € Yt w = wv} and PSuff(w) = {u €
XT3 € YT, w = vu} respectively.
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Definition 2. [16] Let 0 be either a morphism or an antimorphism on X*.

. Forv,we X*, w §g v iff v € O(w)X*.
. Forv,w e X%, w <% v iffve X 0(w).
SZZSP N Sg-
. Foru e X* v e X* is said to be a 0-border of u if v SZ u, i.e., U = vx =

yO(v).

5. Forw,v € X*, w <Y v iff v e f(w)T+.

6. Forw,v € X*, w <l v iff ve X+0(w).

7. <b=<,n <.

8. Forue X* v e X* is said to be a proper 0-border of u if v <fl Uu.

9. Foru € X%, define LY(u) = {v € ¥*|v < u}.
10. () = | L ().
11. Dy(i) = {u € |V (u) = i}.
12. A word uw € X7 is said to be O-bordered if there ewists v € Xt such that

v <Z u, i.e., u=vr = y(v) for some x,y € XT.

18. A nonempty word which is not 8-bordered is called 0-unbordered. Thus, Dg(1)
is the set of all 8-unbordered words over X.

B L~

For w,v € X* [11] calls u <4 o1 <q 23 <4 -+ <q v au — v chain. A u — v
chain, u = 77 <g 29 <gq -+ <q Tp, = v is said to be mazrimal if for v’ € X*,
u <qu <q v implies u’ = x; for some 1 < ¢ < n. Similarly, we can define u —g v
chain as a sequence v = z1 <% x5 <4 --+ <% 2, = v. The notion of maximal
chain can be extended to that of §-maximal chain in a similar fashion.



3 Properties of Pseudo-(Un)Bordered Words

In this section, we study some basic properties of #-bordered and #-unbordered
words where 6 is a (anti)morphism with the property that 6™ = I on X* for
n > 2 or any literal (anti)morphism. In the case where ™ = I and 6 is an
antimorphism, it is clear that n has to be an even number.

The following result was proved in [11], and can be easily generalized to the
case of morphic involutions.

Lemma 1. [11] Let u € Xt\D(1). Then there exists v € X* with |v| < h;—‘
such that v <g u.

Lemma 2. Let 0 be a morphic or an antimorphic involution and letuw € X7\ Dg(1).
Then there exists v € X* with |v| < I%\ such that v <8 u.

The next two results, Propositions 1 and 2, establish some relations between
the set of #-borders of a word u, namely L(u), and the set of §-borders of 6(u),
namely L5(0(u)).

Proposition 1. Let u € X*. Then for a morphism 0 on X* such that 8™ = I
forn > 2, LY(0(u)) = 0(LY(u)).

Proof. Let v € LY(0(u)) which implies 8(u) = vx = yf(v) for some z,y € X+
which further implies 6%(u) = 0(v)0(z) = 0(y)6?(v). Continuing in this way, we
will get 07 (u) = 0"~ L(v)" L (z) = "~ (y)0™(v) and thus u = 67~ (v)0"~(z) =
0"~1(y)6"(v) which implies 6" *(v) € LY(u) and hence v € 6(LY(u)). Thus,
L9(6(u)) € O(LS ().

Conversely, let v € LY(u) which implies u = vz = yf(v) for z,y € YT and hence
O(u) = 0(v)8(x) = 0(y)0?(v) which further implies 0(v) € Le( (u)). Also, since
v e LY(u), O(v) € O(LY(u)). Thus, LY(0(u)) = 0(L4(u)).

However, if 6 is literal (anti)morphism that is not bijective, Proposition 1
does not necessarily hold, as demonstrated by Example 1.

Ezample 1. Let ¥ = {a,b} and @ be (anti)morphism such that, 8(a) = a,0(b) =
a, u = ababaa. Then 0(u) = aaaaaa, LY(u) = {\, a,ab}, (L (u)) = {)\, a,aa},
L5(0(uw)) = {\,a,aa, - ,aaaaa}. Clearly, L (0(u)) # 0(LY(u)).

Note that the inclusion 6(LY(u)) C LY(f(u)) holds in case of Example 1.
Moreover, the inclusion holds in general for any literal morphism 6.

Proposition 2. Letu € X*. Then for any literal morphism 6 on X*, (L5 (u)) C

Lg(0(w)).

Proof. Let v € L%(u) which implies u = vz = yf(v) for x,y € X* and hence
O(u) = 0(v)0(x) = 0(y)0*(v) which further implies O(v) € LY(0(u)). Also, since
v € LY(u), 0(v) € O(LY(u)). Thus, O(LY(w)) C LI(0(u)).



It is known, [16], that, for an antimorphic involution 6, the relation <9 is
transitive.

Lemma 3. [16] Letu € X* and v,w € X such that u <4 w and w <% v. Then
for a morphic involution 6, we have u <4 v and for an antimorphic involution
0, we have u <Z V.

The statement of Lemma 3 does not necessarily hold in the case when 6 is a
morphism which is literal and not bijective, as demonstrated by Example 2.

Ezample 2. Let X = {a, b} and 6 be a morphism such that 6(a) = a, 6(b) = q,
u = ab, w = abaa, v = abaabbaaaa. Then u <§ w and w <§ v but u £4 v.

The following proposition demonstrates the transitivity of relation <9 for
literal antimorphisms 6.

Proposition 3. If 0 is any literal antimorphism on X*, then the relation <9 is

transitive, i.e. for u € X* and v,w € ¥ such that u <Z w and w <Z v, we have
0

u <gv.

Proof. Let 0 be any literal antimorphism such that u <§ w and w <Z v which
implies w = uz = yf(u) and v = wa = B6(w) for some z,y,a, 8 € X, hence
v = uza = B0(uz) which further implies v = ura = B0(z)0(u). Hence u <4 v.

Corollary 1. Letv € LZ(U) and w € XF. Then for any literal antimorphism 0
on X*, if w <4 v then w € LI(u).

The converse of the Corollary 1 does not hold in general. In fact, in the case
of an antimorphism, Proposition 5 holds.

The next results describe relations between the 6-borders of a word u when
6 is a morphism with 6" = I, n > 2, (Proposition 4) or literal (anti)morphisms
(Proposition 5).

Proposition 4. Letu,v,w € X, u# v andu <fl w, v <Z w. If 0 is a morphism
on X* such that 0™ = I for n > 2, then either v <qu or u <g v.

Proof. Let 6 be a morphism such that 6" = I and u <% w,v <% w which
implies w = uz = yf(u) and w = va = BO(v) for some z,y,a,8 € XT. If
|u| > |v|, then v = vp and O(u) = ¢f(v) for some p,q € X+ which imply
0" (u) = 0" 1(q)0"(v) = 0" (q)v. Thus, we get u = vp = 6" 1(q)v which
implies v <4 wu. Similarly, if |u] < |v| then v = up’ and 0(v) = ¢'6(u) for
some p’, ¢’ € XF which imply 0" (v) = 0" 1(¢")0"(u) = 0" '(¢')u. Thus, we get
v =up’ = 0" (¢ )u which implies u <4 v.

Proposition 4 does not necessarily hold if 6 is a literal (anti)morphism that
is not bijective, as demonstrated by Example 3.

Ezample 3. Let ¥ = {a,b}, and 6 be a morphism or antimorphism such that
0(a) = a,0(b) = a, u = ab, v = abaa, and w = abaabbaaaa. Then u <% w,v <4 w
but neither v <4 u nor u <g v.



Proposition 5. Let u,v,w € X*, u # v and u <% w,v <% w. Then for any
literal morphism 6 on X*, either 8(v) <q 0(u) or 0(u) <q 0(v). If § is any literal
antimorphism, then either v <, u or u <p v.

Proof. Let 0 be any literal morphism and u <fl w, v <Z w which imply w = ux =
y6(u) and w = va = B6(v) for some z,y, o, B € L. If |u| > |v|, then u = vp and
O(u) = gb(v) for some p,q € X+ which imply 6(u) = 0(v)f(p) = ¢f(v). Thus, we
get 0(v) <g4 O(u). Similarly, if |u| < |v| then v = up” and 6(v) = ¢’6(u) for some
p',q" € X7 which imply 0(v) = 0(u)0(p’) = ¢'0(u). Thus, we get 0(u) <q 0(v).

Let 6 be any literal antimorphism and u <Z w, v <Z w which imply that
w = ux = yf(u) and w = va = BO(v) for some z,y, o, f € L. Hence, we have,
ur = va. If [u| > |v], v <, wand if |v] > |u| then u <, v.

Corollary 2. Letu,v,w € X7, u # v and u <g w, v <Z w. Then for any literal
antimorphism 6 on X*, either 0(v) <5 6(u) or 8(u) <5 6(v).

Corollary 3. Let u € XT. Then

1. For any morphism 0 on X* such that 0™ = I for n > 2, Lg(u) is a totally
ordered set with <g, i.e. Lg(u) ={A<qgup <qug <q- - <qgUi_1}-

2. For any literal morphism 0 on X*, (L% (u)) is a totally ordered set with <g4.

3. For any literal antimorphism 6 on X*, L9(u) is a totally ordered set with
<ps e LO(u) = {\ <pup <pug <p -+ <pui—1} and O(LY(u)) is a totally
ordered set with <s.

Proof. Statement 1 follows from Proposition 4, statement 2 from Proposition 5
and statement 3 from Proposition 5 and Corollary 2, respectively.

The next two propositions (Proposition 6, 7) list some properties of #-unbordered
words for (anti)morphisms 0 such that 6™ = I,n > 2.

Proposition 6. Let 6 be a morphism on X* such that 6™ = I for n > 2. Then
for all x,y € Dy(1) such that x # y, we have that vy # 6" (y)x.

Proof. Let x,y € Dy(1). As Dy(i) C X for i > 1, both z and y are non-empty.
Suppose zy = 0"~ !(y)x, then we have following three cases to consider.

Case 1: |z| = |y|. Then # = 0" !(y) and y = x, which is a contradiction
since x # y.

Case 2: |z| > |y|. Then there exists p € X+ such that z = 6"~ 1(y)p and
x = py which imply that x = 0" ~!(y)p = pf"(y), which is a contradiction since
S Dg(l)

Case 3: |y| > |z|. Then there exists ¢ € ¥T such that " 1(y) = zq and
y = qx which imply that y = gz = 0(x)0(q), which is a contradiction since
Yy e D@(l).

Since all the three cases leads to a contradiction zy # 0"~ 1(y)x.

Proposition 7. Let 6 be an antimorphism on X* such that 0™ = I for n > 2.
Then for x € Dg(1) and y € Xt such that x # y and 0(x) # z, we have that

xy # 0" (y).



Proof. Let © € Dg(1). As Dy(i) € YT for 4 > 1, x is non-empty. Suppose
xy = 0" (y)z, then we have following three cases to consider.

Case 1: |z| = |y|. Then z = 6"~ 1(y) and y = z, which is a contradiction
since x # .

Case 2: |z| > |y|. Then there exists p € ¥ T such that z = 6"~!(y)p and
o = py which imply that z = 6"~ 1(y)p = p™(y), which is a contradiction since
HASS Dg(l)

Case 3: |y| > |z|. Then there exists ¢ € X+ such that 6" 1(y) =
y = gz which imply that y = gz = 0(q)0(x), which further implies 6(q)
6(z) = x which is a contradiction since 6(z) # x.

Since all the three cases leads to a contradiction xy # "~ 1(y)z.

zq and
= q and

The following lemma provides a necessary and sufficient condition for a word
to be #-bordered, in the case when 6 is a literal antimorphism.

Lemma 4. Let 6 be any literal antimorphism on X*. Then x € X is §-bordered
iff © = ayb(a) for some a € X and y € X*.

The result below gives several properties of #-unbordered words, for literal
antimorphisms 6.

Proposition 8. Let 0 be any literal antimorphism on X*, then

1. For all u,v € ¥T and w € X*, we have uwv € Dy(1) iff uv € Dy(1).

2. If X is an alphabet such that there exist a,b € X with 6(a) # b, then Dy(1)
s a dense set.

3. Let a,b € X such that a # b. Then for all u € X7, either ua or ub is
0-unbordered.

Proof. 1. Suppose uwv € Dy(1) and uv ¢ Dy(1) which imply that uwv = ayf(a)
for some a € X and y € X*. If w = A, then clearly uwv ¢ Dy(1), a contra-
diction. Now, if w # A, then we have three possibilities.

Case a: u = a,v = yf(a), hence uwv = awyb(a) ¢ Dy(1).

Case b: u = ay,v = 0(a), hence vwv = aywb(a) ¢ Dy(1).

Case ¢: w = ap,v = ¢f(a) where y = pq for some p,q € X*, hence
uwv = apwql(a) ¢ Dy(1).

Since all the three cases leads to a contradiction, uv € Dg(1).

Conversely, suppose uwv ¢ Dg(1) which imply that vwv = ayf(a) for some
a € XY and y € X*. Hence, u = au; and v = v16(a) for some uy,v; €
X* which further implies, uv = aujv16(a) ¢ Dy(1), a contradiction. Hence
uwv € Dy(1).

2. Choose a,b € X such that 6(a) # b. Then for all w € X*, there exists
a,b € X* such that awb € Dy(1). Hence Dy(1) is a dense set.

3. Let us assume that both ua and ub are #-bordered. Then we have, ua =
a1y10(a1) and ub = agy26(asz) for some ay,a2 € X and yp,y2 € X* which
implies u = a1y; = azy2 and a = O(ay),b = (az). This further implies
that a1y1 = asys which implies a; = a2 and y; = yo which further implies
a = 6(az) = b, a contradiction. Hence, either ua or ub is §-unbordered.



If 0 is an antimorphism such that 8" = I, n > 2, the following result holds.

Proposition 9. Let 6 be an antimorphism on X* such that 0" = I for n > 2.
Then u € Dy(1) iff 6" 2(u) € Dy(1).

Proof. Let u € Dp(1) and suppose 0" 2(u) ¢ Dg(1) then we have 0" 2(u ) =
ayf(a) for some a € X and y € X* which imply that u = 0" (u) = 62(a)0?(y)03(a)
and thus u ¢ Dy(1), a contradiction. Hence 6" ~2(u) € Dy(1).

Conversely, suppose 0" 2(u) € Dy(1) and u ¢ Dgy(1). Then u = ayf(a) for
some a € X and y € X*. Since n is even and 0™ = I, n — 2 is also even and thus
0" =2 (u) = 0" 2(a)0"2(y)0" 1(a) ¢ Dy(1), a contradiction. Hence u € Dy(1).

Lemma 5. Let § be a morphic involution on X¥* and u € XV such that u €
D(1), then 6(u) € D(1).

Proof. Let w € D(1). Suppose 6(u) ¢ D(1). Then O(u) = af; = Pea for
0B fo € S, Thus, u = 0(@)0(51) = 6(B2)8(a) ¢ D(1), a contradiction.
Thus, 6(u) € D(1).

Along similar lines, we can prove the following result concerning Dy(1) for a
morphism of the form " = 1,n > 2.

Lemma 6. Let 0 be a morphism on X* such that 0" = I, n > 2 and u € XT.
Then the following are equivalent:

1. ue Dg(l)
2. 97 (u) € Dy(1).
3. 0(u) € Dy(1).

Proof. (1) = (2): Let u € Dg(1) and suppose 0"~ (u) ¢ Dp(1). Then 6" (u) =
vr = yf(v) for some v,z,y € X*. This implies u = O(v)f(x) = 6(y)6?(v), a
contradiction since u € Dy(1). Hence 6"~ (u) € Dy(1).

(2) = (3): Let 6" 1(u) € Dy(1) and suppose 6(u) ¢ Dg(1). Then O(u) =
vr = yf(v) for some v,z,y € X+. This implies 67 1 (u) = 0" 2(v)0"2(x)
6"=2(y)6"~1(v), a contradiction since 6"~ (u) € Dy(1). Hence 0(u) € Dy(1).

(3) = (1): Let 6(u) € Dg(1) and suppose u ¢ Dy(1). Then u = vz = yf(v)
for some v, z,y € Y. This implies 0(u) = 0(v)0(z) = 0(y)6*(v), a contradiction
since O(u) € Dy(1). Hence u € Dy(1).

In fact, the implication §"~2(u) € Dy(1) = u € Dy(1) of Proposition 9 and
implications (2) = (3) and (3) = (1) in Lemma 6 hold if # is a literal morphism,
not necessarily bijective.

Proposition 10. Let § be a morphism on X* such that 0" = I and w € XT. If
u € Dy(i) for some i > 2, then for all 1 < k < i, L%(u) N D(k) # 0.

Proof. By Corollary 3 we have

Lg(u) ={A<qur <quas <q--+<qUi—1}.



Note that uy <% u for all 1 < k < i — 1. Now, since u; € L9(u) and |u;| < |uy]
for all 1 < j < k, by Proposition 4 we have that u; <q ux. Hence,

La(ug) = {\ur, - up—1}.
Thus uy, € D(k) and Lf(u) N D(k) # 0.

Recall that, a u —g v chain, u = x; <§ To <§ <Z x, = v is said to be
f-maximal if for v’ € X*, u <% u' <4 v implies v’ = z; for some 1 < i < n.

Lemma 7. [6] Let w € X" be a primitive word. Then u cannot be a factor of
2

u? in a nontrivial way, i.e., if u> = xuy, then necessarily either x = \ or y = A.
Proposition 11. Let 8 be an antimorphic involution on X* and f € Q. If
F<0u<l f? thenu=f oru=f2 ie., f<Y f? is a 0-maximal chain.

Proof. Suppose f <9 f2 is not a f-maximal chain, i.e., u # f and u # f2. Since
f<%u<f f? wehave u = fz = y0(f) and f? = ua = 80(u) for z,y,a, 3 € X*
with |z| = |y| and |«| = |8]. Then,

f? = foa =yo(f)a = Bo(x)0(f) = Bfo(y).

Now, since f? = 8f0(y), by Lemma 7 either 3 = X or 6(y) = \.

Case 1: Suppose, 3 = . This implies f = 6(y). Since, fra = f2, we get
ra = f = 0(y). But since, |z| = |y|, z = 0(y) = f and thus u = fo = f2 a
contradiction.

Case 2: Suppose, 0(y) = X. This implies 8 = f. Since, fra = f2, we get
ra = f = 3. But since, |a| = |8|, « = 8 = f which implies f? = ua = uf and
thus u = f, a contradiction.

Since both the cases leads to a contradiction, f SZ f? is a #-maximal chain.

The §-unbounded annihilator au,(u) of a word u is defined, [12], as
aup(u) = {v € XF|uv € Dy(1)}.

The following results find a relationship between the 8-unbounded annihilator
of a word u and the set of catenations of suffixes of u, for #-unbordered words wu,
and morphisms 0 with 6™ = I, n > 2 (Proposition 12) or literal antimorphisms
(Proposition 13).

Proposition 12. Let 0 be a morphism on X* such that 0" = I,n > 2. If
u € Dg(1), then (PSuff(u))™ C aup(u).

Proof. Let u € Dg(1). Let v = ujug -+ - Uy, for some u; € PSuff(u) and 1 <
i < m. Suppose that uv ¢ Dg(1). Then there exists o, a1, € X7 such that
uv = aay = f10(«). Then, we have following two cases:

Case 1: |a| > |v|. Then, we have 0(«) = v”v and v = u'v” for some v/, u” €
Y. This implies u” <s u. From uwv = aay, we get uv = 0" (u")0" 1 (v)ay.
This implies 6"~ (u") <, w. This will further imply that u ¢ Dy(1), a contra-
diction.



Case 2: |a] < |v|. Also, we have v = ujug - - - Uy, for some u; € PSuff(u) for
1 < i < m. Thus we have following two sub-cases:

Case 2(a): |a| < |um|. Then, we have 0(a) = upr and wy, = Uy Up for
SOME Upy/, Uy € LT, Since, uy, € PSuff(u), we have u = ul ty, = Ul U Uy
for some u, € X*. Thus, we have u,,» <, u. From wv = aa, we get uv =
0"~ (up )y, This implies 6"~ () <, u. This will further imply that u ¢
Dy(1), a contradiction.

Case 2(b): |a| > |um|. Then, we have 0(a) = u}uitq -« - upm, for u; = uiuf,
uw, € X*, u! € ¥ and i = 1,2,---,m — 1. Since, u; € PSuff(u), we have
u = upu; = upujul for some uy € X, Thus, we have u <5 u. From uv = aay,
we get uv = 0" (u)0" " (wiq1 - - - U ). This implies 0"~ (u}) <, u. This will
further imply that u ¢ Dy(1), a contradiction.

Since all the cases leads to a contradiction, (PSuff(u))™ C aup(u).

Proposition 13. Let 0 be any literal antimorphism on X*. If u € Dy(1), then
(PSufflu))* C as(u).

Proof. Let v = ujusg -+ - uy, for some u; € PSuff(u) and 1 < ¢ < m. Suppose,
uv ¢ Dg(1). Then wv = ayf(a) for some a € X and y € X*. This further
implies, u = ay;, v = y20(a) and y = Y1y for some y;,y2 € X*. Clearly,
a <, u. But, since, v = ujug - - - Uy, = y26(a) where u,, € PSuff(u), we will have
U, = Uy B(a) for u,,y € X*. Also, u = w'uy, = vt 0(a) and thus 6(a) <s u.
This imply u ¢ Dg(1), a contradiction.

4 Disjunctivity of the Set of 8-(Un)Bordered Words

In this section we study some properties of the set of 8-bordered and #-unbordered
words. In [11] it was shown that, for every i > 1, the set of all (un)bordered words
D(i) is disjunctive. Similarly, we will show that, under some conditions, if 6 is a
morphic involution then the set of all #-unbordered words Dy(1) is disjunctive,
and the set of all words with exactly two #-borders Dy(2), are also disjunctive
(Theorem 1). We also study the disjunctivity of some related languages (Theo-
rem 2).

The following proposition provides a necessary and sufficient condition for a
language to be disjunctive.

Proposition 14. [22] Let L C X*. Then the following two statements are
equivalent:

1. L is a disjunctive language.
2. Ifu,v € X1, u#wv, |ul = |v|, then u # v(Pp).

The following auxiliary lemmas are needed for the main results of this section,
Theorem 1 and Theorem 2.

Lemma 8. Let 6 be a morphic involution and a,b € X, a # b. Let z,y € 2™,
m > 0. Then,
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1. a™z0(b) € Dp(1).
2. If a # 0(a), x =
Dy(1).

O(b)x’, ' € X* and k > m, then (a*y0(b))(a*20(b)) €

Proof. 1. Since there does not exist any word u € X7 with |u] < m such that
u <% a™z0(b), by Lemma 2, a™z6(b) € Dy(1).
2. Let (a*y0(b))(a*x0(b)) ¢ Dy(1). Then there exists u € XF such that

u <g (a*y0(b))(a"20(b)).

By Lemma 2, it is enough to consider only the case |u| < m + k + 1.

Case (i): |u| < k. Then u = o™ for some n < k and 0(u) = o”0(b) for
x =da" o € YT o € ¥* Hence a® = §(a’)b which implies a = b, a
contradiction.

Case (ii): k < |u| < m+k+1. Then u = a*y’ fory = o'y, y € X+, y" € X*
and 0(u) = a"z0(b) = a™0(b)2’9(b) for 0 < n < k. Hence a*y’ = 0(a™)b0(z")b
which implies a = b, a contradiction.

Case (iii): |u| = m + k + 1. Then u = aFy0(b) = 6(a*)f(x)b which implies
a = 6(a), a contradiction.

Since, all the three cases leads to a contradiction (a*yf(b))(a*z0(b)) € Dg(1).

Lemma 9. Let 6 be a morphic involution and let a,b € X, a # 0(b). Let x # y,
T,y € K™ m > 0. Ifr =0(b)z’, 2’ € X* and k > m, then (a*y0(b))(0(a*z0(b))) €
Dy(1).

Proof. Let (a*y6(b))(0(a*26(b))) ¢ Dg(1). Then there exists u € Xt such that
u <0 @y (B) (Oa 20(2).

By Lemma 2, it is enough to consider only the case |u| < m+ k + 1.

Case (i): |u] < k. Then v = a" for some n < k and 6(u) = 6(a”)b for
r=dadad € X, o € X* Hence a” = «”0(b) which implies a = 0(b), a
contradiction.

Case (ii): k < |u| < m-+k+1. Then u = a*y’ fory = y/y", y € T,y € X~
and 0(u) = 0(a™)0(z)b = 0(a™)bd(z')b for 0 < n < k. Hence a*y’ = a"0(b)x'0(b)
which implies a = 6(b), a contradiction.

Case (iii): |u| = m+k+1. Then u = a*y0(b) = a*x0(b) which implies y = =,
a contradiction.

Since, all the three cases lead to a contradiction (a¥y6(b))(8(a*z0(b))) €
Dy(1).

Lemma 10. Let 0 be a literal (anti)morphism on X* and a,b € X such that
a#6(b). Let x #y, x,y € ™, m > 0. Then:

1. a™z0(b) € D(1).
2. If v = 0(b)z’, 2’ € X* and k > m, then (a*y0(b))(a*20(b)) € D(1).

Proof. Let 6 be a literal (anti)morphism.
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1. Since there does not exist any word u € X with |u| < m such that v <y4
a™z0(b), by Lemma 1, a™xz0(b) € D(1).
2. Let (a*y0(b))(a*z0(b)) ¢ D(1). Then there exists u € X+ such that

u <q (aFy0(b))(a*20(D)).

By Lemma 1, it is enough to consider only the case |u| < m + k + 1.

Case (i): |u| < k. Then u = a™ = «’0(b) for some n < k and x = o/a”, o’ €
Xt o € X*, which implies a = 6(b), a contradiction.

Case (ii): k < |u| < m+k+ 1. Then u = a*y’ = a"20(b) = a™0(b)x'0(b)
for y = o'y, v € X, y” € X* and 0 < n < k, which implies a = (b), a
contradiction.

Case (iii): |u| = m~+k-+1. Then u = a*y#(b) = a*20(b) which implies = = y,
a contradiction.

Since, all the three cases leads to a contradiction (a*y6(b))(a*z0(b)) € D(1).

Corollary 4 follows immediately from Lemma 8 and 10.

Corollary 4. Let 6 be a morphic involution on X*, where X is an alphabet
with | X| > 3 that contains letters a # b such that a ¢ {0(b),0(a)}. Let © # vy,
x,y € X, m > 0. Then:

1. a™xz0(b) € Dy(1) N D(1).
2. If v =0(b)z’, ' € X* and k > m, then (a*y0(b))(a*z0(b)) € Dy(1) N D(1).

Lemma 11. Let 6 be a morphic involution and let a,b € X such that a ¢
{b,0(b)}. Letx € ™, m > 0. Ifv = 0(b)2’, ' € X* , then (a™x0(b))(0(a™xb(D))) €
Dy(2).

Proof. Clearly \,a™z0(b) € LY((a™z0(b))(0(a™x0(D)))).
Let (a™x0(b))(0(a™x0(b))) ¢ Dy(2). Then there exists u € X' such that

u <g (a"z0(b))(0(a™0(b)))

and u ¢ {\, a™x6(b)}. Then, we have following cases to consider.

Case (i): |u| < m. Then, u = a™ for some n < m and 6(u) = 6(a’)b for
r=dadd" o € Xt and o/ € X*. Hence a” = o”6(b) which implies a = 6(b), a
contradlction.

Case (i1): m < |u] < 2m + 1. Then, u = a™a/ for z = o/a”, o/ € XT,
o/ € X* and O(u) = 0(a™)0(x)b = 0(a™)bf(z')b for 0 < n < m. Hence a™a’ =
a™0(b)x'6(b) which implies a = 6(b), a contradiction.

Case (i1i): 2m + 1 < |u| < 3m + 1. Then, u = a™x0(b)0(a*) for some
0 <k <mand 0(u) = a"0(b)f(a™)f(x)b for x = /o, o/ € XT,a" € X*.
Hence, u = a™z0(b)0(a*) = 6(a’)ba™z6(b) which implies a = b, a contradiction.

Case (iv): 3m+1 < |u| < 4m+1. Then, u = a™z0(b)0(a™)f(a’) for x = o’ ",
o € Xt o € ¥* and O(u) = a*20(b)8(a™)(x)b for 0 < k < m. Hence, u =
a™xf(b)0(a™)0(a’) = 0(a*)bd(z")ba™ 20 (b) which implies a = b, a contradiction.

Since all the cases leads to a contradiction (a™z6(b))(0(a™xz0(b))) € Dy(2).
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Theorem 1. Let 6 be a morphic involution on X*, where X is an alphabet with
|X| > 2 that contains letters a # b such that a # 6(b). Then the set of 6-
unbordered words, Dy(1) and set of words with exactly two 0-borders Dy(2) are
disjunctive.

Proof. Let x,y € XY™, x # y, m > 0. Without loss of generality let us assume
that x = 6(b)a’, 2’ € X*. Let u = a™, v = 0(b)0(a™x6())). Since a # b, by
Lemma 8(1), we have a™z6(b) € Dg(1) and by Lemma 11,

uzv = a™xf(b)0(a™20(b)) € Dp(2).
Since Dg(2) N Dy(1) = B, it follows that uzv & Dg(1). Further, by Lemma 6
0(a™z0(b)) € Dy(1). Since a # 6(b), by Lemma 9,

uyv = a™yf(b)(0(a"z0(b))) € Do(1).

Since, for x,y € Xt x £y, |x| = |y|, we got © # y(Pr) where L = Dy(1). Hence,
by Proposition 14, we have that Dy (1) is disjunctive. From the proof it follows
that also Dgy(2) is disjunctive.

The following Lemmas are needed for the proof of Theorem 2.

Lemma 12. Letm > 1,z € X1, v/, v,y € ¥* and 6 be a morphic involution
on X*. For anyu € Dg(1)ND(1), if (x1y1 -+ TmYm ) Tmt1 = wun”, where x; = x
and y; =y if i and j are odd, x; = 0(x) and y; = 0(y) if i and j are even for
1<i<m+1landl <j<m, then |u| < |zy|.

Proof. Suppose, |u| > |zy|. We will prove just 3 cases here, the other cases follow
similarly.
Case (i): u occurs as a subword of y8(z)6(y). Then there exists a1, s € 2T

and (1, B2, 81, B € X* such that x = ayas, y = S184 = BB, |82 > |51, then
there exists a € XF such that 81 = B, B2 = af] and we have

u = f20(a1)0(02)0(B1) = aBi0(a102)0(8;)0(cr) ¢ Do(1)

Case (ii): u occurs as a subword of yf(x)0(y)x. Then there exists ay, ay € X
and (1, B2 € X* such that = a1aa, y = 152, then

u = 629(041)9(042)9(61)6(62)041 ¢ D9<1)

a contradiction.
Case (iii): u occurs as a subword of y0(x)0(y)zy6(z). Then oy, as € X+ and
B1, B2 € X* such that x = ayas, y = B1 52, then

u = [26(cn)0(2)0(y)xf1820(c1) ¢ D(1)

a contradiction.
All the other cases will lead to a similar contradiction, hence |u| < |zy].
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Lemma 13. Let 0 be a morphic involution on X*. If f1--- fr, = uius---ug
withu; € Dg(1)ND(1),i=1,2,--- ,k such that f; = f if j is odd and f; = 0(f)
if j is even, 1 < j <m, then |u;| < |f| for all1 <i<k.

Proof. Follows from the proof of Lemma 12 replacing y by an empty word A.

Lemma 14. Let m > 2, m > n > 1, 0 be a morphic involution on X*. Then
for any x € Xt y € X*, (x1y1 - TmYm)Tm+1 ¢ [Do(1) N D(1)]", where the
conditions placed on z; and y; for 1 <i<m+1 and 1 < j < m are the same
as those in Lemma 12.

Proof. Suppose (x1y1 * -+ TmYm)Tm+1 € [Do(1) N D(1)]™. Then there exists
Uy, U, -+, up € Dp(1) N D(1) such that (x1y1 -+ TmYm ) Tmt1 = Uit -« - Uy,
By Lemma 12, we will get |u;| < |zy| for 1 <4 < n. However, this would further
imply,
|uruz - - un| < nley| < mlzy| < mlzy| + [z]

which is a contradiction. Hence (z1y1 - Tm¥m ) Tm+1 ¢ [Do(1) N D(1)]™.

Lemma 15. Letm > n > 1 and 0 be a morphic involution on X*. Then for any
[,0(f) € Xt, we have f1--+ fo & [Da(1) N D(1)]", where the conditions placed
on f; for 1 <i < m are the same as those of Lemma 13.

Proof. Follows from the proof of Lemma 14 replacing y by an empty word A.

Lemma 16. Let 6 be a morphic involution on X*. For any f,0(f) € Dy(1) N
D(1) and n > 2, f1-- fn & [De(1) N D(1)]"1, where the conditions placed on
fi for 1 <i <n are the same as those of Lemma 13.

Proof. We will prove this result by induction on n. For n = 2 result holds
trivially as fO(f) ¢ Dy(1) N D(1). Assume that the result holds for n = k,
Le., fi- - fi ¢ [Do(1) N D(1)]**. Suppose, fi--- frt1 € [Dp(1) N D(1)]¥, then
there exists u,v € X such that uv = f1 -+ fe41, u € Dp(1) N D(1) and v €
[Dg(1) N D(1)]k~1. By Lemma 13, |u| < |f|. If |u| < |f|, then f = uu’ for some
u’ € XT. Hence, we get

!/ / !/ !/ /
Jroo frer = waug g = ua(Ujug o WU £ ) Uy

where wu, = wu' if 7 is odd and w;u, = O(u)f(u') if i is even. But then
(Wiug -+ - Ujupy1)ufyq € [Do(1)ND(1)]*~! which is a contradiction to Lemma 14.
If [u| = |f], then u = f. Thus, v = fao--- fry1 € [Dg(1) N D(1)]¥~1, which is a
contradiction to Lemma 15. Hence f - -- f, ¢ [Do(1) N D(1)]" L.

Theorem 2. Let 6 be a morphic involution on X*, where X is an alphabet with

|X| > 3 that contains letters a # b such that a ¢ {0(b),0(a)}. Then the set
[Do(1) N D(1)]™ is disjunctive for any even number n > 2.
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Proof. Choose x # y € X™, m > 0 with y = 6(b)y’ for some y € X*. Let
L = [Dy(1) n D(1)]™. By Corollary 4(1), a™x6(b) € Dy(1) N D(1) and thus
by Lemma 5 and 6 6(a™xz0(b)) € Dy(1) N D(1). Since z # y and a # 6(b), by
Lemma 9 we have a™z0(b)0(a™y0(b)) € Dy(1)ND(1), which further by Lemma 5
and 6 implies 0(a™x0(b))a™y6(b) € Dg(1) N D(1) . Let

u=(ug-uy)a™,v=_06(b).

where u; = a™z0(b) if i is odd and u; = 6(a™z0(b)) if 7 is even.
Since n is even, we obtain

uyv = (ug - - up)a"yl(d) = (u1 - - up—1)(0(a™20(b))a™yb(b)) € L.
On the other hand, by Lemma 16,
uzv = (ug -+ up)a™z0(b) = uy -+ upy1 ¢ L.

Since, for z,y € X1, x # vy, |z| = |y|, we got = # y(Pr) , by Proposition 14, L
is disjunctive.

In [11], it was shown that the language D(i) N Q is disjunctive for ¢ > 1.
However, the following example shows that there exist morphic involutions 6 for
which the language Dy(1) N Qy is not disjunctive.

Ezample 4. Let X = {A,C,G, T} with 0 being the morphic involution defined
as 0(A) =T, 0(T) = A, §(G) = C and 0(C) = G. Let u = ACT, v = CA,
x = AGG and y = TCA. Then uzv = ACTAGGCA € Dy(1) N Qp and uyv =
ACTTCACA € Dy(1) N Qg, which shows that Dy(1) N Qyp is not disjunctive.

Proposition 15. If 0 is any literal antimorphism on X*, Dy(1) is a regular
language.

Proof. We know that, for all a € Y| a is #-unbordered and from Lemma 4, we
have Dp(1) = YUY where Y = U, pexaX™b such that 6(a) # b. Since X' is
finite, Y is regular and hence Dy(1) is regular.

5 Conclusions

In this paper we investigate properties of #-bordered words, where 6 is not just
the identity function or a morphic or antimorphic involution, but, more generally,
a morphism or an antimorphism with the property that 6™ = I, for n > 2, or
a literal (anti)morphism 0. Results we obtained include the transitivity of the
relation <Z for literal antimorphisms 0, and the disjunctivity of the set of all
f-unbordered words for morphic involutions 6.

Future directions of research includes exploring other properties of #-bordered
and @-unbordered words, as well as the disjunctivity of other languages related
to Dg(4).
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