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HOMOTOPY CLASSIFICATION OF GENERALIZED PHRASES IN
TURAEV’S THEORY OF WORDS

FUKUNAGA TOMONORI

ABSTRACT. In 2005 V. Turaev introduced the theory of topology of words and
phrases. Turaev defined an equivalence relation on generalized words and phrases
which is called homotopy. This is suggested by the Reidemeister moves in the
knot theory. Then Turaev gave the homotopy classification of generalized words
with less than or equal to five letters. In this paper we give the classification of
generalized phrases up to homotopy with less than or equal to three letters. To
do this we construct a new homotopy invariant for nanophrases over any a.

keywords: words, phrases, homotopy of words and phrases
Mathematics Subject Classification 2000: Primary 57M99; Secondary 68R15

1. INTRODUCTION.

In [8] and [9], V. Turaev introduced the theory of topology of words and phrases.
Words are finite sequences of letters in a given alphabet, letters are elements of
an alphabet and phrases are finite sequences of words. Turaev defined generalized
words which is called étale words as follows : Let o be an alphabet endowed with an
involution 7 : &« — «. Let A be an alphabet endowed with a mapping |- |: A — «
which is called a projection. We call this A an a-alphabet. Then we call a pair an
a-alphabet A and a word on A an étale word. If all letters in A appear exactly
twice, then we call this étale word a nanoword.

Turaev introduced an equivalence relation which is called homotopy on nanowords.
This equivalence relation is suggested by the Reidemeister moves in the theory
of knots. Homotopy of nanowords is generated by isomorphism, and three ho-
motopy moves. The first homotopy move is deformation that changes xtAAy into
xy. The second homotopy move is deformation that changes tAByBAz into zyz
when |A| is equal to 7(|B|). The third homotopy move is deformation that changes
rAByACzBC't into :t BAyC AzC Bt when |A| and | B| are equal to |C] (Turaev de-
fined more generalized equivalence relation which is called S-homotopy. However,
in this paper, we treat only homotopy). Turaev defined homotopy of étale words
via desingularization of étale words. Moreover in [9] Turaev defined homotopy of
nanophrase in a similar manner.

Theory of words and phrases is applied for studying curves on surfaces. In [3] C.
F. Gauss studied planar curves via words. Turaev applied generalized words and
phrases for curves and knot diagrams. Turaev showed special cases of the theory of
topology of phrases corresponds to the theory of stable equivalent classes of ordered,
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pointed, oriented multi-component curves on surfaces and knot diagrams. Note that
the theory stable equivalence classes of ordered, pointed, oriented multi-component
curves on surfaces (respectively knot diagrams) is equivalent to the theory of or-
dered open flat virtual links (respectively ordered open virtual links). In this paper,
ordered links means each components of links are numerated. See also [5], [6], [7]
and [11] for more details. In this meaning, the theory of topology of words and
phrases is combinational extension of the theory of virtual knots and links.

Now the purpose of this paper is classification of generalized phrases (in this paper
we call it étale phrases) up to homotopy. Turaev gave the homotopy classification of
étale words with less than or equal to five letters in [8]. We will extend this result.
More precisely, in this paper, we give the classification of étale phrases with less
than or equal to three letters. To do this we use some known invariants which was
introduced in [1], [2] and [4]. Moreover we construct a new homotopy invariant.

The rest of this paper is constructed as follows. In the next section we review the
theory of topology of nanowords, étale words, nanophrases and étale phrases. In
Section 3 we introduce homotopy invariants of nanophrases which was introduced
in [1], [2] and [4]. Then we will define a new homotopy invariant for nanophrases.
In Section 4 and Section 5 we give the classification of étale phrases with less than
or equal to three letters without the condition on length of phrases.

2. ETALE PHRASES AND NANOPHRASES.

In this section we introduce Turaev’s theory of words and phrases (See [8], [9] and
[10] for more details).

2.1. Etale words and étale phrases. In this paper an alphabet means a finite set
and letters mean its element. A word of length n on an alphabet A is a mapping
w:n — Awheren :={1,2,---n} and a phrase of length k on A is a finite sequence
of words on A, (wy|ws| - - |wg). A multiplicity of a letter A € A in a phrase P on
A is a number of A in the phrase P. We denote multiplicity of A € A by mp(A).

Let a be an alphabet endowed with an involution 7 : o — «. An «-alphabet is a
pair (An alphabet A, mapping |- | : A — a). We call the mapping | - | projection.

In [11], V. Turaev defined generalized words which is called étale words. An étale
word over « is a pair (An a-alphabet A, A word on A) and A étale phrase over «
is a pair (An a-alphabet A, A phrase on A).

Remark 2.1. Turaev did not define étale phrases explicitly. However Turaev consid-
ered an equivalent object in [9)].

A phrase P on an « gives rise to an étale phrase (a, P) where the projection
a — « is the identity mapping. In this meaning étale phrases are generalization of
usual phrases.

2.2. Nanowords and nanophrases. A Gauss word on an alphabet A is a word
w on A which all letters in A appear exactly twice in w. A phrase P on A is called
a Gauss phrase if all letters in A appear exactly twice in P.

In this paper, we consider generalized Gauss words and Gauss phrases. A nanoword
over « is a pair (An a-alphabet A4, A Gauss word on A) and A nanophrase over «
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is a pair (An a-alphabet A, A Gauss phrase on A). Instead of writing (A, P) for
a nanophrase over «, we often write simply P. The alphabet A can be uniquely
recovered. However the projection | - | : A — « should be always specified.

2.3. Desingularization of étale phrases. In this section, we introduce a method
of associating with any étale phrases over a (A, P) a nanophrase over a (A%, P%)
which is called desingularization of étale phrases.

Let A? be an a-alphabet {4;; := (A,i,j)|A € A1 < i < j < mp(A)} with
the projection |A; ;| := |A| for all A;;. The phrase P? is obtained from P by first
deleting all A € A with mp(A) is less than or equal to one. Then for each A € A
with mp(A) is grater than or equal to two and each i = 1,2,...mp(A), we replace
the i-th entry of A in P by

Al,iAQ,i .. -Ai—l,iAi,i+1Ai,i+2 .- -Ai,mP(A)-

The resulting (A%, P?) is a nanophrase with Y. mp(A)(mp(A)—1) letters and called
a desingularization of (A, P). Note that if (A, P) is a nanophrase, then desingular-
ization of (A, P) is a itself.

2.4. Homotopy of nanophrases and étale phrases. In [8] and [9], Turaev de-
fined an equivalence relation which is called homotopy on a set of nanophrases and
étale words.

To define homotopy, we define isomorphism of étale phrases. A morphism of a-
alphabets A;, Aj is a set-theoric mapping f : A; — Ay such that |A| = |f(A)| for
all A € A;. If f is bijective, then this morphism is an isomorphism. Two étale
phrases (Ay, (wy|---|wy) and (Asg, (v1]---|vx)) over o are isomorphic if there is an
isomorphism f : A; — Ay such that v; = fow; for all j € k.

Next we define homotopy moves of nanophrases.

Definition 2.1. We define homotopy moves (1) - (3) of nanophrases as follows:

(1) (A, (2AAy)) — (A {A}, (z1))
for all A € A and z,y are sequences of letters in A \ {A}, possibly including
the | character.

(2) (A, (:AByBAz)) — (A\ {A, B}, (x42))
if A, B € A satisty |B| = 7(|A]). z,y, z are sequences of letters in A\ {A, B},
possibly including | character.

(3) (A, (tAByACzBCt)) — (A, (tBAyCAzCBt))
if A, B,C € Asatisty |A| = |B| = |C|. z,y, 2,t are sequences of letters in
A, possibly including | character.

Now we define homotopy of étale phrases.

Definition 2.2. Two étale phrases (A;, P1) and (Ay, P,) over a are homotopic
(denoted (A1, P1) ~ (A, P)) if ((A2)4, (P)?) can be obtained from ((A;)?, (P;)9)
by a finite sequence of isomorphism, homotopy moves (1) - (3) and the inverse of
moves (1) - (3).

Remark 2.2. By the definition of homotopy of étale phrases, every homotopy in-
variant I of nanophrases extends to a homotopy invariant I of étale phrases by
I(P) := I(P%).
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The gale of this paper is to classify étale phrases of length k over a with less than
or equal to three letters up to homotopy for any k£ and a.

The case of k is equal to one (in other words, the case of étale words) Turaev gave
the classification as follows.

Theorem 2.1 (Turaev [8]). A multiplicity-one-free word of length less than or equal
to four in the alphabet o has one of the following forms: aa, aaa, aaaa, aabb, abba,
abab with distinct a,b € o The words aa, aabb, abba are contractible. The words
aaa and aaaa are contractible if and only if T(a) = a. The word abab is contractible
if and only if T(a) = b. Non-contractible words of type aaa, aaaa and abab are
homotopic if and only if they are equal.

3. HoMOTOPY INVARIANTS OF NANOPHRASES.

By the definition of homotopy of étale phrases, we need homotopy invariants
of nanophrases. In this section, we introduce homotopy invariants of nanophrases
which were defined in [1], [2] and [4]. Moreover we define a new homotopy invariant
of nanophrases.

3.1. Simple invariants. In this subsection, we review homotopy invariants which
were defined in [2] and [4].

Let P = (w:|ws] - - - |wy) be a nanophrase over a.. For I € k, we define w(l) € Z/27Z
by the length of w;. We call the vector

w(P) = (w(l), - ,w(k)) € (Z/22)"
the component length vector.

Proposition 3.1 (A. Gibson [4], see also [1]). The component length vector is a
homotopy invariant of nanophrases.

Next we define another homotopy invariant. Let 7 be the group which is defined
as follows:

m:= (a € alar(a) = 1,ab = ba for all a,b € ).
Let (wy|ws]|---|wg) be a nanophrase of length k over a. We define lp(i,7) € m for
1 < j by

)= [ 1Al

AeIm(w; )NIm(w;j)

We call a vector [k(P) := (Ip(1,2),lp(1,3), - ,lp(1,k),1p(2,3), - ,lp(k—1,k)) €
m2k(E=1) the linking vector.

Proposition 3.2 ([2]). The linking vector of nanophrases is a homotopy invariant
of nanophrases.



Homotopy Classification of Generalized Phrases 5

3.2. The invariant 7T'. In this section we introduce a homotopy invariant 7" which
was defined by the author in [1]. This invariant is defined for nanophrases over oy
and the one-element set where oy = {a, b} with the involution 74 : @ +— b.

Definition 3.1. Let P = (A, (wy]---|wy)) be a nanophrase over ag and A,B € A.
Then we define op(A, B) as follows: If A and B foom ---A---B---A---B--- in
Pand |B|=a,o0r---B---A---B---A--- in P and |B| = b, then op(A4, B) := 1.
If---A---B---A---B--- in Pand |B|=b,or ---B---A---B---A--- in P and
|B| = a, then op(A, B) := —1. Otherwise op(A4, B) := 0.

Definition 3.2. For A € A we define ¢(A) € {£1} by
1(of Al =
oy {1 1A =),
—1(if [Al=b).
Definition 3.3. Let P = (A, (wy|ws| - --|wyg)) be a nanophrase of length k over ay.

For A € A such that there exist i € {1,2,---,k} such that Card(w; '(A)) = 2, we
define Tp(A) € Z by

Tp(A) :=2(A) Y op(A,B),
BeA
and we define Tp(w;) € Z by

Tp(w;) == > Tp(A).
A€A, Card(w] ' (A))=2
Then we define T'(P) € ZF by
T(P) = (Tp(w:1), Tp(wy), -+, Tp(wy)).
Theorem 3.1 ([1]). T is a homotopy invariant of nanophrases over .

Next we define an invariant 7" for nanophrases over the one-element set (we use
the same notation "7 because of the Remark 3.1).

Definition 3.4. Let P := (A, (w]---|wg)) be a nanophrase over the one-element
set av:={a}. Let A, B € A be letters. Then we define 6p(A, B) € Z/27 as follows:
If Aand B forms ---A---B--+A---B--- or--B---A---B---A--- in P, then
p(A, B) := 1. Otherwise 6p(A, B) := 0.

Definition 3.5. Let P := (A, (wy|---|wg)) be a nanophrase over a := {a}. For
A € A such that there exist an i € {1,2,--- ,k} such that Card(w; ' (A)) = 2, we
define Tp(A) € Z/2Z by

Tp(A) =Y &p(A,B) € Z/2Z,
BeA
and Tp(w;) € Z/27 by
Tp(w;) = > Tp(A).
A€A, Card(w]'(A))=2
Then we define T(P) € (Z/2Z)* by
T(P) = (Tp(wl),Tp(’wg), tee 7Tp(wk))
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Then the next theorem follows.

Theorem 3.2 ([1]). T is a homotopy invariant of nanophrases over the one-element
set.

Remark 3.1. In a preprint [2], the author extended the invariant 7" to nanophrases
over any «. However in this paper we only use this invariant for nanophrases over
o and nanophrases over the one element set.

3.3. The invariant S,. In [4] A.Gibson defined a homotopy invariant of nanophrases
over the one-element set which is stronger than the invariant 7" for nanophrases over
the one-element set. In this subsection we introduce Gibson’s .S, invariant.

First we define some notations. Let (A, P = (wy|---|wg)) be a nanophrase over
the one-element set. For a letter A € A; := {A € A|Card(w;'(A)) = 2}, we define
[;(A) € Z/2Z as follows : When we write P as v AyAz where x, y and z are words in
A possibly including ”|” character, ;(A) is modulo 2 of the number of letters which
appear exactly once in y and once in the j-th component of the phrase P. Then we
define [(A) € (Z/2Z)* by

[(A) == (L(A), l2(A), - -, 1k(A)),
Let v be a vector in (Z/2Z)*. Then we define d;(v) € Z by
4j(0) 1= Card({A € A;Ji(A) = o)),
and we define B,(P) € 2%/2D" by
By(P) = {v € (Z/22)" \ {0}d;(v) = 1 mod 2},
Then we define the S,(P) € (2Z/22")k by
So(P) == (BL(P), Bo(P),- -+, Be(P)).

Theorem 3.3 (Gibson [4]). S, is a homotopy invariant of nanophrases over the
one-element set.

3.4. The invariant Uy,. In this section we introduce a new invariant of nanophrases.

First we prepare some notations. Since the set « is a finite set, we obtain
following orbit decomposition of the 7 : /7 = {@5, @i, Uiy @iprys s+ Gag b
where a;; = {a;,,7(a;,)} such that Card(a;) = 2 for all j € {1,---,l} and
Card(a;) = 1 for all j € {I +1,---,1 +m} (we fix a complete representative
system crs(o/7) = {@;,, @iy, -+ @i a3,y 50+ G4, } Which satisfy the above condi-
tion). Let L be a subset of crs(a/7). For a nanophrase (A, P) over a, we define
a nanophrase Uy ((A, P)) over L U T(L) as follows: deleting all letters A € A such

that |A| € LUT(L) from both A and P.
Proposition 3.3. Uy, is a homotopy invariant of nanophrases.

Proof. First, isomorphism does not change U (P) up to isomorphic is clear.
Consider the first homotopy move

Py = (A, (zAAy)) — P = (AN {A}, (2y))
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where x and y are words on A, possibly including ”|” character. Suppose |A| €

LuUT(L). Then
Ur(Pr) = 2 AAyr ~ 2y = Ur(P)

where x; and y;, are words which obtained by deleting all letters X € A such that
X ¢ LUT(L) from z and y respectively.
Suppose |A| ¢ LUT(L). Then

Ur(Pr) = zpyr = UL(P).

So the first homotopy move does not change the homotopy class of U (P).
Consider the second homotopy move

P, := (A, (rAByBAz)) — P, := (A\ {A, B}, (zy2))

where |A| = 7(|B|), and z, y and z are words on A possibly including ”
Suppose |A| € LU7(L). Then |B| € LUT(L) since |A| = 7(|B]|). So

Ur(P1) = 2 AByLBAzp ~ xpyrzr = UL(P).
Suppose |A| € LUT(L). Then |B| ¢ LUT(L) since |A| = 7(|B]). So
Ur(Pr) = zryrzr = Ur(P).

By the above, the second homotopy move does not change the homotopy class of
Ur(P).
Consider the third homotopy move

P, = (A, (tAByACzBCt)) — Py := (A, (tBAyCAzCBt))

where |A| = |B| = |C|, and z, y, z and ¢ are words on A possibly including
character. Suppose |A| € LU7(L). Then |B|,|C| € LUT(L) since |A| = |B| = |C].
So we obtain

UL(Pl) = Z'LAByLACZLACtL >~ Z'LBAyLCAZLCBtL = UL(P2>

Suppose |A| ¢ LU 7(L). Then |B|,|C| ¢ L UT(L) since |A| = |B| = |C|. So we
obtain

|77

character.

W |77

UL(P) = zpyrzrt, = UL(Py).

So the third homotopy move does not change the homotopy class of U (P).
By the above, Uy, is a homotopy invariant of nanophrases. O

4. HoMOoTOPY CLASSIFICATION OF ETALE PHRASES.

In this section we classify étale phrases with less than or equal to three letters up
to homotopy. First we recall lemmas in [1].

Lemma 4.1. Let 3 be T-invariant subset of o. If two nanophrases over (3 are
homotopic in the class of nanophrases over «, then they are homotopic in the class
of nanophrases over (3.

Lemma 4.2. Let P, = (wi|ws] - |wg) and Py = (vi|vg| -+ - |vg) be nanophrases of
length k over . If P; and P, are homotopic as nanophrases, then w; and v; are
homotopic as étale words for alli € {1,2,,---  k}.



8 FUKUNAGA Tomonori

Next we prepare some notations. Let a be an alphabet endowed with an involution
7:a — «a. Then we set

PV = (0] 0] 6 0]+ (0] 0]+ [0),
P e @t 9,

PRt = (0] 0] a® 9] 10] @ [0]- -~ 0),
Py = (0]-++10] @ 10]+[0] a2 0] - 10),

PR (O] (0] 0]+ | 0]+ 0] 0] 10),

where a € o and [, l1,lo,l5 € k with I; < I, < l3. Note that if a = 7(a), then P33 is
homotopic to the nanophrase (@), := (0] ---|0). So when we use the notation P!,
we always assume that a # 7(a).

Remark 4.1. For two different integers k1 and k5, an étale phrase of length k; and an
étale phrase of length ks are not homotopic each other. So we do not write length
of phrases in above notations.

Now we describe the main results of this paper.

Theorem 4.1. Let P be a multiplicity-one-free étale phrase over o with less than
or equal to three letters. Then P is either homotopic to () or homotopic to one
of the following étale phrases: Pyttt p3l p2ltitz  pLaiil - phulinizls for some
I, Iy, I3 € k and a € a. Moreover PLUlz - p3il - p2linl: - pliil - pLLLinkls gre

homotopic if and only if they are equal.
To prove this theorem, we prepare following lemmas.

Lemma 4.3. Etale phrases PLUvlz - p3it - p2Linl: - pLzhl gnd pLLLEG gre pot
homotopic to (0)y.

Lemma 4.4. If a is not equal to b, then PXvY1 and PbXQ;Y2 are not homotopic for
all (Xla }/1>7 (XQa }/2) € {(17 ]-a l17 l2)7 (37 l)? (27 17 llv l2)7 <1a 2a ll) l2)7 (17 ]-7 ]-a l17 l27 l3)}

Lemma 4.5. Two étale phrases PX'Y1 and PX2Y2 are homotopic if and only if
(X1; Y1) is equal to (X2;Y2).

If we show above lemmas, then we obtain the main theorem. We prove these
lemmas in the next section.
5. PROOF OF LEMMAS.

In this section, we prove Lemma 4.3, Lemma 4.4 and Lemma4.5.

5.1. Proof of the Lemma 4.3. The first claim of this lemma is easily checked.
We show the second part of the lemma.
e The case PLUinlz o4 (()),.

In this case, component length vector

w(P;,l;ll,ZQ) — ell + elg
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J
where e; = (0,---,0,1,0,---,0). On the other hand
w((@)) = 0.
So we obtain PLUintz o ().
e The case P3! 2 (D).
By the Theorem 2.1, a® = aaa with a # 7(a) is not homotopic to empty nanoword
(). Combining this fact and Lemma 4.2, we obtain P3! 22 ().
e The case P>Livlz o ().
By Lemma 4.1, we can assume a = {a, 7(a)}. In this case

T(PPI) = e, #0

(both the case a = 7(a) and the case a # 7(a)). So we obtain P25ll2 o ({)),.
e The case P1%inlz o (),

In this case

T(Py*2) = e, #0

(both the case a = 7(a) and the case a # 7(a)). So we obtain PL%l2 o ({)),.
e The case Pl o ((), .

In this case

lPa1,1,1;,zl,12,13 (ll, lg) =acT.

Note that a is not equal to the unit element 1 in 7. So we obtain Phlll2ls o (),

Now we finished prove the lemma.

5.2. Proof of the Lemma 4.4. By Lemma 4.1, we can assume o = {a, 7(a), b, 7(b)}.
Suppose @ # b. Let ers(o/7) = {a,b} and L = {a}. Then
UL(PaXqu) — Pfl?yl'
On the other hand,
UL(B>") = (O);.
So by Lemma 4.3, we obtain P.Xt"1 is not homotopic to P; 2" for all (X1;Y7), (Xa; Y2)
€ {(17 13 lla l2)7 (3; l)v (27 13 ll> l2)> (17 2; lla l2)7 (17 17 1; lla l2a l3)}
Suppose @ = b. By the assumption a is not equal to b, Card(a) = 2 and b = 7(a).
e On Pllivl oL plimims,
In this case
lPa1,1;11,12 (ll, lz) = Q.
On the other hand,

lpl(,l;;nlvmz (lly l2) =

m(a)=a™' (if (I,l2) = (m1.mg) ),
1 (otherwise).
So lpl,l;ll,l2 (ll, ZQ) is not equal to lpl,l;ml,m2 (lla 12) So we obtain Pal,l;ll,lz ;ﬁ P:(,i;)mlmw'
@ 7(a)

e On PLlllz o Pjgai)/ for all (X;Y) # (1,1;my,ma).
In this case,
w(Pj,l?ll,lQ) = ey, + e,
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and

So we obtain Pllintz o P:fa))/
e On P3l P:fg for all (X;Y) # (1,1;mq,ma).
This is obtained from Theorem 2.1 and Lemma 4.2.
o On Pt ot T for all (X;Y) # (1, 1;ma,ma), (3;m).
In this case,
lpg,l;ll,IQ (ll, lg) = CL2.

On the other hand

[ 21:mq,m l l Zf (l17l2) (ml'mQ) )a
Priay (L, 2) otherwzse
[ 1,20mq,m l l Zf (117l2) (ml'm2) )7
Priay (L, 2) otherwzse

and

lplélsl;m1»m2»m3 (lh l2) =

So we obtain P2Linlz o P:gaﬁ)/
o On P}2Itz ot PRI for all (X;Y) # (1, 1;ma,ma), (3;m), (2, 1;m,ms),
In this case,

{T(a) —a ' (if Ims,my) = () ),

1 (otherwise).

lPa1,2;ll,12 (ll, lg) = a2.
On the other hand

l pl2imimg (lth) _ {T(CL)Q a2 ( Zf (ll,ZQ) = (ml.mQ) ),

Fria 1 (otherwise),
and
Uosttommgms (I, ) = 7(a) =a™t (dif Ims,my) = (l1.ly) ),
Priay T 1 (otherwise).
So we obtain Pl%ilz o P:gaﬂ)/
e On PLLBIIl o PTl(,iSI;mhmz,ms'

In this case
lP;,1,1;11,12,13 (ll, lg) = a,

and

lplél,)l;ml,mQ,mg (ll, 12) -

i 111l 02,03 1,1,1;m1,m2,m3
So we obtain P, * P :

Now we have completed the proof of Lemma 4.4.

{Tm) = a' (if 3(mi,my) = (Lda) ),

1 (otherwise).
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5.3. Proof of the Lemma 4.5. ¢ On PLLlntz,
In this case
w(Pal’l;llh) =€, t e,
and
w(P ) =0
for all (X;Y) # (1,1;my,ms). So we obtain Phtll ~ PXiY if and only if (X;Y) =
(1, 1, l17 lg)
e On P3i.
By Theorem 2.1 and Lemma 4.2, We obtain P3! ~ PXY if and only if (X;Y) =
(3;1).
e On pP2Llilil,
The case Pg’l;ll’b ;ﬁ Pg’l;ml’mQ if (ll, lg) 7& (ml, m2>.
If a # 7(a), then
lpg,l;ll,lz (ll, lg) = CL2,
and
lpf,l;ml,mg (ll, lg) = 1 # CL2.

So we obtain P2binlz £ p2Lmumae if (1, 1) £ (my, my).
If a = 7(a), then by Lemma 4.1 we can assume « = {a}. So we can use Gibson’s
S, invariant. In this case

5
SO(P(LZI;ZIJQ) = (®7 T ,@; {elz}a ®7 e a®)a
and .
S (P21'm1 m2>:(®7 Q);{e;ng};@"" 7(Z))
So we obtain P2linlz £ p2Limima i (], 12) # (my,my).

The case P? Tty + Pl S ma,
If a # 7(a) ‘and (I, l2) # (ml,mg), then

lpg,l;llh (lh 12) = a2’

and
ZP;VQleva (ll7 l2> = 1

If a # 7(a) and (Iy,1l3) = (my, m2), then

T(Pa2,1;l1,l2) —e,
and

T(PH¥E) = —ey,.
Since [; is not equal to [,

T(PQ,l;ll,lg) 7& T(P172;l1712).
If a = 7(a), then
5
SO(PaQ’l;llJQ) = (®7 T ,@; {elz}a ®7 e a®)a

and

SO(PaLQ;mLTM) = ((Dv o 7®7{eﬂv11}7®7"' 7(2))
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So if pAlilule ~ plZmimzthen (Iy,ly) = (mg,m;). However this contradict the
assumption l; < Iy and m; < my. By the above, we obtain P21tz o plZmimz,
2,1501,1 1,1,1;m1,m2,ms
The case P22 o P LIM2,m3
In this case,

(1,---,1,a%1,---,1) (if a # 7(a)),

”{5 P17171;m17m27m3 _
(a ) (1’71) (Zfa:T(a))

On the other hand,
k(Ppttmumemsy — (1 ... 1 a,1,---,1,a,1,---,1,a,1,--- 1).

So we obtain lk(pall;h,b) 75 lk(pal,l,l;mhmz,mg)_ This implies Pa2,1;l1,l2 ¢ Pal,l,l;mhmmmg'
e On PLEhlz,

This case proved similarly as the case on P12,
o On PLLUIEG,

In this case,

a ( Zf (Zaj) = (llvl?}v <l17l3)7 (l2’l3) )’

Uity (3, ) =
Pa ’ 1 (otherwise).
So we obtain PLULllls ~ plllimumems if and only if (Iy,ly,l3) = (my, ma, m3).

Now we have completed the proof of Lemma 4.5.
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