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Abstract. We obtain a presentation for the singular part of the Brauer monoid with
respect to an irreducible system of generators consisting of idempotents. As an application
of this result we get a new construction of the symmetric group via connected sequences of
subsets. Another application describes the lengths of elements in the singular part of the
Brauer monoid with respect to the system of generators mentioned above.
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1. INTRODUCTION

The symmetric group S, is a central object of study in many branches of math-
ematics. There exist several “natural” analogues (or generalizations) of S,, in the
theory of semigroups. The most classical ones are the symmetric semigroup 7,, and
the inverse symmetric semigroup ZS,,. These arise when one tries to generalize
Cayley’s Theorem to the classes of all semigroups or all inverse semigroups. A less
obvious semigroup generalization of S, is the so-called Brauer semigroup B, which
appears in the context of centralizer algebras in representation theory, see [2]. B,
contains S,, as the subgroup of all invertible elements and has a nice geometric real-
ization (see Section 2). The deformation of the corresponding semigroup algebra, the
so-called Brauer algebra, has been intensively studied by specialists in representation
theory, knot theory and theoretical physics. The semigroup properties of 9B, were
studied in [9], [10], [8], [5], [7], [6].

Given a finitely generated semigroup, a fundamental question is to find its presen-
tation with respect to some (irreducible) system of generators. For example, for S,
and B, several such presentations are known. However, for semigroups one can even
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make the problem more semigroup-oriented, and ask to find a presentation for the
singular part of the semigroup which, by definition, is the set of all non-invertible
elements. In the case of a finite semigroup all non-invertible elements form again a
semigroup and hence the problem to find a presentation for the singular part makes
sense. For example, in [4] a presentation for the singular part of ZS,, is found (a
presentation for ZS,, itself can be found in [1]).

From [8] we know that 9B, \ S, has a natural irreducible system of generators
consisting of idempotents. The main aim of the present paper is to obtain a presen-
tation of B,, \ S,, with respect to this system of generators. Surprisingly enough, the
system of the corresponding defining relations is not big and all relations have an
obvious interpretation via the geometric realization of 28,,. This result is presented
in Theorem 5. As usual, a tricky part in the proof of Theorem 5 is to show that the
listed system of defining relations is complete. This part of the proof is quite techni-
cal and occupies the whole Section 4. In Section 5 we present several combinatorial
applications of Theorem 5. These include an interesting combinatorial realization of
the symmetric group via equivalence classes of sequences of “connected” two-element
subsets, and a computation of the maximal length for an element in B, \ S, with
respect to our system of generators.

Acknowledgments. The paper was written during the visit of the first au-
thor to Uppsala University which was supported by the Swedish Institute. The
financial support of the Swedish Institute and the hospitality of Uppsala Univer-
sity are gratefully acknowledged. For the second author the research was partially
supported by the Swedish Research Council.

2. PRELIMINARIES ABOUT B,

Let n be a positive integer. Put n = {1,...,n} and n’ = {1’,...,n'}. We consider
the map ’: n — n’ as a fixed bijection and denote the inverse bijection by the same
symbol, that is (')’ = z for all x € n. The elements of the Brauer semigroup B,
are all possible partitions of n U n’ into two-element blocks. It is easy to see that
[B.,.| = (2n — 1)IL.

A two-element subset {i,j} of nUn’ will be called

e a left bracket provided that {i,j} C n;

e a right bracket provided that {i,j} C n;

e a line, if {i,j} is neither a left nor a right bracket.

Obviously, every element of ®B,, contains the same number of left and right brackets.
Let m € B,,, and assume that {ig,jr}, k¥ € K, is the list of all left brackets of ;
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{u},,v}.}, k € K, is the list of all right brackets of m; and {f;, g/}, [ € L, is the list of
all lines of w. Then we have

(1) m = {{in, et rerc, {up Vi bwerc, {fis gihier }-

We say that 7 has corank corank(m) = 2|K| < 2[3n].

It is convenient to represent the elements of 98, geometrically as a kind of mi-
crochips as follows: we have two sets of pins (which correspond to elements in n and
n’ respectively), which are connected in pairs (this corresponds to the partition of
nUn’ into two-element blocks which our element from 9B,, represents). An example
is shown in Figure 1, for convenience the same element is also written in the form (1).

6 — —6
5 — || — 5
4— — 4
3 | o — 3
2 — | o — 2
1— f\' — 1/

Figure 1. The element {{1,5},{4,6},{2',4'},{3,5'},{2,1'},{3,6'}} of Bg.

Now we would like to define multiplication in %B,. To give a formal definition,
for m € B, and z,y € nUn’ we set x =, y provided that x and y are in the same
block of . The relation =, is an equivalence relation on n U n’ with two-element

equivalence classes. Take now 7,7 € B,,. Define a new equivalence relation, =, on
nUn’ as follows:

e for z,y € n we have x = y if and only if z =, y or there is a sequence ¢y, . . ., ca5,

s 21, of elements in n such that © =, ¢}, c1 =; ¢ca, ¢y =r ¢, ..., Cas—1 =7 Cas

and ch, =x ¥;

e for z,y € n we have '’ = ¢ if and only if 2’ =, v’ or there is a sequence
Cly..-,C25, 8 = 1, of elements in n such that ' =; ¢1, ¢} =x ¢, c2a =7 ¢3, ...,
Che 1 =n by and cas =7 Y';

e for z,y € n we have x = ¢/ if and only if ¢y’ = z if and only if there is a sequence
Cly. -+ C25—1, § = 1, of elements in n such that © =, ¢}, ¢1 =; o, b =, ¢4, ...,
Che_o =n Che_1 and ca5_1 = Y.

It is easy to see that = determines an equivalence relation on n U n’ with two-
element classes and thus is an element of %B,. We define this element to be the
product 77. It is straightforward that this multiplication is associative. In our
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geometric realization the above multiplication reduces to concatenation of chips, see
an example in Figure 2.

B
o
o

* o
,

;

7

I : |

Figure 2. Elements of Bg and their multiplication.

INVA

Note that the element {{k, k’}ken} is the identity element in B,,. It is easy to see
(see for example [9]) that the group of all invertible elements in 9B, is precisely the
set of all elements of corank 0, and it is isomorphic to S,,. We identify the elements
of this subgroup of B,, with S, in the following way: m € S,, corresponds to the
element {{k,m(k)}ren}. Then the subsemigroup of all non-invertible elements of
B,, coincides with B, \ S,,.

We denote by R, £, H, D and J Green’s relations, in particular, for a semigroup
S and a € S, H, denotes the H-class of S containing a (similarly for all other
relations). We will need the following description of Green’s relations for 9,,, which
was obtained in [9]:

Lemma 1. Let w, 7 € B,,. Then
(i) #R7 if and only if m and T have the same left brackets;
(ii) wL7 if and only if m and T have the same right brackets;
(i) #H7 if and only if m and T have both the same left brackets and the same right
brackets;

(iv) D7 if and only if 7 J 7 if and only if corank(r) = corank(r).
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3. AN IRREDUCIBLE SYSTEM OF GENERATORS FOR B, \ S,
For i,j € n, i # j, define 0; ; as follows:
Oij = {{’Lv]}v {ilvj/}v {ka k/}k;ﬁi,j}-

We have 0, ; = 0j,; = Uﬁj and corank(c; ;) = 2. We will call these elements atoms.
An example of an atom can be found in Figure 3.

*—o

Figure 3. The atom o1 3 of By4.

The following statement was proved in [8]. However, because of the poor avail-
ability of [8] we will prove it here as well.

Proposition 2. The set of all atoms is an irreducible system of generators in

B, \ S

To prove this statement we will need several auxiliary lemmas.

Lemma 3. The semigroup B, \ S, is generated by the set of all elements of
corank 2.

Proof. Letwe€ 9B, \S, be written in the form (1) as follows:

7= {{0,000) Yier, {uj, vi}jes, { [}, 9 jer }-

We have J # 0, I C n, and §: I — n is an injection. Assume that corank(w) > 2.
Fix jo € J. Construct a bijection ¥: n\ {u;,, v, } — n\ {fj,, 95, } as follows:

e Y(i) =0(i) for all i € I;

o J(u;) = fj and J(v;) = g; for all j € J\ {jo}.
Put now 7 = {{i,9(4) }itusy 0,y > {Uos Vjo {fJ’-O,g;-O}}. We have corank(r) = 2 and

direct calculation shows that m = [] Ou;w; - T- The statement follows. [l
jeJ
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Lemma 4. Every element of the maximal subgroup corresponding to an atom is
decomposable into a product of atoms.

Proof. Let m € %, be a group element of corank 2, H-related to some atom.
From Lemma 1 it follows that in this case 7 = {{i,0(i)'}izu,, {u, v}, {w/,v'}} for
some u,v € n, u # v, and some bijection, 0: n\ {u,v} — n\ {u,v}. We consider ¢
as an element of Sy y,0). Let

=", iy i)

’'p1

be a cyclic decomposition of #. By direct calculation one obtains that
(2) ™= Uuﬁvau)igl) AN 'Gu,iéll) (oZ PRI IR U“*”Uu,igs) AN .O'UJ.;SS) Ou,v-

The statement follows. O

Now we are ready to prove Proposition 2:

Proof of Proposition 2. First we show that atoms generate B, \ S,.
Because of Lemma 3 it is enough to show that any element m € B, of corank 2
decomposes into a product of atoms. We again write 7 in the form (1):

m = {{i,00) Vier, {u, 0}, {f, '} },

where u,v € n, u # v; f,g € n, f # ¢g; and 6: n\ {u,v} — n\ {f, g} is a
bijection. Without loss of generality we may assume that v # f. Consider the
element 7 = o, so74 = {{v, f}.{f",9'},{9.v'}, {k. k' }kstv,f,g }. From Lemma 1 we
have mHo,, T and 0, R0y 7. Hence, due to Green’s Lemma, we have that the map
such

r — o7 from H to Hg, ,r is a bijection. Therefore there exists £ € H

Ou,v Ou,v

that 7 = £7. By Lemma 4, £ decomposes into a product of atoms. Hence so does 7
as well.

Now we prove that no atom can be decomposed into a product of other atoms. Let
Ouw = Ouyvy -« - Oup - Lhe product oy, o, ... 0y, v, must contain the left bracket
{u1, v1} by the definition of multiplication in 8,,. However, the element o, , contains
the unique left bracket {u,v}. This implies that {u1,v1} = {u,v} and the desired
statement follows. The proof is complete. O

After Proposition 2 it is natural to ask what is the presentation of B, \ S,, with
respect to the system {o,,} of generators. We answer this question in the next
section.
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4. MAIN RESULT

Denote by T the semigroup generated by 7;;, ¢,7 € n, ¢ # j, subject to the
following relations (here i, j, k, [ are pairwise different):

Tig = Ty
2 —_ L.
Tij = Tijs

T, i T,k Tkl = Ti,jTi,1Tk,l5

Ti,jT5,kTi,j = Ti,js
Ti,jTk1Tik = Ti,jT5,1Ti,k;

3)
(4)
()
(6) TijTi,kTjk = Ti,jTjk;
(7)
(8)
9)

Ti,j Tk = Tk1Ti,j-

A straightforward calculation shows that the generators o; ; of B, \ S, satisfy
the relations (3)—(9) (the relations (3) and (4) are obvious, and the relations (5)—
(9) are illustrated in Figures 4, 5, 6, 7 and 8). Thus there is a homomorphism
¢: T — B, \'S, sending 7; ; to o; ;. Our main goal in the section is to prove the
following theorem:

N I T T
?::,Ej T

Figure 4. An example illustrating the relation (5).

jf j[jfj[

Figure 5. An example illustrating the relation (6).

man

Figure 6. An example illustrating the relation (7).
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i B R o] —

J ] [H j [ _

k| o—eo|— — oo |— _

A D PR D M
Figure 7. An example illustrating the relation (8).

7 —|-o—o —o | —

k|l o—e|— e

Figure 8. An example illustrating the relation (9).

Theorem 5. ¢: T — B, \ S, is an isomorphism.

The rest of this section is devoted to the proof of Theorem 5, which we will divide
into steps formulated as lemmas and propositions. To distinguish 7; ; from the atoms
0;,; we will call 7; ; quarks. Two quarks 7; ; and 73 ; are said to be connected provided
that {i,7} N{k,1} # 0. We denote by A = A,, the set of all quarks (the alphabet
of our presentation for T'), and by A" the free semigroup over A. In what follows
we will do all our computations with words in T, not AT. In particular, v = w for
v,w € AT means that v = w in T'.

A word 74, j, Tiy g - - - Tigjr. € AT will be called connected if 7;, ;, and 7;_,, .., are

connected for all 1 < s < k — 1. We start with the following statement:

Proposition 6. Fach element of the semigroup T can we written in the form
WTiy j1Tin g - - - Tinjus Where wr;, ;€ AT Is connected and all sets {is,js}, s =

1,...,k, are pairwise disjoint.

Proof. We use induction on the length of element. For elements of length 1 the
statement is obvious. Let v = w7y, j, Tiy js - - - Tigju € 1’ be such that wr;, ;, € A" is
connected and all sets {is,js}, s =1,...,k, are pairwise disjoint. Let further 7, ; be
a generator. To complete the proof we have to show that the element v7; ; can be
written in the desired form. Without loss of generality we can assume that we have
one of the following cases:

Case 1: the set {i,;} is disjoint with all {is, js}, s = 1,..., k. In this case the
statement is trivial.
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Case 2: the set {7, 7} is disjoint with all {4, js}, s = 2,..., k, but not with 7;, ;.
In this case we can use (9) to write

UTij = WTiy 1 Ti,jTiz,ja « = Tik,jk-

Observe that wr;, j,7;; is connected, and the necessary statement follows again.
k
Case 3: i =141 and j € | {is, js}. Using (9) we can even assume j = jo. Using
s=2

(9) and (8) we have
UTi,j = WTijy Tig,jTi,j Tiz,ja - - - Tir,ge — WTig1 Tia, g Ti,5 Tis,gs - - - Tik -

Here wr; j, 74, j, is connected and the sets {i2,71}, {%,7}, {is,js}, s = 3,...,k, are
disjoint. The claim follows.
k k
Case4: i€ |J {is,jstand j & U {is,js}. Using (9), we can even assume i = is.

5s=2 s=1
In this case we can use (9) to write

(10) UTij = WTiy 1 Tijo Tij Tisjs - - - Tik i -

Now we have

(11) Tivja Tirga Tirj = Tir s Tinja Tig Tin i iy (Y (7))
= Tiy 1 TirjaTirjaTin,jTii (DY ()
= Tiy 2 Tija Tir,jaTin,jTii (DY (8))
= Ti 1 TingaTin i Tiin Tig - (DY (9))
= Tir i Tinga Tin i Tinin Tig (DY (8))-

From (10) and (11) we have
UTi,j = WTiy 51 Tija Ti,j Tig,gs « + + Tig,jr — WTix, g1 Tix,52 Tin, 3 Tix,51 Ti,5 Tisgs + + - Tigogn -

Here wT;, j, T, j2Tix,jTir,j: 18 connected and the sets {i1, 51}, {¢,7}, {is,7s}, s =
3,...,k, are disjoint. The claim follows.
k
Case 5: i, € Uis,jst. If {i,j} = {is,Js} for some s > 2, the statement

s=2
follows from (9) and (4). Otherwise, using (9) we can even assume i = i, j = j3. In

this case we can use (9) to write

(12) UTi,j = WTiy 5y Tijia Tig,Ti,5 Tiasia -+« Tigeoiine
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Now we have

(13) Tiy g2 Tiga Tis i Tinj = Tinja Tina Tis g Ting (DY (8))
TirjaTisjaTin,n Ting (DY (9))
Tija Tiaja Tir g1 it Tinda Ting - (

Tivja Tix vt Tjavis Tjaujt Tinda Ting

= Ti ja Tirsja Tinvis Tjaun Tinda Tinj (DY
Tiy g2 Tinvia Tirja Tizoja Tinn Tig (DY
Tiv,51 Ti,iz Ti,j2 Tiyia Tiv,j1 74,5 (by (5)
Tiy g1 Tix vis Tis ga Tivia Tinsja Ting (D)
= Tiy,j1 Tiv,i3 Tiyi1 Tix, 51 Tis,jo Ti, 5 (b

From (12) and (13) we have
UTi,j = WTiy,j1 Tiyja Tiz,j 74,5 Tiaja -+« Tir,ge = Wi, g1 Tia iz Tiyia Tin,ga Tisoga Ti,5 Tiasga - - - Tk -

Here wTy, j, Tiy isTi,iy Tizjn 18 connected and the sets {31, j1}, {is, 42}, {4,5}, {¢s. s},
s =4,...,k, are disjoint. The claim follows.
Now the proof is completed by induction. ([

Lemma 7. There is a unique anti-involution *: T' — T satisfying 7;°; = 7;,; for
alli,j€{1,2,...,n}, i # j.

Proof. Existence follows from the fact that the relations (3)—(9) are stable
with respect to *. Uniqueness follows from the fact that 7" is generated by 7; ;,

1#£j5€{1,2,...,n}. O
Lemma 8. Let 7, jw € AT be connected. Then (7, jw)(7; jw)* = 7; ;.
Proof. Letw =7 j, ... T, .- Since 7; jw is connected, applying (7), (4) and
the definition of * we compute
TijWNTi W) = TijTiv g1 -+« Tiw,ge Tiw, gk « - Tin,1Tiyg
= T3 Tiv,gr -« Tin—1,de—1 Tin gk Ti—1,0k—1 - = Tix,j1 74,5

= Ti,Tir,g1 + - Tig—a,dk—2Tin—1,0k—1 Tik—2,dk—2 = * + Ti1,j1 74,5

= Ti,jTi1,1Tij

= Tij-
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If {is,js}, s = 1,...,k, are pairwise disjoint, the element 7;, j, ... 7, j, Will be
called a standard idempotent. That such element is indeed an idempotent, follows
immediately from (9) and (4).

Corollary 9.
(i) Every element of T is L-equivalent to a standard idempotent.
(ii) T is regular.
(iii) The map ¢ induces a bijection between the sets of L-classes for the semigroups
T and B,, \ S,,. Similarly for the R-, H-, and D-classes.

Proof. Letv e A". By Proposition 6 we can write v = w7y, j, Tiy js - - - Tix,jr»
where wr;, j, € A" is connected and all sets {is,js}, s = 1,...,k, are pairwise
disjoint. By definition, the element € = 7, j, Ti, j, - - - Tiy 5, i standard. We obviously
have v = wT;, j, €. By Lemma 8 we have

Tilvjlw U= 7—117J1w wT111.717—121.72 et ledk - 7—117J17—127J2 e leJk =¢&.

Hence vLe, which proves (i). (i) implies that every £-class of T' contains an idempo-
tent, and hence (ii) follows.

By Lemma 1, the images of standard idempotents under ¢ belong to different
L-classes of 9B, \ S,,. Hence different standard idempotents of T belong to different
L-classes of T'. In particular, there is a bijection between L-classes of T' and standard
idempotents. Since ¢ is surjective, there is also a bijection between L-classes of
B,,\ Sy, and standard idempotents. This implies (iii) for £-classes. For R-classes the
statement now follows by applying *. For H- and D-classes the statement follows
from the definition and the corresponding statements for £- and R-classes. This

completes the proof. (I
Fork=1,..., L%n] set € = T1,273,4...Tok—1,2% and let H}, denote the H-class of
T containing the element ey. For 4,5 € {3,...,n}, i # j, set v, ; = T1,271,,7T1,;71,2-

Note that, using (5) and (6), we have
(14) T1,2T1,iTL,iT1,2 = T12T1,iTejT1,T1,2 = T1,272,5Ti,j72,iT1,2 = T1,272,572,iT1,2-

Lemma 10. The elements v; ;, i,j € {3,...,n}, i # j, generate H, as a monoid.

Proof. Let w € A" be such that w € H;. Since 712 is the unit element in
the group Hi, we have w = 71 sw7; 2 and hence we can assume that w has the form
71 2w'T1 2 for some w’ € AT. We claim that w is connected. Indeed, assume that
w is not connected. Then direct calculation shows that ¢(w) € %B,, has corank at
least 4. At the same time the corank of ¢(e1) is 2. This contradicts Lemma 1.
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We prove our lemma by induction on the length of w’ = 74, ;, ... 7, j. (note that w’
is connected since w is). Because of (4) we can always assume that 7, ;. # Ti,., j..1
forall s=1,...,k—1, 73, j, # 71,2 and 73, j, 7# 71,2. The basis of our induction will
be the cases k = 0,1,2. If k = 0,1, then from (4) and (7) it follows that w = 71 2,
and the statement is obvious.

Let k = 2. If either 1 or 2 occurs in both {iy, j1} and {ia, j2}, we are done by (14).
If not, without loss of generality and up to the application of * we can assume that

i1 = 1 and io = 2. Then j; = js since w is connected. Hence, using (6) we get

T1,271,5, 72,51 71,2 = 1,271,451 71,2,

reducing everything to the case k = 1.
Now we proceed by induction and prove the step k — 1 = k, where &k > 2. If
{i2, 42} N{1,2} # 0, using (7) we can write

T1,2Tiy 51 Tig g2 Tiz,gs -+ Tin,ju 71,2 = T1,2Tiy 51 Tia,j2 71,2 Tig, 52 Tiz,ja « -« Tig,ji 71,2

and the statement follows from the induction hypothesis. If {ig, ja} N {1,2} = 0
then, using (5) if necessary, we may assume ¢; = 1 and j; = ja. Assume first that
j1 € {is, js}, say js = j1. Then by (5) we have

T1,2T1,51 Tig,j1 Tig,j1 = T1,272,i3 Tip,j1 Tiz, g1 -

If i5 = 2, then (6) gives T2, Tiy j1 72,51 = T2,i»72,5; and reduces our expression to the
case k—1. If i3 # 2, using (5) we have T2 i, iy j, Tig,j1 = T2,i2T2,i5 Tis 1 » Which reduces
our expression to the case {is, j2} N {1,2} # (0 considered above.

Finally, assume that j; & {i3,j3}. Then without loss of generality we can assume
ig = i2. If js = 1, then by (6) we have 71 j, 7, j,Ti,,1 = T1,j,Tis,1, Which reduces
our expression to the case k — 1. If j5 # 1, using (5) we have 71 j,Ti, j1 Tip.js =
T1,j1T1,j5 Tiz,js » Which reduces our expression to the case {i2, jo }N{1, 2} # () considered
above. Now the proof is completed by induction. (I

For 3§z§n—1 set Yi = Viji+1-
Lemma 11. Leti,j5 € {3,...,n}, i # j.

(i) vig = Vi
(ii) ~;,; decomposes into a product of ;’s.
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Proof. We have
Yi,g = T1,2T1,iT1,571,2
= T1,27T2,T1,iT1,;71,2 (by (6))
= T1,272,i7T2,571,571,2 (by (5))
= T1272,iT2,;7T1,2  (by (6))
=T1271,;71,:712  (by (14)),
which proves (i).
Because of (i) we can assume j > 4. If j =i+ 1 then (ii) is obvious. We proceed

by induction on j — i and assume that some ; ; decomposes into a product of ~;’s.
We have

(15) Vi ViVig = T1,2T1,iT1,;T1,2T1,jT1,j+1T1,2T1,iT1 ;71,2 (by (4))
= T1,27T1,iT1,571,j4+171,27T1,i71,571,2 ( (7))
= T1,2T1,iT1,57T1,j4+171,272,572,iT1,2 ( (14))
= T1,2T1,iT1,jTj,j+172,j72,iT1,2  (by (6))
(5))

= T1,27T1,iT1,571,iTi,54+172,i71,2 ( (5)

= T1,2T1iT1jT1,j+1T5,j+172,572,iT1,2  (by (5))
= T1,27T1,iT1,575,54+1Ti,j+172,iT1,2 (by

)
= T1,271,iTi,j+172,iT1,2  (by (7))
=T127T1iTi 4171541712 (by (5))
=T127T1:iT1,4171,2  (by (6))
= Yi,j+1-

The statement (ii) now follows by induction. O

Lemma 12. The elements ~y;, i = 3,...,n — 1, satisfy the following relations:
(a) 77 =T12;
() vivi =% li = jI > 1;
() vivivi = vy =gl = 1.

Proof. We have

%-2 = T1,271,4T1,i+171,271,4T1,i+171,2 (by (4))
= T1,272,i+172,471,271,iT1,i+171,2 (by (14))
= T1,272,i4+172,471,iT1,5+171,2 (by (6))

= T1,272,i+1T1,i417T1,iT1,i+17T1,2  (by (5))

= T1,272,i+17T1,i+171,2 (by (7))
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=T 9m,i+171,2  (by (6))
=72 (by (7)),

which implies (a).
To prove (b) we may assume j > i + 2. We have

YiYj = T1,2T1iTLi41T1,2T1,T1j+1712  (by (4))
= T1,2T1,iT1,i+171,272,571,;T1,j+171,2  (by (6))
= T2 T1,iTLi+1Tid1,5 T2, T1,jT1,j+171,2  (
= T1,271,iT4,5Ti+1,j72,572,5+171,5+171,2 (by (5))

= T1,271,iTi,jTi+1,572,72,54+171,2 (by (6))

= T1,272,jTijTit1,jTi+1,j+172,j+171,2  (by (5))
= T1,272,jTi,jTi,j+1Ti+1,j+172,j+171,2  (by (5))
= T1,2T2,jT2,j+1 i j+1Ti+1,j+171,i+1712  (by (5))

= T1,2T2,T2,j41 i j+17T1,iT,i+1712 - (DY (5))

= T1,272,572,5+17T1,27T1,iT1,i+171,2 (by (5))

= T12T1j+171,;T12T1iTit1T12  (by (14))

= T1,97T1,jT1,j+171,271,iT,i+171,2  (by Lemma 11 (i))
=77 (by (4))

This gives (b).
Finally, to prove (¢) we may assume j =i+ 1. We have

Yi+17ViYi+1 = T1,2T1,i+171,i4+271,271,471,i+171,271,54+171,i+271,2 (by (4))
= T12T1,i+171,i+2T1,2T1,iTLi+1TLi+2T12 (DY (7))
= T1,972,i+272,i4+1T1,2T1,iT1,i+17T1,i+271,2  (by (14))
= T1,272,i4+272,i4+1T43,i4+171,4T1,i+17T1,i+271,2 (by (5))
= T1,272,i4+272,i+1T4,i4+171,i4+171,i+271,2 (by (6))
= T1,272,i4+272,i+1T4,i+17T4,i+271,i4+271,2 (by (5))
= T12T2i+2T2,i+172,i+2Tii+2T1,i+271,2  (by (5))
= Ty 2T2,i+2Tii+2T1,i+2T1,2 (by (7))
= T1,271,iTi,i+271,i4271,2 (by (5))
=T127T1iT1i+2T12  (by (6))
= Yi,i+2-
Now (c) follows from (15). This completes the proof.
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Corollary 13.
(i) H1 = Sn—oa.
(ii) Let m € T be such that mDey. Then the restriction of ¢ to H, is injective.

Proof. ‘H; contains £; and hence is a group. By Lemmas 11 and 10, H; is
generated by v;, i = 3,...,n — 1. By Lemma 12, ~;’s satisfy Coxeter relations of
type A,—3. Hence H; is a quotient of S,,_2. However, ¢(H;) is a maximal subgroup
of B,,, which is isomorphic to S,,—2 by [9, Theorem 1]. The statement (i) follows.

(i) implies that the restriction of ¢ to H; is injective. Then for arbitrary = € T
such that 7De; the statement (ii) follows from Green’s Lemma. O

To prove Theorem 5 we have to generalize the statement of Corollary 13 (ii) to all
other H-classes. For this we will use the following statement:

Proposition 14. |H;| = (n —2k)! for all k, 1 < k < [$n].

Proof. We proceed by induction on k. The case k = 1 follows from Corol-
lary 13 (i). Let us prove the induction step k—1 = k. From the induction hypothesis
and Green’s Lemma it follows that every H-class, which is D-equivalent to H_1,
has cardinality (n — 2(k — 1))!.

Fori=1,2,...,k set

0; = T1,273,4 - - - T24—3,2i—272i+1,2i+2 - - - T2k—1,2k -

If m € Ly, then, using Proposition 6, one shows that 7m7m;_12; € L., . Let f;: Lo, —
L, denote the map f;(m) = m79;_1 2;. This induces the map

f: ]_[‘CGZ _)Eak

such that the restriction of f to Ly, coincides with f;. By Proposition 6 we have
that f is surjective. Our aim is to prove that even f; is surjective.

Let i,j € {1,2,...,k}, i # j. Define a: Ly, — Ly, via a(m) = 7T;,2;T2i—1,2; and
B: Lo, — Lo, via B(m) = TT2;2;T2j—1,25. Consider the diagram

B
(1) L —

€k

Lo, .
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Every element m € Ly, satisfies m75;_1,2; = ™ by the definition of ;. Every element
7 € Ly, satisfies m72;_1 2; = 7 by the definition of ;. Further,

T25—-1,2572i,2572i—1,2i725—1,25 = T25—1,2572i—1,25—-172i—1,2i725—1,25 (by (5))
= T2j-1,2572i—1,25—1725—1,25T2i—1,24 (by (9))

= Toj_1,25T2i-1,2i (by (7)).

This implies for all m € Ly, the following equalities

(fio)(m) = (fio)(mT2j-1,25)
= MT25-1,2572i,25T2i—1,2iT2j—1,25
= TT25-1,257T2i—1,2i
= TT2—1,2i

= fi(m).

Hence fja = f;. Analogously one shows that f;5 = f;. Thus the diagram (16) is
commutative, which implies that the map f; is surjective.

Lemma 15. For any m € Ly, there exists w € T such that wHm, w # m, and
film) = fi(w).

Proof. Set w = w3471 37 373.4. Direct calculation shows that ¢(m)Le(w).
Hence w € Ly, by Corollary 9 (iii). Further, we have (73471 3723734)? = 734 by
the statement analogous to that of Lemma 12 (a), which implies wRm, that is wHmn.
Direct calculation shows that ¢(m) # ¢(m)¢(73.471,372,373,4) and hence 7 # w. On
the other hand,

f1(w) = TT73,471,372,373,471,2
= TT73,471,372,371,273,4 (by (9))
= TT3,471,371,273,4 (by (6))
= 734713734712 (by (9))
=nr34m1,2 (by (7))
=712 (since w € Lg,)

= fi(m).
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Lemma 16. Assume that w,7 € Lg, are such that fi(m)Hf1(7). Then there
exists n € H, such that fi(n) = fi(7).

Proof. If 7 € H,, we have nothing to prove, hence we assume that 7 ¢
Hr. We have n 2 H771 2. In particular, 77 2 /R771 2. Moreover, we also have that
corank(o(772)) = 2k. Then, applying * to the statement of Proposition 6, we
obtain that there exist w,w’ € AT, pairwise distinct 41, ji,...,%%,j&, and a,b €
{1, 2, ey k} such that TT1,2 = Tiy,g1 + - Tig, e Wy TT1,2 = Tiy, 51 - - .Tikd‘kw/, the word
Tia.jo W is connected, and the word 7;, ;,w’ is connected. Since both corank(¢(7)) =
corank(o(7)) = 2k — 2 and 7 &€ R,, without loss of generality we may assume
Tygyn=mnforalll=1,...,k—1and 7, ;7 =7 foralll =2,..., k. Then, applying
Proposition 6, we get some v € AT and ¢ € {2,3,...,k} such that 7 = 74, j, ... Ty, j, ¥
and the word 7;_; v is connected. Put n = 7;, ;, 7,4, 7. Since 7, ;, 7 = T by the
above and

Tit i Tinin Tivogn Tinin T g = Tin i
(by two applications of (7)), we have nLr.

Further, since 7;, ;. v is connected, we have (7;, ;,v)(7;. ;,v)* = 7;. ;. by Lemma 8.

Using (9), this implies nR74, i, Tiv ix Tis.jo - - - Tin,je- UsINg (9), we further have

Tiv, g1 Tiv,in Tiogo « + « Tig,ge — Tizygo «+ - Tip—1,0k—1Ti1,51 Tix yig Tig gk -

Since Ty, j, Tiy i, Tir.ji 15 connected, by the same argument as above we have 7;, ;, Ti, 4,
Tiy,jo « 'Tik,ijTil,leiz,jg R PR PR Hence nRTi1,j1 B PR PR It follows that
nRm and hence nHm.

The statement now follows from the following computation (using (7)):

/
Fi(n) =072 = Tiy i Tinin TTL2 = Tigja Tinsin Tinga - - - i g W

= Tiy g1 - Tipgu W = 7712 = f1(7).

O

Since fi: L9, — L., is surjective, Lemma 16 implies that the restriction of f; to
Hp, is a surjection on a union of H-classes in L., . By Corollary 9 (iii), the number
of H-classes in the latter union can be computed in the semigroup 9B,, via ¢, and it
is easy to see that it equals ("7(221672)).

We know by induction that |He,| = (n — 2(k — 1))!. Hence, taking into account

Lemma 15 and Green’s Lemma, we compute

(17) M, 00| < (n_(jk_Q)) gk 2(5_ DR _ (s~ 2my.
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Since [Hy (s, (0,))] = (n — 2k)! by [9, Theorem 1], (17) and Corollary 9 (iii) imply
[Hy, 0,)] = (n — 2k)!. This forces [Hy| = (n — 2k)! by Green’s Lemma and the
statement follows by induction. O

Proof of Theorem 5. Let 1 < k < L%n] By Proposition 14 we have
|Hi| = (n — 2k)!. By [9, Theorem 1] we have |p(Hy)| = (n — 2k)! as well. Hence
the restriction of ¢ to Hj is injective. From Green’s Lemma it follows that the
restriction of ¢ to H, is injective for every m € T such that #Dej. From Corollary 9
(iii) it therefore follows that ¢ is injective, and hence bijective. This completes the

proof. O

5. COMBINATORIAL APPLICATIONS

5.1. Connected sequences. Two elements {i, j} and {k,1} of (3) are said to be
connected provided that {i,j} N {k,l} # 0. A connected sequence is a non-empty
sequence {i1,j1}, {i2,j2}, -, {im,jm} of elements from (3) such that {i;,5;} and
{4141, j1+1} are connected for all [ = 1,...,m — 1. Two connected sequences will
be called equivalent provided that one of them can be obtained from the other by a
finite number of the following operations:

(I) replacing the fragment {4, 5}, {,7} by {¢,j} and vice versa;
(IT) replacing the fragment {3, j}, {4, k}, {k,1} by {4,7}, {4, 1}, {k, 1} and vice versa,

where i # [;

(III) replacing the fragment {3, j}, {4, k}, {k, ¢} by {7, },{k, i} and vice versa;
(IV) replacing the fragment {i,j},{j, k}, {i,5} by {¢,7} and vice versa.
It is obvious that each of the operations (I)—(IV), applied to a connected sequence,
produces a new connected sequence. As an immediate corollary of Theorem 5 we
have the following result:

Proposition 17. Let n € {2,3,...}.
(i) There exist only finitely many, namely in(n — 1)n!, equivalence classes of con-
nected sequences.
(ii) For all {i,5},{k,1} € (}) the number of connected sequence whose first element
is {i,7} and whose last element is {k,l}, equals (n — 2)!.

Proof. Let S denote the set of all equivalence classes of connected sequences.
Define a semigroup structure on .S U {0} as follows: 0 is the zero element of S U {0},
and for f,g € S

fg if fg is connected,
f-9= {

0 otherwise.
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Let B denote the Rees quotient of B,,\S,, modulo the ideal containing all elements
of corank at least 4. By Theorem 5, mapping o; ; to the connected sequence {3, j}
defines an epimorphism 1 from 9B to SU{0}. On the other hand, from the definition
of the equivalence relation on the connected sequences we have that mapping {i, j}
to 0;; defines an epimorphism v’: S U {0} — %B. Thus ¢ and ¢’ induce a pair of
mutually inverse bijections between the set of all elements in 8,, of corank 2 and the
set of equivalence classes of connected sequences. The claim now follows by direct
computation in B,,. (]

It might be interesting to find a purely combinatorial proof for the statement of
Proposition 17.

5.2. Paths in the graph I',,. There is another interesting combinatorial inter-
pretation of the elements of 9B, of corank 2. Consider a non-oriented graph I';, whose
vertex set is (5), and such that two vertices {i,j} and {k,I} are connected by an
edge if and only if {7,j} N {k,l} # 0. The graph I'y is shown in Figure 9.

T T
(1,2) —— (1,3) —— (1,4)

> X

(2,3) —— (2,4) —— (3,4)
v

Figure 9: The graph I'y.

Obviously, the paths in I';, can be interpreted as connected sequences as defined in
the previous subsection. Then the equivalence relation on the connected sequences,
defined by the operations (I)-(IV), has the following interpretation in terms of the
graph [';;:

(I) the trivial path in each vertex is an idempotent;
(IT) if the full subgraph of T',, corresponding to a quadruple of vertices has the form

NN

then the paths of length 2 in this subgraph with the same initial and the same

terminal points are equivalent;

(III) for any triple {4, 7}, {j,1}, {¢,1} of vertices the paths in the full subgraph T',,,
corresponding to these vertices, with the same initial and the same terminal
points are equivalent;
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(IV) the path consisting of going along the same edge in two different directions
coincides with the trivial path in the starting point.

These relations generate an equivalence relation on the set of all paths in I';,. From

Proposition 17 it thus follows that the number of non-equivalent paths in I';, equals

1

7n(n — 1)n!, and the number of non-equivalent loops at each point equals (n — 2)!.

5.3. The maximal length of an element from %B,,\ S,. For w € B, \ S,, we
define the length ls(w) of w as the length of the shortest possible presentation of w
as a product of the generators o; ;’s. For w € A} we define the length [(w) of w
as the length of presentation of w as a product of the generators 7; ;’s. The aim of

this subsection is to prove the following statement about the maximal value f(n) of
Is(w) on w € B, \ Sy,

Theorem 18. Let n > 2. Then f(n) = [3n] — 2.

For the proof of Theorem 18 we will need several auxiliary statements. Set g(n) =
|3n] — 2. We will show that f(n) < g(n). For n # 3 we will then find an element
w € Mg, , such that Is(w) = g(n). For n = 3 we have Is(01,2023) = 2 = ¢(3). By
Theorem 5 we have B, \ S,, =~ T and hence in the sequel we can work with the
semigroup 7' and the generators 7; ;’s. The function Is on 7" is defined in the obvious
way, and we consider all elements of A" as elements of T' via the natural projection.

Lemma 19. Let u; € {3,...,n}, 1 <i < k. Then

T1,2T1uy »+ - Tlup 71,2 = T1,27T2,01 - T2,u;, 71,2+

Proof. Because of (4) we may assume that w; # w;4q1 foralli=1,... k — 1.
We have

T1oTluy - - ThurT1,2 = T1,2T2,0, Thus Thus - - - TLu 71,2 (DY (6))

= T12T2u1 T2,us Thus - - - Thuy 712 (DY (5))

= T1,2T2,u1 T2us - - - T2,u, TLup T2 (DY (5))

=T1,2T2u; T2,us -+ - T2,u;, 71,2 (by (6))
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Corollary 20. Let u; € {2,...,n}, 1 < @ < k. Then there exist elements
v; €4{1,...,n}\ {2}, 1 <i <k, such that

W=T12T1u; +--Tlu,T1,2 = 71,2720y - - - 72,0, T1,2-

Proof. If 2 ¢ {uy,...,ur} then the statement follows from Lemma 19. Other-

wise let u;, = ug, = ... =uy, = 2,41 <iz <... <1y, be all occurrences of 2 among
Uty ..., Ug. Set ug = ugp1 = 2, 499 = 0, ip41 = k + 1. The statement now follows by
applying Lemma 19 to each element Thous, T 1 o+ Thaui o 7=0,...,p. O

Lemma 21. Let w € A" be such that w € Hy. Assume that [((w) = Is(w) > 4
and set m = [(w) — 2. Then there exist u; € {2,...,n}, i = 1,...,m, such that

W=T12T1uy +++ Tl 71,2

Proof. Weuseinductiononm = l[(w)—2. If m = 2, we have w = 71 274, b7c,aT1,2-
Without loss of generality we may assume a,d € {1,2}. If a = d = 1, we have nothing
to prove. If a = d = 2, the statement follows from Lemma 19. If a # d, using (6) we
see that Is(w) < 4, a contradiction.

Now we prove the induction step m — 1 = m. Let w = 7127, j; - - Tipn,jim 71,2+
Without loss of generality we may assume i; € {1,2}.

Case 1: i1 = 1. If 1 € {4;,5;} for all | < m, we have nothing to prove. Otherwise
let p < m be such that 1 € {i;,5;} for all I < p and 1 & {ip41,Jp+1}. Thus, without
loss of generality we may assume ¢; = 1 for all | < p. If j, = 2, the statement follows
from the induction hypothesis.

Assume that j, # 2. Without loss of generality we may write

w = TLQTle e Tl-,jijP7jP+1 e ijvjp+q7—jp+q7jp+q+l e T'L.mvjm7'172'

Observe that jytq+1 7 jp since [(w) = Is(w).

Now we apply successively the relation (5) starting from 7;, ;.. and moving to
the left until we reach the element 75, ; .,. We get

w = T172T1;j1 M Tlvjijp;jp+1ij+17jp+q+1 M ij#»qfl;jp+q+17—jp+q;jp+q+1 tee Tim;jmT1;2'
If jpiq+1 = 1, then we can reduce the length of w by (6), a contradiction. Otherwise,

using (5) we can change 7;, j,, to 71 Since we have not changed the length

Iptat1t
of w, the proof in Case 1 is now completed by induction on p.

Case 2: i1 = 2. Analogously to Case 1, we get existence of u; € {1,3,...,n},
t = 1,...,m, such that w = 71272 4, ... T2u,,T1,2. Now the claim follows from

Corollary 20. O
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Note that for every w € H; there exists a unique permutation = € S,,_2 such that

(18) w={{1,2},{1, 2}, {k,m(k — 2) + 2}rr1,2}.
Let (i’gl), . ,i’](oll)),. . (i’gs), . ,i’ffs)) be a complete list of cycles of m which have

length at least 2. Set i = i’l(lb) + 2 for all possible a,b. Then, by (2), we have the
following decomposition of w:

w = T1)2T171.§1) “ee Tlvil(Jl1)T1’2 . .7'1)27'171.55) . 'T17iZ(JSs)T172'

We will call this decomposition a cyclic decomposition of w. We will also say that
71,2 is the cyclic decomposition of 71 2. In the obvious way we now define cycles in
Hi.

Lemma 22. Let w € Hy be a non-trivial cycle. Then ls(w) equals the length of
the cyclic decomposition of w.

Proof. By Lemma 21 there exist u1,. .., Us@w)—2 € {2,...,n} such that

W="T12T1,u; - - - Tl)uls(w)727-l72'

But then all elements from {3,...,n} moved by the cycle w should obviously occur
among ui, . . . , Uis(w)—2- Lhe claim now follows from the formula (2). O
Finally, for Theorem 5 we obtain for pairwise distinct 1,u,uq,...,u; and for any
l € k that
(19) Tl,uTl,ul .. 'Tl,ule,u = Tl,uTl,ul .. 'Tl,ule,ul e Tl,ul,lTl,u'
Lemma 23. Let 1,a,u,uq,...,u; be pairwise distinct. Then

T1,aTl,uTluy - - TlupTlu = T1,aTluy - - - T1up71,aT1,u-

Proof.
T1,aTluTluy « - TlupTlu = (by (7))
T1aTluTluy - -« Tlup T1aTlu, T1u = (by (19))
T1aTlug « - TLur T1,uT1,aTl,u, T1u = (by (19))
TaTlur - - Thus TLuTlu, T1,aT,u = (by (7))

Tl,aTluy » - - T1LurT1,aT1,u-

318



Lemma 24. Let w € H;y. Then the cyclic decomposition of w is of length 1s(w).

Proof. We use induction on Is(w). If Is(w) < 3 then the statement is trivial
since, by (4) and (7), the only possibility is w = 71 3. Let us now prove the induction
step m+1=m+42.

Let w € Hy be such that Is(w) = m + 2. By Lemma 21 we may write w =
TL2Tluy - - - T, T1,2 for some u; € {2,...,n},i=1,...,m. We set ug = tpy41 = 2.
If all of u;’s are pairwise distinct, the word w is a cycle and the statement follows.
Suppose now that there are some repetitions among ug, u1, . . . , ;. Take the leftmost
element which repeats in this series, say u; = u. Let j > ¢ be the minimal possible
such that u; = u. Consider the element

’
W = Tlu; - Tlhuy; = TLuTluizr - Thu; 1 Tlu € HTl,u'

Since Is(w) = m+2, Is(w’) = j—i+1 < m+2. Hence, using the induction hypothesis,
the cyclic decomposition of w’ has length j — 7 + 1. Without loss of generality we
hence may assume that the subword w’ of w already coincides with the corresponding
cyclic decomposition, that is, it is a cycle.

Now we claim that w;_1,u;,...,u;j—1 are pairwise distinct. Indeed, if not, then
u;—1 coincides with one of u;11,...,u;—1. Then applying (19) we can obtain the
fragment 7y 4, ;71 u;T1,u;_, Which can be shortened by (7), a contradiction. Hence
Lemma 23 gives

Tlwim1 Thus Thuipr =+ - Ty o Thuy 1 T1us Thugyn

= Tl Tl Thuggo o Tl Thus 1 Thu Thugyq -

This operation makes the index of the first letter with repetition smaller. Hence,
applying this procedure as many times as necessary, we may assume that ¢ = 0.
This means that w is a product of a cycle with some element v from H; of strictly
smaller length. By induction hypothesis, we may assume that v is written in its
cyclic decomposition. We are left to prove that none of the elements uq,...,u;_1
occurs among cycles in v. Assume that some of these elements does occur. Then,
using (19), we may assume that this is u;_;. At the same time, the cycles of any
cyclic decomposition commute and hence using this and (19) we may assume that
Uj—1 = uj4+1. In this case we can make w shorter by applying (7), a contradiction.
This completes the proof. ([
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Proposition 25. Let w € Hy. Then ls(w) < g(n). Moreover, if n > 4 then there
exists v € Hy such that 1s(v) = g(n).

Proof. If w= 712 or n < 3 then the statement is obvious. Suppose now that
w# T2 and n > 4. Let m € S,,_2 be the permutation which corresponds to w by
(18). Let ¢ and s be the number of non-trivial and trivial cycles in 7 respectively.
From Lemma 24 it follows that Is(w) = (n —2) —s+c+ 1.

Case 1: n =2k, k€N. Thenls(w) = (2k—1)+c—s<(2k—1)+ 12k —2) =
3k — 2 = g(n) and the equality holds if and only if 7 contains k — 1 transpositions.

Case 2: n=2k+1, k € N. If s = 0 then there should exist a cycle in 7 of length
at least 3. Then Is(w) = 2k +c¢ <2k + 3(n—2—-3)+1 =3k —1 = g(n) and the
equality holds if and only if 7 contains one cycle of length 3 and k — 2 transpositions.
If s > 1 thenls(w) =2k+c—s <2k—14+c<2k—14+1(n—2-1)=3k—2 < g(n).
The proof is complete. O

Lemma 26. Let iy, j1,...,ik, ji be pairwise distinct elements from n. Then there
exists a word p € AT such that (1) < 2k,

T1,2---T2k—12kM € ETil,jl'”Tik!jk ’

and {m,m'} € o(u), m € n\ {i1,j1, .- 0k, Jk, 1,2,...,2k — 1,2k}.
Proof. Fora,b,c,d€mn, a+#b, c#d,set

TaeTed if {a,b} N{c,d} =10,
Ha,b,c,d =

Te,d otherwise.

Note that {m,m'} € ©(ua,p.c,a) provided that m # a,b, ¢, d.

Now direct calculation implies that 7, pfta,b,c.dttc,d,a,b = Ta,p for all a,b,c,d such
that a # b and ¢ # d. In particular, it follows that for any w € T such that wr,, = w
we have that the coranks of the elements ¢(w) and ¢(wiig,pc,q) coincide.

In particular, the element ¢(u1), where 1 = 71 2. .. Tok—1,2641,2,4, 41, Das corank
2k. Further, u, satisfies p117;, j, = p1 by the definition of 1 24, ;,. Hence there exist
pairwise distinct a1, b1, ..., ax—1,bk—1 from n \ {i1, j1} such that

weL

Tiy,g1Tay,byTag_1,b_1"

Analogously, the element ((p2), where o = p1fta, by iz .50, also has corank 2k. The
element fo satisfies po;, j, = po and po7, j, = po by the definition of 114, b, ,i0,55-
Hence there exist pairwise distinct ¢1,ds, ..., cx—2,dr—1 from n \ {iy, j1, 42, j2} such
that

o €L

Tiy.j1 Tig,j2Tey,dy - Tey _o,dp_o°
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Continuing this process for £ — 2 more steps we will construct the element pj with
the desired properties. ([

Proof of Theorem 18. Letn > 4. Then, by Proposition 25, there is w € T
such that Is(w) = g(n). For n = 2,3 an example of w € T such that Is(w) = g(n)
was constructed immediately after the formulation of Theorem 18. Hence we are left
to show that for any w € T we have Is(w) < g(n). Without loss of generality it is
even enough to consider those w for which 7 pw = w.

Let now w € T be such that 71 sw = w. Assume first that corank(p(w)) = 2. Then
there exists a unique {7, j}, ¢ # j, such that wr; ; = w. Without loss of generality
we have one of the following cases:

Case 1: {i,5} = {1,2}. Then the statement follows from Proposition 25.

Case 2: i =1and j # 2. Then, applying (4) and (7), we obtain w = wmy ;71 271 ;.
Setting w’ = wry ;71,2 = wr 2 we have w = w'm ; by (7). It follows that w'Hr .
Consider the cyclic decomposition of w’. Assume that the cycles occurring in this
decomposition do not move the element j. Then, by Lemma 24 and Proposition 25,
we have that the length of this decomposition is at most g(n —1). Since w = w'n j,
we have Is(w) < 14 g(n — 1) < g(n). Assume now that there is a cycle in w’
which moves j. Using (19) and the fact that the cycles in the cyclic decomposition
commute, we may write w’ = w7y ;71 2 for some w” such that ls(w”) = Is(w’) — 2.
Since w = w'T 5, we have w = w7 ; by (7), and thus Is(w) < Is(w’) < g(n).

Case 3: {i,j} N{1,2} = 0. Then we can write w = w'ty ;7 ;, W' € Hr ,.
Consider again the cyclic decomposition of w’. If neither ¢ nor j are moved by all the
cycles, we have Is(w) < 2+ g(n —2) < g(n). If ¢ is moved, then, as in Case 2, we can
write w' = w7 ;71,2 for some w” such that ls(w”) = Is(w') — 2 and, using (7), we
obtain Is(w) < Is(w”) 42 =1s(w’) < g(n). Finally, let us assume that ¢ is not moved
but j is. Assume that z1,..., 2,7, p > 0, is a cycle in the cyclic decomposition of w'.
Then, using (19) and the fact that the cycles in the cyclic decomposition commute,
we may assume that this cyclic decomposition has the form

T1,2++-T12T1,2q « - - Tlﬂszl_’jTLQ.

Now we can compute the following expression containing the last cycle of this de-

composition:
T1,2T,2y - - - T2, T1,571,27T1,iTi,j = (by (5))
T1,2T2y - - - T2, 71,571,272, T4, j = (by (6))
7’1)27’1)951 - .Tl)xpTl_’jTQ)jTiyj = (by (5))
TL2TLas -« Tla,T2,2,72,iTij = (BY (5))
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TLATL ey T2,y - - T2,y 1 T2,2,72,jTiig = (bY (6))

T1,2T2,0q -« ++ 2,21 72,2, 72,5 Ti, 5+

It follows that Is(w) < Is(w') < g(n).

Assume now that corank(p(w)) = 2k, & > 1. We may further assume that
T2 Tok—1,2kW = w and WT;, 4, ... Ty, 5, = w for some pairwise distinct elements
11,1, - -0k, J- Without loss of generality we may assume that we have one of the
following cases:

Case 1: {i1,J1,-- -,k jx} = {1,...,2k}. Since the map

H71,2~~~7—2k—1,2k - H

L= TTiy gy - - - Tik g

Tiv,g1 - Tig.dg

is obviously a bijection, there exists w' € Hr, .7y _, ., for which we have w =
W'Tiy jy - - Tig.ju- From the definition of g we have g(n + 2p) = g(n) + 3p for all
positive integers n and p. Hence

Is(w) <k +1s(w) <k+(k—1)+g(n—2(k—1)) =g(n) +2—k < g(n).

Case 2: [{ir,jr} N{L,...,2k}| < 1. Without loss of generality we may also
further assume {iy,jx} N{1,...,2k — 2} = . Then, using Lemma 26, we see that
there exists p such that [(p) < 2(k — 1) and

T1,2 -+ -T2k73,2k727-’ik,jk,u’£7'i1-,jl <o Tig e
This implies that the map

L

—
T1,2---T2k—3,2k—2Tiy 5, ‘CTil,jyn"'ik,jk

T T

is a bijection. In particular, there exists v € L, ,. such that vy =

T2k—3,2k—2Tig g
w. Since Ty 2...Tak—1,2tw = w, it follows that 71 2...72k—12k0 = v (because of
corank(p(v)) = corank(p(w))). Hence v € Ry, ;. 7y o -

From the above we derive Toq_12,U = UT2q—1,2 = v for all a = 1,...,k — 1.
Hence we can write v = 71 2. .. Tak—3,2k—2v", where v’ is such that corank(p(v')) = 2
and {m,m'} € p(v') for all m < 2k — 2. Using induction on n and the case of
corank 2 considered above, we obtain 1s(v') < g(n — 2(k — 1)). Hence 1s(v) <

(k—1)4+g(n—2(k—-1)) and from w = vu we get
Is(w) <lIs(v) +1s(p) < (k—1)+g(n—2(k—1)) +2(k—1) = g(n).
This completes the proof. ([
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