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ABSTRACT

We present a seemingly new normal form for braids, where every braid is expressed
using a word in a regular language on some simple alphabet of elementary braids. This
normal form stems from analysing the geometric action of braid groups on curves in a
punctured disk.
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1. Introduction

For every n > 2, let B,, be the braid group with n strands. There exist several
distinguished normal forms for braids, in particular the well-known greedy normal
form(s) based on Garside’s theory, which consists in expressing every braid as a
fraction involving one positive braid (no o; 1y and one negative braid. Here we
propose a new normal form relying on a different principle, and, in particular, the
positive and negative factors are not separated. This normal form relies on the
geometric idea of relaxing curves in a punctured disk but it can be presented in
purely combinatorial terms. Let us consider the elementary braids (see Figure 3) :
0ij = 00541 0j—1, for 1 <i<j<n,and §; ; = 53._)1»1 = 0;110;12 . ~-0j_1, for j <
i. For n fixed, we define the alphabet A, = {J; n,dit11,4=1,...,n— 1}, and the
language of finite type £, on A, where the words d; ;0 ; are allowed only if k
is equal to ¢ or between i and j (see Figures 4 and 5). Let us call 7, the set of
braids having a representative in £,, (we shall see that such a representative is then
unique). Not all braids can be written as words in £,,, but we claim that every
braid 7 in B, can be decomposed in a product 7 = 7,7,_1 - T2, where, for all
2 <p < n, 7, € Tp. The resulting writing of 7 is a normal form. It is the unique
representative of 7 in a regular language denoted L<,,.

Examples. To give a rough idea of how things work, let us have a look at some

examples. Consider for instance the braid 7 = 070, 20507 2. As it is easy to check
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(see Figure 12), this braid can be written
T = 03,102,402,102,403,103.4 € Ly,

showing it belongs to 7;. Next, consider the braids (o105 )Y when N varies.
As shown graphically on Figure 1, the normal expression of o105 " = 01,2032 is
53,15273.5172, with 53,15273 S £3 and 5172 € L. Thus, for all integers N > 1,

(o105 )N = 831(02,169.3) Y 102.3.01 2.

In this case, the normal form is the concatenation of 53,1(527152,3)1\7’15273 € L3 and
51,2 S £2.

o

oo

Fig. 1. Graphical representation : (0102_1)3 = 83,1(82,102,3)%82,3.61,2.

Geometrical presentation. This normal form is inspired by a more geometrical
point of view. It is to be related to the strategy of relaxing the curve diagram de-
veloped in [4] and with the work [6] of Larue. To be more specific, let us consider
the standard action of the braid group on the fundamental group F,, = (u1,...,u,)
of the punctured disk. A braid is completely determined by the images of a set of
elementary loops. Obvious geometrical considerations show that images of elemen-
tary loops are loops with no self intersections. Basically we are going to deloop the
images of these loops according to a specific procedure. The delooping strategy we
propose is simple. Let w be a simple loop and write w = ufll ufz
form. The recursive step consists in applying either 6 ;, if ; < 0 or 6, ;, if €1 > 0.
This is natural from a geometric point of view (see for instance Figure 8). We claim
that, on the one hand, repeated use of this step eventually yields a trivial loop and
that, on the other hand, the sequence of inverses of the elementary delooping braids

in reduced

is in L. This delooping procedure yields the normal form inductively. Indeed, con-
sider a braid 7 € B,, and let w = 7(u,) be the image of the elementary loop .
The procedure provides a delooping braid for w, that is a braid 7(") such that
7™ (w) = u,. Now, 70" o7 is in B,,_; because it leaves u,, invariant. Applying the
same procedure in B,_1, we can find the delooping braid of 7(") o T(Un—1), and so
on and so forth. Finally, we obtain n— 1 braids 7", ... 7 (with 7*®) € B, ¢ B,,)
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such that 7® 0 73) o ... 0 7(® o 7 = Id. The normal form of 7 is obtained writing
the inverses of these delooping braids in terms of elementary braids.

Idea of the proof. The proof we propose is based on a combinatorial presentation
of this delooping procedure. To manipulate these objects in a combinatorial setting,
the key point is to understand the action of elementary braids on words which code
loops. In the computation of the image of a word, each letter is replaced with
a word (substitution) ; then, the result is put in reduced form ; at this stage,
some cancellations may occur. The technical point is hence to control where these
cancellations occur : this is the object of Lemma 2. This analysis together with a
few remarks on the coding of simple loops (Lemma 3) shows that, while delooping,
the (combinatorial) length of the loop reduces (Lemma 4). It is then easy to prove
recursively that the loop eventually becomes trivial and it is straightforward to see
that the sequence (of the inverses of) the elementary braids needed to deloop w is
in £,, (Proposition 1). The argument to prove uniqueness of the normal form of
a braid relies on another consequence of Lemma 2 : we show (Proposition 2) that
the beginning of the image of an elementary loop by a braid in normal form is
determined by the first letter of the normal form.

Connection with the Dehornoy ordering. Our normal form seems to be
adapted to tackling questions about the Dehornoy ordering of braids. It is known
that every nontrivial braid admits an expression by a o-word in which the generator
with higher index appears only positively, or only negatively. The latter property,
called Comparison Property in [4], is the key point in the construction of the above
ordering of braids. Our normal form easily provides a variant (Theorem 2 and Corol-
lary 1) of this property and hence yields a new effective proof for the existence of
this ordering.

Algorithm. To compute the normal form of a given braid, one can compute the
images of the elementary loops and compute algorithmically the delooping braids.
But it is also possible to avoid the study of the action of the braid group on the
free group. Indeed, we propose simple rewriting rules which allow one to compute
the normal form of a braid from an expression for it in terms of the standard gen-
erators; this is based solely on the subshift point of view. We note that proving the
correctness and termination of the algorithm yields another, purely combinatorial,
proof of the existence of the normal form.

Perspectives. We conclude with some remarks about algorithmic properties of
the normal form and several projects related to our initial motivations.

The picture. Most results are presented here in combinatorial terms. Since intu-
ition is often geometric, we illustrate the statements with diagram representations.
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In an appendix we give a more detailed description of the way things can be pre-
sented in a geometric setting. We conclude with an analysis of some geometric
properties of the normal form and its relationship with an efficient coding of simple
loops which are in the orbit of elementary loops.

2. Definitions, notations and statement of the main result
2.1. Braid groups

For all n > 2, let B,, be the braid group with n strands. The standard presentation
using the set G = {o1,...,0,-1} of standard generators is

By =(01,...0n_1;0i0; = 004, |i — j| > 1;0404105 = 0i110:0i11) -

This group has a classical interpretation in terms of homotopy classes of strands

I \H‘w
\HH HH\

Fig. 2. The generators o; for Bs

between two disks. For our purposes, we will simply formally identify the generators
with pictograms following Figure 2. Concatenation is compatible with this repre-
sentation and the relations have intuitive graphical interpretation. The group has
also an interpretation in terms of homotopy classes of homeomorphisms of punc-
tured disks. In this context, the action of the group on the free group we will define
and study in Section 3 is naturally interpreted as an action on (homotopy classes
of) simple loops. The correspondence is intuitive and pictures are intended to help
intuition while most results are stated and proved in combinatorial terms. We will
make this interpretation more specific and prove more geometric properties of the
normal form in Appendix A.

Remark 1. We stress that, we will represent 0,0, as o; above o;. With this con-
vention, the left action of the group on the free group we are going to define will
read graphically from bottom to top (see Figure 7).

As natural in the context of finitely presented groups, we will often identify words
n (GUG™H* and elements of the group. We must keep in mind that, in fact, an
element of the group is an equivalence class of such words. We define the o-length
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of a braid to be the minimal (word) length of a word in the class. We note that for
p < n, By is a subgroup of B,.

The quotient of B, by the relations {¢? = 1,i = 1,...,n} is the symmetric
group &,, (= group of permutations of {1,...,n}). We will denote by s, € &,, the
equivalence class of g € B,,. For instance, s,, denotes the transposition (4,4 + 1).

2.2. Elementary braids
For 1 <i < j < n integers, we will use the notation,
0ij = 030341 051,

and, for 5 < 4,

3,5 5 1—01 1101 12'-'0';1.

The geometrical operation is to take strand ¢ and put it (over the others) at place
j, shifting everything in between, as shown on Figure 3. From the point of view of
the left action we will define, the move is reversed. We will refer to these braids as

elementary braids and denote by &, the set of elementary braids of B,.

S ]

Fig. 3. The (57;7]'

For W =6, ;, we write i(W) =4, j(W) = j and £(W) for the sign of j —i. We
denote by [i, j] the set of integers between i and j. That is if ¢ < j we denote by
[i, 7] the set {¢,i+1,...,5} and if i > j the set {4,...,i}. We put [i, j[= [¢,4] \ {J}
We call range of 0; ; and denote [0; ;] the set [i,j]. In the same spirit, the strict
range of 0; j is the interval [0; ;= [4, j[.

We will consider words on the alphabet {; ;,1 < ¢ # j < n}. For such a word
W =W, - - Wk,and 1 < k < K, we write if(W) = i(Wy), jx(W) = j(W;) and
(W) = £(Wy). We extend the notation for the range to words taking the range
of the last letter : [W7 - Wk] = [Wk].

2.3. A language for each level

Assume n is fixed. We consider the alphabet A, = {6;n,0i41,1,¢=1,...,n—1}
C (GUG~1Y)*. We denote by L,, the language :

L, ={W € Ay; iWig1) € ({(Wr),j(Wi)[}
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The restriction means that i(Wy1) lies between i(Wj) and j(Wy), being different
from j(W}). We note this by i(Wyy1) € [W].

R R 1
55 A
o) IE T
) s =, 5

b))

2

Fig. 4. The alphabet Aj

Remark 2. A word W = 0;, j, - - 0in,jn 15 in £, if and only if for all 1 <k < N,
Jrk € {1,n}, ix # ji (so that ;. j, € A,) and, for all 1 < k < N, 1 < ipy1 < ik
if jrp = 1 and i < ig11 < n if jp = n, or equivalently, ix41 € [ig,jx[ (so that
Wka+1 € [:n)
Remark 3. Considering the subset of set of A2,

L= {W1W2; i(Wl) < I(WQ) <n :j(Wl) or _](Wl) =1< i(Wz) < i(Wl)},

we see that £, is a language of finite type : L, = {W € A,; WpWyy1 € L}.

Fig. 5. The subshift for L4.
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2.4. The complete language

For every integer n we define a language L<,, as follows. A word W is in L<,, if it
is a concatenation of n — 1 words W® e Ly,p=2,...,n:

W=wm. . e,

Note that W) may be empty for some p. Note that the decomposition may not
be unique since some letters (and even words) could occur at the end of W) or at
the beginning of W®~1 We say that the splitting is good if for every p with W ®
non empty, p is in the range of W®), or equivalently the last letter of W®) does
not belong to A,_;.

Remark 4. It turns out that the language L<,, is sofic. To see this properly, let
us propose the construction of a language using a bigger alphabet which is of finite
type and obviously projects on L<,. We consider the alphabet

A, ={(G,4,p) €{l,....n rie{l,phie{l,....p}\ {i}}.

For all @ = (i,7,p) € A, we set ¥, = 555) =10, € Ayp. A word (ig, jr, Pr)i<k<n €

A isin Egn if and only if for all 1 < k < N, either
{pk-i-l =Pk {pk+1 < Pk
i .. or R
ikt1 € [in, Jrls Pr € {ik; jr}

We say that a word W is in L< if there is an integer n such that W is in L<,,. For
W e L<, we denote n*(W) =min{m > 2: W € L<,,} and |W] its word length.

2.5. Normal form

Our main result provides a normal form for all braids in B,.

Theorem 1. Let 7 € B,,. There is a unique word W = Wy ---Wg € L<, such
that

T=W,- Wk.

The proof relies on the understanding of the action of 7 on F,. It is given in
Section 4.

2.6. Notation
It will be convenient, when n is fixed, to write :
Ej_ = 51‘1”, and, Ez_ = (52')1,

and, for their inverses,

5t

3

= 5n,ia and, i; = (5171‘.
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The alphabet becomes A, = {Z], %, ,,i=1,...,n— 1}. The letters are different
but correspond to the same braids. The set L can be written as

_ +ye. . _ —\E. . . _
L={%%;i<j<n,e==FpU{X %5 1<j<i, e==},
and the language £, is still £,, = {W € A,,; W;Wy41 € L}.

To stress the use of this notation, we will use I and Z to denote I(3¢) = i and
Z(XS) = e ; the correspondence is, if W and ¥ are the same, I(X) = i(W) and
E(X) = ¢(W). For the strict range, we notice that [X¢[ is the interval [i,n[ if € > 0
and |1,4] if e < 0.

Remark 5. We immediately notice that ] and X play a particular role. They
can only appear in the beginning of a word. It could be convenient to work with
the alphabet A = {¥], %7, i =2,...,n — 1} and allow occurrences of ¥ or X

at the beginning of a word to describe the language.

3. Action of B,, on F,

We denote F), the free group with n generators. We consider the set of free gener-
ators ST = {u1,ug,...u,}. We denote S~ the set of inverses S~ = {u;*,...u,;'}
and S = ST US™. To a word in S* we associate an element of F,. Conversely,
every element of F;, has a unique expression as a word in S* in reduced form (i.e.
a word in S* with no factor ufu; ©). For w € F),, we denote |w| the word length of
its representative in reduced form. If w = ufll e u;':’l' is in reduced form, we write,
for all 1 <k <|w|, ix(w) = i and ex(w) = €.

An action of B,, on the free group F, can be expressed as follows. We define a
morphism 7 : B,, — Aut F), by the images of the generators. For every i, w(0;) acts
as,

(o) (wi) = winiu;
m(0i)(wit1) = wi,
m(oi)(u;) =y, ViFE ji+t1# ]

For 7 € B, we will write, 7(ux) instead of 7(7)(uy) if it is not ambiguous. In
fact, we will even often write W (u) with W € A* to denote 7(7(u)) where 7 is the
braid associated to the word W. For a geometric interpretation of this action, we
will think of F, as the fundamental group of the punctured disk (see Figure 6).
For a formal explanation, we refer to Appendix A. For now, we stress that the
graphical interpretation of a word must be written from top to bottom as can be
seen in Figure 7, so the (left) action on loops reads from bottom to top. Notice that
given the pictogram of an elementary braid, we also can read the (left) action of its
inverse, from top to bottom (Figure 8). Finally, notice that on most pictures, loops
are replaced by separatrices : we used the obvious correspondence formally stated
in Lemma 11 to simplify the pictures.
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Fig. 6. Action of o1 on elementary loops.

(&2

== | w
7R

D

Fig. 7. Graphical representation of W = W;W32W3 and left action on the elementary loop us :
WiWaWs(us) = u21UQU4u5uZ uglml

We let s € &,, act naturally on F;, by s(u;) = ().

3.1. The Artin representation

We can associate to a braid 7 € B,, the n-tuple of images of the generators of the
free group :

Vi1 — (T(u1), ..., 7(up))-

The point is that this object completely determines 7. Indeed, if two braids are
different, then at least one of the generators have different image. This presentation
of braid group is called Artin presentation of B,,. The next lemma states that the
representation 7 is faithful.

Lemma 1. The map ¢ is an injection
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We do not give a proof of this standard result. We refer to [2] or to [4], Chapter 5.
Notice that it is immediate in view of the definition of the braid group as homotopy
classes of homeomorphisms of the punctured disk, since images of a base of the
fundamental group characterizes image of all loops and hence the braid.

3.2. Action of elementary braids

We investigate the action of the elementary braids on the free group. It is straight-
forward to show that for ¢ < j,

Uy, ) itk <i
655 (1) — Zzukﬂui i ;SZIZ <J
U if k> 7,
and for j <,
U, ifk<j
5us(un) = w; ifk=j

u;luk_lui ifj<k<i

Remark 6. We summarize, putting € = sign(j — ),

Uk if k ¢ i, j]
6ij(ug) = { uSupyeu; < if k € [i, 4
Us if k=j.

Figure 8 shows a the geometrical interpretation of the action of such a braid (from

top to bottom).
@ ng

Fig. 8. Action of i;r. This is a representation of E; so the action reads from top to bottom.
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Now we investigate the action of the {d;;} on F,. The point is to understand
where the cancellations occur. Fix w € F,, and write w = ufll ufg in reduced
form. We are going to give an expression of J; ;(w) in reduced form. We work with

i < j but the same result holds if i > j.

For this purpose, we decompose w in blocks according to ix & [i,]], ix = j and
i € [i, 5]

— 2 3 L. TR R
w=u;" ViuVou?Vy - u" Vpoqu®, (3.1)

where either V, € (ui,...,ui—1,%j41,...,u,) (block of type 0), or V, €
(ui,...,uj—1) (block of type 1) and n, € Z. Notice that some 7, may be equal
to 0. We denote T'(p) the type of the block V,. We set T'(0) = T'(R) = 0. If the
V, are written in reduced form, then it is easy to recover the reduced form of w,

erasing the u'™”

;. whenever 7, = 0.

Lemma 2.

8ii(w) = uS Viu$2Vy - - Vo qu$” V- - Vg_qul?

where V = ss;;(V), and, for all1 <p < R,

G=m+Tl+1)—T(p).
Proof. We put ¥ = §; ;, assuming 7 < j. We compute the image of each type of
blocks.
o Let V € (ui,...,uj1), say V = uif ---ugl in reduced form, be a block of
type 1. The obvious cancellations of ui_lui yield

_ 0 €k —1 L, Ek+1 —1 o€l —1
= (gt o) (o) - (gl
_ 2 €k €k4+1 L€l —1
= Uiy, Uy 1 Uy 1Y

o1
=u;Vu; -,

where V = uf-l’:HuE:LlH gl e V = s5(V). Notice that [V| = |V].
We stress the fact that no other cancellation can occur since V' was written
in reduced form.

o If Ve (ui,...,ui—1,Uj41,...,up) is of type 0, then X(V) = V, while
V=sxs(V)=V.

e We recall that ¥(u]) = uj.
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Now we check what happens at the boundaries of blocks. Say U and U’ are of type
0 and V and V' of type 1.

S(UujU') = UujU’

E(VulV) = (uVu; Dul (Va7 b)) = u,VulViu; !
S(UujV') = Ul (w; V'u;b) = Un TV u; !
S(Vu;U') = (uiVu, YU = uVul U,

There are no further cancellations since U, U’ € (u1,...,%i—1,Ujt1,...,Up) While
V, V" € (uiy1,...,uj). The proof is the same if j < i. O

3.3. Action of B,, on elementary loops

We investigate the action of a braid 7 on one of the generators of the free group wu.
7(u) is an element of the free group, with a particular form. We consider the map
from B, to F,

Yy 2 T T(U).

We consider the set O,, = 1,,(B,,), i.e. the orbit of the generator u € ST. We notice
that it does not depend on the choice of the generator. In other words, this is the
set O,, C F,, that can be achieved as images of a generator :

O,={weF, : 3IreB,,n(1)(u1) = w}.

Geometrically, elements of O, are (classes of) simple loops starting at a base
point on the boundary with s, (u) inside. We will give a more specific geometrical
description in Appendix A. For now, we summarize some elementary properties of
these loops in combinatorial terms.

eN

Lemma 3. For allw € Op, w = ug' ---ug in reduced form

(i) there is h € F,, and u € ST such that w = huh™!, ; if w = 7(ux) then,
u=s;(ug).
(ii) there are no squares, i.e., ixy1 # ik, 1 <k < N.
(ZZZ) El(ig — i1) > 0.
(i) For all1 <k <N, (i —i1)(igs1 — 1) > 0.

The first statement formalizes the fact we can represent a loop drawing only a
simple curve from the boundary to the terminal point (staying inside the loop).
The last statement means that if (i —¢1) and (ig41 — 1) are of different sign, one
of iy or ix41 must be equal to i;. In this case, € is equal to the sign of i1 — .

Proof. Tt is certainly possible but rather tedious (particularly (iv)) to give a com-
binatorial proof of these statements. We will rely on the geometrical point of view
(in which the statements are obvious), see Lemma 11 and 12.
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3.4. Delooping one loop

EN

1 1 = €1 ...
Fix w € O, and write w = ug} -+ - ug ¥

;! (w) is shorter than w itself.

in reduced form. We are going to prove that

Let us decompose w in blocks following decomposition (3.1), with j < 4; and
i« 1 (if ¢, < 0) or 7 < n otherwise,

w = u?ll‘/lu?f‘éu?f‘/s [P uZR*lVR_l,u‘ZR7 (32)
where either V,, € (u1,...,u;;—1) (block of type L), or V,, € (w41, ., un) (block
of type R). Note that the decomposition itself is independent of the sign of €;. But,
if ;1 > 0, blocks of type L correspond to blocks of type 0, while if ¢ < 0, they
correspond to blocks of type 1.

We use Lemma 3 to specify the structure of this decomposition. There is an obvious
symmetry implying ng = —n; and more generally nri1_r = —ni for all k < R/2
(Statement (i)). The first block, V7 is always of type 1 (Statement (iii)). A priori,
some 7y, could be equal to zero, but Statement (iv) shows that there is always a
ui between two blocks of different types. Together with statement (ii) this yields
nr € {—1,1}. A more subtle use of Statement (iv) shows that if a block of type 0
is followed by a block of type 1 then necessarily, n, = 71 (while between two blocks
of type 1, sign can be +).

Remark 7. It could be that there are no blocks of type 0 (¢4 = 1 or 43 = n). There
are never successive blocks of type 0.

It follows from this analysis and from Lemma 2, that,

T (w) = ViulVa o+ Vol V- Vi, (3.3)

where x =1 if ¢7 <0 and x =n if ¢; > 0, ‘A}ZSSﬁl(V), and, for all 1 < p < R,
i1
¢ = np if V,—1 and V, are of the same type
P10 otherwise.

That is to say, if € < 0,

S (w) = Viu§Va - Vpru§"Vyy - Vi1,

and if ¢; > 0,
. U -
2 (w) = Viu@Va -+ Vp_1u§pVy -+ Vi

Lemma 4. Ifw € O, with |lw| > 1 then ‘iel(w)‘ < |wl.

i1
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Proof. Using the notations above, we compute
R
lw| = Z Vil + |nil.
i=1
It is straightforward to compute the length of the image, since |V| = [V| :
R
[Shawl =D Vil +1Gl.
i=1

It is enough to notice that since |w| > 1 there is at least one block (which must be
of type 1). So that there are at least two cancellations. Indeed, ; = (g = 0 while,
for all 4, [G; < [mi]. O

Remark 8. A slightly more precise analysis shows that the difference Zi1(|<z| -
[7:]) is equal to the number of changes of block types plus 2. Indeed, ¢, < 7, if
and only if V,_; and V, are of different types. See Figure 16 for a geometrical
interpretation.

Lemma 5.
i (S5 w) = i (w) + € (w).

Proof. It follows directly from (3.3). iz(w) + €1(w) is a condensed way to say that
the first letter of the image is the first letter of the block V7 which is of type 1. The
block is permuted, and the permutation depends on the sign of ;. [

We are now in position to prove,
Proposition 1. For every w € O, there is W € L,, such that |W~1(w)| = 1.

We will refer to W' as the delooping braid of the loop w. See Figure 9 for
an example. Notice that we obtain a (very) rough bound on the length of W :
W[ < Jwl.

Proof. Fix w € O,. If |w| = 1, the result is obvious. Assume |w| > 1 and write
w = ugi! -+ ug in reduced form. We define

—€1

L(w) = % (w).
It follows from Lemma 4 that
|L(w)| < |w].

Henceforth, the length of the loops L™ (w) is strictly decreasing until m = K, the
first index for which |L¥ (w)| = 1. We consider the finite sequence (I, Zk)1<k<K
defined by, for, 0 < m < K,

Im-i—l = Zl(Lm(w))a anda Em+1 = el(Lm(w))’
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=

A\
)
Wt

Fig. 9. Delooping using the i: of w = huh~! with h = uguglulluglulugu4u5 and v = us.
Notice that |[L4(w)| = 1. The braid =; act from top to bottom. Hence this is not a conformal

graphical representation of the delooping braid, but of its inverse. The reason is that we will finally
be interested in the inverse.

and the finite word :

W = (57" )1<k<k-

It follows from the definition of L that W~1(w) = L (w). For every m < K, we
consider the loop L™(w) ; we set iy = 41 (L™(w)) and iy = is(L™(w)). Assume
e1(L™(w)) = —1. By Statement (iii) of Lemma 3, i3 < ¢;. It follows from Lemma 5
that 3, (L™ (w)) starts with u;, 1. Hence I;,41 = iz + 1, so that

2< Im+1 < Im

Symmetrically when e; (L™ (w)) = 1, is > 4y and Ip,1 =9 — 1 yield I,,, < Iy <
n — 1. Hence, W € L,,. (O
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3.5. The beginning of the image

Consider w € O,,. We are going to compute $(w), for all 1 < j < n and all
e = +. This will allow us to show that if w = Y (u,) and AY is in normal form
then the first letter of A(w) is determined by A, which is the key point to prove
the uniqueness part of Theorem 1. More specifically, we prove :

Proposition 2. Let W € L<. Denote n* = n*(W) the minimal index m such that
W € L<,,. Then the first letter of W (up«) is uil((vv‘y)). That is iy (W (un»)) = I (W),
e1(W(un+)) = E1(W).

Proof. We proceed by recurrence on the length of W. Set i = I1(W), e = Z1(W)
and n* = n*(W). For convenience, we omit the *, i.e. we assume n = n*. If [W| =1
and € = 1, then W = ¢;,, and W (u,,) = u;. If [W| =1 and € = —1 then W =§,, 1,
(meaning that i = n) and W (u,) = u, 'ty _1Uy,.

Assume the result holds for all ¥ € L<,, of length |Y| = N. Let W € L<,
with |W| = N + 1. Again, set i = I;(W) and € = E,(W). Write W = AY with
A=%e€ A, and Y € L<, of length |[Y| = N. We must distinguish according to
whether n*(Y) < n or n*(Y) = n.

In the first case, Y (uy) = u, so W(u,) = AY (u,) = A(u,) and the situation is
the same as if W = A was of length 1 (with respect to u, ). Hence the conclusion
holds.

In the second case, we consider the image w of w, by Y, w = Y (u,). The re-
currence assumption guarantees that it starts with uil((;/)) = uZZ(VIM//))' Firstly, we
assume ¢ = 1. To compute A(w) using Lemma 2 we divide w in blocks following

decomposition (3.1) (with ¢ < n and j « @) :
w=ul"ViuPVo - - Vo_jurVy, - Ve ul®, (3.4)

where either V,, € (u1,...,u;—1) (block of type 0), either V,, € (u;,...,u,—1) (block
of type 1) and n, € {—1,0,+1}. We stress that, here, we have introduced symbols
that may correspond to empty words to separate blocks of type 0 and 1. We put
T0) =T(R) =0, and for 1 <p < R, T(p) = 1if V, is of type 1. We can apply
Lemma 2 to see that

W (up) = X5 (w) = ugl 171u§21~/2 e XN/p,luf”\Z, o VpubR

where V = sse(V), and ¢, = n, +T(p + 1) — T(p). So, it remains to show that
G =1

Since AY € L,,, IL,(W) = I,(Y) = i1(w) is in the strict range of A. Since € = 1,
it implies ¢ < I1(W) < n. Hence the first letter of w is in (ug, ..., un—1), showing
that n; = 0 but that the first block is of type 1. We conclude that (; = 1 so we are
done. The case € = —1 implying 1 < I5(W) < 4 is symmetric. [
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Fig. 10. Graphical interpretation of Proposition 2

The proof has a very simple geometric interpretation. The argument is that X (w)
moves an extremal point (a; or a,) to position a;, crossing the beginning of the
loop w (see Figure 10).

4. Normal form

4.1. Proof of Theorem 1

Proof. Let 7 € B,,. To prove existence, we build a word W € L<,, such that
T=Wi-- - Wk.

The proof is by induction on the number n of strands. It is obvious in By because
Ay = {612,021} and 7 = 552 for some K € 7Z. Assume the statement holds
in B,_1 and let 7 € B,. Consider the loop 7(u,). Following Proposition 1, we
construct a word Y € L, such that |Y~!(7(u,))| = 1. Say Y 1 (7(u,)) = ug. We
notice that (since we followed the construction) k is in the strict range of Y, so that
W =YX} € L,. But, fZ(Y‘l(T(un))) = EZ(uk) = u,,. Hence W =YX} satisfies

W (un)) = tn.

It implies that W17 € B,,_;. We use the inductive assumption to find V € L<n_1
such that W=1r = V. Since n € [W], we conclude that, WV € L, and

T=WV.

To prove it is unique, we show that two different words (U and V in L<) yield
two different braids. Without loss of generality, we can assume that the first letter
of the words are distinct (or else erase by taking the inverses). If n*(U) # n*(V)
(for instance, n*(U) < n*(V) = n*), then, U(up~) = tp+, while V(tp+) # tp=.
If n*(U) = n*(V) = n*, then we use Proposition 2 to see that the first letter of
U(tp~) is uil((UU)) while the first letter of V(uy,~) is uil((“,/)), i.e. they are distinct.
Since the free group is free, we use Lemma 1 to conclude. [
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5. Connection with the Dehornoy order

We recall the definition of the Dehornoy ordering of braids [4] (here we consider
the version in which oy is smaller than o3).

Definition 1. (i) A o-word is said to be o-positive if the generator o, with max-
imal index occurring in w occurs positively only, i.e., o,, occurs but o} does not.
(ii) Assume that x,y are braids. We say that 2 < y holds if the quotient braid x =y
admits at least one expression by a o-positive word.

Then the relation < is a linear ordering on braids that is compatible with multi-
plication on the left. Our normal form seems to be adapted to tackling questions
about this ordering of braids. Indeed, we prove that one of the normal forms of 7
and 77!, when re-written in terms of o is positive in the sense of Dehornoy.

For every braid 7, we denote ¢(7) the o-word obtained by rewriting all §; ; in terms
of {of} in the normal form W of 7. Assume n*(W) = n. In ¢(7), the letter 0,1
appears only in X (positively) and in ¥, (negatively). Hence 7 is positive if W
does not contain X, i.e. if it does not start with X .

Theorem 2. Let T € B,,. One of the two words ¢(7) or ¢(t71) is positive.
To prove this result we need the following lemma :

Lemma 6. Assume i1(7(u,)) =n. Then iy (171 (u,)) <n

Proof. Let 7 be such that i1 (7(u,)) = n. We are going to show that the first letter
of 77 (uy) can not be u,. Let W = W) ... W be the normal form of 7 and
write W = ZY, with Z = W and Y = W=D ...WW® ¢ B, _,. First, we show
that the first letter of v = Z~!(u,) must be u; ; then, we check that no u, can
appear in the beginning of Y ~!(v) since Y is in B,,_;.

First, we show that i1(Z~"(u,)) = 1. Write Z = W) = W, .. W. Tts inverse
is the delooping braid of 7(u,). The assumption implies W7, = X,
Wfl(un) = wuy. It also implies that Wy, # Ef forall2 <k < K.

We proceed by induction on the length of W, For k < K, set w =
Wt Wi (uy,) and assume iy (w) = 1. We apply Lemma 2 to compute ijrll (w).
We distinguish according to the sign &(Wy11). If positive, (recalling that then,
Wit1 # 27), then the first block is of type 0 and hence left unchanged, so that and
il(ijrll (w)) = i1(w) = 1. If negative, then the first block is of type 1 and W, ! (w)
starts with ujug - - -. In both cases, zl(W,;ll(w)) = 1. We conclude by induction.

and hence,

Next, set v = Z Y(u,) and Y = W ...w=1 ¢ B, so that 7~ (u,) =
Y~ (v). Write v = Viul Vy - - ul"V, 11 with V,, € (u,...,u,—1) and 1, # 0. Notice
that for every 1 < p < r+ 1, Y=!(V},) in reduced form is not empty. Hence,
Y1) =Y (V) ul Y =1 (Vo) -+ Y =1(V,11) is in reduced form. Since V; is not
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empty, Y ~(V}) is not empty.

It remains to show that Y ~!(V}) does not contain any u,. We apply again
Lemma 2 with the §; ; appearing in Y !, for which, i < n and j < n. Here, the
induction argument is the following : assume i1 (w) < n. Then, we consider §; ;(w)
where i < nand j < n. If is(w) < n, then either i1(9; ;(w)) = i1 (w), or 41 (6; ;(w)) =
ss; ; (i2(w)) < n (because s5, {1,...,n — 1} = {1,...,n — 1}). If ix(w) = n, then
we have T'(1) = T(0) = 0 and hence, &1 = n1, so that i1(4; j(w)) = i1 (w). Repeated
use of this argument shows that i1 (Y ~1(V})) < n and yields the result. OJ

Fig. 11. The geometrical argument for the proof of Lemma 6. Consider the loop 7(uy) (dark) and
the segment d,, on the left hand side. The loop 7(ux) is mapped onto un, and d, is mapped onto
a separatrix 771 (dy,) starting on the top (on the right hand side), by 7—!. The shadowed domain
delimited by these curves and the boundary of the disk is mapped to the shadowed domain on the
right hand side. Now, the point is that the separatrix 7—1(d,) after its (two) first intersections
with the loop u, must reach one of the d; with i < n. But 77 1(uy) is on the left side of 771 (dy)
and they intersect only at the end. So 77! (u,) must intersect some dj, with j <14 < n before to
reach d,,. Hence i1 (771 (un)) < n.

Proof of Theorem 2. As we already have mentioned, either ¢(7) is positive or
the normal form Vof 7 contains ¥, . In the latter case, since V € L, it means that
Vi = X, . From Proposition 2, we deduce that i1 (771 (u,)) = i1 (V (u,)) = n. From
Lemma 6, we deduce that i1 (7(uy)) < n. We conclude that ¢(771) is positive. [J

So our approach gives a new proof of the following so-called Comparison Property
of [4], o-negative meaning that the generator with highest index appears negatively
only.

Corollary 1. FEvery nontrivial braid admits an expression by a word that is o-
positive, or o-negative.

6. Algorithm

The normal form of a braid is obviously computable looking at the images of the
elementary loops and then applying the delooping procedure. Here we provide an
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algorithm to recover it directly (providing as well a proof of existence). It is based
on a Tetris-like computation of the normal form of o{W given W in normal form.
Roughly speaking, we show how of crosses W :

e Firstly, we will show how to cross one letter : the transition rules (6.5)
shows how to write §; ; Wi, with Wi € A,, in the form Wl Ok.1, with WNfl eL,
(Lemma 7).

e Then, we will show that if we end up with W14; ;W2W3 we can use the
transition rules to write it as W1W25k,lW3, with W1W2 in normal form
(Lemma 8) ; so that d; ; can cross a whole word W in £,, : 6; ;W = Wém,
letting W € L, (Lemma 9).

e Finally, we will analyse the three possible situations between W*) and
W*=1 (Lemma 10). We can conclude that the procedure finishes.

Thus, given 7 = 07! --- 0%, we can write o;% in normal form and we proceed
. . . €
inductively : given the normal form of 74,41 = o :Ll -+ 0K, we compute the normal

form of 7, = of:TkH, and so on an so forth, until & = 1.

6.1. Transitions
A first lemma shows how to compute d; ;3. We prove that

Lemma 7. For all i,j,q and €, we can write 6; ;3¢ = X0k, where 3 € Ly, and
either k € [X[ (situation 1) or [k,l]N[Z] =0 (situation 2). More specifically,

E; 6i76,j76 Zf [27]} C](L *]
5i7j23 = (52'7* ij =4q (65)

YEXG 0i—ej—e if q € [i, 5] and j €lq, ]
X EG Ont1—xj if q € i, [ and j & [q,4].
where x =1 if e <0 and * =n if e > 0.

Proof. There are three main cases.

(1) If [3, 5] N g, ¥] = 0, then &; ;55 = X¢d; ;. We are obviously in situation (2).
(2) If [i, 5] Clg, %], then 0; ;35 = ¥0;  j—c. Here, since j €]q, ], j — € € [g, *[ and
we are in situation (1).
(3) If g € [4, ], then we distinguish
(a) lfj =4dq, then (Si)j Z = (SZ',*,
(b) if j €]q,*] (which implies g € [i, *[), then 6; ;5 = 6; .0, ;25 = X§E0.
(situation (2) because x — € € [q, *|)
(c) if j € [g,*]¢ (which implies q € [i,*]°), then &; ;3¢ = 6; ny1-+0nt1-4;25G =
Y Bony1-+; (situation (1) because [j,n + 1 — ] N[g,*] = 0). O

J—€

We notice that d5; is empty if £ = [. This may happen only in case 3.a if i = *, in
case 3.bif j=xorincase 3.cif j=n+1—x
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6.2. Along a word in normal form

We recall that for W € L,,, [IW[ denotes the interval [z, j[ corresponding to its last
letter 6;,;.

Lemma 8. Consider WiW,W3 € L,, and 0; j such that, either i € [Wi[ or [i,7] N
[(Wh] = 0. We can write W16; ;W2Ws under the form,

Wi jWolWs = W1W25k,lW3
with WiWaWs € L, 0 < [Wa| < 2, and, either k € [WiWal, or [k, [] N [WiWs] = 0.

Notice that the decomposition WQ(;]CJ may depend on W3 (case 3.a).

Proof. First, notice that if we are in the case [¢, j] N [W1] = 0, then either [¢, 5] N
[Wa] =0 or [i,j] C [Wa] because I(W2) € [W1[. Following the line of Lemma 7, let
us distinguish,

[i,7] N [Wa] = 0. Then 6; W, = W24 ; and the conclusion holds.
[i, 5] € ([Wa) \ I(W>)). In this case, Wy = W and k = i — E(Wy) € [Wal.
I(Ws) € [i,j]. Then Wg = 0;«Wa. Since i € [Wi[ and I(W3) € [i,x],
W10, WoWs € L,. Moreover, either k € [Wa], either [k, 1] N [Wa] = 0 de-
pending on the relative position of [, j] with respect to [Wa] ([*,j] N [Wa] =0
or [,j] C [Wa]). Notice that if i = n then, d;;, =0
. I(Wg) = j. In this case, 0; ;Wy = J; . (where * depends on sign of Z(WW>)). We
know that ¢ € [W1[, so, either I(W3) € [i, %[, and then W14, W3 € L,,, or we
are in situation where [, 7] N [W3] = 0 but, then, W1 W3 € L,,. In the first case,
we can take Wg = 8; «, and i, = 0. In the latter case, WQ =0 and d;; = i«
([

We consider the map
A:E, xA, - L, xE,
(85, W) = (W, 61)
defined by

(W, 6i5) if [i, )N [W] =0
. (VV, 51’—6,]'—6) if [7"]] C]W]
(W, 0k,1) = (0, d;.) if j =I1(W)
(W, bu—ej—e) i I(W) € [i,j] and j €]W]
(37 W, dny1—s) i I(W) € [i,j] and j ¢ [W].
We are going to extend A recursively to a map on &, x L,. Assume it is defined
for words of length K. For a word W € L, of length K, a letter A € A,, such
that WA € £,, and an elementary braid J; ; , we denote (W,dr,s) = A(d; ;, W),
(A, 0k1) = A(6r,5, A) and we set,

AWA,S; ;) = (WA, by).
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Lemma 9. The map A is well defined on L. For every word W € L,, and every
elementary braid 6; j, the pair (W, dx1) = A(0; 5, W) satisfies W € Ly, and 6; ;W =
Wk

Notice that in general, |W| # |W\

Proof. The proof is a simple induction initiated with Lemma 7 and then using
Lemma 8. The only detail to be careful with is the definition of W, in the case
I(W3) = 4. Indeed we can choose Wg = (), even if W;Wj3 is not in £,, because in
this case, W16; W3 is in £,,. O

To conclude we must understand what happens at the transitions between words
of different levels. We need the following technical lemma, :

Lemma 10. Ifn € [W], then three different cases may occur :

(i) if n & [k, 1] then n € [W],

(ii) if | =n, then k € [W[ and Wy, € Ly,
(ii) if k =n, then W =6, | for some q and 8y = 6n,101,1-

Notice that it could very well be that dj; is empty, yielding case (i). Notice that if
W is empty, we can have the three cases, replacing [W] with [1,n].

Proof. Let W € £,, with n € [IW]. If W is not empty then we call A the last letter
of W and write W =V A, with V € L,,. Since n € [W], A is either 6,1 or d,,,, for
some q.

o If A =6, then W must be a power of §,, 1. Then the analysis is straightforward
since d; jd, | is periodic of period n in ¢. Write §; ;0. | = (5;{715;“;, with ¢ €
{¢g—1,q,q+1}. If n & [k, 1], then we we are in case (i). If | = n, §x; = x,», and
we are in case (ii) since k €]1,n[. If k = n, dy; = d,,; and we are in case (iii).

o If A=¢,, for some g, then, using Lemma 8 (or Lemma 7 if |W| = 1) we write
6; W =0, ,VA=V6,,Awith VA € L, (and either r € [V[or [r,s]N[V] = 0).

— If §, s is empty then we are obviously in case (i).

— If s = ¢, we are in case 3.a. : 0, sA = 0i; = Or . Since VAe L,,, we have
qge[V]so[qr]N[V]#0.But [r,s] N [V] #0 implies r = k € [V]. If k # n,
then k € [V[= [W] so we are in case (ii). If k = n, Ok n is empty but n € (W]
and we are in case (i).

— If s # ¢, then, we write 6, ;A = /Nlékyl with VA ¢ L, and [ﬁ] = [A]. In this
case, n ¢ [k,l] so we are in case (i). Indeed, we check, using Lemma 8 :

* in case 1., [r,s]N[g,n] =0 son & [k, 1] =[r,s],

% in case 2., k and [ are smaller than n —e =n — 1,

% in case 3.b., k and [ are smaller than n —e =n — 1,
* Incase 3.c,l=s<g<nandk=n+1—-—x=10
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Let W € L<p,, W = W e=1 2 Assume the splitting is nice, i.e. p €
[(W®)] for all p with W® % §. Let &;; € B,. To put §; ;W in normal form, we
propose the following inductive procedure. We explain how to complete one step.
We set (f/[v/(”), k1) = A(6; 5, W), Using Lemma 9, we write

8 ,WW e @ — g Wb @),

If W™ is empty then either n € [, j] and 0;,;W is in normal form, either 6; ; € By,
and we can proceed to step n — 1. Otherwise we distinguish according to the three
situations of Lemma 10.

e In case (i) we put Y™ = W™ and we proceed with d;; € By_1.

e In case (ii), we put Y™ = W(”)(SM and we proceed with @) (i.e. we stop).

e In case (iii), we write dg; = 0,101, We put Yy = W(")(Sml and we proceed
with 51,5 € B,_1.

It follows from Lemma 10 that &; ;W™ = Y(M§, with Y™ € £,,, n € [Y(™] and
0 € By_1. To conclude, we stress that the case n = 2 is simpler since d; ; W3 must
be a power of 612 or d2 1. Hence the procedure finishes.

6.3. Examples

This scheme obviously provides an algorithm to put any o-word in normal form.
It is as well interesting to understand the action of the group on infinite words in
normal form (see further).

Normal form. Let us consider a simple example. Let 7 be the braid in By
T = 01_10'203_1 = 527152135473.
We are going to compute its normal form. Firstly, we write o5 ! in normal form,
o3 =013 = (021)(01,3).
Then, we reduce
0205 " = 023043 = 023041013 = (64.103.4)(d1.3)-
We obtain,
T = 52,1(54,153,4)(51,3)
= (04,103,203,4)(01.3)
04,103,101,203,4)(61,3)
04,103,103,4)01,2(01,3)

= (

= (

= (04,103,103,4) (01,303,201 ,3)
= (04,103,103,4)(01,301,3)(02,1)-
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So finally,

T = (54,153,153,4) (51,351,3) (52,1)-

A

—_—

M
Wl

:

Fig. 12. Computation of the normal form of 7 = 0_1—10_20_3—1'

N
N/

Fig. 13. Tetris-like presentation of Figure 12.

We represent the computation graphically on Figure 12 ; all braids are equal. We
give another representation in condensed way (Tetris-like) on Figure 13 : an arrow
from strand ¢ to strand j stands for the elementary braid d; ;.

Along a word in normal form. On Figure 14, we show graphically an example
of computation of the normal form of d; ;W when W is given in normal form. The
example was chosen so that most of the transitions types appear. Here, d; j = 621
and

W = 04,103,102,102.402,462,102,463 1021 € L.
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Fig. 14. Tetris-like computation of w.

7. Complexity

We investigate the first properties of the normal form in terms of complexity. Let
us consider a very simple example in By. We compare the braid (02 403,1)™ written
in normal form and the normal form of 3 3(d2,493,1)™. Notice that

02,302,403.1 = 02,402 403 2031 = 02,402 403203 202 3.

n

Hence, for every n, the word w = (d24631)™ is in normal form while the normal

form of oqw is :

02,3(02,4031)" = (55,453,1)n52,37

showing that adding only one o-generator may change drastically the length of the
normal form.

7.1. Automatic structure

We stress that the language £,, is of finite type while the language L£<,, is regular
as shown by Remark 4 ; it is recognized by an automaton A,,. It is hence natural
to ask if (A,,L<y) is an automatic structure for B,, (in the sense of [3]). It is
not the case as shown by Lemma 2.3.9 (bounded length difference) in [3] and the
example above : the length of the normal form of gow is not bounded by the length
of the normal form of w plus a constant while all elements in the group have a finite
number (one) of representatives in L<,.

7.2. Length

The normal form is obviously not geodesic. It is crucial to decide if it is possible
to bound the length of a representative in terms of its minimal o-length. An ex-
ponential bound is obvious (it follows from the same arguments as in [6], i.e. the
arguments of Lemma 4). My guess is that there is in fact a linear bound. The ex-
ample above shows that such a bound can not be obtained by a naive recursion on
the o-length. Roughly speaking, my argument for the linear growth relies on the
fact that the delooping strategy used to deloop one loop is not optimal but still effi-
cient : the geometric point of view seems to show it would not be possible to deloop
significantly faster using any other strategy. Notice that numerical experiments go
in the same direction.
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7.3. Algorithmic complexity

For the same kind of reasons, a naive computation only provides an exponential
bound on the time needed to compute the normal form of the braid associated to
a o-word of length n. Indeed, each time we add a o-generator, the length of the
normal form may double so the bound is in 22;11 2F ~ 2" A linear bound on the
length would immediately yield a quadratic bound for the speed of the algorithm.
For the algorithm in its present form, it is certainly the best one can hope. Still, I
conjecture that a statistical analysis of the algorithm would yield a linear expected
speed (for reasonably randomly chosen o-words).

8. Other perspectives

We raise a few points in link with our initial motivations.

8.1. Poisson boundary

Let 1 be a probability measure on GUG ™! with full support. We consider a random
iid sequence (g,,)n>1 on (2, P) = (GUG™HN, u®N). We consider the random walk
(Xn)n>0 defined by

XQ =€
Xn=gnXn_1,n2>1

Description of the possible asymptotic behaviors of such a random walk is the study
of the so-called Poisson boundary of the group for p. This boundary was identified
by Kaimanovich and Masur ([5]) as the space of projective measured foliations of
the punctured disk D,, endowed with a measure supported on uniquely ergodic
foliations.

A combinatorial description of the boundary is missing. We hope that this work
will give hints toward such a description. The language L, generates a subshift
of finite type in which infinite words may be interpreted as infinite braids. There
is some hope to understand the Poisson boundary in terms of this subshift. This
strategy works for Bs, but that is not a great deal since in this particular case, a
combinatorial picture can be given by other means (see for instance [7]).

8.2. Symbolic dynamics, induction and continued fractions

Consider an infinite simple curve in the punctured disk starting on the boundary.
Under reasonable conditions, this curve may define a separatrix of a minimal foli-
ation. Our delooping scheme may be applied to such a curve, since the delooping
strategy is guided by the beginning of the curve. This algorithm may be understood
as a continued fraction algorithm describing approximations of the infinite curve.
The underlying dynamic may be seen as an interval exchange. Taking a section
of the foliation and up to an orientation cover we can analyse the foliation as an
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interval exchange. The coding of the separatrix would correspond to the coding of
a particular orbit. Our scheme is indeed an induction scheme for this dynamical
system, which seems to be distinct from the so called Rauzy induction, to be able
to provide combinatorial information on the symbolic dynamics and to have nice
duality properties.

Appendix A. The picture

The braid group B,, is the mapping class group of the punctured disk D,, = D\ P
with P = {ay,...,a,} aset of n points in its interior. It naturally acts on homotopy
classes of loops, hence on the fundamental group F,, = (u1,...,uy) of D,. Our
normal form is deeply related to this action of the free group and most of the
results we stated in combinatorial form have a nice geometric counterpart. Indeed,
the proof of the existence of the normal form is based on an algorithm to deloop
all elements in the orbit O,, of simple loops under the action of B,,.

Our goal here is to give a more formal description of the correspondence between
the combinatorial and the geometrical points of view. It will allow us to give a
rigorous basis to our statements on the combinatorial properties of elements of O,,.
Using the same language, we will give a complete description of the words coding
loops in O,,, not directly useful for the proofs of existence and uniqueness of the
normal form, but which may have some interest in itself. Finally, we will show how
to relate this description to the normal form.

Orbit of O,,. It follows from a simple geometrical argument that representatives
of loops in O,, delimit a disk containing exactly one point in P called the terminal
point. Hence, the coding of a loop in O, is always of the form hah~!. The letter
a corresponds to the terminal point. A loop is described by its code, (h,a), where
h € F, is written in normal form and a € S. We will exhibit some basic properties
of these words, used in the proof of the existence of the normal form. But, there is
still too much information in the word h. To go further, we propose a strategy to
get rid of the redundancies.

Efficient coding. Let us show how to build “recursively” all the elements of
O,,. Consider a separatrix with code h and terminal point a. Choose a terminal
point z € P\ {a}. We claim that there is a word v and ¢ = =+ such that the
loop with code (ha‘u, ) is in O,,. We consider the shorter such u and we denote
Syz(h,a) = (ha‘u,z). Following this recursive step, we associate to every (finite)
sequence of “terminal” points (without repetition) an element of O,. That is to
x1 - Tx we associate Sy, o---0.S,, (0, z1). This construction has a nice converse.
Given an element w of O, it is easy to recover the sequence of terminal points.
They correspond (up to exponents) to subwords of w characterized geometrically
(closest intersections) or algebraically (admissible prefizes). Finally we have a bi-
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jection between O,, and words in a subshift of finite type we call the efficient coding.
This coding may be seen as a generalized continued fractions algorithm.

Delooping braid. The delooping braid of a loop can be understood directly on
its efficient coding (A1, ..., Ak ). Basically we show that the element X of {i;t} we
use to deloop is izl with € = sign(As — A;), and that it acts, up to permutation of
the names of the points, as a shift on the efficient coding ; it erases the first letter
and permutes the names of the terminal points :

E(Al, e ,AK) = (Sz(Ag), o ,SE(AK))

A.1. Mapping class group

A geometric interpretation of the braid group B, is to consider it as the group of
homeomorphisms of the punched disk with n holes up to homotopy.

Let D be a disk. Fix n points P = {ay,...,a,} in its interior (for instance think
of them as regularly spaced on a diameter). Let D,, = D\ P be the punched disk,
H™(D,,) be the group of orientation preserving homeomorphisms of D,, fixing the
boundary 0D,,, Ha' (D,,) the subgroup of homeomorphisms of D,, homotopic to the
identity, and set I',, = H*(D,)/HJ (D,). It is well known that T, and B, are
isomorphic (see [4]).

This point of view yields a nice interpretation of the action of B, on F,, which
indeed corresponds to the action of I';, on the fundamental group of D,,.

A.2. Loops and curves

The fundamental group of D,, is the set of oriented loops up to homotopy. This
group is the free group F,, with n generators.

For a representation, we fix a base point by on the boundary 0D of D. A curve
in D, is a continuous map v : [0, 1] — D with v(0) = by and ¥(]0,1[) C D,,. A curve
is a loop if v(0) = v(1) = by. We will say it is a separatriz if v(0) = by and v(1) € P.
We say that two curves v and 7- are homotopic if there is an homeomorphism f
of D,, fixing the boundary such that v = f o y. To draw pictures, we may take
different base points on the boundary but this should not be misleading. We denote
[+] the homotopy class of the curve . We do not want to enter more into technical
details. We will use standard tools in this context.

A curve or a loop is simple if it has no self intersection, i.e. it is injective. A
simple loop is the boundary of a topological disk immersed in D. It has an interior
and an exterior. Given two curves, or two loops, we may define their intersection. If
this set is finite, then we can define their number of intersections. Given two curves
~1 and v, we define their intersection numberi(vi,72) as the minimal number of
intersections of two curves 7| € [y1] and ¥4 € [72].
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A.3. Coding

We will call dy,...,d, a family of (non intersecting) separatrices, say vertical seg-
ments, from b; in the boundary 9D,, to a; (Figure 6). We assume they are oriented.
We call C their union. We notice that D,, \ C is a topological disk, i.e. it is simply
connected.

As a set of generators for the fundamental group of D,,, we can choose a family
of non intersecting simple loops around each punched points (Figure 6). To be more
specific, we will denote u; the simple loop containing a; having no intersection with
Ujzid;. It is uniquely defined up to homotopy.

Using this basis, we are going to code a loop by the sequence of algebraic inter-
sections of the loop with curves in C. If this number of intersections is finite, the
homotopy class of the loop will determine an element of F),. It will always be pos-
sible to work with smooth loops whose coding correspond to the reduced writing of
the element of the free group they represent. At least it is possible to guarantee that
in the homotopy class, there is a representative with countably many intersections
with C. We say that a representative is nice if its number of intersections with C is
minimal, in which case its coding is a reduced word.

More formally, let (tx)r>1 be the sequence of times of intersections v(t;) € C.
Call 45 the index 7 such that «v(¢;) € d;. The intersection is algebraic : call ¢, the
sequence of orientations. We can set

@y = (U k1

The image can be interpreted as an element of the free group F, (¢(v) = [7])
or as a word (in reduced form if v is nice). If v is a loop, this is a way to see the
isomorphism between the fundamental group and the free group. If 7y is a separatrix,
then we need information on the terminal point : the pair (¢(7), (1)) characterizes
the homotopy class of a separatrix.

We notice that the action of I';, on the fundamental group corresponds to the
action of the braid group on the free group. The point is that the image of a loop
~v by an homeomorphism f is the loop f o~y. It is straightforward to see that the
homotopy class of f o+ is not changed if f is replaced by f’ with f’o f~! homotopic
to identity. Nor if we change v with any v/ = go~ homotopic to . Hence T',, acts on
homotopy classes. It is straightforward to check that this action corresponds to the
action defined in Section 3. Figure 8 shows the relationships between the algebraic
point of view and this picture.

A.4. Simple loops

There is a one-to-one correspondence between O,, and homotopy classes of simple
separatrices. This is exactly the conjugacy : h.a = hah~!. This correspondence
justifies the use of the same letter to denote the terminal point @ and the loop
around a itself.
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Lemma 11. Let w € O,,. There is h € F,, and a € ST such that w = hah™' and
(h,a) codes a simple separatriz. Conversely, for every y simple separatriz, there is
w € O, with w = hah™, ¢(y) = h and v(1) = a.

This point is illustrated by Figure 15.

Proof. There is a braid 7 such that 7(u) = w. Let v € [u] and f € [7]. Then f(v) €
[w] and it is a simple loop. Moreover, the interior of 4 contains only one punched
point, say a; € P. So does f(v). Consider a simple curve C in the interior (which
is a disk minus one point) delimited by f(v), with C(0) = by and C(1) = f(a;). C
is a separatrix. Its homotopy class is determined by w.

To prove the converse statement, the main point is to notice that the image by a
homeomorphism f of D,, of a simple separatrix v is a simple separatrix 7' = f o~.
Indeed, 9D, is fixed and the endpoint, say aj, is mapped onto some ay = f(ax) € P,
while f o~ is injective (no multiple point can appear).

Now, let v be a simple separatrix, v(0) = bg,7y(1) = a;. There is a homeo-
morphism f of the disk D (not punctured) fixing the boundary and mapping an
elementary separatrix (7/(0) = bp,~'(1) = a1) on v. We compose it with another
homeomorphism ¢ fixing v U 9D and mapping the f(ax), k # @ onto the ay, k # i.
We can consider g o f as a homeomorphism of the punctured disk D,,. The class of
go fis a braid 7 satisfying 7(u1) = hugh~! with (h,uz) = [y]. O

Fig. 15. Loop associated to a separatrix.

We summarize a few obvious properties of simple loops, in particular in relation
with Lemma 3 and Decomposition (3.2).

€1,,€2 N J—
iy Wi -+ an reduced form. If €1 =1, then

Lemma 12. Let w € O,, and write w = u

i9 > 1. Consider decomposition (3.2). There is always a ui between two blocks of
different types (n, # 0). Blocks are not empty (no occurrence of u;, w;, ). If V,—1 is
of type L (resp. R) and V,, of type R (resp. L) , then n, = 1 (resp. n, = —1). If

€1 =1 (resp e = —1) then there are no successive blocks of type L (resp. type R).
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Proof. The basic remark is the following. Consider a nice representative v of w.
Notice that v(t1) € d;,. Hence [y(t1), b;,] C d;,. Consider the curve :

C =~([0,t1]) U [y(t1), b, ]-

It cuts the disk D,, into two pieces (see Figure 16), one of them containing a;,. The
Uj<i, d; is in the left component, while U;~;, d; is in the right one. Depending on
the sign of €;, the connected component containing a;, is to the left or to the right.
Everything follows from basic geometrical considerations. [J

Fig. 16. Visualisation of the decomposition of Lemma 12. The disk is cut into two pieces. Here,

i1 = 4 and €; = —1 so that a4 is in the left connected component. The code of the separatrix is :
1, -1, —1 -1, -1, -1 —1, -1 -1 -1 1, —1

(ua 1u3 Uy UULUIURUIULU, ~ Ug ~ Ug U4 1u3 uy upug 1u3 ,a2)

A.5. Efficient coding

We consider w € O,,. Let h and a be such that w = hah~! and consider the separa-
trix (h,a). Such curves can be coded keeping track only of “minimal” information.
The idea is that we are going to pick only the closest intersections with the segments
of C and show that this information is enough to recover the separatrix.

We consider a nice representative of a simple separatrix (h, a), denoted . To this
separatrix we are going to associate a word A = (A4;)1<;<k on the alphabet S;. We
call Co = U 1d;. Set Ay = u;, and C1 = Co \ [y(¢1), bs,]- It means that we keep only
the segment [a;,,y(£1)], so that the next time we intersect C; we will be “closer” to
the point w;,. Assume A; and C; defined for 1 < ¢ < m for some m. Consider the
first time ¢,,41 of intersection of ([, 1]) with Cy,. Let k be the unique index such
that y(tm41) € di and set A1 = ug. Put Copp1 = Cin \ [Y(tm41), bk]- Recursively,
we define a word A(7y). It is a finite word if the separatrix is finite. We end it with
the name of the terminal point.

The word A is in fact a function of (h,a) and hence of w = hah~!. Indeed nice
representatives of (h,a) intersect the segments d; in the same order. We denote it
x(w). Figure 19 illustrates this construction.



March 19, 2007 0:10 WSPC/INSTRUCTION FILE
ressesFinale3Mars2007

32  Xavier Bressaud
Denote X, the set of (non empty) words on Sy = {uy,...,u,} with no repetitions,
that is,
X, ={z eS8, : z; #xip1,V1 <0 < |zf}.

We show that the map x is a bijection from O,, to X,,.

Fig. 17. How to continue a simple separatrix.

Fig. 18. Proof of Lemma 13.

Lemma 13. For all w € O,, x(w) € X,. Conversely, let A € X,,. There is a
unique w € Oy, such that A = x(w).

Proof. The first statement follows from the fact that repetition of a letter would
correspond to a path from d; to itself which is not possible if we choose a nice
representative 7y of w.

To prove the second statement, we proceed by induction on the length of the
word A € X,. If it is of length 1 then w is an elementary loop. Assume that for
every word U = Uy ---Ug € X, of length K, there is a unique w € O,, such that
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U = x(w). Write w = hUgh~!. Choose a nice representative separatrix C' of the
homotopy class of (h,Uk). Call Ux = u; the terminal point. For all j, denote c@
the connected component of d; \ C' containing a; (i.e. the segment between a; and
the closest intersection of C' with d;, or d; itself if C N d; = (). The interior of the
surface D,, = D, \ (C' U Uz Ej) is homeomorphic to a disk (see Figure 18).

Now choose 1 < k < n, k # i and set Uxy1 = uy. Since a; and c?k are on the
boundary of the disk D, , all curves in this disk with v(0) = a; and v(1) = ay, are
homotopic. Choose a nice representative C; and denote g a reduced coding of this
curve (as seen in the disk D,,).

The segment CZ cuts the disk 15” into two connected components. The point ay,
may be in one or the other component. We choose a small enough neighborhood
of a;. It should now be clear that we can modify locally the curve C'U C; in this
neighborhood so that, for e = 4 chosen according to the component, this new curve
is a separatrix with coding (huSg,a). Denote @ = hulguy(husg)™!.

It follows from the construction that (@) = Uy - - Uky1. It is unique because
g is uniquely determined. O

Remark 9. We notice that the word x(w) is a subword of w up to exponents. We
could keep exponents but it is not useful since they are determined.

A.6. Algebraic coding

We give an alternative — more algebraic — presentation of this coding. Let w €
O, w=wug! ---u;N. Let k <m/2. The prefix v = ug! ---ug* of w is admissible if

—1
Vg, v € Op.

Notice that §) is always admissible. Let K = K(w) be the number of admissible
prefixes of w and let kq,...,kx be the sequence of their lengths, in increasing
order. We call k(w) the sequence of terminal points of the admissible prefixes. For
all 1 <m < K, let Uy, =y, ,,, and set

k(w) == (Un)i<m<k-

See Figure 19 and Figure 20 for an illustration.

Lemma 14. x(w) = k(w).

Proof. Let w € O,, A = x(w), and « a nice representative separatrix. For every
m, we consider the curve ([0, %,,]) and we notice that v([0,,]) Uda,, is a simple
curve since d 4 intersects v([0, £,,]) only in y(t,, ). Hence it is possible to construct
a simple loop v/ (boundary of a neighborhood of ([0, tm]) Ud.a,, , which is a disk) ,
containing ([0, tm])Uc?Am in its interior (see Figure 21, right) as close to ([0, ¢,,])U
d, 4,, as needed. This simple loop contains only ay4,, in its interior. So the prefix
w1+ - Why—1 corresponding to p([v([0, ¢,])] U c/l\Am) is admissible.
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Fig. 19. Coding of a separatrix

Fig. 20. Admissible prefixes

Fig. 21. Admissible prefix and closest intersection

Conversely, if a prefix v = vy - - vy is admissible, any nice representative v of
the corresponding loop vwy 110~ contains the “end point” a; (i = ix41(w)) in its
interior and also a piece of the segment d; (see Figure 21, left). Let ¢ be the time
of the k + 1st intersection of v with C. Necessarily, v(¢) € d;. Consider the curve
~([0,¢]). Since the loop is simple, this curve does not intersect the segment [a;,y(¢)]
which is in the interior of the loop. So the last intersection is the closest. The curve
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~([0,¢]) is the beginning of a nice representative separatrix of w for which () is a
closest intersection with d;. [

As a consequence we deduce that the map
K On — Xn
w — (Uii<i<k

is bijective.

A.7. Delooping and efficient coding

We investigate the relationship between efficient coding and the so-called delooping
braid of a loop. It will appear that they contain essentially the same information.
For short, we will denote A; --- Ax the loop x !(A; -+ Ak ), using capital letters
to avoid confusion.

Lemma 15. Let Ac X, |[A] > 1, A=A;---Ak. Set € = sgn(Az — A;), ¥ = iih
and s = sx.

S(Ay - Ag) = s(As) - s(Ag).

Proof. The result follows directly from the computation of the image of a loop in
Section 3.4. Indeed, we saw that 3 acts as s on the loop, unless on the u;, separating
blocks of type L and R (as well as on the first one) which may disappear. The first
one disappears. The other ones (may disappear) but are not involved in the efficient
coding. Indeed, those that disappear are those marking a change of type of block
corresponding to an intersection with d;, between b;, and the first intersection, i.e.,
not corresponding to a closest intersection (see Remark 8, Figure 16 and proof of
Lemma 12). O

Let A e X,, A=Ay ---Ag. Set ¢; = sgn(Ay — Ay), X1 = if411 and s; = sy,.
Recursively

err1 = sgn(sk(Art1) — sk(Ar)),
Shir = S0
k+1 = s (Apg1)s
Sk+1 — 52k+1 O Si.
We put s4 = s and

Ya=Y¥Kg_1-21.

We claim that ¥4 is indeed the delooping braid of the loop A;---Ag. More
precisely

Lemma 16.

EA(Al . ~~AK) = SA(AK).
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Proof. This is an obvious induction based on Lemma 15. OJ
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