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A POSITIVE PRESENTATION
FOR THE PURE BRAID GROUP

EoN-KYUNG LEE*

ABSTRACT. For the pure braid groups, this paper gives a positive
finite presentation whose generators are the standard Artin gen-
erators, and determines whether the submonoid generated by the
Artin generators is a Garside monoid or not.

1. Introduction

The braid groups B,, n = 2, have two well-known group presen-
tations. The first one is the Artin presentation discovered by Emil

Artin [1]. Tt has generators o1, ...,0,—1 and defining relations:
0i0j = 0404 if |i—j|>2,
O‘Z'O'jO'i:UjO'iO'j if |i—j|:1.

The second one is the dual presentation discovered by Birman, Ko
and Lee [4]. It has generators a;; for 1 < j < i < n and defining
relations:

ArsGij = QijQrs if (r—di)(r—j4)(s—1)(s—7) >0,
QijA5k = QL0 = QikQ4 ifl<k<j<i<n
See Figure 1(a, b) for the generators o; and a;;. They are related as
follows:
Ti = Q(iq1)i fore=1,...,n—1,
ajj = (oj—1- ~0j+1)0j(0‘7]}1 o) for1<j<i<n,
The Artin and dual presentations of B, are positive presentations:
all the defining relations are described only in terms of positive words.

(A word is called a positive word if it only involves positive powers of
the generators.) Therefore these presentations define not only the group
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FIGURE 1. generators

By, but also monoids. In the late sixties, Garside [9] studied the monoid
B, consisting of braids represented by positive words in o1,...,0,_1,
and solved the word and conjugacy problems. Later, Birman, Ko and
Lee [4] showed that all the machineries developed by Garside can be
applied to the monoid arising from the dual presentation. Dehornoy
and Paris [8] introduced the notion of Garside monoid and Garside
group, and showed that the monoids arising from the Artin and dual
presentations are Garside monoids.

There is a natural epimorphism from the braid group B,, to the sym-
metric group X, on n objects, defined by sending o; € B,, to the trans-
position (7,7 + 1) € 3,,. The kernel of this homomorphism is called the
pure braid group, denoted by P,.

For1<i<j<mn,let Aj; =Aj = a . See Figure 1(c). In [1], Artin
found a group presentation for P,. It has generators A;; for 1 <i < j <
n and defining relations:

(A1) A—IAUATS_AM ifr<s<i<jori<r<s<j;
(A2) A AijAn = AnjAi AL if r<i<j;
(A3) 1AZjAlS = (AijAsj)Aij(AijAsj)_l if i <s<y;
(Ad) AJA;A = (ArjAsjA;A;jl)Aij(ArjAsjA;A;jl)—l

ifr<i<s<j.

Comparing with the presentations of B,,, the above presentation of
P,, is much more complicated. Moreover, it is not a positive presenta-
tion, hence it does not define a monoid. Recently, Margalit and Mc-
Cammond [10] proposed positive presentations for P,, by using new
generators.

In this paper, we are interested in the standard Artin generators
for P,. First, we give a positive presentation for P,, using the Artin
generators.

THEOREM 1.1. The pure braid group P, is generated by {A;; | 1 <
i < j < n} subject to the following three types of relations:



A positive presentation for the pure braid group 557

(P1) AjjArs = ArsAjj ifr<s<i<jori<r<s<y;
(PQ) AjiAirArj = AirArjAji = ArjAjiAir if r<i<y;
(PS) Ars(AjrAjiAjs) = (AjrAjiAjs)Ars ifr<i<s<ij.

Next, we decide whether the submonoid of P, generated by the Artin
generators is a Garside monoid or not.

THEOREM 1.2. Let P, be the submonoid of P, generated by the
Artin generators A;j for 1 < i < j < n. Then the monoid P is a
Garside monoid for n = 2,3, but it is not for n > 4.

2. Garside monoids and groups

This section briefly reviews Garside monoids and Garside groups.
See [8, 7] for details.

For a monoid M, let 1 denote the identity element. An element
a € M\ {1} is called an atom if a = be for b, ¢ € M implies either b =1
or ¢ = 1. For a € M, let ||a|]| be the supremum of the lengths of all
expressions of a in terms of atoms. The monoid M is said to be atomic
if it is generated by its atoms and ||a|| < co for any element a of M. In
an atomic monoid M, there are partial orders <; and <p: a < b if
ac = b for some c € M; a <g b if ca = b for some ¢ € M.

DEFINITION 2.1. An atomic monoid M is called a Garside monoid if
it satisfies the following properties:

(i) M is left and right cancellative.

(ii) (M,<p) and (M, <pg) are lattices. That is, for every a,b € M
there are a unique least common multiple a Vi, b (resp. a Vg b)
and a unique greatest common divisor a A, b (resp. a Ag b) with
respect to <, (resp. <g).

(iii) M contains an element A, called a Garside element, satisfying the
following:

(a) for each a € M, a <p, A if and only if a <p A;
(b) the set {a € M | a <1, A} is finite and generates M.

A Garside group is defined as the group of fractions of a Garside
monoid. When M is a Garside monoid and G is the group of fractions
of M, we identify the elements of M and their images in G. The ordered
pair (M, A) is called a Garside structure on G. We remark that a given
group G may admit more than one Garside structure.
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DEFINITION 2.2. Let M be a Garside monoid, and let a,b,c € M.
The element c is called a left common multiple of a and b if a <r, ¢ and
b <z, c¢. And the element a Vr, b is called a left lem of a and b.

3. Proof of Theorem 1.1

Note that the generators of the presentation in Theorem 1.1 are the
same as those of the Artin presentation. Since it is straightforward
to check that the relations (P1)—(P3) can be derived from the Artin
relations, it suffices to show that the Artin relations can be derived from
the relations (P1)-(P3). Recall that A,, = A, for any 1 < p < ¢ < n.

(A1) is the same as (P1).

After rearranging, (A2) is equivalent to A;;A,;A,; = ApiArjAi; with
r < i < j, which is the first identity of (P2).

After rearranging, (A3) is equivalent to

(AS’) AiinsAijAsj = AisAijAsinj with 7 < s < J.
This relation can be derived from (P2) as follows:

(P2) (P2)

LHS of (A3') = A;j(AsiAijAjs)
= RHS of (A3).

(AijAjsAsi) Aij AgiAijAjsAij

The relation (A4) is
AT Aj A = (ArjAsjA;A;jl)Aij(AsjArjA;le;)
with r < i < s < j. After rearranging, this is equivalent to
(A4") AijArsArjAsjA;jl = ATSATjASjAglAglAijASj.
Since

LHS of (A4') = Aij(AwArjA )AL

(P2) _
= Aij(AjsAaArj) AL

= Az’jAjsAsra
RHS of (A4) = (AsArjAjs) A A Ay Ay

) (A4 AN AT AT Ay Ay

= AjsAsrAS_leijAsja
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FIGURE 2. The pairs of braids which commute each other.

(A4) is equivalent to A;jA;sAs = AjsAg A 1AUA3] By multiplying
Apj to the left, this is equivalent to

(A4")  ApjAijAjsAsr = ArjAjsAe A AijAsy with r <i<s <j.
This relation can be derived from (P2) and (P3) as follows:
RHS of (A4”) = (ArjAjsAq) A AijAsj

P2 _
D (A A Ag) A AigAsy = AvelAgr AjiAss)

) (45451454 Apy = LHS of (A4").

This completes the proof.

REMARK 3.1. Like (P1), the relations (P2) and (P3) can be viewed
as commutativity relations:

Aji(AirAT]) (AZTAT‘])A]Z7
AiT(AT’JA 1) (ATJAJZ)AZ
Arj(A]zA 7‘) ( ]ZA’LT’)AT‘]7

ATS(A]’I‘A]ZAJS) = (A]T‘A] A S)A’I‘S'

It is easy to see from Figure 2 that the pairs of braids in the above
identities commute.

4. Proof of Theorem 1.2

For n = 2, the pure braid group P, is an infinite cyclic group gen-
erated by Ajo, hence we are done because Z is a Garside group with
Garside monoid Zxq [3, Example 2].
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Case 1. n =3

If we set © = Ay9, y = A3y and z = Asg, then the presentation in
Theorem 1.1 becomes

Py = (2,y,2 | 2yz = yoo = 2ay).

In this case, the monoid P; is known to be a Garside monoid [8, Example
5].
Case 2. n >4

Fix n > 4. Assume that P, is a Garside monoid. From the relations
(P2) and (P3), we have

A1 A14A43 = A14A43A31,
A13(Ag1AgpAyz) = (Ag1 Ay Ayz) Ass.

Therefore both A31A14A43 and A13A441 AgoAsg are left common multiples
of A13 and A14.

Let a € P, be the left lem of A3 and Aj4. Because left common
multiples of A3 and A14 have word-length at least 2, the word-length
of « is either 2 or 3.

Subcase 2.1. o has word-length 3.
Since we have assumed that P, is a Garside monoid, by the unique-
ness of left lem, one has o = A3y A14A43. Hence

A13A1 Agp Az = aX = A1 A4 Az X
for some Artin generator X. From the above equations, one has X =
A Ay Ags.
Meanwhile, it is well-known that the set {A; | ¢ € {1,...,n}\{4}}

generates the free group F,_1 [2]. Therefore X cannot be a generator,
which is a contradiction.

Subcase 2.2. o has word-length 2.
In this case, there are Artin generators X and Y such that
o = A13X = A14Y

Let ¢ : P, — P35 be the homomorphism obtained by deleting all the
k-th strands for k # 1,3, 4. Using the convention of Ps = (x,y, z | xzyz =
yzx = zzy) in Case 1, ¢ sends the monoid P, to P; such that

P(A13) = A1z =z, ¢(Ans) = A1z =y.
Hence we have
p(a) = zo(X) = yo(Y).
Thus ¢(a) € P3Jr is a left common multiple of x and y with word-length
at most 2 because each of ¢(X) and ¢(Y) is an Artin generator or the
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identity. This is a contradiction because in the Garside monoid P:;r the
left Iem of x and y is zyz.
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