BRAIDS, Q-BINOMIALS AND QUANTUM GROUPS

MARCELO AGUIAR

ABSTRACT. The classical identities between the g-binomial coefficients and factorials can be gener-
alized to a context where numbers are replaced by braids. More precisely, for every pair i, n of
natural numbers, there is defined an element bgn) of the braid group algebra kB, and these satisfy
analogs of the classical identities for the binomial coefficients. By choosing representations of the

braid groups, one obtains numerical or matrix realizations of these identities, in particular one recov-

(n)

ers the g-identities in this way. These binomial braids b; "’ play a crucial role in a simple definition

of a family of quantum groups, including the quantum groups U;r(C) of Drinfeld and Jimbo.

1. INTRODUCTION

The classical identities between the ¢-binomial coefficients and factorials can be generalized to a
context where numbers are replaced by braids, or more precisely, elements of the braid group algebras
kB,,. Thus, for every pair ¢, n of natural numbers there is defined an element bz(-") € kB,, (section 3),
and these satisfy analogs of the classical identities for the binomial coefficients (sections 4 through 8).
Moreover, by choosing representations of the braid groups one obtains concrete realizations of these
identities; the simplest such choices yield the identities for the classical and g-binomial coefficients,
other choices yield new identities that involve matrices rather than numbers.

The following chart describes the action of the braids introduced in this paper when X is certain
one-dimensional representation defined by ¢ € k* (section 2.5). The definition of the g-analogs will be
reviewed before each corresponding braid analog is introduced.

Braid name defined in section action
sz(-") generator 2.1 q
s(™ (i, 5) 2.1 ¢
¢ twistor 2.2 q(Z)
B braiding 2.4 qm
55") 3 gl
5™ | binomial 3 [ ]
[n)] natural 5 [n)]
S,(;n) 5 qinv(a)
o factorial 5 [n]!
S‘(fn) 7 1 qlnv(f)
m(m multinomial 7.1 [ Z ]
e Mébius 6.2 (—1)7¢(®)
cm Catalan 8 C,
G™ Galois 8 Gn
F) Fibonacci 8 F,
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2 M. AGUIAR
These binomial braids bgn) play a crucial role in the generalization of the definition of the quantum
group U, (C) of Drinfeld [Dr] and Jimbo [J] presented in [A] and briefly discussed here in section 9.

At the level of braids, the proofs of the combinatorial identities follow a constant pattern: first there
is the set-theoretic part, which involves dealing with the same bijections that are used for the case
of the classical (¢ = 1) identities, then there is the geometric part that consists in proving that two
braids, labeled by corresponding elements under the bijection considered, are in fact equal.

The classical g-identities that we generalize are taken mostly from papers by Goldman and Rota
[GR]; in particular these include Pascal’s, Vandermonde’s and Cauchy’s identities, the factorial for-
mula, Rota’s binomial theorem, Md&bius inversion, several identities involving multinomial braids and
definitions and formulas for the Galois, Fibonacci and Catalan braids.

It is also possible to define the braid analog of a partition of a set, and then Stirling and Bell braids.
These will be studied elsewhere.

2. BRAID GROUPS AND THE BRAID CATEGORY
(n) (n)

2.1. Basics. The group B, of braids in n strands has generators sy /,. .., s, ; subject to the relations
(A1) sl(-")s;") = sg-n)sgn) if i —j| > 2,
(A2) s{M s s(M = o) g g(m) if1<i<n-—2

The generator sgn) is represented by the following picture, and the product st of two braids s and

t in B, is obtained by putting the picture of s on top of that of ¢. The identity of B, is represented
by the picture with n vertical strands; the inverse of s is obtained by reflecting its picture across a
horizontal line, without leaving the plane of the picture.

) (S, RS P T [ n
Sgn) — . \\
) (S, IR P S [ n

The collection B =[], -, By, of all braid groups forms a category, where the objects are the natural
numbers, B,, is the set of endomorphisms of n, and there are no morphisms between distinct objects.
This category is monoidal; the tensor product s®t € By, of two braids s € B,, and t € B,, is obtained
by putting ¢ to the right of s, i.e. sl(-")®s§-m) = sl(-"er)sng;-m). Moreover, this monoidal category is
braided, in the sense that there is a natural map 3, ,, : n&m — men, i.e. a braid 3, ,, € Bpim,
satisfying some axioms (2.4 below). For more details on this, the reader is referred to [K], X.6 and
XIII.2.

We develop some basic notation. For each pair (¢, ) with 1 < i < j < n, define

1 ifi=3j

(n) (s =\ _ s
s Z, - n n n op . .
(i-7) {SZ( )SZ(-+)1'-'S§-_)1 if i < j.

We provide a first set of lemmas.
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Lemma.

(1) s (i, k) = s, 5)s"™ (5, k) when 1<i<j<k<n

(2) sl(-er") = sl(-m)®1(") when1<:i<m-1,n>0
s (i 5) = s (i, j)e1 (™ when 1<i<j<m,n>0

(3) s = 1(Mgs{m™ when 1<i<m-—1,n>0
st (G 4n, 4 n) = 1Mes(M (i, §) when1<i<j<m,n>0

(4) sl(-TlJr") = 1(l)®sgm)®1("_l) when1<i<m-1,0<1<n
s (4 1 G+ 1) = 10esM) (i, 1D when1<i<j<m,0<Ii<n

(5) s (i, 7)s” = st s (i, ) when1<i<h<j—2
s (i, ))s™ (h k) = s (h+ 1,k 4+ 1)s"™ (4, 5) when 1 <i<h<k<j-—1.

Proof. Equation (1) is a direct consequence of the notation, the first parts of (2) and (3) hold simply
by definition of the tensor product, and the second parts follow by repeated use of the first ones. Now,

2 3
st @) om0 ) ) g g (v

proving the first part of (4). Similarly the second part follows from the second parts of (2) and (3).
Finally, if 1 <i < h < j — 2, we can write

s (i, )i = s (i, h)sf s s (h 42, )= 8™ (i, b)Y s s s (4 2, 5) =

s )(z,h)sgﬁ)ls; )52315( )(h+2,j) = 3514213( )(z,h)sgI )5514213( )(h+2,j) = sghzls( )(Z,j) ,

which proves the first part of (5); now for the second notice that if & = h then there is nothing to

prove; otherwise 5 > k > h so it follows by repeated use of the first.
O

2.2. Vertical symmetry. There is an involution ™ : B,, — B,, defined by SE") = sflnjz The picture for

5 is obtained by rotating in 3-space that of s 180 degrees around a vertical line. Consider the twistor
braid,

=M (1,n)s™ (1,0 —1)---sM(1,2)s(1,1) .

For instance

Repeated use of (Al) and (5) shows that c(")sz(-") = sfzn_)ic("), hence ~ is the inner automorphism
defined by conjugation by ¢(™. It follows that ¢(™? is in the center of the braid group, since 5 = s for

. 2 .
any s. Moreover, it can be shown that ¢(™” generates Z(B,,); we won’t make use of this fact.
Let us prove that, for any s € B, and t € B,

(6) S8t = 1®5 .
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Proof. Notice that if the statement holds for s® and s’®t’, then so it does for ss’®tt’. Hence it suffices
t0 it for s = s\ and t = ™
prove it for s = s;"" and t = s;7". Now,

(1)) (2)23) () (n+m)

5; ®5; = 5 nti =
Al
S 2l e A sy

2),3) m) () _ m) ()
(ner) (n+m)( ):( )S( 2j®8512i _ S; )®Sz(' ) .

Smfj n+m—z m

O

2.3. Horizontal symmetry. There is a map * : B, — B,, defined by the conditions that sgn)* = sz(-")

and (st)* = t*s*. The picture for s* is obtained by rotating that of s in 3-space 180 degrees around a
horizontal line.

It is clear that the three operators *,~, ~! : B,, — B,, commute pairwise, and also that
s =g Vse Bn,
(s®t)* = s*et™ VseB,, teB,,
(7) s (i) =" (n+1—jn+1-1) Vi, jm,
(8) " = Y n.

From (8) it follows easily that

™ = s (n,n)s™(n—1,n)...5M(2,n)s™(1,n)
and from here that

c™? = 5 (1, )",

2.4. Properties of the braiding. The braiding 3, , is most easily defined in terms of its picture:

6m,n =

It is viewed as a natural map 3,,,, : m&n — nem in the category 9B of braids, and as such it satisfies
some important properties. We will list some of them below without proof, since we won’t use them,
although they are very easily obtained through the use of pictures, see [K| XIII.2. However, it will be
convenient for us to have an explicit description of 3, in terms of the canonical generators. For this,
we first define some special “powers” for braids as follows.

Let m > 1. For s € B,,, and n > 0, define

1 ifn=0,
(9) s ={s ifn=1,
1(0Dgg . 1(n=2)ggr] . ... . 1esa1 (2 . g1~ ifp > 2
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Thus s € Byyn1 Ym>1,n>0 (and it is not defined if m = 0). Notice that s{ntl) = 1es(m . g0,
from here it follows easily by induction that

st — 1(@gg(p) . () g (@) V p,q >0,
(10) 1Mgsme1 () = [1Mgge) )] ™ Vo, kh>0.
We then define
(11) Bmm ="V, m+1)"™ € By .

It is easy to see that this corresponds to the picture above. These are some of the properties that 3
satisfies:

B - S8t =188 + B V' s € By, t € B, (naturality of the braiding),
(mtm) — (ge(m) . g Y om,n >0,

B = B = Bran v m,n >0,

Bpagtr = 1988, - By, @17 ¥ p,g,r >0,

Borar = Bprarol@ - 1Pe5, . v p.g,r = 0.

2.5. Representations. Throughout the paper k will denote a fixed field (although any commutative
ring would do just as well).

The identities we will obtain between elements of the braid group algebras kB, can be converted
into matrix or numerical identities by choosing k-linear representations of the braid groups B,,.

More precisely we will be interested in monoidal representations of the braid category B, that is a
vector space X, such that the braid group B,, acts on the tensor power X ®n_ with the property that

sot a0y = (s-x)0(t-y) V s € By, t € By, v € X", y e X |

Since 51('") = 1(i_1)®s§2)®1("_i+1), this condition implies that the action of B, on X®" is uniquely
determined by the action of 552) on X®X. Moreover, a linear operator R : X@X — X®X defines a
monoidal representation of B if and only if it is invertible and satisfies the Yang-Baaxter equation:

(Reidy) o (idx®R) o (Reidx) = (idy®@R) o (Reidy) o (idx®R) .

This is a consequence of (A2).

If X is one-dimensional, then any invertible operator R : X — X satisfies this equation. R is
necessarily given by multiplication by some non-zero scalar ¢ € k. Hence, in this case, SE") acts by
multiplication by ¢ for every n > 2, 1 <4 < n—1. It is this simplest choice that will produce the classical
g-identities from the identities for braids. In particular the trivial one-dimensional representation yields
the case ¢ = 1. Higher dimensional representations will be discussed in sections 9 and 10.

The chart in section 1 describes the action of the braids introduced in this paper when X is the
one-dimensional representation defined by g € k* as above.

Let us also remark that since the non-commutativity of the braid groups necessarily disappears when
acting on a one-dimensional representation, the actions of s, s and s* coincide for any braid s in this
case.

3. BINOMIAL BRAIDS

For each pair (n,4) with ¢ < n let 8;(n) denote the set of subsets of {1,2,...,n} with cardinality i.
Recall that the g-binomial coefficients can be defined as

[ " } = 3 M where 1] =Y =35
j=1

I1€8;(n) jeI
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The braid analog of this definition is as follows.
First, for each I € §;(n), write I = {j1,J2,...,Ji} with j1 < jo < ... < ji;, then define S(In) € B,, as
sy =50 5) s (2, 72)s (1) 5

if i = 0 we let sy = 1.
For instance if I = {m+1,m+2,... ,m+n} € §,(m + n) then s; (mtn) _ = Bm,n-
Then the binomial braid bgn) € kB,, is defined as

>

I€8;(n)

Thus bén) = b =1V n, while for instance
b =147, b = 1460 1506 b8 =145 45505

We see that bl(-") # bn"ﬂ- in general. However:

Proposition. For alln > i > 0,
(12) ™ = p)

Proof. Consider the bijection 8;(n) — 8,,_;(n) that sends I to I¢, where [ = {n+1—i /i€ I}. It is
enough to show that, for every I € §;(n),

*) S = s

First, we show that if (*) holds when n € I, then it holds for every I. In fact, given I € §;(n), let
m = max I, and let I’ be the same set I but viewed as en element of §;(m). Then we have that

S(In)( ) (m) 1(n m)

hence, by (6), and assuming (*) for I’,

o3 o 3
S(In) = 1("_m)®s(1m)( )1(" m)®s( m) — 1("_m)®55;n_21_1,c (:) 5:21 e = YZ),

o (*) holds for I as well.
To finish the proof we show (*) by induction on i. For ¢ = 0 it is clear. Assume i > 1. As
just explained, we can also assume that n € I. Therefore, we can decompose I = I; U {n} with

I € 8;_1(n —1); then we have I = I, U {1} and L =1IU {1}.
Write 1¢ = {hy < hy <...<hp_;},sothat ;T ={1 <hy <hy < ... < hp_;}. We have

55”) =M, n)sy ) — 51('")51('1)1 . .55:1)155?),

hence, by induction hypothesis,

. sgn)s(") (n—i+1,h,_)...5"(3,hy)s™ (2, h1)s™(1,1) .
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Now using (A1), s (n—i+1, h,,_;), can be moved to the left past all the factors sgn), s Then,

on—i—1°
it combines with s(n)i to form s (n — i, h,_;). Similarly the other factors of the form s (k + 1, hy,)

n— (n

can be moved to the left until they reach s, ) to form s (k, hy,). At the end of the process we have

sgn) =5 (n—i,hy_y)...s"(2,hy)s™ (1, ) = s

This finishes the induction and the proof. O

4. IDENTITIES OF PASCAL AND VANDERMONDE

For the ¢g-binomial coefficients Pascal’s identity says that

KR Vs Ea R R E Y R R

Its generalization to braids is as follows.
Proposition. For any i =1,... ,n—1,

(13) B = s (i,n) - b" Vel + 5" Vel = 166" TV + 50 (n — i, n) - 106"V |

i

Proof. Consider the bijection 8;_1(n—1)U8;(n—1) — 8;(n) that sends I € §;,_1(n—1) to IU{n} € 8;(n)
and J € §;(n —1) to J € §;(n). From (2) and the definition of s; we see that

S(J") = 55”_1)®1 and s%){n} =5 (i,n)- sgn_l)®1 ;

summing over all such I and J we obtain the first equality. The other one follows by applying ~, using
(6) and replacing n — i by i.
O

Vandermonde’s identity says that

("= e [,

Its generalization to braids reads:
Proposition. For any m,n,p with 0 < p < m,n,

P
(14) bém-i—n) — Z 1(k)®ﬁmfk,p7k®1(n_p+k) . bggm)®bz(ﬁ)k '
k=0

Proof. Consider the bijection
p
U 8k(m) x 8pk(n) = Sp(m+mn), (I,.J) —TU(m+.J).
k=0

It suffices to show that, for each I € 8§x(m) and J € 8,_¢(n),

() ) = 10098, @1 L (g

Let h=p— k. If h = 0 then (*) reduces to s\ = s{™1( which holds by (2).
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Assume h > 1. Write I = {i; < ... <idxtand J = {j1 < ... < jp}sothat TU(m+J) = {i1 <
o <ig<m+j <...<m+jp}. Then
S%(J;:lJ) = s (ko hym + Gn)sT T (B h = 1Lm gaa) s (R 4 1 m+ ) -
s (ki) s (e — 1 i) L. s (1, 4y)

1), (2
e )[S(m+")(k+h,m+h)s(m+”>(m+h7m+jh)} '

. [S(er")(k—i- h—1,m+h— l)s(m+”)(m+ h— 1,m+jh—1)}
. [s(m"’")(k +1,m+1)sm) (m + 1,m+j1)} .

. [s(m)(k,ik)éﬂ(")} [S<m>(k _ 17ik71)®1(n)} ... [s<m>(1,i1)®1<n>}

Now notice that each of the factors
skt h—1m+h—1), skt h—2m+h—2),... s (k4 1,m+1)
can be moved to the left past all the factors
slmtn) (m+ h,m+ jn), slmtn) (m+h—1,m+jp_1),... 7s(er")(m +2,m+ ja),

simply because of (A1): s+ (k4 h —1,m+ h — 1) only involves strands m 4 h — 1 and lower, while
s(m+1) (m+h, m+j,) only involves strands m -+ h and higher; similarly for the others. After performing
this commutation we get that

sgfj:;:l]) =5kt hym+h)sTTk+h—1,m+h—1)-... s (41, m41) -
ST (- hom+ ) s (m+ b= LmA+ ) - s (41, m+ ) -
(2),(3)

2 [1(h71)®8(m+n7h+1)(k +1,m+ 1)} [1(h72)®8(m+n7h+1)(]€ +1,m+ 1)®1} .

_ [S<m+n—h+1>(k +1m+ 1)®1<h—1>} . {1(m)®s(")(h,jh)} {1(’”)@3(")(11 _ 1,jh_1)} .. [1<m>®8<n>(17j1)} .
. S(Im)®1(")

9
(:)S(m-l-n—h—i-l)(k, +1,m+ 1)<h) . 1(m)®S(Jn) .ng)®1(n)

(2),(3) [

(h)
1(k)®s(m_k+l)(1, m—k+ 1)®1("_h)} . ng)®sgn)

10
(:)l(k)&s(m_k“)(l,m —k+1)PMe1r=h). ng)®s(n)

J
11
(1 )1(k)®ﬁm,kﬁh®1("*h) csiMas()

Thus (*) holds and the proof is complete.

5. NATURAL AND FACTORIAL BRAIDS

5.1. Definition. The g-analog of a natural number n is

) =1+q+¢+...+¢"".
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For n > 1, the natural braid [n] € kB,, is defined as

[n] = Zs(")(l z)—l—f—sgn)—i—sl) (")—i— —i—sl) (")...ssln_)l;
i=1
we also set [0] = 0 € kB,y.
Notice that [n] = bgn). Hence, as a particular case of Vandermonde’s formula (14) we have:

[m+n] = [m]e1™ + s (1 m 1) - 1Meln] |
since Bn1 = s (1,m +1).
While [1] = [1] = [1]* and [2] = [2] = [2]*, we have
Bl=1+ s§3> + 353)39), [?ﬁ =1+ 8(3) + ség)sgg) and [3]" =1+ 8(3) + ség)sgg) ;
thus bz(-")* is not another binomial braid in general. However, it will turn out (17) that the factorial

braids are symmetric with respect to both ~ and *.
The g-analog of the factorial number n! is

nN:: j{: dnﬂa);
ocSn,
where the inversion index of a permutation o € S, is defined as
inv(o) = #{(i,j) / i <j but (i) > o(j)}.
The braid analog of this definition is as follows. First, for any 0 € S,, and i =1,... ;n let
ri(o) =#{i >/ o(j) <a(i)}.
Thus,

n
inv(o E ri(o
i=1

Notice that o(i) — i < r;(0) < o(i) — 1 V 4, hence it makes sense to define a braid si € B, as
st = s (o(n) = ru(o),n) - ... s (0(2) — 12(0),2) - s (0(1) — r1(0),1) .

For instance if o = ( §) then

\ )
e

The picture of s is obtained by drawing a straight line from 1 in the bottom to ¢ (1) in the top, then

under that a straight line from 2 to o(2), etc.
In section 5.3, other expressions for s((fn) will be given.

Now, for every n > 1 we define the factorial braid f) € kB, as

F = 37 s

g€eSy,

we also set f(9) =1 € kB,.



10 M. AGUIAR

We next show that the factorial and natural braids are related by means of a product formula,
generalizing [n]! = [n][n — 1]---[2][1] for g-numbers. Variations of this will follow after we study the

effect of ~and * on the sg")’s.

Proposition. For every n > 1,
(15) f =10=Dg] . 1= 2Dg[2] . ... - 1e[n — 1] - [n] .

Proof. We need to show that f(®) =1ef"=D.[n]V n > 1.

Consider the bijection S,,_1x{1,2,... ,n} — Sp, (0,7) — (180)(1,2,... 7). (From 7 := (180)(1,2,... ,%)
we recover i as 7~ 1(1) and then 10 as 7-(1,2,...,4)~!; here 1&o is such that (1&0)(j) = o(j —1)+1.)
It suffices to show that

st = 151 . s(M (1, 4) |

ri—1(0) ifj=i+1,...,n,
. 1 . i—1 i il n e
Since T = (o(l)+1 T oloD41 1 o()t . o(ne1)41 ), we have that r;(7) =< 0 if j =1,

ri(o)+1 ifj=1,...,i—1.

Hence
st = s (r(n) —rp(r),n) .. s (Tl 4+1) —riga (1), i+ 1) - 8T (7(3) — ri(7),0) -
s (i =1) =1 ()i — 1) - .- s (1) — (1), 1)
=s™(on—1)+1=rp_1(0),n)-...- s (c(i) +1—ri(o),i+1)-s™(1,4)-
M (i —1)+1=ri_1(0) —1,i—1)-...- s (c(1) +1—=ri(0) — 1,1)
(2)5(”)(0(71— D—rp1(0)+1Ln—1+41)-...-s™(0(i) —ri(o) +1,i+1) -
s (i —1)—ri1(0) +1,i—14+1) ... s (0(1) = ri(0) + 1,1+ 1) - s (1,4)
3) 1os(n= . s (1,4)
and the proof is complete. O

5.2. Symmetries of the factorial braids. To obtain the announced symmetry of the f(")’s, we first

describe a multiplicativity property of the map £ : S, — By, 0 — sg"). From its definition it is clear

that ¢ is a section of the canonical projection B, — S, and that £((i,i 4 1)) = s'™ .1
Lemma. Let o0 =0y, -...-0;, € 5, be a reduced expression for ¢ as a product of elementary transpo-
sitions oy, = (ij,7; +1). Then s = sg?) e sl(-l").

Proof. We are given that length(o) = [, where the length of a permutation is the minimum number of
elementary transpositions required to write it as a product of such. We will make use of the well-known
fact that inv = length.

Clearly, it suffices to show that if ¢ = 7- (4,44 1) and length(c) = length(7)+1 then s = s sgn)
In this case, 0 = (7(11) - 7(2111) T(iil) :Z)l Tézfm (). Hence 7j(a) = (1) ¥V j # i,i+1. We claim
that 7(i) < 7(¢ + 1). For if not, we would have r;(0) = r41(7) and ri41(0) = r;(7) — 1, from where
length(o) = inv(o) = 377, 7j(0) = length(7) — 1, against our hypothesis. Thus 7(i) < 7(i + 1), and

Lusztig [[,,2.1.2] has considered sections of this sort for arbitrary Weyl groups W. From lemma (5.2) it follows that
¢ coincides with Lusztig’s section for W = .Sy,.
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then 7;(0) = ri41(7) + 1 and r;41(0) = r;(7). Hence,
st = s (o(n) = ru(o),n) ... s (0(1) = ri(0),1)

=sM(r(n) = ru(1),n) .- s (7(i +2) — riga(r),i 4+ 2) - s (7 () — ri(7),i + 1) -
s (i 4 1) — 1 (1) = 1,0) - s (i = 1) —riq (1), i — 1) - .- s (7(1) = i (7),1)
@SW (r(n) —rn(7),n) ... s (7(i +2) — riga(7),i 4+ 2) - s (7(i +1) — rig1(7),i+ 1) -
s (1 (i) = (1), 1) -5 s (i = 1) — i (1),i = 1) - s (7(1) = vy (7), 1)
(il)s(") (t(n) —rp(r),n)-...- s(”)(T(l) —r1(7),1) - sz(-") = S(T”) . sgn)
and the proof is complete. [l
Corollary.
(16) fg:) = 5((7”), 557”)* = sg",)l, where 5(j) =n+1—0o(n+1-7)
(17) o = fm = g
(18) F =107Dg[1] . 1=Dg[2] - ... - 1g[n — 1] - [n]
= 1V . 2012 . .. [n — 1]el - [n]
=[n]* - 1g[n —1]* - ... 1" Dg[2]* . 1"~ Vg[1)*
i 1 el 2 el 1] el

Proof. To prove (16), it suffices by the lemma to check these equalities on the elementary transpositions,
since both ~and ~! preserve the length of a permutation. But in this case they hold by definition of ~
and * for braids. Then (17) follows by summing over all o € S,,, and the product formulas (18) follow
from (15) and (17). O
5.3. Other expressions for s,(;"). For any 0 € S, andi=1,... ,n let

ei(o) =i <i/ o(j) <a(2)}.

. . . n .
There is a simpler expression for s((f ) in terms of the e;’s.

Proposition. For any o € Sy, and i =1,...,n, 0(i) = r;(0) + e;(0). Hence
(19) st = s (en(0),n) ... 5™ (e2(0),2) - s (e1(0), 1)
Proof.

ri(o) +ei(o) =#{j>1i/o(j) <o} +#{j<i/o(j) <oli
=#{j>i1/o() <o} +#{i<i/o(j) <o)}
=#{j/ 0(G) <o)} =#{i / o(j) e{L.2,... ,a(i)} }
=o(i) .
([l
(n)

For completeness, we provide another expression for s ’, this time in terms of some partial inversion
indices that are obtained by reading o from right to left. For any ¢ =1,... ,n let

li(o) = #{j <i/ o(j) > (i)}



12 M. AGUIAR

Proposition. For any o € S,

st = s (n, o7 () + (e Y) .. - sM(2,0712) + 1a(67)) - s (1,07 1) + (7).
Proof. Notice that (o) = l,41-4(c) Vi=1,... ,n. Hence
s = s (g(n) —ru(o),n) ... s (c(1) = ri(0),1) = s™(o(n) — L (E),n) - ... s (o(1) = 1,(5),1)

—— %k —~—— e~

= 58 = s (o(1) = 1,(3),1)* ... s (a(n) — L(7),n)*
(7)

= s n,n4+1—01)+1,3)...-s™A,n+1—0(n)+1,(3))
=sM(n,5(n) +1,(3))-...-s™(1,51) +1,(5))
(ﬁkglzgmmﬁmyuday”-émuﬁayugay

Replacing o by ! yields the result. O

5.4. Factorial formulas for the binomial coefficients. Next, we present the analog of the well-

known formula [ 7;:; ] [ 7; ] = [Z ] [ 7;} for g-binomials, from which the factorial formula will be
deduced. We choose to provide a bijective proof, even though a proof based on Pascal’s identity is
possible and shorter, in particular because it yields the stronger result (*) below.

Proposition. Whenever 0 <17 < j <mn,
(20) 1( )®bj—i ™ = b} 1= . bt

Proof. Consider the map 8;(n) x 8(j) — 8;—i(n — i) x 8;(n), (A,B) — (X,Y), defined as follows.
First consider the unique order-preserving bijection k : {1,...,j} — A and let Y = k(B) € 8;(n),
then consider the unique order-preserving bijection f : {1,... ,n}\Y — {1,... ,n — 4} and let X :=
f(A \ Y) € Sj_i(n - Z)

Given (X,Y) € 8;_;(n — i) x 8;(n) one recovers A=Y U f~1(X) and B = k~(Y); thus, (4, B) —
(X,Y) is a bijection, so to obtain the result it suffices to prove that
*) 1(i)®sg?7i) . sgf) = sg)®1("_j) . sff) .

We start by examining the right hand side. Write A = {k1 < ... <k;} C{1,... ,n} and B = {h1 <
... < h;j} C{1,...,7}. Notice that then Y := {kp,,... ,kn,} C{1,...,n}.

For each r = 0,... ,7 let SE;? = HhT<z<hT+1 s(M(z,k,). (This and all products below are taken in
the decreasing order: the index z decreases from left to right. If the interval (h,,h,41) is empty then

we take sf;? = 1; also, we set hg =0 and h;+1 = j + 1.) Then, by definition,
le) = H s (Za kZ) =
0<z<j+1
= SE:;) ’ S(n)(h’lv khl) Tt SE:;) ! S(n)(h’Qv khz) ’ le) ’ S(n) (hla khl) ’ SE:;)) :
Hence
sg)®1(”7j) . SE:) = sgl)sff) = s (i hi) ... s(”)(2, ha) - s(”)(l, hi) -
csG s (k) -SG5 (o, k) - s s (B ey ) s

In this expression, s(™ (1, hy) commutes with all the factors to its right until sfﬁ), including it, since these
only involve strands h; 4 1 and higher. When placed there, it joins s (h1, kp,) to form s (1, &y, ),
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by (1). Similarly s(™ (2, hy) commutes past 85:2) where it joins s (ha, kp,) to become s (2, &y, ), and
finally s (i, h;) and s (h;, kp,,) become s (i, kp,,). After this transformation we get
sg)®1(”*j) . sf:) = siﬁ_) s (i, kp,) - . sf:) s )(2 kn,) - s (n) (”)(1, kn,) - sf&) )

Now notice that each factor in sff) is of the form s (2, k.) with 1 < z < hy, hence by (5) and (3)

s (1, ky,) - s (") 1®5§£}71) M1, k)
Similarly we can now commute SE;? . 1®sffo_1) past 50 (2, kp,), using (5) and (3); this factor becomes

®SS:1) . 1(2)®sf£)_1) when placed to the left of s()(2, kp,,). After doing this for each r = 0,... ,i — 1 we
get

sPe1(n=i) . 5 = g0 ) 1®s(" 1) e 1“‘2)@5(:2) - 1“‘”@5(&) : l(i)®s§? :
: s(”)(z,khi) 82 k) - s (1 )

= H l(ifr)®sffr_i+r) . sgf) .
Thus, to obtain (*), we need to show that
(*%) l)® H 10— T)® n— “”“)

To this end, we describe f and X explicitly. By definition, f: {1,... ,n}\{kn,,-. - kn,} — {1,... ,n—i}
is translation by —r on each open interval (k. ,kn for r = 0,...,i (where we set kg = 0 and
kj+1 =mn+1). Then, since

r+1))

ANY = k({1 i\ b, i) = | k(R heg))

r=0
we have that
= 1ANY) = U b 1)) —
r=0
Thus, letting 5(" R =1ln <ocns ("= (z —r,k, —r), we have that sg? D= Hi:o sg?:i). But notice
that

s , . 3
1(l)®SE?T ) = H 1Wes=) (7 —r k, — 1) (:) H s (z4i—rk,+i—r)
hr<z<hr+1 hT<Z<hT+1
3) . _ .
(:)1(177“)@ H S(nferr) (27 kz) _ 1(zfr)®sgi i+r) 7
hT<Z<hT+1
hence
l)®8 H 1(1 H 1(1 r)® n— 1+T)
so (**) holds and the proof is complete. O

We can now derive the braid analog of the usual expression for the binomial coefficients in terms of
factorials.
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Corollary. Whenever 0 < j < n,
Proof. Formula (20) with i = 1 says
n—1 . n—q n
160"V - [n] = [fle1 =) bl
Repeated use of this yields

10 Ve —j4+1]-19Depn - j+2]-...-1e[n — 1] - [n]
_ j—1 n—j j—2 n—j - n—j . n—j (n)
— 10 )®[1]®1( .16 )®[2]®1( .. 1e[j — 1]®1( ). []]®1( . b;
(15) 1) gq (n—3) . )
=/ g1l J).bj
Multiplying both sides by 1&f("=7) and using (15) we get the result. O

It seems that in the course of the proof of (21) we obtained a stronger “simplified” formula; in fact
this is equivalent to (21) since the braid group algebras do not possess zero divisors?.

Recall that the natural braids [j] are not -symmetric. However, an amusing consequence of (20) is
this (choosing n=j+1,i=1):

lefj] - [j + 1] = [jle1- [ + 1] -
Thus this element is fixed by ~.

6. ROTA’S BINOMIAL THEOREM, CAUCHY’S IDENTITIES AND MOBIUS INVERSION

6.1. The binomial theorem. The following remarkable ¢-binomial theorem is proven in [GR1]: if
Pi(x,y) = (x = y)(x —qy)...(x — ¢"'y) then

Paen) = Y[ 1Py Pusly.n)
k=0

this is an identity in the ordinary polynomial ring k[x,y,z]. When ¢ = 1 this reduces to the familiar

k=0
We will generalize this result to the context of braids, and derive from it the other results of the
section.
We consider ordinary polynomial rings kB,,[x1, ... ,X,] over the non-commutative ring kB,,; thus,
the variables commute among themselves and with the coefficients. The embeddings

B, — B,, s+ 521" %) and B,,_j — B,, t— 1Mt

extend to embeddings

kBi[x1,...,%X;] = kBp[x1,... ,X;], p— p21("=F) and kBp_r[X1,...,%.] = kBp[X1,... , %], ¢ +— 1®gq
where x; is sent to x; in both cases. The images of kBg[x1, ... ,x;] and kB,_;[X1,... ,X,] commute
elementwise inside kB [X1, ... ,X.], so there is an induced map

kBg|x1,... X |®kBp_g[X1,... , %] — kBplx1,... ,X.], p9q — pa1(=k) 1 Rgq |

We will write peg for pel(»—F) . 1(Fgq,

2In fact, By is right-ordered by a recent result of Dehornoy [Deh], hence kB, does not possess zero divisors nor
non-trivial units by the results in chapter 13.1 of Passman’s book [Pas]. We thank Dale Rolfsen for making us aware of
this.
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For any k > 1 let
Pu(xy) = [x—s®(Lk)y] x—s®(1,k-Dy]-... - [x—s® (1, 1)y] €kBrlxy]:

and set Py(x,y) =1 € kBy.
Then, with the above convention, the binomial theorem is the following identity in kB, [x,y, z]:

Proposition. For any n > 0,

n

(22) Pu(x,2) = Y Py, 2)ePa_i(x,y) - b .
k=0

Proof. We do induction on n. For n = 0,1 the statement is trivial. Assuming it true for n — 1 with

n > 2, we have

|
—

Pa(x2) = b= 5 (1n)2] - [P (x,2)01] = [ — 5 (L n)z] - 3 [Pl 2)oPa1-4(x y)e1] - B et]
0

=
Il

i
L

= [X - S(n) (k + 17 n)y + S(n) (k + 15 n)y - S(n)(la n)z] ' [Pk (Y7 Z)®Pn717k(xa y)®1] ' [bgcn_l)®1]

Eol
|
—

)

—~ o

(A1), (1) 5

—_
~—

[Pi(y, 2)e1 9] [x — s (k + 1,n)y] - 1PeP,_1_4(x,y)el] - b el] +

=
Il

0

i
L

+3 [y = 5™,k + 1)z - [Puly, 2)21 ] s (k+ 1,n) - 1®eP, 1_4(x,y)el] - b Vel]

ol
Il
(S ]

[Pi(y, 2)e1 9] [18sx — s (1,0 — k)y][Pa_1_x(x, y)o1]| - b Vel] +

A
I
3
M1

1T
[ =]

+
(]

y — sED (1 k4 Dzlel™ D] [Py (y, )21 ] sM (& + 1,n) - 1WeP, 1 _(x,y)e1] - p" Vel
k

k=0
n—1

= Y [Py, 2)e1 "] 100P, i (x, )] - (b Vel] +
k=0

i
L

+ 3 [Peia(y, 221 F D] s (k4 1,0) - [1WaP, 4 4 (x,y)e1] - b Vel] .

ko
[}

Now we use (5) to commute s (k + 1,n) past P,_1_x(x,y) as follows:

s (k+1,n) - [1WeP,_1_(x,y)el] = s (k+1,n) - [1(k)®[x — s —1—k)y] ... [x—sMTIR(T 1)y]®1}
(2)7:(3)5(")% +1,n) x—s™k+1,n-1Dy]-...-[x—s"(k+1,k+1)y]
(g) x—s™(k+2,n)y]-...-[x—sM(k+2k+2)y] s (k+1,n)
® 1 Dgx — 510 (1 n — k= 1)y]-...- [x — s D, 1)y]} s (k+1,n)

= [1(k+1)®Pn—k—l(X7 y)] : S(n)(k + 17 n) .
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Substituting this in the above expression for P, we get

|
—_

n

Pu(x,2) = Y _[Pely, )1 D] 1000P, o (x,y)] - b Vel] +
k=0
n—1
+ Y [Pena(y, el ") LR, ()] s (k£ 1n) - o Vel

E
Il
=]

T
L

[Py, 2)2Po—i(x,y)] - b0 Ve1] + S [Pily, 2)ePai(x,y)] - s (k + 1,n) - o Vel]
k=1

el
Il
=)

I
M=

, o1y 1(13) & .
[Pe(y,2)eP,_k(x,y)] - b Vel + 50 (k + 1,n) - b 1>®1 = prc (y,2)eP,_k(x,y)] - b .
k=0

b
i
=]

O

6.2. Cauchy’s identities. These identities are attributed to Cauchy in [GR1]:

(= Dx—g)... (x—g" ) = 3| | | (-1,

x”:i[z}(x—l)(x—q)...(x—qkfl).

k=0

Just as in the g-case, its generalizations to braids are easily obtained from the binomial theorem. In
this context, it is natural to introduce the Mébius braid p®) € kBy, as

) = (Z1yke®
where ¢®) = s(F)(1,k)s®) (1,k — 1)...5s%)(1,1) € kB, is the twistor braid of section 2.2.

Corollary. For any n > 0,

(23) = s (1n)] [x—sM(Ln-1)]- k= s D] =Y pFernh) i ok
k=0
24)  x" =Y x—sM(k+1,n)] x-sOE+Ln -1 = sk + 1,k +1)] by
k=0

Proof. Setting y =0 and z = 1 in (22) we obtain (23); setting y = 1 and z = 0 we obtain (24). These
evaluations are well-defined morphisms of algebras because the evaluating points commute with the
coefficients. O

Mobius inversion formula will we deduced from the following two consequences of Cauchy’s identities.
Setting x = 1 in (23) we obtain

(25) ka)@w B p™ =0V n >0,
k=0

and setting x = 0 in (24) (or applying ~ to (25))

(26) S 1®eu= . p =0V n > 0.
k=0
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Both of these reduce in the g-case to the well-known
3 (~1)kq?) [ . } =0V n>0.

Some other interesting consequences of Cauchy’s identities are obtained through other evaluations;
these all reduce to the same identity in the g-case, but are distinct at the level of braids. To briefly
discuss this situation, consider the polynomial ring B[x] over a non-commutative ring B. For each
b € B there are two natural evaluation maps B[x] — B, according to whether we write the variable to
the right or left of the coefficients. More precisely, these are defined as

€, : B[x] — B e/ : B[x] - B

apX" +...+ax+agr— apd” + ... +ab+ag apx" +...+a1x+ag— b"a, +...+bay +ag .

These maps are not multiplicative in general; however, if i, f and g are polynomials such that h = fg
and b commutes with the coefficients of g, then €} (h) = €;(f)e;(g). Similarly, if b commutes with the
coefficients of f then €l (h) = €. (f)el (g).

Consider B = kB, f(x) = [x — s™(1,n)] - [x — s™(1,n —1)] - ... - [x — 57 (1,3)] and g(x)
[x — s(™(1,2)][x — s (1,1)]. Writing x to the right of the coefficients and evaluating (23) at b =
s(M(1,2) = sgn) we obtain

Zu(k)@)l(n—k) ) bl(cn) . (Sgn))n—k —0.
k=0

Similarly, letting f(x) = 2 — s (1,n), g(x) = [x —s™ (1,n —1)]-... - [x — s()(1,1)], writing x to the
left and evaluating (23) at b = s(™(1,n) we obtain

S ] o,
k=0

n

6.3. Mobius inversion. A particular case of the general theory of Mébius inversion [R] is the following

g-numerical inversion formula: for any scalars aq, ... ,am, bo, ..., bm,
[ SNl
b = [ .}a-_-w:o,...,m ==Y (=1)ql { .}b-_-Vizo,...,m.
i ; j o i ;0( Ya®| ;b

Its generalization is:

Proposition. Let () and 4 € kB; be given braids for i = 0,... ,m. Then

(27) 2@ = Z 10D gy (i=3) . b§i) Vi=0,...,m <y = Z,u(j)&r(i*j) ~b§-i) Vi=0,...,m.
=0 =0
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Proof. (=)
: @ (hyp.) : - W) (i—j—h)  p(i=0)] (D)
3 uDeri=) .y ZM(”@{Z 1 (Wgy(i=d=h) . p(i=7 } b
j=0 7=0 h=0
- { (j)@l(%y(i,j,h)} , {1@)@1,;;—])} e
§=0 h=0
(20) S ) g (i—j—h (h+37) g (i—j—h ()
- [No)@l( )y (1= >} . [bj 01— >} ey
7=0 h=0
i o
- {Mu)@l(w)} : [bg_hﬂ)%(w,h)] by
§=0 h=0
=h+ . - .
— ZZ[ ) g1 (i3 } . {bg»k)@y(%k)} -b,(;) = y(l)v
k=0 j=0
since by (23) all terms corresponding to k # 0 in the above sum vanish.
(<)
Zl =) .yl () Zl(%[zﬂ(h i) i) )
3=0 h=0
i i—j o _
— [1<j>®u<h>®x<i—j—h>} . {1(j)®b§lzﬂ)} )
§=0 h=0
(20) x= o [1(j)® (Mg (ifjfh)} , [b(h-‘rj)@l(ifjfh)} o
= prer J h-+j
§=0 h=0
i—7 ) o
_ Z[[l(j@#(h)} ,b§h+g>®x<z—g—h>} o).
§=0 h=0
'7 N
(k:=h+j) > [Z 10t b;k)}&c(ik)] B — o),
k=0 "j=0
since by (24) all terms corresponding to k # 0 in the above sum vanish. [l

7. MULTINOMIAL BRAIDS

7.1. Definition. For each n and r € N let F(n,r) denote the set of all functions {1,...,n} —

{1,...,r}, and C(n,7) = {(m,...,n) EN" /1 + ...+ n =n}. A sequence n € C(n,r) is sometimes
called a weak composition of n into r parts. For any n € C(n,r) let

8(m) ={feF(nr) /[ #f W) = #f12) =m,... . #f(r) =0}
We usually write f = (12743) to abbreviate that f : {1,2,3,4,5} — {1,2,3} is f(1) = f(5) = 2
f(2) = f(3) =1, f(4) = 3. One may think of the elements of 8(n) as permutations of the elements

of {1,2,...,r} with repetitions as specified by n. For this reason the elements of §(n) are called
permutations of the multiset {1,272 ... r’}.

There are canonical identifications §(1,1,...,1) = S, (r ones) and (when r = 2) 8(i,n —1i) = 8;(n),
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Given n € C(n, r), the corresponding g-multinomial coefficient is defined as

[ } Z g™

fes(n
where the inversion index inv(f) is
inv(f) = #{(i,5) / 1 <i<j<n, f(i) > f(4)} .
To define its braid analog we proceed as follows. First, for any f € F(n,r) and i € {1,2,... ,n}, set
eilf)=#{<i/ fG) < f@)}.

Next, define s;") € B, as

sy = 0 en(f)im) oo sM ea(),2) -5 (ea (1), 1) -

Then, for any n € C(n,r), define the multinomial braid m(”) € kB, as

= > 5
fesm)
and m(%:9) =1 € kB,.

A few remarks are in order. First, notice that for o € S, = 8(1,1,...,1) (r ones), the definition of
s given here coincides with that of section 5, because of equation (19). Hence m(11) = £ the
factorial braid.

Second, suppose r = 2, and let I € §;(n) correspond to f € S(i, n— i) under the bijection described
above: if I = {j1 < jo <...<j;} then f = (}
Joify ¢ I,

h o ifj=gnel

e J2 n)
..212...212,..212..,2 :

Thus, ¢;(f) = , from where sgc") =sM(i,5) ... sM(2,55) - s™(1,51) = '™, and

hence m(&7—9 = bg"). Thus multinomial braids reduce to binomial braids when r = 2.

Finally, let us check that in the one-dimensional representation defined by ¢ (section 2.5), sgcn) acts

as multiplication by ¢"™(/), and hence m(" as [ Z ]

To this end, we introduce the n-shuffle oy € S, corresponding to f € 8(n) as follows: on f~(1), o
is the unique increasing bijection onto {1,...,n;}, similarly on f=1(2) onto {n1 +1,... ,m1 + 12}, ...,
and on f~Y(r)onto {m + ...+ 1+ 1,...,m+ ...+ 0}

We also introduce the partial inversion index 7;(f) = #{j > i / f(j) < f(i)}, extending the one
already defined for permutations in section 5. Notice that inv(f) =Y 1", r:(f).

Lemma. For any f € 8(n) and i € {1,2,... ,n}, e;(f) = e;(oy) and 7,(f) = ri(oy).

Proof. From the definition of oy we see that:

For j <1, 04(j) < 04(i) & f(§) < f(i). From here, e;(f) = e;(cy).
For j >, 07(j) < o7(i) & f(4) < f(i). From here, r;(f) = r;(oy). O

Now we can show that s(fn) acts as ¢™(), ie. that the number of elementary generators in

sM(en(f),n) - ... s(”)(eg(fj,2) -5 (e1(f),1) is inv(f). Recall (section 5.3) that for any o € S,
we have o(i) = r;(0) + e;(0). Hence, 0¢(i) =1i(0¢) + ei(of) = r:i(f) + ei(f), from where
#generators in 85‘@) = Zz —e(f) = Z or(i) —e(f Z ri(f) =inv(f
i=1 i=1 i=1
as needed.
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From the lemma we also deduce that sgcn) = s,(f;), just comparing their definitions. This shows that

our multinomial braids coincide with those braids already considered by Schauenburg in [S, definition
2.6]. Some of the identities we prove here ((13), (21), and a particular case of (29)) are stated in that
paper, altough the connection to combinatorics is not pointed out.

7.2. Symmetry of the multinomial braids. Here we generalize the facts (12) and (17) that bz(-") =
bgn;)l and f(n) = f(n) For any 1n = (77177727 cee 777T)7 let ﬁ = (nTu e 77727771)'
Proposition. For any n € C(n,r), m = m,

Proof. Consider the bijection F(n,r) — F(n,r), f — f, where f(i) =r+1— f(n+1—4). This clearly
restricts to a bijection 8(n) — 8(7), so it is enough to show that

st = sffZ” Y f € 8(n)

to obtain the result.

We have that

)y =n+1—ftr+1-h),YVh=1,...,n
from where

oi(i)=n+l-os(n+1—i)=0s(i)Vi=1,...,n,
and thus

o w6) )y )
Sy =Sef =85 =8g. =8¢

as needed.

O

7.3. Pascal’s identity for multinomial braids. Let C*(n,r) denote the set of strict compositions
of n into r parts, i.e. those sequences (11, ... ,n,) such that my+...+n. =nandn; € ZTVi=1,...,r.
Pascal’s identity (13) is actually a particular case of the following identity for multinomial braids.

Proposition. For any n € €T (n,r),
(28) m (Mm2sme) S(n)(nlvn) cp(m=Lnze ) gl 4 g(n) (m + 12, 7m) - mmmnz=L.n)g) 4

e 8™ A e, n) - m(menze =Dl
Proof. Consider the bijection

Hs(nla 7771'_17--- 7777‘)_)8(77177727"' 7777‘)
i=1

that sends f € 8(n1,...,m —1,...,n,) to g € 8(n1,m2,... ,n:) defined by
, ) ifje{1,2,...,n—1},
g(]):{m) jed }

i if j =n.
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Clearly,
e:(g) = e;(f) ifje{1,2,...,n—1},
! m+... 4+ ifj=n.
Hence s_((]n) = s (m+n+...+n,n) s (j) 1®1. The result follows by summing over all such f’s. O

7.4. Multinomials in terms of binomials and factorials. In this section we relate the multinomial
braids to the binomials and factorials, obtaining identities that generalize (20) and (21).

Proposition. Let (n1,... ,n.) € C(n,7), s <r,and ny =m +...+ns, N2 =Nsy1 + ... + 0. Then
(29) m ) — o (M5 3m8) gy (M 15e05mr) L gy (R1m2)
Proof. Consider the bijection
Sy 1) = 81y yMs) X 8(Mst1y -+, M) X 8(n1,n2)
e (f, f2. 1)

defined as follows:

I={je{l,....n} /) f) <s}={j1<je<...<Jn} € Sny(n),

IF={ke{l,...,n} /] f(k)>s}={ki <ka<...<kp,} €8p,(n),

=56 sG 31 FGin)) €8(ms - sms),

Fo= (fi)s Fhny—s - 7l y—s) € Sats- - smr).

(Informall}77 fl = f|17 f2 = f|IC')
It is enough to show that

sgcn) = sgflﬂ@sgf;) ‘ sgn) .
We start by noting that for any j € {1,... ,n},
ej(f) =#{hef{l,...,n} / h<jand f(h) < f(j)}
=#{hel/h<jand f(h) < f(j)} +#{h€l®/h<jand f(h) < f(j)}.
Thus, if j =5, € 1,
(*) ej(f) =#{h el /h<jand f(h) < f(j)} = ei(f1),
while if j = k; € I¢,
ej(f)=#{hel/h<jt+#{hel®/h<jand f(h) < f(j)}
=#{1,2,... ;k;} —#{h eI/ h<k}+elf)
(**) =ki —i+ei(f2).
Now,
s%fll)t@s,(zf;) . sgn) = 1("1)®5,(1f22) . 551-711)®1("2) -sgn)

=10es(2) s (e, (f1),m) - s (ea(f1),2) - 5™ (ea (1), D)™ (01, Giny) - - 80 (2,52) - 57 (1, 40)
= (1)1(n1)®8(f2) S(n) (enl (fl)vjvu) et S(n)(e2(fl)7j2) : S(n) (61 (fl)vjl)

B) 30 (11 + ena (), + 1) - s (1 + ea(fa)y ma +2) - s (ry + e (fa)y a4+ 1) -

’ S(n)(enl (f1)7j"1) et S(n)(€2(f1)7j2) : S(n)(el(fl)vjl)'
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At this point there are two cases to distinguish, according to whether k1 = ny + 1 or k1 < ny (notice
that necessarily k1 < ni + 1, since k; is the first element of I°¢).
If k&1 = nq1 + 1 then necessarily j; =4 and k; =ny +14 V 4, so

s™ (1 + ei(fa),mi +1) = 5T (ki — i+ ei(f2), m + i)(g)s(")(eki(f)anl +1i) = s (en, i(f), 1 +14)

and

S (e (F),d0) D s (e, (£, 40) = s (@), ) -

D)o (f2) ()

Thus, in this case, all the factors in the above expression for 5511 ®sy, - 8;  are already in the “right

order”:

sifesf) s = s (e sy () mr +1n2) e 8T (eny 1 (f)ymn + 1) - 50 (eny (F),m1) - s (en(f), 1)
_ )
= Sf )

as needed.

The other case occurs when ki < mjy. In this case ji, is well-defined. We will move s (n1 +
e1(f2),n1 + 1) to its right past the factors z; := s (e;(f1), i) from i = n; down to i = &, using (5).
We illustrate this process as follows:

past Tn,

S(n) (n1 + el(fz), ni + 1) e s(”)(nl -1+ 61(f2),n1)
AL s (i — 1+ e1(f2), 1)

past Tp,—1 past xi41

s i+ e (fa),i+1)

past x;_1
e

past T,
_—

S (ky — 1t ea(f), k) 25 ey (1), ).

Before proceeding, we must check that the hypothesis of (5) hold, in order to validate this commutation.
In this situation those hypothesis are

ei(fi)<i—14ei(fo)and i <j —1, Vie{k,... ,m}.

The first inequality holds because, for any f and g, e;(f) < i and e1(g) > 1. And the second one does
too, for if not, we would have that j; < ¢ and hence {j1,jo,...,Ji} ={1,2,...,i}. But since k1 < 1,
this would imply that k1 € I, a contradiction. Thus the commutation process described above is valid.
Returning to the main argument, we next proceed similarly with the remaining factors s() (n1 +
ea(f2),n142), ..., 8 (ny+en, (f2), n1+n2), moving them to the right until they become s(™ (e, (f), k2),
.8 (€k,, (f), kn,). After this has been done we are left with all the factors in the “right order”:

stes() s = s (e (F)yma +12) - 8™ (enysa (F)ymn + 1) - 57 (e, (F)ym1) -+ - 5™ (e (), 1)
— ()

This completes the proof. O

From (29) we can easily deduce expressions for the multinomial braids in terms of binomials or
factorials, that generalize well-known g-formulas.
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Corollary.
(30)

s ) o - o o147 + +otny +.tnr +ot
m(meme) — 1(m n 1)®b£7:7 ). 1(m n 2)®b£7:7711 ne) . . 1m "2)®b£7’373 ) 1("1)®b§7’;2 nr) .b577171 )
(31)

(105 ) — béﬁl)®1(n2+...+nr) ) b$;171+772)®1(773+---+m) ) b5771727272+’73)®1(n4+m+m) o b;?fffﬁfli;l)@bl(m) ) bﬁ,’ffﬁ,’li)l
(32)

fmg . efr)  plmsmr) — plmt.+nr)

Proof. Choosing s = 1 in equation (29) we get
() — 1) gy (250m0) bg’l’l+"'+m).
From here (30) follows immediately by induction on r.
Similarly, (31) follows by induction on r from

Mseee ) — oy (M5 rm1) o (1), p(mA 1)
m " =m =1 gl \r berermf17

which is the case s = r — 1 of (29).
The remaining identity can also be obtained by induction on 7, as follows:

F o) o (29) [fm)@, L af®) .m(nl,,..,ng]@{f(nﬁl)@_ af) ,mmsﬂ,..,,m)} ()
(indilyp~)f(n1)®f(n2) . m(nl,ng)(2:]‘)f(n)'
O

7.5. Witt’s identity. The following identity for g-multinomials is a particular case of an identity that
holds for all finite reflection groups, sometimes known as Witt’s identity:

Sy Y [ = )
r=0 ne€t(n,r)
(this is [H, proposition 1.11] for the case of the reflection group S,,).
Recall that CT(n,r) denotes the set of strict compositions of n into r parts. We should agree that
) if n >0,
{0} ifn=0
Witt’s identity can be generalized to braids as follows.

et (n,0) = , and that m(®) =1 € B,.

Proposition. For every n > 0,

(33) Z(_l)r Z m = u(n) ]

r=0 nee+(n,r)

Proof. We do induction on n. For n = 0 the statement is obvious. Assume n > 1. Consider the
decomposition

n—1

[Tertkr—1)=¢etmr), (n,....n1) = (..o ome1,m— k).
k=0

Recall that, by (31), for any n € €T (k,r — 1) we have

mm=k) — (g1 (n—Fk) bl(cn) '
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neCt(n,r) k=0 necCt(k,r—1)
Thus,
Sy > me "2 5
r=0 neCt(n,r) r=1 nect(n,r)
n—1[n—-1
k=0 s:0 nee+(kr 1)
(25) (n
25) o
8. GALOIS,

The g-numbers

m(nn—Fk)

Y () nf [ﬁ:(_l)r >

S

k=0 nec+(k,r—1)

k=0 Lr=1 nee+(k,r—1)

(77)‘| 21 (k) . b;fn) (indilyp.)

FiBoNACCI AND CATALAN BRAIDS

6. =3 [1]

k=0

mMa1 (k) )

m™ | g1 (k) . p(m)

n—1

=Y a1 b g

k=0

are studied in [GR2], where they are called the Galois numbers. They satisfy the following recurrence,
that when g = 1 simply says that G,, = 2™:

Gn+1 = 2Gn + (qn —

One may define Galois braids G™ € kB, as

k=0

then one easily obtains the following generalization of the recurrence above:

GO = GMel +16G™ + 3 st (1 k +1)* s (k + 1, + 1) - 1e0] Vel

k=0

DG -

Alternatively, one can define Galois braids ¢ € kB, as follows:

n

k=0

these braids satisfy the simpler formula:

g =1 +sMAn)]-1+s™A,n-1)-

g =>"cPernh). b\

in fact, this is just the binomial theorem (22) at x =1,y =0, z = —1.
These Galois braids ¢() specialize to Galois numbers

=30
k=0

and the formula above becomes

gn=0+¢"")-1+¢"?) ...

14+q) - -(1+1).

—18G(™ Vel .

4™, 2)] 1+ s™,1)],
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The Fibonacci numbers F;,, count the number of subsets of {1,2,...,n} without consecutive ele-
ments; one has F,, = F,,_1 + F,,_o. It is easy to obtain g¢-versions of these numbers. More general
braid analogs can be defined as follows. Let F(n, k) denote the set of subsets of {1,2,... ,n} with k
elements no two of which are consecutive, and set

Y= N s e kB,
I€F(n,k)

As for the Galois braids, we have two options for defining the Fibonacci braids in terms of the F,in),
according to whether we weight by the twistors ¢*) or not. As before, weighting leads to simpler
identities. So we define the Fibonacci braids F(™ € kB,, as

FO = 3" Wb )
k=0

The same bijection considered in the proof of Pascal’s identity (13) shows that
F = F" Vel 4 50 (k,n) - F P13,
from here it follows easily that
F = p=De1 4 sW(1,pn) . =212
Thus these braids specialize to g-numbers F,, that satisfy
Fo=F,1+q¢" 'F, .

The Catalan numbers C,, count the number of subsets I of {1,2,...,2n} satisfying the following
two conditions:

#I =nand for every j =1,2,... ,2n, #IN{1,2,...,j} > #I°Nn{L,2,...,j} .
Let €(n) denote the family of those subsets, and set

O(n): Z 85271) € kBo,.
IeC(n)

It is easy to see from (*) in the proof of (12) that

cm = c) |
Similarly, from (*) in the proof of (14) one deduces that

o) — Z 1608, 1 k@1 7R L 1eCFeleC™F) |
k=0
Thus these braids specialize to g-numbers C,, that satisfy
Cni1= Z k=R ey o,y
k=0

These are the g-Catalan numbers of Carlitz and Riordan [CR].
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9. BINOMIAL BRAIDS AND QUANTUM GROUPS

In section 2.5 we explained how Yang-Baxter operators yield monoidal representations of the braid
category 8. In this regard we should add that Majid began the study of combinatorial identities
between operators on tensor powers of a vector space X corresponding to a Yang-Baxter operator on
X®X: in thm. 10.4.12 of [Ma] the case ¢ = 1 of (20) is obtained.

So far in this paper we have considered only one-dimensional representations, corresponding to the
Yang-Baxter operator that simply multiplies by ¢q. Other Yang-Baxter operators are obtained through
the theory of quantum groups. Every module X over a quasitriangular Hopf algebra comes equipped
with a canonical Yang-Baxter operator on X®X. The converse essentially holds: every Yang-Baxter
operator on a vector space X gives rise to a coquasitriangular bialgebra that coacts on X (if the
bialgebra is finite-dimensional then X can be seen as a module over the dual bialgebra, which is
quasitriangular).

An equivalent way to describe monoidal representations of the braid category is by means of the
following fact: B is the free braided monoidal strict category on one object (the object 1 € N). This
says that given any object X of a braided monoidal category €, there is a unique functor F' : 8 — ¢ that
preserves the monoidal structures and the braidings and such that F'(1) = X. If € carries in addition
a k-linear structure (compatible with the rest of the structure), then F extends to F : kB8 — €.
Usually € consists of vector k-spaces with some additional structure, and thus F' : kB — € yields
linear representations of the various braid groups. This is the case for instance when € is the category
of modules over a quasitriangular Hopf algebra as above. Another family of examples arises from the
category Dg of crossed G-modules, for any group G. An object of D¢ is a k-space X equipped with a
linear action of G and a linear G-grading, i.e. a decomposition X = ®4ccX, into subspaces, such that
the action of h € G carries Xy to X),,-1. In this context, one usually writes [x| = g when z € X, so
that the condition just mentioned becomes |h - x| = h|z|h~1. This category is braided monoidal under
the usual tensor product of k-spaces, where X®Y is equipped with the G-action g- (x,y) = (¢- 2,9 y)
and the G-grading |(z,y)| = |z||y|, and the braiding is

Bxy : XY - YeX, Oxy(x,y)=(z| y)e.

This construction can in fact be carried out for any Hopf algebra H in place of G. If H is finite-
dimensional, then Dy is the category of modules over the Drinfeld double D(H) of H, which is a
quasitriangular Hopf algebra.

We have described in [A] a general procedure for constructing a quantum group out of this data
(that is, a group G, or more generally a Hopf algebra, and a crossed module X). In this procedure the
action of the binomial braids bgn) on the various tensor powers X" plays a crucial role. Drinfeld and
Jimbo’s quantized enveloping algebra U, ; (C) associated to a symmetrizable generalized Cartan matrix
C arises from this construction with G = Z", the free abelian group of rank r, where r is the size of C,
and the following crossed Z"-module X: let A = [apk] be the symmetrized matrix corresponding to C,
an integer square matrix of size r, let X be the vector space with basis {z1,..., .} and define

|zk| = (@1ky .-« yark) €Z7, (n1,... ,np) - xp =q¢"xp ¥V (n1,... ,n.) €Z",

where ¢ € k* is any fixed scalar, not a root of unity.

We will now briefly describe this procedure, without proofs. For the general case of a crossed module
over a Hopf algebra, the construction involves the notions of internal categories and admissible sections
developed in [A]. A small linear category [Mi] is an example of an internal category. Let us concentrate
on this special case that requires less strange terminology, and that covers the main example U;‘ ).

The idea is to attach a small linear category LLE(X ) to the given group G and crossed module X,
and then obtain the quantum group as the matriz ring of the category, as defined by Mitchell in [Mi].
The coalgebra structure on the quantum group is seen to come from a deltacategory structure on the
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category. This is the crucial point where the binomial braids enter, so we had better explain it in some
detail.

For small linear categories (and more generally for internal categories) there is an alternative notion
of morphisms, besides that of ordinary functors. We have called them cofunctors, because a different
special case (Lie groupoids) has received that name in the literature [HM]. A cofunctor induces a
morphism of algebras between the corresponding matrix rings (on the other hand, a functor does not,
unless it is bijective on objects -this was the case considered in [Mi]). A small deltacategory il is a
small linear category equipped with a coassociative cofunctor A : $f — Ustl. (More precisely, it is a
comonoid in the monoidal category of small linear categories and cofunctors). The matrix ring of such
a category is then a bialgebra. The main point of these considerations is that most quantum groups
arise as matrix rings of naturally defined deltacategories.

Let us describe the deltacategory MJCS (X). First we consider the graph whose vertex set is G and
whose set of arrows is ngG X, x G, where each (z, h) is an arrow from h to h|z|. Then we pass to the
free linear category T (X) on this graph. It turns out that T (X)) possesses a deltacategory structure,
defined on the generating arrows as follows:

Az, gh) = eg®(x, h) + (h - z, g)2ey, .

Here e4 denotes the identity arrow of the object g € G.
It follows from coassociativity that the general expression for A is

Az, gh) = i(h (bgn)x)(i),g)@((bgn)x)(i)/, h) for z € X®".
i=0

Here bgn) is of course the binomial braid, acting on X®" as explained above; we have also used the
notation y = y(;@y;y for the canonical identification X®n o x®igx®(n—1) This is in fact how we ran
into these braids in the first place. One immediately sees from this expression for A that there is a
natural set of relations on T (X) that are preserved by A. Namely, if for each n > 2 we let

n—1 00
™ .= ﬂ Ker(bz(-") D, G X®") and I := @I("),
i=1 n=2
then the ideal of T¢(X) spanned by I x G is preserved by A. Hence, the quotient category {5 (X) :=
T (X)/I x G inherits a deltacategory structure.

One can show that when G = Z" and X is defined from a symmetrizable generalized Cartan matrix
C as above, then the matrix ring of {5 (X) is the quantum group U (0).

Some other simple choices of G and X yield well-known quantum groups, for instance G = Zy and
X =the non-trivial one dimensional representation of GG yield Sweedler’s Hopf algebra Hy; G = Z,, and
X a one dimensional representation of G yield Taft’s Hopf algebras.

But notice that this construction is more general: one can use any integral matrix for C', and of
course other groups or even Hopf algebras, and obtain other (new) quantum groups.

These assertions will be complemented with more details and proofs in [A].

10. ADDITIONAL REMARKS

Further interesting combinatorial phenomena arises from the study of the behavior of the vari-
ous braid analogs on higher dimensional representations X of the braid groups. In particular, the
determinants of bgn) and (™ on X®" seem to factor in some rather remarkable ways, intimately
related to the combinatorics of the braid arrangement A,_; = {Hpr / 1 < h < k < r}, where
Hy, = {(:El, R ,IT) e R" / Tp = xk}

For instance, consider the representation constructed from a symmetric matrix A = [ang] of size r
as in section 9. Thus, B, acts on X®" V¥ n > 0, where X is a vector space with basis {z1,...,z,}.
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The subspace X,. of X@r spanned by those tensors of the form x,(1)824(2)®...®2,(,), where o runs
over S,, is invariant under the action of B,. The matrix of f(") : X, — X, with respect to this basis
turns out to be the same matrix that Varchenko associates to the weighted hyperplane arrangement
Ar_1 (weighted by the apr’s) [V]. A factorization formula for the determinant of the matrix of an
arbitrary weighted real hyperplane arrangement is obtained in that work. For the special case of the
braid arrangement, further factorization formulas seem to hold, not only for the determinant of the
factorial braid, but also for the binomials, and on other invariant subspaces of X® as well.

In particular, on the subspace Xj, , of X ®(n+1) spanned by xh®x%” and its permutations, one can
show that

det (6" x,., ) = (1 =g (1 = g0 . (1= @) o
where

ali] = (1 — 1)agk + ank + arn -

These questions will be the subject of further work.
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