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Abstract: A method to obtain explicit and complete topological solution of SU(2)
Chern—Simons theory on S 3 is developed. To this effect the necessary aspects of the
theory of coloured-oriented braids and duality properties of conformal blocks for
the correlators of SU(2), Wess—Zumino conformal field theory are presented.
A large class of representations of the generators of the groupoid of coloured-
oriented braids are obtained. These provide a whole lot of new link invariants of
which Jones polynomials are the simplest examples. These new invariants are
explicitly calculated as illustrations for knots up to eight crossings and two-
component multicoloured links up to seven crossings.

1. Introduction

Topological quantum field theories provide a bridge between quantum physics on
one hand and geometry and topology of low dimensional manifolds on the other
[1]. The functional integral formulation of such quantum field theories provides
a framework to study this relationship. In particular, a class of topological field
theories which are related to knot theory have attracted a good deal of attention in
recent times. This started with the seminal work of Witten who not only put the
Jones polynomials [2] in a field theoretic setting, but also presented a general field
theoretic framework in which knot theory could be studied in an arbitrary three-
manifold [3].

In SU(2) Chern—Simons gauge theory, the expectation value of Wilson link
operators with doublet representation placed on all the component knots yields
Jones polynomials. Two variable generalization of these polynomials, the so-called
HOMFLY polynomials [4], are obtained as the expectation value of Wilson link
operators with N dimensional representation on all the component knots in an
SU(N) Chern—-Simons theory. In fact Witten [3] has shown that the expectation
values of such link operators obey the same Alexander—Conway skein relation as
those by Jones and HOMFLY polynomials respectively. These relations can be
recursively solved to obtain these polynomials for an arbitrary link. Placing
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arbitrary representations on the component knots, corresponding generalizations
of Alexander—Conway relations can also be obtained [5, 6]. But unfortunately
these relations can not be solved recursively to obtain the link invariants. Therefore
there is a need to develop methods which would allow direct calculations of
expectation values of Wilson link operators with arbitrary representations living
on the component knots. In refs. 6, an attempt was made to develop one such
method. This allowed us to obtain invariants for links that can be constructed from
braids made of up to four strands. However, links related to braids with larger
number of strands still stayed elusive. Another interesting method based on the
construction of knot operators has also been developed [7]. It allows readily
calculation of invariants for torus knots in an elegant way. However, the scope of
this method also appears to be limited and it cannot be applied to obtain invariants
for other knots.

In this paper we shall present a general and simple method of obtaining the
expectation value for an arbitrary Wilson link operator in an SU(2) Chern—Simons
gauge theory on S3. The method can be generalised to other compact non-abelian
gauge groups as well as to manifolds other than S3.

The SU(2) Chern—Simons action is given by:

k 2
kS=— AdA+= A3 |, 1.1

4n 5'[ 3 tr< + 3 ) ( )
where A is a matrix valued connection one-form of the gauge group SU(2). The
topological operators of this topological field theory are given in terms of Wilson
loop (knot) operators:

W;[C]=tr;Pexp $ A (1.2)
c

for an oriented knot C carrying spin j representation. These operators are indepen-
dent of the metric of the three-manifold. For a link L made up of oriented
component knots C;, C,, ..., C; carrying spin ji,j,,...Js representations
respectively, we have the Wilson link operator defined as

Wi aLL1=TT WHLCD e

We are interested in the functional averages of these operators:
Viiiao s [L1=Z71 SL [dATW,j,.. ; [L]e™, (1.4)
Z=Sf3 [dA]e™S . (1.5)

Here both the integrands in the functional integrals as well as the measure are
metric independent [8]. Therefore, these expectation values depend only on the
isotopy type of the oriented link L and the set of representations ji,j, . . . Jjs
associated with the component knots. The partition function above is given by [3]:

Z=/2/(k+2)sin(r/(k+2)) .

The method of calculating the functional averages (1.4) developed in the present
paper makes use of two important ingredients:

(i) The first ingredient is the intimate relationship that Chern—Simons theory
on a three-manifold with boundary has with corresponding Wess—Zumino conformal
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field theory on that boundary [3,9, 7]. Consider a 3-manifold with a number of
two dimensional boundaries X, ¥ ‘2’ D) ") Each of these boundaries, ~ ) may
have a number of Wilson llnes carrymg spms ], N 1=1,2,. . ending or beginning
at some points (punctures) P,” on them. Following Wltten [3], we associate with
each boundary X® a Hilbert space #®. The Chern-Simons functional integral
over such a three-manifold is then given as a state in the tensor product of these
Hilbert spaces, ®" #{. The operator formalism developed in ref. 7, gives an
explicit representation of these states as well as determines the form of the inner
products of vectors belonging to these Hilbert spaces. The conformal blocks of the
SU(2), Wess—Zumino field theory on these boundaries X with punctures

P 1=1,2, .. .carrying spinsj” determine the properties of the associated Hilbert
spaces #9 In fact, these provide a basis for these Hilbert spaces s . There are
more than one possible bases. These different bases are related by duality of the
correlators of the Wess—Zumino conformal field theory. We shall need to write
down these duality matrices explicitly for our discussion here.

(1)) The second input we shall need is the close connection knots and links have
with braids. Theory of braids, first developed by Artin, is generally studied for
identical strands [10, 11]. What we need for our purpose here is instead a theory of
coloured and oriented braids. The individual strands are coloured by putting
different SU(2) spins on them. The necessary aspects of the theory of such braids
will be developed here. In particular a theorem due to Birman [11] relating links to
plats of braids will be restated for coloured-oriented braids. This theorem along
with the duality properties of conformal blocks of correlators in SU(2), Wess—
Zumino conformal field theory on an S? then will allow us to present an explicit
and complete solution of SU(2) Chern—Simons gauge theory on S3. Alternatively,
a theorem due to Alexander relating closure of braids to links can also be stated for
coloured-oriented braids. This theorem also provides an equivalent method of
solving Chern—Simons gauge theory.

The knot invariants have also been extensively studied from the point of view of
exactly solvable models in statistical mechanics [12, 14]. Wadati et al. have
exploited the intimate connection between exactly solvable lattice models with
knot invariants to obtain a general method for constructing such invariant poly-
nomials [14]. Besides these, knot invariants have also been studied from the point
of view of quantum groups [15].

This paper is organised as follows. In Sect. 2, we shall write down the duality
matrices relating two convenient complete sets of conformal blocks for the SU(2),
Wess—Zumino conformal field theory on an $? with 2m (m=2, 3, . . .) punctures
carrying arbitrary SU(2) spins. Next, in Sect. 3, the required aspects of the theory of
coloured-oriented braids will be developed. A theorem due to Birman [11] relating
oriented links with plats will be restated for plats of coloured-oriented braids.
Alexander’s theorem [16] relating closure of braids with oriented links can also be
restated for coloured-oriented links. In Sect. 4, a class of representations of the
generators of braid groupoids will be presented. These ingredients then will allow
us to write down the complete and explicit solution of SU(2) Chern—Simons theory
on S3. This will be presented in terms of a theorem which gives the expectation
values of Wilson link operators (1.4) in terms of properties of the plat of a corres-
ponding coloured-oriented braid. This main theorem and the sketch of its proof
has already been announced in ref. 17. Here we are presenting the details of the
proof as well as discussing some other implication of the theorem. For example,
a corresponding theorem which alternatively yields the link invariants in terms of
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closure of oriented-coloured braids will also be present in Sect. 4. Next in Sect. 5,
we shall illustrate how the main theorem can be used to write down the link
invariants. This we do by discussing a multicoloured three component link, the
Borromean rings. In Sect. 6, a few concluding remarks will be made. Appendix
I will contain explicit formulae for the duality matrices in terms of g-Racah
coefficients of SU(2), needed in the main text. Invariants for knots up to eight
crossings and multicoloured two component links up to seven crossings as given in
the tables of Rolfsen [18] will be listed in Appendix IL

2. Duality of Correlators in SU(2); Wess—Zumino Conformal Field Theory

To develop the solution for SU(2) Chern—Simons theory on S3, we need to make
use of duality properties [19] of correlators of SU(2), Wess—Zumino conformal
field theory on an S2. We now list these properties.

Four-point correlators for primary fields with spins j;,j,, j3 and j, (such that
these combine into an SU(2) singlet) can be represented in three equivalent ways.
Two such ways are given by Figs. 1(a) and (b). In the first, each of pairs of spins j,, j,
and js, j, is combined into common spin j representation according to the fusion
rules of the SU(2), Wess—Zumino model. Then these two spin j representations
combine to give singlets. For sufficiently large values of k, allowed values of j are
those given by group theory: max(|j; —jzl, |js —ja|) SjSmin(ji +j3, j3 +Jja). In the
second equivalent representation for the four-point correlators spins (j,,j;) and
(j1,js4) are first combined into common intermediate spin / representation and
then two spin [ representations yield singlets, with max([j,—jsl, [j1—Jal
)<I<min(j,+js,j; +Jj4) for sufficiently large k. These two sets of linearly indepen-
dent but equivalent representations will be called ¢;(j1j2jsjs) and @i(jijzjsja)
respectively. These are related to each other by duality:

Ju Ja | s
¢j(]1]2]3]4)=z aj ,:j3 j4] G1(j1j2jzja) » (2.1)
1

J1 J2

where the duality matrices a;, ] are given [15, 19, 6] in terms of g-Racah

3 4
coefficients for SU(2),. We have listed these and some of their useful properties
explicitly in Appendix I. This fact that these two bases are related by g-Racah
coeflicients is not surprising. The representation theory of integrable representa-
tions of SU(2), Wess—Zumino field theory is the same as that of SU(2), with the
deformation parameter as g =exp(—2xi/(k+2)).

Wb i WL ok

)Y
Qjy, [JBJL:I ]
J

/
O th 2 dsdy) @, (h a3 i)
J L
{a) (b)

Fig. 1. Two ways of combining four spins into singlets
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The duality transformation (2.1) can be successively applied to obtain duality
properties of higher correlators. In particular, we shall be interested in the two
equivalent sets of correlators for 2m primary fields with spin assignments
Jisdzs -+ sizms Sniniz - - - jom) a0 @igg(jij2 - - - jom) as shown in Fig. 2(a) and
(b) respectively. Here indices (p) and (r) collectively represent the spins
(poP1 - - - Pm-1) and (ry7, . .. r,,—3) On the internal lines respectively as shown in
Fig. 2(a). Similarly, (9)=(qgo4s - - - gm—-1) and (s)=(515; . . . Sp—3) in Fig. 2(b). These
two figures represent two equivalent ways of combining spins ji, j . . . jam i0tO
singlets and are related by duality. This fact we now present in the form of a theorem:

Theorem 1. The correlators for 2m primary fields with spins ji, ja . . . jom, (M2 2) in
SU(2), Wess—Zumino conformal field theory on an S* as shown in Figs. 2(a) and (b)
are related to each other by

J1 J2
.. . Ja Ja |, .. .
¢(p;r)(]1]2 e om)= z Ap;r)(q;s) . ¢(q;s)(]1]2 cedam) s (22)
(4;5) .
j2m—1 j2m

where the duality matrices are given as products of the basic duality coefficients for
the four-point correlators (2.1) as

J1 J2
J3 Ja Fict Jai+t li-1 G
AU p;r) (g;9) . = Z H Ay;p, Ais; .
: ttg oty i= Jai+2 r; Si Jom
j2m-—1 j2m
m—2 .
L Ja+2
) U e [j21+3 tivr | @)
bod o J3 o s U Jam-t da2m
Py P L Pz P2 |Pmat
(a)

@(p)”(‘jl By dam)

K] 5

Bk
q(p;r)lq;s) .

‘,Zm 1 J2

Jam-z damet Jam

S by e by
(b(q;s)( 142 J2m

Fig. 2. Two ways of combining 2m spins into singlets
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I;Iere_f’oEPOa Tm—2=Pm—1, t0=j1, tm—1=j2m> So0=qo and s, =qn,-1 and spins
Ji+ ja+ ... + jam—1= jam and the spins meeting at trivalent points in Fig.
2 satisfy the fusion rules of the SU(2), conformal field theory.

Ji J2

Using the properties of the matrices aj J as given in Appendix I, we can

3 Ja
readily see that the duality matrices (2.3) satisfy the following orthogonality
property:

J1 J2 Ji J2

Z Ap;r) (g55) : Ap;n)(a';s") : = 5(q,q')5(S.S’) . (24
(pr) . . . .
J2m—1 J2m J2m—1 Jom

The proof of Theorem 1 is rather straightforward. It can be developed by
applying the duality transformation (2.1) successively on the 2m-point correlators.
For example, 6-point correlators, represented by @, p, »,) a0d P(g 4, 4,)> are related
by a sequence of four duality transformations each involving four spins at a time as
shown in Fig. 3. Thus

J1 J2
. . .. , . .
¢(P0P1P2)(J1 oo Je)= Z Apopip2) (909192 | J3  J4 d)(qoqllh)(.]l ... je)s (2.5
9041492 . .
Js Je
where
Ji J2 . L
. Po J3 Ji 2
A popipr) ot a2) | J3 T4 _Zatllh . Apoas | : t
.. t Ja D2 VRS
Js Je
ty Ja POt
xapm[, / ]a,lqo[’ i (2.6)
Js Je q2 Je
O N A M by dy 4 Js s ooy Y s g
[Pn Ja] I3
a, 1y, »p a. . list
Y LY P L Ry p| I 2 ’,
t Y

(4 Jg)
(b(P,P,pZ) 2 b4
RUXATES

o W3 Jg % ook ok ds b
3 9 J5 Jg

a Jioqy
9 q, 49, |92 Js 5 1,
-

(JyJg-eJg )
(3,9, 9,)

9,

Fig. 3. Duality transformation of 6-point correlators
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Similarly for 8-point correlators @p,p, p,py;ryy (s - - Js) ANd Plgoq,q59555) (1 - - Js);
which are related by a sequence of seven four-point duality transformations as

shown in Fig. 4, we have

J1 o J2

¢(I70-'-P3§"1)(j1 .. ]8)= Z Apo . .. p3;r) (o - - - 43551) ¢2q0...q3;s,)(jl c 18)

(g;5)

with

v 2 . . o
. re Js Po J3 Ji J2
Upo ... p3;r1) (o - - - a3551) . . =!§; A, p, [js psil A, py []-4 "1] Apoa; []3 tl:l

jr s

ty Ja t2 Js
X
ez I:js tz] Prsas [j7 j8:|

1 42 Jj1 41
X ly,s, . Qg0 : :
93 Js S1 Js

2.7)

Clearly, in this manner Theorem 1 for arbitrary 2m-point correlators follows.

hod g 4o ds 5 d U hoda Jda e s e J7 Jg
n Js
G' P l:)l P:]
2
P, [ Py P3 G R P P3
" no ot
Po J3
qt1P| o
o2 3 Js g g Jy Jp U3 Jy Js Jsg U7 g
SR
GPOQ, Bt
9 P «—mm P P3
o ot o on ot
ty
0l'
19y Ity
A A N R A s Jg 47 U

tz JG
a
P39, _j7 J8
P3
toq
Gt s ’
221 [qy Jg
hod 3 d Js Jg d7 s hody 3 d s Jg Iy U

JI Ch
q, q, a3 Q¢ 1% st Js

Fig. 4. Duality transformation of 8-point correlators

J

t t2
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These duality properties will be made use of in Sect. 4 to obtain the solution of
SU(2) Chern—Simons theory. But before we do that, we need to discuss the other
ingredient necessary for our purpose. As stated earlier, this has to do with the
theory of coloured-oriented braids.

3. Coloured-Oriented Braids

An n-braid is a collection of non-intersecting strands connecting n points on
a horizontal plane to n points on another horizontal plane directly below the first
set of n points. The strands are not allowed to go back upwards at any point in their
travel. The braid may be projected onto a plane with the two horizontal planes
collapsing to two parallel rigid rods. The over-crossings and under-crossings of the
strands are to be clearly marked. When all the strands are identical, we have
ordinary braids. The theory of such braids is well developed [10, 11]. However, for
our purpose here we need to orient the individual strands and further distinguish
them by putting different colours on them. We shall represent different colours by
different SU(2) spins. Examples of such braids are drawn in Fig. 5. These braids,
unlike braids made from identical strands, have a more general structure than
a group. These instead form a groupoid [20]. Now we shall develop some necessary
elements of the theory of groupoid of such coloured-oriented braids.

A general n-strand coloured-oriented braid will be specified by giving n assign-
ments j;=(ji, & ), i=1,2, ... nrepresenting the spin j; and orientation ¢; (¢;=+1 for
the i'* strand going into or away from the rod) on the n points on the upper rod and
another set of n spin-orientation assignments li=(;,m) onn pomts on the lower
rod as shown in Fig. 6. For a spin-orientation assignment ]l—( Ji» &), we define
a conjugate assignment as ], =(Jj Jis —& ;)- Then the assignments (l )arejusta permu-
tation of (j*). The shaded box in the middle of the figure represents a weaving
pattern with various strands going over and under each other. Such a braid will be
Ji Jz2 -+ n

represented by the symbol % < «
L ...l

Y o dy o [ P N A A

£ (%

hody 4y 4, Wy 4y Jg Y 4,

Fig. 5. Examples of coloured-oriented braids

Y i
NEESE|
A A PR R

Fig. 6. An oriented-coloured n-braid 93( 2 Jl')
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Composition: Unlike usual braids made from identical strands, the composition for
two arbltrary coloured braids is not always defined. Two such braids

i 0

aw (I 2 and %‘”( ! Az ,) can be composed only if the spin-
11 Jz Jn 11 ...l

orientations at the merged rods match, that | is, the composition V% is defined

only if /!=1* and composition PRy only if j*=1/.

Generators: An arbitrary coloured-oriented braid such as one shown in Fig. 6 can
be generated by applying a set generators on the trivial (no entanglement) braids

JE T JE

we have more than one “identity” braid due to the different values of spin-
orientation assignments ]1, J2s o Jn placed on the strands. The set of n—1 gener-
ators B, [=1,2...n—1 are represented in Fig. 7. By convention we twist the
strands by half-units from below keeping the points on the upper rod fixed. Thus
the generator B, introduces from below a half-twist in the anti-clockwise direction
in the " and ([+ 1) strands. Like in the case of usual ordinary braids, the
generators of coloured-oriented braids satisfy two defining relations:

1 <{1 AJ : Jn ) shown in Fig. 7. Unlike the case of usual ordinary braids, here

BiB;+1B;=B;+1B:B;+;
B.B;=B;B, li—jl22. (3.1)
These relations are depicted diagrammatically in Figs. 8(a) and (b) respectively. We

shall present a whole class of new representations of these generators in the next
Sect. 4. These in turn will finally lead to new link invariants.

Ji gy Jny Jn 4y Jp Jn dn
T 0t T TR X
1
By

J2 .o
A L B /R N

. n

) and braid generators B, (j] s Ail Jivt - Jn )

A A A oA
4 Jiﬂ Jiv2 i iy a2

N % Y A% AR
Jiez it i e T &

Fig. 8. Relations among braid generators
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Platting of an oriented-coloured braid: Like in usual case of braids [11], we may
introduce the concept of platting of a coloured-oriented braid. Consider a col-
oured-oriented braid with an even number of strands with spin-orientation

. . Ju Jf J2 JE e m m
assignments as given by # ( Bt T b L b
tutes of pair wise joining of successive strands (2i—1,2i), i=1,2,3,...m from
above and below as shown in Fig. 9. Such a construction obviously can be defined
only for braids made of even number of strands with above given specific spin-
orientation assignments. There is a theorem due to Birman which relates oriented
links to plats of ordinary even braids [11]. This theorem can obviously also be
stated in terms of coloured-oriented braids of our present interest. Thus we state

) . The platting then consti-

Theorem 2. A coloured-oriented link can be represented by a plat constructed from

. R PR P M .
an oriented-coloured braid % | ~ -« PR
< L. L Lk

Clearly, platting of these braids does not provide a unique representation of
a given knot or link.

Closure of an oriented-coloured braid: In addition to platting, we may also define
the closure of a coloured-oriented braid. For an m-strand braid with spin-orienta-

tion assignments as in % (}; J]Ai o }':), the closure of the braid is obtained by
1 2 . .. m

joining the top end of each string to the same position on the bottom of the braid as
shown in Fig. 10. Clearly, closure is defined only if the spin-orientation assignments
are mutually conjugate at the same positions on the upper and lower rods. Now

A A
Rl A I Ty

W 2m= braid % Plating 2m-plat 4

AN A -/

=

—

o
o)
3%

A A A
L) Jm
Closure
e
0 o

Fig. 10. Closure of a coloured-oriented braid
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there is a theorem due to Alexander [16] which relates oriented links with closure
of ordinary braids. This theorem can as well be stated for our coloured-oriented
braids:

Theorem 3. A coloured-oriented link can be represented, though not uniquely, by the
J 1 ]2 o Jm

*

closure of an oriented-coloured braid # e
oI m

In the following we shall see that Theorem 1 with Theorem 2 or 3 provide
a complete solution to SU(2) Chern-Simons gauge theory on an S°3.

4. Link Invariants from SU(2) Chern-Simons Theory

To develop a method of calculating the expectation value of an arbitrary Wilson
link operator (1.4), consider an S* with two three-balls removed from it. This is
a manifold with two boundaries, each an S2. Let us place 2m (m=2,3...)
unbraided Wilson lines with spins j, j, . . . jom (such that all these spins make an
SU(2) singlet) going from one boundary to the other as shown in Fig. 11. Thus we
Ji ]2 e Az*
J1 ]2 e J2m
coloured-oriented braid can be generated from this identity by applying the
half-twist (braiding) generators B;, B,, ... B;,—; on the lower boundary. As
discussed in Sect. 1, the Chern—Simons functional integral over this manifold can
be represented by a state in the tensor product of vector spaces, #V @ #?),
associated with the two boundaries, 2 and ~®. Convenient basis vectors for
these vector spaces can be taken to correspond to the conformal blocks (Eq. (2.2)),
On(jij2 - - - j2m) or equivalently ¢(.5(jijz2 - . . j2m) as shown in Fig. 2 for the
2m-point correlators of the corresponding SU (2)k Wess—Zumino conformal field
theory. We shall represent these bases for each vector space as | @, ( ] 1 ]2 ]2,,,)>
and |, ( ]1 ]2. ]2,,,)> respectively. For dual vector spaces assocnated with
boundaries w1th opp051te orientation, we have the dual bases (¢, (Jj 11 . ]2,,,)|
and (¢ 5( Ji ... jam)l. The inner product of these bases vectors for each of the
vector space, # B and #® are normalized so that

have put an “identity” braid / ( inside the manifold. An arbitrary

<¢(p;r)( l*ik .. -jikm)ld)(p’;r’)(jljz .. 'jZm)>=6(P)(P')5(r)(r’) 5

{Plaso (JTT3 - - - JE Plaisy (J1d2 - - - J2m)D =@y @) O ) - (4.1)
s (T s T3n
Z‘“ 55 Tt T2m

Fig. 11. An identity braid in a three manifold with boundaries > and @, each an S2
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The two primed and unprimed bases are related by duality of the conformal
blocks given by Theorem 1:

J1 J2
, A a A J3 Ja A A
l¢(q;S)(]1]2 e Jom)= Z AUp;r)(g;9) . |¢(p;r)(]1]2 e Jam)) (4.2)
(1) .

j2m—1 j2m

with duality matrices as in Eq. (2.3).
The Chern-Simons functional integral over the three-manifold of Fig. 11 may
now be written in terms of any one of the above bases:

J¥JE M rx 2 @ 5%

Vi ( A 2~ A >= Z M(p;r)(p';r’)l(p(p;r)(.]l* . ~J2*m)>|¢(p’;r’)(J1 . 'JZm)> .
Ji J2 - J2m )

Here we have put superscripts (1) and (2) on the bases vectors to indicate explicitly

that they belong to the vector spaces #") and #® respectively. Now notice

glueing two copies of this manifold along two oppositely oriented boundaries, each

an S?, yields the same manifold. Hence

Y Mmoo Mosrorr =Menerse -
(p'sr’)
This immediately leads to M,,,(,":r)= 0 (p)») O e)> SO that the functional integral
over the three-manifold of Fig. 11 can be written as

bl 8 . hnia® (b 3
V| » 2 A Z I¢(p r)(]l .. -]2m)>l¢1(p;r)(]1 .. ]2m)> . (4321)

Juv J2 - J2m (p;r)

Equivalently we could write this functional integral in terms of the primed basis
using (4.2) and orthogonality property of duality matrices (2.4) as

2k 2%
Vi (’ - ‘Jf"')= S 1Tt B O (Jr - - Jam)y - (43b)

Ju - J2m (g;5)
The conformal blocks ¢, (j1 - - - j2m) as shown in Fig, 2(a) of the conformal
field theory and the corresponding ba31s vectors |@pn(Jjij2 - 2,,,)) are eigen-

functions of the odd indexed braiding generators. By 4, | —0 1...(m—1) of
Fig. 7. On the other hand the conformal blocks ¢(y; o (jijz - - - jam) (F1g 2b) and the
associated basis vectors | @, s) ¥ ] 1 ]2 ]2,,,)> are elgenfunctlons of the even indexed
braid generators, B,,, [=1,2, ... (m— 1):

BZl+1|¢(P;r)( . "f21+1f21+2 e )>=lp1(j21+15f21+2)|¢(p;r)(- . 'f21+2f21+1 .. )> s

Ble¢2q;r)(j\1 - Julust - ‘f2m)>=/1qz(f21,j21+ 1)l¢(q;s)(f1 Juerda - Jam))
(4.4)

The eigenvalues of the half-twist matrices depend on the relative orientation of the
twisted strands:

At(ﬁf/)=),£+)(j’j') E(._)j+j'—tq(Cj+Cj’)/2+cmm(j,,')—cxl2 if eg’' = +1
=(/1§—)(j,j'))—1 E(__)lj—j’l—tqlcj—cj'|/2—6:/2 ifeg=—1, 4.5
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where c;=j(j+ 1) is the quadratic Casimir for spin j representation. When e¢'= +1
above, the two-strands have the same orientation and the braid generator intro-
duces a right-handed half-twist as shown in Fig. 12a. On the other hand for
e¢'= —1, the two strands are anti-parallel and the braid generator introduces
a left-handed half-twist as shown in Fig. 12b. Thus A7(j, j') and A”(j,j) above
are the eigenvalues of the half-twist matrix which introduce right-handed half-
twists in parallely and anti-parallely oriented strands respectively. These eigen-
values are obtained from the monodromy properties of the conformal blocks of
Fig. 2 of the corresponding conformal theory [19] and further compensated for the
change of framing introduced due to the twisting of the strands [3, 6]. There is
some ambiguity with regard to the g-independent phases in these expressions for
the eigenvalues. However, this ambiguity along with that in the phase of the duality
matrix a; of Eq. (2.1) are relatively fixed by consistency requirements as will be
discussed in the Appendix I below.

Equations (4.4), (4.5) and (4.2) define representations of braids. This we express
in the form of a theorem:

Theorem 4. A class of representations for generators of the groupoid of coloured-
oriented braids of Fig. 7 are given (in the basis | ¢y, ») by

(s (2300 s )]
20+1 2 2
.. < J2+2 J2141 -4 - (P51

=/1p,(f21+1,f21+2)5(p)(p')5(r)(r') 1=0,1,...(m-1),

and
[B (fl* SN TR 1>]
21 2 2 2 N
Jv - Jartr Ja o - Jom/ oo
2 j2 | [ 1 iz
PN J2-1 Ju+1 Jai-1 Ju
= Z AalJ2i J2+1) 8 @s | . . Apiny(gs)| . .
(4;5) J2i J21+2 J2i1+1 J2i+2
_j2m—1 j2m j2m—1 j2m
I=1,2...m-1). (4.6)

HE = e
t-- s

L.H

{a)

REde

(b)

L.H

Fig. 12. Braid generators introduce (a) right-handed half-twists in parallely oriented strands and
(b) left-handed half-twists in anti-parallel strands
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Using the identities given in Appendix I, these can readily be verified to satisfy the
defining relations (3.1) of the braid generators.

Now let us place an arbitrary weaving pattern instead of an identity braid
inside the three-manifold with two boundaries (each an S?) discussed above with
specific spin-orientation assignments as shown in Fig. 13. The spin-orientation
asmgnment (ll, 12 . ,,,) on the lower boundary are just a permutations of
(ji¥, j> . J,’,‘,‘) The bra1d inside indicated as a shaded box can be represented in
terms of a word 4 in the braid generators B; above. The Chern—Simons functional
integral over this three-manifold can thus be obtained by £ (written in terms
generators B;) acting on the state (4.3) from below:

P
va (’ SRR ’"‘) 3 165> BldGn) - @7
Loy .. L, P

We wish to plat this braid. This can be done by glueing one copy each of the
three-ball shown in Fig. 14(a) from below and above with spin-orientation assign-
ments matching at the punctures. The functional integral over this three-ball (Fig.
14(a)) can again be thought of to be a vector in the Hilbert space associated with
the boundary. Thus we write the functional integral (normalized by multiplying by
Z ~ 2, where Z is the partition function on S3) in terms of a basis of this Hilbert
space as

v(]l]l* .. Jm];r’:)z Z N(p;r)|¢(p;r)(j1jik .. ]m]r’rl:)> B
(p;r)

where the coefficients N, are to be fixed. Notice applying an arbitrary combina-
tion of odd indexed braid generators B,;;; on Fig. 14(a) does not change this
manifold; the half-twists so introduced can simply be u{ldone That shows that the
vector v(j ]1 jl .. JmJ¥) is proportional to |b0;00(J1JT - - Jm J,,,)} which is the
eigen-function of the generators B,;;; with eigenvalue one. Thus the only non-
zero coefficient is Ny, o). Further if we glue two copies of the three-ball of Fig. 14(a)
onto each other along their oppositely oriented boundaries, we obtain an 3
containing m unlinked unknots carrying spins ji, j,, . . . jm respectively. The in-
variant for this link is given simply by the product of invariants for individual
unknots. Now for cabled knots such as two unknots, the invariants satisfy the
fusion rules of the associated conformal field theory. Thus for unknots

Vi, LU1V;,[U]=Z;V;[ U], where the spins (j1, j,, j) are related by the fusion rules
of 'the conformal field theory. For spin 1/2 representation using skein relations we
can obtain Vj,[U]=[2], where square brackets define g-numbers as
[xX]1=(q*"*—e~*?)/(q*"*—q~*'?). Using this along with V,[U]=1, the invariant

E(I) A j\.. ﬁ\ Ax ?m A%
|

* A

L NL Y im Im

E(Zl

Fig. 13. A three-manifold containing an arbitrary cqloured oriented 2m-braid %
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Fig. 14. Three-balls containing m Wilson lines

for unknot U can be seen to be given by the g-dimension of the representation
living on the knot ¥;[U]=[2j+1]. This discussion leads to Ny, o =] ] [2j;+ 11>
above. Thus

v(jiJ¥ .. .fmf;t)=< I1 [2ji+1]“2> |$0;0)(JTE - - - Jm¥) . 4.3) -
i=1

Now we are ready to plat the braid in the manifold of Fig. 13 by glueing to it
manifolds of the type shown in Fig. 14(a) from below and above. This, invoking
Theorem 2, leads us to our main theorem:

Theorem 5. The expectation value (1.4) of a Wilson operator for an arbitrary
link L with a plat representation in terms of a coloured-oriented braid

2 S *
B <JIA1 Ji:k T ]fm é:) generated by a word written in terms of the braid gener-
1 1 - Im m

ators B;,i=1,2,...(2m—1), is given by

V[LJ=< I [2;:~+1J>
i=1
ain an hofE oG g pr mun
X<¢(o;o)(l{kl1«~ :::lmm(’; P §*>|¢(o;0)(jfjl..j:jm>>.
1 cc 'm m

(4.9)

This main theorem along with Theorem 4 allows us to calculate the link
invariant for any arbitrary link. Before illustrating this with an explicit example in
the next section, we shall extend our discussion developed above to write down the
Chern—Simons functional integral over a three-ball with Wilson lines as shown in
Fig. 14(b). One way to obtain this functional integral is by applying a weaving
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pattern generated by B,,,— 1 B,,, . . . B3 B, on the functional integral (4.8) for the
three-ball shown in Fig. 14(a). Alternatively, since this functional integral is
unchanged by applymg even-indexed braid generators B,, it is proportional to
[&(0;0)(J Jijag% . - Jm]X7¥)> which is the eigenfunction of these generators with
eigenvalue one. Th1s functional integral over the ball of Fig. 14(b) (normalized by
multiplying by Z ~*/2) is given by the vector

A A A

v (j1j2j2 . -jmjr;tkjik)
=(—)* ( [T (—=)minGe 125, 4+ 11V2) | dio; 0y (Jri2f - - - JwlkT¥)D> . (4.10)
i=1

Similarly the Chern—Simons functional integral for the three-ball Fig. 14(c) can
be constructed by applying the braid ¢, =(Bu+1Bn)(Bmt2Bms1BnBm-1)
(Bm+3Bm+2 ... Bu-3)...(Bym-1 ... B3B;)on the vector (4.8) representing func-
tional integral over the manifold of Fig. 14(a). We write

1BCsa -l -+ JETE)> = Goml b0 (i tFafE - )y . (@1D)
Then the Chern—-Simons normalized functional integral over this three-ball is
V(Jila i - -fi“fi“)=< I1 [2ji+1]“2> @z - - Jmdik - 2T . (4.12)
i=1

This functional integral allows us to obtain a result equivalent to Theorem 5
for the links as represented by closure of braids. To do so, for a braid

B, ({1 {2 o ]J" with m strands, construct another braid by adding

Jl JZ ’e Jm
m  untangled strands to  obtain a 2m-strand braid
7 J 1 ]2 L ]m .’m L) ];‘ .] ik . . . .
B\ m N A ~ "5 | as shown in Fig. 15 with the spin-
Vi L A - J MU P

orientation assignments as indicated. Then the closure of the original m-strand
braid %,, in S* is obtained by glueing two copies, one each from above and below,
of the three-ball of Fig. 14(c) onto the manifold of Fig. 15 with proper matching of
spin-orientations on the punctures on the boundaries. Thus, we may state the result
for links represented as closure of braids as:

Theorem 6. F ora link represented by the closure of an m-strand coloured-oriented

braid %, <h 2. J"') the link invariant is given in terms of the extended
Jt ]2 cee Jm
55 T T D

Fig. 15. m-braid 4,, extended to 2m-braid %,,
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Jiode oo Jm JE 0GR .
2m-braid é& S PV ~ "~ | constructed by adding m untan-
Ji J2 oo dm Jm o --- J2 Tt

gled strands as in Fig. 15, by

V[L]=( I1 [2ji+1]><$(f1fz o Tml L TETE

=1

f f A0 f* ‘.‘*
x B, (" PR R ) \BEfE - Jth - Faf)y . @13)
VEUE I R MU PR

Here the 2m-strand braid is written as a word in terms of the braid generators
Bi1,B,, .. . B, introducing a weaving pattern in the first m strands only and the
vector [¢ ) is given by Eq. (4.11) above.

Theorem 5 or equivalently Theorem 6 provides a complete and explicit solution
of SU(2) Chern—Simons gauge theory on S>.

5. Applications of the Main Theorem

To illustrate the use of the main Theorem 5, let us calculate the invariant for
Borromean rings. This link is made from three knots. We shall place spin j, j, and
Jj3 on these knots. Figure 16 shows this links with orientation and spin assignments
as indicated. A plat representation for this link has also been drawn. The link is
given as a plat of a six strand braid B,B; *B;B,B; 'B3;B; 'B;*. To apply
Theorem 35, first we evaluate B; * By *|do,>. This we do by first converting the
basis vector |¢ ) to | ¢, > through duality matrix, and since B; ' B; ! introduces
right-handed half twists in anti-parallel strands:

Bz_1BII|¢(0)(f2f§f1fff3f§‘)>
J2 J2
Z (]1]2 '112 (]1]3)“(0)(1) Ji 1 |¢(1)(}2J1]2]3]1]3)>-
&) .
J3 Ja

: Bl
\\/‘ i }, 1;3\/1 Jl| Jt
/B r\i 4

F- S N P N S

}

(a) J1 12 I3

S

2-‘2 )

\J\./\./

(b}

I3

Fig. 16. (a) Borromean rings and (b) a plat representation for it
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Next we apply B; (which introduces a left-handed half-twist in the anti-parallel
strands) on this vector. For this we change the basis back to | ¢y ) through duality
transformation. Repeating such steps, we finally have using Theorem 5, the invari-
ant for the Borromean rings of Fig. 16 as

Viiiain=[2;+ 111272+ 11 [2j3 + 1]
X { Py J#]1/372]%]3)| B, B: * B3 By B; ' B3 B; ' B; ! l¢(0)(f2f2f1f1f3f3)>
=21 + 11020 + 111205 + 11 Y (45, (172)) 148, (s Ay (fj2)
X (A (j173)) ™ Gy (172))™ " Gony (zds)) ™00, i) A, (i)

(1 J1 Ji 2 J2 1
Xaoy@| J2 J2|Gw@| J1 J3 | %pm| J3 J1
| J3 J3] J2 Js J2 s
(2 1] J2 J1 J2 J2
XAmm| J3 J2 | Gmo| J2 J3|aown| j1 J1]|- (5.1)
| J1 3] J1 Js VERRE

Similarly the knot invariants for example, for all the knots and links listed in the
tables given in Rolfsen’s book [18] may be calculated. We shall present the result of
such calculations for knots up to eight crossings and two-component links up to seven
crossings in Appendix II. Some of these invariants were calculated earlier in refs. 6.

6. Concluding Remarks

We have here presented an explicit method for obtaining the functional average of an
arbitrary Wilson link operator (1.4) in an SU(2) Chern—Simons theory. Either of the
main Theorems 5 or 6 provides this complete solution. To develop this method, we
have made use of theory of coloured-oriented braids. In addition, following Witten [3],
we have used the equivalence of the Hilbert space of Chern-Simons functional
integrals over a three-manifold with boundary with the vector space of the conformal
blocks for the correlators of the associated Wess—Zumino conformal field theory on
that boundary based on the same group and same level. This has helped us to find
a whole class of new representations of generators of coloured-oriented braids. These
in turn have finally led to the explicit solution of the Chern—Simons gauge theory. Of
the new link invariants so obtained, the Jones polynomial is the simplest. It corres-
ponds to a spin 1/2 representation living on all the components of the link. The new
invariants appear to be more powerful than the Jones polynomial as these do
distinguish knots which are known to have the same Jones polynomials.

Tables of the new invariants for knots and links of low crossing numbers have been
presented in Appendix II. We could read off the invariants for any other links as well
by the rules defined by Theorem 5 or 6. In particular, invariants for toral knots can be
obtained in this way.

Theorems S and 6 can also be used for an efficient calculation of the invariants on
a computer.
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The method developed has obvious generalizations to other compact semi-simple
gauge groups. It can also be extended to study Chern—Simons gauge theory on
three-manifolds other than S3.

Appendix I

jl jz] relating the two bases of four-point
3 4

correlators of SU(2), Wess—Zumino field theory as shown in Fig. 1. We shall also give
some of their useful properties. These duality matrices are given in terms of g-Racah

coefficients as [19, 6]:

aﬂ[]l ]z]z(_)(jx+j;+j3+j4) /[2j+1][2l+1] <j: Z Jl> (A1)

J3 Ja

Here we list the duality matrix a;

Here the triplets (jj1j2), (jjaja)s ([i1ja) and (f,j3) satisfy the fusion rules of the
conformal theory:

max(] js —jzl, |ja—Jjal)ZjZ min(ji +j2, j3 +ja)
max(|j —jsl, | j1 —Jal) 212 min(j2+Jjs,j1 +Ja)
Jitia sk jatiatisk, jatis ISk jitjatISk
Ji+i2+i, Jatjat+i, J2+js+land ji+ja+leZ . (A2)
The phase in (A.1) is so chosen that it is real; (j; +j, +j3 +j4) is always an integer.
The SU(2), Racah-Wigner coefficients [15] are:
<j3 : j.;)=A(jl,jz,ju)A(ja,j4,jlz)A(jl,j4,jzs)A(jz,h,jza)
X go(—)m[m+1]!{[Vn—f1—jz—sz]!
x[m—jz—ja—ji12 1! [m—j1 —ja—Jj231!
x[m—ja—jz—j2al'lj1 +j2+j3 +ja—m]!
x[jr+js+irz+iza—ml Lo +ja+jz+iza—mll} 71, (A3)

where

- fla—b ! b—c]!
Aa b, )= [—a+b+c]'[a—b+c]'[a+b—c] .
[a+b+c+1]!
Here the square brackets represent the g-numbers (g =exp(—27i/(k+2))):
x/2 __ q —x/2

q
[xX]=——=15
q1/2__q 12

and [n]!=[n][n—1] ... [3][2][1]. The SU(2) spins are related as j,+ j2+ j2= Ja,
Jit J2=J12, JaF J3= jas-
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The g-Racah coefficients above satisfy the following properties [ 15]: Interchange of

any two columns of (jl jz Jl) leaves it unchanged. Further
3 4
<j1 Ja j)=(j1 Ja l>=<j3 J2 l)=<13 Ja j) (Ad)
J3 a1 Ja J2 Ji Ja j1 o2 1)’ ’
<j1 J2 0)_( ) RIS, i 8, (A.5)
Ja Ja V2 + 11025 +11°
Y+ 0w+ I J? O | CARRC K W (A6)
Ja 1)\Js Ja 1
Z(_)j+1+x[2x+1]q—cxﬂ<}1 J2 x)(]:l ]:2 x)
x J3 Ja J Ja Ja 1
= JsoJ2 ] Cirz* Cizg=Cruiz = Ciiz = Cpuz = Cpaz A
<j4 i l)tz q s (A7)
j 1 J L j. I
_Yatltltritrrar g "o Js T2\(J1 J2 T (2
,Z( ) (2h ](14 is W)\l js L)\Us ja Iy
( )11+Jz+13+]4+]5 (‘]1 l3 r2>(j1 j2 rl> (AS)
Ja s LJ\Js r2 L)’

where C;=j(j+1).
Using these we see that the duality matrices satisfy the orthogonality and sym-

metry properties as:
Ji ]2 Ji 2
a; aj =6, (A9
Z 7 |:Ja J4] []3 J4:| ! )

aﬂ[’.1 ’.2] ay [’1 "‘] a-[’? 1_2:|=a,-,[],3 ’_4] (A.10)
J3 Ja Js ] J1 Ja J1 J2
Further

(1 2| [z i |, -y [[ZH110204+1] l:] ]2]
ap| 7 T =ayl T =)t =, All
a | J3 Ja ] 7 []4 ]3:| ) [2;+1102j;+1] 7 Ja ( )
[y J2 ] i [20+1]
a i S l=(=)ts —— . : 0.}
N N (e ey L

B 0 J N
% J, ji_=5jzj5j4l’ (A12)
and
()Pt () [’2 ’1] 2. do [’f ’.l}u,(ﬁf;))“am [’.1 ’]
Ji J2 1 J2 )2 Ji J2

(A.13)
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j j Fall ol j ] Fallsl j j Faliral
zam[’? ’.Z]zm(hjs)aml[’? .3]11(1113)%,[’.2 ’.1]1,,(11]2)
ml J1 Ja J1 Ja J3 Ja

Aa Js J A J J
=Z/1s(1112)ams[.3 J.‘]im(ms)amz[.l .]L(sza)apz[h .2], (A.14)
ml J2 Ja J2 Ja J3 Ja
rio 3 Ji J2 I jz]
Ao | .| Gry Q| . .
% : []4 ]sil : |:l1 ]5} n []3 Ja
i 1 Ji
—a,, Bl jja,l,s L: rj (A.15)

Equation (A.14) reflects the generating relation of the braiding generators
B;B;;1B;=B;1B;B;. . Both (A.13) and (A.14) follow immediately from the ap-
plications of the identity (A.7).

The g-independent phases in the eigenvalues AE )( jij2) of the braiding matrices
given in Eq. (4.5) and also that in the duality matrix (A.1) are somewhat ambiguous.
The choice we make here differs from that in refs. 6. We have chosen these phases in
such a way that A5 (j,j)=1, /lfi)(O,j)=6,j and aj I: 0 ],Z:I=aﬂ [12 0]=

o o J3 Ja Ja I3
aj l:](;’ ;4] =aj [;4 15 :I =0j;,01,- The braiding relation (A.14) is not sensitive to
2 2

this ambiguity of phases. However, these phases are relatively fixed by requiring
some consistency conditions. One such condition is obtained by gluing a copy each
of the manifolds shown in Figs. 14(a) and (b) for m=2 (and with j; =j, =j) along
their oppositely oriented boundaries. This yields an unknot U carrying spin j in an
§3. Thus we have, using Egs. (4.8, 10) for m=2 and j,=j,, the consistency
condition:

[+ 117 (=Y <o [F* /)| $o(*i*) > = [2+ 11(~ ) aco [j j] Hel:
(A.16)

Another consistency condition is Eq. (A.13). This reflects the equality of Chern—
Simons functlonal 1ntegrals over two three-balls as shown in Fig. 17(a). A weaker
condition on /1, ( J1,J2) 18

Y2+ 10V (uja)F2 =Y [20+ 11 () 22 (A.17)
1

1

This condition is obtained by gluing two copies each of the diagrams of Fig. 17(a)
to represent the same Hopf link in two different ways. Yet another consistency
condition is

[2/+117 ¥ do [j j]a[j j]u‘*’(m)“—[zﬁn (A.18)

This equation represents the fact that each of the knots in Fig. 17(b) is an unknot U.
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00

(b)

Fig. 17. Consistency conditions on l}i '(jij.) and a i I:;l sz|
3 Ja

31, [Jw szl
rzgz{J‘ JJ\ / O,y Js
I A A Lo Jy e s
¢ : L. Jdp
v Qms [J; J,,] !
£, - |4

Fig. 18. A cycle of five duality transformaticiis

Next, Eq. (A.15) follows directly from Eq. (A.8). This equation reflects that five
duality transformations on conformal blocks of the conformal field theory as
shown in Fig. 18 bring us back to the same block. However a phase may be picked
up in the process. With the phase of duality matrices as fixed above, there is no such
phase picked up by this cycle of five duality transformations.

The duality matrices for some low values of j can easily be computed explicitly.

For example,

12 127 1 (-1 /I3
“"’[1/2 1/2]‘“(\/[”35 1 ) (A.19)

(2]
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and
1 -3 V51
a,.,[l 1]_1 _Jm B VBB |

11T [4102] 4]
2/EE @
vl 4] (4]

The general duality matrix g, s for 2m-point correlators of Wess—Zumino
conformal theory as depicted in Figs. 2 are given by Eq. (2.3) of Theorem 1. Using
the above four-point duality matrices, these can be shown to satisfy the ortho-
gonality and symmetry properties expressed in Egs. (2.4). Further some special
values of these 2m-point duality matrices are

J]
4(0; 0) (a;5) ]J =m_2<(-)2jﬁq’*‘£q}iﬂ> m‘zajs_ |:j qf],
' : =0 [2j+1] i=1 LS
Ji
i
A(p;r) (0;0) H =mﬁ2 ((—)”‘"———W) m]:[2 ajp,[rifl j], (A.21)
: =0 [2j+1] i=1 J ot
Jji
where o =qo, Sm—-2=Gqm~1> 'o=Po> I'm—2=DPm—1. Further a useful identity is:
C o ] 2]
j21—3 jZI*Z j21—'3 j21—2

Apn@s | J2a-1  Ja | Giryas | Ja—1 Jar+t

@ iFD, (s jFL1-1) . . . .
Jai+1  J2i+2 J2i J21+2

j2m-1 j2m j2m—-1 jZm

F—2  Ja-1
=< H 51’:1’:) ( H 5"]"]") aslePll—l [ . ’
ifl—1,1 jEI-1,1 Jar+1 T-1
. , .
iz J2i-1 i1 Ja
X asz-;l%x . aslpi H
J2i Fi-1 Jai+2 1
Fio1 Ja+1 Si-1 Ja+1 Si~1 Jau
Xaslpl-x . a’i—lql . a"t—lql .
J21+2 r Jai S J2i+1 S

1=0,1,2,...(m—1). (A.18)

Here r_,;=0.
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Appendix II

It may be worthwhile to present a tabulation of the new invariants for knots and
links. This we present now for knots and links with low crossing numbers as listed
by tables of Rolfsen [19]. The naming of knots and links will be given as in this
book which reads clearly the crossing number (as the minimal number of double
points in the link diagram). We shall not present the link diagrams as shown in
these tables but instead give their plat representations so that Theorem 5 can
readily be used to write down the invariants.

IIA. Knots. In this subsection invariants for knots up to crossing number eight
will be given. All knots will carry spin j representations and we shall shorten the
notation for eigenvalues of the braid matrix introducing right-handed half-twists in
parallely and antiparallely oriented strands and also the duality matrices as:

AFi)E}ji)(j:j)s A = Ay [J]] s
J]

Jjj
Am) ) = Amomymy) (ol 1) | JJ
Ji

The plat representation of knots studied here are given in Fig. 19 and their knot
invariants V; using Theorem 5 are as follows:

0,: [2/+1]

30 Y2+ 7))

40 Y /Rm 20+ 1) 20) 2 am

5:0 Y[24+11(47)3

50 Y /Rm+ A+ 11(-)" = 205) 3 () 2w

611 Y /T2m+ 11020+ (=)0 ) () 2t

620 Y /2o + I R2m+ 11(= @) 3G 7) G Yt

63: X /[2p+ 1IL21+11(=)"* 2 P )0 ) " ) 2 gt
7o Y [214+11(47) 7

Tt Y/ Em LA+ (=207 5 () 2,

7ot Y/ Em+ LA+ (=) 20 ()

7ot Y /2o + R2m+10(=)P 05 P OS") (2 agnttn

75t ¥/ +12m+13(=)7"057) 208 ) 7 208) " agntn

76t Y /D20 + 11020+ 10(—)72(5) 720 7) 7 e ) (A1) Gpnhn
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Fig. 19. Plat representations for knots up to eight crossing number
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In the expressions above all the indices are summed over positive integers from
0 to min(2j, k—2j). In these calculations we have made use of identities (A.12) and
(A.13). The results for knots up to crossing number seven as presented in the first of
ref. 6 are the same. Further these invariants for j=1/2 and j=1 respectively agree
with Jones-one variable polynomials [2] and those obtained by Wadati et al from
the three-state exactly solvable model [14]. To do this comparison we need to
multiply these polynomials of refs. 2 and 14 by [2j+ 1], j=1/2 and 1 respectively, to
account for differences of normalization before comparing with our results above.

Notice for g=1 (which corresponds to k— o), the invariant for any knot is
simply the ordinary dimension of the representation living on it, V;(g=1)=2j+1.

Change of orientation does not affect the knots and invariants do not depend
on the orientation. Thus orientation for knots may not be specified. However,
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mirror reflected knots are not isotopically equivalent in general. For any chiral
knot in the above list, the invariant for the obverse is obtained by conjugation
which amounts to replacing various braid matrix eigenvalues A{ by their inverses
in the expression.

IIB. Links. Now we shall list the invariants for two component links with cross-
ing number up to seven as listed in Rolfsens book [18]. Unlike in the case of knots
above, here we need to specify the orientations on the two components. There are
four possible ways of putting arrows on these knots. Simultaneous reversing of
orientations on all the components knots does not change the invariant. Hence
there are only two independent ways of specifying the orientations on the knots of
a two component link. We have made a specific choice of relative orientations of
the component knots as indicated in Fig. 20 where we have given plat representa-
tions of these links. We have also placed spin j; and j, representations on the
components as indicated. Then from Theorem 5, the invariants V; ;, for these links are:
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Fig. 20. Plat representation for two-component links up to seven crossing number
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Again identity (A.13) has been used in above calculations. A corresponding
useful identity for six-point duality matrices is:

Jij1 Jijz2
Y (Ao, (GE12)Y Gy (7E13)P a0yiar | 22 | G| Jija
@ Jals Jais
J2i1
=(—)Pminte ) 2mintia )2, (11 12)) 7 (g, (J2J3)) "*apon | Jud3 | »
Jaj2

where r=+1, s=+1.
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For mirror reflected links, the invariants are obtained by conjugation.

Notice for g=1 (that is, k—o0), every one of these invariants reduces to the
product of the ordinary dimensions of the representations placed on the two
component knots, V; ;,(g=1)=(2j; +1)(2j,+1).
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