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CABLING PROCEDURE FOR THE COLORED HOMEFLY
POLYNOMIALS

© A. S. Anokhina*" and A. A. Morozov*}

We discuss using the cabling procedure to calculate colored HOMFLY polynomials. We describe how it
can be used and how the projectors and R-matrices needed for this procedure can be found. The con-
structed matrix expressions for the projectors and R-matrices in the fundamental representation allow
calculating the HOMFLY polynomial in an arbitrary representation for an arbitrary knot. The computa-
tional algorithm can be used for the knots and links with |Q|m < 12, where m is the number of strands in
a braid representation of the knot and |Q| is the number of boxes in the Young diagram of the representa-
tion. We also discuss the justification of the cabling procedure from the group theory standpoint, deriving

expressions for the fundamental R-matrices and clarifying some conjectures formulated in previous papers.
Keywords: Chern—Simons theory, knot theory, representation theory

1. Introduction

As is known, some quantum effects are nonperturbative phenomena. Sometimes they already arise in
quantum mechanics, for example, the Aharonov—Bohm effect [1], [2], but many more arise in gauge field
theory [3], [4]. The nonperturbative phenomena are currently attracting ever more attention. One of the
basic reasons for this is that a huge number of exactly solvable models arise in considering such phenomena,
models in which, unlike the realistic quantum field theory, the answer itself is well defined and hence available
for a rigorous analysis. On the other hand, there is a hope that some crucial observable phenomena,
including confinement in quantum chromodynamics [5], could thus be successfully explained. Studying
nonperturbative effects has yielded several new types of theories such as Seiberg—Witten theory [6], [7] and
conformal field theory [8] in which nonperturbative effects play a key role.

An important class of such nonperturbative theories comprise the so-called topological field theories [9].
They are a special class of quantum field theories in which the observables (e.g., amplitudes) are unaffected
by small perturbations of the coupling constant, for example, and in this sense are topological invariants.
Investigating theories of this type led to studying various topological objects both previously known and
newly discovered. The most direct way to use quantum field theory to study topological objects is to
consider the action that in a sense is a total derivative, and the corresponding partition function

= e SIAl .
z /M [DA (1.1)

is hence unchanged under smooth deformations of the manifold M [10], [11]. Such a partition function can
be constructed quite sophisticatedly if we consider a manifold with nontrivial topological properties (see,
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Fig. 1. Skein relation in the topological framing (see Sec. 5).

g., [12]). Another way is to consider a very simple manifold (e.g., a sphere) but to introduce an additional
structure in integral (1.1), i.e., to try to study the averages of some observables. In gauge theories, the
Wilson average [13]

WKy = 21,/ [DA TrPexp(j{ Ad$>e(i/h)S[A]
M K

is often considered. The Wilson average is an average of the Wilson loop, which is the path exponential of
the integral of the connection A4 over a closed contour K. A nontrivial embedding of the contour X — M
can then be considered, even for a topologically trivial manifold. These embeddings can be characterized
by the corresponding Wilson loop averages. The simplest theory in which observables of this type can be
studied is three-dimensional topological gauge theory, the three-dimensional Chern—Simons theory [14]. The
Wilson averages in it correspond to knots, i.e., embeddings S; C Ss. This theory has a cubic Lagrangian,

Scs = K /(A/\dA— 2A/\A/\A)d3x.
47 3

The Wilson loop average <Wg>cs( ~,k) is then defined for a knot C in the Chern-Simons theory with the
coupling constant k in a representation @ of the gauge group SU(N). In the case of a link, i.e., several
intertwined knots, we can set its own representation ); on each link component.

In 1989, Witten suggested that the Wilson averages of the Chern—Simons theory with the SU(2) gauge
group are equal to the Jones polynomials known from the mathematical theory of knots [15]. This fact
can be generalized to the gauge group SU(N) of an arbitrary rank, and the Jones polynomials must then
be replaced with HOMFLY polynomials [16]. The HOMFLY polynomials H*(A4,q) (in the case of the
fundamental representation of SU(N)) in the mathematical theory of knots can be introduced using the
skein relations [17], [18]. The skein relations are the set of equations for the HOMFLY polynomials of
a given knot K and of the knots K’ and K" respectively obtained by inverting and resolving one of the
crossings (see Fig. 1).

The HOMFLY polynomial of an arbitrary knot is uniquely defined by the skein relations and the
HOMFLY polynomial of the unknot. Namely, any knot can be reduced to the unknot using the skein
relations, and the obtained polynomial is independent of the order in which the crossings are disentangled.’
The proof that the HOMFLY polynomial is topologically invariant, i.e., that the answer is unchanged under
smooth deformations of the knot, is provided, for example, in [17]. Tt is also known that the HOMFLY
polynomial for a knot is a Laurent polynomial in A and ¢ up to the factor (¢ — 1/q) [17], [18] and diverges
as ¢ — 1 for an n-component link as (¢ — ¢~!)™" [20]. The skein relations thus provide a constructive,
although quite complicated, definition of the HOMFLY polynomials. In any event, invariants for a huge
collection of knots were obtained by this method [21].

According to Witten’s ideas [15], the HOMFLY polynomial is equal to the Wilson average in the
Chern—Simons theory:

<WK>CS(N,k) = HK(Aa q)‘A:qN, q=e2mi/(k+N) "

ISkein relations also exist for colored HOMFLY polynomials (see further in Sec. 1), but they are much more complicated
and, generally speaking, cannot be used to reduce an arbitrary knot to the unknot [19].



The connection between the Chern—Simons theory and knot theory has been widely studied recently [22]—-
[39], as have the Chern—Simons theory itself [40]-[43] and also knot theory [44]-[47], [48]-[81].

The approach relating knot invariants to the Chern—Simons theory [15], [22]-[39], like the more math-
ematical approaches based on Hecke algebras [44]-[47], [78]—[81], involves a construction in which a vector
space V is associated with each connected component of a link. More precisely, V' is a space of a Lie group
representation. Defined thus, a knot invariant (for a given knot and a given group) depends on the discrete
variable specifying the chosen representation. This variable is called the color of the knot invariant [26].
We can then define the so-called colored HOMFLY polynomials, generalizing the HOMFLY polynomials
previously defined by the skein relations presented in Fig. 1. This in fact yields the HOMFLY polynomials
in the fundamental representation. The Reshetikhin—Turaev method [82]-[84], which was used, for example,
in [85]-[93], leads to a possible way to define colored HOMFLY polynomials based only on this construction.

Here, we use the method to evaluate the HOMFLY polynomials based on the Reshetikhin—Turaev
formalism. According to this formalism, the HOMFLY polynomials can be described as a specially weighted
trace of the product of the R-matrices:

K _ ~
HT1®T2~~~ = TI’T1®T2... HRQ,
«

where « labels all the crossings in the braid. In general, the Reshetikhin—Turaev formalism does not require
the braid representation of the knot, but we describe all the methods using this representation of the knot
for simplicity. Each knot corresponds to a closure of a braid. A knot can be represented as the closure
of different braids, even with different numbers of strands. The braid representation of the trefoil knot is

AR A

One of the basic ideas of the described approach is that all the vectors of any irreducible representation

shown as

are eigenvectors of the R and, moreover, of the same eigenvalue:

R=> Xli,®R,
Q

where dg is the dimension of the representation @). Because the R-matrix acts on any irreducible repre-
sentation as a constant, we can say that the R-matrix acts in the space of intertwining operators. This can
be understood as if the R-matrix acts on the highest-weight vector & of the representation ) such that
Rij = [R&]e;. In this sense, we can say that the R-matrices act in the space of irreducible representations.

The weighted trace [17], [46] is defined such that the trace over all vectors in an irreducible represen-
tation @ gives the character of the representation S5 (4, ¢) (Schur polynomial [94]): Trq la, = S5(4,q).
These properties of the R-matrices and of the weighted trace lead to the character expansion formula for
the HOMFLY polynomial [86]:

IC K, *
Hf oro- (A0 = Y. hpene (@)S5(A ). (1.2)
QFTIRT2®-++
The coefficients h%gn ... are Laurent polynomials in only one variable? ¢ and are hence independent of

N. The dependence of the HOMFLY polynomial on N is totally described by the Schur polynomials. It

2The coefficients h%’%T% _can also depend on A with some choices of the framing (see Sec. 5). This dependence is quite

®H
simple and can be derived from the fact that these coefficients depend only on ¢ in the vertical framing.



follows from the existence of the character expansion formula that the coefficients corresponding to different
irreducible representations can be studied separately. A detailed description and analysis of this method
can be found, for example, in [86], [90].

We note that we somewhat reformulate the approach presented in [86]. Namely, if the fundamental
representation is considered, then there exists a basis (see (3.2) below) in which the form of all the R-
matrices acting in the braid is easily defined. We find this form explicitly in Sec. 3 and then calculate
the fundamental HOMFLY polynomials directly in terms of the R-matrices. Hence, there is no need for
U-matrices (see [86]) in the case of the fundamental representation. Inter alia, this observation simplifies
computer calculations of the fundamental HOMFLY polynomials.

Character expansion (1.2) also allows constructing the so-called extended HOMFLY polynomial. For
this, we must replace the Schur polynomials depending on the variables A and ¢ with Schur polynomials
depending on the time variables ¢, and leave the coefficients h%gn ... unchanged. The extended HOMFLY
polynomials thus obtained [85] are closely related to integrable systems [95], [96].

The HOMFLY polynomials in the fundamental representation and also colored HOMFLY polynomials
for several important examples were directly calculated using the Reshetikhin—-Turaev formalism in [87], [89].
Here, we discuss a slightly different topic. There is an approach that allows studying colored knot invariants
using the results obtained in the fundamental representation. This is the so-called cabling procedure [97].
We describe how to use the cabling procedure in the Reshetikhin—Turaev formalism and also discuss its
group theory interpretation.

Results obtained using the described approach and auxiliary formulas are given in the extended elec-
tronic version of this paper [98].

This paper is organized as follows. In Secs. 25, we explain what the cabling procedure is, the elements
needed for using it, and how to find them. In Secs. 68, we present some results obtained using the cabling
procedure. We discuss the group theory properties of the cabling procedure in Sec. 9. Finally, in Secs. 1012,
in the language of the cabling procedure, we formulate and explain some conjectures previously suggested
in [61], [89].

We present the notation used in this paper. The corresponding concepts are introduced and explicated
below.

Irreducible representations of the sl,, algebra are described by Young diagrams, i.e., by sets of natural
numbers Q = [q1, ..., qk] such that ¢g; > --- > ¢ [94]. We usually let a Young diagram be denoted by a
string [q1 . . . qx], omitting the square brackets when the intended meaning is clear. A Young diagram @ can
be represented graphically as k rows containing ¢; > -+ > g boxes. The total number |Q| = Zle q; of
boxes in a Young diagram () is called the size or level of the corresponding representation.

Writing Q - T1 ® - - - ® T},, means that the representation ) appears in the decomposition of the tensor
product 71 ® - - - @ T),.

The component of the product of the representations 77, ..., T}, corresponding to the representation
Q is denoted by T1,...,T,,|Q.

The R-matrices are always regarded as acting in the space of intertwining operators.

In a braid description, we call the strand in the ith position in a certain section through the braid the
1th strand. When we say that the ith strand intersects the (i+1)th strand, we implicity mean the section
through the braid that contains this crossing unless we explicitly state otherwise.

The colored R-matrix corresponding to the crossing of the ith and (i+1)th strands in the braid is
denoted by Rg, @...(Q:0Qi41)--0qQ,- Here, Q1,...,Qi, Qit1, ..., Qk denote the representations corresponding
to all the strands in the order of their position in the section through the braid in which this crossing is
located. We can omit the symbol ® if no confusion results.



Fig. 2. The hook length h; ; for a box (7, j) in a Young diagram is defined as h; ; = k+ 1+ 1, where

k is the distance to the end of the row and [ is the distance to the end of the column.

The fundamental R-matrix corresponding to the crossing of the ith and (i+1)th strands in the funda-
mental braid is denoted by R;.

The projector from a representation 7" onto a representation () is denoted by Pg , and Py corresponds to
the projector onto a representation Q from the representation 119, The representation Q can be reducible,
for example, Q@ = Q1 ® Qs.

The Racah matrix [86], [99] describing the transition between the bases Q1 ® (Q2 ® Q3) and (@1 ®
Q2) ® Q3 is denoted by Uo, 20,20 -

The Schur polynomials Sg are usually defined as functions of an infinite set of time variables {tx} [94].
But for the HOMFLY polynomials, we need functions of A and ¢ defined as

Ak _ Afk

SH(A,q) = Sft} forty = O,

The subspace {t;} of such variables is called the topological locus. Passing from the usual HOMFLY
polynomials to the extended ones corresponds to leaving the topological locus. For the polynomials SZ} (4,q),
there is also an explicit hook formula, which allows calculating them easily (see Fig. 2):

. Ag7 — ANy

(e O T
The quantum number for n is denoted by
_a"=q"
[n]g = g—q-1"

2. Cabling procedure

There are different ways to calculate the colored HOMFLY polynomials. But it is not yet clear how to
directly calculate colored HOMFLY polynomials for representations that are neither completely symmetric
nor completely antisymmetric. In such cases, another approach is often used (see, e.g., [78]) based on the
so-called cabling procedure [97]. The main idea behind this approach is as follows. As previously mentioned,
HOMFLY polynomials can be represented as character expansion (1.2). The size of the Young diagrams @
over which we sum in the right-hand side is equal to the sum of the sizes of the Young diagrams 77 and T5
in the left-hand side. It is therefore natural to reduce calculating the invariant for an initial knot or link in
the representations 77,75, ... to calculating the same invariant in the fundamental representation for the
knot or link with |73 |+ |T2|+ - - - strands in the braid representation. The cabling procedure is constructed
in just this way.

Instead of the initial knot, we consider a satellite knot, i.e., a certain braid along the initial knot. If this
braid comprises |T} | parallel strands, then the HOMFLY polynomial of the satellite knot in a representation

5
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Ts is equal to the HOMFLY polynomial of the initial knot in the representation T2|T1|:

K o ’C\Tﬂ
HTz\Tl\ - T .

The cabling method is based on just this relation. To obtain the HOMFLY polynomial in some other

representation Q of size |Ty|I7!

, we must calculate a certain linear combination of polynomials for several
different satellite knots. Constructing this linear combination corresponds to projecting from the represen-
tation T2|T1| onto the representation ). In other words, instead of calculating the linear combination, we can
multiply the product of the R-matrices by a certain linear operator, by the projector. In the Reshetikhin—
Turaev formalism, each crossing in the knot projection corresponds to an R-matrix. Hence, the linear
combination of polynomials for the satellite knots (differing by a set of several crossings) corresponds to
a certain linear combination of R-matrices. The projector can therefore be written as a polynomial in
R-matrices (see Sec. 4 for details).

In summary, to express the colored HOMFLY polynomials in terms of HOMFLY polynomials in the
fundamental representation, we must perform the following procedure (the cabling procedure):

e Replace the strand on which the representation T; is located with |T;| parallel strands. The result of
this step in calculating the trefoil knot in the representation |T;| = 2 is shown in the picture

e Construct the projector from the representation 1!7:l onto the representation Tj.

e Calculate the polynomial for the obtained knots and links in the fundamental representation with the
addition of the projection operator.

3. The R-matrices

We use R-matrices [82] as “building blocks” of the considered construction (see Sec. 1 above for the
details). Such an R-matrix is located at each crossing in the planar projection of the knot. Generally
speaking, the R-matrices are certain operators with four indices corresponding to the crossings of strands
in the planar projection of an oriented knot or link. To obtain the matrix form of these operators, it is
convenient to consider a planar knot projection of special form called a braid representation of the knot.
We then introduce an analogue of the usual R-matrix acting not only on the two crossing strands but also
on all strands in this section through the braid (it acts as the unit operator on all strands in the given
section except those that cross). We write the matrix form of this operator below. The R-matrix acting
in a section through a braid is still constructed using the operator with four indices. Therefore, different
matrices correspond to crossings located in different places in a section through a braid. It can also be
shown that the inverse R-matrix [82] corresponds to the inverse crossing (see Fig. 3).

3.1. Diagonal R-matrices. In the framework of the construction in which R-matrices act on braids,
the form of these matrices depends not only on the representations located at strand crossings but also



on the distribution of these strands relative to the remaining strands in the braid. Each R-matrix can be
diagonalized (but not all simultaneously). Here, unless otherwise stated, we use a basis in which the first
R-matrix (i.e., the matrix corresponding to the crossing of the strands in the first and second positions in
the section through the braid) is diagonal.

The simplest case is the R-matrix acting on a braid of two strands with representations 77 and T5.
The R-matrix is then diagonal in the basis of irreducible representations @Q; - T7 ® Tb, its eigenvalues
are [23], [86]

1
Ai = £g7 TN T2 where xg = Z (j —1), (3.1)
{i.iteQ

and ¢ and j in the summation range all boxes in the Young diagram of ). The eigenvalues of the R-matrix
are defined up to a common factor, which does not change the Yang—Baxter equation [23]. This factor
can be chosen differently depending on the studied quantities. The eigenvalues in (3.1) correspond to the
so-called vertical framing of the knot (see Sec. 5).

The situation is a bit trickier when there are more than two strands in the braid. Let the representations
Ti1,...,Ty, be placed on the braid. The R-matrix corresponding to the crossing between the strands in
positions ¢ and i + 1 is then diagonal in the basis of irreducible representations arising in the expansion

Tl®"'®(Ti®Ti+l)®"'®Tm:T1®"'®(ZQ]’)®"'®Tm:ZQj7
J J

and the eigenvalues for (); are then the same as for the representations @; from which they are obtained.
The inverse R-matrix whose eigenvalues are A; U= 4gxit»nt+#n corresponds to the inverse crossing
(see Fig. 3).

3.2. General R-matrices. The form of a general (nondiagonal) R-matrix is a much more difficult
question. An answer in the general case (for an arbitrary number of strands and set of representations) is
unknown. The form of nondiagonal matrices can be successfully determined in only a few concrete cases,
such as in the case of the fundamental representation (the R-matrix).

The R-matrices have the simplest form in the basis of irreducible representations arising in the con-
secutive expansion of the tensor product with the nesting (denoted by parentheses)

(o)) )1)®1). (3.2)

We call this basis the standard basis. The vectors of this basis are conveniently described in terms of
strands on a definite graph [92]. For each irreducible representation, we can draw a tree depicting all ways
to obtain that representation in the expansion of some tensor product. In Fig. 4, we show an example of
such a tree from the representation [321] arising in the expansion of the tensor product of six fundamental
representations. Each arrow in this tree corresponds to multiplication by one fundamental representation.
We also introduce the 2x2 block b;

1 V0 + 1l =1
b — qj[j]q [j]q
T Vgl 1 ¢

(14 114
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Fig. 4. Tree for the representation [321] for a six-strand braid in the fundamental representation.
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D

21 — 32 21 — 311
the block by in the R-matrix the block b, in the R-matrix

Fig. 5. To choose the correct block b;, we must draw the diagram describing the transition between
paths of a doublet at the level k. If the length of the hook connecting the centers of the added
boxes (shown as circles) is equal to j, then a block b; is placed at the corresponding position in the

matrix Ry.

We now describe R-matrices in basis (3.2) in explicit form. We assert that the matrix Ry_;1 corre-
sponding to the crossing of the (k—1)th and kth strands in some section through the braid consists of 2x2
blocks by, and 1x1 blocks ¢ or —¢~!. It remains to describe the location of these blocks. For this, we use
the example in Fig. 4. Each row and each column of the R-matrix corresponds to one of the leaves on the
tree, i.e., to one of the points at which a path begins from a fundamental representation. Each path at
a given level k enters either a doublet (in other words, is one of a pair of paths that coincide everywhere
except at level k) or a singlet (otherwise). If the tree is constructed from fundamental representations,
then this exhausts all possible cases, i.e., triplets, quadruplets, etc., cannot appear. If a pair of paths enter
a doublet, then a block b;, where j is the length of the hook connecting the centers of the boxes added
to the Young diagram of the irreducible representation at levels k and k + 1 (see Fig. 5), is placed at the
intersection of the corresponding row and column. Sometimes, j = k, but this is not so in general. Strictly
speaking, b; enters the matrix Ry_1 not as a block, but each of them (although not all simultaneously) can
be transformed into a block by exchanging rows and columns.

A path is a singlet if going from the level k —1 to the level k41 corresponds to adding two boxes either
in one row or in one column of the Young diagram (Fig. 6 corresponds to k = 4). The diagonal element of

1

the matrix Ry corresponding to this path is ¢ in the first case and —¢~" in the second case.

Any nondiagonal fundamental R-matrix in the case of fundamental representations on all strands of
the braid can be constructed according to these rules. For example, the block Ry 32; of the matrix R4 of

8
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3 — 311 21 — 311 111 — 311
the element —q~! the block by the element g
in the R-matrix in the R-matrix in the R-matrix

Fig. 6. Description of the R-matrix in terms of boxes added to the Young diagrams for the level 4

and for the final representation 311. Circles denote the boxes added to the initial diagrams.

the representation [321] (corresponding to level 4 in Fig. 4) is as follows. The diagonal elements are

1 1 q q 1 1 1
q, - ) - ) ) ) ) - ) - )
[2lqq” 2lq*" 2157 213 q [4]qq* [4]qq*
q4 q4 . B 1 B 1 q2 q2 B
[4]g" Ml 7 2]4¢2 2]4¢®”  [2" [2g q

The elements of the second upper subdiagonal are

Vil VBl VBBl VB0, Vil VBl
R A v

The elements of the second lower subdiagonal are

VBla VBl VBlBla  V/B3l5l, VBla VBl
T T A VT T R

The remaining elements of the block are zero.

0,

The inverse of the R-matrix described above can be constructed similarly. It suffices to replace ¢ with
¢~ ! in each instance.

We explain why the R-matrices have the form described above. First, we determine which paths can
belong to the same block in the matrix Rj. Each point at a level ¢ < k — 1 corresponds to a representation
(Q in the expansion of the tensor product 77 ® - - - ® T;_1 of the representations on which Ry acts as a unit
operator. Consequently, any two paths mixed by Ry coincide up to the level k — 1. Further, the action
of R onTh ® -+ ® Ti41 ® T}y, is obtained from its action on 71 ® - -+ ® T41, where it does not mix the
irreducible representations corresponding to different Young diagrams. Therefore, any two paths mixed by
Ry, must pass through the same Young diagram ) at the level k + 1. Finally, R; again acts as a unit
operator on the representations Tj41,...,T; hence, the corresponding parts of the paths mixed by Ry
must also coincide. Therefore, all paths belonging to one block in the matrix Ry coincide (i.e., go through
the same Young diagrams) everywhere except at the level k.

The size of the blocks depends on the representations in the considered product. In the fundamental
case (T; = 0O), each arrow in the tree corresponds to the addition of one box to the Young diagram. The
paths that coincide everywhere except at level k correspond to the same Young diagram at the level k£ — 1
and to the same Young diagram at the level k + 1. Moreover, the diagram at the level k + 1 differs from
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Fig. 7. Graphical description of skein relations in the vertical framing (see Sec. 5).

the diagram at the level £ — 1 by the addition of two boxes put at certain positions. Consequently, either
there are two such paths (where two boxes are added at the levels £ — 1 and k in one or the other order) or
only one (if the boxes are added in the same row or the same column). The first case corresponds to a 2x2
block, and the second case corresponds to 1x1 block. There are no other possibilities in the fundamental
case.

The 1x1 blocks are merely the eigenvalues of the fundamental R-matrix. Because the addition of two
boxes to the same row corresponds to the symmetrization of the corresponding pair of twisted representa-
tions and the addition to the same column corresponds to antisymmetrization, the first case corresponds
to the eigenvalue ¢, and the second corresponds to —g~'. It remains to specify the form of the 2x2 blocks,
which is done in Sec. 10.

3.3. R-matrix properties and polynomial rings. We indicate several properties of R-matrices
important for our further calculations. It is known that the R-matrices satisfy the same relations as the
generators of the braid group [100]. This leads to the first two properties of the R-matrices:

RiRj — RjR; =0, [i—jl#1, (3.3)
RiRiy1 Ry = Ry 1 RiRiqq, (3.4)

where R; corresponds to the crossing of the ith and (i41)th strands. These relations hold for R-matrices
in any representation. Relation (3.3) is obvious if a braid is considered: if two crossings follow in order and
have no common strand, then their order can be changed. This means that the corresponding R-matrices
must commute. Relation (3.4) in fact defines the R-matrices. It is the famous Yang-Baxter equation.
The third property of R-matrices, important for further considerations, substantially depends on the
choice of the representation. This distinguishes the third property from the first two. This third property is
essentially an equation for the eigenvalues of the R-matrix. In the case of the fundamental representation,
it has the form
(Ri —q)(R; +q~ 1) =0. (3.5)

This property is equivalent to the skein relations in the mathematical theory of knots; it is usually written
graphically as in Fig. 7. Because an R-matrix in the fundamental representation has only two eigenvalues,
the characteristic equation is quite simple and can be used to express the polynomial of a given knot in terms
of polynomials of simpler knots, as is often done in mathematics. We can also regard the characteristic
equation for an R-matrix in higher representations as a colored skein relation [17]. But such colored skein
relations are not as useful as the usual skein relations: in the case of higher representations, the R-matrix
satisfies an equation of higher degree, and a way to untie knots using colored skein relations is hence
unknown. For example, for the representation [2], the colored skein relations are

(Raz — ¢M)(Raz +1)(Raz — g %) = 0.

Hence, the skein relations now include three terms, and it is not guaranteed that all of them are simpler than
the initial knot. It is unknown if such colored skein relations can be used to calculate colored HOMFLY
polynomials.

10



Further, the R-matrices in the fundamental representation satisfy relations (3.3)-(3.5) and generate
the Hecke algebra. This means that the polynomial ring generated by a finite number of R-matrices (e.g.,
on any set of the R describing a braid with m strands) is finite-dimensional. Such polynomial rings are
quite important for the further calculations. Each m-strand braid can be represented as an element of a
polynomial ring generated by the R-matrices Ry,..., R,—1. We note that the finite dimensionality of this
polynomial ring does not generally mean that there is a finite number of prime knots: that the polynomial
of some knot is equal to the sum of the polynomials of other knots does not imply that the knot itself is a
combination of them. The polynomial of a composite knot is in turn equal to the product of the polynomials
of its own constituent parts.

It is known from the properties of the Hecke algebra [46] that the dimension of the described polynomial
ring is equal to m!. The basis elements can be constructed, for example, from the elementary blocks

!
o0 =1, Ul,k:HRkH—ia k=1,....m—1, I=k,....om—1,
i=k

as

m—1
Ehokms = || Otk ki =0,...,1
=1

In the ¢ = 1 limit, each o0y corresponds to a cyclic permutation of the elements labeled from k to [. In
turn, each operator =,

Rm—1

corresponds to one of the m! permutations. The simplest elementary blocks
and the simplest basis elements of the polynomial ring for the m-strand braid are then

o0=1, o011 =Ry,

o20=1, o091 =RRy, 022= Ry,

o030 =1, o031 =R3RaRy, o032 =R3Ra, 033= N3, (3.6)
Om-10=1, om_11=Rn_1- R, om_12=Rn_1---R2, ..., Om_im-1=Rn
and
H00...0 = 01,002,0 - - - Om—1,0 = 1, H10..0 = 01,102,0 - - - Om—1,0 = 11,
H01...0 = 01,002,1-.-Om—1,0 = R2 Ry, Hi1..0 = 01,102,1 - - . Om—1,0 = R1 Ro Ry, (3.7)
Ho2..0 = 01,002,2 .. Om—1,0 = Ra, E12..0 = 01,1022 ...0m—-1,0 = R Ry.

4. Projectors

If each strand in a knot is replaced with a cable consisting, for example, of two strands and the HOMFLY
polynomial is calculated in the fundamental representation, then the result is a HOMFLY polynomial in
the representation [1] ® [1]. To obtain the polynomial in an irreducible representation (in this case, [2] or
[11]), we must somehow construct an operator that “projects” the answer in a reducible representation onto
an answer in an irreducible representation. Such operators are called projectors.

Generally speaking, each R-matrix should be surrounded by four projectors, one for each strand that
enters or leaves the corresponding crossing. From the standpoint of calculations, the key point in the
considered method is that one projector suffices for the whole knot or for each link component. This is
because an R-matrix does not mix different irreducible representations [82]. This means that if a projector
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onto some irreducible representation is placed on one side of the R-matrix, then the same representation
must appear on the other side and hence in the whole connected component.
There are several ways to construct the projectors.

4.1. Path description of the projectors. The easiest projectors to describe are the Pq that project
the first n strands of a braid onto some irreducible representation @ at the level n. In standard basis (3.2),
which is used here, these projectors are diagonal by definition and can be described similarly to the R-
matrices above. For example, we consider the tree in Fig. 4. We can use it to construct a projector onto the
level 2 for a three-strand knot or a projector onto the level 3 for a two-strand knot. For example, to describe

the representation with the diagram [321] arising from the expansion of [2] ® [1]*

, we must keep only those
paths in Fig. 4 that pass through the representation [2] on the level 2. By definition, each path in Fig. 4
corresponds to a representation that is an eigenvector of Pjgjg)e- Moreover, the eigenvalue 1 corresponds
to the retained paths (passing through [2]), and the eigenvalue 0 corresponds to the rejected paths (passing
through [11]). Therefore, in basis (3.2), all the nondiagonal elements of the projector Pgi)+ are zero, and
each diagonal element is equal to the eigenvalue (1 or 0) for the corresponding path. Hence, the matrix of
the projector is

Pygr4)321 = diag(1,1,0,1,0,1,1,0,1,0,0,1,0,1,0,0).

The described construction allows building only the projectors onto the first strand in the initial colored
braid. Nevertheless, this suffices for calculating the colored polynomial for an arbitrary knot: as already
discussed, one projector that can be inserted in the first strand is used for this. Moreover, Reidemeister
moves can be used to deform any braid such that each strand relating to one of the colored components
turns out to be first in some section through the braid. The projector for that strand can be placed in
the corresponding section. To simplify the calculations, we can place several projectors in the first strand
with one projector for every two crossings of the initial braid. Indeed, if each product of the R-matrices
corresponding to one crossing of a cabled knot is multiplied from two sides by a diagonal projector, then
some rows and columns become zeros. We can then obtain the polynomial of the knot by multiplying
matrices of a smaller size (the nonzero blocks) than the initial R-matrices.

4.2. Projectors as polynomials in R-matrices. The description of projectors in terms of strands
allows calculating colored HOMFLY polynomials using the cabling procedure. Nevertheless, how to write
the expressions for projectors in terms of R-matrices remains an open question. The formulation of the
cabling procedure itself implies that such a description should exist. Several satellite links are used in
the cabling procedure, which differ from each other in the sets of crossings in the planar projection, and
an R-matrix corresponds to each crossing in the described construction. Therefore, we can describe any
linear combination of polynomials for such knots as an element of the polynomial ring generated by the
R-matrices.

The R-matrix description of projectors allows studying the relations between colored and fundamental
HOMFLY polynomials and also verifying that the cabling procedure (defined as in Sec. 2) agrees with the
path description of projectors. In addition, projectors onto the same representation placed in different
strands in the braid and even in braids with different numbers of strands have similar expressions in terms
of R-matrices. Hence, it suffices to find the R-matrix description, for example, for a projector placed in
the first cable for which the path expression in known.

4.2.1. Projectors from the unknots. The most straightforward method (and introduced in [87])
for calculating the projectors is based on the idea that the form of the projector should depend not on the
knot but only on the considered representation. Therefore, the form of these projectors can be obtained
by considering the simplest knot, the unknot. Its HOMFLY polynomial in the representation () can be
represented two ways. On one hand, it is equal to SZQ(A, q). On the other hand, it can be represented as a
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linear combination of several knots and links obtained in closing a braid of |@Q| strands in the fundamental
representation. Equating these expressions gives an equation for the projector onto the representation Q.
For this, we use the fact that the coefficients in the expression for projectors can depend on ¢ but not on A.

We consider the case |@Q| = 2. This is the simplest case where the cabling procedure is applied. If
|Q| = 2, then two-strand knots and links should be used to describe the unknots in the representation
@. There are no more than two linearly independent HOMFLY polynomials among those for two-strand
links because there are only two characters in character expansion (1.2) in this case. As the corresponding
braids, we can choose two strands without any crossings (Ho = S5 + 57 ;) and two strands with one crossing
(Hy = S5q — Si1q™"), which is the representation of the unknot. The HOMFLY polynomials of all other
two-strand knots can be represented as linear combinations of these two with coefficients depending on gq.
The corresponding colored unknots are represented by the one-strand braid in either the representation [2]
or the representation [11]. Hence, to construct the projectors, we must solve the system of equations

S3(A,q) = pYHo(A,q) + pyH1(A,q),  Sii(A,q) = pl Ho(A, q) + pliHi(A, q). (4.1)

This system can be solved in two ways. In the first way, we must use the exact form of the Schur polynomials
in A and ¢. If the coefficients p are independent of A, then the system has a unique solution. The
other approach is based on the idea that the cabling procedure is applicable to the extended HOMFLY
polynomials [85]. This means that Eqgs. (4.1) are satisfied for the coefficient before each Schur polynomial.
Both approaches lead to the same solution:

1 1 q 1
0 1 0 1
p Y p ) p

2 2 1 11 1 1 q+q

p - _ 9
qlg+q1h) q+q q+q

—1°

Returning to the definition of Hy and H;, we can write the expressions for the projectors in terms of

R-matrices:
1 1 1
P = + Ry, Py = 1

— R;. 4.2
qg+q7)  qt+q? qg+q¢t q+q!t (4.2)

It is easy to verify that the projectors constructed this way are orthogonal:

PPy = (q+1]*1)2 (1 +Ri(gt—q) - R%) _
N (q+11*1)2 (1+Ri(g—q¢ ")) = (Rilg—g ") +1)) =0,

The properties P3 = P, and P = Pj; can be verified similarly.

Unfortunately, this method does not allow obtaining answers for higher representations. The reason
is quite simple. For example, representations at level 3 must be obtained using cables with three strands.
It can be shown that the space of HOMFLY polynomials for three-strand braids is three-dimensional with
respect to linear combinations with coefficients depending only on g. At the same time, the polynomial ring
generated by R-matrices is six-dimensional, as discussed in Sec. 3.3. As a result, relations on polynomials for
unknots are insufficient for recovering all projector coefficients. The same occurs with higher representations.
It is therefore unclear how to apply the unknot method to higher representations.

4.2.2. R-matrix description from the path description. An alternative method for obtaining
the sought expression for projectors is to use the already known formulas in Sec. 4.1. We can try to find
the combination of R-matrices (elements of the corresponding polynomial ring) that coincides with the
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projector matrix in basis (3.2) obtained from the path description. We can seek such a combination as an
expansion in the basis of the polynomial ring:

PQ = ZOUE], (4.3)
I

where =; are the basis elements, a; are the coefficients to be determined, and I is the multi-index defined
as in (3.7) and ranging |Q|! different values. The left-hand side (4.3) is the projector in matrix form.
This can be either the projector onto any of the isomorphic representations @ in the decomposition of
[1]|Q| or onto a sum of several such representations. Because all elements of the polynomial ring have the
block structure with each block corresponding to an irreducible representation @ from the decomposition
[1]I9l = 37, No,Qi, the number of elements of the Z; that are not identically zero is equal to the sum of the
squared multiplicities ), Né This is the number of equations in (4.3), and it can be shown that it is exactly
|Q]!, i.e., the dimensionality of the polynomial ring (according to Sec. 3.3) and hence the number of variables
ary. Indeed, it is well known in representation theory that the multiplicities of irreducible representations
can be obtained from the character expansion of degree |@Q| of the fundamental representation S‘lQ‘ = t‘lQ‘
over the characters Sq, of the irreducible representations @; - 11Ql. The characters satisfy the equations

,_ o\ , 0
= 5 NEsa () = X ¥use(,0, ) (4.4
Q:iHQ| Q.k1lel

Furthermore, the scalar product on the characters can be defined as [101]

0
51} 5y, ) Salt) = dra-

If we apply this relation to (4.4), then we obtain the identity

QI =N,

which shows that the number of equations in (4.3) is indeed equal to the number of defined coefficients ;.
The case |Q| = 2. The polynomial ring has a single generator R satisfying (R; — q)(Ry; +¢~!) = 0.
According to (3.7), the basis of this ring comprises two elements (2! = 2). We can choose
Ho =1 =diag(1,1), E1 = Ry = diag(q, —¢ ).
Consequently, the projectors must satisfy the equations

Py = a) + o Ry = diag(1,0), Py, =af, + al, Ry = diag(0,1).

Because [1]> = [2] + [11], each element of the ring splits into two 1x1 blocks, one for [2] and the other
for [11]. As a result, we obtain exactly 12+12=2 equations for 2! = 2 variables. The solutions of these

equations coincide with (4.2):
_ 1+44qR

Py = , _a- I
q[2]q

P=p,

The case |Q| = 3. According to (3.6) and (3.7), the ring of R-matrices has two generators R; and
Rs. The polynomial ring has 3!=6 dimensions, and we can choose the basis

Eoo = 1, Eio = Ry, Ho1 = Ra Ry, Ei1 = RiRaRy, Hoz2 = Ra, Hi2 = R Ry.
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The projectors must satisfy the equations?
Py =03+ ai’Ry + a?Ro + o’ Ri Ry + o' Ro Ry + a3 Ry Ro Ry = diag(1,0,0,0),
Py = a3) + a3 Ry + a3 Ry + 31 R1 Ry + a5 RoRy + a3 Ry Ro Ry = diag(0,1,0,0),
Py = af) + )R + afi Ry + o2 Ri Ry + ) Ro Ry + a) R Ro Ry = diag(0,0, 1,0),
P =l + ol R+ Y R + o RiRo +
+ a1, RoRy + i1 R1 Ry Ry = diag(0,0,0,1).

Because [1]? = [3] + 2 [21] + [111], each element of the polynomial ring splits into three blocks: a 1x1 block
for the representation [3], a 2x2 block for the representation [21], and a 1x1 block for the representation
[111]. We therefore have exactly 12+22+1% = 6 equations for 3!=6 variables. The solution is

Py = q3[2]1 3], (14 qR1+qRy + ¢*RiRy + ¢*RaRy + ¢* RiRa Ry),
1 —2 gt 1

Py = 3], <1 +qR; — RQ — 2], (R1Ry + RoRy) — [Q]quRQRl), -
L <1 R oy 9 (RuRo + RoRy) + - R1R2R1>,
RGP [2]q [2]4 2q

Py = [Z]Z:[;’]q (1—¢ 'Ri—q "Ry +q °RiRy+ q *RyRy — ¢ *RiRyRy).

The rank-two projector onto the sum of the two isomorphic representations [21] can be obtained as the sum
of the projectors

Py =Py+Py= . (2+(q—q )R+ Rs) — RiRs — RoRy). (4.6)

1
3lg
Another way to obtain this projector is to write the following equation instead of (4.5):

Py = a21 + a21R1 + OZQ 2Ry + a21R1R2 + a21R2R1 + a21R1R2R1 = diag(0,1,1,0),

whose solution yields the same result.

Using properties (3.3)—(3.5) of the polynomial ring, we can bring expression (4.6) to the simpler form
Poy = (R — R2)?/[3],.

The case |Q| = 4. The polynomial ring has three generators Ry, Rg, and R3. According to (3.7),
there are 24 basis elements, for example,

Eooo = 1, Hoo1 = R3Ra2 Ry, Eoo2 = R3Ra, Hooz = I3,
E100 = R, Hi01 = RiR3Ra Ry, Hi02 = RiR3Ry, 103 = R1 R3,
Eowo = Ra Ry, Hoi1 = ReR1R3Ra Ry, Hoi2 = RaR1 R3 Ry, Hoiz = R Ry R3,

0 = RiRa Ry, Hi11 = RiRoR Rz Ry Ry, Hi12 = RiRo R R3 Ry, i3 = RiRo Ry R3,
Eo20 = R, Hoo1 = RoR3Ra Ry, Hoo2 = RoR3 Ry, Hoo3 = Ra R3,

Ei120 = R1 Ry, Hio1 = RiRoR3Ro Ry, Hioo = RiRoR3 Ry, Hio3 = RiRoR3.

3There are two representations 21 in the cube of the fundamental representation: they arise from representation 2 and
representation 11. There are hence two projectors onto 21, denoted by P21 and P,; here.
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Because [1]* = [4] + 3[31] + 2[22] + 3 [211] + [1111], each element of the ring splits into five blocks: a
1x1 block for [4], a 3x3 block for [31], a 2x2 block for [22], a 3x3 block for [211], and a 1x1 block for
[1111]. We therefore have exactly 12+432+224324+12=24 equations for 4!=24 variables. The expressions
for the projectors onto each representation arising in the decomposition of [1]* are quite lengthy. We
therefore present them in Appendix A in [98] and here only give the formulas for the projectors onto the
representations [4] and [1111] and onto the spaces of all representations [31], [22], and [211]:

Py = 1+ q(R1 + Re + R3) +

Pl
+ ¢*(RiRy + RoRy + RyRs + R3Ry + RiRs) +

+ q3(R1R2R1 + RoR3Ry + R1RaR3 + RoR1Rs + RsR1 Ry + RsRaRy) +

+ q4(R1R2R1R3 + R1RoR3Rs + RiR3sRoR1 + RoR1R3Ro + RoRsRoRy) +

+ q5(R1R2R1R3R2 + RiRoR3RoR1 + R2R1R3R2R1) + q6R1R2R1R3R2R1),

P31 = (3—}-(2(]—(]71)(1“21 +R2+R3)+

1
¢*[2][4]
+(¢*> = 1)(R1Ry + RoRy + RyRs + R3Rs) + (¢*> — 2)R1Rs +

+ ¢*(R1R2R1 + RoR3Rs) — q(R1RaR3 + RoRi Ry + R3Ri Ry + R3RaRy) —
— RyR1R3Ry — q(R1RyRy R3Ry + RoR1 R3Ro Ry ) +

+ ¢*RiRyR3Ro Ry — " R1RaR1 R3Ro Ry,
1
322 (24 (q—q ") (R1 4+ Ry + R3) — (R1Ro + RoRy + RaR3 + R3Ry) —

- (q2 + q_Z)R1R3 + (R1R2R1R3 + R1RyR3Rs + RiRsRoR + R2R3R2R1) +

Py =

+(¢* + ¢ *)RoRiR3 Ry —
—(¢— ¢ ) (RiR2R1R3Ry + RiRyR3Ro Ry + RoR1R3RoRy) +
+ 2Ry RyRi Ry Ro Ry ),

Pori(q) = Pai(—q7 1),

Pi1i(q) = Pa(—q7 ).

4.2.3. Projectors from characteristic equations. We consider one more way to construct pro-
jectors as polynomials in R-matrices. This way (in contrast to the way in the preceding subsection) does
not allow obtaining polynomials of the minimum degree or of the shortest length, but it leads to an answer
with a more understandable structure, which is important for a theoretical analysis.

The method is based on the fact that if a characteristic equation for a linear operator is known,

n

[[ca=x)=o, (4.7)

=1
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then it is easy to construct a projector onto the subspace corresponding to each eigenvalue,

A=\

Py, = 4.

v=11 0 (45)
i#£]

(the order of the factors is inessential in (4.7) and (4.8) because they all commute), or on a sum of such

subspaces,
k

P)\jl"'”)\jk = ZP)\jl . (49)
=1

The property Pfj = Py, then follows directly from (4.7). A drawback of using this method applied to
R-matrices is that many of their eigenvalues coincide. For example, there are only two distinct eigenvalues

in the fundamental case: ¢ and —¢~'.

Therefore, the basic task is to find combinations of R-matrices
with sufficiently many distinct eigenvalues. Then we can “distinguish” all irreducible representations in
the decomposition of [1]/?l. To find such combinations and the corresponding characteristic equations, it
suffices to consider |Q|-strand braids. It is natural to begin with the cases |@Q| = 2 and |Q| = 3 and then
try to generalize the method.

Because the R-matrices split into blocks corresponding to different irreducible representations, their

characteristic equations can be written in the form

II Fo® =0,

QF11QI

where Fg determines the characteristic equation Fo(PgR) = 0 of the block corresponding to the represen-
tation Q.

The case |Q| = 2. For |Q| = 2, we have one R-matrix satisfying the characteristic equation
Fy(Ry)Fi1(Ry) = (R — q)(Ri + ¢ 1) =0. (4.10)
This equation contains sufficient information to construct both projectors:

Ry+qt Ry —
pp= 0T py = T (4.11)
q+q -

This result coincides with the previously obtained formulas (4.2).

The case |Q| = 3. For |Q| = 3, we have two matrices R; and Ry satisfying the same characteris-
tic equation (3.5). The projectors obtained from the characteristic equation for the first R-matrix allow
“distinguishing” the representations [3] and [21] symmetric in the first pair of strands from the representa-
tions [21] and [111] antisymmetric in the first pair of strands. The projectors obtained from the equation
for the second R-matrix allow distinguishing the analogous groups of representations with respect to the
second pair of strands. This is insufficient for constructing the projectors onto each of the representations
[3], [21], and [111]. Therefore, we must construct combinations of R-matrices that would allow finding all
necessary projectors. The combination (R; — Rp)? is an example of an appropriate combination in the case
|Q| = 3. Using the explicit expressions for Ry and Ra, we can establish that this combination satisfies the
characteristic equation

(Ri — Ro)*((R1 — R2)* — (¢ +1+ ¢ %)) =0,
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where the representation [3] and also the representation [111] correspond to the eigenvalue 0, while both
representations [21] correspond to the eigenvalue ¢? + 1 + ¢~2. We can hence obtain the projector Po;:

(R1 — Ra)?
Py = 21t g (4.12)
Also using (4.10), we can obtain all four projectors:
p_ (Bira (@ +1+4¢7%) = (R = R2)?)
’ (g+a )@ +1+q72) ’
_ (Rt (R~ Ra)?
(@+g )@ +1+q72)
(4.13)
P _ (g — R1)(R1 — Ro)?
(gt )@+ 1+
p —R)((¢* +1+¢7?) = (R1 — R2)?)
111 = .

g+a )@ +1+4¢7?)

4.2.4. Torus products of the R-matrices. An unresolved question remains. Is there a universal
method for constructing projectors onto arbitrary representations using the characteristic equations? This
would be possible if we could find a combination of R-matrices whose eigenvalues were known for an arbitrary
representation and had sufficiently many distinct eigenvalues to distinguish all irreducible representations
at the corresponding level. An obvious candidate for such a combination is the product

Q-1
R = [[ Rigi-s
=1

Precisely this product appears in studying torus knots. It is known from the Rosso—Jones formula that its
eigenvalues are
Ay = q%Q/IQIAQ7j7 j=1,...,Ng,

where the coefficients Ag ; are ¢ independent numbers implicitly defined by the Adams rule [58]-[61].
These coefficients are in fact the |@Q|th-degree roots of unity, Ag ; = e2™ik/1Q1 "and the multiplicity of each
eigenvalue depends nontrivially on ). Hence,

|)\Q7j|=q%Q/‘Q‘, jZl,...7NQ.

For such products of R-matrices, the sets of the eigenvalues corresponding to different representations are
nonintersecting up to the level |Q| = 5. Therefore, the projectors onto all the irreducible representations
with |@| boxes in the Young diagram can be obtained from the single equation for fR|o|. This method stops
working at the level |Q] = 6, where 32411 = 333 = 3, and additional equations are hence required. Moreover,
even if all the eigenvalues are different, their explicit forms for an arbitrary representation are unknown.
We must determine the eigenvalues from the Adams rule or directly calculate them for each |Q|, as was
done in [86], [90]. Furthermore, even in the simplest cases these eigenvalues are quite complicated and
include fractional degrees of ¢ and roots of unity. Because of these problems, it is unclear how to construct
the projector onto an arbitrary representation using the torus product 3R|q|. We restrict ourself to several
examples of using such products.
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Because the case |Q| = 2 is trivial, we begin with the case |Q| = 3: we have
F3(RoR1)For (RoR1)Fii1(RoRy) = (RoR1 — ¢%)((RoR1)? + RoRy + 1) (¢°RaRy — 1) = 0. (4.14)

The corresponding projectors onto symmetric and antisymmetric representations are obtained directly:

P ((R2R1)* 4+ ReRy +1)(RoRy — ¢ 2)
’ (¢* + ¢+ 1)(g — ¢ 2) ’

(RoR1 — ¢*)((R2R1)? + RoRy + 1)
(@2=¢)(g*+q2+1)

(4.15)
Py =

But for the remaining representation, a simple construction like (4.8) gives the operator P = (RaRy —
¢®)(¢? ReR1 — 1), which does not satisfy the condition P? = const - P. It is therefore not a projector,
even up to normalization, but a linear operator that annihilates representations [3] and [111] and somehow
rotates two copies of representation [21]. To obtain the projector according to (4.9), we must further
decompose (4.14) as

(R2R1 — q2)(R2R1 — 62ﬂi/3)(R2R1 — 64ﬂi/3)(q2R2R1 — 1) =0.

The projector P»; can then be obtained as a sum

(RoR1 — ¢*)(¢°RaRy — 1)

Py = e2mi/3 _ pdmi/3

y R2R1 _ 64771'/3 R2R1 _ e271'1'/3 _
(€27i/3 — q2)(q2e2mi/3 — 1) (edmi/3 — g2)(q2edmi/3 — 1)

_ (ReRy = ¢*)(¢°RaRy — 1)(RaRy +1) 116
T “+P+1 ' (4.16)

The summands are rank-one projectors onto each of the isomorphic representations [21], but these copies
are not [21] and [21] in standard basis (3.2) used here. It can be shown using the properties of R-matrices
described in Sec. 3.3 that relations (4.5), relations (4.15) and (4.16), and relation (4.13) give three equivalent
answers for the projectors.

In the case of |Q| = 4, the relevant product now includes three R-matrices, R3 = R3Rs R1, and satisfies
the characteristic equation

F1(Rs3) F31(R3) Foz(Rs) Far1 (Rz) Fi111 (Rs) = 0,
where
Fy(M3) = ¢* — R, F51(9R3) = (g + M3) (¢ + R3), Fyo(R3) =R35 — 1,
Fo11(Rslg) = Fsu(Rsl—¢™ "), Funi(Rslg) = Fa(Rs|—¢ 1)

(in the last two equalities, we explicitly showed that PR3 depends on ¢ and characteristic equations for
different representations related to the change of ¢ to —¢~!). Hence, the entire characteristic equation is

(@° = Rs) - (q+Rs)(¢* + R3) - (RF —1) - (1 - ¢R3)(1 + ¢*R3) - (1 — ¢°R3) = 0.
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Here, the dots separate factors corresponding to different irreducible representations. According to (4.8)
and (4.9), the projectors can be written as

p= ] (R3) _ (g+R3)(q* + N3)(RF — 1)(qRs — 1)(¢*R3 + 1)(¢°R3 + 1)
o, Fa(@) (g2 +1)(q'2 — 1)(¢"° — 1) ’
QIH’54)

Rz + ¢°

Py = Fo, (9{3) < +

Q,l:L Fi(=q) HQi)—l‘l, Q:i#31 Fo,(—q)

Qi#31

n (Rs + q)(Rs + iq) (Rs + q)(Rs — iq) ) _
Fiy (iq) HQi)—l“, Qi#31 Fo.(iq) — Fiy(—iq) HQil—l‘*, Qi#31 Fo.(—iq)

_ Ge-A-
T @@+ 1) - 1)(g - 1)

X (*R3 — ¢*'R3 + K3 — ¢"Rs + ¢Rs + ¢*)((Rs — V(PR3 + 1)(*R3 + 1),

Ry +1 Ry —1
Pyy = Fo, (9‘{3)< + > =
Ql:L F2’2(1) HQ1F147Q17522 FQi(l) F2/2(—1) HQ¢147Q¢¢22 FQi(_l)
Qi#22

(¢° — M3)(q + R3)(¢* + R3) (1 — ¢R3) (1 + ¢*R3)(1 — ¢*Rs)
(¢* —1D2(¢* +¢*>+1)

The same procedure can be repeated for |@Q| = 5 and |Q| = 7. But this method does not work for
|Q| = 6 and most higher representations: in these cases, different representations can have the same g,
as, for example, happens with the representations [411] and [33] for |Q| = 6. Consequently, the eigenvalues
of the torus product for these representations also coincide, namely, |As11| = |As3] = ¢. As a result, the
projectors constructed in the way described above do not “distinguish” these two representations. Indeed,

Fi1(Rs) = (R3 — ¢*)*(R3 — ¢Rs + ) (Rs + °R3 + ¢*),

Fi3(R3) = (RS — ¢*)(¢* — ¢Rs + R3).

Because all the eigenvalues of the representation [33] are also eigenvalues of the representation [411], even
the rank-one projector onto any one of the isomorphic representations [33] cannot be constructed using
these formulas. This means that other equations are needed. It would be natural to consider equations
of the same type from lower levels, i.e., for |Q| < 6, and thus use the already known answers for the
projectors onto the lower representations. But torus products cannot be used directly in this way, because
the eigenvectors of R are not eigenvectors of R g 41 in general.

4.2.5. Link products of the R-matrices. There is one more class of R-matrix products for which
the eigenvalues are known in the general case: it is the operators that we call link products,

Rm R, = (H II Rnﬂj) (H II Rmﬂ-j). (4.17)
i=1j=1 i=1j=1

These products arise in studying two-strand links. If we place a representation of size n at the first strand
and of size m at the second strand, then each pair Rg,q,Rq,q, should be replaced with product (4.17)
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in the cabling procedure. As we discuss in detail in Sec. 6, every such product satisfies the characteristic
equation
[l @uwR,, — ¢ 2n=2m) =0
TiH1™, Tob1™,
Qr1mt™
These link products are longer than torus products but are more convenient for some reasons. First, their
eigenvalues are explicitly known for an arbitrary representation, and the corresponding expressions are
simpler than in the torus product case: they have only integer degrees of q. Moreover, standard basis (3.2)
used here consists of eigenvectors of the link product. The described properties allow constructing a recursive
procedure for calculating projectors.
The simplest case is 71 = [1]. Then MRy |7, is just a torus product:

T - T
E)%17\Tz|9£{1,\:r2| = S)£{|T2\9£{|T2\~

As before, we start with some examples and then discuss the generalization possibilities.
In the case |Q| = 2, the characteristic equation is a quite simple deformation of its analogue written

above: we have
Fy = PR — 72 = Mo} — ¢4, Fiy = RoR] — ¢7 = RoR] — ¢ 72,

and therefore
By = (%29{5 — qz)(i)‘{zi)‘{; —q %) =0,

whence we obtain expressions for the projectors

RoM) — ¢
(]72 _ q2

_ MR —¢7?

P
¢ — g2

, Py =

These expressions lead to answer (4.11), obtained using other methods described here, if we apply the
identity
MRy = RY = (¢ —q )R + L.

In the first nontrivial case, |Q| = 3, we have
Fy = ReME — 79722 = Ry — ¢,
Foy = (ReR} — 7177 )(ReW] — 72 7211) = (RR] — ¢ 2)(ReR) — ¢),
Fiyn = R — ¢Pm =2 = ] — ¢
in the characteristic equation. Therefore,
F3Fy Fiip = (9“39‘{; - q4)(9%39‘%§ - q*2)(9‘%39%§ - q2)(9%39%§ —qg ") =o.

The rank-one projectors onto the fully symmetric and the fully antisymmetric representations are

py— p® _ (% — )R] - )R] — ™)
I (¢* —a72)(¢* = *)(¢* —q7%) ’
Py — p® _ (R =g )RR =)0 — )
- (=@t —a )¢
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where Pﬁm) is the projector onto the eigenvalue A\ obtained from the m-strand equation. The remaining
projector is of rank two and is equal to the sum of the two rank-one projectors:

(RsRE — ¢*) (RsME — ¢72) (MM — ¢Y)
(=) ®—aq2)(¢®—q?)
(RsR] — ¢)(RsR] — )RR — ¢~
(@ 2=a")q 2= (g2 —q*)
(RsR] — ¢ )(RsRE — = H(RME — 42 — ¢72)
(¢—q )¢ —q3) '

Py = Pq(g) + Pq@z =

For |Q| = 4, the characteristic equation is determined by the functions

Fy=RuR) - ¢ 72 = R — ¢,

Fy = (R — ¢79720)(RaR] — 07 P20)7 = (RR] - ¢7%) (] - ),
Fay = (RuR] — g2 721)% = (RR] - 1)%,

Forp = (uR] — o= 2o )2 (RyR] — ¢Pon—2a) = (RM] — ¢?) (R — )72,

Fiin = RR) — ¢4 2% = 4R] - ¢F,
and therefore
F4F31F22F211F1111 = (%49{}1 — qﬁ)(ﬁﬁfﬁl — q2)(fﬁ49‘{1 — q72)(fﬁ49{1 — 1)(%49{1 — q76) = 0 (418)

In this case, the one written equation is insufficient for finding all the projectors because the same set of
eigenvalues can correspond to different irreducible representations. Namely, both irreducible representations
[31] and [211] correspond to the pair of eigenvalues ¢*2. We can resolve this problem by noting that each
factor in (4.18) corresponds to a certain path, i.e., to a sequence of irreducible representations at the
preceding levels. For example, the double factor with ¢ in F3; corresponds to the pair of paths [1] — [-] —
[21] — [31], where [-] = [2] or [11], and the factor with ¢~ corresponds to the path [1] — [2] — [3] — [31].
In Fy11, the factor with ¢ corresponds to the path [1] — [11] — [21] — [31], and the double factor with g2
corresponds to the pair of paths [1] — [-] — [21] — [211], where [-] = [2] or [11]. This means that we can
find the sought projectors using the already constructed projectors onto representations of the preceding
levels:

P = Pq(f)ng + Pq(;l)le =

(RaR] — ¢O) (R — DRR] - ¢76) - -
- (qjll —q 4 (¢? _4 q2)2(q —2—1) (q3(i)‘{4i)‘{l —q*)Ps+q 3(9%49%1 —q ?)Pn),

Poiy = Pq(f)2P21 +Pq(§)P111 =

(RaR] — ¢°)(RR] — 1)(RR] — ¢76)

= (¢* — (g2 — q2)2(q — ¢ 1) (qB(D‘LLfR}; - (]2)P21 + q73(9‘i49‘ii - q72)P111).
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All the remaining projectors are constructed just as in the preceding cases:

(RaR] — ¢°)(RaR] — )R] — ¢72) (R — 1)(OUR] - ¢79)
(@° — ¢*)(a® — q2)(¢® — 1)(¢° — ¢~©) ’

P _ p@ _ (R = )RR — )RR — )RR - g7
#o (1—g%)(1—¢*)(1—q2)(1—q) ’

Puiss = pt®) — (sl — ) OURE — @)K, — )R] 1)
qa- (g6 = ¢5) (g6 — ¢2)(q6 — ¢~2)

4.2.6. Arbitrary representations. In principle, the system of equations for the link products

P, = Pq@ —

m‘Q‘mTQI suffices for constructing a projector onto any representation. For example, let a representation @
be obtained from a representation 7' by adding one box (i, j) to the Young diagram. Then g = sep +j —i.
Consequently, for any 7', all the representations () thus obtained have different »g. If we choose the
eigenvectors of the matrix ER‘Q‘ER‘TQ‘ as @, then the projectors are obtained from the equation

[P g Pr — ¢ =*) =0

%]
and have the form

T j—2i
PTER|Q|9‘{|QIPT — qQJ 2

P Q=TU(k,l) Z H g2k — q25-2i =
4.3 (1.5)#(k,0)

mIQI%\TQ\ _ q2j—2i

Pr
212k 27—21 ’
q — g

=2 1

65 (6,5)# (k1)

where all the products are calculated over all additions of a box (with the coordinates (7, j)) to the Young
diagram 7" that again yield a Young diagram. This formula allows calculating the projector onto the entire
space of the representations @ simultaneously arising in the decompositions of 119l and 1® Q. To obtain the
projector onto one of the representations Q in the decomposition of 119!, we must substitute the projector
onto one of the representations of 7' in the decomposition of 17! for Pp. In contrast, to obtain the projector
onto the entire space of representations @ in the decomposition of 1'%/, we must calculate the sum over all
possible T':

Pq = Z PQ|Q:TU(I@J)'
T |T|=|Q|-1

The presented formulas give a recursive procedure for constructing a projector onto any representation.
4.2.7. (Anti-)symmetric representations. The method described above allows calculating the
projector onto an arbitrary representation. But it is unclear how to write a general formula for the projec-

tors. Such a formula can nevertheless be written for the simplest class of representations, namely, for the
fully symmetric and fully antisymmetric representations. These projectors have the form

k J r—1 k J
Py =Py <1 + qu H Rk—i+1) = H <1 + qu H Rk—i+1)
=1 =1 k=1 =1 =1
or
r!
Py =) q"*E
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where the sum is over all 7! independent elements Zj, (see Egs. (3.6) and (3.7)) of the polynomial ring and
I, is the number of R-matrices in the =.
The projector onto the fully antisymmetric representations is analogous:

Pry(q) = Pyy(—q7 ).

5. Framing in the cabling procedure

The R-matrices are defined up to a common factor because it would not affect the Yang—Baxter
equation. This common factor can be chosen variously, and the answer for the HOMFLY polynomials
depends on this choice. From the standpoint of the Chern—Simons theory, this means that Wilson loops
correspond to framed knots [16], [100], and the choice of the common factor corresponds to the choice of
the framing. Hence, we call the choice of the common factor the framing. It can be shown that different
framings should differ from one another by the factor g7 +NI71/2 [48].

The framing can be chosen differently in concrete cases. One common way comes from the represen-
tation theory, where the eigenvalues of the R-matrix are equal to ¢*@~NIQl/2=sr +NITi|/2=smy +N[T2|/2 -,
and T, correspond to representations placed on two crossing strands, and @ is one of the irreducible repre-
sentation in the decomposition of T7 ® T5 (the number of different representations @ is equal to the number

of distinct eigenvalues). With such a framing, the eigenvalues of the R-matrix are equal to ¢ and —¢~ ! in

2 in the first symmetric representation. Such a framing

the fundamental representation and ¢*, —1, and ¢~
is said to be vertical, and the cabling procedure in it gives the same answers as in a direct calculation in
terms of colored R-matrices.

We must choose another framing to ensure topological invariance (it is called the topological framing
and was used, e.g., in [86] to evaluate knot polynomials). The eigenvalues of the R-matrices are then given
by g4 A=ITI = g#e—42r=NIT| (T\ = T, = T'). The topological framing differs from the vertical framing
by ¢~ 27 —NIT|,

in the fundamental representation and ¢%/A?, 1/A%2¢%, and 1/A%¢* in the first symmetric representation.

In the topological framing, the eigenvalues of the R-matrix are equal to ¢/A and —1/gA

The topological framing is considered only in the case 17 = T5, which corresponds to the sense of this
framing. The topological framing should give the same answer for all braids representing a given knot and,
generally speaking, having different numbers of crossings. Precisely this is achieved by the special choice of
the common factor (presented above). If two strands carry different representations, then they necessarily
belong to different components of the link. As is known from topology [100], the algebraic number of
crossings between different components of a link cannot change under any smooth deformations. Therefore,
the topological framing must not include any factors for crossings between different components of the link.
The case where different components carry the same representation is not an exception: in the topological
framing, only self-crossings of connected components contribute.

6. Cabling procedure for two-strand knots and links

In the case of two-strand knots, the colored HOMFLY polynomials are known for an arbitrary represen-
tation because only diagonal R-matrices are needed for calculating them. The two-strand case is therefore
convenient for verifying the consistency of the expressions for projectors and R-matrix eigenvalues in dif-
ferent representations. The general formula is

T[2,n n 1 20, \N i *
HT1[T/2 = TrT1®T2((RT1T2RT2T1) /2) - ¢ T +nseq, Z (iq Ql) NleTszi’ (6'1)

QiFT1®T>
where ¢*@ are eigenvalues of the two-strand R-matrix as described in Sec. 3.1, the sum is taken over all
irreducible representations ; in the expansion of the tensor product 77 ® Ts, and @; has the multiplicity
N%’in. The coefficient before the sum leads to the answer in the vertical framing (see Sec. 5).

24



The cabling procedure gives the formula

. Ty Ty T T n/2
Hy = Trjeqm iim) <PT1T2 <H TRz~ TT1TI RT2|+i—j) ) :

i=1j=1 i=1j=1

It is necessary to separate two cases: the two-strand knots and the two-strand links. Studying links allows
determining the form of the eigenvalues in the case where different representations are on different link
components; we note that this is impossible when studying knots. On the other hand, because the two-
strand knots always contain an even number of crossings, the signs of the eigenvalues cannot be found from
the cabling procedure for the links: two-strand knots are needed for this.

6.1. Two-strand links. In the case of two-strand links, there are two R-matrices, R, 7, and Ry, 1.
They differ as linear operators because they act in different spaces:

RTlTQ: Tl ® T2 - TQ ® T17 RTQTl: TQ ® Tl - Tl ® T2'

But their matrices coincide up to transposition: Ry, 7, = RTT2T1. Expression (6.1) for links with 2n crossings
can be rewritten as

T[2,2n] _ + -2 Qi 2nsq, _ [2,2n]
HT1T2 - (q%Tl %Tz) " Z NT1T2q e Saz - Z HTsz\Qi 5221
QiFT1®T> QiFT1®T:

It is impossible to determine the signs of eigenvalues using the cabling procedure for two-strand links

because all the powers of the eigenvalues in this formula are even. We can obtain exactly the same answer

H[2,2n]

110210 in the character expansion for the

using the cabling procedure, even for individual coefficients

HOMFLY polynomial:

gT22n]

2"”@?1’ —anTl —2n;4T2
T T2|Q:

_ Qi
= Nr'nq

(it suffices to verify this equality for 2 < 2n < min(rank Pr, ,rank Pr,)). Using the cabling procedure, we
can see that both the level-rank duality

T[2,2n] _ yT[2,2n] —1
T1T2‘Qi( ) - HT1T2‘@7, (_ )7

where T denotes the representation whose Young diagram is the transposed diagram for the representation
T, and the symmetry under permutations of the representations

pT22n] _ prTi22n)
ToTi|Q: — TTTiT2|Q;:

hold. These properties were described, for example, in [86], [87]. They hold in this case because N%E =
N:,%Tl = N%@ and »g = —x5- It can also be verified that the choice of different representations arising
in the decomposition of 1®I71+I72l and isomorphic 7} and T5 does not change the answer.

The absolute values of the eigenvalues of the colored R-matrices are presented in Appendix B in [98].

The multiplicities of different irreducible representations are easily determined using representation theory,
namely from the property of the characters that

_ Qi
SrSt, = > NfpSo..
QiFT1®T>
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For example,
531531 = Sg2 + Se11 + S53 + 28521 + Ss111 + Sag + 28431 + Sa22 + Sa211 + G332 + S3311.

Almost all of the studied representations have trivial multiplicities 0 or 1. Nontrivial multiplicities for the
considered two-strand knots are encountered beginning with representations of size three. The list of all
representations with nontrivial multiplicities for the representations 77 and 7% of sizes 3 and 4 was given
in Appendix B in [98].

The decomposition of 1271 1+I72l includes some irreducible representations that do not appear in the
decomposition of 77 ® T5. For all such representations, the cabling procedure should somehow give zero
coefficients in calculating the answer. Because we place the projectors described in Sec. 4.1 on each side of
each R-matrix, zero appears automatically for all representations not contained in the decomposition of T} ®
1®I72l . The remaining nonzero blocks of the R-matrices turn out to be degenerate, and all representations
that are not contained in 1217l ® T, vanish, as they should.

6.2. Two-strand links. As already mentioned, the cabling procedure for two-strand knots allows
finding not only the absolute values of the eigenvalues of the colored R-matrix but also their signs. The
drawback is that we can study only the case where T = T» (because the strand in the knot can carry
only one representation). With the cabling method, we can verify that in all multiplicity-free cases (we
verified this up to |Ti| = |T2| = 4), the eigenvalues of a colored two-strand R-matrix satisfy the rule that
the eigenvalue with the highest power of ¢ has a plus sign, the eigenvalue with the next-to-highest power
has a minus sign, and the signs alternate after that. This rule was used, for example, in [89]. Exceptions
to this rule occur when multiplicities appear in the decomposition of the tensor product of two irreducible
representations. Here is the simplest example of this phenomenon:

[21] x [21] = [42] + [411] + [33] + 2[321] + [3111] + [222] + [2211].

In this case, the cabling procedure gives the eigenvalues

In the next-to-simplest case
[31] x [31] = [62] + [611] + [53] + 2[521] + [5111] + [44] + 2[431] + [422] + [4211] + [332] + [3311],

the eigenvalues calculated using the cabling procedure are

10 8 (] 3 3 1
)

q -, —-q, —-q, q, —-q, q47 17 _17 q727 _q747 _q747 qiﬁ'

Hence, the general rule for the sign choice in the two-strand R-matrix is unclear.

The obtained results for the eigenvalues were presented in the extended electronic version of this
paper [98].

As a check, we can substitute the calculated eigenvalues in expression (6.1) and verify that the following
two properties of the HOMFLY polynomial hold. First, the HOMFLY polynomial must indeed be a
polynomial. Second, the polynomial of the two-strand knot with a single crossing must be equal to the
polynomial of the unknot up to the framing factor. Indeed, such a knot is transformed into the unknot by
the first Reidemeister move.

Hence, the eigenvalues must satisfy the system of equations Sj = > A\qSg); moreover, Z(/\Q)Q"HSZ)
is a multiple of S%. All the eigenvalue signs are probably determined by these equations, but the way to
find the signs from these equations is unclear.
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7. Cabling procedure for three- and four-strand knots

7.1. Three-strand knots. The HOMFLY polynomials for knots represented as the closure of three-
strand braids in the representations [2] (the first symmetric representation) and [11] (the first antisymmetric
representation) were previously obtained in [87]. The same results can be obtained using the cabling
methods. For this, we must replace each colored R-matrix in a three-strand braid with a combination of
the fundamental matrices in a six-strand braid:

R(12®12)®12 = RoR1 R3Ra, R12®(12®12) = R4R3sR5R,. (71)

We must then introduce the projectors onto the corresponding representations. As already stated in Sec. 4,
any number of projectors can be inserted (but not less than one on each connected component), and any
form of those described in Sec. 4 can be used. The most convenient way to simplify the calculations is
to use the path description of projectors and to insert two of them for each R-matrix, surrounding each
combination of operators in (7.1) with them.

For level-three representations, i.e., for [3], [21], and [111], the three-strand braid must be replaced
with a nine-strand braid with the corresponding replacement for the R-matrices:

Rise19)g1s = RsRoR1 RaR3RoRs RaR3,  Risg(1sg1s) = RoRsRaRyReRsRs Ry Re.

All the needed projectors are described in Sec. 4. The HOMFLY polynomials for three-strand knots in
representations [3] and [111] were presented in [89], and the answers for representation [21] can be found in
Appendix C in [98]. The same procedure can be repeated in the case of higher representations, but more
computational power is needed.

7.2. Four-strand knots. In the case of knots represented as the closure of four-strand braids, the
consideration is essentially analogous to that in the preceding subsection. For example, for the represen-
tations [2] and [11] (the first symmetric and first antisymmetric representations), the colored R-matrices
must be replaced with the fundamental matrices:

R(12®12)®12®12 = RoR1 R3 Ry, R12®(12®12)®12 = R4R3R5Ry4,
Rizg12g(12012) = ReRs R Rg.

In addition, the corresponding projectors in Sec. 4 must be inserted. The HOMFLY polynomials for four-
strand knots for the level-two representations were presented in Appendix D in [98].

8. Multicolored three-strand links

Colored links are much more complicated to study than colored knots because links have several
connected components and each component can have its own representation. The invariants of links with
the same representation on all components are calculated analogously to the invariants of knots, and we
therefore concentrate on links with different representations on the components here. Knots and links even
in the fundamental representation have one more property: orientation. While knots can be oriented in only
one way (in fact, there are two ways, but they are interchanged by a symmetry transformation), different
components with different relative orientations can be considered in the case of links. If a link is represented
in the form of a braid, then the orientation is given automatically: differently oriented links have different
braid representations. We also note that HOMFLY polynomials for links are not polynomials in fact: they
always contain some denominator depending on the chosen representations.

Here, we consider the simplest and mostly known examples to illustrate the approach under investiga-

tion.
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8.1. Method of colored R-matrices. The basic problem of calculations in the Reshetikhin—Turaev
framework in this case is as follows. If all strands in the braid have the same color, then all the R-matrices
are labeled with the ordinal numbers of the crossing strands, namely, R corresponds to the crossing of
the kth and (k+1)th strands of the braid. If different strands have different colors, then the situation
is different. In this case, the R-matrices are given both by the crossing strands and by their colors (see
the examples dissected below). We must also take into account that R-matrices contain the permutation
operators and hence change the placement of strands in the braid:

Rey. (TiTi1) Tt T1®@ @1 @T141)® - ®@Ty—1 —
TR Tl ® & Ty,
Uy (T TiTisy) Tonn: T1® @ (121 ®@T;) @Ti41) @ -+ @ Tyymy —

ST ® @ (Tim1 @ (T; @ Tig1)) @+ @ Ty

Using this rule, we can find all possible sequences of R-matrices that can be encountered in a given colored
braid.

The eigenvalues of the R-matrices are known: they are the same as for the diagonal R-matrices
described in Sec. 3.1 and are equal to Ry, 1,19 = £¢”? 7717”72 in the vertical framing. The eigenvalue
signs are essential only for crossings of strands of the same color because the number of the crossings
between every pair of strands of different colors is always even. In the considered examples, these signs
simply alternate in each R-matrix, i.e., the eigenvalue with the highest power of ¢ has a plus sign, the next
has a minus sign, and so on. Nondiagonal matrices can be constructed from the diagonal matrices using
Racah matrices [86], which can be calculated by representation theory methods [99].

We consider three particular cases where the braids representing the links are colored as [1] ® [1] ® [2],
1] ® 2] ®[2], and [1] ® [2] ® [3]. In all cases, the representation theory of the SU,(2) group suffices for
calculating the Racah matrices.

8.2. The case [1] ® [1] ® [2].

8.2.1. Calculations using the colored R-matrices. The tensor product of the representations
decomposes as

1] ® [1] ® [2] = [4] + 2 [31] + [22] + [211].

For the singlets, there are no mixing matrices, and the corresponding components of the R-matrices are
entirely described by their eigenvalues:

Ragneilt = Resneis = Rigz)s = Rigeena = ¢° 77 = ¢,
Rag2)o122 = Restyetze = Rig2)22 = Rigeel)2z = ¢ 77 = —q ",
o1 — M2 J— —1

Rae2)ei2it = Regneteir = Riaz)i2it = Rigeet)211 = ¢
Rasye24 = Rog(iens = ¢ = q,
Ragneziez = Regae)zz =47 =4,

M1 —1

Ragyezi2in = Regaen)2in = —¢ —q
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For the doublets, both the diagonal and the nondiagonal R-matrices are needed, and the latter are calculated
using mixing matrices. The doublet components of the diagonal R-matrices are

Ragnezis = diag(q¢™?, —¢*") = diag(q, —¢ "),
R(1®2)®1‘31 = R22®1)®1‘31 = diag(q%:s—%z, _q%21—%2) — diag(qQ, _q—l).

The mixing matrices calculated using the representation theory for the group SU,(2) are?

1 V[2lq[4q

| oBl Bl
Uipae1)31 = V12]414]q _ ! |
[3](1 [3]‘1
1 \/ [4]4
V1lg 2al3la

Urgig2)31 = Uagie1|31 =
\/[2

As a result, we obtain the nondiagonal R-matrices

1 V12144
g 0 @[3] 3]
Rogon)31 = Usgie1|31 (O —q1> Z/{2T®1®1|31 = \/[2] [Z] qq3 ’
q q _
814 [3lq
_ pT _
Rige2)31 = Rigog)s =
o1 av/[4]q
2
=Uig192)31 ! 0 Z/{f — av/[Ble  V/[214[3]q
0 _q—l R2Q \/4 . p

4
VB, Vi

As an example of applying these formulas, we compute the HOMFLY polynomials for several simplest
two-component three-strand links in the representation [1] ® [1] ® [2]. To study this case, we must place
the representation [1] on the two-strand component of the link and [2] on the one-strand component. The
simplest link of this type is a pair of split unknots in the form of a three-strand braid with the braid word
o1. The corresponding HOMFLY polynomial in the vertical framing is equal to

2
H%z = Trigi92 Ragi)ez = 451 + (¢ — q "S5 4+ 4S5 —q 1951, = 5755

The example next in simplicity is the representation of the torus link 7'[2,4] in the form of a three-
strand braid with the braid word o1090109071 or go01010201. The corresponding HOMFLY polynomial has
the form

T[2,4
H2@£1®]1 = Tragie1 ResneiRieee Ruse2Riee2) Rug2)er =

9 3 3 -5
=q S;+(q—q°)S5 +¢°S3, —q "S53
4See, e.g., [86] for a detailed derivation of the mixing matrices from the representation theory.
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The obtained answer coincides with the answer for the two-strand representation of the same link (if the

topological framing is used, which differs from the vertical framing by the factor A=1):
Alegé%g;&Straﬂd _ H1T®£22,4]72—strand _ q4%378%25=3k + q4%2178%2551 _ q85=3k + q74S=2kl.

The simplest nontorus three-strand two-component link is 52 or the Whitehead link® represented as a braid

with the braid word o] 'oa0 'oaoy . Tt differs from the torus link T'[2,4] by inverting all R-matrices acting

on the first pair of strands. The HOMFLY polynomial of the Whitehead link has the form

52 _
H2é1®1 = Trogie1 R(z}}a1)®1R1®(2®1)R(11®1)®2R1®(1®2)R(1®2)®1 =

S+ (" + P+ —20+2¢ " —q P =g P+ q7)S5 +q 1S5, — g3y =
S5

=2 (¢ +q ' =g A2+

@ == +30-¢" =+ )+ (" +’ +a—g HA?).
8.2.2. Calculations using the cabling procedure. To calculate the same polynomials by the

cabling method, we must replace each colored R-matrix with the corresponding product of fundamental
matrices, in this case acting on the four-strand braid (because 1+ 1+ 2 = 4):

R(1®1)®2 — Ry, R(1®2)®1 = RIQ®1)®1 — Ry Ry, s.1)
8.1

Rige2) = RJ{®(2®1) — R3 Ry, Rog1e1) — Rs.

The corresponding replacement for the inverse R-matrices is

~1 —1 ~1 ) —1p-1
R(1®1)®2 — Ry, R(1®2)®1 = R(2®1)®1 — Ry Ry,
-1 _ pf —1p—1 -1 -1
Rigae2 = Rigeen = I3 R, sl — Bz

In addition, we must insert projectors. We should use one of three projectors depending on where the
projector is placed in the braid:®

1+ ¢Ry 1+qRs 1+qRs

, = , = . 8.2
142 10211 142 19192 14 ¢2 (82)

Pgig1 =

The answers for particular links can be obtained by applying rule (8.1) to the projectors (8.2) correspond-
ing to the particular braid and then calculating the HOMFLY polynomial for the obtained braid in the
fundamental representation. The answers thus obtained coincide with the answers obtained using colored
R-matrices.

In the case of two split unknots in the form of a three-strand braid with the braid word oy, the
HOMFLY polynomial obtained using the cabling procedure is equal to

2
HZy = Tryi PigigaRi = ¢S5 + (¢ — ¢ ) S5 + 4S5, — g~ 'S5, = A S;S5.

5The Rolfsen notation cy for a link generalizes the Rolfsen notation ¢y, for a knot. In this notation, c is the crossing number,
i.e., the minimum number of intersections in the planar diagram of the knot or link, and n is the number of components.

6 As described in Sec. 4, different placements of the projectors and different numbers of projectors can be used. In all
calculations here, we use one projector placed at the beginning of the braid.

30



The torus link 7'[2, 4] represented as a three-strand braid has the HOMFLY polynomial
HzTgfé]l_g_mand =Trja Pagio1 1R - RaR3 - Ry - R3Ry - Ro Ry =
= ®SE+ (g — )8k + ¢°Sky — ¢3Sk, = AH1T®£22,4]—2—strand.
Finally, for the HOMFLY polynomial for the Whitehead link, the cabling procedure gives
H§;1®1 = Tragig1 P2®1®1RI1R;1 - RoR3 -Rfl -RsRy - RoR; =
=q¢ 'S+ (" ++ ¢ —2¢+2¢ " —q P —q P +q )5 +q S5y — ¢S5

8.3. The case [2] ® [2] ® [1].

8.3.1. Calculations using colored R-matrices. In the case 2] ® [2] ® [1], the tensor product of
representations decomposes as

2] ® [2] ® [1] = [5] + 2[41] + 2[32] + [311] + [221].

The singlet components of the colored R-matrices are

Hn3—y _ q2

Rag2)e2is = Resonezs = Reo(e2)s = Res@en)|s = 4

)

o1 — M2 J— —1

R(1®2)®2|311 = R(2®1)®2\311 = 732@(1@2”311 = R2®(2®1)\311 =q q

o1 — M2 — _qfl

Rae2)e2221 = Regnez2er = Rog1e2)221 = Ragee1)|221 = ¢

)

Risneils = Riseey)s = ¢ 72 =4,

R2e2)01311 = Rig@e2)sn = —¢* 22 = —1

Rpeneij2er = Rigee2)e = ¢ 72 = ¢ 2.
The doublet components of the diagonal colored R-matrices in this case are
_ _ pf _ pf _
Ras2ez141 = Rae2)ezis2 = R(2®1)®2\41 - R(2®1)®2\32 -
= diag(q™ ™72, —¢* ) = diag(¢®, —¢ ),
Rew2)o1j41 = diag(q”* =%, —¢™' = #?) = diag(¢*, -1),

R2e2)01j32 = diag(—¢™* ~2?, ¢~ %2) = diag(—1,q 7).

The corresponding Racah matrices are

Usgogija1 = Uigag2jal =

z/{2®2®1\32 = U1®2®2\32 =
\/[2
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2, /b
| Bl [3la
Usg 12141 = V15l 2l ;
[3]q [3]q
_ 3lq 13la
Usgigose = V12]4[4]q 1
3l Fla

As a result, we obtain the doublet components of the nondiagonal colored R-matrices:

_ pt _
Rag(1e2)a1 = R2®(1®2)|41 =

VR a2l
! ) ul = qB\/[3]q[4]q \/[3]q[4]q
_q—l 202®1]41 \/[2](1[5](1 q4\/[2]q )
[

= Usrgiw2)41 (%2
VBlal4lg V/13]4[4lg

_ pt _
Rowae2)ls2 = R2®(1®2)|32 -

¢ 0 1
= Uz 12|32 0 g u2®2®1|32:

2 7>/ 18]
4 0 3 q 3 q
Rig(202)41 = Usgaeijal (qo _1> U;®2®1\41 = 2 q[[g]q qL[L L1
[3]q [3]q
1 _ \/[2]q[4]q
—1 0 4 3 q q
R1®(2®2)|32 = UQ®2®1|32 < 0 _q2> Z/{g®2®1\32 = B 5[&]1[4],1 _qEIQ]
q[3]4 3]

As examples, we consider the same links as in Sec. 8.2 but now with the representation [2] placed on
the two-strand component and the representation [1] on the one-strand component.
For two split unknots, the colored R-matrix approach gives

2
Hy = q*S5+ (¢ = 1)1 + (472 = 1)S35 — Siyy + ¢ 2S5y, = A%2S;S;.

The factor A%¢? in this expression relates the vertical and the topological framings (see Sec. 5). For the
torus link T'[2,4] represented by a three-strand braid, we obtain

T[2,4] —3-strand
Hisan = Trigae2 R(1®2)®2R2®(1®2)R(2®2)®1R2®(2®1)R22®1)®2 =
=q2S: +(¢® — %S5 + (@ = 1)S5, — ¢S50, + ¢ 0S50, =

_ A2q2H5é2174]72—strand _ A2q2 (q4%3—8u2 Sk + q4%21—8u2 551) _ A2q105’§ + A2q—2351.
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For the Whitehead link, we obtain the HOMFLY polynomial

5 _ -1 -1 T —
Higomo = Trigaee R(1®2)®2R2®(1®2)R(2®2)®1R2®(2®1)R(2®1)®2 =
=¢S5+~ ra' P —2420" ¢ g g7 )Sh +
(- +q" + 24207 =g — g P+ q710)S5 — i1y + 7S50, =

1 -1
=A"yq H2®1®17

and the polynomials HSE@l@l and H 15(;2@ are hence equal up to a factor. This factor appears because of the
difference between the vertical framing, used in these calculations, and the topologlcal framing, in which
the answers for these two polynomials should coincide. The relation H2®1®1 — HL 16202 Must be satisfied
in the topological framing because the Whitehead link can be transformed using Reidemeister moves such
that the components of the link exchange places.
One more consistency check is that the answer must have the factorization property [61], [102], [103]
(see Sec. 11 for the details). The untied components of the Whitehead link are isomorphic to the unknots,
which agrees with the formula ,
5

1
Hg292 42

5153

q—1

8.3.2. Calculations using the cabling procedure. The cabling procedure in this case is analogous
to the one described in Sec. 8.2.2. The colored R-matrices are replaced with the combinations

R@g2)91 — R2R1R3Ra, Rag2)e2 =R]

(201)® - R1R27

Row(192) = Rhgoer) = RsRis  Riges) — RsRaRaRs.

Products of the inverse R-matrices are substituted for the inverse crossings. The corresponding projectors
are

14+ qR21+qRy 14+qRy 14+ qRy 14+qRy 1+ qR3

Plozes = . Pasier = . Pasos =
R g2 14 g2 T 2 14 g2 LT A4 142

The HOMFLY polynomial for two split unknots is
2
Hl%z =Trys Pagogi1R1 = qS; + (q— ¢ ') S5, +qS3, — ¢ 'S5, = AST S5,
For the torus link T%* represented as a three-strand braid, we have
H1®22§2 drotrand Tris PigogaR1Ra - RsRy - ReR1R3sRy - R4yRs - RoRy =
= "5+ (" —¢°)S5 + (¢* = 1)S5, — ¢ "S5, + ¢ S50
For the nontorus Whitehead link, the HOMFLY polynomial is written as
57 _ 11 1p-1p-1p-1 _
Higoge = Trigeee PigeseR] Ry - R3Ry- Ry Ry Ry Ry - RyR3- RoRy =

TS+ (P -2+42¢ g~ B+ O)S +

+(® = —q"+2¢7 =2+ 2+ — ¢ °)S5 — Sy + ¢S5
All these answers coincide with the expressions previously obtained using colored R-matrices.

33



8.4. The case [1] ® [2] ® [3].

8.4.1. Calculations using colored R-matrices. The tensor product of the representations [1] ®
[2] ® [3] decomposes as

1] ® [2] ® [3] = [6] + 2 [51] + 2 [42] + [411] + [33] + [321].
The singlet components of the R-matrices are

Rag2)es6 = Reenesls = Res(e2)s = Rss@eens = ¢ = ¢*,

Rag2)esa1 = Resesil = Reg(e2)411 = Rag@en)an = —¢ 72 = —¢ ',
R(102)0333 = Reenes)ss = Ras(e2)33 = Raseenss = ¢ 2 = ¢,
Raenesjse = Reenesse = Ras(ie2)321 = Rag@een)s = —¢' 72 = —¢ |,
Rasse2s = REenes = Ree(es)s = Reeeens = ™ =¢°,

Rags)z2a11 = REe)gza1 = Rog(ies)ai1 = Reg@en)an = —¢ 7% = —¢ ',
Raese2ss = REs)e3s = Res(es)ss = Ree@el)ss = ¢ % = —q¢ ',
Rae3)e2321 = REene2s21 = Reg(1e3)321 = Ree@e)z2r = ¢ ° = q?
Rpenells = REe2el)s = Ris@ees)s = Ris@e)s = ¢ 27 =¢°,
Res3)oijail = REe2)eij41 = Rigees)uir = Rig@e2)ar = —¢ 777 = —q,
Renelfss = REe2)e1ss = Risees)ss = Rig@e2)ss = 227 =q 7,
Rpeneijse = REseis = Rig@ees)s2n = Rieg@e2)se = ¢ 277 =q>.

The doublet components of the diagonal R-matrices are

_ _ pf _ pf _
Rue2esist = Ras2)esisz = Riagiess = Resnesje =
= diag(q™* ™2, —¢”*~2) = diag(¢*, —¢ '),
_ _ pf _ pf _
Raes)ezst = Raes)ez42 = Risgnezst = REene|e =
= diag(¢” 7, —¢”* =) = diag(¢®, —¢ ),

M5 — 2 — 13
)

Re3)@1)51 = R23®2)®1\51 = diag(q —q ) = diag(q®, —q),
R2@3)01j42 = R23®2)®1\42 = diag(g™ 72T, g2 TR = diag(q, —¢?).

The corresponding Racah matrices are

1 \/ 121,614
31,451

Uigagaist = Usgast)s1 = \/\[é][j][é]q _[ ]1[ ] 7
(3]4[5]q VBl
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2, VIBlg
Uipagsjaz = Usgogiaz = \}3[]5q]q [?]27
[3]4 - 3]
¢[% mem
B B [4],[5]4 [4]4[5]4
Uigzezist = Uagsgilst = 3406l 2]q
[4],[5]4 [4]4[5]q
¢ 2], Vmam
- B [3]4[4]4 [34[4]q
thaseziee = taeseris = \/[2]q[5]q _\/ i
[3]q[4]q 3lq[4]q

Usg 1351 = Usgig2)s1 = \/

u2®1®3\42 = U3®1®2\42 =

This leads to the formulas for the doublet components of the nondiagonal R-matrices:

_ pf _
Rssae2)51 = R3®(2®1)|51 -

_ \/[2]q Q\/[3]q[6]q
_u ¢ 0 | eAvViBle Vil
3®1®2|51 0 —q_l 3®2®1|51 3]q[6]q qs\/mq
labBls /4[5

_ ot _
Rss(e2)42 = Rag e =

_ ViRl Vi,

U ¢ 0\, | #VBL. VBl
R 0 —gr) e gl a2,
VBl VBl

_ pf _
Ragaes)st = R2®(3®1)|51 -

_ 1 *+/[2]4[6]4
q3 0 3 5 . 3 . 5 .
= U2®1®3|51 (0 B _1> L{g®3®1|51 — \/(1[2]\5[[6]]q \/[ q]5[ ]
V8l[5lq VIl



_ pf _
Ragi@s)la2 = R2®(3®1)|42 -

3
¢ 0 t By Bl
= Z/{ Z/{ = s
201342 <0 _q1> 2®3®1|42 Q\/[5]q q4
3lq 3lq

Rigees)s1 = RI®(3®2)|51 =

6
= U1g293|51 ! ’ Z’{{f®3®2\51 = 3\/[4 7 )
0 —gq q \/[G]q q \/[2]q

_ pt _
Rig(ee3)la2 = R1®(3®2)|42 -

_ g O ut _ - lq
1e2e32 | ) _ 2 | Misse2iaz V1204514 /2l
(I\/[g]q[4]q \/[3]q[4 q

We now consider several examples of calculating the HOMFLY polynomials for the simplest three-
strand three-component links. The simplest nontrivial three-component link is the split union of the Hopf
link and the unknot represented by the three-strand braid with the braid word o?. There are six (3!=6)
different ways to place three representations on a three-strand braid, which obviously reduce to three
different links because each link of this type has two braid representations differing in permutations of the
R-matrices in the trace. Taking this into account, we have three different links differing in the choice of
the representation for the unknot:

T[2,2

TrR1o203Reenes = Higs S5, TrRusseeResne: = Higs S3,
T[2,2] crs
Tr R 2es)e1 Riseer = Haws Si-

We can verify that the answers for the HOMFLY polynomial for the Hopf link in the expression calculated
for the three-strand braid coincide with the answers for the Hopf link represented by a two-strand braid:

T[2,2 3 — o QX 91 — 0 Q¥ * —2 Q*
Hl@EQ ] =dq 3 233 + q 2t 2521 - q4S3 + q 2521,

T[2,2 4 — 3 QX 231 — 3 Q* * —2 Q*
Hl@gS ] =4q 4 334 + q st 3321 = q654 + q 2521,

T[2,2 5 — 63— 00 Q¥ 041 — 63— o Q¥ 30— 263 — 200 QF  __ * * —4 q*
H2®E3 '=q SRSy 4 TR TG 4 TR TG — ¢S5 + 7S + ¢ S5,

The next simplest example is the “double Hopf” link, i.e., the composite link represented by the braid
with the braid word o1010205. As in the preceding case, six ways to place the representations on the braid
strands lead to three different HOMFLY polynomials:

TrigoesRigees) Rues)e2 Reene2RigBe2) =

HT[272] HT[272]
=T R R R R = s Ties
= 1213 2@ (1®3) /Y (203)®1 /Y (32)®1 /Y20 (301) — g )
3
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Trsg1e2R3e192) R(3e2)01 R2e3)e1 Ras2e1) =
722 g T2.2)
= Trigse2 Riece2) Ras2)e3ReeesRieees) = tez g e
2

Tl"3®2®1R3®(2®1)R(3®1)®2R(1®3)®2R3®(1®2) =

7122 g Ti2.2)
= Tragse1 RewcenResnesRae2)e3Ree(103) = ! g
1

It is known [100] that the HOMFLY polynomial of a composite knot or link is proportional to the product
of the HOMFLY polynomial of its constituents, which indeed holds in the considered case.

The simplest prime three-strand three-component link is the torus link 7°[3,3] = 63 in the form of a
braid with the braid word o10201020102. For it, we can apply the evolution method [61], [86], [93], which
allows finding an answer not for a separate link but for the whole series at once. In this case, the series is
T'[3,3n]. In the corresponding calculation, we must find the eigenvalues of the product

R = Ras2esReee3) Rees)e1 Rageen REsne Risee2)-

The coefficients in the character expansion of the HOMFLY polynomial are then expressed in terms of the
nth powers of these eigenvalues:

T[3,3 “ . —om ek o e _
H1®E2/®g] = Trigogs R" = ¢*2" S5 + 2¢'°" 8%, +2¢°"Sjy + ¢ > Si11 + ¢ 2" Sis + ¢ ¥ S50

This answer is obviously invariant under permutations of the representations on different strands because
it corresponds to cyclic permutations of the R-matrices in the trace.

The simplest nontorus three-component three-strand link is the link 63 (Borromean rings). It is repre-
sented as the braid o 1020{ lcrgcrf los. The corresponding HOMFLY polynomial is

Hfé)2®3 = Trig2es R{igmesRoe(1e3) Raese Reeee) Rag e Ris6e2) =

=Se 4 (=" +d+ =" - +a—q g P+ )8+
+ (_qu _|_q8 +2q6 _ 2q4 _ q2 _|_4_ q—2 _ 2q—4+2q—6 _|_q—8 _q—IO)SZ2 4
+ Si11 + S33 + S31 =

Sék 15 13 9 7 5 3 3

= (qg_l)z(q4_1)((q —2¢" 4+ +q" =" —2¢° + q)A® +
+(—q"" +2¢"° —2¢" +2¢" +3¢° —2¢* —q+2¢ g g A+
+ (@B =" —2¢° +¢"+2¢° =3¢ —2¢+2¢7% —2¢7 "+ ¢ A +
+ (_q7 +2q5 +q3 —q— qfl +2q75 _q77)A73)'

The answer is again symmetric under permutations of the representations.
The Borromean rings link consists of three intertwined unknots. Hence, the factorization prop-
erty [61], [102], [103] (also see Sec. 11 here) must give
63
Higops -1
518553

q—1

This relation is indeed satisfied.
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8.4.2. Calculations using the cabling procedure. In this case, we have six different substitutions
corresponding to different colored crossings:

Rae2)es = R22®1)®3 — R1Ry, Raes)e2 = R](Lg®1)®2 — R1RyR3,
Rie3)e1 = R23®2)®1 — RoR1R3RoR4R3,  Rigaes) = RI®(3®2) — R3RyRyR3R5 Ry,
Rowss) = R;®(3®1) — R3R4Rs, Riw(e2) = R§®(2®1) — RyRs.

The inverse crossings should be replaced with the corresponding products of the inverted R-matrices. There
are six projectors corresponding to the six (3!=6) permutations of the representations placed on the strands:

1+ qRo 14 qR4+ qRs + qR4Rs + qRs R4 + q2R4R5R4
Pigogs

1+ ¢ 1+¢*)(1+q¢*+q") ’

P _ 1+4+qRy 1+ qRy+ qRs + qR4Rs5 + qRs5 Ry + ¢®’RyR5Ry
T g (1+¢*)(L+¢* +q") ’
P _ 1+4+gqRs51+qR2 + qR3 + qR2R3 + qR3Rs + ¢®*RaR3 Ry
R T (1+¢*)(L+q* +q") ’
P _ 1+4+qR51+qRy +qRa + qR1Ro + qR2 Ry + ¢®’RiRa Ry
IR g2 (1+¢*)(L+q* +q") ’
P _ 1+4+qRy 1+ qR3+ qRs + qR3Ry + qR4R3 + ¢®*R3R4R3
B e (1+¢*)(L+q* +q") ’
1+qRs 1+ qRy + qRy + qR1 Ry + qR2 Ry + ¢ R1Ro Ry

Pygog1 = :

1+¢? (14 ¢*) (1 +¢*+q*)

Using these formulas, we can calculate the HOMFLY polynomials for three-strand three-component links
in the representation [1] ® [2] ® [3]. For the split union of the Hopf link and of the unknot, the answer is

TI‘ls P1®2®3R2R1 . RlRQ = Hfé2272]5§,

TI‘ls P1®3®2R3R2R1 . R1R2R3 = H1T®E23’2] S;,
Trys Pagag1 RoRi RsRaRaRy - RyRiRyRyRi Ry = Hyly S5
For the “double Hopf link,” we have

Tris PigogsR3RoRiR3Rs Ry - R3RoRy - RiRoR3 - RyRs R3sR4RoR3 =

T[2,2] 1 T[2.2]
_ _ H2®3 Hl®3
=Trie PagigsRs RaR3 - RoR1 R3Ro R4 R3 - RsRyRaR3R1 Ry - R3RyR5 = g ;
3
Tri6 Psgig2RaRs - RsR1RoR3R1 Ry - RoR1 R3sRoRyR3 - Ry Ry =
7122 T12,2
— _ 1®2 2®3
= Tris Pig3g2R3RaR4R3Rs Ry - RoRy - R1 Ry - RyRsR3 Ry RoR3 = g ,
2

TI‘le P3®2®1R5R4 : R1R2R3 . R3R2R1 . R4R5 =
HT[272]HT[2,2]
— _ 1®2 1®3
= TI‘16 P2®3®1R3R4R5 . R1R2 . RQRl . R5R4R3 = S*
1
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For the series of torus links, we have
H%?;’gg] = Tris Pigog3(R2Ry - RsR4R3 - RoR1R3RaR4R3 - RyR5 - R3RoRy - RyRsR3R4RoR3)" =
= "S5 420" S5 + 267" Sho + 42" Sk + ¢ PS5 4 4" S
Finally, for the Borromean rings link, the HOMFLY polynomial is written as
H%, s = Tryo ProsesRy 'Ry' - RsRuRs - Ry 'Ry 'Ry Ry 'Ry 'Ry %
X R4Rs- Ry 'Ry 'Ry - RyRsR3R4RoR3 =
=S5+ (=42 +¢""+ " —¢' — P4 P+ )8 ¢
(g0 P2 — 2 — P A2 -2 2 g — 108, +
+ Sin + 533 + S3a1-
In all cases, the answers coincide with the calculations using colored R-matrices.
9. Cabling procedure from the representation theory standpoint

In the preceding sections, we described the cabling procedure and all the quantities needed for it and
also considered a series of examples. In doing so, we regarded the procedure itself as a postulate. In this
section, we discuss why this cabling procedure should work from the representation theory standpoint. We
emphasize that the cabling procedure arises not from topology but from representation theory. Hence, the
cabling procedure can be used to calculate not only topological invariants, i.e., the HOMFLY polynomials,
but also objects that are closely related to them but are not topologically invariant themselves, such as
extended HOMFLY polynomials [85] and R-matrices.

In representation theory, higher representations are introduced using the coproduct operation. The
coproduct yields the action of an algebra on the tensor product of the representations and thus determines
the decomposition of the tensor product of representations into irreducible representations. This is exactly
what the cabling approach does. We consider the two-strand R-matrix corresponding to crossing strands
with representations 77 and T». We describe it using fundamental R-matrices acting in the |13 |+|T%|-strand
braid. The corresponding cabling procedure can be schematically described by two operations: first, the
colored R-matrix is replaced with the product of fundamental representations,

|T2| |T1]
Rrior. — [[ 11 Rimieiso (9.1)
i=1j=1
and, second, the projectors Pr are inserted.
First operation (9.1) is based on the equality
|T2| |T1|
Rumigire = [ [ [] Biryjvi-so (9.2)
i=1j=1

which in turn is a consequence of the definition of the coproduct for R-matrices [104]-[106]

R(T1®T2)®T3 = (IT1 ® RT2®T3) : (RT1®T3 & IT2)7
RT1®(T2®T3) = (RT1®T2 ® ITs) ’ (ITz ® RT1®T3)7
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where Ty, Tb, and T3 are arbitrary, not necessarily irreducible, representations. Relation (9.2) follows
from (9.3) by induction. We apply the first relation in (9.3) |T}] times,

R1m+1®1 = R(1m®1)®1 = (Ilm & R1®1) . (R1m®1 & Il) =

m+1
=Runpi(Rimg1 ® 1) = H Ryita,
i=1

and then similarly apply the second relation in (9.3) |75] times.

The second operation is based on the definition of projectors. This definition relies on the expansion
of the tensor power of the fundamental (or higher) representation into the irreducible representations:
1" = 3 qm T (see Sec. 4). After the projectors are defined, the second step is based on the known
identity in linear algebra

Tryi7y1 1m0 Pry Pry - () = Trryem, - (-).

Summarizing, we note that the cabling procedure is based on the claim that a colored R-matrix is
equal to the product of the fundamental R-matrices and the projectors.” In particular, this means that in
the basis where the corresponding projectors are diagonal, the “cabling” product of the fundamental R-
matrices splits into “colored blocks” corresponding to different irreducible representations. This statement
is nontrivial from the standpoint in Sec. 3, where the fundamental and colored R-matrices are considered
two independent quantities defined via their eigenvalues.

The main technical obstacle here is to pass from standard basis (3.2), where the form of the fundamental
R-matrices is known, to the basis

(191®---®1)e(1®1® - 1)®---(1®1® 1),

where the colored R-matrices should be calculated. The Racah coefficients [99] directly describing this
transition are unknown in the general case. But the necessary transition matrix can be found in several
cases. To simplify the problem of passing from one basis to the other, we can try to diagonalize the
projectors Fq,

11®--9(101®--®1)®--®1—-1818-QQ®---®1, (9.4)

for which expressions are known in the form of polynomials of the fundamental R-matrices (see Sec. 4). In
turn, the fundamental R-matrices are known explicitly (see Sec. 3.3).

9.1. Colored R-matrices from fundamental ones. As described in Sec. 3.3, fundamental R-
matrices are built from blocks of sizes 1x1 and 2x2. The 1x1 blocks are just the eigenvalues +¢*!, and
the 2x2 blocks have the form

1 VIk =1k +1]
q"[K] (K]
VIk =1k +1] q*
(K] (K]

and can be diagonalized using

¢m—n _¢w+n
[2][K] [2][%]
\/ [k + 1] \/ [k —1]
[2][K] [2][%]

Hence, it is easy to diagonalize each R-matrix separately. We can thus obtain expressions for R-matrices
for level-two representations from the fundamental R-matrices.

"The exact equality holds in the vertical framing (see Sec. 5). Under another framing choice, framing factors must also be
taken into account.
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9.1.1. The case |Q| = 2. Colored R-matrices for the level-two representations (i.e., the representa-
tions [2] and [11]) are diagonal in a basis of the form

Ieh)e(lel)e(1lvwl)®.... (9.5)
In such a basis, all the projectors
PP 1e)e(lel) (1) —>(1e)e(1el) - 02®...,
PP 1ehe(lel) -21el)e —(esl)e(lel)-e11...,

where j denotes the number of projected pairs of fundamental representations, are diagonal.
We have (see Sec. 4)
. 1 Ro._ . 2 Ro._
PQ(J): + qlia; 17 Pl({):q qivz; 1,
1+ q2 1+ q2

)jl)l (which is equivalent to diagonalizing all the PQ(j )) means diagonal-

and diagonalizing all the projectors PQ(
izing all the “odd” fundamental Ry;_i-matrices. In fact, this can be done because the only noncommuting
R-matrices are adjacent pairs, i.e., R; and R;;1. For R-matrices of the form described above, this means
that where there is a 2x2 block in one of the matrices, there must be either a diagonal block with equal

diagonal elements or the same 2x2 block in all the other matrices.

9.1.2. The case |Q| = 3. A basis in which the R-matrices for level-three representations are diagonal
has the form
1I®lel)e(lelel)---@(1elxl). (9.6)

In such a basis, all the projectors
PP (1e)e(lel)-o(1lel)e - (1)o(1el)---®2...,
PP (1e)e(lel)--9(1lel)e-—(1el)e(lel)---0lle...,

PY: 1e)e(lel) - e(1ol)e-—(1o)e(1el)---0lle....

are diagonal. As in what follows, it suffices to diagonalize only the projectors PQ({). As follows from (4.12),
the corresponding formulas for projectors expressed in terms of R-matrices have the form

(R3j—2 — R3j—1)?

PO _
2 g2+ 1+ ¢?

Basis (9.6) is not well defined because there is a freedom to choose the basis in the two-dimensional space of
the representation [21] arising in expanding the product in each bracket: [1]® [1] ® [1] = [3] +2[21] +[111].8
This ambiguity can be eliminated by fixing the order of multiplying the fundamental representations in
each bracket, for example, as

(lehe)e(le)el)@ ) (1el)®1). (9.7)

All the projectors *P2(j ) = (14 qR3j—2)/(1+¢?) are also diagonal in this basis. They can be diagonalized in
the same way as the projectors PQ(J ) were diagonalized above. We can then calculate the matrices of PZ({)

8There is also a more general ambiguity in choosing the basis because the order of multiplying the brackets is not defined.
In all cases, we choose the basis ((((-)® (-)) ® (+))-+) ®..., which is a generalization of standard basis (3.2).
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in the same basis. Nondiagonal elements appear in this matrix only where there are unit or zero blocks
in the already diagonalized projectors Pé{) and *Pz(? because these projectors commute for all j and [. In
the six-strand case, all the P2({ ) consist of 2x2 blocks with the single exception of the 3x3 block appearing
several times in the component Pz(f‘)gm corresponding to the representation [321]. The universal form of
the blocks in the projectors onto level-three representations, in contrast to the blocks in the fundamental
R-matrices and the projectors onto level-two representations, is unknown. We calculated these blocks in

several particular cases and presented explicit expressions in Appendix F in [98].

9.2. The permutation operators in R- and U-matrices. We can define the operators ¢ (mixing
matrices) in one of two ways. In the first way, these operators are defined as the matrices of transition
from one basis (e.g., where the R-matrix corresponding to the crossing between the first pair of strands
is diagonal) to another basis (e.g., where the R-matrix corresponding to the crossing between the second
pair of strands is diagonal). All the U/-matrices described in Sec. 8 are defined this way. The approach that
uses mixing matrices of this type assumes that the diagonal form of the R-matrix is known irrespective of
the location of the corresponding crossing strands. There is another way to define the operators ¢4. The
main difference is that the operator ¢4 now includes a permutation operator and consequently changes the
placement of strands in the braid. We let U denote these matrices. The operators U discussed in this
section allow defining an arbitrary R-matrix using only diagonal R-matrices corresponding to the crossing
of the first and second strands. The way to define the operators U is shown below (here and hereafter, m
denotes the number of strands):

For m = 2,
Rr.1,
Th®T > T,
For m = 3,
R(T1T2)T3
(M eT)eT;s > (T2eT)®Ts
Unrm Ur,nmy
A\ A\
RT3(T2T1)
T3 @ (T, ® T1) » Tz el)
and

Reyer) =UnnrnsRmm)rs U}2T1T3-

In what follows, we consider some concrete examples and describe the form of the products of the
fundamental R-matrices corresponding to colored R-matrices. In all the examples discussed below, just as
everywhere in this paper, R-matrices are written in the vertical framing.

9.3. The case |T'| = 2, m = 2. In the case where |T| = 2 and m = 2, we have a single R-matrix,
which according to (9.1) should be replaced with the product

Rl — 9{1 = RleRBRQ-

In basis (9.5), R splits into blocks corresponding to the colored P-matrices of the type Rgqs, where
|Q| = |Q'| = 2 (in the drawing, solid lines denote the symmetric representation, and dashed lines denote
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the antisymmetric representation):

oA X

Ra2 Riiz Ra11 Rii11

In this case, the solid lines correspond to the representation [2], and the dashed lines correspond to [11].

For @ = [31], we have the following. The representation [31] appears in the decompositions of 2 ® 2,
2® 11, and 11 ® 2 and does not appear in the decomposition of 11 ® 11. Hence, the PR-matrix contains
three of the four possible blocks:

10 0 Rogast 0 0
Riysm=| 0 0 ¢|= 0 0 Rag11j31
0 ¢ 0 0 Ri1g2)31 0

For @ = [22], we have the following. The representation [22] appears in the decompositions of 2 ® 2
and 11 ® 11 and does not appear in the decompositions of 2® 11 and 11 ® 2. Hence, the R-matrix contains
two of the four possible blocks:

" <q2 0 ) <R2®222 0 )
122 = = .
0 ¢ 0 Riioi1)22

9.4. The case |T| = 2, m = 3. In the case of three-strand knots, there are two different R-matrices:
Rl — 9%1 = RQRleRQ, RQ — 9%2 = R4R3R5R4.

The colored mixing matrix U should also be replaced with a certain product of the fundamental matri-
ces, 4 = UVWY - UVW (the notation is as in [86], [90]). There are eight different types of crossings
corresponding to the SR-matrices:

XX XA

R(2®2)®2 R(2®2)®11 R(2®11)®2 R(11®2)®2
Roomons Ruson Rowwes Recmen
XX A X
Rag2e2) R2® '2'@?11) R2® '1'1®2) Riie(202)
Rag11011) Riig(2011) Ritg1102) Rugigi1)
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The eight possible transitions between them are described by the operators i given by

Usg2g2 Uss211

Uspi1e2 Urig2s2

Usor1011 Unig2011
e

Uneie2 Unigrien

In the basis ((1®1)® (1®1)) ® (1 ® 1), the matrices R and & have a block structure:

R (202)@2 0 0 0 0 0 0
0 Resnen 0 0 0 0 0
0 0 0 R (2011)®2 0 0 0
. 0 0 R(1192)®2 0 0 0 0
1= 0 0 0 0 0 Re11)®11 0
0 0 0 0 R1192)@11 0 0
0 0 0 0 0 0 R11o11)02
0 0 0 0 0 0 0
Rog(202) 0 0 0 0 0 0
0 0 Ros(2011) 0 0 0 0
0 Ropaies 0 0 0 0 0
0 0 0 Ri1(202) 0 0 0
Ry =
0 0 0 0 Row(1011) 0 0
0 0 0 0 0 0 Riteee11)
0 0 0 0 0 Ritg(102) 0
0 0 0 0 0 0 0
Usgagz 0 0 0 0 0 0 0
0 0  Uingogz O 0 0 0 0
0 0 0 Usgiige O 0 0 0
0 Usgegnn O 0 0 0 0 0
U= 0 0 0 0 0 0 Unisiig: 0
0 0 0 0 Unig2w11 0 0 0
0 0 0 0 0 Ussiisn 0 0

This means that the equality SRy = U9 UT splits into separate parts:

Rog(202) = U2®2®2R(2®2)®2U2T®2®27
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R11®(11®11) = U11®11®11R(11®11)®11U1T1®11®11a
Rie@e2) = U2®2®11R(2®2)®11U1T1®2®27
Rog1102) = U2®11®2R(2®11)®2U2T®11@27
Rog@o11) = U11®2®2R(11®2)®2U2T®11®11a
Rasien) = Unene2Raieie2Ussiienn:
Ritgeeil) = Uig2e11 Raie2)e11 U1T1®2®115

_ U
R2®(11®11) = U11®11®2R(11®11)®2U2®11®11'

The explicit form of the blocks was presented in Appendix G in [98].

9.5. The case |T| = 3, m = 2. Because of the technical complexity of the calculations, we restrict
ourself to only calculating two-strand knots for representations of size three. This case requires calculating
for six (2-3=6) strands in the fundamental representation (as in the case of three-strand knots in the
representations of size two). We should take a basis of the foom (1®1®1)® (1®1® 1).

According to (9.1), we must replace each R-matrix with the product of nine fundamental R-matrices:

Rl — R = R3R2R1R4R3R2R5R4R3.

In basis (9.7), this matrix decomposes into blocks corresponding to the irreducible representations arising
in the decomposition (1® 1) ® 1 =3+ 21+ 21 + 111. We have

R = diag(rtap111, 3021, 210111, T21021),

where
Rsx3 0 0 0 0 Rs21 0 0
3111 = , U321 = )
0 Rines 0 0 0 0 0 Riga
0 0 0 Ritigiit 0 0 Roigs 0
0 Rit1e21 0 0 Ro1g21 0 0 0
Roigi11 0 0 0 0 0 Ro1g01 0
21111 = , 2121 =
0 0 0 Rit1g21 0 Rorg21 0 0
0 0 Roigi11 0 0 0 0 Ro1g21

The explicit form of the blocks was presented in Appendix H in [98].
10. Cabling procedure and the eigenvalue conjecture

It was proposed in [89] that a certain relation exists between the eigenvalues of an R-matrix and the
corresponding Racah coefficients. It was asserted that all three-strand U-matrices depend only on the
(somehow normalized) eigenvalues of the R-matrix; it was further supposed that all three strands are in
the same representation. Studying the cabling procedure, we can explain why the U-matrix elements are
expressed in terms of the eigenvalues of R-matrices.
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10.1. Constraints on the R-matrix elements from the cabling procedure. The existence of
the cabling procedure implies that there are severe constraints on the form of R-matrices. As already
discussed in Sec. 9, this procedure in fact describes the fusion (coproduct) rule for R-matrices. This means
that the specific products of R-matrices in a certain basis split into blocks corresponding to the R-matrices
in higher representations (see examples in Sec. 9). Hence, coproduct rule (9.3) can be considered a system
of constraints on the form of R-matrices:

where the diagonalized R-matrix is in the right-hand side; each possible w corresponds to one of the
eigenvalues of the matrix. The appearance of the three transition matrices instead of two in this relation
can be explained as follows: the R-matrix R, is diagonal if it acts from the space w® = to the space x @w.
Therefore, if the matrix in the right-hand side of (10.1) is required to be diagonal, then three transition
matrices are needed. Relation (10.1) as always splits into separate colored blocks, one for each space of
irreducible representations @ F = ® z ® x corresponding to the same Young diagram. We keep in mind that
all relations in this section are written for separate colored blocks U, although the index @ is omitted.
In particular, the index w in (10.1) ranges not all irreducible representations from the decomposition of
x ® x but only those that contain @ in the decomposition of w ® x.

If all elements of the diagonal matrix R,, are known, then system (10.1) imposes severe constraints
on the elements of the Racah matrix U and on the eigenvalues of the matrix R, for the representations
w such that |w| > |z|. At first glance, system (10.1) even seems overdetermined: the condition that the
off-diagonal elements in the left-hand side vanish leads to N2—N relations, while there are only (N2—N)/2
free parameters in the orthogonal matrix /. The seeming contradiction is resolved because the Racah
matrix U is not only orthogonal but also satisfies o = oldT for some matrix o such that o;; = 0 for i # j
and o;; = £1. We say that such matrices U are pseudosymmetric. Assuming that I/ is pseudosymmetric, we
can see that the number of independent equations in (10.1) decreases. In concrete cases, we show that the
number of independent equations is exactly equal to the number of variables. In fact, it suffices to consider
only symmetric matrices because each pseudosymmetric solution ¢ of (10.1) corresponds to a symmetric
solution.”

10.2. Expressions for U-matrix elements in terms of R-matrix eigenvalues. For the further
analysis, we slightly simplify expression (10.1). It follows from (10.1) and the orthogonal matrix property
detyd = +1 that det? R(zz)z = det Ry, Hence, a direct substitution shows that (10.1) still holds if the
R-matrices in both sides of the equation are rescaled as

R
R (s detr)/n (102)
where n is the size of the matrices and the sign of the determinant is chosen such that the expression in
the brackets is positive for positive real ¢ (this choice slightly simplifies the subsequent formulas). We can

then rewrite (10.1) in components as

> Ui Ui Ui €6 = b, (10.3)
jik=1
where ¢ and 7 are the normalized eigenvalues introduced in [89]:1%
(£det R)Y/™

Diag(wa)wa(X)w

Ediag(fla--wfn), (:l:detR)l/"

= diag(m, ..., Mn)-

91f the matrix U is pseudosymmetric, i.e., Uo = old, then the matrix Uo is symmetric: (Uo)t = Uo. Hence, a symmetric
solution can be obtained from a pseudosymmetric solution by replacing U with Uo in (10.1).

10Normalized eigenvalues were denoted by 5 in [89] while ¢ was used for ordinary eigenvalues. We use £ for the normalized
eigenvalues because ordinary eigenvalues do not appear in the calculations in this section.
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Equations (10.3) together with the orthogonality condition 22:1 U;rly, = 0 establish a system of equa-
tions for the U-matrix. At first glance, it is impossible to find an explicit solution of the system because it
is substantially nonlinear. But this system reduces to the linear form in some particular cases.
Because we assume that U/ is orthogonal and symmetric, we can express it in terms of a symmetric
linear projector P as
U=1-2p, P>*=P, P =P, (10.4)

and consequently &% = 1, UT = U. In the simplest case, rank P = 1, and then
P = Uiuy, Z/{l'j = 51']‘ — 2uiuj. (105)

Substituting these equations in (10.3) in this case gives

n n n 2
6:u&] — 2uiw (& + & + &&) + duswg ((&‘ +&) Z uié; + Z U?ff) — 8u;uy (Z U?fj) = dimi- (10.6)
=1

Jj=1 Jj=1

As a result, we obtain

n n n 2
—(G+&+6a)+ 2((&‘ +&) Zufij + Zuféf) - 4(2 U?Sj) =0, i#l, (10.7)

Jj=1 Jj=1 Jj=1

for the off-diagonal components. Condition (10.4) then reduces to

> oul=1. (10.8)

The projector in form (10.5) is the only possible choice for the mixing matrix blocks of size n = 2. For
n = 3, the case rank P = 2 is also possible, which is reducible to the preceding case using the relations

U=1-2P=2(P—1)—1, (1-P)*=1-7P, rank(l —7P)=n—rankP.

We obtain explicit expressions for the U-matrix for n = 2,3 in Secs. 10.2.1 and 10.2.2. For n > 4 and
rank P = 1, system of equations (10.7), (10.8) turns out to be incompatible, and the case rank P = 2 is not
reducible to (10.5). Hence, there is no solution of form (10.5) for n > 4.

After the U-matrices are obtained, the normalized eigenvalues 7 for the higher representations are
immediately determined from (10.6). Another way is to determine 7; directly from (10.1) by supposing
that U = U. Indeed, introducing the notation R = Diag (me) we rewrite (10.6) as URURU = R.
Consequently,

wrrz®z’
URU = RUR™Y,  URU =R UR,

and hence RUR ™ — R™IUR = 0.

If R and R are renormalized according to (10.2), then the last equation rewritten in components is
(& 'my — & 'ni)Uhi; = 0, whence we have & = C if Uy # 0 for all i and j (which holds for all known U-
matrices). It follows from the relation for the determinants of the matrices in (10.1) that C3 = 1. Moreover,
we can set C' = 1 because the common phase factor is inessential for determining the normalized eigenvalues.
Therefore, n; = &; 1. The same relation is obtained using the general formula Rayig = ¢ 7 in
accordance with (3.1).
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10.2.1. The 2x2 mixing matrices. Conditions (10.7) and (10.8) give two equations for u$ and u3,
one quadratic and one linear:

uié) + 266uTul + uzés — (26 + G&)ul — (28 + L&)ul + &+ L&+ & =0,
uf +uj = 1.

Eliminating u3, we obtain ((&; — {2)u1 51) = 0. Hence, system (10.7), (10.8) has a unique solution, and
this solution is rational in u? and u3. Substituting this solution in (10.4) yields the U-matrix

1 VE+1+8
(Uu U12> _ §—& &1 — &
U2 —Un VE+1+& 1
& —& & —&

This expression coincides with the one presented in [89].

10.2.2. The 3x3 mixing matrices. For n > 2, Eq. (10.7) gives not one but several relations (one
for each off-diagonal element of the symmetric matrix), and the difference of any two of them gives a linear
equation for u?:

(G -G+ &G — &) +2(& —&m)D Uiy =0, iFL#m.
j=1
For n = 3, this equation leads to three different equations, each of which factors as

i=1,1=2,m=3 (&—&)(&ui+&ui+&ui—&—&—E&)=0
i=2,1=1,m=3 (& —&)(&ul+&us+&ui— & —&—&) =0, (10.9)

i=3,1=1,m=2 (&—&)(&ui +&ui+ &uz — & — & — &) = 0.

The factor depending on u (the second factor) coincides in all three expressions. This factor is linear in u?,
u3, and u3, and the same holds for (10.8), which for n = 3 has the form

uf +uj +uj = 1. (10.10)

Expressing u3 and u3 from (10.9) and (10.10) and substituting the results in (10.7) for i = 1 and [ = 2, for
example, we obtain

flul §2u2 §3u3 + 2§1§2u1u2 + 2§1§3u1u3 + 2§2§3u2u3 (251 + 5152)
— (26 +&b)us — (B +E&+EE)E+ (E + 6 +ak) =
All this leads to a linear equation for u?:
(& —&& — L&+ &8 — & =0.

The solutions of this equation together with the corresponding solutions for u3 and u3 after substitution
in (10.4) reproduce the formula in [89] for the 3x3 mixing block:

v = G1(&2+ &) Yoy — . 2(& 1 &) Yoo — . SE&+E)

H (61— &) (&1 — &) 2 (fa —&)(62 — &3) % (§3 —&1)(&3 — &)
U2 — (& - 1)(52 1) U2 — (&-1)(E-1)

2 £162(&1 — £2)2(&1 — &3) (&2 — &3) 2 £263(&2 — £3)2(&3 — &2)(&3 — &)
U2 — (& - 1)(53 1)

1 §183(61 — &3)2(&1 — &2)(&3 — &2)
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10.3. Eigenvalue conjecture in the case of different representations. Using the methods
described in Sec. 10.1, we can try to generalize the eigenvalue conjecture to the case with different repre-
sentations on the different link components. Such a generalization potentially leads to the possibility of
calculating invariants of colored links by a direct application of the Reshetikhin—Turaev formalism. The
generalized eigenvalue conjecture that we propose and illustrate below is that the mixing matrices for a
given colored braid are completely determined by the normalized eigenvalues of those R-matrices that can
appear in the given braid.

10.3.1. Two different representations.

Conjecture 1. Fach of the two mixing matrices Ugsg and Uggs = L{;QQ is expressible in terms of
the two sets of normalized eigenvalues of the two matrices Rgg and Rsq.

We can then write two relations instead of (10.1):

But the first of them already suffices to determine both the mixing matrices and the eigenvalues in the
right-hand side.

We present the form of the 2x2 mixing matrix. Writing R and ¢ in matrix form and substituting
them in (10.11), we obtain the two matrix equations

—Cz Sz \ [Eya 0 —¢y Sy \ [Eyy 0 —Cy Sy Euwy 0
Sz Cx 0 _fy_acl Sy Gy 0 _fy_yl Sy Cy 0 _57;; ’
Sy Cy 0 _€;y1 Sz Cg 0 _57;11 Sy Cy 0 —&ua
It turns out to be quite simple to solve this system. The compatibility condition for the off-diagonal
components of the first equation is reducible to an equation linear in ¢; and s = 1 —¢;. We can find ¢
from this equation. After cf/ is found, we can obtain ¢, and s, as solutions of the corresponding degenerate

linear system. Substituting the obtained ¢ and ¢} back in (10.11), we find &, and &,. The solutions thus
obtained are

CQ _ %w - f;ly 02 _ gy(l - %w)2
CA-&,)0+8,) gL -8)?
2 ¢4 2 4 4 ¢2
82 _ 1- xSy 82 _ ( Tx yz)(l — Sapy rr)
1 1
gww = - y fw = - .

10.3.2. Three different representations.

Conjecture 2. Fach of the three mixing matrices U,z = Z/{sz, Upzy = Z/{Jm, and Uyy, = U;yz is
expressible in terms of normalized eigenvalues of the three matrices R,., Ry., and Ry,.
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In this case, we have three equations instead of one (10.1):

uryzR(yz)w urzyR(wz)y uzzy = szv
Z/{mzyR(Zy)w uryzR(wy)z uyzz = Rwy, (1012)

uZyIR(yw)Z uzmyR(zw)y uzzy = Ruyz-

In fact, any two of them suffice to determine all the mixing matrices and eigenvalues in the right-hand side.
We write the 2x2 mixing matrices. The first equation in (10.12) in this case becomes

—Cy Sy fzy 0 —Cz Sz ng 0 —Cz Sz _ ng 0 ) (1013)
Sy Cy 0 —521,1 Sz Cz 0 _é-;zl Sz Cx 0 _51;;[

In all, we have four equations for the off-diagonal components of two equations in system (10.12). We can
find the solutions of this system by studying the compatibility conditions for these four equations (these
conditions are reducible to linear equations for squared parameters of the mixing matrices). The solution
has the form

: %y(l - ;Ly)(l - ;Lz) ’ : %y(l - éy)(l - ;Lz) , v gyw .

The signs of the solutions ¢, and s, can be recovered by substituting them in (10.13).

10.4. Blocks in the nondiagonal R-matrices. Following the approach in Secs. 10.1-10.3, we
can also determine the form of R-matrix blocks, which were presented in Sec. 3.2. From the consistency
condition for the cabling procedure, we can derive the relations directly for the elements of the R-matrices:

Diag(Rzm‘w)wm%g = Rym+19s Rogam+1. (10.14)
wRx

It then follows from relation (10.1) and coproduct formula (9.3) that

Dlag(Riﬂw)wgw%rQ, = Rw’"@(w@w) R(w’”@w)@w R(w@w’”)@w Rw’”@(w@w) =

= er®(z®z) Diag(Riz\Q)WF’U«@w, Rlﬁm@(r@r)a

®zQ

where u is an irreducible representation such that « - 2™~ ! and Q F u ® 22. Different u never appear in
the same mixing block because of the properties of R-matrices. The size n of a nondiagonal block is equal
to the number of representations w that satisfy both w - v ® x and w ® x 4 Q. Below, we find the explicit
form of the blocks in nondiagonal R matrices in two cases where the mixing blocks are of size n = 2: for
the fundamental representation x = [0 and in the case where the representations x, u, @, and hence all w
are described by hook diagrams.

Introducing the notation 711, r12, and ra2 for the elements of the unknown block and A; and A5 for the
corresponding eigenvalues of R, ., we can rewrite (10.14) for the 2x2 block as

T11 T12 )\% 0 T11 T12 :\% 0
T12 T292 O /\g T12 T292 - 0 /N\g .
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The equations for the off-diagonal elements are written as 7“12()\%7"11 + )\%7’22) = 0. We also use the obvious
property of the 2x2 matrix

2
r11 + T22 = p1 + e, 11722 — Iy = M1l42,

where g7 and pg are the eigenvalues of the nondiagonal block, which we assume to be known. The solutions
of these equations are

_ (m )N _ (m+p2)N o (AT + p2A3) (11 A3 + p2 A7)
™11 =7 |9 2 22 == |9 9 T2 = 2 2)2 ‘ (10.15)
A= A3 A=A (M —A3)
We consider the fundamental representation. If x = [, then representation @ is obtained from w
by adding the pair of boxes (i1,j1) and (io,j2). Consequently, there are two possible representations w
obtained from u by adding one or the other of these boxes. In accordance with general formula (3.1), we
have

w1 =q, o = _q*17 Ao = q%wly2_%u — qj1,27i1,2.

)

Substituting these expressions in (10.15) gives the formula in Sec. 3.2 for the blocks in the fundamental
R-matrices:

o oq—q! V(g =g (gnt =gt
R _ q"(¢" —q™) " —q"
HOUENIC T gt — grne1)(gnet - g q"(a—q7") ’
qr—q" e —q"

where @ = w1 U (i1, j1) = w2 U (i2, j2) and n = jo — iz + j1 — i1.
We now consider hook-type representations. If = [rq,1%1] and u = [rq, 1°2] are hook-type representa-
tions, then @ can be one of three hook-type representations because

[’I”Q, 152] X [’I"l, 151] X [7‘1, 151] =
_ ([7.2 + 7, 152+51] + [7.2 +r =1, 1S2+51+1] +. ) X [rh ]_51] =

= [2ry 479, 179752 4 202y 41y — 1, 120052 H ) 4 (2 4y — 2 12000022

)

where the ellipsis denotes representations not having the hook form. The three possible hook-type repre-
sentations are

Q = [2’/’1 + ra, 1231+S2], QI = [27"1 + 1o — 1, 1281+S2+1], Q/I = [27’1 +7ro — 2, 1231+32+2],

where the first and the last representations are singlets, the second is a doublet, and the intermediate
representations are

wy = [ry 479,157, wy = [rq + 7o — 1, 1517521,

Because any path that ends at the hook-type representation @) goes only through hook-type representations,
the corresponding matrix block Rymgzgs corresponds to one of the two representations y arising in the
decomposition of x ® x:

yi=[2r, 1%,y =2 - 112
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For these representations, eigenvalues in (10.15) are given by (3.1):

= q”‘ylf”‘m _ qr1(2r171)7sl(2s1+1) = quJrSlu’ o = _q”‘yzf}"l _ _qfrlfsluj
A= q%wl*%u = qr2+82)\, Ao = q%wzf%u — q*TQ*SQA.
Substituting these eigenvalues in (10.15), we obtain the explicit form of the blocks:
Remg(zwz)|Q = q2rl(rl_l)_251(51+1) X
qr _ qfr \/(qrn+r _ q—rn—r)(qrn—r _ qr—rn)
T orn(arn _ 4—Tn r™m o __ —TN
y y q 7(q7 q 7) . @ ma , (10.16)
(qrn+r —q ™ r)(qrn T __ qr rn) qrn(qr —q r)
an — q*TTL an — q*T‘TL

where n = sy —ro + 1, 7 =71 + 51, & = [r1, 1], and Q = [2r; + 1o — 1, 1251F52F1],
11. Special polynomials

We consider special polynomials describing the double scaling limit of HOMFLY polynomials at large N
and small 4 (i.e., ¢ = ¢" — 1 and A = ¢"V = const). The series into which a HOMFLY polynomial expands
in this limit is called a genus expansion [95], [96]. But we are here more interested in the zeroth-order term
of this expansion, which is called a special polynomial [61],

o5(A) = H5(A,q

) |A:qN:const7 q=1"

The behavior of a HOMFLY polynomial in this limit, obtained in [61] and studied in [95], [96], [102]-[108],
relates fundamental and colored polynomials:

ol = o' = (o)1, (11.1)

This relation is called the factorization property. It follows from the basic properties of the HOMFLY
polynomials: from the skein relations, shown in Fig. 7, from the existence of the cabling procedure, from
the factorization of a HOMFLY polynomial for a split union of knots or links, and from the theorem that
the fundamental unreduced HOMFLY polynomial (not divided by an unknot) for an n-component link
diverges as (¢ — ¢~ *)™" in the ¢—1 limit [20].

It follows from the cabling procedure that the colored HOMFLY polynomial in representation ) di-
verges in the limit ¢ — 1 as the fundamental HOMFLY polynomial for the |@Q|-component link, i.e., as
(¢ — ¢ Y)~1Ql. Indeed, there cannot be more than |Q| components, and a link with |Q| components is
always obtained. Hence, of5 ~ (¢ — ¢~ ')7|9l. Further, using the skein relations, we can transform the
|Q|-component link into the split union of its |Q| components. In this transformation, the g—1 limit of
the HOMFLY polynomial does not change. Indeed, if the skein relations are applied to a crossing of two
different components, then the term corresponding to resolving this crossing contains one connected com-
ponent fewer and hence diverges as (¢ — ¢~ ')~ IQ*1. With the coefficient (¢ — ¢~!)~! before this term
taken into account, the corresponding expression diverges as (g — q_l)_‘Q‘”, i.e., is less singular as ¢ — 1
than the two remaining terms and can be set to zero. As a result, we obtain an identity meaning that
the HOMFLY polynomials of two links with their linking numbers differing by unity are equal in the limit
¢ — 1. Consequently, oX'?' = (ok)IQ1. We note that the variable A does not appear in the skein relations
in the vertical framing and therefore cannot appear explicitly in relation (11.1).

Our arguments relate to HOMFLY polynomials calculated in the vertical framing (see Sec. 5). But it
is easy to show that identity (11.1) also holds in the topological framing.
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12. Alexander polynomials

We consider Alexander polynomials, which are HOMFLY polynomials in the limit A — 1,

K¢\ ik
AQ (q) - HQ (A’ q) | A=gN=1,q=const’
For representations ) corresponding to hook-type diagrams, there is a conjecture describing the dependence
of an Alexander polynomial on the representation [61], [87]. This conjecture asserts that

A§(q) = AF(q'9)). (12.1)

This conjecture can be proved by a method analogous to the method described in Sec. 3. The answers for
the R-matrices presented in that section are generalizable to hook-type diagrams.

In the limit A — 1, only the factor A — A~! in the Schur polynomials is essential. The degree of
this term in S¢) is equal to the number of hooks in the diagram . This means that if we calculate the
polynomial in the representation with the hook-type diagram [r, 1°], then all the diagrams in the character
expansion for HOMFLY polynomials that are not hook-type diagrams do not contribute to the answer for
the reduced HOMFLY polynomial in the limit A — 1. For all the diagrams appearing in the answer, the
R-matrices consist of blocks of a size not exceeding 2x2 (see Sec. 10.4), similarly to what happens in the
fundamental case. These blocks have form (10.16), and it can be directly verified that they satisfy the
following relation with respect to the substitution g — ¢"**:

r4s
i 974 i
RD — R[T)ls] .

This means that property (12.1) is satisfied for the individual coefficients of the Schur polynomials in charac-
ter expansion (1.2). Moreover, it can be verified that the characters (Schur polynomials) themselves satisfy
the needed relation in the limit A — 1. Consequently, the Alexander polynomials must also satisfy (12.1).

13. Conclusion

We have considered a method for calculating colored HOMFLY polynomials using the HOMFLY poly-
nomials in the fundamental representation. This method is called the cabling procedure and consists of
three steps. The first step is to construct the cabled knot from the initial knot. This step can be clarified by
a simple picture (see Sec. 2). The second step is to find the projector, which describes the combination of
fundamental HOMFLY polynomials into which the colored HOMFLY polynomial decomposes. The third
step is to calculate the colored HOMFLY polynomials.

To calculate the HOMFLY polynomials in the fundamental representation in the framework of the
Reshetikhin—-Turaev approach (the approach we used), we must calculate the R-matrices in the fundamental
representation. The corresponding expressions are described by a quite simple path formula (see Sec. 3).
The obtained results allow constructing the HOMFLY polynomial of an arbitrary knot. The basic problem
is that the complexity of the calculation of a knot polynomial increases rapidly as the minimum number of
strands in the braid representing the knot increases.

We can also construct the matrix of the projector onto an arbitrary representation in terms of the
path (see Sec. 4). Although the obtained answer describes only the projector placed in the first cable, it
generally suffices for calculating the colored HOMFLY polynomial for an arbitrary knot in an arbitrary
representation. The basic problem is again the complexity of the calculation. Because a colored HOMFLY
polynomial in a representation @ is expressed in the cabling procedure in terms of HOMFLY polynomials for
knots containing |@| times more strands than in the braid representation of the initial knot, the calculations
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become much more cumbersome in the case of colored polynomials. Currently, explicit calculations have
been done up to 12 strands in the braid. This allowed finding colored HOMFLY polynomials in various
representations for a series of knots and links. The answers were presented in Appendices C, D, and E
in [98].

We discussed the description of the cabling procedure in the language of representation theory. This
description allows obtaining the form of R-matrices in the fundamental representation in Sec. 3. Other
applications of the cabling procedure include explaining the conjectures formulated in previous papers: the
eigenvalue conjecture [89] and the dependence of the Alexander and special polynomials on the representa-
tion [61].

Although there is a method that in principle allows constructing an arbitrary colored HOMFLY poly-
nomial, much remains to be studied. The internal structure of HOMFLY polynomials is still not clarified.
There are several examples where a general formula (or at least more general than one concrete HOMFLY
polynomial) is already known: torus knots [58]-[61], twist knots [88], [49], and double-braid knots [93]. But
the majority of examples are completely mysterious. Obtaining general formulas for a series of knots and rep-
resentations would be extremely useful not only for investigating the HOMFLY polynomials themselves but
also for the studying some related topics such as difference equations and r-functions [71]-[77], [85], [95], [96],
superpolynomials [54]-[57], [61]-[70] and Khovanov homologies [109]-[115].

From the standpoint of obtaining general formulas for HOMFLY polynomials, the eigenvalue conjec-
ture [89] may turn out to be very fruitful. This conjecture in fact asserts that a HOMFLY polynomial is
fully described by the R-matrix eigenvalues although several R-matrices that do not mutually commute
are involved in the direct calculation. The description of the eigenvalue conjecture in the language of the
cabling procedure (Sec. 10) is a possible means for studying this question further.

Another possible direction of research is the complexification of the topology of the space (see, e.g., [100]
and the references therein). Nearly all the known answers relate to the theory on the S® manifold, and
almost nothing is known about the case S' x S? next in complexity.
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