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Abstract

A closed form expression for multiplicity-free quantum 6-j symbols (MFS) was proposed in [1] for
symmetric representations of Uy (sl ), which are the simplest class of multiplicity-free representations. In
this paper we rewrite this expression in terms of q-hypergeometric series 4 ®3. We claim that it is possible
to express any MFS through the 6-j symbol for U (sl») with a certain factor. It gives us a universal tool for
the extension of various properties of the quantum 6-j symbols for Uy (slp) to the MFS. We demonstrate
this idea by deriving the asymptotics of the MFS in terms of associated tetrahedron for classical algebra
U(siy).

Next we study MFS symmetries using known hypergeometric identities such as argument permutations
and Sears’ transformation. We describe symmetry groups of MFS. As a result we get new symmetries,
which are a generalization of the tetrahedral symmetries and the Regge symmetries for N = 2.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

Racah-Wigner coefficients or 6-j symbols play an important role in mathematics and theoreti-
cal physics, because they appear in many different problems. 6-j symbols in fact were introduced
as a physical concept in the studies of elementary particles by Wigner and they appear in quan-
tum mechanics textbooks, e.g. in [2] there is a whole chapter dedicated to the 6-j symbols. In
mathematics the definition of 6-j symbols is ambiguous because they depend on the choice of
bases and the definition is not invariant. This leads to our lack of knowledge about the properties
of these very important quantities.

While initially they were defined for the SU(2) group, where they are rather well-studied,
nowadays we are interested in more complex cases of the general SU(N) or siy groups. Even
more interesting is the case of quantum groups, since they give a deformation of 6-j symbols,
which allows one to find a fine structure inside. From the point of view of gauge theories of
great interest are 6-j symbols for higher representations of gauge groups. These are used for
example for studying the confinement in QCD, which can be described by Wilson-loops. Thus
the 6-j symbols for the higher representations of quantum U, (sly) groups are of great interest in
physics. 6-j symbols are applied in many areas of theoretical physics, for example:

e Conformal field theories are a widely studied subject in theoretical and mathematical physics.
In these theories 6-j symbols play an important role of fusion matrix, e.g. for the Liouville theo-
ries the Uy (sl) 6-j symbols are required [3]. And for a wide class of such theories, namely, for
Wess-Zumino-Witten theories (WZW), 6-j symbols we studied in the present paper describe the
modular transformations of conformal blocks and correlators. They also play an important role
when conformal bootstrap is applied [4,5].

e Another active area of modern theoretical physics is Chern-Simons theory (CS) and its ap-
plications. The main objects studied there are Wilson-loop averages. These studies are closely
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related to the problem of confinement, because the hope is that understanding of dependence of
Wilson-loop averages of simpler 3d CS theory on the representation would lead to the under-
standing of the more complex 4d theories. The 3d CS Wilson loops are closely related to the
WZW conformal blocks [6,7] and 6-j symbols we’ve discussed are applied directly to the studies
of these Wilson-loops as well [8,9].

e One more application of 6-j symbols is for the lattice gauge theories, in particular, it is known
that they are used to calculate functional integral in the SU(2) lattice gauge theories [10]. Our
results probably can be used to generalize this to more complex models

e 3d quantum gravity theories also heavily rely on 6-j symbols, and symmetries of those corre-
spond to the invariance of the amplitudes under the Hamiltonian constraints [11]. The Ponzano-
Regge state-sum model provides a quantization of 3d gravity as a spin foam, providing a quantum
amplitude to each 3d triangulation defined in terms of the 6j-symbol (from the spin-recoupling
theory of SU(2) representations) [12]. Both of these were widely studied only in SU(2) case be-
cause it is only in this case where 6-j symbols are known in their full generality. Thus the studies
of SU(N) 6-j symbols can lead to the advancements in the quantum gravity as well.

e Other theories where 6-j symbols can be applied include quantum computing [13,14], quantum
R-matrices and integrable systems [15], Turaev-Viro invariants of 3-manifolds and topological
field theory [16,17], Drinfeld associator and Kontsevich integral [18,19], orthogonal polynomials
[20-22] and others.

From mathematical point of view they describe the associativity data, which are still un-
known for U, (s/ ). The main difficulty is in the appearance of the so-called multiplicities, which
happens when the algebra rank N is greater than 2. However, even for multiplicity-free represen-
tations analytical formulas for 6j-symbols are known only for a small class of representations,
namely, for symmetric representations.

One can see that 6-j symbols are widely used in both classical and modern works. Note that
in many situations, e.g. in the quantum gravity or in statistical models, one considers partition
functions, which contain a sum over all possible 6-j symbols of the given gauge group. In such
problems it would be very useful to use symmetries between different 6-j symbols in order to
reduce the sum and simplify the computation.

Quantum 6-j symbols have a lot of symmetries, most of them are still unknown. Nowadays
we have different situations for U, (s/2) and more general U, (sly) 6-j symbols. All symmetries
of U, (sl2) 6-j symbols are well known and well studied, many interesting and surprising results
are obtained, see e.g. [23-26]. In the present paper we are interested in the so-called linear
symmetries. Non-linear symmetries (e.g. the pentagon relation), that are more complicated, are
out of the scope of this paper. Linear symmetries of U, (sl;) Racah coefficients include Regge
symmetries, the tetrahedral symmetries and transformation ¢ <> ¢~! [27]. Known symmetries of
U, (sly) include complex conjugation, a g <> ¢~ " and the tetrahedral symmetries [7].

Some symmetries may be obtained with the help of the eigenvalue hypothesis [26,28-31]
including some generalization for Regge symmetries. It says that the Racah matrices are uniquely
defined by the eigenvalues of the R-matrices. All studied examples says that it is true and this
hypothesis becomes a useful tool to derive symmetries. Moreover, there is an exact expression
for the Racah matrices through the R-matrix eigenvalues for the matrices of the size upto 5 x 5
[32] and 6 x 6 [33].

The 6-j symbols calculation is a big problem for U, (sly) representations. There are few cal-
culation methods and each of them is extremely tedious. Unlike the U,(sl2) case, where the
answer is known in a closed form for each representation [34], the analytical expression for arbi-
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trary representations is still unknown. However, for the special case of symmetric and conjugated
symmetric U, (sly) representations, the analytical expression was proposed recently [1,35]. The
result gives us plenty of new questions. In particular, which properties of the expression are spe-
cial for U, (sl) and which can be generalized to the more complex cases. For instance, in this
context it was found [36] that 6-j symbols for symmetric representations of U, (s/y) can be ex-
pressed in terms of orthogonal g-Racah polynomials as well as their counterpart for Uy, (sl2). Also
note that 6-j symbols of U, (s/y) for non-symmetric representations were studied in [37-39]. One
of the most promising applications of U, (s/y) 6-symbols is to distinguish mutant knots, which
currently has to be done by other means [40—44] without using 6-j symbols, which are unknown
in the required cases.

In this paper we study the analytical expression from [1] in order to find new symmetries. In
section 2 we start by introducing Racah coefficients and 6-j symbols for U, (s/y). In this paper
we consider 6-j symbols that have only symmetric and conjugate to symmetric representations.
All these 6-j symbols may be transformed via tetrahedral symmetries into either type I and type II
[7]. For type I the only conjugate to symmetric representation is the second one, for type II — the
third one. Each type can be considered as a natural generalization of Uy (sl) 6-j symbols because
each tensor product decomposition for this case has no multiplicities and can be enumerated by
an integer number rather than a whole Young diagram. We consider the expression for both types
as an analytic function and study its special properties to obtain new symmetries.

In section 3 we simplify the expression. Firstly, we prove that the expression may be reduced
and the series became much more similar to U, (sl) series. This was done for both types inde-
pendently and as it appears they can be represented as one universal expression for both types.
Then we express it in terms of q-hypergeometric function 4®3 with some factor. Also it is proven
that this expression does not have any inequality restrictions on its arguments, as it was proposed
in the original article. As a result, the expression becomes more convenient for studying symme-
tries.

In section 4 we analyze the hypergeometric expression of multiplicity-free 6-j symbol. We find
the transformation between the multiplicity-free U, (sly) 6-j symbol and its U, (sl) counterpart.
This result creates a lot of possibilities to generalize well-known Uy, (sl») 6-j symbol properties to
the considered case. As an immediate output of such relation in section 5 we derive the classical
(g = 1) 6-j symbol asymptotics, using known results for U (sl»). Originally it was written in
terms of the associated tetrahedron [45,23]. The U (sly) generalization modifies the expression
so that the tetrahedron now depends on N and deforms differently for two types of 6-j symbols.

In section 6 the resulting 6-j symbol expression has been studied for symmetries. Obtained
4®3 series has two known symmetries: permutations of arguments in each row and the Sears’
transformation [46]. The total number of hypergeometric symmetries is 23040 for both types, it
was obtained by manual computations on computer. However, only 24 form symmetry group of
6-j symbols for type I and 12 for type II. Some of them are tetrahedral, others can be described
as the Regge symmetry generalization for N > 2.

We also consider additional symmetries that equates U, (sly) and U, (slpy) 6-j symbols in
subsections 6.4, 6.5. Being obtained as symmetries between hypergeometric series, they require
a normalizing factor in terms of 6-j symbols. Non-trivial expressions are found for both types
and examples are provided. The main results of these subsections are symmetries that generalize
permutation in a different from tetrahedral way. They become usual well-known symmetries
when N =2, but for N > 2 they depend on N explicitly.
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2. Racah coefficients, 6-j symbols and types I, IT expression

To define 6-j symbols we need firstly to remind the Racah matrix definition. Here we work
with g-deformed algebra U, (sly). Let us consider 3 irreducible C-modules of representations
Ry, Ry, R3 acting in Vg, , Vg,, Vg,. Due to a tensor product associativity, (Vg, ® Vg,) ® Vg, =
VR, ® (Vg, ® Vg,), hence there is a unitary transformation

U: (Ri®R2)®R3—> R ® (R2® R3). (1)
On the other hand, we can rewrite it in irreducible components, where M § 1R s a multiplicity

space of all X’s in the decomposition R| ® R»:

(Ri® R2) ® Ry = (EB Mg ® Xi> ® Ry =P My © Mz, ™ ® Ry,

i i,k

(2)
R1,Y;
R®ROR)=R® | DMy or; | =@My ©My»"™" Ry
j ik

If we consider some particular R4 in the decomposition, it corresponds to the vector space
of representations. A basis constructed from the highest weights’ vectors differs for these two
fusions.

R R> R3 Ry R Ry R3 Ry

X; Y;

Thus, there is a transformation between two vector spaces that is defined by the Racah matrix or
Racah-Wigner 6-j symbols.

Definition 1. Racah coefficients are elements of Racah matrix that is the map:
Ri Ry . Ri.Ry Xi. R RiY; Ry,R3
U(R3 R4>.@Mxi ® Mp! —>EBMR4 ® My 3)
i J

Definition 2. Wigner 6-j symbol is the element of a normalized Racah matrix:

{Rl R, X,}: 1 H(Rl R2> @
Ry Ry Yj| ™ /[dim,(X;))dim,(Y;) ' \Rs RiJ

Here dim, means the quantum deformation of the usual expression for the dimension of the
representation [47]. It can be computed for every U, (s/y) representation R using the correspond-
ing Young diagram A (A7 is a transposed Young diagram):
q%(NJrifj) _ qf%(NHfj)

®

dimy) = []

i q%(xi7i+kf7j+l) _ qf%()»,v—i+)an.fj+l)'
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In this paper we work with the special class of 6-j symbols, which can be seen as a natu-
ral generalization of U, (sly) case for U, (sly) 6-j symbols. The initial representations and the
resulting one are either symmetric or conjugated to symmetric for this class. Further we will
assume that Ry, Ry, R3, R4 representations are symmetric. Corresponding Young diagrams are
[r1], [2], [73], [r4], here 7, are integers that denote numbers of boxes for U, (sly) symmetric
representations. Conjugated Young diagram is written as [r,,] and corresponds to R,,.

Definition 3. We shall call two 6-j symbols below type I and type II, [ means N — 1 vertical
boxes.
Lovpe: 111 T2l X 0 0.0 m..m...O
PN el v | T |o..0 o..0 m...o...0f”
O d...d

I ype: {@ [r2] X}E{ED... EEH]D} -

(6)

[r3] [ra]l Y 6.0 ...0 CGo...0d...Od

Although arguments Rp, R2, R3, R4 are very simple and can be parametrized by the width
and N, the last pair of X and Y Young diagrams has more sophisticated expressions. There
are two possible cases of tensor products: [r,] ® [r,;] and [r,] ® [7m]. Each element in the de-
composition depends on the initial pair of representations and the ordering number in the sum.
From the Littlewood-Richardson rules [48] it is easy to see that the mentioned tensor products
are multiplicity-free and all representations in a decomposition have different width. Similarly
to Uy (slp) case, where it is possible to enumerate diagrams by the only integer parameter i, for
mentioned U, (sly) decompositions we have the enumerating parameter — the first row length.
To shorten the notation we shall write 6-j symbol of type I and type II in a more compact form.
Let us denote the type by variable T € {1, 2}. Type I 6-j symbol is:

_ ‘N2
o] Tl [w }

N 2
[r] r :| — L ®)
3 14 jl _r2—r3~|-jN72 ’
[(r3] [ral | J,——
2
and type II:
(ri+r+i rn+r—i
o T [r1] [r2] I > , > ]
. = , 9
[’3 4 JL — cr—r34 N2 ©
[r3] [ra] b=

where i, j is defined in such a way in order to have a nice N = 2 limit.
Let us note that the fusion rules restrictions require additional equalities:

ri+r3=ry+rs fortypel, (10)
ri+r=r3+rs fortypell

Definition 4. The equations (11) between U, (sl2) 6-j symbols are called Regge symmetries or
ritrotra+rg 0 ritrtitj o = rz+r4+i+j).
2 ’ 2 P = 2 :

Regge transformations [49] (p =
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re o ry i p—r3 p—rs i P—Wzla p—J 11
r3 or4 p—ri p—ry j pl—r1 ry p—i

re P —ry p'—j p—r3 p' —ry p” —J

r3 p'—=r p'—i p—ry p' —ry p'—i

p'—=r3 p—ry4 p—J

pl—r p—ra p'—i

Definition 5. The tetrahedral symmetry is a known property of 6-j symbol to be invariant under
row and column permutations [7] (1;, i, v are arbitrary Young diagrams):

Al
A3

A2 U

Ad

v

s ok V| _[A o how] _
B Y Y A DY YRS

Wow G| [ ko
A3V Ag A A3 V|

12)

Proposition 1. 6-j symbol in U, (sly), N > 2 with symmetric and conjugate to symmetric repre-
sentations is either trivial (X and Y has the only possible value) or may be equated by tetrahedral
symmetry and conjugation to either type 1 or type IL

Proof. There are only a few possible variants to write down a 6-j symbol with symmetric and
conjugate to symmetric representations. By conjugation of 6-j symbol we can transform R4 to a
symmetric diagram. Thus, let us prove the proposition without loss of generality only for sym-
metric R4. Let us now investigate how the first three arguments may be organized. There are four
different cases that correspond to the number of conjugated representations in the product.

e All three representations are conjugated.

Let us conjugate all terms in the product [r1] ® [r2] ® [r3] D [r4], so we can consider [r{] ®
[r2] ® [r3]1 D [ra] and N > 2. It is obvious from the fusion rules [48] that for N > 4 it is
not possible to combine the representations into a conjugated one because there are no more
than 3 rows in a resulting Young diagram, whereas [r4] has N — 1 > 3 rows.

Now we need to prove that it is not possible even for N = 3, 4. The N = 4 case requires the
rows of R4 to be equal. The Littlewood-Richardson rules [48] say that the resulting diagram
is constructed as the first multiplier with the second multiplier’s elements but with some
restrictions. For symmetric diagrams they forbid to put the new elements in one column.
Hence, if we need to combine diagrams into a rectangular one, the corresponding 6-j symbol
is trivial. Indeed, the only way to combine the diagrams properly is to consider them equal
and to put them under each other.

Here and below we use some non-negative integer parameters a, b, ¢ that encode a Young
diagram, the aim of these parameters is to specify the shape of a considered diagram.

The N =3 case has a [r4] diagram that may be written as [a, a]. The [a, a] is trivial, because
there is the only diagram X = [r| +r, — b, b] that has width a. Indeed, if the width is smaller,
the third multiplier can not make the second row width equal to a, if it is greater, we can not
make R4 anymore.

Therefore, all N > 2 6-j symbols with 3 conjugated representations are trivial.

All three representations are symmetric.

Obviously, if Ry, Rz, R3, R4 are symmetric in Uy (sly), N > 3, then the corresponding 6-
j symbol has the only X = [r] + r3], the same for Y. If N = 3, there is a possibility to
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make a Young diagram with columns of height N. However, the fusion rules restrict X =
[r1 +r2—a,al =[b+ra,b], hence X =[r| + r2 + ra,r1 + r2 — r4] and this 6-j symbol is
trivial.

e Two representations are conjugated and one is symmetric.
Note, that the multiplicity of R4 in decomposition Ry ® Ry ® R3 does not change under
a permutation of multipliers. Hence we may always decompose the product of conjugated
representations and then multiply it by the symmetric one. Without loss of generality we
consider [r1] ® [r2] ® [r3].
Let us firstly decompose the product of conjugated representations. In general, it has the
diagram [aV =2, b], where b < a. Itis obtained from [(r1+ rz)N_z, r1+r2—c, c] by reducing
the column of height N. If N > 3, the product [aV2,h] ® [r3] may have a symmetric
diagram in the decomposition only if @ = b, but it will be trivial because X = [(r3 — )V 1.
If N =3, [a, b] ® [r3] easily makes symmetric diagram with condition X = [a, a +r3 —r4].
But we can find a from the [r1] ® [r2] decomposition and it is unique for fixed r; and r;.
As a result, there are no non-trivial 6-j symbols with two conjugated symmetric representa-
tions and symmetric Ry.

e One conjugated representation.
There are three such 6-j symbols up to a conjugation:

{W [r2] X} {[m] [r2] X} {@ [r2] X}
[r3] [ral Y ) |[r3] [ral Y| |[r3] [r4] Y

One can check that they may be nontrivial.

13)

We can apply a tetrahedral symmetry to these 6-j symbols, in particular, row permutation of
arguments (R, R2) <> (R3, R4). After this transformation the first and the third 6-j symbols are
swapped and the second one is invariant. Applying other symmetries, one can check that type I
and type II are not equated by tetrahedral symmetries. 0O

It is worth mentioning that there are tetrahedral symmetries acting within each type. In par-
ticular, a type I 6-j symbol is still type I after row permutations and the swap of the first two
columns. Type II is conserved only by the row permutation of the first two columns. These are
the only tetrahedral symmetries that possible to derive if one considers symmetries of type I or
type II. The others either were used earlier to transform 6-j symbol into one of the types, or trans-
form any type into a completely different 6-j symbol, which has non-symmetric representations
and much more complicated structure, so they are out of the scope of the present paper.

The expression for 6-j symbol of type I and II was proposed in [1]. It may be written as
follows.

N
r I l . . . .
[‘ 2 } = 0N (r1,72,0) O (13,74, 1) O (1, 74, J) O (r2, 73, j) [N — 11,![N —2],!
r3ora jlp

Zmax .
(=D*[z+N—-1]4!- A7 ¢
ritro+i r3+rati ritrati ro+r3—j ritrotr3tr.
[z— 1 22 ]q![z_ 3 24 ]q![z_ 1 24 ]q![z_ 2 23 ]q![l 223 4

i+j+r+r
=] [T g

i+jtrotr, ,
'l 22 4—214!

(14)

Z=Zmin

b— —b btc—
[a+2 C]q![C-‘rg ]t]'[ +; a]q!

[“HEC 4 N — 1],

On(a,b,c)=

’
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[k + zmin — Z]q!
Ap . — [k + zZmin + N —2 — z]4!
Tz= [k — Zmax +Z]q!
[k_Zmax+N_2+Z]q!

To write the 6-j symbol expression we use quantum numbers notations. It is by the definition

3 _g73 . . . .
[n]y =1 T —4 +. Quantum generalization of factorials for non-negative integers can be written

q2—q 2
as [n]y! = ]_[Z=1 [k]y. Also k = %min(i —r1+ry, j—r3+r2) and Zyin, Zmax are defined as the
smallest and the largest integers for which the summand is non-trivial, i.e. there are no factorials
of negative integers. The expression differs for two types only in the Ar ; expression. Also the
following conditions were imposed in the original paper [1] (as we show below, they are not

necessary):

for type I,
5)

for type 1L

{Ofrzgrl <r; for type I,

0<ri<nr for type IL (16)

3. Hypergeometric expression for 6-j symbols

In this section we express the 6-j symbol expression in terms of basic q-hypergeometric series
4®3. Firstly, we define the q-hypergeometric functions and remind their symmetric properties.
After this we use the inequality properties (16) to simplify the 6-j symbol expression. We prove
with the help of tetrahedral symmetries that the 6-j symbol’s domain may be extended beyond
the mentioned inequalities. Then we write the obtained series as a 413 function. As a result, both
types can be written as q-hypergeometric 4 @3 series multiplied by some factor.

3.1. g-Hypergeometric symmetries
A g-Pochhammer symbol is defined as (a, g), = ]_[Z;é(l —agh).

Definition 6. The g-hypergeometric series are defined as:

00
al,...,ap_l,_l_ )_ (al,Q)n-n(ap-i-LQ)n n
19 g,z )= 7. (17)
e p( bl"”’bP l;(blaQ)nu'(wa)n(QaQ)n

It can be also rewritten in a form, which is more convenient for us:

ap, ap,ap+1 q®, ..., q%, q%+!
17+1<I>p( b1 ...pbp+ 3 g Z) —p+1¢p< b b 34,2 ) - (18)

q,...,q°"?

It is far more convenient because it may be reformulated in terms of g-factorials:

a+1,...,ap+1,ap1+1,
P“(DP( bi+1,....bp+1 17

Z [a +n]q [ap—i-l +n]q' [bl]q' [bp]q' "
lally! 7 lapyily! [bi4nly! by 40l 0]y

19)

This expression evidently has the limit lim1 laly! = a!, where the whole series becomes a usual
q—

hypergeometric function.



V. Alekseev, A. Morozov and A. Sleptsov Nuclear Physics B 960 (2020) 115164

There are a lot of known symmetries for 4®3 series. Here we consider only permutation
symmetry and Sears’ transformation.

Definition 7. Permutation symmetry is the evident property of ,®, functions to be invariant
under permutations w € S, and u € S:

(11,...,(1,. _ aw(1),...,aw(r)'
P 1g,2 ) =,P 39,2 ) - 20
' p<b1~--abp K ) ' p<bu(1)1-~-abu<p) 7 ) @
Definition 8. Sears’ transformation [46] is the relation between two 4®3 functions:

® <x,y,z,n, )_[v—z—n—l]q![u—z—n—1]qz[v_1]qg[u_1]q!
43 T ) T v—z— 1 lv—n—1],lu—z— 11, {u—n—1],!

u,v,w

(2D
w—X,W—y,z,n
x4®3 (1—u+z+n, 1—vtztn,w T q) ’
wherex + y+z+n+1=u+v+w.
3.2. 6-j symbol as 5P4 series
ry ry i N
Let us denote the sum (15) as [rl r2 j:| =K', In=K"-I, wherem= %(rl +r+
r3 + ra) — z. Then it can be easily rewritten as:
I = r’f‘j (71)r1+r2J2rr3+r4 ATy N1, A
e g U g U2 g U2 P g U2 ) 1
(22)
K'=0N (r1,r2,0)On (r3,74,0) 0N (1,74, j) On (r2, 73, j) [N — 1]4![N —2],!, (23)
k—m +m],!
[ mar Jo for type I,
[k_mmax +N—2+m]q'
ATm = [k +mpin —m]y! (24)
1 for type II.

[k+mmin+N—2—m]q!

The explicit relations for m,,;, and m,,,x can be easily found from the denominator factorials,
because the summand is zero if and only if there is a negative factorial in the denominator:

ri+r—i 0
1 —i 1
Mpax = = Min '3+ ! , Mpin==max | r1+r3—i—j|. (25)
2 ri+ra—j rra—i—j
ro+r3—j

As it can be derived from fusion rules, k, m;,qx, myin are always integers when a 6-j symbol
exists. Moreover, k has a clear meaning in terms of Young diagrams — it is the minimum width
among the conjugated parts of diagrams, corresponding to X; and Y;.

One can notice, that the considered expression fits the s®4 definition (18), if z = ¢g. This
allows us to claim the following.

Proposition 2. Both type 1 and type Il may be written as 5$4 g-hypergeometric series multiplied
by simple factors:

10
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rnor iV " ai, az,as, a4, as
[r3 r4 j:|T=K '5®4( b1,b3,b3,by ,q,q), (26)
2tk — Mupax + 1, =k —myin — N + 2}
—r1—r2+i
2a; = —r3—r4+1i ,
—ri—ra+j
—ra—r3+j (27)

—r—r—r3—rg—2(N—1)

o i+j—rp—rs+2

2bi = i+j—ri—rn+2 ’
2{k —mpax + N =1, =k —mpin}t

l ritratritrg
, K'-Ar- [MF23ntrs o N )0 08)
+ra—i +rp—i ro4r3—j ritra—j i+j—r—r. i+j—ri—r ’
[r3 £4 l]q![rl 52 l]q![ 2 23 !]q![l 24 j]q![ J 22 4](]![ J 2l 3]q!

where {e1, ex}T = et is e for type 1 and ey for type 11
It can be proven straightforwardly by substitution of g-Pochhammer symbols.
3.3. Expression of 6-j symbol as 4Pz series

The obtained expression for 6-j symbol is not quite convenient to find its symmetries. Expres-
sions for k, m,,i, and m,, . may be simplified in the following way.
Lemma 1. For all type 1 6-j symbols k — mpy = H'J_% if the following conditions are satis-

fied:

r=ry=r3, (29)
rL+r3 =12 +ry.

Proof. Let us consider k — m 4, = ’J”_% One can check that there are 2 cases when it is
so, hence they may be written as the union of two systems:

rit+ro—i<ry+rqs—i, rtr3—j<ritrs—i,
ritr—i<rn+r—j rntr—j<ri+rn-i 30)
ritro—i<ri+rs—j, rtr3—j<rit+rs—j,

j—r3<i—ry; i—ri<j—r3.

If the conditions (29) satisfied, the first three inequalities are true. The union of these two systems
may be reduced to the next expression.

J—i<r4—ra,
[j—izm—f”z- @D
Consequently, every 6-j symbol from type I is described by k — m, 4, = ZJ”_# O

11
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Lemma 2. For all type 11 6-j symbols k + myi, = ”"‘% if the conditions are satisfied:

r=ra, (32)
r+ry=r3+r.

Proof. The proof for type II is analogous to type I. O

Lemma 3. Conditions on arguments of a 6-j symbol (16) are redundant, i.e. the expression (15)
is valid even if the inequalities are not satisfied.

Proof. We are able to obtain every possible 6-j symbol of types I and II by performing a tetra-
hedral symmetry (12) that leaves the type invariant:

{[n] [r2] X}:{[ra] [r2] Z}:{[m] [ri] Y} (33)
[r3] [ra] Y [r] [ral X [ra] [r3] Y]~

One may immediately notice that these symmetries may transform a 6-j symbol from region rp <
r1 < r3 into all possible representations. The problem is that the expression for the transformed 6-
j symbols may differ from the initial expression. We can check it by substituting arguments trans-
formed by tetrahedral symmetries. Let us show that in our notations it acts on ry, 12, 3, r4, i, j
as a permutation. For R,, the symmetry evidently acts as a permutation of r,. There are also

. . . . . S )
representations X and Y that is conjugated, we can consider only diagram [ Js % ] as an

example. Under conjugation it transforms [ j, %WN_Z] — [ j, %WN_Z], but the expres-
sion depends only on j that is invariant under conjugation.

Therefore, tetrahedral symmetry acts on the expression as a permutation of arguments. One
can check that it is invariant under written tetrahedral symmetry transformation. The same for
type II, but we need only one relation (the inequality is r| < r):

[r3] [ra] Y

[ (] Y 34

{["1] [r2] X}_{[rs] [r4] X}

The symmetry acts non-trivially only on ry, r2, 73, r4, we already showed why it is a permutation.
It is easy to see that the expression is invariant under such a transformation.

Therefore, the expression does not change when we write a 6-j symbol without additional
inequality conditions (16). Then we can get rid of these conditions as even if they are not satisfied
the expression is valid. O

We have proven in Lemma | that for arguments satisfying the inequality condition (16) there
are only one combination of k — my,, that is present for type I 6-j symbols. This results into
the exact value of At , which allow us to reduce the whole series. Then we apply tetrahedral
symmetries to prove that the statement is true for all type I 6-j symbols. The same procedure has
been done for type II and this allows us to simplify both expressions and write down them as
follows.

12
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Mmax ritrptr3trg .
N nT mlrl+r2;r3+’4+N*1*mlq!

rnon l.] =K’ (7. . . — X
[r3 4 Jlr Z 223 P Sl T b Y L S Y i i Sl ) (33)

Mm=mmin

1
X — ——— .
(A2 L (N=2)87 2 —m]y | T3 L (N =257 +m], !

We can express all factorials as g-Pochhammer symbols. The substitution differs for factorials
with +m and —m:

q—%(2m0+m—l)

(I—qm
(—1)"[moly! (1 —g)"
(q—m()’ CI)m q%(2m0+m—l) ’

[mo +mly! = [molg! (g, q)m -
(36)

[mo —mly! =

By substituting this to the main expression one can check that among depending on m terms
only g-Pochhammer symbols remain. This allows us to write the series as a hypergeometric
function:

ryory i ai,az,as, a4
| o~ad 39,9 |- 37
[r3 r4 ]L N 3( b1, b2, b3 qq) 37)
The 4®3 arguments may be easily obtained using (36). Note, that there is the following rela-
tion on the arguments:

ait+ay+a3+as+1=>b; +by+ bs. (38)
And the factorizable part of the expression:

O (172,00 (r3.74,0)0N (11,74, ))ON (273, )IN =11 [N =2] [ 12384 L N1
(A 2 (N =287, L 1 [ ) 2 (8 (N =257,

(39)

Kr =

Combining all this into one, we come to the following statement.

Proposition 3. The considered 6-j symbol expression may me expressed as a 4®3 function for
both types. The factor K is as in (39).

SN
roorz 1Y e ai,az,as,as 40
[r3 T4 ]]T Kr 4433( b1, by, b3 ’an)v (40)
_rl_rz_zl__ri(ivl 22 —ri—=r2—r3—rs—=2(N -1
2a; = —ri—r4+j » 2bi= RIS P “h
S i+j—r—r+2+2(N-2)dr,

This is the most suitable form of 6-j symbol for our aims. As it can be seen, we reduced the
5Py series to the 4®3 one. This is a non-obvious result. In order to proceed with this reduction
we used tetrahedral symmetry along with the special properties of the considered two types. Due
to the fact that U, (sl2) 6-j symbols are expressed via 4P3 too, we may use the same techniques

13
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to obtain new results, also the limit N = 2 is very easy to apply. This result gives us an idea
of a strong connection between 6-j symbols and g-hypergeometric series. For example, it is
interesting whether all multiplicity-free 6-j symbols can be expressed as 4®3 series.

It is interesting to analyze the number of independent parameters in the obtained expression.
Neglecting ¢, on both sides we have 7 parameters: {ry, r2, 3, r4, i, j, N} and {a1, a», a3, a4, b1,
b>, b3}. They are not independent, it was mentioned that, on the one hand, each type has re-
strictions for N > 2 that fix one parameter. On the other hand, obtained 4®3 series satisfies a
balance condition ) ; a; + 1 =), b;. Thus, for N > 2 there are 6 parameters on both sides. For
N =2, the fusion rules do not fix r,, so there are 6 parameters on both sides. It is natural to
ask whether there is a connection between the fusion rules and the balance condition. It seems
like these equalities have different meaning, because the condition on {a;, b;} is satisfied even if
r1 4 r3 # r2 4+ r4. From this point of view another question arises: what class of 6-j symbols can
be described in terms of 4 ®3 series with such equality? This question is out of our consideration
in this paper, but it is still important and interesting to study.

4. Relation with U, (slz) 6-j symbols

In this section we investigate the relation between 6-j symbols in multiplicity-free U, (sln)
and U, (sl2) cases. As we have seen, the core of both expressions is 4®3 hypergeometric series.
We have already mentioned the number of independent parameters in the series, but now we
analyze it in details. Then we shall see the interesting connection between the usual U, (sl3) 6-]
symbol and considered one.

Let us write down the 4P3 arguments as a vector space with the basis (r1, 72, 73,74,1, j, N).
We put all the additional constants in C since they do not play any role in the next discussion:

FArm4r4ra+2N—1) 1 1 1 1 0 o0 1 ri
ri4r—i+2(N —2)87, 1 1.0 0 =1 0 2572||nr
rytry—i 0 0 1 1 -1 0 0 r3

Fidrs— =1 0o o 1 0 -1 o0 ra | +C.
ror3—j 0 1 1 0 0 -1 0 i
—ry—rati+j+2 01 0 1 -1 -1 0 j
i+j—ri—r3+2(N—1dr, -1 0 =1 0 1 1 257:/)\N

(42)

The rank of this matrix is 6, so there is a kernel of dimension one. This kernel is described
by a zero vector v. Note that (38) is a completely different condition that does not depend on the
values of parameters. The zero vector can be written as follows

(0,1,0,1,1,1,—1>, Type I,
U= 43)
(1,1,0,0,0,1,—1), Type II,

with the corresponding shift in the parameters being
- av=a(ry+r4a+i+j—N), Typel,
av =
av=a(r1+r+j—N), Typell.

This freedom allows to shift the arguments value without changing the actual value of the
hypergeometric series, so it can be considered as a symmetry for 6-j symbol although for hy-
pergeometric series it is tautological equality. If one examines the transformation for type I 6-j

(44)
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symbol, it can be seen that the fusion rules are in conflict with it. Indeed, the non-trivial trans-
formation changes r + r4, but leaves r; + r3 unchanged, thus (10) forbids such transformation
for N > 2, for either type I or type II. However for N = 2 the fusion rules disappear and we can
apply it without any problems. So we take U, (sly) 6-j symbol and make transformation (43) in
order to get the expression for U, (sl3) 6-j symbol:

4®@3(r1,r2, 13, 14,0, j,N)
= (DN 4301, 1+ N=2,r3, 74+ N—=2,i + N=2, j + N—2,2),
4®@3(r1, 72,713,741, j. N2 = (DN 4 @30 + N=2,r2 + N=2,73, 14,1, j + N—=2,2).
(45)
The only part of expression that differs is the factor K7. It partly replicates the hypergeometric
arguments, so only a few terms are left in the relation between of multiplicity free U, (sly) 6-
j symbols and U, (sl2) ones. For the sake of brevity, we will write the hypergeometric function

from (40) as 4 ®3(r1, 72,73, 74,1, j, N)7. The factor K’ changes after transformations, let us write
it down explicitly.

K'(N)= Oy (r1,r2,1) 0N (r3,r4,1) On (r1, 74, j) On (2,73, j) [N — 1]4![N —2],!,

(46)
0,00 1 K'(N) (47)
T INCD N2, K
~1
v = (T i ], 252 0] [t ] [ ] )
m=l (48)
N-2 _%
O2(N) = (H [t ] [ 2572 4] [257 ] [ +’"L>
m=1
(49)

The resulting relation between multiplicity-free U, (s/y) and U, (sl3) 6-j symbol is as follows.

r3ors r3 r4+N-2 j+

I:"l r i]N_{r1+N72 rn+N— i
r3ors jly T r3 r4 J+N-=2

. oN .
[rl r zl]lz{n rm+N-—=2 l+%:22}(—1)N[N—l]q![N—Z]q!-G)](N), (50)
2

} (=DNIN = 11,![N = 2],! - ©2(N).

It can be easily checked that the remaining fusion rules for N = 2 (triangle inequality, etc.)
are always satisfied and the resulting 6-j symbol is non-trivial. On the other hand, if one tries
to transform Uy (sl2) 6-j symbol into N > 2 one, the number of problems arises and it is not
possible in general. For example, if | + r3 — ro — r4 > 0, there is no corresponding N > 2 6-j
symbol.

This result is interesting not only because it reveals the hidden relation between two classes of
6-j symbols, but additionally it can be applied to extend a lot of known properties of U, (sl2) to
arbitrary N. In the next section we derive the asymptotics formula for the multiplicity-free case.
Let us show an example of such a generalization.
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5. Asymptotics of 6-j symbol

The 6-j symbol asymptotics formula for N = 2, g = 1 was conjectured by G. Ponzano and
T. Regge [45] and later was proven by J. Roberts [23]. It is formulated in terms of tetrahedron
that is combined from the edges of length J, :=r, + 1/2,Js :=i +1/2,Js := j + 1/2 and
approximates the limit A — oo for representations {Ar,, Ai, Aj}:

6
non i) auy+ T
{rs r j} 12n|V(Jn)|C°S<ZJ” Q(J”)“L4)’ D

n=1

where V is the tetrahedron volume, €2; is the external dihedral angle about the edge J;.

Let us consider 6-j symbols at g = 1. Using (50) we can find the asymptotics for U (sly) 6-j
symbol as an asymptotics for equal U (slp) 6-j symbol. It looks very similar to (51), but with
deformed expressions for edges, volume and angles. The tetrahedron is now made of T edges,
which can be found from U (sly) Jy,:

= Im: (52)
Jn = Jn + N - 29

where m and n are defined differently for two types:
me{l,3}, ne{24,5,6} Type I, (53)

me{3,4,5}, ne{l, 2,6} Type II.

The corresponding volume and angles are denoted by Vand Q,.

The resulting asymptotics for 6-j symbol corresponding to arbitrary symmetric representations
of Uy (sly), thus, can be written in terms of the associated tetrahedron, but now the tetrahedron
depends on N:

6
1 ri r i N (*I)N‘(Nfl)'~(N72)! o - T
i ~ : - COS I Q] ). 54
Or(N) |:’"3 e J ]y V127V () 2 : e Q) + n (54)

n=1

Although the factor is quite long for the general case, it becomes much simpler when all r;,
coincide, for example, for type I it looks like:

(i Jr(;\;!—z)! (4 JES!Q)! [: , ;:|N

W N _ 6 . ~
~ (DT — DIV = 2)! cos (Z Jn - Q) + z) .
12701V (Jn)

(55)

i=1

Let us note, that the generalized formula when all parameters of 6-j symbol are the same
does not correspond to the regular tetrahedron if N > 2. Due to this fact we can not simplify
the relation further. Interestingly, the resulting tetrahedron is deformed for every type differently.
In particular, type II corresponds to the trigonal pyramid, whereas type I is a bent tetrahedron,
which is combined of 4 equal isosceles triangles.
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6. Symmetries derivation
6.1. Hypergeometric symmetries group

In this subsection we do not write any symmetries explicitly. Here we are describing the
structure of obtained symmetries. The statements in this subsection are given without analytical
proof, but it has been checked manually.

We use both permutation symmetry (20) and Sears’ transformation (21) in order to get all
possible 6-j symbol transformations. The arbitrary composition of Sears’ transformations and
permutations can be written as:

ay,ay,as, as ~ ay,as,as, d4
) , C -4 ~ ~ ~ 34, , 56
4 3< by by. b3 CIQ> 4 3( By B, B q.9 (56)
where variables with ™~ denote the resulting arguments. There is a factor C that appears after

Sears’ transformations, but we are not interested in it for now. The resulting symmetry has the
following form:

N ~ o~ M
[” 2 ’} =C [Q 2 l*.{| : (57)
r3 ra jlgp 3o ra jlp
where 7, ,7, 7are some linear combination of r,, i, j obtained by the mentioned transformations.
Parameters N, M denote the ranks of the corresponding algebras.

To find the symmetries we have to solve the linear system of equations on arguments
o, ] M. Initially we consider M = N to get a unique solution. The rank of the system is
6, because the hypergeometric function has 7 arguments with one additional constraint. Note,
that we do not restrict them to the fusion rules when we solve the system. That is done because
Sears’ transformation do not respect the fusion rules, but some of its combinations with permu-
tations do. Hence we need to obtain all symmetries and then recover fusion rules using (45). In

this subsection we do not consider the relation (45) as a symmetry because it is used to satisfy
fusion rules by fixing parameter M.

Proposition 4. The overall set of symmetries G that contains all compositions of permutations
and Sears’ transformation is a group and it has 23040 elements in total [50].

For N = M =2 case this group was discovered in [51], where it was called 22.5K group.
They claimed that it is in fact Coxeter group D6, which arises in hyperbolic geometry as the
group of hyperbolic tetrahedral symmetries. The volume of a hyperbolic tetrahedron is known to
be connected with the quantum 6-j symbol of U, (sl2) in an appropriate limit [52].

Our result was obtained via the computer algebra system. Permutations and Sears’ trans-
formations were programmed explicitly and combined multiple times. By fixing all the con-
straints on permutations and Sears’ transformation, the program reached 23040 elements. It was
checked that they are closed under composition. Each symmetry is non-degenerate due to the
non-degeneracy of the initial equations, hence all elements are invertible. As a result, 23040
symmetries including identity form a group.

Most of these symmetries cannot be applied in 6-j symbols because they often do not preserve
the positiveness of r,, i, j. Also the structure of its subgroups is not clear and it makes the anal-
ysis more complicated. Thus, we are interested only in the subgroup that generalizes the known
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set of symmetries from N = M =2 to arbitrary N and M, letus call it S C G. There are 144 el-
ements in S and it is analogous to the U, (sl>) group of permutations and Regge transformations,
which we denote as H = § ’ N—pm—o- Moreover, these groups are in one to one correspondence:
each symmetry for N # 2 #% M may be transformed to a N =2 = M symmetry and vice versa.
Note, that the found symmetries from § are well-defined for hypergeometric series, but for 6-j
symbols they require the positiveness of r,, i, j, M — 2.

The other symmetries from G are out of our scope in the next discussion. The reformulation of
symmetries from G in terms of 6-j symbol has some difficulties. On the one hand, the number of
group elements is too large to analyze the symmetries manually, on the other hand the subgroups
structure is still unclear. Also there are a lot of symmetries that do not preserve the positiveness of
representation parameters, so a lot of symmetries can not be applied to 6-j symbols. Interestingly,
the whole group may be obtained as a combination of symmetries S and the following one:

rn o ry i N r rp i N
R - ! S (58)
r3 ra Jlr -r3—=1 r4y jl,
After the transformation (45) is used to find M, it is natural to consider two classes of sym-
metries: one for N = M and another for N # M.

Definition 9. If the symmetry requires N = M, we call it the internal one, else we call it the
external symmetry. The set of internal and external symmetries are denoted by I and E respec-
tively.

Let us provide this definition with examples of both internal and external symmetries.
The internal symmetry:

o iV o iV
[ b } = [ > } : (59)
r3or4 ], r4 13 J |,
The fusion rules (10) formally require two equalities for LHS and RHS. However, they are lin-
early dependent in this case, so the equality for one side yields the equality for the other side.

Moreover, if N # M # 2, the conditions are in contradiction.
The external symmetry:

M

, (60)

[rl r i:|N_C|:r1 i+N-M r2+N—M]
1

r3 r4 jl r3 j+N—-—M rs+N-M

where C is some factor. Here we have to restrict representations by two equalities: r; + r3 =
ro+rgandri+r3=i+ j+2(N— M), soweshould fix 2M =2N +i+ j —r; —r3:

. . itj=rp=ry
rtrati—j 3ntr—i—j Ntz

N r
ri rp 1 _ 2 2
[r3 4 ]:| =C n4ry—i+j r+3rs—i—j : G
] "3 2 2
1

Parameters of the transformed 6-j symbol on the RHS have to be non-negative. Parameters 7, 7, ;
are non-negative for each external symmetry, as it will be derived in Appendix. On the other hand,
M still have to be greater than or equal to 2, so not all 6-j symbols may be transformed by this
symmetry. Each external symmetry induces a subset of 6-j symbols that has such a relation.
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N
Proposition 5. For any non-trivial 6-j symbol |::1 ”:2 ;] the external symmetry of any type
3 4 T
transforms it into the 6-j symbol with non-negative 7, i, j.

The proof of this statement uses explicit relations for 6-j symbol symmetries and it is proven
in Appendix.

Proposition 6. The internal symmetries of 6-j symbols form group I with the following structure.
It is isomorphic to either Sy for type 1 or Sz x Z; for type 1.

If we consider only internal symmetries, we obtain subgroup I C S. One can check in a
straightforward way that |7| = 24 for type I, |1| = 12 for type II and the symmetries are isomor-
phic to mentioned groups.

G > s'3"1  E=s/I
Type I: S =S4 xS3, 1 =Sy,
Type 1I: S =S4 x S3, I1=S3 x 7>,
|G| =23040, |S| =144

The explicit relations are written in the next subsections. The internal symmetries from / may
be applied to any 6-j symbol of the corresponding type. In other words, for every r,, i, j with the
satisfied fusion rules it is possible to write down all symmetries from 1.

External symmetries relate 6-j symbols for different algebras. There are two important things
to note here. Firstly, 6-j symbols and 4®3 differs by a factor that is not always invariant under
external symmetries, so we need to add a normalizing factor to this symmetry. Secondly, since
there are two group ranks N and M, both of them should be greater than or equal to 2 for the
symmetry to be valid. As a result, it may be applied only to the part of all type I and type II 6-j
symbols.

Let us note that for U, (sl») there are no restrictions from fusion rules, therefore S coincides
with I and we have all 144 symmetries [27].

Remark 1. Both internal and external symmetries can be derived using the relation (50) between
U, (sly) 6-j symbols and MFS.

This method may also be used to check the obtained equalities. If one expresses the list of
MFS symmetries as U, (sl>) 6-j symbols equalities, factors can be reduced and the equalities
form the list of U, (sl>) symmetries.

6.2. Type I internal symmetries

In this subsection we write down the internal symmetries of type I. These symmetries are
very similar to the known ones and can be seen as a natural generalization of the symmetries
from U, (sl2), although in terms of Young diagrams it’s not obvious. In the shortened notation
it is easy to see the correspondence between U, (sl2) and U, (sly) symmetries. Although the
internal symmetries of type I by definition need r; 4+ r3 = rp + r4 to be satisfied, we do not
write it explicitly because in every equality either both 6-j symbols exist or both of them do not.
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The same idea is used for type II internal symmetries. To write down the symmetries in a more
compact way, we use the following variables:
ri+rtrs+rs , rtitrtj rnt+itrntj
= p = = =
2 2 2
All 6-j symbols below are equal and form group /. Columns of the equality list correspond to
row permutations, rows correspond to Regge symmetries analogue:

"

(62)

AN Y AN
I r l _ r3 rq l _ r rq4 J
[r3 T4 j]] B |:r1 r2 j:|1 |:V3 2 i:|1
AN N Y
_[rs 2 _[p—rn p=rs i|" _ [p—r2 p—ri i
|:Vl r4 ’}1 [/O—rz po—ri j]l [,O—M p—r3 }
AN AN ;. N
I I N e R A L e A e
p—r2 p—r3 i] p—rs p—rr i] r3 p' =i p'=r],
, N P N ;. N
_|"3 ot p T4 _|n -t p=n _ | e p—f”z
rnop—=j p-rnj 3 p'—j p'—ra], riop' =i p—ra],
. N N N
_ p// e )0//_’,3 _ p// —i p// —r3 _ p// —j ,ON -
p// —i p//_rl ' p// —j n IO// -, p// —i p// —-r,
_ ,OH—Z r p//_rl N='p//_j p—r3 p/_r4'N= p//_l- p—r1 ,0 —rq N
p"—j ra p"—=r3] "—i p—r1 p'=ra|, "= p-r3 p'-n
" . ’_ N r . - /N ’_ s
_[p"=i o= 2| i p—ry p'—r p—rs p'—j p -3
p'—i p=rs pl=ra| " p"=j p-ri p'-ra],” Lp—r2 p'=i p'-n
_ /s v_ N /s n_ . N /s _
_[p=r2 p'=i p"=r3"_[p=ra p'~i p"-ri p—r2 p'—j p Fi
p—rs p'—j p'-ri|, Le-r2 p'=j p"-r3], | p—ra p'—i p'—r3 1'

(63)

These 24 symmetries form a representation of group / mentioned above. It has two notable
subgroups: row permutations and Regge transformations analogue. The isomorphism 7 = Sy is
as follows. Permutations from the first row correspond to {(), (12)(34), (14)(23), (13)(24)}. The
first column symmetries correspond to {(), (12), (23), (13), (123), (132)}. All others can be read

from the table:

0 (12)(34) | (14)(23) | (13)(24)
12) | (34 (1324) | (1423)
(23) | (1243) (14) (1342)
(13) | (1432) | (1234) 24
(123) | (243) (134) (142)
(132) | (143) (124) (234)

We can write down the generalization of Regge transformations (11):

. N
ry n 1
r4 J]l

|

r3

N

o —j
p =i

r
r3

p —r4
p —r

|-

r2
r4

[
o =i

p —r3
p —ri

I
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Let us give a couple of examples of these symmetries:

e Regge symmetry analogue, type I (1st column is invariant, N > 2):

81 [41 [12,4V21] _ [ (81 [61 [14,6"72
[10] [14] [6] o] [12] [4] ’
[10] 18] [18,8¥=21 _[[101 T[51 [15,5V72]
[121 1141 16,5821~ 11121 11711 9,821 [
[12] (6] [16,5Y721] _[[(121 [91 [19,8V—2]
[14] [20] (8] 41 175,58 |
[12] [81 [10,3¥=21] _ [[12] [11] [13,6M72%]
[14] [18] [6] | (141 [15] (3]

e Regge symmetry analogue, type I (2nd column is invariant, N > 2):

[4]1 [6] [2,2Y72% 2
31 [11 [5.4¥72 [5

6] [4,4¥72]
[11 [3,2¥2

[61 151 7.3V [71 151 [6,2¥72
31 [4] [2,2V72 2] [4] [3,3¥72

]
]
]
]

[51 [6] [7.4¥72 4] [6] [8,5V°2
]
]
]

[4]1 [31 [8,5"72 [51 [3]1 [7.4¥72

4] 6] [2,2V72) 2
[51 [31 [7.4¥72 [7

[6] [4,4V72]
31 [5.2¥72

6.3. Type Il internal symmetries

One can similarly consider type II, there are only 12 symmetries. For brevity we use the
following variables:

ritra+rstra , ntitr+j  , rntitrtj
2 2 2
All 6-j symbols below are equal. Columns of the table correspond to a column permutation, rows
correspond to Regge symmetries.

. N r N
ry n 1 _ rp ri l (66)
o rg j_2 |74 73 Jj )

(65)

AN N
_|p—rs p—ra i p—rs p—r3 i
p—=ri p=r2 jl, |p=r2 p=ri jj,

/ ’ N ro , AN
N I T e £ _|Pp—ra 11 0 —]
r3 p'=ry p'—i] o' =r 3 p =i,

[\S]

. AN
:[P”—m ra p'—j ra p"—r3 ;0"—]]

o' —=r1 rg p'—il|, |ra p'=r1 p'—i],

N r .
_[p—rs ' —rs p'—j P —rs p—r3 p”—]]
= yoo = "

p—ri p'=rn p'—il, |p'=r2 p—r1 p'—i

2
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p"—r3

_ P —T4
p" —r

p—n

r_ s N _
o =il _[p—ra
,O/—i 2 p—nr

o —r3
o' =ri

The structure of isomorphism I = S3 x Zj is as follows:

00 2)0
(12)(ab) | (O(ab)
(13)(ab) | (132)(ab)
(23)(ab) | (123)(ab)
230 | 230
320 | d3)0

The Regge transformation is the only new relation here:

o' —j
o' —i

/
p'—r4
/
o —r

.N
ry r 1 _|n
[rz T4 j]z |:V3

o —J
p =i

N _|p"=rs3
5 p//_r1

r2
r4

Let us give a couple of examples of these symmetries.

e Regge symmetry analogue, type II (1st column is invariant, N > 2):

[51 [61 [10,1] | _[I51 [71 [10,2]
31 81 [7.5% 21— |31 91 6,521
[51 [6] (1 | _[I81 M 0,1
(11 [to1 [7,6N=21f — |11 1111 [6,6¥N 21"
[41 [61 [10] | _[[4 [71 [10,1]
(11 91 [7,6¥=21 — |11 (101 [6,6M21"
31 161 811 | _[I3] [8] I[8,3]
41 [51 [8,5Y 21— |41 71 16,582
e Regge symmetry analogue, type II (2nd column is invariant, N > 2):
[4] [2] (61 ] _[l6] 121 6. 2]}
(11 [51 [3,2V72] 31 51 111 J°
[41 31 6,11 | _[I51 [31 [6,2]
(11 161 [2,2¥21 — 121 161 [11,1¥=21]"
[51 [6] [10,1] | _[[10] [6] [10,6]
41 [71 [(o,6N21f — | 1 M 5.1
51 (6] 1921 |_[[7] [6] [9,4]
21 91 [4.4¥21) |41 191 2,28 2"

6.4. Type I external symmetries

In this subsection we consider external symmetries from the group S.

22
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Notation 1. Let us denote by = a external symmetry between two 6-j symbols with additional
inequality restriction M > 2. For brevity we also drop out factors that occur in equalities and

. —M Kr(r1,r2,r3,74,i,j,N)
can be written as C = (— )N M 2011203048 V) |
=D K1 (r1,72,73,74,1,j, M)

Let us consider external symmetries of type L. It is convenient to write down not the whole
set S\ 7, but the factor E = S/I. In U, (sl2) we have the subgroups of Regge transformations,
row and column permutations, one can notice that here we also have similar subgroups. The
external symmetries for type I are analogous to column permutations and may be easily written
with notations A; =N —M;,n;j =M; —2,ng=N — 2.

|:r1 r i:|N:_V1 i+ A r2+A1:|M12|:i+no o+ As rl—nz]Mz
r3ora jly L3 JEAL mtA],  [Jjtno ratAr r3—na|
(68)

[i4+no r—n3 ro+ Az Ms m+ny i+Ay rp—ng Ma
|J+no r3—n3 ra+ A3 rat+no j+As4 r3—ng |

12
12

1
(69)

(70)

S O . M
N*A:/B*Z rn4ng ri—ns i+As]°
 [ratno m3—ns j+As],

where n;, A; and M; are fixed by fusion rules.

We emphasize that E is isomorphic to S3 only for N = Ms = 2. In this case 6 elements
from above are represented by {(), (23), (13), (132), (123), (12)} correspondingly. In general, it
is impossible to satisfy the fusion rules, so E have only 4 transformations which are not closed
under composition and E = S3 \ {(12)}.

These symmetries are interesting because they cannot be expressed as a combination of any
known symmetries. From hypergeometric point of view these symbols have the same value of
4®3 but it’s still possible that K7 is changed by this transformation.

Let us write down a few examples of these symmetries:

e The first symmetry, N = M| =4:

31 111 [4,1%] _{[3] 41 [1,12]}
(61 81 I[5,1%] 61 [51 [8,3%1]"

e The second symmetry, N =4, M, = 3:

(51 141 01 | __ [2]q[3lq{[3] [51 [4,3]}
[71 [8] [9.3%] [51,081 L (111 [91 (6] |

e The third symmetry, N =4, M3 =2:

{[7] Bl 4] _ [2lq[3]q{[6] 7 [5]}
[21 6] [1,1°] [514061, 1131 121 [81]°

e The fourth symmetry, N =4, My =5:

{[6] [4 [8.3%1]_ [20431y | 1 {[6] [71 [3,231}
51 71 1941~ (71, e Lo 181 (21 [

23

— —

—_——
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6.5. Type Il external symmetries

In a similar way we can consider type II symmetries E = §/I and fix M by transformation
(45). These symmetries are analogous to a column permutation and row permutations:

r . N . M
roor2 i | J+HAL i+ A r4 ~ a1
|73 e J ], i r3 rn+ A,
r . M: . M
~|rntAr j+A r3 2: i—n3 ri+A3 r+ng 3:
L o i rn+2x2], |Lj+no r3 ra—n3 |,
r . QM. r . QM
~|nt+As i—ng ri+ng 4: ra—ns j+As ri+ng 5:
__ r4 Jj+no r3—n4 |, __r2+n0 i r3—ns |, -
- aMs . M
~|J+As r3—ne r2+ng 62 r+A7 rq—n7 j+ngo 7:
L ri+no rs—ne |, Lo ro+no i—n7|, -
r . aM. r . 1M
~|m—ns rn+As j+no 82 ra—ng I —ng r3 92
- Lritno 74 i—ng |, |r2tno j+tno ri+Ado],
r. M — — . M
~|t—nw 7r3—nio T4 ION*’@‘J r3—nir r4—ni ! !
T Litno ritno r2+Aw], - ri+nog  ra+no j+Aun,

We emphasize that the last 6-j symbol exists only for N = M|} = 2 as it is impossi-
ble to satisfy the inequalities otherwise. The isomorphism E| N=M =2 = A4 is as follows.
The first row corresponds to elements {(), (143), (134)}. The first column is presented by
{0, (132), (234), (243)}. Other elements can be read from the table:

0 (143) (134)
(132) (123) (142)
(234) | (14)(23) | (13)(24)
(243) (124) (12)(34)

If we consider arbitrary N, E is not closed under compositions and E = A4 \ {(12)(34)}.
Let us write down a few examples of these symmetries:

e The first symmetry, N = M| =4:

{[5_] 21 (7] _{[g] [5] [7,4]}
4] [31 [6,2%] 71 41 [2.24]"

e The third symmetry, N =4, M3 =5:

{@ m o | [10]q[8]q{@ [7] [&5]}
(51 141 [6.171] — \ [1,03, |8 (51 (1, 1°1°

e The seventh symmetry, N =4, M7 =5:

{@ 1] 9] }Z_ [1014[8]q{@ 1 [8] }
(51 41 [6,1%] 41,3, |51 31 [6.1%1)°

24
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e The ninth symmetry, N =4, My = 3:

{@ [4] [6,3]}_ 2151314615101, {@ (5] [8,5]}
B1 191 [5.3%] [43 (51, [111,012], |T6] (71 19,51]"

7. Main results

In this section we collect the most important results obtained in the paper. We are using the
special notation (8, 9) for MFS.

e Expression (40) for MFS via q-hypergeometric series:

AN
ry r2 i a,az,as, a4
. =Kr -4 3 q, , 72
|:73 r4 J]T roe 3( b1, b2, b3 qq) (72)
—r1—rp+i —2(N —=2)012
—r3—rq4+i
2a; = . ,
i —r1 =714+ ]
—r—ry+j (73)

—ri—r—r—rs—2(N—-1)
2b; = i+j—rn—rs+2
i+j—ri—r3+2+2(N—-2)r,

Factor K7 depends on type T and defined as in (39):

ON (r1.r2,0)0N (r3,74.0)0N (1,74, )0 (273, )IN =11 N —2] [ 1275 H4 4 N 171
[P0 N2+ (N =2)87 21 T 25 1 A ) 28 [ (N =267,

(74)

Kr =

e Relation (50) between MFS and U, (s/2) 6-j symbols:

. N .
|:r] r l} {rl r2+N_2 Z+N_2}(—l)N[N_l]q‘[N_z]q'@1(N),

r3 r4 j | 3 ra+N—-2 j+N-2
(75)
. aN _2 _2 .
(76)
with factors ®1, ®, defined in (48):
N-=-2 _%
O1(N) = l_[ |:i7r|2+r2+m:| |:j+r§—r3_’_m] I:j—ré-‘rm_}_m] [i—r32+r4+m] i
m—1 q q q q
17
1
N-2 2
@2(N)=( I:rl+£2_i+m:| |:j+r§—r3+m:| |:j+ré—r4+m:| |:i+r3i+r4+1+m:| ) )
q q q q
m=1

(78)
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e The asymptotics (54) of MFS for U (sly):

L [ i DY N=DL NV

Nuclear Physics B 960 (2020) 115164

—2)!

r3

|

where J~k are defined in (53).

Or(N) r4 J'L 127 - |V (Ji)|

7.1. Symmetries of 6-j symbols

)

(79)

6
~ ~ T
E Ji - Q] -
<:OS(n:1 k- 2( k)+4

There is a group of MFS symmetries that has 144 elements in total. It is convenient to split
them into the internal and external symmetries. The internal ones always act in U, (sly), the

external ones connect U, (sly) and U, (sly) 6-j symbols.

e Counterpart of the Regge transformations (64), type I (o’ =

rop—j p—n

p'—i p'—=nr

EE -

r3 r3

e Counterpart of the Regge transformations (67), type II (o’ =

N N

o =
p —i

p =14
p—r

ry r 1

2]

J

8

nnil-l -

2 2

o=
p =i

P’ —=r3
p" =

ri4rati+j r2+r4+i+j),
2 - 2 :

N

|-

rotrati+j ):
-5 )

p—n
p —r

ritrsti+j o
2 k] p -

]

rn

iy (80)

N
p" =
p//_l'

r2

iy 81

2

The next symmetries are between U, (sly) and U, (slpr) 6-j symbols. Values of M; are fixed

by fusion rules. For brevity we use the notations A; = N —

e Type I external symmetries (68):

Mi,niZMi—Z,n():N—z.

roory i Ng ro i+AL n+A Mlz (82)
[r3 e J]y L3 JHAL e+ A]
:-i+”0 rn+Ay rp—np Mz: i+ng ri—n3 r+A3 M3:
T litno ratAy r3—na|, T |jtno r3—n3 ra+Az
z—rz-i-no i+ Ay ri—ng M4N:g5=2 rp+ny ri—ns i+As Ms
__r4+n() J+As r3—ny ) - ra+no r3—ns j+As )
e Type II external symmetries (71):
- N . M
reor 0 | TEAL A r4 IE (83)
73 4 J, i r3 2+ A,
- . My . M3
~|ntAy j+A r3 ~|i—n3 r+A4A3 rn+n ~
L s i rn+A2], |Lj+tno r3 ra—n3l,
2_r2+A4 i—ng ri+ng MAZ ra—ns j+As ri+ng MSZ
__ r4 j+no r3—ng ) | rn+no i r3—ns |, o
2—j+A6 r3—ne ry+ng M62 rn+A7 ra—n7 j+ng M72
L ri+no ra—nel|, r3 rat+no i—n7 |,
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. M, . M
~|m3—ns rn+As j+no 82 r4—ng I —ng r3 92
| ri+no r4 i —ng T |rmt+ng jHno ri4+ Ag B

2 2

~|i—nwo r3—npo T4 ]

Mio N=my =2
:[j-l—no ri+no 2+ A - [

. M
r3—ni ra—ni i ]

ri+ng ra+ng  j+ Ay

2 2

8. Conclusion

The 6-j symbols beyond U, (sl) are rapidly becoming very complicated to analyze. Even in
the case of symmetric and conjugate to symmetric representations where we know the analytic
expression, there are many features that hide from our sight. Firstly, 6-j expression in its original
form [1] is the g-factorial series that can be written as a function 54, but after some manipu-
lations it became clear that the expression is very similar to U, (s/>) one and may be written as
(41) via 4 P3.

Secondly, the hypergeometric function has a relation (38) that is necessary to use the Sears’
transformation. This allows us to think that there is an important class of 6-j symbols with 6 free
parameters that is connected with 4®3 series. Considered expression (41) is already applicable
to N =2 case and types I, II. It is an interesting question what else may be expressed via 4P3.

The relation (50) between multiplicity-free U, (sly) and U, (sl2) symbols reveals the nature of
multiplicity-free case. In fact, multiplicity-free 6-j symbols tend to be very similar to U, (s/2) one.
As was found in [47,31], the other class of 6-j symbol with symmetric incoming representations
may be expressed via U, (sl) one. The further study of more difficult classes can tell us more
about the structure of 6-j symbols, but now we can vividly see that q-hypergeometric series play
the main role in this problem.

Obtained symmetries show that there are much more relations for 6-j symbols in U, (sl ) than
tetrahedral symmetries. As the most bright example of this statement, we show that the Regge
symmetry is generalizable to both types as (64), (67). External symmetries, on the other hand,
are less convenient to use, but they provide a lot of new relations that depend on N explicitly and
connects 6-j symbols from different N.

Relations, we found in the present paper, which show similarities between U, (sly) and
U, (sl2) and allow to express one through the other are of great use in the applications of 6-j
symbols. Modern problems in many of the physical and mathematical theories where 6-j sym-
bols appear require the knowledge of U, (sly) 6-j symbols. However, these are much less studied
than the U, (sl) case, where general answer and properties are known. The results of this paper
show that many of these properties can be generalized to a large class of U, (sly) 6-j symbols.
Generalization of these results to even larger classes, especially to the Racah matrices withput
multiplicities, is still an open problem.

To conclude, let us list a few problems where, on the one hand, these symbols should definitely
appear, and on the other hand, they have not yet been found there.

The first problem is the refined Chern-Simons theory, which is related to the Khovanov-
Rozansky polynomials and superpolynomial knot invariants [53]. An indication of the existence
of analogs of 6j-symbols was obtained in the works of [54,55]. On the other hand, the R-matrix
formalism for the Khovanov-Rozansky homology is gradually developing [56,57], which allows
us to hope for promising research in this direction in the future.

The second problem is related to the matrix-model approach to colored HOMFLY polyno-
mials, in which the dependence on color is governed by 6j-symbols. In general, we know that
matrix models can be used to obtain a wide variety of interesting quantities (from recent work,
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see, e.g., [58]). Moreover, we know that in the case of torus knots, the colored HOMFLY polyno-
mials, expressed by the Rosso-Jones formula, can be represented as a matrix integral. For other
knots, similar matrix integrals have not yet been found (see attempts to obtain them [59]). How-
ever, we know that the Rosso-Jones formula does not contain 6j-symbols, they were resummed
and turned into Adams coefficients. Therefore, it is possible that matrix formulas do not exist
for non-torus knots, or some generalizations of them are needed. There are 2 promising areas at
once, to which matrix models can be generalized. These are tensor models [60] and topological
recursion [61,62]. Without going into details, we note that topological recursion for torus knots is
already under development, while the relationship between tensor models and HOMFLY colored
polynomials remains for future research.
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Appendix A

In this Appendix we write down explicitly the new symmetries mentioned in select results.
Also we prove that external symmetries always preserve the non-negativeness of 7,,, 7, ]

e Counterpart of the Regge transformations (64) in terms of Young diagrams, type I:

1 Tl [ %W'N‘z]

(34)
sl tral [

[r1]

' 2
[r3] [r2+r4+l—J [rz—r4+l+J ra—rs+j"" 2}
3

[F2+r4—l+J} [—r2+r4+l+J r3—ra+jN7?
} 5
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+r3—i+j] —
[%} Y

- + +._.
[—” ”2’ J} [r4]
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—ri+ntitj n—r+iV?
2 ’ 2
—r3+i+j rn—r3+ V72
2 ’ 2

e Counterpart of the Regge transformations (67) in terms of Young diagrams, type II:

rit+ra+i r1+r2 i
] o] [P, st

DRI

[r1]

=]

Cia
[7” ”2’ / } [r2]

—
[7” ”2’ ’} [r4]

e Type I external symmetries (68):

rz—r4+l+J ritrotiori—ratj
2 ’ 2

— 4—r2+l+J rz+r4—l+J ro—ry+ Y
[r3] ; >

ri+rn+i mn—rn+j
2 ’ 2

ritrs—itj ntrn—iN?
2 ’ 2

i+j—ro—ry
2

12

. N B j
|:r1 r2 l:| r ro4ra+i

r3 r4 J 1 r3
i+ N =2
J+N=2

12

i+ N =2
JEN—2

1

[+ N =2
ra+N—2

1

[y + N -2
_r4+N—2

~

e Type II external symmetries (71):

—j  3radra—i—j :|N+

2 ..
rotra—i+j
2

2
r+3rg—i—j

2 1
S L 2+
i+j+ry—ry +N-2 i+j+ri—r3

2 2
i+j—ra+ry _ i+j—ri+r;
Dty N —p Dhpn |
i+jtri—rs 2+

2
i+j—ri+r3

2

i+j+r—ry _
o 5 N +N-2
i+j—ro+ra _

5 +N-2 .

rptryti—j _
SRR Y Y

3ritr3—i—j 2
rotra—i+j _
Dttcih) 4 N -2

ri+3r3—i—j
2 1

MH4+N—2 i+2N—41""

r3+N—2 j+2N—4]

[71 r i}N:: _”+4;n+/ m+¢gn—j o N
r3ore Jly, | rs Syt ram i
N B r4+i-&2-r2—j r4+l;r2+j " N+%
- r4 i &ggiz

29

rotrq—i—j
2

r1+r3 i—j

i+j—ro—ryq
2

(85)

(86)

87)

(88)

(89)

(90)

oD

92)



V. Alekseev, A. Morozov and A. Sleptsov Nuclear Physics B 960 (2020) 115164
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(100)
:_r3+N—2 r4+N—2 i 4=N (101)
CnmtN-=2 n+N-2 J+2N -4,
A.l. Proof of statement 5
Proof. Let us firstly prove that the following expressions are non-negative:
i — >0
AR Te(1.2), (102)
3ro4+rs—i—j>0,
i+r—r3>0, T =2. (103)

The non-negativity can be proven using the inequalities on i, j. These inequalities are tautologi-
cal generalization of the U, (slz) case [31]:

rA—r . . (r1+r rh—r . . (4T
max Iri =72 <i <min 1+ , max Ir2 =73 < j <min 273 .
|13 — ra| 1341y |y — 74l r1+ra

(104)

With the suitable substitution the proof is obvious:
rn+rn+i—j=ri+r+(—r3+ry) —(r1+r4) >0, (105)
3rotra—i—j=3rn+ra—(ri+r)—(2+r3)=rn+r—r—r3=0, (106)
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i +r1 —r3>max (r2_r1 +tn _r3) =max<r2_r3) =max(r2_r3> >0. (107)

r3—r4+ry—r3 ry—r4 r3—ra

Similarly one can derive non-negativeness of all expressions from external symmetries. Since the
derivation is analogous in these cases, they are omitted. O
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