]
TUDelft

Delft University of Technology
Faculty of Electrical Engineering, Mathematics & Computer Science
Delft Institute of Applied Mathematics

Eigenschappen van de Racah polynomen met
betrekking tot de Lie algebra representatie van
sl(2,C) (Engelse titel: Properties of the Racah

polynomials with regard to the Lie algebra
representation of s/(2,C))

Thesis submitted to the
Delft Institute of Applied Mathematics
as part of the acquisition of

the degree of

BACHELOR OF SCIENCE
in

APPLIED MATHEMATICS
by
Jan Nico Mol
Delft, Nederland

June 2019

Copyright (©) 2019 by Jan Nico Mol. All rights reserved.







]
TUDelft

BSc thesis APPLIED MATHEMATICS

“Eigenschappen van de Racah polynomen met betrekking tot de Lie algebra
representatie van s{(2,C) ”

(Engelse titel: “Properties of the Racah polynomials with regard to the Lie algebra
representation of si/(2,C)”)

Jan Nico Mol

Technical University of Delft

Supervisor

Dr.ir. W. G. M. Groenevelt

Other committee members

Dr. D. C. Gijswijt Drs. E. M. van Elderen

June, 2019 Delft






Abstract

The Racah polynomial R, (A(x)) is a polynomial of degree n and is variable in A(x). In this thesis two
properties of this polynomial will be studied. One is the orthogonal property of the Racah polynomial.
And the other is that the Racah polynomial can also be described as a polynomial of degree x and
variable over A(n).

The Racah polynomials will be studied with the use of a representation of the Lie algebra of
sl(2,C) and hypergeometric series. To do this, this Lie algebra will first be defined and then we will
work towards defining the tensor product of three representations of the Lie algebra si(2,C).

From the tensor product, a series representation for the Racah polynomials will be found, which
can be rewritten to a hypergeometric series.

Then, the orthogonal property of si(2,C) will be used to study the orthogonal property of the
Racah polynomials. And the polynomial will be rewritten as a polynomial of degree & with the use of
some identities of the hypergeometric series.

Het Racah polynoom R, (A(z)) is een polynoom van graad n en heeft als variabele A(z). In dit ver-
slag zullen twee eigenschappen van het Racah polynoom worden bekeken. Dit zijn de orthogonaliteits
eigenschap van het Racah polynoom, en de eigenschap dat het polynoom te schrijven is als een xz—de
graads polynoom variabel in A(n).

De Racah polynomen zullen worden bestudeerd met behulp van een representatie van de Lie al-
gebra sl(2,C) en de hypergeometrische functies. Om dit te doen, zal eerst de definie van een Lie
algebra worden gegeven. Dat zal worden uitgebreid tot een definitie van een tensorproduct van drie
representaties van de Lie algebra sl(2,C).

Dit tensorproduct levert uiteindelijk een reeks op waarmee de Racah polynoom gedefinieerd kan
worden. Deze reeks kan dan worden herschreven tot een hypergeometrische functie.

De orthogonliteits eigenschap van het Racah polynoom zal worden bewezen met behulp van de
eigenschappen van de Lie algebra sl(2,C). En het herschrijven van het Racah polynoom naar een
polynoom van graad x, zal worden gedaan met behulp van eigenschappen van de hypergeometrische
functies.
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1. INTRODUCTION

1 Introduction

Note, this thesis uses a lot from the work of Joris Van de Jeugt, [I]. Most of the given
proofs, theorems and definitions come from this book. And this thesis follows the same
guidelines to show the properties of the Racah polynomials as in the work of Joris Van
de Jeugt, [1].

The Racah polynomials are polynomials with a few special properties. The properties of the Racah
polynomials have been studied before, see [I], so the properties that we will look at are already well
known.

The Racah polynomials R,(A(x)) are polynomials of degree n and variable in A(z). The two
properties that we will look at in this thesis are the orthogonality property of the Racah polynomials,
and that we can rewrite R, (A(z)) to a polynomial of degree = and variable over n.

When one would start with the definition of the Racah polynomial, it isn’t immediately clear if the
polynomial has the described properties. But, one can construct the polynomials with the use of the
tensor product of three representations of si(2,C).

When we describe the Racah polynomials with the use of representations of the Lie algebra si(2, C).
It becomes clear that we can use the orthonormality of the basis of this representation, to check the
orthogonality property of the Racah polynomials.

For the other property we need to use hypergeometric series. Because the definition of the Racah
polynomials that will be constructed, can be written as one of these series. And there are several
identities for the hypergeometric series, which we can use to rewrite the Racah polynomial.

To do all of this, we will start by defining what a Lie algebra is, and what a Lie algebra representation
is. In Chapter 2 we will take a brief look at the hypergeometric series, and some of their identities. And
then we will only need to look at the tensor product of representations, and construct the definition
of the Racah polynomial.

In this thesis, we will define the Lie algebra and Lie algebra representations over a field K. This
field will be either the field of real numbers, R, or the field of complex number, C.
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2 Lie algebra and representations

In this chapter we will give the definition of a Lie algebra. With the help of some examples, the
definition of si(2,C) will be given. After that we will define a g—module and a representation and look
at some properties.

After that we will define a special g—module, the Verma module of sl(2,C). From this g—module
we can construct the representation that we will use to study the Racah polynomials. This is the
x—representation of D;.

At the end of this chapter some extra details on the Verma module will be given. This is a more
abstract approach and won’t be used later on.

2.1 Lie algebra

Definition 2.1. Let g be a vector space over a field K endowed with a bilinear operation |-, -] :
g X g — g. Then, g is called a Lie algebra over K if the following properties are satisfied for
r,Y,z € g:

i [z,y] = —[y,z] (anti-symmetry)
. [z, [y, 2]] + [y, [z, 2]] + [z, [z,y]] =0  (Jacobi-identity),

The operation [-, -] is also referred to as the bracket, the Lie bracket or the commutator of g.
That the operation [-, -] is sometimes called the commutator is quite obvious. We only have to look
at how we can turn an algebra g over a field K into a Lie algebra. Note, an algebra g is just a vector
space endowed with a bilinear operation, which is called the multiplication of g.

Theorem 2.2. Let g be an algebra over a field K, with the product of g denoted as z-y = xy, x,y € g.
Then, g can be turned into a Lie algebra by defining the commutator as,

[z, y] =2y —yz.

Proof. Take x,y,z € g arbitrary. And define the commutator [z, y] = zy — yz as above. Now it is
easy to see that the commutator is bilinear, because the product of g is bilinear.

We also have xy — yx = —(yx — xy), so the commutator is also anti-symmetric.

And we see that,

i [z, |y, z]] = 2yz — v2y — yza + zyx,
i. [y, [z, z]] =yzzx — yzz — zay + z2y,
ii. [z, [z, y]] = 2zzy — zyz — zyz + yz2.

So, the commutator also satisfies the Jacobi-identity. Which shows that g is indeed a Lie algebra over
the field K. O

Now, note that a Lie algebra is only a vector space endowed with a bilinear operation. And because
we know when a subset of a vector space is a subspace, it is also interesting to know when a subset of
a Lie algebra g is a subalgebra of g.

Definition 2.3. Let g be a Lie algebra over a field K and let h C g be a subspace of g. Then, h is a
subalgebra of g if,
[z,y]€h Vz,y € h.

As with subspaces, a subalgebra is also a Lie algebra on its own. Because a subalgebra is a vector
space, and the properties for the Lie bracket are also satisfied when we look at [z, y], for z,y € h.
Now, a subspace I of a Lie algebra g could also satisfy a stronger property than the one given above.[2]
Which leads to the definition of an ideal I of g.
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Definition 2.4. Let g be a Lie algebra over a field K, and let I C g be a subspace of g. Then, I is an
ideal of g if,
[z,y] el Vx € g and Vy € 1.

Notice that this means that an ideal of g is also a Lie algebra on its own. This follows from letting
x € I in the above definition. Also, a Lie algebra g always has {0} and g as its ideals. Which is why
these are called the trivial ideals.|2]

There are several easy and well known examples of Lie algebras. So, to get more familiar with Lie
algebras and the bracket, some examples will be given. Some are well known examples, such as R3
endowed with the cross product. And one example will be given, because it will be used further on.

Example 2.5. Let’s start with the well known example, R? endowed with the cross product - x - : R3 x
R? — R3. For a,b € R3, with a = (a1, a2, a3),b = (b1, b, b3), we have,

axb= (agbg — a3b2, a3b1 — albg,albz — agbl).

Note that this is a bilinear operation and that a x b = —b x a. Because, for a,b € R? we have that,
1. agbs — agby = —(aszby — agbs)
ii. azby —aibs = —(a1bs — asby)
ili. ajby —agby = —(az2b; — a1by).

So we only have to check the Jacobi-identity. This is not really difficult, but it does take more time to
check than the other properties. Now, take x,%,z € R and  x y = [a, b], then we have,

[z, [y, 2]] = [z, (Y223 — Y322, Y321 — Y123, Y122 — Y221))
= (22(y122 — y221) — 23(y321 — Y123) , T3(Y223 — Y322) — T1(Y122 — Y221)
,21(y321 — y123) — 2(Y223 — Y322)).

SO, for a vector b= (p17p2’p3) = [CE, [ya ZH + [y> [Z,JL’H + [Z7 [SU, y“ € R?) we havea

P1 = TY1Z2 — XT2Y2Z1 — T3Y321 + T3Y123 + Y221T2 — Y2221 — Y323T1 + Y321T3 + 22T1Y2 — 22T2Y1
— z3x3y1 + 2371y3 =0

P2 = T3Y223 — T3Y3z2 — T1Y122 + T1Y221 + Y3223 — Y323T2 — Y121T2 + Y1221 + 23%2Y3 — 23X3Y2
— z171Y2 + 21021 =0

P3 = X1Y321 — T1Y123 — T2Y223 + T2Y322 + Y123T1 — Y1213 — Y22223 + Y2232 + 21T3Y1 — 21T1Y3
— 29T2Y3 + z2w3y2 = 0.

Which shows that R? endowed with the cross product satisfies both properties of the Lie algebra. So,
R3 endowed with the cross product is indeed a Lie algebra.
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Example 2.6. A more general and abstract example is the ring End(V), the set of linear transforma-
tions from V to V. To show that End()) is indeed a Lie algebra, let’s start with an arbitrary vector
space V over a field K.

Then, the ring End()) can be constructed with the use of all the endomorphisms f: V — V. This is
done by using the addition of V, which is commutative. Also, we will define an addition on End(V),
such that End(V) will be a group under addition. So, we define,

fla+y)=f@)+fly)=fy) + flz)=fly+z), forz,yeV, feEndV),
(f+9)(z)=f(z)+g(x) forxzeV, fgeEndV),

where the first equation is the definition of an endomorphism.|3]

Because the addition of V is commutative, End()) is a group under addition. This is easily provable,
because we only need to check that f + g, f,g €End(V), is indeed an endomorphism. Because the
identity is trivial, idy(v) = 0,Vv € V, and the inverse of f €End(V) is f~!(v) = —f(v),Vv € V. Now,
take f,g €End(V) and x,y € V arbitrary. Then we have,

(f+a)z+y)=(f+9)(v)=fv)+g(v) = flz)+ f(y) +g9(x) +g9(y) v=x+ye,

because of f and g are endomorphisms, and if f 4+ g €End(V) we must satisfy,

(f+9)xz+y)=(f+9)(x)+(f+9) () = f(z)+g(x)+ f(y) +9(v)

Which shows that the addition of V has to be commutative to satisfy both equations. In other words,
if the addition of V is not commutative, End()) can’t be a group under addition, because f + g won’t
be an endomorphism.

And, the multiplication of End(V) will be the composition of two endomorphisms, which is a bilinear
operation. So,

(f-9)(x) = f(g9(x)), for two endomorphisms f, g € End(V), and z € V. [4]

Take f,g,h €End(V), a,b € K and € V. Then, the bilinear property of the multiplication can be
proven with,

(folg+h)(x) = flg(z) + h(x)) = f(g(x)) + f(h(x)),

((g+h)o f)(x) = (9+h)(f(z)) = (f(l’))+ (f( );

(@-f)o(b-g)(z)=a-fb-g(x)) =a-flg(@))+---+ flg(x)) =a-b- fg(x)).
b times

So, End(V) is indeed a ring. With this definition of End(}), we can use Theorem [2.2| to turn End())
into a Lie algebra. This theorem can be used, because this ring is actually an algebra. This statement
follows from the fact that, End()) is a well-defined vector space under addition, and the multiplication
of End(V) is bilinear.

So, from this we see that End(V), with the bracket defined as in Theorem is a Lie algebra. And
this Lie algebra is often denoted as gl(V).
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Example 2.7. The Lie algebra that will be used more often, is the Lie algebra sl(2,C). As a vector
space, sl(2,C) consists of all the complex traceless (2 x 2)—matrices. And one can turn s/(2,C) into
a Lie algebra with the use of Theorem because sl(2,C) is an algebra over C.

Before looking at sl(2,C), we will first look at a more general example. Namely, gl(n,C), the vector
space that consists of all the complex (n x n)—matrices. So, take g = gl(n,C). Now, a basis for g is
the set containing the n? unit matrices eij, (1,7 =1,...,n). In other words, the set that contains the
n? matrices, which have only 0’s as its values except for one 1. Where the place of this 1 is different
for all non-equal matrices in the basis.

Now, we can define the commutator of g as,
[eij, ext] = djrei — dyer;.

And we see that, with the use of Theorem that g is a Lie algebra with this commutator.

One property of (n x n)—matrices is that tr(zy) = tr(yz), for x,y € g. So, for x,y € g we have that
tr([x, y]) = 0. So, for all traceless matrices z,y € g, we see that [z, y] is again a traceless matrix.
Which shows that sl(n,C) is a subalgebra of g.

A basis for sl(n,C) can be made by first taking all the matrices from the basis of g with only zeros
on the diagonal, which are n? — n matrices. And then by taking all the matrices with a 1 in the first
diagonal entry and a -1 somewhere else on the diagonal, and everything else 0. Hence, the basis of
sl(n,C) consists of n? — 1 elements.

Since sl(n,C) is a subalgebra of g, it is indeed a Lie algebra. And one could construct the following

basis for si(2,C):
10 0 1 0 0
— (2 — _
Jo_(o %>, Iy = <0 0), J__<1 o)‘ (2.8)

With respect to this basis, the Lie algebra si(2,C) has the following commutator properties:
[Jo, Jr]| = £Jq, [Jy, J-]=2Jp.

Do remember that this Lie algebra will be used more often further on. And, this basis will be used as
the standard basis for s(2,C).

2.2 Representations and modules

Eventually we want to use representations to study the properties of the Racah polynomials. But to
be able to do that, we need to know what a Lie algebra representation is.

A Lie algebra representation is nothing more than a special Lie algebra homomorphism. So let’s
start with the definition of a Lie algebra homomorphism.

Definition 2.9. Let g1 and go be Lie algebras over a field K. Then, a linear transformation ¢: g — go
is called a Lie algebra homomorphism, or homomorphism, if p([z, y]) = [¢(x), ¢(y)].
Note, this implies that ¢ is a homomorphism between the vector spaces g; and go.

So a homomorphism between two Lie algebras is pretty much what we would expect. So, now that
we know what a homomorphism is, lets finally look at what a representation is.

Definition 2.10. Let g be a Lie algebra over a field K and let V be a vector space over a field K.
Define ¢l(V) as in Example

Then, a homomorphism ¢: g — g¢l(V) is called a representation of g in V. And V is called the
representation space.

When using representations it is often convenient to also use the language of modules. For the
reason that they are equivalent, but it is sometimes easier to refer to a module than it is to refer to a
representation, which is only a function.
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Definition 2.11. Let g be a Lie algebra and V be a vector space, both over a field K. Let V be
endowed with an operation g x V — V), denoted as (z,v) — m(z)(v).
Then, V is called a g—module if the following conditions are satisfied:

i. m(ax + by)(v) = an(z)(v) + br(y)(v),
ii. m(z)(av + bw) = an(z)(v) + br(x)(w),

iii. m([z, y])(v) =m(z)(7(y)(v)) — 7 (y)(7(z)(v)),
with x,y € g, v,w € V and a,b € K.

The reason why the language of modules and representations is equivalent, is because the relation

between modules and representations is a natural one. So, ¢ is a representation of g in the vector
space V if and only if, V is a g—module under the action 7(x)(v) = ¢(z)(v).
Now, the g—modules that will be studied won’t be irreducible g—modules. In other words, the
g—modules that will be studied have subsets, that are again g—modules. That does sound incon-
venient, but we will be lucky enough that the g—modules are also completely reducible. Which means
that they will be fully decomposable into smaller g—modules. So, the larger g—modules that will be
studied, can be studied with the use of the smaller g—submodules.

Let’s first write these terms down properly. So that we can actually use them and also be able to
properly check if a g—module is irreducible.

Definition 2.12. Let V be a g—module. Then, a subset W C V is a g—submodule if, 7(z)(w) € W
Vo € g and Yw € W.

Definition 2.13. Let V be a g—module over a field K. Then, V is irreducible if it only has trivial
g—submodules. The trivial g—submodules are V and the empty set. If V is irreducible, it is often
referred to as simple.

Definition 2.14. Let V be a g—module over a field K. Then, V is called completely reducible if,
V is a direct sum of g—submodules. In other words, V is completely reducible if every g—submodule
W of V, has a compliment W', which is also a g—submodule of V. So, V =W @ W', with W and W'
g—submodules of V.

2.3 The Verma module and x—representation of si(2,C)

Now we know what a g—module is, and when a g—module is irreducible. We can now look at a special
g—module, the Verma module. For this part we will define the Verma module in a concrete way. Later
on, we will look at it shortly in a more abstract way. To be more precise, we will first focus on the
Verma module of si(2,C), because that is what we need later on. And later we can check if the given
definition is also coherent with a more abstract definition.

However, before we can introduce the Verma module, we need to know what the enveloping algebra
is. After defining those two, we will look at two new operations, a x—operation and a Hermitian form.
And finally, all of the information will be used to form a special representation of si(2,C), which will
have an inner product defined on it.

In short, the enveloping algebra is the associative algebra generated by the basis elements of a Lie
algebra g. Let’s look at this in a little bit more detail. Before we already saw that the Lie bracket is
an operation on a vector space g, which returns an element of g.

Since a Lie algebra g is still a vector space under addition, this gives us that [z, y], for z,y € g, has
to be a linear combination of the basis elements of g.

7
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Definition 2.15. Let g be a Lie algebra over a field K, with basis elements x;, ¢ = 1,2,3,.... Then,

we have that
(2, z;] = Zcfjxk
k

And the constants cfj are called the structure constants of g.

With this definition, we can find a way to create an associative algebra from a given Lie algebra g
over a field K.

Definition 2.16. For a given Lie algebra g with basis elements z;, ¢ = 1,2,.... The enveloping
algebra U(g) is the associative algebra with unit, generated by the elements x;, and subject to the
relations

_ § : k
Tilj — X5 = Cij$k-
k

This relation gives us the multiplication for the associative algebra U(g). Do note that, the multipli-
cation is not allowed to satisfy other relations.

This last statement is rather important. Because, if we look at the Lie algebra g = gl(n,C). Then,
g already has a certain multiplication, the standard matrix multiplication. But with that multiplica-
tion, certain elements satisfy more relations than just the one given in Definition For example,

0 1 . . . . .

M = (0 0) , satisfies the relation M? = 0. Which shows that we can’t just make the Lie algebra
gl(n,C) into an enveloping algebra, if we don’t change anything.
So, the multiplication for the enveloping algebra is a formal multiplication. For this reason, the en-
veloping algebra is sometimes also written with different elements or with the use of a linear map. But
we will come back to these details at a later point.

For now, we will focus on some details of the enveloping algebra U(sl(2,C)). The following prop-
erties will be used to find some properties of the Verma module of s/(2,C).

Proposition 2.17. Take g = sl(2,C). Then, for U(g) we have the following properties:
i JoJR = J2(Jo £ n)
i, [J_, JP]=—n(n—1)J =271,
iii. [C,z]=0 Vzel(sl(2,C)), with
C=JyJ_+Ji—Jo=J_Js+J5+Jy ,the Casmir operator.

With X" = X --- X for some X € si(2,C).
——
n—times

Note that [X,Y ] = XY —Y X, for X,Y € U(g). So, one should see the bracket as this operation.
Because the enveloping algebra is an algebra, hence it has no Lie bracket.



2. LIE ALGEBRA AND REPRESENTATIONS

Proof. The first property will be proven with the use of full induction to n. For n =1,
[Jo, Jx] = +Jx,

so we get JoJyr = £Jy + JrJy = J1(Jp £ 1). By the induction hypothesis we get, for n € N,

JoJ = JL(Jo £ n).
And for n = n + 1 we have,

JoJI = (Jo i) Jw = (Ji (o ) S = JLJo s & nd e = JE(Jx(Jo +1)) +nJ i
= J T+ (n + 1)
Now, for the second property we will also use full induction. When n = 1, we have

[J_, Jy] = —2J,

which satisfies the commutator identity. By the induction hypothesis we get, for n € N,
[J_, Jt] = —n(n—1)J" =201,

For this part we will use the general commutator identity [z, yz] = y[x, z] + [z, y]z. Then we get,
(o, P = T, Je ]+ [T, TP )Ty = T2 (=2Jo) + (—n(n — 1)JY =20 o) I

= =2J"Jo + (—n(n — 1)J2 = 2nJ P Vg s ) = =200 0o + (—n(n — 1)J} = 2nJ (Jo + 1))
=2+ 1)J1Jy— (n* —n+2n)J7 = —2(n+ 1)J7Jy — n(n + 1)J.

For the third property it is sufficient to prove it for x = Jy, J+, J—, because of the bilinear property
of the Lie bracket and the previously given commutator identity. We will show the proof for z = J
only, because the proofs for the other cases are basically identical. So,

(C, T ) =[Jed+JE—To, ) =Jo [T, Jo]+JolJo, Jel+ [Jo, Ji1Jo —[Jo, J4]
- —2J+J0+JOJ+ +J+J0 - J_|_ - —J+J0+J+J0+J+ - J+ - 0

O

As the name already suggests, a Verma module is a g—module. But to be able to use to previous
properties, we need to have a U(g)—module. However, with the given definitions of the enveloping
algebra, we find the following result.

Corollary 2.18. Let g be a Lie algebra and let V be a vector space, both over the same field K. Let
m: g — End(V) be a representation of g in V. Then 7: U(g) — End(V) defined as,

T(X) = n(X), for X € g,

is a representation of U(g). The converse is also true. So given a representation of (g), one can define
a representation of g, in the same manner.
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Proof. So for X € g, we have m(X) = 7n(X). Now, we have to show that 7 is a representation, when
defined like this. Note, for a homomorphism f we have the following properties:

flx+y) = f(z)+ fy),
flz-y) = f(z)- fy),

where the operations on the left- and right-hand side are allowed to be different.
Now, take X1,..., X, Y1,..., Y, € g, arbitrary basis elements of g. Then,

T+ X) = R(X0) 4 (X) = T o+ T (X,
which shows that 7 is properly defined as a homomorphism under addition. Because,
TX1+ 4+ Xp) =7(X1) + - +7T(Xp) =7(X1 + - Xp)

is precisely what followed from how we defined 7.
Now, because m and 7 are endomorphisms of V. We have,

m(X1) (X)) -+ -m(Xy) =7(X1)om(Xe)o -+ om(X,) =T(Xy) o oT(Xy),
which shows that 7 is also a properly defined homomorphism under multiplication. Because,
T( X1 Xy Xp) =7(X1) o 0oT(X,) =7(X1) om(X2)o -+ om(Xy,)

is also exactly what followed from the definition of 7, with X1 X5 --- X,, € U(g).

Now, the only thing left to do, is to show that the commutator property of 7 is also well defined.
So we want to show that 7([X1, Xs]) = [7(X1),7(X2)] holds. But, U(g) has no Lie bracket, because
it was an algebra. However, it does satisfy,

(X1, Xo] =) e = X1X2 — X X1,
K

where ), cfjxk is defined as in Definition From this we get that,
7T([X1, XQ]) = [7T(X1), W(XQ)] = 7T(X1)7T(X2)—7['(X2)7T(X1) = ﬁ(Xﬁf(Xg)—ﬁ(Xg)f(Xl) = ﬁ(XLXQ—XQXl),

is properly defined. Because the first and last part of the equation are 7w and 7 applied to the same
sum, which is an element of g. And the third equality follows from the definition of the commutator
of gl(V). So, T at least satisfies the commutator property when we only use elements of g. Let’s see if
it is also true when we try to use elements of U(g).

For this part, denote xy — yxr = m, for z,y € U(g). Now, for z,y,z,q € g, arbitrary basis
elements, we have

[z, y2] = xyz — y2w = yrz — yzo + xyz — yrz = ylv, 2] + [z, 92,

[2y, 2] = 2yz — 22y + 22y — 220y = X[y, 2] + [, 2]y

From this we get,

[xy, 2q] = z[zy, ql+[zy, 2]q = 2(z[y, gl +[x, qly)+(z[y, 2]+ [z, 2]y)q = 22y, q]+2[z, gly+x(y, 2]q+][z, 2]yq.

So, [X1-- X, Y1---Y,,] can be rewritten to a sum consisting of products of X; and a Lie bracket
[X;,Y;]. Now, if we start with [7(X; - X,,),7(Y1---Yy)], the commutator of gi(V), we can use the
same property to rewrite it to a sum consisting of 7 applied to products of U(g) elements and a
commutator of X; and Y},. This will look like 7 applied to a longer version of the above equation. This

~10 -
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can be rewritten into terms of 7 applied to basis elements of g and 7 applied to the Lie bracket of two
basis elements of g, because T was a homomorphism under multiplication and addition. Which shows
that it is properly defined in terms of .

Now, because T was also properly defined for the commutator of x and y, for z,y € g. The
described sum could also be rewritten, such that 7 is applied once to the full sum, and then we get
T([Xy-- Xp, Y1 Yol) = [7( Xy - X)), 7(Y1 - - - Yyy)], with the second term the commutator of gl(V).
Which shows that 7 satisfies the commutator property when defined in terms of .

Now, because 7 is a homomorphism, this is enough to proof that 7 is a representation. Because
every element of g can be written as a linear combination of basis elements. But 7 applied to such a
sum, is nothing more than then sum of 7 applied to the basis elements. Hence, T is a representation
of U(g).

The converse proof is almost the same, except that the Lie bracket only needs to be checked for
elements of g. Because the addition,multiplication and the described Lie bracket are shown to be equal
in both directions, the converse is also true. O

Now we will define the Verma module. More specifically, we will define the Verma module of
sl(2,C). There are several ways to get the definition of the Verma module. One way is to start with an
easy example, the Verma module of s/(2,C), and then expend that to a general definition. The other
is to start with the general definition and then construct concrete examples. Because we only need to
Verma module of si(2,C), the first option will be used. So we will start with a definition of the Verma
module of s{(2,C). Later, a slightly more general definition will be given, but that won’t be necessary
for the further results.

Now, the Verma module of sl(2,C), will be a g—module that is generated by a single vector v € V.
Such that v has a m(X) eigenvalue for one X € sl(2,C), and such that v gets annihilated by some
other (YY) for Y € si(2,C).

Definition 2.19. Let g be the Lie algebra sl(2,C) and V be a vector space. Let V' be the g—module
generated by a single vector v € V. Then, we call V the Verma module of si(2,C).

In particular, the vector v satisfies
7T(JO)(U) = >\U7

#(J)(v) =0,
with Jy and J_ defined as in Example And we say that 7w(J_) annihilates v.

If we define a Verma module V' of sl(2,C) as above, it is clear that v and 7(J4)(v) are elements
of V. Because of Corollary we know that we can construct an equivalent U(g)—module. In other
words, a representation of g has the same properties as a representation of U(g). So, we will be able to
use the properties of U(sl(2,C)), from Proposition to find some properties of the Verma module.
Because of this, the following part will have many products of functions. So, for some convince, denote,

7(X)om(X)o--om(X)=n(X)"
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Proposition 2.20. Let V' = V) be the Verma module of si(2,C) defined as in Definition with
v = vy , and 7(Jo)(v) = Av. Then, a basis for V can be given by vy, 7(J1)(vy), 7(J+)?(vy), ..., and
define 7(J4)"(vx) = va4n, for n € N(J{0}. Then the actions of 7 (Jp), 7(J+) and 7(J_) on vx4, are
given by,

W(JO)('UA-&-n) = (>‘ + n)v)\-i-m
7(J4+)(Urtn) = Ungnt1,
(

T(J-)(Vatn) = —n2A +n = Lvrp-1.

And,
7(C)(Wrsn) = 7O (02) = 7(T)R(C)(vn) = (A = Avrsn:
Proof. First, the properties of the Verma module following from Proposition and by using the

definition of a homomorphism. Now, we’ll show that the vectors vy, va11,Uxrt2, ... form a basis for Vj,
and that the properties are correct. Note,

m(Jo)(Uatn) = m(JoJ})(vx) = m(J)(w(Jo + n)(va)) = 7(J3)" (7 (Jo) (va) + 7(n)(vr))
= A +n)m(J4)" (va) = (A + 1) (Vi)
T(J4)(Vrtn) = Urgnt1,
() (Vagn) = 7(J-JP)(vy) = 7(JHT- —n(n — 1)JL = 2nJ7 1) (vy)
= m(J)(w(J-)(vr)) = n(n — (T 1) (va) — 2nm (L) (7(Jo) (02))
= —n(n — Doagn—1 — 2nm(J7 ) (Aa) = =n(n — Doagn-1 — 2nm(J7 1) (Avy)
=-n2A+n—1vrin1 (n>0).
So, we see that the vectors vy, are non-equal, because their 7(Jy) eigenvalues are non-equal. It is
also clear that the vectors vy, are linear independent. Because if they aren’t, you could write vy,
as a sum of vyy;, with ¢ < n, and use 7(J_) to conclude that some vy;; = 0 with ¢ € N{J{0}. The
elements of V) are per definition of the form 7(X)(vy) with X € U(g), and from the definition of
a homomorphism, it follows that 7(X) is nothing more than applying = (Jy), 7(J4+) or m(J_) several
times in a specific order on vy. Which shows, that all vectors of V) are linear combinations of the

vectors vy, for n € N{J{0}.
And the shown equations are also the properties that we needed to proof. O

Because of the actions of w(Jp),7(Jy) and 7w(J_), we can easily see that V) is irreducible if
7(J-)(vasn) # 0 Vn € N. In this case, we can get all the basis vectors vy, by letting 7(J;) and
m(J_) act on an arbitrary vector vyy;, i € N{J{0}.

Now, if —2X € N|J{0}, then we have that —2A + 1 € N, so In € N such that 2A — 1+ n = 0. So, we
have that if A € —4N{J{0}, then

T(J_)(Uagn) = —n(2A — 1+ n)vrspn_1 =0, for some n € N.
Which shows that V) is not always an irreducible g—module.

Corollary 2.21. Let V) be the Verma module of si(2,C) defined in Definition If A =—j, with
j € AN{J{0}, then V has a submodule M.
This submodule consists of all the vectors of the form v;,,, for n € N.

Proof. Denote vy = v_;. Before we already saw that
m(J) (1) = 7(J)(v—jr1425) = (27 + 1)(=27 +2j + 1 - 1)v; = 0.

So, if we start with v;4; then this vector is an element of My. And letting 7 (Jy), 7(J4) or m(J-) act
on this vector an arbitrary number of times, only gives 0 or vji,41,n € N, except for some scalar
multiplication. And all of those vectors are elements of M), hence M) is a submodule of Vj. [l
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So, now that we know that V) is reducible for some values for A, we can finally construct the
g—module that we want to use. Namely, the quotient module Ly = V) /M,.

Corollary 2.22. Let V) be the Verma module of si(2,C) and M), the submodule of V) from Corol-
lary such that A = —j € IN({J{0}. Then, the quotient module L, = V,/M, is a finite
dimensional vector space, and is spanned by [v,,], the representatives of the (25 + 1) vectors vy, with
m=—j,—j+1,...,j. And the actions of Jy, Jy and J_ are given by,

7(Jo)([vm]) = m[om], m = —j,—j+1,...,j
m]): [Um+1]am:_j>_j+1"-_j_1a 77(‘]+)([’Uj]):0
m]) = (G +m)(J —m+1Doma], m=—j,—j+1,....]

=B
==
(ST

Proof. For vy, v, € Vy, recall that [v,,] = {v;, +v: v € My}. This shows that two representatives [vy,]
and [vy,] are equal if,

{vm +v:ive M} ={v,+v:veE M} < v, —v, €M,.
Let’s now construct a basis for Vy. First, define A = —j € IN(J{0}. Then, a basis for V) is given by
V_jy Vet 1, Vet 2y o+ with V_jyn = 7T(J+)n(’l)_j), nec NU{O}
It is obvious that [0] = [vj41] = [vj42] = ..., because M) contains all of those vectors, so we see that
7(J+)([vj]) = 0. For two different basis vectors v, w of Vy, such that v, w ¢ M), we have

[v] ={v+m:me My} #{w+m: me My} = [w],

because v — w ¢ M. Because v and w are linearly independent, and v — w would only be contained
in M) if both v and w were elements of M.

That gives (2j + 1) different representatives of the vectors v_j,v_j;1,...,v;. Now, note that all
elements of V) are either contained in one representative [v,,], m = —j,—j + 1,...,j, or contained in
a sum of different representatives. Which shows that the representatives [v_; ], ¢ = 0,...,2j, form a

basis for L.

Now that we have a basis, the actions of Jy and J; can easily be deduced from their actions on the
basis vectors of V). Just use —A = j, and A\+n =m with m € {—j,—j+1,...,j}. Where m is only
defined this way to have the actions of Jp, Jy and J_ on vy, be the same action as on [vy,]. O

This g—module is often denoted as D;, with j € IN({J{0}. With the use of D, it is possible to
define a representation of s/(2,C) with an extra operation and an inner product. To do this, we will
first define a new type of algebra, the x—algebra.

Definition 2.23. Let g be a Lie algebra over a field K. Then we call g a x—algebra if

Jx: g — g, an operation denoted as x — x*,

with % a conjugate-linear anti-automorphic involution. Which means that the operation x has to satisfy
the following properties:

i (z%)" ==,
ii. (az +by)* =az* + by*,
i [z,y]" = [y, 27,
with z,y € g and a,b € K. So, if K =R, then % is a linear anti-automorphic involution.
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There exist two non-equivalent x—operations of s{(2,C). These are given by,
Jy = Jo, Ji=Jg, (2.24)

and

Ji=Jo,  Ji=—Js (2.25)

We will only need the first x—operation. This x—operation is associated with su(2). The reason for
this, and a description of su(2), will be explained later on, because the details aren’t needed for the
later parts, but may be useful to know.

We will eventually use x—representations to study the Racah polynomials. So, we also need to
define an inner product for them. Because one of the properties we will look at is the orhtonormality
of the Racah polynomials. To define this inner product, we will first define a Hermitian form.

Definition 2.26. Let g be a Lie algebra and V a g—module, both over the same field K. Then the
operation (, ): V xV — C, with

(u, v) = (v, u),
(u, av + bw) = alu, v) + b(u, w),

for u,v,w € V and a,b € C, is called a Hermitian form.

Now that we know what a Hermitian form is and what a x—algebra is, we can finally define a
*x—representation.

Definition 2.27. Let g be a Lie algebra and V a g—module. Induce g with a x—operation, and let
(,):VxV — C be a Hermitian form on V. Then, V is a x—representation if,

(m(z)(v), w) = (v, m(z")(w)), Vo € g, and Yv,w € V.

We would love to extend the definition of the x—representation, to a x—representation with an inner
product. For that, the Hermitian form needs to be an inner product. Luckily enough, the definition
of a Hermitian form is basically the definition of an inner product, except for the positive definite
property

(v,v) >0, forveV,v#£0; with (-,-): VxV —C.

So, to define an inner product on a x—representation, we only need to make sure the above property
also holds. Next, we will look at the Verma module V), from Definition [2.19] and the quotient module
Dj, from Corollary , and check if one of them can have an inner product defined on them. This
will be done by using the x—operation associated with su(2), equation and a positive definite
Hermitian form.

Keep in mind, that the x—operation that will be used in this part is the x—operation from equa-
tion 2.24] Let’s start with the x—representation of the Verma module V3. And, because we want to
study the orthogonality of the Racah polynomials, define a Hermitian form on V) such that,

(vn,vx) =1, and (7(z)(v),w) = (v, 7(z")(w)), for v,w,vy € Vy,z € sl(2,C).

We are looking at a x—representation, so we only need to define our Hermitian form to just satisfy
the first statement. Because all elements in the x—representation of V) are linear combinations of
7(J4)"(vy), n € N{J{0}. The second statement follows from the definition of a x—representation of
1%}

From the action of Jy, we get,

Avx, va) = (m(Jo)(va), va) = (va, m(Jo)(va)) = Avar, va),
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which implies that A has to be real, else we won’t have A = X. The actions of J; and J_ gives us,

(Uxtn, Vtn) = (T(J1) (Vr4n-1)s Vatn) = (Vrrn—1, T(J-)(Vrtn)) = —n(2A + 1 — 1) {(Urtn—1, Vrtn—1)
=-—-n2A\+n —1){(n(Jy)(0rstn—2), Urtn-1) == (=1)"nI2A+n —-1)2A + n —2)---(2))
=nl(=2A\)(-2A—=1)--- (=2X\—=n+ 1),

for n € N J{0}. From this, it follows that if A > 0, then (v, vx1y) is negative if n is odd and positive
if n is even. Which means that it certainly isn’t an inner product. If A is negative we get two cases. One
is —\ € NJ{0}, when V) is reducible, the other is when —\ ¢ IN(J{0}, when V) is irreducible. If V
is irreducible we have, for n € N{J{0}, =2\ > n or —2X < n, so we have 2\ +n < 0 or —2XA —n < 0.
For a fixed A, we have for some n that —2\ —n > 0. So, we have that (vxin,Urtn) > 0. But when n
gets large enough, we have —2\ — n < 0, and terms of the form -2\ —n+4,i=1,2,...,n— 1, will
be negative for some ¢. Which shows that the Hermitian form is also no inner product in this case,
because (U)in,Urtn) is negative for some n.

So we are left with the case that —\ € 1N |J{0}. Let’s denote A = —j with j € sN({J{0}, as we did
before. If we would try to make the Hermitian form an inner product on V), we get the same problem
as before. Because for some n € N{J{0}, we have —2\ = n. So, for large enough n, (Vxin, Urin) is
either positive or negative. But, on D; we don’t have that problem, with D; the quotient module from
Corollary 2.22] Let m € {—j,—j +1,...,j}, then we have

([vm], [om]) = (G +m)!(25)(27 = 1) -~ (25 = m + ){[v—j], [v-5])
= +m)'(25)(25 = 1) (G —m+ (o], o))
|

_ (G +m)'(2))!
(j —m)!
because [v,] = [vntn], hence n = j + m in the previous formula for this Hermitian form. And we
see that, for all m € {—j,—j + 1,...,5}, (Um,vm) > 0, so we can define an inner product on the

x—representation of D;.
With this inner product, we can change our old basis to an orthonormal basis. This gives us the
following theorem.

Theorem 2.28. Let j € %N U{0} and define D; as in Corollary . Let %« be the x—operation
associated with su(2). Then Dj is an irreducible x—representation of sl(2,C) with an inner product

<e£,jl), gn;) = Op,m/, and orthonormal basis spanned by the elements e(]) = % - [vm] of Dj,

me{—j,—j+1,...,7}. And the actions of Jy, J+ and J_ are given by,

T)(E9) =G —m)G+m+ 1)),
TN = VG +m)G—m+ el .

And for the Casmir operator we have C* = C, and w(C)em W) — =j(+ e G ).

Proof. 1f we define (vy,, vp,), for m € {—j,—j+1,...,7} as before, it is trivial that the vectors ) are

the normalised form of v,,. The actions follow directly from Corollary and the Casmir operator
follows from the fact that Jj = Jp and Ji = J=. That it is an orthonormal basis follows from,

(e, eV)) = (n(J x el = (9w () (eD) = VG m) (G —mr (e e ) =
=VGAmNG—m + DG = +2) (G —m +m +5)(e )
= VGG~ 4 1) (2 e (T )ess)
=¢u+m WG —m 1) (—25) - (G~ NG — (7 — D) emmm—jmrse—jo1) =0,
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with m’ < m. If m > m/, then we can use (e%),e%% = <eg2,e%)>, which shows that it is still 0, if

m#m'. O

The value m is called the weight of the vector, which will return in the extra details. Now, if we
look at the actions of Jy and J_, we see that we can get all the vectors e%), multiplied with some
scalar, by letting J; act on eY) or by letting J_ act on eg-J )

bt . This leads to the following formula,

) i +m)! o
B =\ e

Now that we have a x—representation with an orthonormal basis, we finally have something that
we can use to study the Racah polynomials. But before we do that, we will first look at hypergeomtric
series, and the Clebsch-Gordan coefficients, because those will also be used when we look at some
properties of the Racah polynomials.

Gy _ [ G—m) +m ()
D=\ @D
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2.4 Extra details on the Verma module of s/(2,C)

This section will be about the Verma module of si(2,C). But, this time we will look at it in a more
abstract way. Everything that was done before is defined correctly, but one could say that some minor
details were not given. However, these details aren’t needed for the later parts, but are given to show
that the Verma module is correctly defined.

The goal is to give a more abstract definition of the Verma module that will be sufficient enough
to define the Verma module of s/(2,C) that was given before. To do this, we will need some more
definitions. So we will first start with a Lie algebra g, and then try to extend that to another definition
for the Verma module.

To be more precise. We start with some extra definitions of a real Lie algebra. Then extend that to
a complex Lie algebra. After that we will define a special subalgebra and look back at the x—operation
from equation After that we will be able to define an inner product that satisfies some extra
properties. And with the use of that inner product and special subalgebra, the roots of a Lie algebra
and the weight of a representation can be defined. At that point we have everything that we need, to
be able to define a so called highest weight cyclic representation. And we’ll show that, that satisfies
the definition of a Verma module for s/(2,C).

We will start with the definition of a commutative, a simple and semisimple Lie algebra.

Definition 2.29. Let g be a Lie algebra over the field K. Then g is a commutative Lie algebra if,
[v,y]=0, Vzyeg.
If g is commutative it is often referred to as an abelian Lie algebra

Definition 2.30. Let g be a Lie algebra over the field K. Then we call g simple, if the dimension of
g is more than 1, and the only ideals of g are {0} and g itself.
We call g semisimple if {0} is the only abelian ideal of g.[5]

First, notice that this shows that sl(2,C) is an example of a complex semisimple Lie algebra.
Because from the commutator properties,

[Jo, Je]=%Jy,  [J4, J-]=2Jo,

it follows that if an ideal of si(2,C) contains at least 1 basis vector, it contains all three basis vectors.
Hence, it would be equal to si(2,C).

For the next part we will be looking at a complexification of a Lie algebra. Which can be described
as starting with a real Lie algebra, and then extending it to a complex Lie algebra. Let’s first give an
example for this in term of s/(2,C) and su(2).

Example 2.31. The real Lie algebra su(2) is the vector space over R, containing all 2 x 2—matrices
X such that the X* = —X. Where X* is the conjugate transpose of X. So, X* = X7T. Because this
is a vector space of 2 x 2—matrices, it is an algebra. So, we can define the Lie bracket on su(2) as
[z,y] =2y —yz,x,y € su(2). Which is the same Lie bracket as sl(2,C), but defined on a different
domain.

A basis for su(2) can be given by the elements|2],

1(i 0 1(0 i 1/0 —1
Xl_z(o —i)’ X2_2<i 0)’ X3_2<1 0)'

For these matrices it is obvious that X* = —X. And this basis has the following commutator properties:

[ X1, Xo] = X3, [ X3, X1] =Xy, [ X2, X3] = X1.
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Which are different commutator properties than that of s/(2,C). But with the help of this basis, we
can define s/(2,C) in terms of su(2). For the basis elements of sl(2,C) we have,

Jo=1iX1, Jy=2(-X3—iXa), J_=2(X3—iXo).

And this shows that we can write all the elements of sl(2,C) as aX + (b- 7)Y, for X, Y € sl(2). Note,
this only works for sl(2,C) and su(2) as Lie algebras over R. Because the bracket of su(2) isn’t defined
for complex scalars. However, there does exists an extension of the Lie bracket of su(2) to a Lie bracket
of sl(2,C) over C, so the Lie algebra sl(2,C) as we know it from example We will show this in the

following proposition.

Definition 2.32. Let V be a vector space over the field R. The complexification of V is the vector
space consisting of the linear combinations

a-vi+b-i- vy, vi,v2 € V, and a,b € R,
which is denoted by V. And Vi becomes a complex vector space if we define,
i-(a-vi+b-i-ve)=a-i-vy—b-ve.

We will assume that a complexification of a vector space is a complex vector space unless it is
said to be a real vector space. That will make some things a little more convenient, because most
complexifiactions that will be used in this section are complex vector spaces.

Proposition 2.33. Let g be a real Lie algebra, and g¢ the complexification of g. Then, there exists
an extension of the Lie bracket of g to g¢ such that gc becomes a complex Lie algebra.

Proof. Let X1,X5,Y1,Ys € g and a,b € R. If a Lie brackets exists for g¢, then it has to be bilinear.
So, the existence of the Lie bracket, as an extension of the Lie bracket of g, is shown by taking,

[ X1+iY1, Xo+iYa | = [ X1, Xo+iYa | 4+i[ Y1, Xo+iYa] = ([ X1, Xo|—[Y1, Ya])+i([ X1, Ya]+[Y1, X2]),

and proving that this bracket is bilinear over C, skew-symmetric and also satisfies the Jacobi identity.
Because the bracket is defined in terms of the bracket of g, it is clear that it is at least bilinear
over R. So, we only have to check that it is also bilinear when multiplied with 7. Before we do that,
we will first show that the given bracket is skew-symmetric. Because then we only need to proof that
it is linear in one argument, and it will follow that it is bilinear.
Note that,

[Xo+ Y, X1 +1Y1] = ([Xa, X1] — [Ya, i]) +i([Ya, X1 ]+ [ X2, V1))
=—([X1, Xo] = [Y1, V2]) —i([ Xy, V2] + [Y1, X2]).
So the given bracket is indeed skew-symmetric. So, we only need to show that [i(X; +iY7), Xo+1iY2]
is linear, to proof that it is bilinear over C.
[i(X1+1iY1), Xo+iYe] = [-V1 +iXy, Xo+iYae] = ([-Y1, Xo] = [ X1, V2]) +i([-Y1, Yo | + [ X1, X2])
=i[ X1, Xo] —i[V1, Yo] = [ X1, V2| = [V1, X2]

—i(([XI,XQ] BRI NRIES Y2]+m,xg])—z‘[<xl+iyl>, Yo+ %)

So the only thing left to do is showing that the given bracket also satisfies the Jacobi identity. But,
the Jacobi identity,

[X> [Y7ZH+[Y7 [Z>XH+[Z? [X7YH:O>
holds when X,Y,Z € g. And if we take X € gc and Y, Z € g. Then we see that it sill hold, because

the bracket was also bilinear over C. For the same reasoning, we find that it also holds when X, Y € g¢
and also when X,Y, Z € g¢. O
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If we now apply this proposition to extend the Lie bracket of su(2), we see that the basis of su(2) is
also a basis for s/(2,C). This follows from applying the theorem on the Lie bracket from Example [2.31]
With this we can construct a special subalgebra of a semi simple Lie algebra gc.

Definition 2.34. Let g¢ be a complex semisimple Lie algebra. Let h C g¢ be a subspace of g¢ such
that,

i. For all Hy,Hy € h, [Hy, Hy] =0,
ii. If X € g, such that [H, X] =0 for all H € h, then X € h,
iii. For all H € h, ady is diagonalizable, where ady(X) = [H, X].
Then we call h the Cartan subalgebra of gc.

Normally, it should first be proven that a Cartan subalgebra exists. But we will be focusing on the
Verma module of si(2,C), so we won’t be bothered with those details, the same for the third property.
The first two properties give us that the Cartan subalgebra is a maximum abelian subalgebra of gc.
So, there is no other abelian subalgebra of gc, such that the Cartan subalgebra is a subalgebra of that
abelian subalgebra. Where this other subalgebra is not equal to the Cartan subalgebra. Also, we will
only need those two properties to be able to define a Cartan subalgebra of si(2,C).|2]

Example 2.35. One example of a Cartan subalgebra of sl(2,C) is the subalgebra containing all
traceless diagonal matrices. First, notice that none of the commutator properties are zero, and that
sl(2,C) is a semisimple Lie algebra.

So, we can never have two basis elements of s/(2,C) in the Cartan subalgebra. Because two basis
1
0

all traceless diagonal matrices is given by Jy. And because we have,

elements of s/(2,C) don’t commute. Now, Jy = _01> so a basis for the subalgebra that contains

[aJy, bJp] =0, for a,b e C,

it shows that this is indeed an abelian subalgebra of si(2,C). And we can’t add any other basis element
or linear combination of other basis elements of si(2,C), because those don’t commute. Hence, this
subalgebra is a Cartan subalgebra of si(2,C).

When we look at this example, it is obvious that we can create other Cartan subalgebras of si(2, C),
by just taking the subalgebra generated by exactly 1 basis element of si(2,C).

Next we will be looking at a special inner product, but that definition will make use of an extra
operation. Which will also be denoted by a x. The reason for this, will be that in the case of the Lie
algebra sl(2,C), the x will be a x—operation of Definition m

Now that we know this, we could first look at why the x—operation 2:24] from Definition [2:23] is
associated with su(2). The reason for this, follows from the earlier defined x—operation of su(2).

Let g = su(2) and gc = sl(2,C). Earlier we defined X* = —X, for X € su(2). Now, this
*—operation is only defined on g, but can also be extended to gc, just like the Lie bracket. First,
notice that the complex conjugate satisfies the definition of the x—operation from Definition [2.23]
Because, for X,Y € g, a,b € R,

(X)" = —(-X) = X,
(aX +bY)* =aX* +bY" = —aX —bY,
(X, Y] =-[X,Y]=[Y,X]=[-Y,-X]=[Y*, X*].

Where the second equation follows from the fact that the complex conjugate is a linear operation
for real scalars. And the last equation follows form the fact that [X, Y] € g. So it is indeed a
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*—operation. If we take Z € gc, then we can write Z = aX 4+ itY, for some X,Y € g and a,b € R.
Then we see that an extension for this x—operation can be given by,

(aX +biY)* = —aX +biY =aX* + biY™".

Then it is at least a x—operation over R. Because it is basically written as the second property, so the
first is also satisfied, and the third one follows from the bilinearity of the bracket.
Now, if we take a,b € C, then we still have

((aX + biY)*)* = (@X* + biY*)aX + biY = aX + biY.

The second property follows from the definition of our extended x—operation. And the third property

still follows from the bilinearity of the bracket. Because the bracket was a bilinear for scalars in C.
So we see that if we first start with the x—operation of su(2), defined as taking the complex

conjugate, then we can extend that to a x—operation for s/(2,C). And for that x—operation we have,

Jo = (iX1)" = (—i)(=X1) = iX1 = Jo,

2.36
Ji = (—X3 — iXQ)* = —(—Xg) — iXQ = Xg — ng = J_, SO, Ji = (Jj;)* = J+. ( )

Which is the x—operation of sl(2, C) given by equation which was the x—operation associated with
su(2). So the reason why it is associated with su(2), is because the x—operation from equation is
the x—operation of su(2) extended to be defined on si(2,C).

Next we will look at a special inner product and subalgebra of a Lie algebra. Before we didn’t
need an inner product to define a Verma module, but this time we do. It will be used to determine
the weight of a vector, and then we can use that to define the Verma module as a highest weight
representation.

Theorem 2.37. Let gc be a semi simple Lie algebra. Then there exists an inner product on gc that
1s real valued on g and,

<[X7 Y]7Z> = _<K [X7 Z]>>
forall X e g and Y, Z € gc. If we define an operation x: gc — gc,

(X1 + iXQ)* =—-X; +1Xo, for X1,X9 € g.
Then, the inner product also satisfies
<[X7 Y])Z> = <Y7[X*7 Z]),
for all X,Y,Z € gc.[2]

So, if we would have gc = sl(2,C), then the operation x would be the same x—operation from
Definition [2.23] In other words, the x—operation that we just extended from su(2) to si(2,C).

The proof of this theorem won’t be given, because we need some extra definitions and other prop-
erties to proof it properly. And those would only be needed to proof this theorem. So, we won’t be
focusing on those details.

Now that we know what a Cartan subalgebra is and that we have this inner product we can define
what a root is.

Definition 2.38. Let g¢ be a semisimple Lie algebra and h a Cartan subalgebra of gc. Define an
inner product as in Theorem Then we call @ € h a root for g¢ relative to h, or a root, if
JX € g, with X # 0, such that

[H, X]={a,H)X,

for all H € h. The sets of all roots is denoted by R.
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Notice that if @ € h is a root, then —« is also a root. Because
[H,-X]|=-[H,X]=—(a, H)X = (—a, H)X.
The same holds for scalar multiples of «.

Definition 2.39. Let R be the set of all roots for a semisimple Lie algebra gc. Then we can construct
a base A for R. Then we denote the set of positive roots, with respect to A, by R*. And we denote
the set of negative roots, with respect to A, by R™.

Here we split up R into two sets, the positive and negative roots. And A is needed to know which
are positive and which aren’t. So, if A contains o and then we say that « is a positive root, and
positive scalar multiples of o will be positive. This works, because the roots « are pure imaginary.[2]

Definition 2.40. Let g¢ be semisimple Lie algebra and h a Cartan subalgebra of g¢. And define an
inner product on gc¢ defined as in Theorem And let « be a root. Then the space of all X in g¢
such that, [H, X ] = (a, H)X for all H € h, is called the root space. This is denoted by g,.

Now we have basically everything that we need to construct another definition for the Verma
module, if we only want to define it for gc = sl(2,C). So for this part, let gc be a complex
semisimple Lie algebra, let h C g¢ be a fixed Cartan subalgebra of g¢. Then define an inner
product on gc defined as in Theorem and let R be the set of roots of g¢ relative to h with a
base A.

Definition 2.41. Let 7 : gc — End(V) be a representation of gc. Then, A € h is called a weight of
m if

JveV:n(H)(v)=(\ H)v, VH € h and v # 0.
The set of all v € V satisfying the above equation, is called the weight space of A and the multiplicity
of A is the dimension of the weight space.

This definition of a weight of 7 is actually the same as the one we saw in the proof of Theorem [2.28]
There we called it the weight of the vector, and here the weight of the representation. But that difference
doesn’t really matter, because in both cases, the weight described the same thing. Only this time, it
is more abstractly defined.

This now leads to the following definition.

Definition 2.42. A representation 7: gc — End(V') of g is highest weight cyclic with highest
weight p € h if there exists a non-zero vector v € V such that,

i. m(H)(v) = (u, H)v for all H € h,
ii. 7(X)(v) =0 for all X € g,, with a € RT,
iii. the smallest invariant subspace containing v is V.

And we can define a Verma module as a "maximal" highest weight cyclic representation, with
a specific weight.[2]

Now, if we look at the earlier given definition of the Verma module, Definition then we see
that it also corresponds to a highest weight cyclic representation. First, do note that we won’t be able
to give a concrete inner product on s/(2,C), but that won’t be a problem. Because we only need to
check the values of the inner product for the basis values of sl(2,C), because of the linearity in the
second variable. See the definition of a Hermitian form, Definition [2.26]

First, notice that we defined the Verma module V) as the vector space generated by v. So, V} is per
definition the smallest invariant subspace that contains v. Next, define h as the submodule generated

— 21 —



2. LIE ALGEBRA AND REPRESENTATIONS

by Jo. In other words, the Cartan subalgebra h, is the Lie algebra with basis J_0 = Lo >, which

0 -1
is the same Cartan subalgebra as the one that was given in Example Then we see that,

7(Jo)(va) = Avx = (u, Jo)vy, for some p € gc.

Where p € h is the highest weight of 7.
Now, note that we have H € h arbitrary, then H = aJy for some a € C. So,

(H,J_|=a[Jy, J-|=—aJ_ = (o, H)J_, for some « € h.
And then we have that («, Jo) = —1, so (—a, Jy) = 1. Which gives us that,
[H7 J—‘r] = <_a7H>J+'

So, we have that J_ € g, for « € RT. And we also have found all our roots. So we will have
m(J-)(vy) = 0. Which is exactly what we wanted. So, we saw that,

m(Jo)(va) = Aoy = (i, Jo)ua,
m(J-)(va) =0,

and that V) was generated by vy. And the given Verma module of si(2,C), is indeed a Verma module
according to both definitions.
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3 Hypergeometric series and transformation formulas

In this chapter the hypergeometric series and the Pochhammer symbols will be discussed. First, the
Pochhammer symbols will be defined, followed by some identities. Then, the definition of the hyperge-
ometric series will be given followed by some properties of some special cases. Also, some formulas will
be discussed. These formulas will show how to get another hypergeometric series with more parameters
from one with less parameters.

The purpose of this chapter is to get the reader accustomed to the notation and some properties of
the hypergeometric series, as well as some properties of combinatorial operations and the Pochhammer
symbol.

3.1 Pochhammer symbols and ;Fjeries

Let’s start with the definition of the Pochhammer symbol.

Definition 3.1. Let n € N and a € K, with K a field. Then the Pochhammer symbol is given by,
(@) =ala+1)(a+2) - (a+n—1)

The Pochhammer symbol gives rise to some simple, yet useful equations such as:

(@)n—k = ( (@ (3.2)

—DF(1—a—n)’
(n+ k) =nl(n+ 1), (3.3)
n 1)k
: n!)k - (T(L —1)/<)!’ (3.4)
(Z) _n(n—=1)(n - 2]3!- cn—k+1) (—1)F (_I:!L)k7 (3.5)
(@=B=n+1)n=(=1)"(8 -, (3.6)
al
(=R = o (3.7)

These kinds of equations will be used to rewrite hypergeometric series and later on to rewrite equations
that contain hypergeometric series.

Definition 3.8. The hypergeometric series is defined as,

a,b\ — (a
F(a, b; cz) =2 Fi(a, b; c; 2) —2F1< c ’Z> _ZT

k=0

For the hypergeometric series it is known that it converges absolutely when |z| < 1. Also, when
one of the numerators a or b is a negative integer —n, the series terminates and consists of only n + 1
terms. This is something what will be used in this chapter, and almost all the given series will be
terminating series. Now, in case of a terminating series, ¢ is allowed to be a negative integer, but it
must be smaller than the numerator that causes the termination.

The given hypergeometric series are also a solution of a second order differential equation. This second

order differential equation is given by,
d%y

d
z(l—z)@—i-[c—(a—i—b—l—z)z]d—Z—aby:O.
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The most general solution to the above equation, for |z| < 1, is given by,

b 1l—c¢,b+1-—
y:AQFl<a7 ;Z) +le_CQF1<a+ & + C;Z). (3.9)
c 2—-c
Another solution for this second order differential equation, for |z| < 1, is given by,
— —-b
(1 - 2) bR <C @ e ;z> (3.10)
c

So, equation [3.10] can be written in terms of equation [3.9] This can be done with the use of Euler’s
transformation formula. Now, we will assume the next equality to be correct without proof. By
comparing coefficients, one can get the following equality:

o (“’Cb;z> = (1—2)"9by <C - ‘L’CC - b;z>. i (3.11)

The first thing we want to do is to rewrite the terminating hypergeometric series into terms of the
Pochhammer symbol. So, because the hypergeometric series that we will be looking at is terminating,

we can write it as,

b ~ (a)r (D)

2F1 <a N Z> = 72’6.

c kZ:o kl(c)k
So this will be the series that we want to write in terms of the Pochhammer symbol. To do this, we
will look at some sums and binomial coefficients that may look random at first, but they will help
rewriting the hypergeometric series.

First, let v and v be two positive integers. Then, we can get the number of combinations of n

elements from a set of u 4+ v elements in two different ways. The first would be by using (“:”), the

second option is by first taking k elements from the set of u elements and combining those with n — k
elements of the set of v elements, so we also have v > n. Which gives us,

> (0.0 -(")

This is a polynomial expression in u and v, so this is true in general, if n < u+wv and v > n or u > n.
And with the use of equation this can be rewritten to

2 <Z> (n : k> =Y (_1)n_km = (=" W

k=0 k=0
I el bl T (u + v>7

which gives us the following equation:

n

> : (1) (Con0hnms = = (312)

k=0

And this gives us:

Zn: <:>(_U)k(_v)n—k B3\ (_1)k(—”)k(—u)k(—v)n—k B2 Zn:(_l)k(_n)k(._u)k (=v)n

k=0

And the last part of the above equation gives us the following theorem.
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Theorem 3.14. Let n be a non-negative integer and ¢ > 0 or ¢ < n, then

o Fy <_7Z b 1> - (C(;)i)” (3.15)

And this equation is known as Vandermonde’s summation formula for a terminating o Fy of unit argu-
ment.

Proof. If we take b = —u, 1 + v — n = ¢ in Equation we get

—n,b \  (b—c—n+1), G (—1)" (c—b)y,
F< ’1>‘ (~c—n+1)n (D" ()

3.2 General hypergeometric series

Until now, the hypergeometric series, 9 F1, that we have seen has two numerator parameters, and one
denominator parameter. But, a more general hypergeometric series can also be defined.

Definition 3.16. The generalised hypergeometric series is

A1y -, Qp > (a1)k"'(ap>k
F, R = TN h Y
p q(bl, S ) — (b1)k -+~ (bg)k

We will only be interested in the case when p = ¢+ 1. For this case it is also known that the series
converges absolutely for |z| < 1, but that won’t really concern us. Because, the series we will study
will, again, be terminating series.

To construct a formula for the 3F5 series of unit argument, Euler’s transformation formula [3.11] will
be used. This can be done by taking the expansion of (1 — 2)¢~*~b. This gives us,

B (D B D G S S

k

because we had that |z| < 1. Do note that this series representation of (1 — 2)~2% also works when
z =1

If we now compare the coefficients of 2", we get the following equation:

3 (c—a)lc=bu(=n)i(a+b——c)n _ (a)u(b)n

Ney(l—a—b+c—n)m!  (c)un!

Which can be rewritten to,

3F2< c—a,c—b, —n .1) _ (C)n(a)n(b)n 317

c,1—-a—b+c—n’

gives us the following theorem.

Theorem 3.18. Let n be a non-negative integer, and a +b—n—+1=c+d. Then,

(") =G,

and this equation is known as the Pfaff-Saalschiitz summation formula.
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Notice that the proof of this theorem was already done before it was given. By just rewriting
equation the equation of the theorem can easily be made.
For the general 4F3 hypergeometric series a same kind of formula can be given.

Theorem 3.19. Let n be a non-negative integer, and a+b+c—n+1=d+e+ f, which is the balance
condition. Then,

7 —n,a,b,c_1 _(e—c)n(f—c)nF -n,d—a,d—b,c 1
I def )T (@nPn FP\dd+e—a—bd+f—a—1b

Proof. Let a,b,c,d, e, f be arbitrary parameters. The coefficient of 2™ in,

b d
2F1<a7 ;Z>2F1< 76;Z>
c f

is given by,

If we use Euler’s transformation formula [3.11] on both o F} series, we get

_ A —d f—
(1 - Z)cfafb+ffdfe2F1 <C a, c ;Z> o Fy (f }f 6;Z>.
C

Now, to satisfy the balance condition we take ¢ —a — b+ f —d — e = 0. This works, because we have
a+b+1—f—n—n+1=c+1—d—n+1—e—mn as our balance condition in equation [3.20, So the
coefficient of 2™ in the above equation becomes:

(f —d)n(f —€)n c—a,c—bl—f—-n, —n
n!(f)n 4F3<c,1—f+d—n,1_f+€_n’1>~ (3.21)

To finish the proof, we only need to write

(d)n(€)n 7 a,b,l1—f—n, —n 1 _(f=d)n(f —e)n 7 c—a,c—bl—f—n, —n 1
(e 3<c,1—d—n,1—e—n7 >_ n!(f)n ! 3(0,1—f—l—d—n,l—f%—e—n7 )

And thenuse,a =a,b=b,1—f—n=c¢,—n=-n,c=d,1—d—n=-e¢,1 —e—n = f and the balance
condition. Then we see that f —d=e—cand f —e = f —c. So we already get,

a,bl—f—n, —n a,b,c, —n —n,a,b,c
F 1| = 4F 1) = 4F 1
43<c,1—d—n,1—e—n7 ) 43( dye, f ) 43( dye, f )

And because we have have (a —b—n+ 1), = (=1)"(b — a), we can rewrite the last two denominator
terms in the left hand side of the last equation.

So, that gives use that the last terms, 1 — f+d—n and 1— f+e—n, become f—d and f —e respectively.
Which are then rewritten to e — ¢ and f — ¢ respectively, and can be rewritten to d + f — a — b and
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d + e — a — b respectively, with the use of the balance condition given in the theorem. So,

(f_d)n(f_e)TLF c—a,c—b,l—f—n,—n 1

4 3(6,1—f—i—d—n,l—f—|—e—n’ >

(f —dn(f —€)n I C—G,C—b,l—f—n,—n.l
)n4 3< Caf_daf_e ’>

nf—c)n4F3<d—a,d—b,c,—n;1>

In(
(€)n(f)n de—c f—c
(e —c)n(f —)n d—a,d—b,c, —n
1F3 i1
(@)n(fn d,d+ f—a—bd+e—a—0>
(e —c)n(f —)n —n,d—a,d—"b,c
1F3 i1
(€)n(f)n d,d+e—a—bd+f—a—0>
And because we can swap those two terms without changing the 4F3 series, we get the equation as
given in the theorem. O

With this transformation formula of 4F3 another transformation formula for the 35 series can be
made.

Corollary 3.22. Let n be a non-negative integer. Then we have,

-n,b,c (e —¢)n -n,d—"b,¢c
F: 1) = F: i1,
5 2( dye ’ ) €)n ° 2<d,1+c—e—n’ )

Proof. In Theorem replace a by f — a. Then, the left hand side will be equal to

_naf_a)bvc
F: ;1.
) 3( d.c. f >

—n, b, c

F: ).

3 2( d,@ ) )
The right hand side becomes,

(e —)n(f — O)n -n,d— f+a,d-b,c
4F5 ;1.
()n(f)n d,14+c—f—-n,14+c—e—n

Again, taking the same limit f — oo yields,

(e —¢)n —n,d—b,c
E: ;1.
€)n P\d14c—e—n’

Now, by taking the limit f — oo, we get,

O

There are more transformation functions, and one could even study them in more detail. But,
only the transformation formulas and Pochhammer symbol identities given in this chapter will be used
further on.
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4 The Clebsch-Gordan coefficients of su(2)

In this following chapter, the x—representation of D; will be studied. More specifically, a realisation of
the x—representation of Dj, from Theorem will be given. This realisation will be studied shortly.
The study of the realisation will consist of the correctness of it, and to give some concrete values to
the elements of the representation. The given values of the realisation will be really useful in the later
parts of the chapter, compared to using the abstract definition.

After that, a tensor product of two D; x—representations will be defined and then decomposed into a
direct sum of irreducible x—representations of D;. After decomposing them, and forming orthonormal
bases for these representations, a formula for the Clebsch-Gordan coefficients can be constructed. These
coefficients will then be studied, and some relations, symmetries and recurrence relations for them will
be given. The study of these coefficients is rather important, because they will be used to construct
the Racah polynomials.

4.1 A realisation of the D; x—representation

In this part, we will give a realisation of the irreducible D; x—representation of Theorem and the
Lie algebra su(2). A realisation of su(2) will be given to be able to use the same methods and values
as in the work of Joris Van der Jeugt ([I]), but to stay consistent, we will define our realisation as a
vector field over C. So, let j € %N J{0} and let our representation and Lie algebra be defined over the
field C. Then we can define a realisation of D;, by defining the vectors e,(%), me{—j,—j+1,...,5}
as homogeneous polynomials of degree 25 in the variables x and y. So define,

+m,, j—m
() _ x! y f i .
e;)) = . . , orme{—j,—j+1,...,5}
VG +m)l(G—m)!

By defining the vectors as these polynomials, the basis of the x—representation will still be orthonormal.
This can be achieved by defining the Hermitian form as,

<xayb, Jjalyb/> = a!b!éa’aléby.

This is a well defined Hermitian form and can be defined as,

<P(fE,y),Q(SE,y>> = P(E)E) : Q(x’y)’x=y=0,

for two arbitrary polynomials P(z,y) and Q(x,y) of D;. This means that we change the polyno-
mial P(z,y) to a polynomial consisting of differential operators for x and y, and the inner product
will be the constant part of P(0,,0,) - Q(Z,y). This is a well defined Hermitian form on D;. Let’s
check this for three arbitrary homogeneous polynomials of degree n. So for P(z,y) = ;_, apxFy =k,

Q(z,y) = Y p_obex®y" % and W(z,y) = S 1_y cxz®y"F, u, v, ay, by, ¢k, € C, we have,
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(P(2,). Q(2,9)) = P07, 0,)Qa, y)]omym = Zakaka" F) Zbk:c’f ") amymo

= Z (@rbi 050 F 2y R amymo = Z Z b k' (n — K)o O i)
k=0 k=0 —0 k=0

n

—~

k k k k k
8’“8” E by v - g k" Y" ") z=y=0
k=0

n
=u- Z Z(akbk/(‘?k@g*ka:k/y”*k/)]x:y:()
=0k

3

3

n
+v- Z Z akckfa’“ﬁg“’%k'y"_’“')\x:y:o

=0 k=0
n

=u- Z@bkk!(n -kl +v- Z@ckk!(n —k)!
=0 k=0

Pr.y). Q) + v - (Pl ). W(z.)).

—_

= U -

The complex conjugate can easily be rewritten, because of the fact that it is linear in multiplication
and addition. And the three equations show that this is indeed a Hermitian form. It is even an inner
product, because of the earlier given property. Now, this proof can easily be extended to arbitrary
polynomials, but that won’t be needed for this realisation.

Now, one can represent the actions of the basis elements of su(2) on the x—representation D; in
the following way,

1
7(Jo) = i(xaw —y0Oy), m(J4) = x0y, m(J_) = y0,.

These actions are well defined, because when they act on a vector e%)
in Theorem [2.28

For these elements, we have the following commutator relations,

[7(Jo), 7(J)] =7(Jy),  [w(Jo),m(J ) =n(J-),  [w(Jy),m(J-)] = 27 (o),

which are coherent with the commutator relations of su(2). Do note that these are other relations
than the ones of the basis elements of si(2,C), but this won’t be an issue for the later parts. These
elements also form a basis for s/(2,C), as was seen in Example

Now that we have some concrete vectors for D; and differential operators for the actions of the
basis elements of su(2), we can look at the tensor product of two D; representations. We will do this
with these concrete vectors and operators to keep it easier and to get faster results.

, we get the same equations as
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4.2 Tensor product of D; and the Clebsch-Gordan coefficients

Now, we will use the concrete values of the x—representation D; to decompose the tensor product
of two x—representations D;, into irreducible x—representations. We will use the decomposition to
construct an orthonormal basis for these irreducible x—representations. And at the same time, we will
find a definition for the Clebsch-Gordan coefficients.

First we need to define how the tensor product of two g—modules, becomes a g—module on its
own. First, for two vector spaces V and W, with respective bases v, vs, ... and wy, we, ... . The tensor
product V @ W has a basis consisting of the vectors v; ® v;.

Definition 4.1. Let g be a Lie algebra and let V and W be two g—modules all over the same field
K. Then, V@ W is a g—module on its own when we define,

m(x)(v @ w) =mp(z)(v) @ w+ v T () (W), forregveVweWandv®w € V®W,

with 7y and my the representations of g in V and W respectively.
This is well defined. Because when we define the operation 7(z) in this way, we get,
m(ax + by)(v @ w) = my(az + by)(v) @ w + v @ My (ax + by)(w)

= (a-my(z)(v) +b-m(Y)(v) ®w +v & (@ TW(Y) (W) + b Ty (z)(w))
=a- (my(z)(v) ® w+v @ mpy(z)(w)) + b (Tv(y)(v) @ w + v & TW(Y)(Y))

a-m(x)(v@w)+b--7(y)(vew)

7(z)(a(v @ w) +b(v' @ w")) = 7(z)((av + bv') @ (aw + bw'))
= my(z)(av + bv') @ (aw + bw') + (av + bv') @ Ty (z) (aw + bw')
= (a-my(x)(w) + b mp(2)(V)) @ (aw + bw')
+ (av + ) @ (a - 7w (x) (W) + b - T (x) (W)
= a(my(z)(v) @ w) + b(my(2)(v) ® W) + a(v @ mw(z)(w)) + bV ® T (z) (W)
=a -m(x)(vOw)+b- m(z)(v @w)

[z, yl(v@w) =my[z, y](v) @w+ v Tz, y](w)

= (my(@)(mv(y) (v) — TV (Y) (TV () (v))) @ W + v @ (TW (@) (W (Y) (W)
— () (mw(2)(w)))

= my(@)(my(y)(v)) @ w — 7y (y) (T (2) (V) @ W+ v @ TW () (TW(Y) (W)
— v @mw(y)(mw(z)(w))

= my(@)(my(y)(v)) © w + 7y (y)(v) @ TW () (W) + TV (2) (V) © TIW(Y) (W)
+v@mw(@)(mw(y)(w)) = (T (y) (mv(2) (V) @ w + T (2)(v) @ Tw(Y) (w))

= (mv(y)(v) @ W (@) (W) + v @ T (Y) (T () (w))
= (@) (my(y)(v) @ w + v @ T (y)(w)) — 7(y)(TV () (V) @ W+ v @ TW(T)(W))
= m(z) (7 (y) (v @ w)) — 7 (y)(7(x)(v @ w)),

for x,y € g; v®wv®w’€V®W a,be K.

This shows that V@ W is g—module. Because the operation 7 satisfies the 3 conditions of Defini-
tion 2111

Let’s now construct the tensor product of two x—representations of D;. So, let ji,j2 € %N U{o}
and consider the tensor product D;, @ Dj,. As we saw before, a basis for D;, @Q Dj, consists of the

vectors e%?@e%é% my1 € {—ji,—n+1,...,51},ma € {—j2,—j2+1,...,j2}. Thisshows that D; ® D,
is a (271 + 1)(2j2 + 1) dimensional vector space. Now, we can define an inner product on this vector
space by defining,

(v @w, v @w') = (v,v) (w,w'), forv,v" € Dj,,w,w" € Dj,.
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And with the use of the realisation and the previous definition, Definition [{.1] we get,
m(Jo) (e @ ef2)) = mp,, (Jo)(ef)) ® ef2) + el @ mp,, (Jo)(ell2)) = (my + ma)el) @ 2.

This shows that the maximal 7(.Jp) eigenvalue of egnl) ® 6%22) is j1 + jo, with egl) ® egz) as the
corresponding eigenvector.
With this vector, we can construct a submodule of D;, @ Dj,. This can be done by acting with

7(J_-) on e(ﬁ) ®e(]2) until we get 0®0, then we get 2(j1+j2)+1 vectors. And all of those are contained,
and form a ba81s for a submodule of Dj, @ Dj;,. Because, letting 7(Jy) act on one of those vectors just
gives the same vector multiplied with a scalar, and letting 7(J1) act on one of those vectors gives a
vector that is in the set, but multiplied with a scalar. The last thing follows from that fact we started
with the vector with the highest weight and 7T(J+)(6§~Z1) ® 6%2)) = 0, and if we let 7(J4+) act on a
vector 6(31) ® 6%22), on which we first applied 7(J_), we get the old vector, on which we applied 7(J_),
multiplied with a scalar.
To give an example of such a set, let j; = jo = 1 then,

= é)®egl) +egl)®eo ,
D @ el 1 o) o 1)

r(J-) (e @ el (

W(J,)(e(()l) ® egl) + egl) ® e
r(J) (e @el) + e @el) + el @ el
W(J,)(egi ® e(()l) + e(()l) ® €'

=e 1®e e ey +e§1)

)

) (1)
)= el ()—i—eé)@e(_l%

)=

®elq,

19
( ) o )
In this example we let all scalar multiples be 1, which can always be achieved by multiplying the
constructed vectors with a specific scalar. Also, duplicates were removed. So in the cases were two
vectors would have the same subscript, they were turned into 1 vector.

This shows that D;; @ D, isn’t irreducible, because the submodule that we constructed earlier is
not equal to Dj, @ Dy, itself. In fact, it is only equal to Dj; @ D;, when j; = jo = 0. Because only
in that case, we have that the dimension of Dj, &) Dj, is equal to 2(j1 + jo2) + 1.

Let’s now decompose Dj, @ Dj, into irreducible submodules. First, note that the m(.Jy) eigenvalues

of all the basis vectors are in the set {|j1 —ja|, |71 —Jj2+1],...,j1+j2}. Then we see that one possibility
could be
Ji+j2
Dj, ® Dj, = Z Dj,
J=li1—se|

but this could only work if the irreducible components are again x—representations of si(2,C), with
the usual x—operation. To check this, we will give a realisation of D;, @ Dj,, for this we will use the
realisation of the x—representation D; that was given before. So, we define the actions of Jy, J4 and
J_ as,

1 1
m(Jo) = 5 (2100, = y10y,) + 5 (2200, = y20y,),  7(J+) = 210y, + 220y, (=) = Y100, + Y200,

which is well defined according to Definition And define,

Jitmi, ji—mi J2tma, ja—ma

) ey = A e
' V1 +m)lG1 —ma)t /(2 +m2)! (2 — mo)!

Then, the inner product will be given by,

/
uy, v1,,u2, V2 —
(e Yy 5 ys ,1‘1 e 332 Yy ) = urv1!ualv26y, it Oy, Oyt Oy -

Now we want to find vectors of D;, @Q Dj, that get annihilated by m(J;). Because if we find such
(J2)

a vector, and it isn’t eg»zl) ® e;,”, we could construct a submodule of Dj, Q Dj,, which will be a
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x—representation. We also want to get all the 7(.Jy) eigenvalues of Dj, @ D;,, by letting m(Jy) act on
the basis vectors of the decomposed irreducible submodules. For the reason that, if the given possible
decomposition is indeed a decomposition. The submodules will be D; x—representations, hence we
will then be able to get all the basis vectors of a submodule by letting 7(J_) act on the highest weight
vector of D;. And the highest weight should be j, which is an eigenvalue of D;; @ Dj,.

Let’s start with finding vectors that get annihilated by 7(Jy). Note that for the vectors,

2j1—k, 2jo—k k
oy (1Y — w21n)”,

it is easy to see that they get annihilated by m(J ), because

T(J1) (12 — 2291)") = k(waw1 — 2129) (w192 — 2291)" ' = 0.

And, the given vector is also an element of D;; @ D;,, for k € {0,1,... ,min(2j1,2j2)}, because it is a
homogeneous polynomial of degree 2(j; + j2), for these values of k. However, this is easier to see after
we rewrite the vector.

Now, we eventually want to construct an orthonormal basis for the D; submodules. So we want to
normalise the vector that was given earlier. Define,

Jm)ﬂ 21—1, 1 2gp—k+l k—l _ . 21—k 22—k k
CZ ( )xl Y1Z4 Yo c(xy Ty (1y2 — 291)"),

the normalised version of the constructed vector in Dj, @ Dj,, with j = ji1 + jo — k and j € {ji +
Jo,J1+Jj2—1,..., |71 — jo|}- Now it is obvious that this is indeed a vector of Dj, @ Dj,, and it has a
7(Jo) elgenvalue of j1+jo—k=1j.
Now, the ¢ in 65]1]2)

make sure that eéj 192)J will be an orthonormal vector in Dj, Q Dj,.

Hence, we want those vectors to have norm 1. So, we need to solve the following equation,

is some constant that we have to determine. Because the coefficient ¢ will

1= <e§j1j2) , el132)dy 22 < > (21 — DNN(25)2 — k+ D'k = D).

Now, we will solve this with the use of the identities [3.7] and [3.3] and some other previously given
identities and theorems.

k 2 k . .
0 <’;> (21— D2 — k4 Dk — 1 = 3 w2 l)!“(zlf():__l’;!* Dk = D!

= =0
EDED | i (270 (—k)i(242 — K)!(2j2 — k + 1);
. H(=2j1).k!

—k, 20 —k+1
kN (251)!(272 — k)!zF1< ]—223‘1 ;1>

Y k1(2)0)!(2)2 — k) (= 231( 2;§1gk — 1)
) k!

(271 — k)22 — k) (251 + 22 — Kk + 1)
(21 + 2jo — 2k + 1)! ‘

So this gives us a formula for ¢ up to a sign, because the given equation was equal to C% Now, c is
usually chosen to be positive, so we will also do that. That gives us,

(21 + 2j2 — 2k + 1)! . -
\/k!(zj1 TRN(2j2 — KN (21 £ 20—k DU Ji+d2—J (4.2)
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Now we saw that the vectors eﬁjlh)

and they were annihilated by 7(J5).
If we let w(J_) act on 6531]2)3 several times, with j = j1 +jo—k € {j1 +J2, 51 +J2—1..., |71 —j2|},
then we know from Theorem that,

J = J1+Jj2—k, give us all the 7(Jy) eigenvalues of D;, @ Dj,

" (25)!(G —m)!

This is true, because the vector egj 1207 il always be the highest weight vector of a submodule D; of

Dj, @ Dj,. Later we will also check if the vectors are also independent. Now, the given expression
can be explicitly written as,

91T = ¢ (410, + Y205, Y "t R a2 T (w1y0 — wagn)F,

eli1d2)i — MW(J_)J*T”%JUQ)J_ (4.3)

with,

[ Gmr
(2))1G — m)!

_ ) G+m)t (27 +1)
@G — )\ i g2 = 300G1 — g2 + Mg + G2 + DG + Gz + 5+ 1)
By working this out, we will be able to give the definition of the Clebsch-Gordan coefficients.

]1]2)] = (y104, + yanQ)J*mmfjl_kxgh_k(mw — zay1)*

) . ) Jit+j2—j i+ o — ]
( ' > (110 (200, xS (_1)1( 1 l2 )x%gl TN SR
=0

( ><31+.72—J>( (251 = D! (J2j1 +3 +1)!

{ 251 —1l—i)! (Jo—71 +1+m+1)!

g
N

2j1—l—1_1+i_jJo—j1+l4+m+i j1+jo—1l—1
X Ty Y1 T Yo )

or, by taking r = [ + ¢, one could rewrite the last equality to,

Rt 21— I\ (2= J1+ 3+ (514 d2 = G\ 251 dagrbmir jrtgamr
G%IJZ)]:C/(‘]_m)!z(z(_l)l<7“1l>(j2+l1mr 1 l2 x%h Y I Tt

- (S (B) () 8 )

x /(251 — )1 (jo — j1 +m 4+ )1+ jo — m —7)! 51 )r ®e£ff_2r iy

The first equality is achieved by rewriting the divisions, in the previous equation, to binomial coeffi-
cients. Now, by taking m; = j; — r, this can be rewritten to,

e%u‘z)j _ ZCﬂJ2J eld2) & e(Jz)

mi,m—mi,m m1 m—mzi?

where

J1,32,7
leam mi,m

= V(G +m)I(j —m)!(G1 +m)l(jr — m)(j2 — ma +m)!(jz + m1 —m)!

2j+1
X\|f— (4.4)
(=j1 4+ Jo + )1 — 2 + )G+ J2 — )1 + 2 + 5+ 1)!
2j1 — 1 Jo—jn+j+l1 ><j1+j2—j>
X —1) ,
;( )<j1—m1—l><j—j1—m+m1+l l
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are the so called Clebsch-Gordan coefficients of su(2). Notice that these coefficients are real-valued.
This follows from the fact that ji, j» € sN{J{0}.

Now that we have constructed some highest weight vectors of a submodule D; of D;, @ Dj,. We
get the following theorem.

Theorem 4.5. Let ji,jo € sN{J{0}. Then the tensor product D;j, @ D;, decomposes into irreducible
x—representations Dj of sl(2,C),

Jj1+je

Djl ®Dj2: @ Dj'

J=ljr—j2|
An orthonormal basis of Dj, @ Dj, is given by the vectors,

eggle)j — ch17j27j 6(j2) ® e(j?)

mi,Mm—m71,m "mi m—mziy’
m1
where the coefficients erﬁ{],%{ml,m are given by equation . The action of Jy, J+ and J_ on the basis

vectors e%m)j is the standard action of the representation D; defined in Theorem .

Proof. We constructed the vectors eg.j 192)J ¢4 have norm 1. Then, by using equation it follows that
91927 hag norm 1 too. We already saw that if the different D; submodules are disjoint, and if the
sum of the dimensions is equal to (251 + 1)(2j2 + 1), that the decomposition is indeed correct.

First, we will show that the decompositions are indeed disjoint. Using the action of Jy,
(J172)5"
m} : )>7

(w(Jo) (e§1999), U121y — (1323 e (Jy) (e

j (4172)7"

m/

we see that if m # m/, then the vectors 1927 and e

j' > j, then

are orthogonal. If m = m/, and assume

<67(72L1j2)j, e%1jz)j'> ~ <€§j1j2)j, Tr(J_)ij(eyle)j/)) N <7T(J+)j’*je§j1j2)j’ e§{1j2)j’> —0.

So all vectors e%lj 2)J are orthonormal vectors. Hence, they are all independent of each other. Which
shows that all the D; submodules are disjoint.
And the number of such vectors is,

J1+j2
> @i+1) =+ g2 — it — dol + D1+ g2 + i — dal +1) = (251 +1)(2j2 + 1).
J=ljr—jal
So the vectors also form an orthonormal basis for Dj, @ Dj,. O

Now that we have decomposed our tensor product D;, Q) Dj, and defined the Clebsch-Gordan
coefficients, we can look at some identities of these coefficients.

4.3 Identities of the Clebsch-Gordan coefficients

In this part the Clebsch-Gordan coefficients will be studied. Some of the identities that will be found
will also be used to find identities for the Racah polynomials. Not all of the identities will be shown,
but for some identities it will be explained how to find it. And with that information, one could find
more identities and use those to get extra results.

To find these identities, we will first extend the definition of the Clebsch-Gordan coefficients. If we
look at equation [4.4] note that the Clebsch-Gordan coefficients could be seen as a real function of six
arguments. So let’s redefine our definition.
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Definition 4.6. The real function Cﬂ%{{?ﬁ;m, with the arguments ji, jo, j, m1, mo,m € 3N{J{0}, is
defined as in equation [£.4] if the arguments satisfy the following conditions,

i. (j1,J2,J) forms a triad, so —j1 + j2 + j, j1 — j2 + j and ji + j2 — j are non-negative integers,

ii. my is a projection of ji, so my € {—j1,—j1 + 1,...,71}; ma is a projection of jo, and m is a
projection of 7,
. m = mq + mao,
J2,J

else we have C /%7 o = 0.

With this definition, we can now write,

eI =Y ORI ) @ e, = D Cad el el
mi mi,ma2
and,
o 271 — 1 Jo—g1+5+1 J1t+Jg2—1J
Cinizd  — 1) 4.7
m1,mz,m Z( ) (]1 —mi — l) <] —jl — my +1 l ’ ( )

l

where the summation is over all integers [ for which the binomial coefficients aren’t zero. So max(0, j;+
me — 7) <l < min(j; —m1,j1 + jo — j). So, if j1 + ma — j < 0, equation can be rewritten into
terms of a gFb series. For this, we will use some identities from Chapter 3, to rewrite factorials to
Pochhammer symbols.

g 2j1 —1 Je—g1tj+lN\(jni+i2—1J
itz — o -1 l<. )( .
e Zl:( ) Ji—mi—=1)\j—j—ma+l !

ClZ(_l)l (2]1_1)'(]2_]+]+l)‘ _(_1)l(_j1_j2+j)l
!

; (1 —m1 =D+ m)(G — ji — ma + 1)!(j2 + me) I!
B;Z!C/Z (J2—Jj+j+! (= —get ) ()Y (ma— i)
— (1 +m)!(G — 1 —ma + 1)!(j2 + m2)! I! (=2j1) (1 —ma)!
o3 '3 (251)! (=gt ghlmi—g)e - Gz =i+ )02 —gi+7+ 1)
~ (1 +m)! (2 + m2)! (1 — ma)! (=251 ) (=g —m2)!(j —jr —m2+ 1)
_C (2j1)!(j2 — J1 +J)! .3F2<—j1+m1,—j1—j2+j,—j1—|—j2—|-j+1'1>
(J1 +ma)!(j2 + m2)!(j1 — m1)!(j — j1 — ma)! 21,7 —j1—ma+1 )

(4.8)

But this is off course not the only way to rewrite equation One could also replace [ with j; —mq —1
in equation [£.7] which leads to,

o . i l ] | — —1 ] jo — 7
Cﬁi{%ﬁ,mzC’Z(—l)”mll<‘71+771+ )(”” m )(‘“”2 j), (49)

l j—m-—1 Jj1—my1—1

and this can be rewritten to a 3F5 expression in the same way as we did in equation [£.8 Now, with
the use of transformation formulas for 3F5 series, one could find other formulas. For example, by using
Corollary [3:22] on equation [4.8] assuming that j — jo +my > 0, one finds,

mi,ma,m

i (=j1 +J2 + )01 — j2 + 5)! 2<—j1+m1,j1—j2 + 7, —j2—m2_1>
(J2 + m2) (i1 — m)!(G — j1 — m2)!(j — j2 + mu)! j—jetmi+1,j—ji—ma+1’
(4.10)
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By rewriting the 3F5 series, we can get a new explicit form of C%ljfném So, equation m becomes,
X /(G —m)!(G +m)! (g1 —m1)!(r + ma)! (2 — ma)!(j2 + ma)!

o Z (—1)’
; l'(]l —mi — l)'(]l + 90 —7— l)'(]Q + mo — l)'(] — Jo +my +l)'(] —Jj1—mo+ l)'7
(4.11)

with

= . . . 4.12

(1 +J2+j+1)! (4.12)
The given expression has a rather symmetrical form due to Van der Waerden and Racah, and it is
valid for all arguments as long as the conditions from Definition [£.6] are satisfied. Which means that

the sum in equation [4.10]is over all integer values [, such that the factorials in the denominator aren’t
0.

T N Y Y
A(jl,jz,j)\/( g1+ g2+ ) — jo + )1 + jo J)-.

For some special cases, the sum in equation becomes a single term. For example, if m = j and
we look at the sum over I. Then second term in the denominator is (j; —mi — [)! and the last factor
is(j—j1—me+D!=(m1—j1+1)!=(—(j1 —m1 —1))!. So the only value valid value for [ is j; —mq,
and in this case we get,

Cind _(yyiem \/ | (2 + 1)1 +d2 = )G +m)!Go kg —ma)t
’ ’ (J1 —m) (g2 — 7 +m) (=g + G2 + D' — g2 + )1 + j2 + 5 + 1)!
(4.13)
which is a closed form expression for the Clebsch-Gordan coefficient.
One could off course express the Clebsch-Gordan coefficients in many other ways. Those can than
also be used to study the Racah polynomials, but we will only be using the expressions given here.
But there are some identities of the Clebsch-Gordan coefficients that we still want to look at. These
are the symmetry and orthogonality relations of the Clebsch-Gordan coefficients. We will first look at
some symmetries of the coefficients.

Symmetries of the Clebsch-Gordan coefficients

Do note that not all of the possible symmetries will be shown in this part. Only some will be shown,
and those will be used later on. But one could find other symmetries with the same methods.
With the use of equation [£.11] we can quickly find a symmetry relation for the Clebsch-Gordan

coefficients. By simply replacing j; = jo, m1 = —mg, m = —m, we get
O m = Clny Ly —m (4.14)

By replacing [, in the summation of equation by 71 + j2 — j — [ one finds,
CIvdzd  — (_1)j1+j2—jcj1,j2,j ] (4.15)

mi,mz2,m —mi,—mz,—m

This equation follows from comparing the coefficients of both Clebsch-Gordan coefficients. Now, by
combining the previous two symmetries, we get,

Oz — (_1)j1+j2*jcj2,j17j (4.16)

mi1,m2,m mz,m1,m:*

And, when one would replace [ by j — jo +mq + [ in the summation of equation one would get

the following symmetry,
o a2+
Conilam = (GO 2 o O ma- (4.17)
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More symmetries could be found, by just changing arguments of C,J,%l]?njzm and then comparing the

two expressions. There are other methods, but we aren’t really interested in those. Mostly, because
the symmetries that we want to use can easily be found by the described methods above.

Orthogonality relations of the Clebsch-Gordan coefficients

To construct the Clebsch-Gordan coefficients, we started with an orthonormal basis for D;, @ D;, and

constructed an orthonormal basis for Z; 1J|FJ]12 jo| Di- These bases consisted of the elements e ) ® e,(m),
m1 € {—j1, —ji+1, ..., g1} ma € {—ja2, —ja+1,..., jo} and @ j € {ji+ga,jitja—1,..., 2=l
m e {—j,—j+1,...,7}, respectively. And, we defined

ed1i = N civizd 01 @ el2). (4.18)

mi,m2
Both of the bases can be ordered. Say,
ol2) 1) o (2) (1) o (2)
B = {6—31 A ® e—J2+1’ o €y ® €js }’

so first going over all the values of jo before changing the value of mq, and

B = (O e
so first going over all values of m before changing the value of j.

Because By and By are both orthonormal bases of Dj; @ D;,. We know that the relation between
them is defined by a transition matrix, say C. Because the bases are orthonormal, C' is also an
orthogonal matrix. With equation we can easily define C' as the transition matrix from Bs to
Bj. So, the i* column of C' will be given by,

J1,9257 J1,92,J 71,9257
(C—Jl,—]%m’ C—Jl —jo+lmo - ’Cj1,j2,m)

where e(] 172)] is the it basis vector of B;. So, the values of m; and ms in the column first change in
the msy direction, before changing in the m; direction. Which is the same order as in the basis Bs.
Now, notice that equation is nothing more than this column multiplied with ET. Where Bj is
the row vector with its i*" value equal to the i basis element of Bj.
Now, C is actually orthonormal, so we have C~' = CT. This will be shown in the following
corollary. Which gives us the relation,
6%11) Q 6%22) — Z CIrd2d o(d152)7 (4.19)

m1,ma,mm
j7m

This leads to the following.

Corollary 4.20. The Clebsch-Gordan coefficients satisfy the following orthogonality relations:

J1,92,] jl’]QJ .
Z le,mm le ma,m’ J,J’(Sm,m’v (4.21)
mi,m2
j17j27j j17]27] _
: :leym% le,mQ,m - 5m1,m’1 5m2,m’2’ (422)
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Proof. The first equation follows from,

(W93 Iy = 58,
where we use equation to replace eglj 2)i , and use the orthonormality property of the basis elements

e%) ® 6%22). And one should think of ji, j2, 7, 7/,m and m’ as fixed parameters. Then, the double sum

can be seen as a single sum. And use the linearity of the Hermitian form, with the fact that the
Clebsch-Gordan coefficients are real-valued.

The second equation can be proven in a similar manner. But, then we need to use equation [£.19 and

j j2) (d1) (42)

<e( 1)®e(2 7€m,1 ® eV2

= / /
mi m2 5 > 5m1,m15m2,m27

follows from the orthonormality of the basis elements eli192)7, O

So there are several ways how one can denote the Clebsch-Gordan coeflicients. While some ex-
pressions do require some extra assumptions, they can sometimes be useful. We have also seen that
one can construct several other expressions for the Clebsch-Gordan coefficients with the use of some
symmetries. Which also showed that some coefficients are exactly the same, even if they have different
arguments. Lastly, we saw that the Clebsch-Gordan coefficients satisfy two orthogonality relations.
Which is helpful later on. Because we will look at a sum of a product of several Clebsch-Gordan
coefficients. Which can be reduced with these relations.
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5 Racah coefficients and the Racah polynomials

In this chapter we will first look at the tensor product of three x—representations of D;, with the same
*—operation as before. The tensor product will be decomposed into irreducible submodules. And from
that decomposition, follows an expression for the Racah coefficients. Some symmetries and orthogonal
properties for these Racah coefficients will be deduced. As well as some expressions. In other words,
we will look at some different ways to denote these coefficients.

Eventually the Racah polynomials will be defined with the use of the Racah coefficients. After we
define these polynomials, the previous expressions and symmetries will be used to look at some special
properties of the Racah polynomials.

5.1 Tensor product decomposition of three x—representations

We have seen how we can decompose the tensor product of two x—representations of D, so let’s do the
same but this time for three. We will be using the same realisation as in Chapter 4, but we will extend
it to three representations. So we will represent Dj, @ Dj, @ D;, as the vector space consisting of
homogeneous polynomials of degree (2j;) in x; and y;, ¢ € {1,2,3}. It is obvious that this is possible.
Because, if we look at Definition we could easily let V or W be a tensor product on its own. So,
the definition is easy to extend to a tensor product of more representations.

So, let ji1, j2,j3 € sN{J{0} and consider the tensor product D;, @ Dj, @ Dj,. Then we sece that

the vectors 6%11) ® 6%22) ® e%‘;), my € {—j1,—n+1,....51,m2 € {—Jjo,—jo+ 1,...,j2} and m3 €

{—Jjs,—jz+1,..., 3} form a basis for Dj, @ D;, Q D;,. Because that follows from the definition. So,
this shows that we have a (2j; + 1)(2j2 + 1)(2j3 + 1) dimensional vector space. Also, letting one Dj,
be a tensor product in Chapter 4, shows that we can define the inner product of D;; @ D;, Q Dj, as,

(u@vewu @v @w) = (u,u) v, ww), foukruvewuoreouw e Dj1®Dj2®Dj3.

And we can realise the actions of Jy, Jy and J_ by,

1 1 1
7I-(JO) = 5(‘T18€51 - ylayl) + §($23x2 - y2ay2) + 5(3338963 - y3ay3)7

7T(J+) = 3718901 + x28y2 + m381137 W(J*) = ylam + y2axg + y38137

and

Ji+mi, j1—ma J2t+ma, jo—ma2 Jj3t+ms, j3—ms3
(2) @ el3) — ! Y1 ) Yo L3 Y3
mo m3

elU1) & e )
@ V01 +m)lG1r — ma)! /(o + ma)! (G2 — ma)! /(G3 + m3)!(jz — m3)!

To decompose Dj; @ Dj;, Q@ Dj, into irreducible submodules, we can off course decompose it
one for one. In other words, because we already know how to decompose a tensor product of two
*—representations, we will first decompose a tensor product of two representations. And then we will
construct a decomposition of the new tensor product of two x—representations. So, we can choose to
either decompose Dj, @ Dj, or D;, @ Dj, first. Both will lead to a decomposition that we already
know, namely the decomposition of Chapter 4. So from Theorem it follows that,

Ji+7j2
Dj, ®Dj2 = E Dy,
Ji2=l|j1—J|
Jo+73

Dj, ®Dj3 = Z Djys.

J23=|j2—Jsl
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And both decompositions will lead to a decomposition of the tensor product of three representations.
Which we get by applying Theorem to Dj, Q Dj, and Dj,, @ Dj,. So, we get

Jitg2 Jit+j2 J12+73
Da@®Du@0u=( > Du)@Di= X Y D G
J1a=|j1—j2| J12=lj1—Jz2| j=lj12—7s|
J2+7s3 J2+73 Jitj23
D@®Du@Du=Da@( X D)= X Y b 62

J23=|j2—Js| J23=|j2—Js| j=Ij1—J23|

And both are well defined decompositions, but they are not always the same decomposition. Another
thing that is important is that these decompositions have some D, several times. For example, if
jl = 1,j2 = 2,j3 = 2, then,

3 Ji2+2
Z Z Dj:(D1+D2+D3)+(D0+D1—|—D2—|—D3—|—D4)+(D1+D2+D3—|—D4—|—D5)
J12=1j=[j12-2]
4 1+j23
=Dy +3D1+3Dy+3Ds+2Ds+Ds= » Y D

J23=0 j=|1—jas|

So both decomposition lead to the same sum of representations, but we do need to do something to
deal with the multiple submodules with the same label. Because we won’t be able to construct an
orthonormal basis like this. If we wouldn’t do anything, it would become difficult to see if the given
vectors are indeed linear independent. So to resolve the multiples, we add an extra label. These will be
j12 or je3, depending on the order in which the tensor product was decomposed. So we can construct
two bases for the decomposition of the tensor product. These are build up by the following vectors
respectively,

((J172)J1273)5 — J12:93,0  (j1d2)512 (43)
€m - Cm127m3»mem12 ® emS
mi2,Mm3 < )
o o . A 5.3
_ 91,792,312 9125737 (1) (32) (43) )
= Z Oy mmmiz Cmisismemy ® €y @ e,
mi,m2,m3
mi1+ma+mz=m
and
(91(d273)723)5 — J1.d23.d  (j1) (j273)J23
€m - le,mzs,mefm ® €3
mi,ma3
(5.4)

— Z Ciz:dzidzs  cunizd o) g 67(%2) ® eld3) .
2

m2,ms3,ma23 — Mi,mM23,mMm "mi m3
mi,m2,m3
mi1+ma+mz=m
And we see that only ji,jo and j3 are fixed. And, from Definition [£.6] we see that, in equation [5.3]
(j12, J3, j) forms a triad, mya,m3 and m are a projection of ji2, j3 and j respectively. And mis+mg =
m. And, in equation (J1,723,7) forms a triad, mj,mes and m are a projection of ji, jo3 and j
respectively. And mq + moz = m.

We know that the transition between two bases of the same vector space yields a matrix. And by
constructing this matrix, we will find the Racah coefficients. So, we want to construct the transition
matrix U between the basis that contains the vectors from equation[5.3] and the basis that contains the
vectors from equation First note that both bases are orthonormal bases, hence U is an orthogonal
matrix.
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Now, the elements of U are given by,

(el17273)23)] eg)sjl'ljz)juja)j’>

)

and by using the general action of the Casmir operator and the action of Jy, from Theorem [2:28] we
will find that it is easy to simplify the matrix. Because,

<7T(C)(6%1(j2j3)j23)j)7egr(le'ljz)jlzjs)j’> _ <€,'(£1(j2j3)j23)j777(0)(657(31‘7'2)j12j3)j/)>

)

and j(j+1)=4G+1)=4(G"4+1) < j=j". So, if j # j', then the element of U is equal to zero.
And with the action of Jy, we get

<7r(<]0)(6%1(j2j3)j23)j)7egflj/'ljz)jlzjs)j’> (el (J1(j2J3)j23)J (o) (el ((Jl]z)jujs)] )).

And m=m =m' < m = m/, so the elements of U are also zero if m’ # m. Which gives us that
the only non-zero elements of U are the elements where 7 = j' and m = m’.
Now we will use the action of J; to show that the elements of U are also independent of m. So,

<6%1(j2j3)j23)j7e%jﬂz)jmjvs)j) = (m(J4)( irlb(JiJJ)]%)J’e((]l]2)]12]3)]>

= /(G —m+ 1)(J + m) (el 2ds)izs)i o ((1j2)r27s)7)
= (e (41 (j273)723)J (T (el ((]132)]12]3) i)y

Cm—1

_ \/ G+m)(j—m+ 1)< (Jl(]2]3)]23)] 6((j1j2)j12j3)j>,

»¥m—1

shows that the values of U are not dependent on m. Because it shows that,

<€%1(j2j3)j23)j’ e%jlh)jlzh)j) — <€£,z1,({2j3)j23)j, 65}2]’:{2)]&2]’3)]’%

so we can define the elements of U as either 0 or dependent on j, j12 and j23. Now, let’s denote

<e(j1(j2j3)123)j e((]ljz)hzjs)ﬂ ) = 5] ]’5mm 3102012 (5.5)
73,7323 :
where U 1331’]]?’2]312 are the Racah coefficients. And from this, it follows that,
((J172)J1273) — J1.J2,012 ,(51(5252)523)J
ell1i2)i12j3) — Ujg,j,jzg elJ1(J272)j23)] (5.6)
J23
and
(41(J272)523)i — Jug2:012 ,((§152)51273)7
eml 2J2)J23)) — i e 1J2)71233)J (5.7)
J12

Where the second equation follows from the fact that U was an orthogonal matrix. And the first
equation can be constructed by ordering the bases. And then using the fact that,

a; =Y Ugiby,
s

where a; and by, are the i*" and k*® vector of the basis build up by the vectors from equation and
equation respectively. And Uy, is the value of U, in the k' row and " column. So, the matrix
can be constructed in the same way as we did in Chapter 4, with the matrix C.

From this, we get another equation for the orthogonality of U. Namely,

Ju.g2.ji2yritg2jiz _ 5

730,23 U]3,_],_]23 = Oja3,543> (5.8)
J12

]1:]27]12 ]1,]27]12/_ ) .

93,3323 UJs,J,st J12:012° (5.9)
J23

Which we get by using equation [5.6} equation and the norm of two vectors from the same basis.

Later we will define the Racah polynomials, and we will be able to define them with the help of
the Racah coefficients. But before we will do that, we will first give a proper definition for them and
look at some properties.
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5.2 Symmetries of the Racah coefficient
One way to define the Racah coefficients follows from equations [5.3] and [5.5]
{192,312 Z CI1I2012 (012,030 (12:03:023  (001:028:] (5.10)

]37]]23 mi,m2,mi2 m12,m3,m m2,m3,ma23 ~ 1mi,Mm2a3,m
mi,m2,ms3
mi+mo+mz=m

In this equation, the sum is over mi, mo and mg, such that mq + mo + m3 = m with m a fixed and
arbitrary projection of j, som € {—j,—j+1,...,7}. And mqy stands for m; + mg, and mg3 stands
for mso + m3. Which shows that this is a double sum over the values of mq5 and mg3 or over m; and
meos. All of this follows from the definition of the Clebsch-Gordan coefficients given in Definition [4.6]
Also, we are able to let j be an arbitrary but fixed projection of m, because
<e(j1(j2j3)j23)j, ei)si/'le)j12j3)j/>

was independent of m. And equal to Ujjl’]”]’]12 if we take m =m/ and j = j'.

Now, a double sum of a product of 4 Clebsch-Gordan coefficients is rather complicated. So we will
try to simply the given definition. But, this form is rather helpful to get some symmetries. So, before
simplifying the summation, we will first look at some symmetries.

First, we know that the value of the Racah coefficient is independent of the choice of m. In other
words, the sum in equation is the same no matter how we choose m, as long as the value is valid.
This gives us,

(25 +1 UJIJ2»312 — Zcmﬂz,m C12:03:0  (1J2:03,J23  (171,J23] (5.11)

J3:3,J23 mi,m2,m12 ~M12,Mm3,m " mz,m3,m23 ~ mi,ma3,m’
m,mi,ma,ms
mi+ma+mz=m
when we also sum over all values of m. And if we know replace j with jog, S0 j <> jo3, then equation[5.11
becomes

(2j23+1)UJ1»J12J2 :chlmzdz CJ2:03:023 (012,73, CJ17JJ23 (5.12)

J13,]23,] mi1,mi2,m2 ~mM2,Mm3,M23 ~ M12,M3,M ~M1,M,M23"
m,mzi,ma2,ma3
mi1+meo+mz=m

We can now use equation to change the first and last Clebsch-Gordan coefficient in the last
equation. That leads to,

: iz, (22 + 1223+ 1) i jiatiy
Qi t DU = \/ Gt D@ 1) T Y O s O s O m i m
mi-ms fg=m

(5.13)
where we make use of the fact that we sum over all values of m;. So, instead of changing it to —m,
we can replace it again with m;. And this equation gives us the following symmetry,

pinazgz _ (_1)j2—j12+j—j23 (272 +1)(2j23 +1) gz, (5.14)
J3,)2357 (2]'12 + 1)(2j + 1) J3:3,J23 ’

This is off course only one of many symmetries. Because with the use of the symmetries of the
Clebsch-Gordan coefficients and equation [5.11] several other symmetries can be found.

Something that is often introduced when speaking about the symmetries of the Racah coefficients,
is the 6j—coefficient. This is given by,

a,b,c

a b c| _ __1\a+b+d+e de,f
{d e f}_( Y Ve+ DR+ 1) (5.15)

with (a,b,c¢),(d,e,c),(d,b, f) and (a,e, f) triads. The 6j—coefficient is invariant under permutation of
columns and also when swapping the upper and lower value in each of any two columns.|[I] This isn’t
different then what we found earlier in equation [5.14] but it could be easier to some symmetries with
the use of the 6j—coefficient.
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5.3 Expressions for the Racah coefficient

Earlier it was already noted that the given expression for the Racah coefficient was complicated. So
in this section we will try to simplify the expression given in equation [5.10}

The first person to simplify the expression for Uj]; ’;3’2]312, given in equation was Racah [1]. This
lead to a single sum expression for the Racah coefficient. And that expression can even be written as
a general hypergeometric series, which is something that looks a lot less complex than the expression
we have now.

We will start equation [5.7] and use equation and equation to replace the el 1(7203)123)] ¢ orm
and the e{{192)71209)7 o1y respectively. That gives us,

72,735,723 71,9237 _ J1,J2,J12 Vj1,J2,712 712,737
sz,ms,m2+m3le,m2+m3,m1+m2+m3 - 73,3,J23 Cm1,m2,m120m12,m3,M12+m3’ (5'16)

J12

for fixed values of mq, my and mg, and mio = mq1 + ms. Now, keep ms fixed and multiply both sided
with C’fﬁl’] %ibjzlﬁnm, with j{5 fixed, and sum over my and msy. Then we get,

. . .
CJz;Jsts CJ17]237J CJI W2J12 317]27]12 132,012 CJ12,J37J 0317327312
mo,m3,ma+m3 ' mi,ma+ms3,mi+ma+ms3 mi,me,miz — ]3,],]23 mi,mg,mi2 ~mi2,m3,miz+msz 11,712,112
mi,m2 mi,m2 ji2

- Z 117J2,J125

J12,73,]
J3.dwi2s CI12.012 &

mi2,m3,mi2+ms3
J12

J1,J2,J12 C]127337J
73,7,J23 mi2,m3,mi2+ms3

(5.17)

So, if we let ji, be equal to ji2, we still get the same. Using the same variable for ji2 and j{, at the
start of the previous equation would be confusing. Because we would have one j;2 that is fixed and
one that isn’t. But, by doing this now, we get the following expression:

§ :032,337]23 0317]2373 CI1:32,012 _ Ujl,Jz,le CJIQ’B’J (5.18)

ma,m3,ma+m3~mi,ma+msz,mi+ma+ms =~ mi,ma,mi2 73,3323 mi2,m3,miz2+ms"
mi,m2

And this gives us a new expression for the Racah coefficients, namely

31,]2012 _ § :CJQ’BJQS Cj1,j237j C]l,]27]12 /CJ12,J3J (5 19)

]37]7]23 m2,m3,mz2+m3 -~ mi,ma+m3,mi+ma+ms3 =~ mi,ma,mi2 mi2,m3,miz+ms"
mi,ma2
mi1+ma=mi2

And in this equation we have my2 and mg3 fixed, and the sum is over all the values of m; and ms such
that m1 4+ mo = my2. Do note that mio and mg are arbitrary values, but still projections of jio and
J3-

Now, let mi2 = j12 and m3 = j — ji12. Then we have, mo = j12 — m1, and equation becomes,

31,32 Jiz2 72,793,523 J1,J23,] J1,92:J12 J12:3,]
337] J23 Z C’J12 —mi1,Jj—j12,j—m1 Cﬂ"bl,] —ma,j le J12— m17J12/Cj12,j—j127j’
which can be rewritten to,
a b,c j : b,d,f a,f,e a b,c c,d,e
def_ Cx a,e—c,e— acae a,e ac ac/cce c,e’ (520)

Now, note that three of the Clebsch-Gordan coefficients are of the form Ca e g6 for those, we can use
the closed form expression of the Clebsch-Gordan coefficient, equation @ With this, equation [5.20]
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becomes,
abe _ 2c+1)(a+b—c)la+f—e)llc—d—e)l(c+d+e+1)!
die.f (—a+b+co)la—b+c)l(a+b+c+ 1) (—a+ f+e)(a—f+e)lla+ f+e+1)!

(5.21)

—c+ a —e+ a) (CL . a)| c—a,e—c,e—Q

Z\/b—}—c—a (f+e—a)(a+ a)! cbdt

For the last Clebsch-Gordan coefficient we can use equation Then we get the following expression
for the Racah coefficient,

ebe _ 2c+1)(a+b—c)la+f—e)llc—d—e)l(c+d+e+1)!
de.f (—a+b+c)l(a—b+c)l(a+b+ct+D(—a+f+e)la—f+e)la+ f+et1)!

XZ \/b+c— )I(f +e—a)l(a+a)

b—c+a)(f—e+a)(a—a)!
X\/(2f—|—1)(f+e—a)!(f—e+a)(b—i—c—a)(b—c+a)(d+e—c)(d—e+c)!
(=b+d+ Hlb—d+ HHlb+d— HIb+d+ f+1)!

b—ct+a—1 btc—a+l d+f—c+a—-1 b+d—f
XE(_D ' ( ! >< f—e+a-1I ><b—c+a—l)]

_ Qe+1)2f+1)(a+b—c)(a+ f—e)!
NV (ma+b+e)(a—b+o)(a+b+ct+ D) (—a+ f+e)l(a—f+e)

(c—d—e)l(c+d+e+ 1Dl (d+e—c)(d—e+c)!
@+ fretDI(—b+d+ )b—d+ Nb+d—Hb+d+f+1)

" b+c—a)l(f+e—a)! (a+ )

za: \/(b—c—l—a)!(f e+a)!(a—a)l

XZ )b-c+a-t b+c—a+)ld+f—ct+a—-Dlb+d—f)
No+ec—a)(f—e+a-Dld+e—o)l(b—c+a-D(d+c—f—a+l)!

B 2e+1)2f+D)(a+b—c)(a+ f—e)!
\V(—a+b+o)la—b+e)a+btrcet+ 1) (—a+ f+e)lla—f+e)

\/(f+efoz) (f—e+a)l(b+c—a)l(b—c+ a)!

(c—d—e)lc+d+e+ 1Dl (d—e+)(b+d— f)!
(a+f+e+D(=b+d+ Ib—d+ I b+d+ f+1)(d+e—c)
Deetela+ ) (f+te—a)l(b+ec—a+D(d+ f—c+a—1)
XZ f—cta—Dllb—cta—Dl{dtc—f—atia—a)

(5.22)

If we now rewrite o — [ to k in the summation over « and [, in the last equation. That summation
becomes,

Z(—l)b*0+k(a+a) f+e—a)l(b+c—k)d+ f—c+k)!

2 o~ RN e+ RN — et R+ e~ f Bl —a)
And from equation it follows that,

Z(a+a)(f+e—a)‘_(a+k)!(f+e+a+1)!(f+e—a)!

(a—K)l(a—a) (a—K)(f+e+k+1) ’

— 44 —



5. RACAH COEFFICIENTS AND THE RACAH POLYNOMIALS

so the previously given summation is equal to

Z (1)t ec—K)Nd+f—c+B)(a+k)(f+etat+D(f+e—a)

p (f—e+k)Mb—c+R)Nd—f+c—K)(a—kK)(f+e+k+1)!
With this, we can now rewrite equation to only contain a single sum. So we get, when also
replacing k with a — k,

. o \V4 , €, Vd, )
Uges = (1) /(2c + 1)(2f + 1)VEZ b f))V((b ;;‘3

(=1)*b+c—a+k)(d+ f—c+a—k)(2a —k)!
XZk!(f—e—i—a—k)!(b—c—l—a—k)!(d—f+c—a+k)!(1+f+e+a—k)!’

(5.23)

k

with,

—a+b+o)l(a=b+c)l(a+b+c+1)!
Viab,e) = \/( ) (a—l—b—c)(! : ’

The summation given in the last equation is over all values of k, such that the factorials in the
denominator aren’t 0. So, the summation is from max(0,a —d + f —¢)), to min(a+b —c,a+ f —e).
With the help of the last equation it is much easier to understand what the Racah coefficients are.

Corollary 5.24. Let a,b,c,d, e, f € %N U{0}. Then, Ug’f’;ﬁ is a function of the 6 arguments a, b, ¢, d, ¢, f.

If (a,b,¢),(d,e,c),(d,b, f) and (a,e, f) are all triads, then Ug’:’]f is given by equation [5.23] Else,
a,b,c .
Uges =0

And this expression is less complicated then the one given earlier, the expression given in equa-
tion And we can even write it as an expression of the hypergeometric series 4 F3. But, to be able
to do that, we need to make one extra assumption. We need to assume that —a+d-+c— f > 0. If this
isn’t the case, it will still work. But, we need to take k' = —a+d+ c— f + k and rewrite equation
as a sum over k/. We can then use the Pochhammer identities [3.3] and B.7] to rewrite the factorials in
the summation to Pochhammer symbols of the form (a);. We can then rewrite it to a 4F3 series, with
the definition of a hypergeometric series. This gives us the following corollary.

Corollary 5.25. Let a,b,c,d,e, [ € %NU{O} Such that (a,b,c¢),(d,e,c),(d,b, f) and (a,e, f) are
triads, and —a+d+ ¢ — f > 0. Then,

V(a,e, f)V(d,e,c) b+c—a)(d+ f—c+a)l(2a)!

ab,c a+b—c
Uy = (CL" V(e + 1)2f + 1)V(a, b,e)V(b,d, f) (f—e+a)lb—c+a)(d—f+c—a)l(l+ f+e+a)

l-a+b+c, —a+e—f, —a—b+c, —1—a—e—f
X 4F3 ;1.
—a+c—d—f,2a,1+d—f+c—a

Just like the Clebsch-Gordan coefficients, there are also more expressions for the Racah-coefficients
that we won’t be looking at. But, one could find them in the same manner as we found the previous
corollary. It is also possible to find expression with the use of this corollary. Because then one could
change the 4 F3 series to find a different expression, for example.

5.4 Racah polynomials

We will now describe the Racah polynomials with the help of the Racah coefficients. In other words, we
will give a relation between the Racah polynomials and the x—representation D;. After the definition
is given, we will look at two special properties of the Racah polynomials.
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To describe the Racah polynomials, we will be using Corollary[5.25] To do this, we need to introduce
some new arguments. Take

n=a—ec+ fr=a+b—ca=-N—-1=—-a+c—d—f—1,
b=—a+d—c—f—1,vy=—-2a—1,6§ =2c+ 1.

Then, let a,c,d, f be fixed in Us’:’; such that
c—a>ld- fl, and ¢ —d > |a— f].

So, we have b and e as variables, such that b is a value varying from ¢ — a to d + f, and is e is a value
varying from ¢ — d to a + f. Note, that this gives as extra condition that ¢ —a < d+ f. But, with the
use of equation [5.14], or the 6j—coefficient, it can be shown that, that condition can always be given
by interchanging the arguments. Also, from these conditions, it follows that (a,b,c), (d,e, f), (d,b, f)
and (a, e, f) are triads. Hence, we can use equation

For the new arguments, this means that NV is a fixed non-negative integer argument, and x and
n are non-negative integer variables. Where 0 < z < N and 0 < n < N. And the 4F35 series of
equation [5.25] becomes,

F<x+’y+(5+1,—n,—m,n+a+6+1_1>_ F(—n,n—l—a—i—ﬁ—f—l,—x,x—i—’y%—d—i—l'l)
s a+1l,v+1,1+8+6 ) A a+1,14+8+6,v+1 ’
= Rn(M@); v, 8,7, 6) = Ru(A(2)).
(5.26)

And in the case of the given variables, we find that 1 + 5 + ¢ is the only non-negative value in the
denominator. Because « +1 =N and y+1< —N. And AN(z) =z(z +~v+ I+ 1).

Corollary 5.27. Let «, 3,7, 0 be any parameters and n any integer, then we have that the 4F3 series
of equation is a polynomial of degree n in the variable A(z) = z(z + v+ 0 + 1).

And when one of the denominator parameters a+1, 5+ 40+ 1 or v+ 1 is equal to a negative integer
— N, then we call this the Racah polynomial. Do note that, the other two denominator parameters
shouldn’t belong to {0,—1,—-2,...,—N + 1}, for 0 <n < N.

The remark in the Corollary is there to make sure that equation [5.26]is well defined for all integers
n, given that 0 < n < N. Which is due to Theorem Because the balance condition is satisfied,
and if two or more denominator arguments belong to that set. Then (e)ny = 0, where e is one of the
denominator arguments. Which would lead to division by zero, which won’t happen when only one
argument is equal to —IV.

Now that we know what the Racah polynomial is, we can look at two special properties of it.
Namely, its orthogonality property and the fact that you can actually swap n and x. Let’s first look
at the orthogonality property.

Orthogonality relation of the Racah polynomials
With the previously introduced variables, equation from Corollary [5.25] was still valid. And it becomes,

Uity = O =35\ miey —n DI — 7 — )i 0l

. \/5(N+1+’y—5)(5+5+n)!(]\7+5—n)!(’y+5+x)!(5+5+x)!

xN!<—fy—1>!\/ (N+7-8-n)(-B—n—1)!

Rp(Ma), @, B,7,0),
(5.28)

=y —z =D+ ) (N —2)l(y =B+ 2)(N+1+7+6+2)!
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which can be found by just changing the variables. From equations and [5.8 we get the following
orthogonality relation,

Z a,b,c abc :Z(_l)f+f/(2c+1)\/(2f+1)(2f,+1)Ua’c’b

b 7b —_
Ui tUdle s Ughe = 0p,pr- (5.29)

d7f7 d’f/7
- (2b+1)(2e +1) € €
In this equation we can take b= ¢, f = e, f = €, and we can change (—1)/*/" with (—=1)/~/". So we
get,

/ (2b e e a,b,cprabe

With the use of equation we see that we can remove the (2¢ + 1) and (2f + 1) terms from the
denominator. And this equation becomes,

N

Z(—l)nfn/(z]j +94+0+D)V2n+B8+a+1)20n +B+a+1) (N'zzé(_zs)');)'h
=0 ‘

\/ (N +7 =B =N +7 =B =)= —n— (=5 —n' — 1)

nn/l(—y —n—DI(=—y—n' = 1IN = 8 —=n)[(N = —n)}(N —n)|(N —n/)!
L0+ ) (B0 + )V (B++n)B+I+n)(N+0—n)(N+0—n)

ol (—y =z = DIE +2)(N —2)l(y = B+ 2)I(N +1+7+0 + z)! (5.31)
X Ry(A(@)) Ry (\(2)) = 8
So,

N

3 2z +7y+ 3+ D(y+ 3+ 2)1(B+ 6+ 2)(N)*((—y — 1)!)*
o=y =z =D+ ) (N —2)l(y =B+ 2)((N+1+~v+35+2)((8+9)!)?
B nl(—y—n—1N -8 —n)(N —n)! S
SN+ =B-n)(-B-n—-DIB+5+n)(N+5—n)!2n+B+a+1) "

Then, after rewriting the factorials to Pochhammer symbols, we get

i(’y—i—é—i—1+2m)('y+(5+l,a—i—l,ﬁ—i-é—i-l,'y—i-l)gg

(v+o+Dal(y+d—a+1l,y =B+ 1,0+1), Bn(A(@)) R (M)

=0 (5.32)
(v +6+2,-B)N n!(n—i—oa—i—ﬂ—i—1,ﬂ+1,0¢—5+1,a+5—’y+1)n5
(v=B+1,0+1)n (a+B+2)am(a+1,8+0+ 1,7+ 1), e
where (a1,a2,...,0n)z = [[11(ai)e-

This is the orthogonality relation for the Racah polynomials when N = —a — 1. Since the left and
right hand side of equation are both rational functions, this is well defined for all values of «, 3,9
and « as long as both sides are well defined for the given values of o, 3,4 and ~.

It is possible to check if a weight function is positive or negative when the 4 arguments are given. It
is also possible to define a condition for when a weight function is positive and when it is negative,
but we won’t be doing that. Because defining the full condition is tedious[l], and doesn’t really add
anything to this property of the Racah polynomials.
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For the general case, when one of the denominators is equal to —N and the other two don’t belong
to the set {0,—1,...,—N +2,—N + 1, we have

i(W+5+1+2$)(7+5+1,a+1,6+5+1,7+1)m

(v+o+Dzl(y+d—a+1,y—B+1,0+1),
nln+a+pf+1,0+1L,a—d0+1L,a+pB—7y+1),
(@4 +2)am(@+ LA+0+ 1Ly + 1)y m

R (M) B (M)
=0

’

, with,
(( (Y +0+2)n(—B)n
(y=B+Dn(@E+ 1N
(Y+d+2)8(0 —a)n
(7+5—a+1)N(5+1)N
(—6)N(oz + ,8 + 2)]\[
((@=d0+Dn(B+1)N
Where the other weight functions can be found in the same way as the one was found for the case
a+1=-N.

fa+1=-N,

ifB+0+1=-N,

ify+1=-N.

As a polynomial of degree x

Another property of the Racah polynomial is that we can at interchange the x and n. In other words,
we can represent the Racah polynomial as a polynomial variable in A\(n), and with its degree equal to
x. Which is a special property for a polynomial.

To show this, we will be using the 6j—coefficient and Theorem [3.19] Because we first described
the Racah polynomials as the 4F3 series of the equation in Corollary when exactly one of the
denominator parameters was equal to —N. And, from the 6j—coefficient and equation [5.14] we get,

abc_ aef_ -1 f—etc—b (2f+1)(2c+1) a,f.e
Udie,t = Ua (=1) \/(2e+1)(2b+1)Udevb'

For this part we will be using the same values for the arguments of the Racah polynomial as before.
So,

n=a—e+ fr=a+b—ca=—-a+c—d—f—1,
b=—a+d—c—f—1,v=—-2a—1,0 =2c+ 1.

That gives us the following equality,

_1\f—etc—=Db (2€+1)(2b+1) a,b,c
o \/<2f+1><2c+ 1) es

Via,e, f)V(d,e,c) b+c—a)(d+ f—c+a)l(2a)!

= DMV DO )G S0 d D e il —c T ald—f Fe—al1+ T eral

l—a+b+c¢, —at+e—f, —a—b+e, —l—a—e—f_l)

X 4 F:
e —a+c—d—f, —2a,1+d—f+c—a

a+f—e V(CL?Ca b)V(d, ¢, 6) (f—|—€— a) (d+b_ e—i—a) (2&)
= (=1 \/(2b+1)(26+1)V(a,f,e)V(f,d,b)(b—c+a)!(f—€+a)(d bte—a)(l+b+c+a)
1—a+f—|—e,—a—|—c—b,—a—f—i—e,—l—a—c—b.l

< —a+e—d—0b, —2a,1+d—b+e—a ’)

X 4F3
=gty
(5.33)
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Note that we have to assume that |f — ¢| > 0, to use the previous equation. Else we had to rewrite
the sum in equation which could lead to a different equality. But we will only use this equation
to verify that the following hypergeometric series is the Racah polynomial, where we swapped n and
x. Note that, when we take b <> f, ¢ <> e, then we see that x <> n. Which is the exact change of
variables we used in the Racah coefficients above. Now, we have

l1+41—-a+b+c+—a+e—f+—a—-b+c+-1—a—e—f=—-a+c—d—f+2a+1+d—f+c—a,

which is the balance condition of Theorem [3.19] So the given 4F3 series, which was used to define the
Racah polynomial, satisfies the balance condition. Hence, we can use this theorem to rewrite our 4F3
series. Now, if we take,

—-n=-nc=-zx,a=n+a+p+1L,b=x+vy+5+1,
d=~v+1l,e=a+1, f=14+8+9,

for the arguments of the hypergeometric series in Theorem [3.19] Then it follows that,

7 1—a+b+c,—a—i—e—f,—UL—b—i-c,—l—a—e—f‘1
s —a+c—d—f,2a,1+d—f+c—a ’
—n,n+a+p+1, —z,x+v+0+1
=4k} i1
a+1,1+8+6,v+1
(ot +1),(1+B+d+ 1), F(—x, -n+y—a—-B, —n, —x—0 )
(a+1)p(1+B840)n ’

(5.34)

—n—z—F—-06, —n—a—x,v+1’

where the last 4F3 series is the last 4F3 series of equation [5.33] Because the condition for the theorem
is satisfied, we see that we can always use the replacements b <> f and ¢ <+ e in this hypergeometric
series, given that we started with a Racah polynomial. This gives us a relation between the two
different Racah polynomials. Because we have,

RH(A(:E)?Q)ﬁv’ya(S) = 4F3(

(ot +1)(1+B+d+ ), (™% -n+y—a—-03, —n, —x—9§ 1
N (a+ 1)1+ 8+9), Y\ cn—z-B-6 —n—a—z,y+1’

(

I
(a+z+1),1+B+0+a)m , ~r~ _ = =
@+ Dn(l+B+0)n R, (A(n); @, B,7,0).

—n,n+aoa+p+1, —x,x—l—’y+(5—|—1'1>
a+L1+6+&y+1 ’

Where R, (\(n);@, 3,7, 6) is a polynomial of degree = and variable in A(n). And @ = —a+e—d—b—1,
B=-a+d—e—b—1,0=2e+1and A\(n) =n(n+~v+0J+1). So, the variables p are the same as
the variable p, but with the change e <» ¢ and b <> f. With p € {«, 5,7}

Which shows that the Racah polynomial is a polynomial of degree n and variable over A(x). And
it can also be written as a polynomial of degree x and variable over W
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6 Conclusion

So we saw that we could define the Racah polynomials with the use of the tensor product of three
x—representations of D;. This tensor product gave us an orthogonality relation for the Racah coeffi-
cients, and different expressions for the Racah coefficients.

With the use of Corollary [5.25] we could define an expression for the Racah polynomials, in terms
of a 4F3 series. Namely,

r+v+6+1, —n, —z,n+a+p5+1

a+l,v+1,1+8+46 ’

Then with the use of the orthonormality relation of the Racah coefficients we found a general
expression for the orthogonality relation of the Racah polynomials. This was given by,

g:W+5+1+%MW+5+La+L5+5+L7+1M
= (Fi+Dsly+d—a+l,y—B+10+1),
nln+a+pB+1,86+1L,a—0+1L,a+B—7y+1),
=M 8
(@+B+2)mla+ 1,846+ 1,7+ 1)y

Rn (M) Ry (A())

!
, with,
(v +0+2)n(=P)n
(v=B+N(E+ 1N’
(Y+d+2)n(0 —a)n
(’Y+(5—@+1)N((5+ 1)]\[7
(—(5)]\](@ + ,8 + 2)]\[
L (a—=d+1)n(B+1)N’
Where M was a weight function, that could either be positive or negative.

And with the use of Theorem which gave us a way to rewrite a 4F3 series. And the fact that
our definition for the Racah polynomial satisfied the balance equation, we found a relation between
R, (A (z)) and Rz(A(n)). Where R;(j) is the Racah polynomial of degree i and variable in j. The
relation that we found was given by,

ifa+1=N,

if B4+4641=—N,

ify+1=-N.

(a+z+1),1+B+0+2)n , ~—

R,(A(z);, B,7,0) = @+ )£ B810), R, (A(n);a, B,7,0).

Where we defined P to be equal to p, when changing ¢ <+ e and b <+ f for only por p. And p € {a, 3,9}.
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