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Abstract

We motivate the study of the representations of SO(3) by showing how it is useful
to solve the angular part of the Schrodinger equation for a particle under a central
potential, with an emphasis in the Casimir operator. We study finite-dimensional
representations and finish with the applications of the Peter-Weyl theorem for rep-

resentations in homogeneous spaces.
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Chapter 1

Introduction

The aim of this work is to motivate the study of representation theory. We try to
do so finding an application of the study of SO(3) representations for a rotationally
symmetric Schrédinger equation.

In chapter 2, we introduce the quantum mechanics basics and the Schrédinger
equation. Then, via a change of variables, one sees that it could be solved by finding
an eigenbasis of the hamiltonian, as a self-adjoint operator in an infinite-dimensional
space. Next, we introduce the concept of symmetry and focus on a rotationally
symmetric Schrodinger equation, to later translate this symmetry into a condition
regarding a representation of SO(3). We prove that this problem is suitable to be
splitted into the radial and spherical part, and that solving the spherical part will
help us into the overall problem. Our goal becomes to show that

L*(S?) = P 9

leN

i.e., that the space of square-integrable functions on the sphere is the completion of
a direct sum of irreducible representations of SO(3). And also to determine each $)y
along with how the spherical part of the laplacian acts in it.

Chapter 3 serves as an introduction to the concept of groups, actions, Lie groups,
Lie algebras and representations.

In chapter 4 we develop the theory for finite-dimensional representations. This
is going to be crucial to be able to later classify each irreducible representation of
SO(3) but also to assimilate the upcomming theory.

Chapter 5 is devoted to the explicit computation of all the irreps of SO(3). In
it, we show that they can be realized as the spherical harmonics. Moreover, we
introduce the Casimir operator and deduce some important properties of it using
the theory of Lie algebras, only to see later that this operator is exactly the spherical
part of the laplacian. The chapter concludes that the harmonic polynomials not only
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serve as lower dimensional subspaces in which the spherical part of the laplacian can
be diagonalized, but rather that it is constant in each harmonics space.

Finally, this work concludes with chapter 6, in which we prove the Peter-Weyl
theorem for matrix groups. Then, we introduce homogeneous spaces and see how this
theorem yields interesting results in them. We show that since S? is homogeneous
under the SO(3) action, it implies the direct sum decomposition mentioned before.

Two appendices complement this work. Appendix A develops several of the
algebraic aspects treated, such as the trace map, the representations of SU(2), the
induction of representations into several algebraic structures and some more algebraic
results that are used at some point. Appendix B is its analytic counterpart, in which
we introduce smooth manifolds and give important results on their regard, as long
as a more detailed study of the Lie algebra than the one given in chapter 3. There
are also the explicit computations on the Casimir operator that are used in chapter

5. Finally, there is a general description of the concerned matrix groups.



Chapter 2

Quantum mechanics basics

2.1 The quantum mechanics toolbox

2.1.1 The states of a system

Since we are not physicists, we shall not delve too much into details, but rather
shed some light to understand the very basics of quantum mechanics and understand
what we are doing.

In classical mechanics, when we study a system we consider the phase space
{(x,v) | x € R” valid position, v € R" valid velocity at position x}. From this
space we then create several real functions which stand for each quantity that we
observe from it. For instance, the mechanical energy: E = im|v|?*~V (x). Then, to
understand the future state of the system, we wonder for the curve that (x(t),v(¢))
will draw in the phase space along time.

Several more advanced algebraic structures can be imposed in our space to gather
results from different areas of mathematics. Since we may want to take profit of the
continuity we assume on natural events, we will take the phase spaces to be manifolds.
Since we will also want to be able to differentiate on them, we will look for smooth
manifolds.

Quantum mechanics is devoted to the study of the microscopic world. When
studying atom-scale systems, the rules of the ordinary reality we see do not apply
anymore. For instance, in the real world we can take measurements and expect the
observed reality to not be significantly altered by them, so we can make predictions
based on our measurements. But, since to measure something we need to shed to it
some energy or matter, if such particle is as small as the fundamental building blocks
of the universe, this will have a non negligible impact on it, thus being us able to
recover the position of the object but having lost the information we had about its
velocity, for instance. It is for this reason that it takes a probabilistic approach.
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Instead of taking the state of the particle as a point in a smooth manifold and
the values that some real functions take in it, we will use complex functions of only
the position to encode the whole state of the system. Since functions are complex
(in the sense of complicated) enough, we hope that we will be able to extract enough
information from them thanks to the right operators.

That is, if the configuration space of the system is the smooth manifold M, the
state of the system will be encoded by a function ¢ : M — C, which despite not
necessarily solving the wave equation is always referred to as the wave function in the
physics literature. This function is such that the integral of the square of its module
over a subset of M is the probability of the particle(s) to be inside it. Since it is not
directly a probability density, it is called a probability amplitude. More formally:

Pae) = [ [P

Of course, if we want it to actually mean a probability distribution, we would
need the previous integral over M to be 1. We can hence restrict ourselves to only
normalized wave functions or consider an equivalence relationship in the functions
space for a scale factor and make v represent the same state than /[[1||. Moreover,
observe that there are many functions whose integral over a set equals the same,
despite having different shapes. It is in this way that we expect to encode the rest
of observables of the system.

2.1.2 The Hilbert space

We then wonder where should we make this wave functions belong to. For later
uses, we want to consider a functions vector space. And it would be convenient to
look for a complete one. We could then think on (M) which is Cauchy-complete
as a metric space with the supreme norm || f||oo:= sup,cps|f(x)|. But it presents two
main problems. The first one is that we would need M to be compact in order for
this norm to be applicable to all €°°(M). But even if M were compact, as (A.16)
shows, it does not come from any inner product.

So a conventional approach could be to take L?(M) and this is exactly what is
done. Moreover, if the purpose of the wave functions is to encode probabilities, it
makes sense to consider L?(M) since we do not care of differences on zero-measure
set. This, along with the inner product that we are on our way to define, will form
a Hilbert space, which we will denote 7.

Since the smooth manifolds M we will consider are all subsets of R", we will
consider as their measure the corresponding restriction of the Lebesgue measure on
R™ and hence avoid writing it explicitly. We will also always assume them to map
M — C and also avoid writing the codomain.
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Even though for the moment we do care more about the properties of it than of
its particular definition, the reader can consider the inner product in L2(M) as

(f9) = [ Tlgla)da
M
where f(x) denotes the complex conjugate of f(x). We define it to be linear on the
second argument and conjugate-linear on the first one.

2.1.3 Observables

The quantities of our interest will be represented by observables, which are going
to be linear self-adjoint operators A : # — . The interest of them being self-
adjoint is for them to have real eigenvalues, which will allow us to give a meaning
to the observed value. The existence of orthonormal topological eigenbasis for self-
adjoint operators in infinite-dimensional spaces will be commmented later, but it is
not trivial when the vector space is infinite-dimensional.

Now let’s discuss what do we mean by a topological basis of an infinite dimensional
vector space. A set B is formally defined to be a basis for a vector space V' if every
element of V' can be uniquely expressed as a finite linear combination of B (while
B is allowed to be infinite or even non countable). However, in several cases such
a basis might not exist or not be easy to find. So we will allow ourselves to call
topological basis to B if span(B) is dense in V. That is, every element of V is the
limit of a convergent sequence in span(B), i.e.: V 3 v = Y _ya,v, with a, € C
and v, € B.

This is a really useful construction which allows us to view the functions {e},cn
as a basis of L?([0, 27]) which turn out to be orthogonal with the previously showed
inner product.

This broader concept of topological basis in 7 is going to be central to define
observables. Let’s assume that # admits a numerable orthonormal topological basis
BB of eigenvalues for the self-adjoint operator A. For an element 1) € B with eigenvalue
A, we say that the observable quantity represented by A takes the value ) in the state
1. We say then that 1 is a pure state for this observable. And the surprising fact
about quantum mechanics is that some states are not going to be pure, but rather a
linear combination of more than one eigenvectors. In this case, we cannot know in
which state the system actually is and we return to the probabilistic side. We will
consider that if

= Zanwna VY, € B,
neN
then, provided that ||v||= 1, |a,|? takes the meaning of the probability of the mea-
surement to take the value represented by 1, and consistently define the expectation
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of the observable A as

E[A] = <¢,A1/J> = (1/%1211@ = <Zan¢naAZ an¢n>

neN neN
= <Z anthn, Z anA¢n> = <Z anPn, Z anknwn)
neN neN neN neN
= Z @am<wn7)\m¢m> = Z’an|2)\n
n,meN neN

In this example, we shall say that the state 1 is in a quantum superposition of
the states {¢n, }nen-

2.2 Time evolution of a system: the Schrodinger equa-
tion
2.2.1 The general Schrédinger equation

The Schrodinger equation states that the time evolution of a state is given by
the following differential equation

oy H

=== (2.1)

where H is the hamiltonian of the system. That is, the observable associated to the
total mechanic energy of the system. And it can be written as

H= A-ﬁ-V(a},t)

2m
being
0? 0? 0?
A2 Y Y
0x2 + Oy? + 022

the laplacian operator and V' (z,t) the potential energy.

This is a partial differential equation and is therefore hard to solve as we lack
general theorems of existence and unicity of solutions. However, let’s observe that,
in the vector space 7 of states, H is an endomorphism and hence equation (2.1)
can be seen as a linear differential equation in this infinite dimensional space. Then,
its solutions form a vector subspace.

Our goal is to give, for any initial state U(0,z) = vo(z) its evoluion as time
passes, so to give U(t, z) for t € R.
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2.2.2 The Schrodinger equation for a time-independent hamilto-
nian

In the case where the potential does not depend on time, that is, the Schrédinger
quation takes the following form

oy 1.A

2 = b+ V(@)Y] (22)

we can try to apply the method of separation of variables. We will suppose equation
(2.2) admits solutions of the form W(¢,z) = ¢ (x) f(t), with the hope that such ¥ (x)
will allow us to reconstruct 1o (z), the initial condition, as a sum of them. If ¢ (x) f(¢)

is a solution, then

0 1. A
S @) = [ (@) () + V(@)() /(0]

af(t) 1 A
5 = il (D5 (@) + V(@)e()f(1)

of) _ 1(t), A

V(@) =g = T LV @) +V(@)(@)
ih Of(t) 1 A N o
0 0t o) am @ V@@

Note that the last equivalence holds only where f(¢)y(z) # 0. So the purpose of
this computation is just to understand how we can derive the solution that we are
going to suggest. The last equation is our goal because it sets an identity for two
functions on different variables, so the only way for this to hold is for them being

constant to some, a priori complex, number E. This leads to the following equalities:

Jih Of(t) _

7@t ot

of(t)  —iE

S = 1) (2.3)
1 A A
Sl @)+ V@) = B = (@) + V@)ile) = Bu()

= Hi(z) = By(x) (2.4)

Equation (2.3) is an ODE admiting only the (defined in all R) solution f(t) =
e Bt/M - And (2.4) simply states that ¢(z) is an eigenfunction of the hamiltonian H

of eigenvalue E.
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Therefore, our problem is reduced to finding an eigenbasis {¢, () }neny C A of
H. If we manage to do so, then, for any o(x), we could write

U(t,z) =Y anfult)ibn()

neN
V(0,7) = dho(x) = D anthn()
neN
for some a,, € N, where the f,(t) are the previously stated functions depending on
the eigenvalue E,, of v,,. Hence,

W =2 anfaOva(@) = 3 %anfn@)wn(x)

neN neN

H H
= X o o0n(a) = (1)

Unfortunately, the spectral theorem for infinite-dimensional vector spaces is weaker
than the one for C". We may not always be able to find an orthonormal eigenbasis.
For theory on the spectral theorem for self-adjoint operators in Hilbert spaces, see
(6], Ch 6-10).

2.3 The symmetries of a system

This section only concerns symmetries of autonomous equations since they are
easier to understand and it is our case of study, but a similar reasoning applies to
non autonomous systems.

Consider a general evolutionary system which rules the behaviour of a function
z(t) in a smooth manifold M, given by the function f. That is,

fiM—TM

T T

Where & = f(z) is the tangent vector to the curve that x(t) draws as time passes.
Equivalently, it can be seen as the direction and the speed in which z(t) is varying
at time .

We will say that a system possesses a symmetry encoded by a smooth map
S : M — M if the following diagram commutes

M—L Ty

Sl lds (2.5)

MT>TM



2.3 The symmetries of a system

Being dS the differential map:

dS:TM — TM
(xz,v) = (x,d;S(v))

To exemplify why we define it this way, we provide the following diagrams. We

have represented in red the points in M and in the tangent vectors (when they

differ with the vector field). Mappings R represent rotations and T translations.

T S T S T U TN T S S S SR T :i;::::kN\\\\\\
IR AR A R AR A A N NN
IR R AN B <= R B B PN N
IR R R R B R A R R IS S
T Loy \‘{“1
N
I R R R R IR x\\\\\\'/a”iiil
I R B R O R O B R O R Vi s m
I e e e \\\\\\\.///////
I e e e e VNN N S s T
. N e A
Figure 2.1: A system with trans- Figure 2.2: A system with rota-
lational symmetry. tional symmetry.
— -
o - = N N7
o e = S [ rrr 72 77
o = N 77
rr 72 77
P A A T
| A A A S A4
< LS S dT
S/ S S S
S /S /S S/ R?\?R
I oSS S
VA A A A A ’
. S
A A N
—_ -
A A A
—_—
A
- —_

Figure 2.3: A system without (these) translational and rotational
symmetries.
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We are going to work not in M but in L?(M). We can then give a way to extend
symmetries in the former to the latter. For §': M — M, define

S : L*(M) — L*(M)

(@) = (S~ )
Intuition 2.1. We define it this way for two main reasons. Firstly, if S transforms M
in a certain way, then the graph of 1(z) gets transformed to the one from (S~ 'z)

accordingly. And secondly, to make it extend left-actions of S from M into L?(M)
in the case where S belongs to a group.

In particular, very typical symmetries like translations, rotations or re-scalings
take the form of linear or afine automorphisms. And therefore, their differential map
is given by themselves (or their linear part). Since L?(M) is a vector space and we
are not interested in its topology, we will simply see tangent vectors in L?(M) as
elements from L2(M), and also consider the tangent bundle of L?(M) as itself. We
will then, in a notation abuse denote dS by S.

2.3.1 Symmetries in quantum mechanics

In the light of the above, the symmetry condition in quantum mechanics can be
reduced to

SH = HS
Which is simply that the two endomorphisms commute. And this is precisely

what is going to allow us to transform our intuitions into mathematical power. The
following proposition gives us a hint on how is it going to do so.

Proposition 2.1. If two endomorphisms commute, then they preserve each other’s
elgenspaces.

Proof. Let A and B be two commuting endomorphisms of the same vector space. If

v € Ker(A — AId), then
(A= Md)Bv = (AB — AB)v = (BA — A\B)v = B(A — Ald)v = B0 = 0
And therefore, Bv € Ker(A — AId). O

In classical mechanics, Noether’s Theorem states that there is a one to one corre-
spondence between continuous symmetries of a system and its conserved quantities.
Conserved quantities help us in solving the differential equations in R" ruling this
system by keeping the state z(t) inside the same level curve for all t. The analogous

10
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in quantum mechanics will be that, for every continuous symmetry acting as a group
representation, if a state belongs to a subrepresentation of it (we will see later this
definition, but for now the reader can imagine it as a common eigenspace for all sym-
metry elements), then it will remain there as time flows. Moreover, H will preserve
these subrepresentations. So, if we break JZ into a direct sum of these such subrep-
resentations, then the problem of diagonalizing H in 2 reduces to diagonalizing all
its restrictions to each corresponding subrepresentation.

And lastly, it turns out that if the representation is of a compact group and acts
transitively (then the representation space will be called homogeneous, and the action
of SO(3) in S? satisfies it), then representation theory (Peter-Weyl Theorem) ensures
us that the vector space will break into a numerable direct sum of finite dimensional
irreducible representations. Thus, we will have then broken the problem into just
diagonalizing several (possibly infinite indeed) self-adjoint endomorphisms in finite
dimensional vector spaces, which we already know to be feasible from linear algebra!

And the aid we are going to get from studying the representations of SO(3) goes
even beyond that. Not only will we see that

L*(s*) = 9
feN
with each $, being an SO(3)-subrepresentation of L?(R3), but also, (through the
study of the Casimir operator and the Lie algebra of SO(3)) that the angular part
of the laplacian acts in them as a constant times the identity. So the problem of
diagonalizing the hamiltonian in each subrepresentation will already be solved!

2.3.2 The Schrodinger equation for a radial potential

In this work, we will consider a particular case in which the potential is time
independent and radial, that is, solely dependent on the distance with respect to a
central point which we will consider as our coordinates center. We can then write
Vix,t) =V (|lz|) =V (r).

The corresponding hamiltonian will therefore be invariant by rotations, which,
thinking in spherical coordinates, act on the angular variables leaving fixed the radial
one. This means that we have a representation

p:SO(3) x H — H
(R, (x)) = (R 'x)

commuting with the hamiltonian H.
As we said, we are interested in representations arising from actions on homo-
geneous spaces. Since, if not, we are not guaranteed to be able to to break them

11
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into finite-dimensional subrepresentations. And R? is not homogeneous since there
its orbits are rS? for r € R¥.

It is now clear that we should look at how rotations act in R3. And, as intuition
shows, R3 can be continuously sliced into spherical fibers, which is to say that we
have the following homeomorphism

R3\ {0} = S? x RT

And it is important to notice that this homeomorphism of R3 aligns with the
spherical coordinates. Note that excluding {0} is not a problem since we are working
in an L? space and this is a zero measure set. Now, rotations act on R as the identity,
and on S? transitively (taking a point a to a point b in the sphere defines a rotation).
So we have achieved our target.

Applying Fubini’s theorem, we get

L2(R?) = IX(8%) & LA(RY)

taking in L?(S?) the Lebesgue measure restricted to the sphere and in L2(R*) r2dr,
where dr is the restriction to the positive reals of the Lebesgue measure (see [3], Ch
3, §3, p.184).

Now, as we said, we know that we will be able to find finite-dimensional irre-
ducible representations of L?(S?) and that inside of them we will be able to find
eigenvectors for the angular part of H. But before diving in this journey, let’s check
if this is going to be useful to us. By the former we know that any function in ¢
can be expressed as

6= 3 Ful0)Vn(0,9)
neN
with Y,,(0, ¢) being eigenvectors of H which will live in some representation of
SO(3). Then, to see whether H is going to respect this decomposition or not, let’s
write it in spherical coordinates. The potential part is obviously writen as V(r). A
change of variables shows that the laplacian takes the following form:

. 19 P 1 o2
2 (s 7 R
M= 506 ™0%0) T 5126 942 (2.7)

Now, M? is the angular part of A and therefore it is going to be the part that
we will be able to diagonalize in L?(S?).

To finally see how this is going to help in our problem, let’s take Y;(6,¢) an
angular function which is an eigenfunction of M? of eigenvalue ¢(¢ + 1) and Ry(r)

12
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some radial function. The notation ¢ is not casual and neither is the eigenvalue
(€ +1), (cf. Ch5).
Then, applying A to R(r)Ye(0, ¢) leads to

AEEY(0,6) = 5 22U L ey 0,6)
= ¥i(0.0) 5 o (200 B ey g, g)
=¥ (0.0) 5 o (PR ey Lo+ 1vig6, 0
= ¥i(0.0) (5 o (? 200 iy 2L,

So the condition for R(r)Yy(6,¢) to be an eigenfunction of eigenvalue E of H
becomes

HR(IYi(0.6) = - B(r)Yi(0.6) + V(1) R()¥i(6. )

—v(0.0) (5 L2 M) ey MEED v
— BR(r)Yi(6. )
= BR() = (2 (@22 iy Dy

Which is an ODE in R(r). But we are still far from done. We will close this
section translating this problem into the study of the spectrum of another and simpler
operator. After doing the substitution fy(r) = rR(r) so that R(r) = @,

d, 4,0 0,50 R(r).. 0 L fr)r—f(r)
5("”2& (7"))—5(7"25( r ))—E(TZT)

= 2 (Fyr = 160 = Foyr+ ) — o) = Foy

Plugging it back to the original equation we get

1 0*f  (+1)f foof
omrzor?’ 2 o VT

since r > 0, it is equivalent to multiplying by r and so:

1 0%f L(L+1)

2m Or? r2

f+Vi=Ef

13



14 Quantum mechanics basics

Therefore, the operator we are looking for is

A 1 0% 4+1)
H=——- Vv
£ omon? 72 +V(r)
and the remaining work would be to study its spectrum. The interested reader

can refer to (|3], Ch 3, §4.3).
So first, we have reduced the problem of solving the Schréodinger equation of a

particle in R? under a central potential to the study of the spectrum of the corre-
sponding hamiltonian. And next, thanks to representation theory, we have simplified
the study of the spectrum of an operator (H) acting on L2(R3) to the study of an-
other one (Hy) acting only on L*(Rt).

2.4 Quantum version of Noether’s theorem

In classical mechanics, Noether’s theorem states that to every continuous sym-
metry of a system, it corresponds a conservation law of it. We shall here just suggest
how may this be translated to quantum mechanics.

As we showed in (§2.3.1), a continuous symmetry in a quantum system with a
hamiltonian H means a representation of a Lie group G commuting with H.

Now, if L is a self-adjoint operator (so an observable) such that [ﬁ ,f)] =0, the
expected value of this observable will remain constant throughout time, as the next
proposition shows.

Proposition 2.2. Under the previous assumptions,

0 - 1., -
0 BplA] = B, A, ]
In particular, if [A,f[] =0, then %E¢ [A] is preserved.
Proof.
0 - 0 0 0
SE[A] = o0, AY) = (S pAY) + (A )

Now, we use the Schrédinger equation, %dz = %w SO

G, H H
<w,Aa¢> =, A—v) = (b, Ay)

analogously, and using that H is self-adjoint and that we defined the inner product
to be conjugate-linear in the first argument:

. A
(g, A40) = (0,40 = 0, (51 ) 40) = (0. Sz )

14



2.4 Quantum version of Noether’s theorem 15

Therefore
o . H H H H
S BulA] = (0, A=) + (6, == Av) = (¥, ATz — — AV)

1 .- A 1 .+ - 1 . .
= (Y, = (LT — HLY) = (9, = (L, H])6) = Byl (L, 1]

{
O

We will not dive into the process of constructing self-adjoint operators from group
representations, but just mention that it is related to the Lie algebra representation
of the group. For more details, see [6] or [3].

15
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Chapter 3

Elementary group theory and Lie
theory

3.1 Groups and group actions

We start by the very basic definitions.
Definition 3.1. A group G = (G, *,¢e) is a set G endowed with an inner operation

x : G X G — G satisfying the following properties:

1. * 18 associative.
1. There exists a neutral element, which we will mostly denote by e, which satisfies
exg=gxe=gVgeaG.
iii. Vg € G, 3g~! € G such that gg~' = g~'g = e. This element will be called the
inverse of g.
We are interested in groups that arise from transformations on a set. A basic
example is how invertible matrices act on vectors. Then, we want a notion to capture

the idea of how group elements can act by multiplication on a set.

Definition 3.2. An action (on the left) of a group G on a set X is a map

p:GxX —X
(g,CC) Hp(gvaj) :pg(‘r)

such that it satisfies the following two properties:

o p. = ldx

® Py 0 pn = pPgh

17



18 Elementary group theory and Lie theory

Remark 3.1. Analogously, we can define right actions but changing the second con-
dition into pg o pp = ppg. If p: G x X — X is an action on the left, then we
can set g5 := pg-1 and we get g a right-action. Checking that g is a right action is

immediate from (gh)~! = h~1g~1.

We now see an important consequence of having an action of a group on a set.

Proposition 3.3. If p is a G-action on a set X, then, Vg € G, pg : X — X is a
bijection.

Proof. pgopg-1 = pgg-1 = pe = pg-14 = pg—1 0 pg. So any py has an inverse given by
Pg-1- O

Hence, an action of G on X is equivalent to a groups morphism

G — Perm(X)
g pPg
In later sections we will use the following definitions.

Definition 3.4. An action p: G x X — X is said to be transitive if Vri,x0 € X,
dg € G such that p(g,x1) = x2.

Definition 3.5. An action p : G x X — X s said to be faithful if p : G —
Perm(X) is injective.

3.2 Lie groups

The groups in which we will be interesed, such as the automorphisms of an R-
vector space or the rotations of an euclidean space are infinite. This is an obvious
complication but it also makes them suitable for fancier mathematical structures
which can make our life easier, such as them being topological spaces. Now, let’s
see the structure we will impose to these infinite groups. Note that we define it this
way because these are the properties satisfied by our groups of interest, and hence
we want to capture them all to push our theory as far as possible. For clarification
on smooth manifolds, see (B.1).

Definition 3.6. A Lie group G is a set provided by both a structure (G,x*,e) of a
group and of a smooth manifold such that the two are compatible. Which means that
the multiplication map

uw:GxG—G
(g,h) = p(g,h) =gx*h

18 smooth.

18



3.3 Representations of Lie groups 19

It can be proven (cf. [1]) that with these assumptions, left-multiplication and the

L are also smooth.

inverse mapping g — g~

We want to adapt the concept of a group action to these special groups. As we
just said, we want to capture as many important properties as possible. Firstly, we
will not use them in arbitrary sets but in vector spaces. Secondly, we want them to
respect this vector space structure, and since our symmetries of interest are linear
maps, we can impose it. And lastly, if we think on how rotations act on an euclidean
space, we see that they act continuously on it. That is, if a rotation in an angle and
along an axis takes a point somewhere, other rotations close to it will not take it too
far away.

We then need to give our vector space a topological structure. Since we will be
working with Hilbert spaces, we can simply take the topology given by the distance
inherited from the inner product.

3.3 Representations of Lie groups

Definition 3.7. A representation of a Lie group G on a topological vector space V is
amap p: GxV —V which is an action in the sense of (3.2) with the two following
additional properties:

i. pg:V —V is linear.
ii. p: G — Aut(V), g — 1l is continuous.

Remark 3.2. By p : G — Aut(V) being continuous, it is immediately smooth
because it is also a groups morphism. And a continuous group morphism between
Lie groups is always smooth (cf. [1]). However, the proofs to these facts are far away
from being trivial and are not the purpose of this work.

3.4 The Lie algebra and its representations

Given a Lie group G, let g = LG denote its tangent space at the identity, g = T.G.
If G has dimension n and is embedded in R™, it can be seen as the n-dimensional
vector space underlying the afine tangent space of G at e. This approach will be
particularly useful for G = Aut(V).

There is another way to think about the tangent space that allows us to extend
this definition to Lie groups not embedded in R™. In particular, it also applies to
them, and we will use it to provide the Lie algebra with an actual structure of a Lie
algebra. It consists on realizing that each element of g yields a left-invariant vector
field on G. Vector fields, as derivations, can be composed and the commutator of

19



20 Elementary group theory and Lie theory

two vector fields is still a vector field. The Lie bracket is then defined in g by this
identification. For more details regarding this construction, see (B.2).
Here we will just give the definition of a Lie algebra as an algebraic structure.

Definition 3.8. A Lie algebra (g,[-,¢]) is a vector space with a bilinear operation
[-,:] : g X g — g which satisfies the following two conditions

i [,] is anti-symmetric: [x,y] = —[y, x]

it [+, -] satisfies the Jacobi identity: [[x,y], z] + [[z, =], y] + [[v, 2], 2] =0

3.4.1 Morphisms of Lie algebras

Any morphism of Lie groups ¢ : G — H yields a linear map between the Lie
algebras Ly = dew : g —> h which also satisfies

[Lo(X), Lp(Y)] = Le([X, Y1)

Such a map is called a Lie algebra morfism (cf. [1], [5]).

3.4.2 Lie algebra representations

A representation p at V of a Lie group G yields a Lie groups morphism p : G —
Aut(V). Then, using results from (§3.4.1), we get that

Lp: (97 ['7 ]) — (LAUt(V)v ['7 ]) = (End(V), [', ])

In this particular case, note that even though in general there is no composition
law in g, since LAut(V) = End(V'), one can compose the images by Lp of elements
of g. However, it will not be a group morphism by the composition.

3.5 The exponential map

Definition 3.9. Given a Lie group G with Lie algebra g, and X € g, let Px(t;0,¢)
be the integral curve for the vector field associated to X which takes the value e at
t=0.

We define the exponential map as

exp:g — G
X — ®x(1;0,€)

Which is, the point of G corresponding to the position at t = 1 of the solution of
the vector field corresponding to X which at t = 0 is e the identity element.

20



3.6 The SO(3) and SU(2) groups 21

It can be verified that this definition is valid using that the vector field X is
differentiable (cf. [1], Ch 1, §3).

Proposition 3.10. If G C GL(n,C) is a matriz group, its exponential map is given
by matriz exponentiation.

For a proof, see ([1], Ch 1, §3).
It will be important for us later the following proposition, which applies to SO(3)
for it is compact and connected.

Proposition 3.11. If G is a compact and connected Lie group, then exp : g — G
18 surjective.

We can easily see a counter-example of this for the case when G is not connected.
Let G = (R*,-) be the real multiplicative group. It is not connected because R* =
R~ UR™ (and neither is compact). Then, its Lie algebra is R and

exp: R — R*

T e’

is its exponential map because the flow defined by x € LR* = R is z(¢) = xt. And
®,(t;0,1) = €' since %em = ze'”. And exp is not surjective because it is always
positive.

3.6 The SO(3) and SU(2) groups

For a detailed definition of them and their construction as actual Lie groups, see
(B.5). For what follows, it suffices for the reader to consider them as they are defined
in this section.

Let

SO(3) := {0 € GL(3,R) | OO" = I, det O = 1}

be the three dimensional special orthogonal group.
And let

SU(2) := {U € GL(2,C) | UUT = I, detU =1}
be the two dimensional special unitary group.

As mentioned in (B.22), there is 2 : 1 epimorphism from SU(2) to SO(3) and
both are connected. Also, as proved in (B.5), these groups are compact.
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Chapter 4

Finite-dimensional representations

The reader unfamiliarized with representation theory has at its disposal (A.1) for
an introduction in this regard.

4.1 Subrepresentations

Let V be an R or C-vector space.
Sometimes, and throughout this work we will do it a lot, the vector space V in
which we have the representation

p:GXxV —V

is equally refered to as a representation.
Now, we introduce some definitions which extend what we discussed in §4.2 to

representations.

Definition 4.1. Let W C V be a vector subspace. If p(G)W C W, we say that W
is a subrepresentation of V.

By p(G)W C W we mean that p,(W) C W Vg € G. It means that W is an
invariant subspace for all the automorphisms of the representation.

The subrepresentation terminology makes more sense if we see that if W is such,
then, the representation p : G — Aut(V') induces, by restriction, another one

plw: G — Aut(W)

Definition 4.2. A representation V of G is called reducible if there exists 0 # W C V
which is a subrepresentation.

Definition 4.3. A representation V' of G is said to be completely reducible if there
exist 0 # W1, Wy C V' such that they are subrepresentations and V. =W; & Wy. In
this case, the representation can be written as

p = pwi D pwy

23



24 Finite-dimensional representations

If V is finite dimensional, it means that the matrices pgy can all be simultanously
(block) diagonalized as

pwy | 0
(v) =
0 PWo

Let’s define now an analogous to the eigenspaces-morphisms we discussed for
linear maps. Let G be a Lie group for which we have a representation in a vector
space V. Let W C V be a subrepresentation.

Definition 4.4. A linear map ¢ : V. — V is said to be a G-morphism if [pg,¢] =0
Vg € G.

Definition 4.5. Let
Homg(W, V) := {¢ € Hom(W, V) | [p,pg] =0V g € G}

be the vector space of G-morphisms from W to V.

4.2 (G-invariant inner products

Given an n-dimensional smooth manifold M and a differentiable function f :
M — C, when we consider its Lebesgue integral over K C M a compact set, one
could think on taking on K the measure inherited from the Lebesgue measure in
R™ by a differential chart. However, this measure would differ for different charts.
Differential forms allow us to give a consistent measure on any compact set. For
our concern, if we have a compact Lie group G, there exists a unique measure u
in it such that u(G) = 1 and such that it is left-invariant. This is: u(U) = u(gU)
Vg € G,YU C G p-measurable. Integration with respect to this measure will be
denoted by [ dg. And the left-invariance condition will mean that dg = d(hg) Vh € G
and [ f(hg)dg = fh(G):Gf(g)d(h_lg) = [o f(g)dg. This measure is named the
Haar measure and the reader can refer to ([1], Ch I, §5) and (|5], Ch 4, §4.11).

One of the main interests of having the possibility to integrate over the whole
group G is that it will allow us to construct G-invariant inner products, which will
turn out to be very useful for our purpose.

Definition 4.6. An inner product (-,-) in V is G-invariant if
(92, 9y) = (z,y) Yo,y €V

Since we will need it for our theory, let’s first see that for any inner product in
V, there is always a way to construct another one which is G-invariant.

24



4.2 G-invariant inner products 25

Proposition 4.7. Every inner product space V' admits a G-invariant inner product.

Proof. Let (-,-) be the inner product in V. Define

(z,9)c = /G<gx,gy>dg

where by dg we mean that we are taking the Lebesgue integral over the previously
mentionned measure on G, normalized to 1. (-,-)¢ is an inner product in V. We
will show its behaviour for sums in the second argument. The rest of the bilinearity
properties it must satisfy follow from a trivial computation analogous to this one.

(91 +1y2)c = A(gw,g(yl +y2))dg
= / (gz, gy1 + gy2))dg
G
= /G<gx,gy1> + (92, 9y2), d)g

:/<gx,gy1>dg+/<g$>gy2)ad>g
G G
= (z, 1) + (x,y1)

Where we have used, in this order, the linearity of I, the linearity of (-,-) and the
linearity of the integral.

Moreover, (x,z)g > 0 because (r,z)g = fG<gac,gm>dg, so it is the integral of a
non-negative function over a set with measure 1 and therefore non-negative.

If (z,z)q = 0, then 0 = [ (gz, gx)dg, but since (g, gz) is a non-negative func-
tion in G, it implies (g, gx) = 0 in L*(G). But (gz, gr) is continuous in G because
it is a composition of continuous functions and therefore, if it is 0 almost every-
where, it is zero everywhere. So, (gz,gx) = 0 Vg € G and in particular for e. So
0 = (ex,ex) = (x, ), which implies = 0 since (-, -) is an inner product.

Now, its G-invariance comes from the left invariance of the measure in it. That
is,

(hx, hy)q = /(}(hgar,hgwdg
= [ it
h(G)
— [tz gyt 'g)
G
= / (92, 9y)dg
G

= <x7y>G

25



26 Finite-dimensional representations

Where we have used, in this order: the change of variables formula under [;, the
fact that [ is an automorphism and therefore surjective, the left-invariance of the
measure. O

One useful thing of inner products is that they give a practical way to find
comlementary spaces to a subspace. That is, the elementary result that, for every
vector space V and subspace W, it is always V = W @ W+, Imposing the inner
product to be G-invariant is what will allow us to find a complementary space to a
subrepresentation which is also a subrepresentation.

Proposition 4.8. If V is a reducible representation of a compact lie group G, then
1t 1s completely reducible.

Proof. As expected, consider W+. We will show that GIW+ Cc W+. Let g € G and
v € W+, Take any w € W. Since W is G-invariant, w = ¢~ 'w'3w’ € W. Then,

{gv,w) = (gv,99™"w) = {gv, gu’) = (v,0) =0

using that the inner product is G-invariant. O

4.3 Irreducible representations

Analogously to prime numbers for integers, irreducible representations take an
important role in order to understand the structure of a representation. As for
integers, we would like to show that a decomposition as a direct sum of irreducible
subrepresentations exists and that it is unique (up to isomorphism). We will achieve
this for finite representations of compact Lie groups.

Moreover, we will show that such decomposition can be expressed as a direct sum
of irreducible representations non-isomorphic pairwise, times each one’s multiplici-
ties. As it will turn out, showing this form of decomposition will make it easier to
prove uniqueness.

Definition 4.9. A representation p in V is irreducible if it has no proper subrepre-
sentations. That is, if its only invariant subspaces are the trivial ones ({0} and V

itself ).

One characterization of irreducible representations is that if V' is irreducible and
V = V) @ Vs, with V; subrepresentation, then either V; = {0} or Vo = {0}.
Let’s see here the first part of our goal, to show existence of such decomposition.

Proposition 4.10. If V is a representation of G a compact group, then it breaks
into a direct sum of irreducible subrepresentations.

26



4.3 Irreducible representations 27

Proof. Suppose V is not irreducible. Then, it has a proper subrepresentation W.
But as (4.8) showed, V is then completely reducible V.= W @ W/, 3W’' C V a
subrepresentation. The same reasoning applies to W, to break it into subrepresen-
tations. Since the dim V' is finite and dim W < dim V', this recursive process stops
after finite steps, being the final subspace of each branch irreducible. O

The following Theorem states that irreducible representations are the building
blocks of representations. This meaning that two irreducible representations are
whether the same or unrelated.

Theorem 4.11. (Schur’s Lemma) Let G be any group and V and W irreducible
representations. Then,

1. A G-morphism V. — W is either O or an isomorphism.
it. Any G-morphism ¢ : V. — V is ¢ = AId I\ € C.

N LVif =W
iti. dime Homg(V, W) =
0,Vif 2W

Proof. See (A.3.2). O

Definition 4.12. Let Irr(G, K) denote the set of irreducible K representations (p, V')
(p is the representation map and V' the representation space) of the group G up to
isomorphism. That is, the quotient set of all irreducible representations of a group
G on the field K modulus G-isomorphism.

Note that for two representations over K (p,V), (v, W) to be isomorphic, the
K-vector spaces V' and W must be K-isomorphic and the matrix realizations p :
V — Aut(V) and v : W — Aut(W) must be the same. We will often consider
representations of a group over non isomorphic vector spaces, and they will obviously
be non isomorphic. And it may mislead us to think that Irr(G, K) never carries a
vector space more than once. For an example of this, see (A.3.1).

One of our purposes will be to determine, for a given representation of a group,
which irreducible representations of it generate it. Since we consider irreducible
representations up to isomorphism, the following definition is comprehensible.

Definition 4.13. If W =2 W' and W' C V is a subrepresentation. We will say that
W is contained in V.

The intuition for eigenspaces given in (§A.1) motivates the following definition.
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28 Finite-dimensional representations

Definition 4.14. ForV and W two representations of a group G, and W irreducible,
we define the multiplicity of W in 'V as

dimc Homg (W, V)

Intuition 4.1. One can think of it as the number of ways in which W can be embedded
in V. Again, the interest of this will be to quantify the number of times that each
irreducible representation is contained in a given representation.

More formally, given V' a representation of G' a compact group, by (4.10) we now
that V = @, V; with every V; irreducible. Then,

dime Homg (V;, W) = dime Home (V;, @ Vi) = ) | dime Home(V;, Vi)
i i
And by Schur’s Lemma (4.11), each dim¢ Homg(V},V;) is 1 if the pair is iso-
morphic and 0 otherwise. So dim¢c Homg(V},V;) is the number of times that the

representation V; appears in the decomposition into irreducible representations of
V.

4.4 Existence of a decomposition

In order to see that

V= @dim@ Homg(V;, V) ®V;

with {V;}; pairwise non-isomorphic. We will see that

P dimcHoma(W, V)W =V
Welrr(G,C)

that is, that they are G-ismorphic vector spaces. We first need to provide the left
hand-side with a G-module structure. Let G act on each Homg(W)(V) @ W by

G x (Homg(W, V) @ W) — Homg(W, V) @ W
(9, f @w) =~ f&guw

Then, we will just consider the G-module structure in the direct sumas the nat-
urally inherited one from the representation in each summand.
Proposition 4.15. The map

dw : Homg(W, V)@ W — V
f@w— f(w)

18 a G-morphism.
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Proof. 1t is linear in Homg(W, V) ® W because it is bilinear in Homg (W, V') x W.
To see that it is a G-morphism, let g € G and f ® w € Homg(W, V) ® W. Then,

dw(9f ® w) = dw(f ® gw) = f(gw) = g(f(w)) = gdw (f @ w)

Where we have used that f is a G-morphism. Ul

Proposition 4.16. If V is a representation of a compact Lie group G, the map

d= P dw: P Homg(W, V)W —V
Welrr(G,C) Welrr(G,C)

1s a G-isomorphism.
Proof. See (A.3.2). O

Remark 4.1. This proposition is difficult to understand the first time one looks at
it. It is important to note that every V; irreducible in the decomposition of V' is in
Irr(G, C) only once, but it does not mean that a representation in Irr(G, C) appears
only once in the decomposition of V. Indeed, it can appear several times, and that
is were multiplicity comes in.

From now one, and according to the intuition given in (4.1) and the fact that
dimV ®@ U = dim V dim U, we will denote such representations in the two following
ways, understanding that n; = dim¢ Homg (V;, W)).

n n
@Homg(%, VeV, = @nsz
i=0 =0

4.5 The fixed points subspace

To prove some interesting properties of the, yet to be defined, character of a
representation, we will need to see an interesting property given by the projection
operator in the fixed points subspace.

Throughout this section, let V' be a finite-dimensional representation over the
field K of a compact Lie group G.

Definition 4.17. Let
Ve ={veV|gv=vVgeGqG}

denote the fixed points set of the representation V.
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30 Finite-dimensional representations

Proposition 4.18. V& is a subspace of V.

Proof. Tt is not empty since 0 € V& for the representation is linear. Let u,v € V&,
A€ K. Now, g(u+ M) = gu+ Agv = u+ M € V& again because of the linearity of
the representation. O

We imposed G to be compact so we can integrate over the whole G. This allows
us to consider the projection operator. Recall that in (§ 4.2) we took the Haar
measure normalized to 1.

Definition 4.19. Let
p:V — 17

vr—>/gvdg
G

be the projection operator into VC. Equivalently, p is the linear V -endomorphism

defined as
p= / Py dg
G

It really has V¢ as its image due to the left-invariance of the measure in G. And
plye=Idye. We will see later that its interest for us will be when we consider it as
p: Hom(V, W) — Hom(V, W)% = Homg(V,W). Let’s see that it is actually true.

Proposition 4.20. Hom(V,W)% = Homg(V, W) and hence

p: Hom(V, W) — Homg(V, W)

Proof. C)
Let f € Hom(V,W)%, v € V and g € G. Then, since gfg~! = f, f(gv) =
9f(g7"'gv) = gf(ev) = gf(v) and so f € Homg(V, W).

2)
Let f € Homg(V,W), v € V and g € G. Then, gf(g~'v) = gg~ 1 f(v) = ef(v) =
f(v) and so f € Hom(V, W)C. O

Lemma 4.21. If V is irreducible, then for any f € Hom(V,V),

1
_ -1 .
p(f)—/Ggfg dg = dimCVTr(f) Idy
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4.6 The character of a representation 31

Proof. As we said before, p(f) € Homg(V,V), and since V is irreducible and by
Schur’s Lemma, it is p(f) = Aldy 3\ € C.
Then, on the one hand,

Tr(p(f)) = Tr(Aldy) = ATr(Idy) = Adimc V

using (A.1, vi) and the fact that we take the measure of G normalized to 1.
The trace is a linear map Hom(V, V) — C and the integral commutes with any
linear map and so with the trace. Then, on the other hand,

Tr(p(f))ZTr(/Ggfgldg)szTr(gfg1)dg=/GTr(f)d9=Tr(f)

where we used (A.1, ii). And therefore, A = d?rffcf‘)/ O

Lemma 4.22. The projection operator p, seen as an endomorphismp:V — V& C
V has trace Tr(p) = dimc V¢

Proof. Let vy, ..., v be a basis for V¢, and complete it to v, ..., vg, Vgy1, ..., Un a basis
for the whole V. Then, the matrix of p in this basis has the form

Idim(c VG A

0 0
since Im(p) = VY = (vg41, ..., v,) and plye= Idy ¢ as we said. Then, it is clear that,
Tr(p) = Tr(Lgipm,. yo) = dime VE O
4.6 The character of a representation

We now define the invariant for representations that we insinuated in the previous
section.

Definition 4.23. The character of a representation is the map

XV - G—C
g»—>T1"(pg)

Properties 4.1. The character of a representation has the following properties.
i. xv € €>°(G,C).

1. Xvew = XV +Xw
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32 Finite-dimensional representations

1. Xvew = XV * XW
W. Xy = Xv* =XV
V. XHom(V,W) = XV * XW

Proof. 1 Since g — Iy = (aji(g)) is smooth, g — > . a;i(9) = xv(ly) is also
smooth.

ii Let p(g) = pv(g) ® pw(g) € Aut(V & W) denote the direct sum representation.
Then, taking any basis for V and for W, the its matrix representation will be

block diagonal
pv(9) 0
0 pw (9)

and therefore the trace will be the sum of the traces of each block matrix in the
diagonal, Tr(pv (g)) + Tr(pw (9))-

In particular, if V=W @ oo W, then xv = xw + RN Xn = NMXW -
iii Immediate from (A.1, iv).

iv x37 = xv follows from (A.1, v). And xy+ = X3 since V* = V as representations,
as shown in (A.15).

v Since, as seen in (A.6.5) Hom(V, W) = V*®W as representations, then X gomv,w)
Xv+ew and by (iii), xv=ew = Xv+Xw which, thanks to (iv), we know that is

equal to XYy xw-
O

Having seen interesting linear properties of the character, we will look at how it
behaves under the inner product in L?(G). We define it as

(o xw) = /G X7 () (9)dg

The following theorem will show us the key information that the trace provides
us for its future usage.

Theorem 4.24. Let V be a finite dimensional representation of a compact Lie group
G. Then,

i. fG xv(9)dg = dim V&

i. (xw,xv) = Joxw(g)xv(g)dg = dimc Homg (W, V)
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4.7 Uniqueness of the decomposition 33

wwi. If V and W are irreducible, then

1ifv=w

0 otherwise

/ xw(g)xv(g)dg = {
G

Proof. i. Using that the integral and the trace commute and the definition of p,
we get

/G yv(g)dg = /G Te(pg)dg = Ti( /G pydg) = Tr(p)

and by (4.22), we know Tr(p) = dim¢ VE.

ii. By (4.1, v), Xtomw,v) = Xwxv- By, (i), [& Xtomw,v) dg = dim Hom(W, V)¢
But since Hom(W, V)¢ = Homg(W, V) by (4.20), the stated result is true.

iii. By (ii), the left expression is equal to dim¢ Homg(W, V). And if they are irre-
ducible, the rest follows straight from Schur’s Lemma.
O

4.7 Uniqueness of the decomposition

Theorem 4.25. A finite dimensional representation of a compact Lie group is de-
termined by its character.

To clarify what we mean here. Let (G, C) the set of all finite dimensional
representations over C of a compact Lie group G, modulus G-isomorphism. Let [V]
denote the equivalence class of a representation V. Then,

xv =xw &= [V] = [W]

The left-right implication follows immediately from that the character is invariant
under conjugation. Therefore, we will just prove the right-left one. Proposition (4.8)
shows us that any such representation admits a decomposition into irreducibles of

1=0

we will see then that the n; are dictated by the character of V.

the following form

Proof. Let V break into irreducibles as V = " n;V;, then,

n
Oovaxve) = (Xeprymavi Xvi) = (O mixvi xv)
1=0
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34 Finite-dimensional representations

n

= Zm(xmxw) = ne(Xvys XVy) = T
i=0

Using property (iii) of (A.1). O

Now, it is easy to prove the uniqueness of the decomposition.

Theorem 4.26. Any finite dimensional representation of a compact Lie group de-
composes uniquely (up to isomorphism) as a direct sum of irreductibles times their
multiplicity.

Meaning that, considering some representatives V; € [V;] € Irr(G, C), if

V= énsz = EaniVi
i=0 i=0

then, n; =m; Vi =0, ...,n.
Proof. As (4.25) proved, n; = (xv, xv;) = M. O

Theorem (4.25) has the following corollary, which we will use in chapter (5).

Corollary 4.27. Let V' be a finite-dimensional representation of a compact Lie gorup
G. Then, if (xv,xv) =1, V is irreducible.

Proof. By contraposition. Suppose V is reducible. Then, as G is compact, V =
W1 & Wy non-trivially. And xv = xw, + xw,. Observe that (xy, xy) > 0 since it is
equal to dim¢ Homg(V, V) and Id € Homg(V, V).

Then,

v, xv) = (xwn + Xwas X + Xwa)
= <XW17XW1> + (XWga XW2> + <XW17XW2> + <XW27 XW1>

>2+ <XW1aXW2> + <XW2’XW1>
>2

As the summands (xw,, xw,) are positive as stated in (4.24). O

And it serves as a converse of Schur’s Lemma, as shows the following corollary.

Corollary 4.28. A finite dimensional representation V' of a compact Lie group G
is irreducible if, and only if, for every f € Homg(V, V), f = Ad I\ € C.

Proof. One implication is Schur’s Lemma. The other one is an immediate conse-
quence of (4.27). O
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4.7 Uniqueness of the decomposition 35

A shocking result from this, which will be used in (§6.2.3), is that if V' is an irrep
of G, then so it is any tensor product of it.

Proposition 4.29. If V and W are irreducible representations of G and H respec-
tively, then V Q@ W is an irreducible representation of G x H.

Proof. Property (4.1, iii) was based upon the matrix realization of the representation,
and therefore remains valid even if we let G act on the first factor and H in the second.
The resulting matrix will still be their Kronecker product and so their character will
still be the product of each one’s. Therefore:

xvew, xvew) = (XvXw, XvXw) = /G HXv(g)xw(h)XV(g)xw(h)dgdh

— / o @)xv(9)dg / v xaw (Wdh = (v ) aws ) = 1-1= 1
G H

And therefore, by (4.28), it is irreducible. O
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Chapter 5

The irreducible representations of

SO(3)

5.1 The relation between SU(2) and SO(3)

Though we are stugying SO(3), we will study before SU(2). We will need this
because for this second group, we will be able to use an analysis result in order to
show that we have found each one of its irreducible representations. However, this
argument does not hold for SO(3), and we will classify its representations thanks to
the 2 : 1 relation existing between him and SU(2).

The irreducible representations of SU(2) are computed explicitly in A.4. The
result us gathered in the next theorem.

Theorem 5.1. The irreducible representations of SU are, up to isomorphism, {Vy }nen.
Where
Vp := {P(z1, z2) | P is homogeneous of degree n} C C|z1, z2]n

in which SU(2) acts in their coordinates by
SU(2) x V,, — V,

(9, P(z1,22)) = P((21,22)9)

5.2 Representations of SO(3)

We will use of course the preceding results to find the irreps of SO(3). Using the
isomorphism 7 of B.22, we will see that there is a correspondence between suitable
irreducible representations of SU(2) and the ones of SO(3).
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38 The irreducible representations of SO(3)

Proposition 5.2. If V is an irrep of SO(3), then it is also an irrep of SU(2) (by
pullback).

Proof. Consider the following diagram

SO(3) —5— Aut(V)

7*p is the pull-back by 7 and, since 7 is a Lie groups morphism, 7*p also is for
being a composition of Lie groups morphisms. It proves that V is a representation
of SU(2).

Now, let’s see that if V is irreducible for SO(3) then so it is for SU(2). Let
W C V such that 7p(SU(2))W C W. Since 7 is surjective, it means that p,W C W
Vg € SO(3), so W = {0} because W is irreducible for SO(3). O

Proposition 5.3. If V is an irrep of SU(2) in which —1d acts as the identity, then
it is also an irrep of SO(3) (by the factorization through the quotient).

Proof. Recall that SO(3) = SU(2)/{Id, —Id}. For V satisfying the assumptions of
the statement, consider the following diagram

SU(2)

ﬂi\

SO(3) = SU(2)/{1d, —1d} e Aut(V)
Where p is defined as
p:50(3) =2 SU(2)/{ld,-1d} xV — V
(lg],v) = gv = pgv

It is well defined since, for [g1] = [g2] € SU(2)/{Id, —1d} = SO(3), p([g1],v) =
p(g1,0) = pg (V) = p+1apg, (v) = pig, (V) = pg,(v) = p(g2,v) realizing that [g1] =
[g2] = g2 = £g1. It is continuous since p o m = p which is continuous, then p is
continuous by the universal property of the quotient topology. It proves that it is a
representation of SO(3).

To see that if it is irreducible for so SU(2) then it is also for SO(3), let W C V such
that p(SO(3))W C W. Take g € SU, then pyzW C W and therefore, p,W C W.
Since this is valid for every g € SU(2), W = {0}. O
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5.2 Representations of SO(3) 39

Lemma 5.4. InV,, —Id € SU(2) acts as (—1)"1d.

Proof. Take the basis B, given in (§A.4). Then,
—IdP, = (—21)F(—z9)" % = (—1)"2k 20" O

This discussions proves:

Proposition 5.5. The irreps of SO(3) are exactly {Vap, }nen.

We will denote W,, := V5,. Note that dim¢c W,, = 2n 4+ 1. Though we have
found and characterized all irreps of SO(3), the action of SO(3) in them is far from
clear. We now wonder for a more suitable characterization of them, and we will
see that they can be realized as the harmonic polynomials. Since SO(3) acts in
a natural way in functions from R?® by f((z1,z2,73)) = f((21,22,73)A) and we
already used homogeneous polynomials for SU(2), it seems reasonable to start by
them. However, as the next proposition shows, the space of homogeneous complex
polynomials on three real variables Clzy,x2, z3], is not irreducible under SO(3) in
general (see (A.13)).

Definition 5.6. Being A = 024 0% 0% gpe laplacian operator, the harmonic

027 023 BTcg
polynomials of dergree £ are defined as

Hy = {P S (C[xl,xg,xg]g ’ AP = 0}

Throughout this work, sometimes $, will also used to denote what will be called
the spherical harmonics. These will be just the harmonic polynomials restricted to
S?. Since they are a function of a 2-dimensional manifold, when we call a function
a spherical harmonic we will use solely two variables: the angular variables 6 and ¢.
This, however, is no abuse of notation indeed, since the homogeneous polynomials
of three real variables and their restrictions in S? are under a 1 : 1 correspondence.
This is because a harmonic polyonial P of degree ¢ is in particular a homogeneous
function of degree ¢, and therefore its value in any point rn € R? is determined
by P(rn) = r*P(n), with n € S?2. However, it is convenient to work on them as
polynomials since they are easier to manipulate.

Proposition 5.7. The space of harmonic polynomials of degree £ has dimension
dimc($) = 20+ 1.

Proof. See (A.5). O

Proposition 5.8. The space $H¢ of harmonic polynomials of degree £ is an irreducible
SO(3) representation.

Proof. See (A.5). O
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40 The irreducible representations of SO(3)

5.3 The casimir operator

5.3.1 The Lie algebra so(3)

We will construct the Lie algebra so(3) of SO(3) here geometrically as a vector
field of tangent vectors. For this, we will need to use the fact that SO(3) is a three-
dimensional manifold.

Intuition 5.1. Fixing an orientation, a rotation in R? is determined by the axis and
the angle. A point in S? determines an axis. The angle of rotation is § € T. We can
map points in §S? to counterclockwise rotations along their axis of angle . However,
both p and —p correspond to the same axis and then (p, ) is the same rotation than
(—p,2m — ). What we can do is, instead of taking 6 € [0,27], to take it in [0, 7].
Then, (p,01) and (—p, f2) are mapped to the same rotation iif §; = —6, (mod 27),
so only for § = w. Thus, we end up with a filled sphere of radius m whose surface
points are identified along the antipodal relation.

Then, it suffices to compute the derivation at the identity of three paths along
it, as long the velocities end up being linearly independent.

Take a matrix realization of the group SO(3) in a given orthonormal basis and
then consider a curve in SO(3) () of rotations along the axis of the first basis vector
for angles 6 in an open neighborhood of 0. Then, v(0) = I and we look for 4/(0)

1 0 0 0 0 0
v(@) =10 cos(d) —sin(6) Y (@)=10 —sin(d)  —cos(f)
0  sin(f) cos(6) 0 cos(6) — sin(0)
0 0 0
Y0)=10 0 -1 =2
0 1 0

The same computation for rotations along the axis for the second and third
vectors of the basis yield the reamining two elements Zs and Z3. Altogether we
obtain the three following elements of so(3) which are linearly independent and
therefore generate so0(3):

0 0 0 0 0 1 0 -1 0
Z1=|0 0 -1 Zo=10 0 0 Zs =11 0 0
0 1 0 -1 0 0 0 0 0
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5.3 The casimir operator 41

Let p be the representation of SO(3) in ¥°°(R3,R). Then,

SO(3) —2— Aut(€>°(R3,R))

eXpT Texp

50(3) I End (%> (R3,R))

And it can be proven (see [5], Ch 3, §6, p.107) that Lp(X) is the operator

. Pexp(tx —1d
Lp(X) = lim =25 ——

which acts in €>°(R3,R) as

Lo(X)f(z) = tim P20t iw» — f(z)

t—0

where pexpex)(f(2)) = f(zexp(tX)). Denoting Lp(X) = Lx, pg(f) =g f and

exp(X) = ¥, it can be rewritten as

e f(z) — f(x)

tX\ _ d
)= iy L=y BB B stae)

Then, Ly is a vector field in ¥°°(R3 R) as defined in (B.10). And since R3
admits a global chart given by the identity, Lx can be expressed as

0 0 0
Lx =aj(x)— +a2(m)7 +a3(az)a—$3

And to explicitly compute a;(x) for X, make it act on any function f(z), then

d d
LXf(x):% f(:EetX):dxfodoxetX:dxfoﬁ zet
t=0 t=0

=dyfoxXe™X =d,foaXI=d,foxX
And in the basis {6%17 6%2’ %}, for TIR3,

and so, by writing X = (a1(x), az(z), as(z)):
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42 The irreducible representations of SO(3)

of

5 af of of
d,Fox % <a1(:v) as(z) ag(:n)) ay(x) Py + ag(x) s + ag(x)ax?)

ox3

Therefore, we can write the operator Lx as

And this allows us to now understand the global derivation operators in €°°(R?, R)
to which each Z; is mapped to by Lp.
A simple matrix multiplication shows:

xZ1 = (0,23, —x2) xZy = (—x3,0,27) xZ3 = (x2,—x1,0)

and therefore:

38.7}2 281‘3 22— 381‘1 ! Zs =

LZ = T2 57— 15—
! 6901 01)2

s

5.3.2 Introducing the Casimir operator

As we said, there is no composition rule in so(3). However, the image of Lp lies
in End(¢>°(R3,R)) in which there is indeed one.

Now, we must take into account that Lp will be a morphism of Lie algebras from
50(3) to End(€*°(R3,R)) but it will not respect the product in the second space.
Moreover, [Lx, Ly] € Im(Lp) but Lx Ly may not.

After these considerations, let

C=L% +L% +L7,

be the casimir operator.

It is important to remember here that L is not a morphism under composition,
so trying to see it from the relationhip of Z7 + Z2 + 232 with Z; will be pointless. So,
we are left with two options: to explictly compute the operator C' as a composition
of vector fields and then seeing that it commutes with the other vector fields, or to
try to translate to Im(Lp) the properties of the Lie bracket in so(3).

Proposition 5.9. The commutation relations in $0(3) are as follows:

(22, Z3) = Zh [Z3,Z1] = Z> (Z1,Z5] = Z3
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5.3 The casimir operator 43

This is not proved here since it is just a matrix computation for the explictly
given elements.

Proposition 5.10. C' commutes with every Lz, .

Proof. See (B.3.1). O

A direct consequence of this proposition is that, because {Z;};=1 23 are a basis
of 50(3), C' commutes with every Lx X € s0(3).

For the explicit computations under spherical coordinates, see (B.3.2).

Theorem 5.11. The Casimir operator in spherical coordinates is written:

1 0? 0 0?
C=L% +Ly+Ly,=—-> —tandgs+ 55

Nl
cos? § 062 (5.1)

Proof. Straightforward computation following the expressions of each LQZZ- given in
(B.19). It is convenient to observe that

sin?¢  cos? ¢ B sin? ¢ + cos? ¢ 1
cos2¢  cos2¢p cos? ¢ "~ cos? ¢

tan®¢p +1 =
O

We will not prove the following lemma, but rather refer the reader to ([3|, p.182),

taking into account that he is taking ¥ € (0, 7) while we take ¢ € (=7, 7).

Lemma 5.12. The angular part of the laplacian, M? is written under this spherical
coordinates as:

- 1 9% 1 9

2 _ -
M 7C082¢892+COS¢)8¢<OS¢ qb)
ey
~ cos? ¢ 062 0 0¢?

The relevant conclusion of this section is that we have an operator C which
despite not belonging to Im(Lp) can be proven to commute with every element in it
using the Lie bracket and which ended up being the angular part of the laplacian.
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44 The irreducible representations of SO(3)

5.3.3 The Casimir acting on £,

Proposition 5.13. The Casimir is an endomorphism of $y.

Proof. This might be trivial but it was mind-blowing to me the first time. If we look
at the expression of C' given in (5.1) it is not trivial that C : $, — $,. However, if
we turn back to its definition as being C' = LQZ1 + L2Z2 + LQZ3 then it is evident that
C' is an endomorphism of $), for each Lz, belongs to LAut($,) = End($). O

Proposition 5.14. The Casimir as C : £y — $y is a SO(3)-morphism.

Proof. Tt only remains to show that it commutes with every automorphism of the
representation. Let’s look again at the following diagram:

SO(3) —2— Aut($y)

expT expT

50(3) I End ()

And recall that since SO(3) is compact and connected, the exponential map
exp : 50(3) — SO(3) is surjective (3.11).

Since $) is finite-dimensional, each p, € Aut($,) and Lp(X) € End($)) can be
expressed by a matrices given a basis. And therefore, by (3.10), the exponential
map is given by matrix exponentiation. And so is for SO(3) since it is also a matrix
group.

In (§5.3.2) we showed that C' commuted with every element of Im(Lp).

Now, take g € SO(3). Then, since the exponential map is surjective, 3X € s0(3)
such that eX = g. And using that the diagram commutes, Cp(g) = Cp(e™) =
CelrX = elrXC = p(eX)C = p(g)C. Where we also used that if [A, B] = 0, then
[A,eB] =0 VA, B € GL(n,C). O

Theorem 5.15. The angular part of the laplacian operator acts as a constant times
the identity in each $y.

Proof. As concluded in the end of (§5.3.2), the Casimir is the angular part of the
laplacian. By (5.14), it is a SO(3)-morphism of the representations $);. And therefore,
by Schur’s Lemma, for they are irreducible representations of a compact Lie group,
it must act as a constant times the identity. O

Remark 5.1. It does not mean that the Casimir acts as a constant times the identity
in the whole space ¥°°(S?). The constants by whom it acts in each $, can be
different for each one of these spaces. Indeed, it can be shown that this constant is
exactly (¢ 4 1).
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Chapter 6

Infinite-dimensional
representations on homogeneous
spaces

6.1 Homogeneous spaces

Looking at the action of SO(3) in R3, we observed in chapter (2) that it had its
limitations. Notably, SO(3) had several orbits: rS? for each r € R*. We may look
for spaces in which G acts as it pleases, transforming any object to any other object
in it. We hope it justifies the following definition.

Definition 6.1. A smooth manifold X in which a Lie group acts smoothly and
transitively is called a homogeneous space (under G).

Lemma 6.2. E(x) is a closed subset of G for any x € X.

Proof. Since, as seen before p = p o, it is continuous. Then, p~({zo}) is a closed
subset of G (for being the preimage of a closed set). But p~({z}) is precisely
E(z). O

We will later see some crucial results related to the action that G has to itself.
These results will extend to homogeneous spaces thanks to the following result. Note
that, G/H admits a smooth manifold structure (cf. B.20).

Proposition 6.3. If X is homogeneous under G. Let H := E(xq) be the stabilizer

of some point xo € X. Then,
X>G/H

as smooth manifolds.
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46 Infinite-dimensional representations on homogeneous spaces

Proof. Let

p:G/H— X
gH — gxo

Since we are not imposing H to be a normal subgroup, note that G/H may not
be a group. And also we have to make a choice to define G/H as the right or the
left cosets of H. But since we need compatibility with the left-action, we will choose
the left-cosets:

G/H :={gH | g€ G}

To see that it is well defined: if g1H = goH, then gy Ly € H. And therefore,
92m0 = g2(95 "91)T0 = 9295 120 = eg1z0 = g1%0.

It is injective since, if p(g1H) = p(g2H), then gixg = gazg = g;lglxo =x) =
95'91 € H= g1H = g,H.

It is surjective because, thanks to the transitivity of the action of G, for y € X,
dg € G such that gxg = y. And therefore p(gH) = gzo = y.

To see continuity, invoque the universal property of the quotient topology. Then,
p: G/H — X is continuous if, and only if, ponw : G — X is continuous. But
pom = p, which is continuous by assumption.

It is open since it is a continuous map onto a compact and Hausdorff space (X
is compact since it is the image of G under G — X;g — gz for any z € X, a
continuous function of a compact space).

To see smoothness. Let ¢ denote the inclusion

t:GxA{xo} > GxX
(g)xO) = (97:60)

Then ¢ is smooth. We get the following commutative diagram

GxX 24 Xx

1 A

G x {z}

And p = p o, a composition of smooth functions and hence smooth. O

Proposition 6.4. Let G be a Lie group. The action of G into himself by left-
translation makes G a G-homogeneous space.
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6.2 The Peter-Weyl theorem 47

Proof. Left multiplication in G is smooth. And it has only one orbit for gog; ! takes
g1 to go. O

Due to this results, G can be seen as the universal homogeneous space under G.
In the sense that the properties regarding homogeneous spaces can all be deduced
from the ones exhibiting G himself as a homogeneous space. In the remain part of
the section we try to shed some light in this direction.

Now, combining (6.2) and (B.20). 7 : G — G/H is smooth. And therefore, any
function f : G/H — C yields a function G — C by pullback. In closer detail:

where 7% f = for: G — G/H — C. And since 7 is smooth, these transport
of functions respects the smooth and continuous categories. This meaning that the
pullback by 7*, seen as a functor, takes

€¢>*(G/H,C) — €>(G,C)
¢(G/H,C) — €(G,C)
L*(G/H,C) — L*(G,C)

6.2 The Peter-Weyl theorem

6.2.1 Representative functions

Definition 6.5. Let V' be a finite dimensional representation of a compact Lie group
G. Let B be a basis for V and (a;;(g));j: the matriz realization of the representation
in this basis. Then, we define

T (V) = Spanc({a;:i(9)} )
as the representative functions of V.

We will observe two key properties concerning .7 (V): the fact that they do not
depend on the basis and that this space is closed under G-translations.

Sv:V*®V—>y(V)

u* ®@v = ut(gv)
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48 Infinite-dimensional representations on homogeneous spaces

Proposition 6.6. If f(g) € T (V), then f(hg), f(gh) € T (V) for any fired h € G.

Proof. This is a direct consequence of the representation for being a morphism of
groups. Let h € G a fixed element. Then,

(aj,i(g)>jz CL]Z j’t = ZCL] kg akz J,z = (aj,i(gh))j,i

Since h is a fixed element, a;;(h) are fixed scalars and therefore a;;(gh) is a linear
combinations of the functions {a;;(g)};- O

Proposition 6.7. 7 (V) does not depend on the chosen basis for V.
Proof. We will show that it is the image under a canonical map. Let

VRV — F(V)
u* v ut(gv)

To see that it is well defined, let B = {v1,...,v,} be the basis for which we defined
T (G), if we let (aj;i(g));: denote the matrix expression of the representation under
this basis, 3 is determined by how it acts on {v} ® v;}; ; which is a basis for V* @V
and Im3 = ({3(v} ® v;)};). And I(v] ® v;) = a;,i(g). Having seen Im3 C T (V),
let’s see the other inclusion. Let f(g) = > zja;i(9) € Z(V). Then, f(g)
AR wjv; @ vi).

Definition 6.8. Let G be a compact Lie group. We define the representative func-

oo

tions of G as

7(G,C):= —+ F(V)

VER(G,C)
(By 4+ we denote a sum of vector spaces, not necessarily direct.)

We want to extend the representation theory we know for finite spaces to this
one. For this, we will define in it an action of a group. Observe that G acts in G
(and so in L?(G, C)) both by left and right translation. The reader may guess that
the spaces V* ® V will play a significant role here and, as we have seen in (4.29), if

V and V* are irreps of G, then V* ® V is an irrep of G x G. We denote left and
right translations as:

L:GxL*G,C) — 7(G,C)
(h, f(g)) = f(hg)
R:G x L*(G,C) — 7(G,C)
(h, f(g)) = f(gh)
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6.2 The Peter-Weyl theorem 49

Note that defined this way, both L and R are right-actions, in contrast with the
rest of actions that have appeared in this work. But the theory developed for left
representations will of course still apply to right representations. The important
point is not whether they are right or left actions, but that both align, so that we
can define an action in the product G X G combining them.

(GxG)x 7(G,C)— TJ(G,C)
((h1,h2), f(g)) —  f(hagh2)

Proposition 6.9. 7 (G,C) is an algebra.

Proof. An element of .7 (G, C) will be a finite sum of elements in .7 (V') for some V'
representations and not necessarily the same. The product of two elements will be
the sum of the products of each sumand. Then, showing that for fi(g) € 7 (V) and
fa(g) € T(W) fi(g)f2(9) € T(G, %) will be enough. Fixing a basis By for V' and
By for W, each f;(g) will be expressed as a linear combination of the corresponding
matrices entries. Their product will be a sum of products of the entries of the first
matrix for the ones of the second. Then, it suffices to show it for a; ;(g) and by ;(g) two
matrix entries of the representations V and W in the basis By and By respectively.
Now, a;i(g)bk(g) is an entry of the matrix (a;i(9));: ® (bk,;(g))r; being this the
matrix realization in the basis By ® By of the representation V @ W. O

We will assume the following result, for a proof, refer to ([1], Ch III, §1; Ch II,
§2).

Proposition 6.10. Homg(V, 7 (G,C)) = V* and 7(G,C) admits the following

decomposition

7GC = pH vev
Velrr(G,C)

The isomorphism between them is given by

1= p v: P vev— TGO
Velrr(G,C) Velrr(G,C)

Our interest for us is that it shows that the multiplicity of V in 7 (G, C) is finite.
To see how big is .7 (G,C), we just have to see how big is Irr(G,C). And this is
going to be a consequence of the Peter-Weyl theorem of the next section.
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6.2.2 Proving the Peter-Weyl theorem

Theorem 6.11. (Stone-Weierstrass) Let K be a compact topological space and 24 C
€ (K,C). Then, provided that 2 satisfies the following hypothesis:

1 A 15 an algebra.
1w 1e
iii feA= fec
i A separates points of f.
Then, A is dense in € (K,C). (cf. [2], Ch IV, §28).

Let 2 = 7(G,C). Then 1 € A because G has the trivial representation in C
where it acts as Id and so has matrix (1) in the basis 1 of C. It is also an algebra

as showed in (6.9). We will see that 2 does actually satisfy all the requirements of
(6.11).

Lemma 6.12. If f € 2, then f € A.

Proof. Under the same logic than for the proof of (6.9), it suffices to prove it for
a;ji(g) a matrix entry of the representation in V' for a basis By . As shown in (A.6), a
representation V arises another one V. If (a;;(g));; is the matrix of the representa-
tion in V, then taking in V' the same basis, the matrix of the conjugate representation
will be (a@;,i(g));: and so @;;(g) € A. O

Lemma 6.13. If G C GL(n,C) is a linear group, then 2 separates points.

Proof. Let hy # he € G C GL(n,C). Then, they must differ in a coefficient, let it be
the corresponding to the entry j,i. Then, a;;(g) separates the points hy and hy. O

Then, since G is compact, applying (6.11), we have proved:

Theorem 6.14. (Peter Weyl for linear groups) For G a linear Lie group, the repre-
sentative functions are dense in € (G, C).

%(G,C) = 7(G,C)

Proof. We have just showed that 2 satisfies the conditions for the Stone-Weierstrass
theorem. ]

50



6.2 The Peter-Weyl theorem 51

Lemma 6.15. Let C be a topological space and A C B C C provided with the
subspace topology. Then, if A= B and B=C, A=C.

Since, by definition, L?(K) is the completion of ¢ (K) under the supremum
distance topology, € (K) is dense in L?(K). Then, Peter-Weyl and (6.15) prove:

Proposition 6.16. For a linear group G, the representative functions are dense in
L3(G).

6.2.3 Consequences of the Peter-Weyl theorem

The statements of this section are left without proof but illustrate some important
properties of compact Lie groups, which provide a justification for the study we have
performed. Namely, if we would not be assured that the set Irr(G,C) were finite,
maybe we would not have embarked in its study in order to simplify the problem of
the rotationally symmetric Schrodinger equation. For complete proofs, see (|1], Ch
3).

Theorem 6.17. Fvery compact Lie group admits a faithful representation.

Proposition 6.18. Let

G —GL(n,C)
g (aji(9)ji

be the expression in a certain basis of a faithful representation of the compact Lie
group G. And let i1 be the C-subalgebra generated by {a;i(g)}j-
Then U = 7 (G,C).

The fact that 7 (G, C) is generated by a finite set as an algebra is no contradiction
with it being infinite dimensional. For instance, the polynomials R[z| are generated
as an algebra by {1, z}.

Let V be a faithful representation of a compact Lie group G and V the corre-
sponding conjugate representation. We define

who:V®ﬁ®V®V®f®v
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52 Infinite-dimensional representations on homogeneous spaces

Theorem 6.19. Every irreducible representation of G is contained in some V (k,1).
In particular, Irr(G, C) is numerable.

Hence, we have achieved our goal and proved the following.

Theorem 6.20. For a compact Lie group G,

G =

neN

This meaning that L*(G) is a numerable direct sum of finite-dimensional represen-
tations.

6.2.4 Back to homogeneous spaces

The action R was defined in (§6.2.1) in order to satisfy the following property.

Proposition 6.21. The functions of G/H can be identified with functions G such
that are fized under the action of the subgroup H by the right action R. This meaning
that the following are isomorphic as representations of G X G.

¢(G/H,C) = %(G,C)Hr

Proof. Let
™ ¢(G/H,C) — € (G,C)""
fgH) — 7" f = fom(g)
be the pullback by the projection 7 : G — G/H and

7:€(G,C)Hr — ¥ (G/H,C)
f(g) — f(gH)

7* is well defined: if f € €(G/H,C), then n*f(gh) = fon(gh) = fon(g) =
7 f(g) and therefore 7* f € € (G, C)"&. For 7 to be well defined, for f € €(G,C)
7f must take the same value in any representative of an equivalence class of G/H.
But this is exactly the case, because if [g1] = [ga], then g5 'g1 € H and 7f([g2]) =
f92) = f(9295 " g1) = f(g91) = 7f (lg1))-

Both 7* and 7 are linear maps. They are inverses of each other: if f € €(G/H,C
7 f([g]) = 7(fom)(g) = f(lg]), and if f € €(G,C)F w*7f(g) = 7 f([g])
f(g)-

~—

oo
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6.3 The laplacian spectrum in L?(S?) 53

Proposition 6.22. Identifying 7(V)=ZV*QV,
(V*eV)ir=v*oVvH
Proof. Under the R, G representation acts on them by

R:GXxV'QV — V"V
(h,u* ®v) = Rpu*(gv) = u*(ghv)

and so (V*@ V)r =V g Vi, O
By (6.10), (6.21) and (6.22) we get:

J(G/H,C) = 7(G,C)Hr
=( @ vev

Velrr(G,C)

= P rewnin

Velrr(G,C)

— @ revm
Velrr(G,C)

as G X (G representations.

6.3 The laplacian spectrum in L?(S?)
For SO(3), we already found all its irreducible representations:

Irr(SO(3),C) = {$H, | £ € N}

Let H C SO(3) be the stabilizer of some point in S2.

Proposition 6.23. YJfR =C.

Proof. By Y)fR we mean f)f for the right action of SO(3). Now, H is the stabilizer
of a point and therefore conjugate to {r(t)}+ter where

1 0 0
r(t)=10 cost —sint
0 sint cost
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54 Infinite-dimensional representations on homogeneous spaces

Since it is not easy to explictly give the space $, we will use that $H, = W, = Vs,
dn as representations of SO(3). And that the representation of SO(3) in Vay, is
inherited by the one of SU(2).

Also, as we said, H C SO(3) is a closed subgroup and therefore a Lie group. Also,

~1(H) c SU(2) is also closed for 7 is continuous and therefore 71 (H) is a closed
subgroup of SU(2). Then, the study of the representation of H in V3, is reduced to
the study of the corresponding one of 7~(H) in it.

wtn) ={ rio) - (0 0) }tdr

Now, the basis {P, = zf23"*}2n satisfies that R(t)Py = !®F=2")!P 50 a
condition for a vector v =), a; P} to be fixed by R(t) is

R(t)Y apPe =Y apR(t)Py =Y arde(t)Pr=>_ arPs
k k k

k
<~ ak()\k(t) — 1) =0Vk

In other words: for every non null coefficient of v in this basis, the corresponding
eigenvalues A(t) must be all 1 V¢ € T. Let ¢ be a primitive (2n + 1)-root of the unity
(C=¢€"ITET).

Then, (21727 £ (2F2=20 for ky + ky € {0, ..., 2n}, since otherwise,

2n+1 ‘ 2k1—2n—(2k2—2n):2(k:1—k2)
= 2n+1|k — ko

which, since |k; — ka|< 2n + 1, implies k1 — ko = 0 and so they are equal.
R(T)P, = ¢*2" = (¥ = 1 and for the previous discussion, it is the only n for

which this happens. Therefore, dim V;;L_l(H) =1 and so does dim .ﬁ")f. O

As discussed in (§6.1), S? 22 SO(3)/H, for (§6.2.4) and in the light of the above:

€(S?,C) = €(SO(3)/H,C) =P ;e ol =P eC =P

LeN teN (eN
9} is an irreducible representation of SO(3) and has dim $; = 2+ 1. Up to iso-
morphism, there is exactly one irreducible representation of SO(3) of this dimension
and it is 9y, so the two are SO(3)-isomorphic. This, altogether with (6.15), allows
us to finally write

Z@fw

leN
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Which proves that any function f € L%(S?) can be expressed as

2041

F) =33 Yiu(n)

feN m=1

as claimed in chapter 2.
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Appendix A

Algebraic appendix

A.1 An intuitive approach to representation theory

To understand the upcomming theory, let’s start by some linear algebra.
Consider the endomorphism p of R® which, in the basis B = {ei, e, ed, €3, el}
has the following matrix:

11000
01000
M,=|0 020 0
00020
00003

Let E; = <{eg}]) fori =1,2,3. Then, R® = E; ® Ey @ E3. And p = p; @ p2 ® p3,
with p; = p|g;,.

However, Fs is still decomposable, for it breaks into (ed) @ (e3) and p still respects
this decomposition. Moreover, if we think in the eigenspace Ker(p — 21d), the spaces
(e) and (e3) are fundamentally the same, in the sense that they are just a one-
dimensional eigenspace corresponding to the eigenvalue 2.

One the other hand, F; is undecomposable since it is already a Jordan form.

However, the two vectors el,e? are interchangeable, in the sense that, if i, e? is an

irreducible invariant subspace, then €2, e still is. However, €3, el is not even an
invariant subspace. So, eigenvectors can be permuted as long as they correspond to
the same eigenvalue.

Since our object to study will be a generalization on eigenspaces, let’s first think
on them as a mathematical object with a structure. A natural question that arises is
what kind of maps will respect this structure. So, what maps will be its morphisms.

Following what we just discussed, for us, for two eigenspaces to be the same, they

should belong to the same eigenvalue. We look for a characterization of a map
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58 Algebraic appendix

¢ : Ker(p — Ald) — Ker(p — pld)

such that ¢ satisfies it if, and only if, A = u. Of course, since eigenspaces are vector
spaces, we will impose our map to be linear.

Proposition A.1. For a not null linear map ¢ : Ker(p — A\d) — Ker(p — uld),
A = pif, and only if, p and p commute. Provided that the eigenspaces have dimension
greater than 0.

Proof. =) For v € Ker(p — A\Id), ¢ o p(v) = p(Av) = Ap(v). And po p(v) = pp(v)
since p(v) € Ker(p — AId). And since A = pu, p o p(v) = po (). It is valid
Vv € Ker(p — AId) so the two maps commute.

<) For v € Ker(p— Ald), since ¢(v) belongs to Ker(p — uld), po p(v) = up(v).
Now, since they commute, po¢(v) = o p(v) = p(Av) = Ap(v). Therefore, pp(v) =
Ap(v). And since the eigenspaces are not empty and ¢ is not null, Jv such that
©(v) # 0 and therefore A = p. O

It justifies the following definition.

Definition A.2. For a linear map p: R™ — R", a map ¢ : R — R" is said to be a
p-morphism if it is a linear map such that pop = @ o p.

More generally, for V an eigenspace of p, ¢ : V. — R" is said to be a p-morphism
if it is a linear map such that po o = @ o p|y.

We will see how this definition allows us to say formally how many times is the
one dimensional eigenspace of eigenvalue 2 of p in R in the initial example. Looking
at the diagonalization of M,, one would say that it is present twice, and can be
represented by (el) or (e3). To express how many times is it inside R, we could
wonder how many p-eigenspaces morphisms do we have from (el) (or (e3), but they
are p-isomorphic) to (el). Since these maps form a vector space, we should better
think on its dimension. Let’s that it is actually 2.

The endomorphisms space we are considering is therefore

{p € Hom((e3),R%) | pop=pop}

If o is one of them, then in the basis e] and B, it has the matrix

S
I
o a0 o9
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A.2 The trace map 59

By contrast, p]@) is written

Plieny= (2)

and therefore, the commutation property becomes

a a a+b 1 1.0 00 a
b b b 01 0 0 O b
0o pley==| c (2):2 cl=120|=]0o0200|[c|=pop
d d 2d 00 0 2 0 d
e e 3e 00 0 0 3 e
a=0
b=20
s
e=20
c,d eR

so it has dimension 2. It motivates the following definition.

Definition A.3. For p € End(R") and V' C R™ an eigenspace of p, dim Hom,(V,R") :=
dim{y € End(R") | [p, ¢] = 0} is defined as the multiplicity of the p-eigenspace V in
R™.

And we can think about it as the number of copies of V' that are present in the
original vector space.

A.2 The trace map

A common trick used in mathematics in order to classify objects up to an equiv-
alence relation is to look for an invariant under this relation with the hope that it
will also be different for non-equivalent objects.

Since representations are classified up to a particular form of automorphism con-
jugation and we know that the trace map is invariant under these conjugations, it
makes sense to try to consider it as our potentially useful invariant.

A typical approach to define the trace, is to do it for a matrix realization of an
endomorphism in a finite-dimensional vector space and to see that it is invariant
under matrix conjugation, so it only depends on the morphism and not on the cho-
sen basis. We will take another approach, the same taken in [1], under which this
property is going to be trivial.

Proposition A.4. If V is a finite-dimensional K-vector space, then End(V) =
V*®V, canonically.
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Proof. Consider the map

V* x V —End(V)
(fiv) = of

where vf : V. — V,u — f(u)v. It is bilinear and therefore it yields a linear

map
¢€:V*®V —s End(V)

acting on pure tensors as f @ v — v f.

To see that it is an isomorphism, we will consider its expression on a given basis,
the tensor basis given by {v} ® v;};; for v; € B a basis of V and v} € B* the
corresponding dual basis.

Let’s see its injectiveness. Let x =}, ; a;v; ®v; € Ker{. Then, f = {(z) is the
null map. In particular, 0 = f(ve) = >, ; ajiv] (ve)v; = 3, ajevj. But since {v;};
are linearly independent, this implies a;, = 0Vj, and doing this for £ = 1,...,n we
get a; j = 0 Vi, j which implies x = 0 and thus ¢ is injective.

To finish our proof, dim V* ® V = dim V*dim V = n? = dim End(V), and hence

 is an isomorphism. O

Since it is an isomorphism, ¢! exists. It is important to see that though this
definition for & does not depend on the basis, if we take a basis for V*®V constructed
as in the previous proof from B a basis for V, then, £ ! states the matrix realization
of any endomorphism in the basis B.

Lemma A.5. In the previous notation, for f € End(V), if &~1(f) = Ejiaj,iU;‘@Ujf
then the matriz of f in the basis B is (aj;)j-

Proof. It means that f =3, a;vv;. So, f(ve) = 32, ajv07 (ve) =3, ajev;. O
Definition A.6. We define the following linear map as the trace

Tr:End(V) 2 V'@V — K
u®v = u(v)

What we saw in (A.5) allows us to show that this definitions corresponds to the
definition of the trace of a matrix. Fixing a basis B, if ¢ 1(f) = Z]Z a;;v; ®vj, then
Te(f) = X250 05005 (v) = 325 a7 (vi) = 3, a;;. But since the basis is unrelated
to the definition of Tr it is direct that it does not depend on the basis in which we
express the endomorphism f.

Properties A.1. The trace map satisfies the following properties:
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1

1

10

It is a linear map.
Tr(gfg™t) = Tr(f) Vf € End(V), g € Aut(V).

Tr(f ® g) = Tr(f) + Tr(g) Vf € End(V), g € End(W)

v Tr(f ® g) = Tr(f)Tr(g) Vf € End(V), g € End(W).

v Te(f) = T().

Ul

Tr(Idy) = dimc V.

Proof. i Since the map

ii

iii

iv

V*xV —K

(u,v) = u(v)
is bilinear, then, by the universal property of the tensor product, Tr is linear.

Observe that we are not proving that it is basis-independent. It was already
immediate from the definition. What we are seeing here is that it is invariant
under automorphism conjugation (but we will use its matrix expression). To
make it more comprehensible, let tr : M,,«, — K denote the trace map defined
for matrices. Let ppg be the matrix realization morphism to a given basis B. We
have just showed that Tr(f) = tr(¢g(f)) for any B basis for V. Now, if we
observe that pp(gfg~1) is the matrix realization of f in the basis B’ = g(B) it
follows

Tr(gfg ") = tr(ps(gfg™ ")) = tr(ep (f)) = Tr(f)

Let By and By be basis of V and W, then, the basis of f®g: VW — VW
in the basis By U By is given by

Af 0
Af D Ag
Ag

with Ay and A, being the corresponding matrices for f and g in their previously
mentionned basis. Then it is direct that Tr(A; @ Ay) = Tr(Af) + Tr(A,), and
the desired result follows.

Let By and By be basis of V and W, respectively. Let A and B be the matrices
of f and g, respectively. Then, the matrix of f ® g in the basis By ® By is given
by A® B, where ® here stands for the Kronecker product. We can write it more
explicitly by
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al,lB cee aLnB
A® B =
an,lB T an,nB

where A = (a;;);i. Then, the trace is the sum of the trace of each block in the
diagonal, that being

T(A® B) =Y Tr(a;;B) =Y a;;Tr(B) =Te(B) > a;; = Tr(B)Tr(A)
=1 =1 ;

v In (A.14) it is shown that if in a basis B the matrix of f : V. — V is A, then
the matrix of f:V — V is A. Then, it is direct to see that Tr(f) = Tr(A) =

Tr(A) = Tr(f).

vi Immediate since the matrix of Idy is Igim, v-

A.3 Finite dimensional representations

A.3.1 Irreducible and non-isomorphic representations for the same
vector space

We have the following representations of T = ({eie}ge[o’%], -) for n € N:

pn : T — Aut(R?)
R (cos(n@) - sin(n@))

sin(nf) cos(nd)

pn is irreducible over R for the characteristic polynomial of this matrices is 2 —

2z cosf 4 1 and, for § # 0,7 (mod 27) it has no real roots. And if n # m, these
representations are not isomorphic because, if they were, they would be conjugated
and therefore would have the same trace. But they don’t because Tr(p,,) = 2 cos(nf)
and Tr(pp,) = 2cos(mb). Hence, for n # m € N the equivalence classes of (p,, R?)
and (pm, R?) are different in Irr(TR).

A.3.2 Proofs for chapter 4

Proof. (of 4.11) Let ¢ : V.— W be a G-morphism between these two irreducible
representations.
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i

ii

il

Ker ¢ is a subrepresentation. To show it: if v € Kery, pgv = gpv = gv = 0
since @ is a G-morphism and hence commutes with the representation and the
representation is linear.

But since V is irreducible, it is whether Kerp = V', and therefore ¢ = 0, or
Ker ¢ = {0}. In this later case, Im¢ C W is a non null subspace of it. It is also a
subrepresentation of W because if y € Im ¢, then y = oz 3x € V. And therefore
gy = gp(z) = ¢(gr) =€ Imp. But W is irreducible so therefore it is whether
Im ¢ = {0} (which is impossible because ¢ is not the null map) or Imy = W, so
p is also surjective, being hence an isomorphism.

In particular, ¢ is a linear automorphism. We can therefore look for its eigenspaces.
The characteristic polynomial of ¢ has a root A in C. Therefore, {0} C Ker(¢ —
Ald).

Let’s see that this space is G-invariant. If v € Ker(¢ — AId), then ¢(gv) =
gp(v) = gAv = Agv, therefore gv € Ker(p — AId).

Since it is a proper G-invariant subspace and V' is irreducible, it is Ker(¢o—AId) =
V and thus ¢ = Ald.

If V= W, (with this we mean that they are G-isomorphic), then there exist
G-isomorphisms between then, but since by (ii) they are multiples of Id, the
complex dimension of it is 1.

If V.2 W and ¢ is a G-morphism between them, by (i) it is whether 0 or an
isomorphism. It cannot be an isomorphism for they are not isomorphic, so it is
the null map and therefore this space is {0} and has dimension 0.

O

Proof. (of 4.16) Let V = @, V; a decomposition of V' into irreducible subrepresen-
tations, which exists by (4.8). Then, plugging this into the definition of d, yields

@ Homg W@V ®W—>€BV

Welrr(G,C)

P (P Home( WV-))@W—>@V

Welrr(G,C) 4

@ @Homg (W, V;) ®W—>@V

Welrr(G,C) @

b P HomG(WV)®W—>€BV

it Welrr(G,C)
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And therefore the study of the map d is reduced to the study its restriction to
each irreducible representation contained in V. It is going to be an isomorphism iff
every restriction to V; is. This is, to the study of

d; : @ Homg(W,V;) @ W — 'V}
Welrr(G,C)

Let now V; be irreducible. In Irr(G, C) there is exactly one element isomorphic to
Vi by definition (its equivalence class). And by Schur’s Lemma, dim¢c Homg (W, V;,)
will be zero for every element in Irr(G, C) but for the mentioned one. And also by
Schur’s Lemma, for this one, it will be 1. Therefore,

@ Homg(W,V;) ® W = dim¢c Homg(V;, V;, @)V, =C@ V; 2 V;
Welrr(G,C)

and the map d; becomes

ARV v

which is clearly an isomorphism of vector spaces and also a G-morphism for the
action of G is linear. Therefore, the two spaces are isomorphic as G-representations
and by extension d is an isomorphism. O

A.4 Representations of SU(2)

Let V; C Cy[z1, z2] be the space of homogeneous polynomials on the variables
21, z9 of degree ¢ (without caring of the degree of the 0 polynomial).

Observe that Vg = C and V; = C2, in V. Then, in Vj, SU(2) acts as the identity
and in V7 acts by matrix multiplication given any matrix realization of the group.
And this representations are consistent with the general representation on V; that
we are going to describe:

pe:SUQ2) x Vp — V
(9,p(2)) = p(zg)

1

where z = (21, 22) and g~ acts on it by matrix multiplication.

Proposition A.7. V; is a representation of SU(2).
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Proof. We assume it is clear that py is a left linear action. So it rests to see that the
image of py is actually V. But since, for A € C, g € SU(2), A\(zg) = (A\2)g, then it is
clear that, for p € V,,

gp(Az) = p(A(zg)) = p((A2)g) = X'p(zg) = X'gp(2)
and hence gp € V. O

We will use the basis

By := {Pi(z1,22) = Zfzgik}kzoy---vn

for V,, in the following part.

Proposition A.8. V; is an irreducible representation of SU(2).

Proof. As seen in (4.27), it is enough to see that any SU(2)-morphism f: V,, — V,
is a multiple of the identity. Let A be the matrix of f under B,,. We will denote the
representation by p, dropping the dimension index.

We start by seeing how is A for some easy element in G:

) a 0
Ja = 0 a !

Then, 2§20 % g, = aFzFab 7207k = o272k ,07F Qo the matrix of py, in this
basis is Diag({a?* "}r—o,. ). Knowing that [A4, p,] = 0, we can force A to be diag-
onal by taking a such that all the powers {GQk_n}k:07...7n are different. Then, since
(see 2.1) A will therefore respect each p,-eigenspace. Then, Az’fzg_k = ckz{“zg_k
dey, for each k.

Being now diagonal, it just suffices to see that ¢ = ¢ Vk. Let’s consider, for this,
a different element of SU(2):
cost —sint
re = .
sint cost

See first that

cost —sint

(21, 22)1¢ = (21, 22) (

- . ) = (z1cost + zgsint, —zy sint + z9 cost)
sin cOS

so, in the last element of B ry acts as 2] = (z1cost + zgsint)”. If this is
confusing, denote P, (z1,22) = 2] and compute it again.
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We now take a look at what A-commutativity implies for this element.

AryP, = A(z1 cost + z9sint)"

n

n e _

= AZ <k‘> cost tsin™ K ¢ 2p 20 H
k=0
n

Z (Z) cos® tsin"* ¢ P,

k=0

Il
S

I
WE

<Z> cos® tsin” ¢t AP,

ol

3 |

0

n
(k) cos® tsin™ F t ey P,

o

=0

Remember that we are taking an element 7y, so t is a fixed number in T. Con-
sidering now r;A,

AP, = ricn Py, = cpri Py = cp(z1 cost + zosint)"”

n

n o -

= C”Z (k) cos® tsin Kt 2F 20 F
k=0
n

=c, Z (Z) cos® tsin" ¥t P,

k=0

n
n e
= < )cosktsmn ke Py
=0

Comparing now coefficients and using that B is a basis, we get ¢ = ¢, Vk.
Therefore, A = ¢, I and so is f = ¢,1d. O

Computing the character of the representation as a function of SU(2) is not easy.
Instead, we will only compute it for one representative of each conjugacy class.
Let ~ the equivalence relation of being conjugate.

Definition A.9. A function ( : G — C is called a class function if it factors
through
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Remark A.1. Throughout this section we will be denoting ¢ as the factoring function
from (A.9). It will not denote the conjugate function as in the previous sections. We
do it as it is common in the linear algebra literature to denote factoring maps through
the quotient by an over bar.

In SU(2), every element is conjugate to one of the form

And
e(t) ~ e(s) <=t = £s(mod 2m)

Note that if t = £ — s(mod 27), then e(t) and e(s) are conjugated by the matrix

0 1
10
We can then explicitly give ¢ for any ¢ class function of SU(2) by

{=Coe
where e is defined as T > t — e(t), the matrix given before.
This discussion implies that

SU(2)/~ = T/~

And therefore €' (SU(2)/~,C) = € (T/~=—, C). But the second one is the space
of even 2m-periodic continuous functions.

Lemma A.10. For V,, Xn : T —> C values
Xn(t) = cosnt + Xp_1(t) cost
Proof. We compute it on the basis B,,. Following the same computation than in the

proof of (A.8), we obtain e(t) P, = e?*t=itn — ¢i2k=n)t and therefore

n

Y(t) _ Z ei(2k—n)t

k=0
Which can be proven to be equal to

sin(n + 1)t  sinntcost+ cosntsint  sinnt
- = - = ———cost + cosnt = Xnp_1(t) cost + cosnt
sint sint sint

O
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Lemma A.11. The characters {Xnnen are dense in the the space € (T /~=_¢,C).

Note that since we are talking of functional spaces, by dense, we mean uniformly
dense, that is, dense with the supremum distance defined in the compact G. And the
result used in this proof states that the considered functions are uniformly dense.

Proof. First of all, the functions {cosnt},ecn not only form a vector space but also
an algebra, for
1
cosnt cosmt = §(cos(n + m)t + cos(n — m)t)

And then, so do {X,,}nex. Moreover, it can be proven that

Spanc({X,, }nen) = Spanc ({cos nt}nen)

And it is a general result from Fourier analysis that the second one is dense in
the space of even 27-periodic functions, so it is the first in €(T/~;=_, C) according
to our discussion. O

Now we are ready to prove that the V; are indeed all the irreductible representa-
tions of SU(2).

Theorem A.12. Every irreductible representation of SU(2) is isomorphic to one of
the Vj.

Proof. Let V' be an irreducible representation which is not isomorphic to any V;. Let
xv be its trace and Yy, its factorization through T/~;—_;. Then, by (A.11), we have

Xv =) anXy

neN

And using (4.24),

L=y, Xv) = (v Y anXn) = DO an{Xys Xn) = > 20 =0

nenN neN nenN

which is a contradiction, so V =V, 3¢. [

A.5 Representations of SO(3)

Proposition A.13. The polynomial 23 + 23 + 23 is fized for every g € SO(3).
Therefore, Clx1, x2,x3]3 is not irreducible.
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Proof. A homogeneous polynomial of degree 2 is a bilinear form in R3 and is therefore
characterized by a matrix (once we fix the basis {22, 23,2%}). The correspondence
between these polynomials and their corresponding matrix is given by

1
P(w1,w27$3)=<1’1 x2 963) Ap | z
T3

Now, considering a matrix realization of SO(3), since their elements will be or-
thogonal matrices, any element M € SO(3) acts as

T
P(z1,72,23) = (xl 9 mg) MApM! | 2
3

And since the matrix corresponding to 23 +x3+23 is I, the result follows immediately
from MM* =1. O

Proof. (of 5.7) There is no easy basis for the harmonic polynomials in general, so
we will try a recursive approach. We observe the following, any polynomial P € §,
can be factored as

Cok
P(z1,22,23) = Zﬁ (x2,23), Pr(z2,23) € Clzg, x3]<e—k

by grouping all the monomials depending on the degree of x1, which will be between
0 and ¢. Then, the remaining elements of each monomials will be of the form ZL‘%l :r?f
And since P has degree ¢, then they will satisfy j; + jo + k& = £. We then divide and
multiply by k! because it will be useful for the differentiation that is to come. Also
note that if for some k, there is no monomial with a:]f , we can just take Pp = 0. This

splitting of variables will be useful for:
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¢ k
xr
AP(x1,72,23) = ZA(ﬁPk<$27$3))
k=0 ’
-2 k‘
= Z A ol Pk+2(x2, x3) + Z L APk(xg,xg)
k=0
=2 k 2 92
= kZ:oAk Piio(z2,23) +Z X 8 2 ($2,$3)+87:%Pk($2,$3))
£=2 k 2 2
T 0 0
= Afl'(PkJrg(xQ,l‘g) + ka(@’ x3) + ka(l'Q,iL‘g))
4 E a2 2
x7y 0 0
+ > S5 Plaa,x3) + 55 Pr(w2,73))
et ' Ox3 0x3

0—2 k 2 2 .
The term Y~ AZH(Prpo(z2, 3) + aa—xgpk(xg, x3) + (%%Pk(xg, x3)) is our actual
interest because, using that the monomials in x1, z2, 23 form a basis of C[z1, x2, 3]s,
if AP =0, then

k 2 2
xq 0
AHP]C+2($2,$3) + @Pk(l'g,x:;) + Txgpk(flfQ,l'g) =0 Vk= O7 ,E -2

And it sets a recursive relation between each Py, namely:

o2 02
Piyo = _(aTcgp’“ + ngpk) k=0,..1¢

This is a linear recursive equation and therefore its solutions form a vector space.
This is evident since its solutions are actually the harmonic polynomials. But the
interesting part is that it has two initial conditions Py € Clxy,z2,x3]; and P; €
Clx1, x2,x3]¢—1. Therefore, its dimension is the sum of the dimensions of the spaces
for each initial condition, so £ + 14+ ¢ =20+ 1. O

Proof. (of 5.8) It is, of course, enough to prove that it is isomorphic to an irrep.
Since the irreps of SO(3) are {W,,},, and dim W, = dim $),, the only option we have
is to try to see Wy = $,. By (4.10), it admits a decomposition as a direct sum of

=P w,

n; el

With I C N. Then, 20+ 1 =dim$, = ), ., dimW,, = > ;2n; + 1. If we see
that ¢ € I, then, it must be I = {¢} (otherwise, the dimensions equality would not

irreducible representations, so

hold). Under this reasoning maxI < ¢. Then, if we show max ] > ¢, it will imply
tel
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B.Y (417 11)7 X9, = ZmG] XWh, - And XWh, = et + -+ enitt, Therefore,

X5, = Z a;e™", a; €N (A1)
|m;|<max I
lit

So, if we see €™ € x, (by this meaning that there is a summand which is a multiple

of it), we will have proven max I > /.
If we find {0} # U C $), such that is a subrepresentation of 7', in which T acts
lit

as e’ or e~ then, since X&, = X&, o7 it will mean that such summand is present

in the sum.
Let U = {(x9 + iz3)"). Then,

82 ' é 82 ’
Af = 87:133(332 +ixzs)" + 9 2 (x9 +ix3)

(9i2€<x2 + ng)g ! + aiglf(xg + Zl’g)é 1

=00 —1)(zo + il‘g)e_z + 32000 — 1) (xg + ix3)" 2
=Ll —1)(x2 + 2333) — L0 —1)(x2 + il’3)£72 =0

So U C $y. Now, R(t) maps

(z9 + ix3)" — (costxy + sintas + i(—sintxy + costrs))’

= (zo(cost —isint) + x3(icost + sint))*
= (z9(cost —isint) + izz(cost — isint))
= (9 (cos —t + isin —t) + ix3(cos —t + isin —t))*
(:Uge + ixze” )"
e (g +ix3)"

ézt(

=e T9 + Z.%‘g)e

As wanted. O

A.6 Induced representations in linear spaces

We will see how representations in vector spaces yield representations in more
complicated linear structures built on top of them.

Let (py,V) and (pw, W) be two finite-dimensional representations over C of a
group G.
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A.6.1 Direct sum

pvDpw :Gx(VeW)—VaoW
(g,v+w) = py(g,v) + pw(g,w) = gv + gw

A.6.2 Tensor product

pv@pw :Gx (VeW)—VaeW
(g,v®@w) = pv(g,v) ® pw(g,w) = gv ® gw

A.6.3 Dual space

py G x V*—V*
(9.f) wfg 'V -—K
v flg7 ')

To see that it is indeed a left action of G, take g,h € G, f € V* and v € V. Then

p(gh)(f)(v) = f((gh)"v) = f(h g7 v)

while

[p(9)p(h)(H)](v) = [p(g) fR(v) = [fR g )(v) = f(h~'g " v)

What one should notice is that we make h act on f by acting in its argument.
Then, after applying h to f, the new morphism we get is fh~!, and making ¢ act
again on it means to transform the argument of the new automorphism, so taking it
to fhlg™t.

When there may be risks of confusion, we will denote the action of g in f € V*

by g-f=fg "

A.6.4 Conjugate space

w:GxV —V
(g,v) = gv = py(v)

That is, the exact same representation for V is a representation for V. The only
doubt could be for its linearity. Let’s see that it is still linear. For this, let Av denote
the scalar product in V and X - v = Av denote the one in V.
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pg(X-v) = pg(\v) = Apg(v) = A~ pg(v)

Though the representation is the same, its matrix expression in a given basis will
be the conjugate to the one in V', as showed the next proposition.

Proposition A.14. If an endomorphism of V has a matriz A in a given basis, then,
taking in V the same basis, its matriz becomes A.

Proof. Let f:V — V be an endomorphism of a finite-dimensional vector space V
for which we take B = {vy,...,v,} as a basis. Suppose that the matrix of f in this
basis is (aj;)j;. Then, the matrix of f : V — V, v +— f(v) = f(v) satisfies that
f(vi) = 32 a5 = 32, @; - vj and therefore has matrix (a;;);; in the basis B of

V. O

It will be important for later to notice the following.

Proposition A.15. For a compact Lie group G, the induced representations in V.
and V* are isomorphic.

Proof. In (4.7) we showed that it exists a G-invariant inner product, which we will
denote by (-,-). Remember that we are assuming it to be conjugate-linear in the first
argument and linear in the second. The following is an isomorphism of representa-
tions:

:V—V*

v (v,-)

Since the remaining is quite easy to see, we will just prove that it respects the
scalar product and that it is a G-morphism. For the first part, let v € V and A € C.
Then, (X -v) = p(Av) = (Mv,-) = Mv,-) = Ap(v). And for the second, we will
use the G-invariance of the inner product. We want to see that ¢(gv) = g - ¢(v) =
©(v)g~t. So, let u € V. Then

e(gv)(u) = (guv,u) = (g7 gv, g~ u) = (ev, g~ u)

= (v, "u) = () (g7 u) = (g o(v))(u)
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A.6.5 Linear maps between representations

PHom(v,w) ‘G x Hom(V, W)—Hom(V, W)
(9. f) = gfghiV—W
v =gf(g )

And since Hom(V, W) = V* @ W, this is indeed a particular case of the repre-
sentation induced in a tensor product, so equivalent to:

pv*®pwiGXV*®W—> Vie W

(9,u®w) —ug @ gw V—W

v —u(gv)gw

A.7 Hilbert spaces

Recall that we have defined a Hilbert space as a C-vector space 2 with an inner
product (-,-) such that it is complete with the topology inherited from this inner
product. The purpose of this section is to show that .7 has an orthonormal basis
(in the sense of its span being dense, as we said in §2.1) and that there is a canonical
isometry between S and its dual J£*.

A.7.1 The (¢°(K),|-||) normed space

Let K be a compact topological set and ||-|| be the supremum norm. We will
show here that (¢°°(K),||-||) is not a Hilbert space.

Proposition A.16. The infinite norm ||| defined on €°(K) where K is a com-
pact metric space with distance |-| as follows

[flloo:= sup|f(z)|
€K
does not come from any inner product on €°°(M).

Proof. If a norm ||-|| comes from an inner product (-,-), then the following equality
must hold

2]lzl*+2[lyl*= [l + yl*+llz -yl

since

(z+y,z+y) +(x—y,z—y) = (z,2) +2(x,9) + (y,9) + (z,2) — 2(y, 7) + (¥, y)
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= 2(z,z) + 2(y,y) + 2((z, y) — (2, 9))

And since the left hand-side is real, and all the remaining terms of the right
hand-side so are, then it must hold that (x,y) — (z,v) is real, but the difference of a
complex number by its conjugate equals the double of its imaginary part and hence
must be zero.

And this equality does not hold for the ||-||cc norm. As a counter-example, take

the functions 1 and 22 in K = [0, 1].

2152l (5= 2+ 2 # 4+ 1= |1+ 2®|3+1 - 22|13,
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Analytic appendix

B.1 Smooth manifolds

We provide here with a basic definition of what is a smooth manifold and some
intuition behind it.

Definition B.1. A set M is called an n-dimensional manifold if it is a Hausdorff

topological space which is locally homeomorphic to R™.

Definition B.2. A set A = {(vi,U;)}i of maps ¢; : Uy — R™ is a differentiable
atlas of M if every U; C M is an open set, the sets {U;}; are an open cover of
M, the maps p; : Uy — ¢;(U;) C R™ are homeomorphisms and the transition maps
P9 0 cpl_l s p1(Ur NU) — @o(Ur NU2) are differentiable.

Definition B.3. A pair (M, A) is called a smooth manifold if M is a manifold and
A is a differentiable atlas of M.

Definition B.4. For an open set V.C M, a function f : V — R™ is smooth if, for
every chart (o, U) such that U NV # @, the function fo o=t : U NV) = R™ is
smooth.

Intuition B.1. Even though the definition of a smooth manifold may seem weird,
it is the simplest way to create a structure which allows us to differentiate in it.
Since differentiability is typically defined for functions from R” to R™, we can not
impose the charts to be differentiable directly as maps M — R™. However, we do
impose the smoothness condition to the very first maps from and to R™ which we can
construct from them: the transition maps. Moreover, the differentiability condition
of transition maps assures us that, in order to check if a function f : M — R™ is
continuous, we only need to check it in an open cover of M, not for every single chart

of A.
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Proposition B.5. Let M C R™ be an n-dimensional manifold. For V. C M an open
subset, T,V =T,M Vpe V.

Proof. Each chart (U,oy) € Ay with UNV # & induces a chart for V' (since
U NV is an open subset of V and if the open sets of Ajys cover M, then so do their
intersection with V' for V). So, we consider in V the differential structure inherited
from the one in M in this way.

Now, for p € V, take pyny a chart of V. T,V = (0, ounv, ..., Ou,, punyv). But
since pyny and @ coincide in a neighbourhood of p, their derivatives are equal and

so is their tangent space. ]

Proposition B.6. For V a finite-dimensional vector space, LAut(V) = End(V),
canonically.

Proof. A direct consequence of (B.5) for Aut(V') is an open subset of R™. O

B.2 The Lie algebra

We start this section by giving an algebraic definition of the tangent space to a

manifold on a point.

Definition B.7. Let E(p, M) :={f € €°>°(U,R) | 3U > p open}.
A map Dy : E(p, M) — R is called a p-derivation if it satisfies both of the

following conditions:

e D is linear.

e D acts as a derivation at p. This is: Dp[fg] = D[flg(p) + flp]D(g) Vf,g €
E>*°(M).

Definition B.8. Given M an n — dimensional manifold, and p € X, let T,M be
the space of on M at the point p.

Intuition B.2. This construction is hard to understand but it can be more compre-
hensible if we consider the following.

If M € R™, and has dimension n, each variable x; of a local chart centered at
p induces a curve 7;(t) = ¢(0,...,tz;,...,0) C M. Then, +/(0) will be a tangent
vector of T, and the {7} := ~/(0)};=1,...» will be linearly independent. And each ~;
induces induces a p-derivation as f — W(O). And it is the derivation along the
direction 7,. We can define then T}, as the vector space generated by velocity vectors

at p of curves along p and prove that T, = ({7, }i=1,...n)-
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The intuition that one can extract of this is that, roughly speaking, on an n-
dimensional manifold, the directions in which one can leave a point p have dimension
n. And any vector in T}, induces a p-derivation given by the directional derivative
in the direction at p it corresponds to. So, when M C R”™, the tangent space at p
corresponds to the vector space of p-derivations.

It can be proven that the space of differential operators of an n-dimensional
smooth manifold has dimension n. Then, it seems reasonable to extend the defini-
tion in this way.

If we let move p along M, and consider a p-derivation D), for each p, the previous
definition allows us to transform functions into new functions:

F(z) == Dy[f]

This motivates the following definition:

Definition B.9. A map D : €*°(M,R) — €°>°(M,R) is called a global derivation
operator if it satisfies both of the following conditions:

e D is linear.

e D acts as a derivation. This is: D[fg](x) = D[f](z)g(x)+ f(x)D]g](x) Vf,g €
C>*(M).

Remark B.1. In particular, a differential operator is an operator, so it can be com-
posed. However, the space of differential operators A(€*°(M, R)) is not closed under
composition. One can easily see that the composition of two differential operators
does not behave as a derivation in general.

Though, A(¢>°(M, R)) C L(€*°(M, R)) and as the composition of linear opera-
tors is still a linear operator, composing two differential operators will yield another
operator that, though potentially not acting as a derivation, will still be linear.

And equivalently:

Definition B.10. A map X : M — TM is called a vector field if toM : M — M
is Id .

Note that a differential operator is therefore a section of the tangent bundle T'M.
The differentiable structure of T'M allows us to have a notion of differentiability for
vector fields.

Definition B.11. We will say that a vector field X is differentiable if it is a differ-
ential map as M — TM. And we shall denote the set of vector fields on M, seen
as operators in €>°(M) as X.
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This may seem complicated but can be made easier if one takes a basis for the
spaces 1, M.

Definition B.12. Let a%i\pe T,M be the p-derivation along the curve y; given as
in (B.2) by a local chart (p,U).

The p-derivation a%i|p can be extended to a differential operator over *° (U, R)

by
9 )
B [f(@) ==

[/]

Gxi x

which we will denote from now on as %. Then, each one of this operators is a

continuous section of the tangent bundle, so altogether form a continuous basis for
the tangent spaces T,M p € U.

As a consequence, a vector field X will be smooth iif, for every chart (¢, U) with
local coordinates x1, ..., x,,

with a; € CKOO(U)

Proposition B.13. (X, [,:]) is a Lie algebra. In particular, X is closed under [-,-].

Proof. There is no big deal here, just the degree two monomials cancelling each other.
We need to use the Schwarz’ theorem and we are allowed to do so because we are
considering X as a space of vector fields acting on €°°-functions.

According to the previous discussion, if X,Y € X, then, taking a chart (U, ¢) of
M with local coordinates 1, ..., Zy,, any two elements X, Y € X can be expressed in
U as

0
X = ZQZ axz Y = Zb](a})a—x]

7j=1
then,
~ 0 — 5]
XY = ;az(ﬂﬁ)axi(; J(x)%)
- "9 ) o 90
=1 ]:1
82
_;az Zal‘zb +b ( )axlax])
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)0
= Zaz 7)0.bj () 5+ > ai(x)bi(x) ST,

Analogously,

YX =) bi(2)5— Z 8%

- 0 0 o 0
= ij(x)(z 879@6"(3:)6701- + ai(x)%jal'i)
7=1 =1
— ;bj(x)(; azjai(x)g + ai(x)m)

7

32
= Z b;( 8% a;(z + Z b;( 8% oz,

Now, we can already see that when we substract both expressions the terms with
second derivatives will cancel each other. O

B.2.1 The Lie algebra as derivations near the identity

The previous discussion let’s us see g as the space of e-derivations. Differentiable
functions allow us to transport derivations from one space to another. In G we have
the smooth functions [, given by left-translation. Then, any derivation X at e can
be extended to one at g by dely(X). It means that any X € g defines a vector field
at the whole G. If we denote X (g) the value of this vector field at g € G, it has the
particularity that X (g) = dely X (e).

Definition B.14. A vector field X in G is called left-invariant if X (g) = delgX (e).
Let Z (G) be the vector space of all left-invariant vector fields in G.

B.2.2 The Lie algebra as the left-invariant vector fields

We want to define a Lie bracket in g, but there is no composition law for e-
derivations. Where we do have it defined is in 2 (G). We will see that these two
spaces are isomorphic and then give the Lie algebra structure to g by making the
isomorphism between them also a Lie algebra isomorphism.

Proposition B.15. g = 2°(G).

Proof. The isomorphism between them will be given by the following linear map:
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E:9—2(G)
X — Lx:G— TG
g delgX

It is injective because if Z(X) = E(Y), in particular they must be equal at the
identity, so X =Y. And surjective because if T' € 2Z'(G), then T'(g) = dclyT(e)
with T'(e) € g and therefore T' = Z(T'(e)). O

Definition B.16. Define in g the Lie claudator as [X,Y] = Z7H([2(X),ZE(Y)]).

B.3 The Casimir operator

B.3.1 Proofs

Proof. We will use the fact that the commutator in Im(Lp) preserves the commuta-
tion relations (5.9). To simplify notation, we will introduce an antisymmetric map
€i ;5 Which satisfies £1 23 = 1, and therefore is 1 in the even permutations of {1, 2,3},
negative for the odd ones and 0 if any index is repeated. Then, the commutation

relations (5.9) can be summarized in:

Zza Z Zgz,],kzk

and therefore,

[Lz;, Lz, E%, 2:,2;] = E:Ew,ksz
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Our goal is to show [C, Lz;] = 0.

= Lz Lz Lz — Lz LyLy,

)

= Lz LzLyz —LzLy Ly + Lz Ly Ly, — Lz Ly Ly,

)

= > LalLa Lo+ Lz Ly,

- ZZ: Lz,Y eijklz, + > eijnlz Lz,
— EZ: Ly Ek: gijklz, + Ek: ekjilz Lz,
- ZZ: Lz, Zk:gi,j,kLZk + (kz: ekjiliz,) Lz,
= EZ: si,j,kLkz,-sz +> €k,];,z‘LZiLZk

— Z(Ei’j’k —+ Ek,j,i)LZiLZkLZiLZk
ik

— Z(Ei’j’k — Si,j,kz)LZiLZkLZiLZk
ik

And therefore, the whole expression vanishes.

B.3.2 Casimir computations in spherical coordinates

Lemma B.17. Let us write the spherical coordinates as:

x = rcosfcos o r=+vax?+y>+22 r>0

y = rsinf cos ¢ 0 = arctan(%) 8 € (0,2m)

z m™ T

a2 Ycbey)

z =rsin¢ ¢ = arcsin(

Then:
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&—Cosﬁcosgb 09 _ _ sind 0¢ _ cosfsing
Z or  rcosd or ”
— =sinfcos ¢ 00 _ cosf 0¢ _ sinfsing
oy Jy rcos¢ oy r
%—Sinqb 90 _ J¢ _ cos¢
0z 9z dz 7
The chain rule
6_81"2+8¢9£+8¢g
yields:
Y cosh ¢g_ sinf 0  cosfsing 0
5y = cosfcos oy T g 5
o 0 cos O sinfsing 0
a—y—s1n9cos¢ar+rcos¢89— . 3
o . 0 cosp 0
%—smgb§+ . %

For the upcomming computations, note that we are defining C' as an operator in

% and Schwarz’s Theorem ensures that then

0? 0?
82:1 822 - 82282’1

The following results follow straightforwardly from them.

Proposition B.18. Fach Lz, is expressed under spherical coordinates as:

0 ., 0
Ly = cos@tangb% — smﬁ%
. 0 0
Lz, = sinftan qf)% + cos 9%
0
L23 — —%
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Proposition B.19. Fach LQZi is expressed under spherical coordinates as:

2
)(,;90 + tan? ¢ cos? Ga—

L%, = —cosfsinf(tan® ¢ +

cos? ¢ 062

0 2 0?

J— 2 —_— 3 1 2 —_—
tan ¢ cos 98¢> 2tan¢cos€s1n0868¢+sm 08gb2

2

L%, = cosfsinf(tan® ¢ + )ﬁ + tan? ¢ sin’ 0(9—

cos2 ¢’ 96 062
2 2
— tan ¢ sin’ 0(;; + 2tan¢cos@sin€a§agZs + cos? 68%52
82
2
L7 = 5g

B.4 Theorems on Lie groups

We have assumed throughout the work the following theorems on the smooth
manifold structure of a Lie group.

Theorem B.20. Let G be a Lie group and H a closed subgroup. Then, G/H is a
differentiable manifold and the projection m : G — G/H ‘is a differentiable map.

For a proof, see ([1], Ch 1).

Theorem B.21. Let G, H be Lie groups and N <G a closed normal subgroup. Then,
G/N is a differentiable manifold and the projection w : G — G/ N is a differentiable
map. Moreover, if N C Ker f for some f: G — H a morphism of Lie groups, then
3! f morphism of Lie groups making the following diagram commute:

G%H

e
ﬂl s
o f

G/~
For a proof, see ([1], Ch 1).
Theorem B.22. There is an epimorphism of Lie groups m : SU(2) — SO(3) with
kernel {Id, —Id}. And therefore, SO(3) = SU(2)/{1d, —1Id} as Lie groups.

For a proof, see (|4], ch 2).
In particular, under this morphism,

gt o 1 0 0
0 il = |0 cost —sint
e

0 sint cost
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B.5 The SO(3) and SU(2) groups

Definition B.23. Let GL(n, K) be the group of invertible n x n matrices over a field
K. We provide it with the structure of group by matriz multiplication and of smooth

manifold by it being an open subset of K",

Note that the multiplication map is smooth under the smooth manifold structure
of GL(n, K) since it is given by polynomial functions on the coordinates.

B.5.1 The U(n) and SU(n) groups
Definition B.24. Let

U(n) :={f € GL(n,C) | (f(2), f(y)) = (z,y) Vz,y € V}
be the unitary group.

Giving it the topology as a subspace of GL(n,C), let’s see that it is a bounded

n2
subset (or homeomorphic to it) of R?" . It will be of later usages to be able to see
the compacity of SU(n).

2
Proposition B.25. U(n,C) is homeomorphic to a bounded subset of R?" .

Proof. The euclidean topology in R" corresponds to the euclidean metric, which is
inherited by the euclidean norm. But since all norms in R are equivalent, if we
show boundedness of a set under any norm, it will be bounded for this norm and
hence for our topology.

Therefore, we will take a matrix norm in R" being defined by

I4]l:= sup f[Az]

llz]|=

where in R™ we take the euclidean norm, even though we denote them equally.
This is a norm and every A € U(n,C) has norm 1 for being unitary. O

Definition B.26. Let

SU(n) :={f € U(n) [ det(f) = 1}

be the special unitary group n.

Proposition B.27. SU(n) is compact.
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Proof. SU(n) is a subset of a bounded set and hence bounded. Also, it is closed
because it is the preimage by det, which is a continuous function in this topology, of
{1}, a closed set.

Therefore, SU(n) is homeomorphic to a bounded and closed set of R and, by
the Heine-Borel theorem, it is compact. O

B.5.2 The O(n) and SO(n) groups
Definition B.28. Let

O(n) :=={f € GL(n,R) [ (f(2), f(y)) = (z,y) Vz,y €V }
be the orthogonal group n,
SO(n) := {f € O(n) | det(f) =1}

be the special orthogonal group n.

Proposition B.29. O(n) is a bounded subset of R" and SO(n) is bounded and

closed and therefore compact.

Proof. The proof to this proposition is exactly the same one than for the previous
section. O
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