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Abstract: In this report, the transformation of coherent states under the group SU(1,1) is investigated.
The algebraic, geometric, and topological properties of SU(1,1) are analyzed. These properties are used
to construct the unitary irreducible representations of the group. For the discrete representations, the
generalized coherent states are defined and examined. Finally, two methods are suggested to answer the
question of the transformation of canonical coherent states of the quantum harmonic oscillator in 1 + 1
dimensions.
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1 Introduction

The canonical coherent states (CCS) of the quantum harmonic oscillator are the most classical states of
the system. Their dynamics and time evolution resemble those of a classical harmonic oscillator. They are
also the minimal uncertainty states, meaning that the position and momentum uncertainties of these states
assume the equality of Heisenberg’s uncertainty principle. As such, they have many interesting properties
and a wide range of applications, both in theoretical and experimental physics.

One of the most fruitful ways to investigate a physical system is to look at its symmetries. The symmetry
of a system can tell us what is allowed and what is not allowed, what the conservation laws that govern
the system are, and so on. Therefore, determining the symmetries of a physical system is a useful tool for
gaining more knowledge about the system.

Once we determine the symmetry of a system, we can also ask how objects that are part of the system
transform under the symmetry of the system. To make this point a little clearer, let us give some well-known
examples from physics. For instance, in quantum field theory, we want our theory to be Lorentz invariant.
Therefore, a natural symmetry of the system that we are working with (the Minkowski spacetime) is the
Lorentz symmetry, which is denoted by the Lorentz group.

Consider a set of four-vectors that live in Minkowski space. In one inertial reference frame, they may
look in a certain way, and in a different inertial reference frame, they may look different. Therefore, they
transform between one inertial reference frame and the other, and since Lorentz transformations are the
elements of the Lorentz group, we say that the four-vectors transform under a certain element of the group.
This is what we mean when we say that x transforms as y under the group G.

Since the way certain objects transform under a group is a quite common and important theme in
physics, we want to do the same thing for the coherent states. We want to investigate the transformation
of the canonical coherent states under the symmetry group of the harmonic oscillator system in one space
dimension. After introducing the coherent states and establishing that the symmetry group of the system is
SU(1,1), we have three goals in this report. Firstly, to examine the transformations of the coherent states,
we need to come up with the unitary irreducible representations of the group SU(1,1). We will classify the
possible representations of this group and then realize them explicitly. Our second goal is to find a suitable
generalization of the canonical coherent states of the harmonic oscillator for more general systems that share
the same symmetry and apply it to our case for the discrete representations of SU(1,1). Finally, by using the
results of the first two goals, we want to find explicit descriptions of the transformation of the canonical co-
herent states under the discrete representations. The first two goals are achieved in this report. For the third
goal, we also came up with an answer, but more work needs to be done in order to obtain more direct results.

Our plan for this report is as follows. After introducing the canonical coherent states in Chapter [2] we
will first establish the symmetry group of our system and show that this is isomorphic to another group
called SU(1,1). Hence, we shall work towards the representations of the group. But some properties of
the group directly affect the possible representations of the group, so in Chapter [3] we will look at the
algebraic, geometric, and topological properties of the group SU(1,1). Then, we want to find the irreducible
representations of the group to see how the coherent states transform under the group. Moreover, we want to
apply this to quantum systems, so we want a normalized vector to stay normalized under the transformation.
Hence, we are interested in the unitary irreducible representations of the group. In Chapter [4] we will classify
and realize all the unitary irreducible representations (irreps) of our group. In Chapter [5] we will introduce
a generalization of the CCS called generalized coherent states (GCS) and investigate the GCS of our group
SU(1,1) under a certain unitary irrep of the group. In doing so, we will develop the necessary tools to
answer the question of how the generalized coherent states transform under the representations of the group.
Finally, in Chapter [6] we will return to the original question and ask how CCS transform under the group
SU(1,1). We will answer this question by establishing a correspondence between generalized and canonical
coherent states. We will conclude the report by suggesting a different representation of the group that would
be helpful to investigate the transformation of canonical coherent states in a more direct way.



Before starting the technical discussions, we would like to give some motivation for studying the subjects
in this report, both from a mathematical and a physical point of view.

1.1 Motivation for Physics

In experimental and theoretical physics, canonical coherent states play an important role in quantum optics
and laser physics [2, p. 107]. They bridge the gap between the quantum theory of light and the classical
theory of light [10, p. 47]. Because they resemble the classical states, they have many nice properties that
one can exploit.

In theoretical and mathematical physics, coherent states were used in the investigation of the following
problems: condensation phenomena in a system of interacting bosons, the existence of a classical limit for
quantum mechanical correlation functions in a class of field theories, proof of the virial theorem for liquid
helium, obtaining a quasiclassical description of solitons in nonlinear field theories, and many other examples
[, p. 714).

As their name suggests, generalized coherent states are generalizations of the canonical coherent states of
the harmonic oscillator. They naturally arise in physics problems with dynamical symmetries. Generalized
coherent states allow for the simplification of the solution of a quantum problem by reducing it to a simpler,
classical problem |14} p. 703]. For example, the generalized coherent states for the discrete series representa-
tion of the group SU(1,1) have applications in the problems of parametric excitation of a quantum oscillator
and the superfluidity of an almost-ideal Bose gas |14, pp. 717, 718].

The numerous examples above clearly demonstrate that both canonical and generalized coherent states
have many applications in diverse areas of physics. Therefore, a better understanding of these states may
lead to new insights in a variety of theoretical and experimental research areas. Transformation of coherent
states is a very fundamental property that one can investigate to gain a better understanding of these states.
However, their transformations are far from trivial, so it is quite desirable to obtain explicit results about
their transformations.

1.2 Motivation for Mathematics

We introduce and extensively use Lie groups and Lie algebras. Lie groups have direct applications in a num-
ber of areas in mathematics, including but not limited to analysis, algebraic topology, algebraic geometry,
differential geometry, number theory, and general topology. Another important application of Lie groups is
mathematical physics, in particular topics like gauge theory, particle phenomenology, and general relativity.
They act like a bridge between differential geometry and group theory, which is evident even from the defi-
nitions.

Due to their importance in modern mathematics, we wanted to study a subject that includes a significant
amount of Lie theory. It is one of the best topics that one can study that is mathematically deep and rigorous
with plenty of applications in physics.

Another topic on which this thesis is heavily based is representation theory. Representation theory has
applications in algebra, number theory, topology, discrete mathematics, physics, and computer science. Es-
pecially the representation theory of non-compact Lie groups uses a lot of methods from different branches of
mathematics and brings them together, which is also visible in this thesis: we use algebra, geometry, topol-
ogy, complex analysis, and functional analysis to come up with certain representations of a non-compact Lie

group.

One of the simplest non-compact, simple Lie groups is SL(2,R). Due to this, any set of lecture notes
written about the representation theory of Lie groups includes some discussion on the representations of
SL(2,R); for instance, see |9] in which there is an entire chapter on the unitary representations of SL(2,R).
This is essentially what we are doing in this report for the unitary irreducible representations of the group,



after we identify its isomorphism with the group SU(1,1). Because the group is non-compact, the unitary
representations of the group except the trivial representations are all infinite dimensional, which makes the
task of finding such representations highly nontrivial.

As a result, classifying unitary irreducible representations of the group SU(1,1) is very applicable to a
wide range of problems in representation theory.

2 Background Material

2.1 Prerequisites

In this thesis, we assume some background knowledge that is acquired by the physics and mathematics
courses that are taught at the Bachelor’s degree of the University of Groningen. Especially some famil-
iarity with nonrelativistic quantum mechanics and basics of group theory (definition of groups, group ho-
momorphisms, definition of representations, reducible/irreducible representations) is essential, and relevant
definitions/theorems are used with very little or no explanation. Additional topics that are needed for the
thesis include Hamiltonian mechanics, complex analysis, geometry, functional analysis, general topology, and
theory of smooth manifolds. However, the later topics are used at a basic level and most of the report should
still be accessible if some of the background knowledge is missing.

2.2 Quantum Harmonic Oscillator and Canonical Coherent States

Recall that the stationary states |n) of the quantum harmonic oscillator in 1+ 1 dimensions have the position
representations |11} p. 57]

@)1/4#
Th \V2mn!

where m is the mass, w is the angular frequency, h is Planck’s constant, { = /"?x and H, (&) are the
th

In) = (zn) = (@) = ( H,(&)e ¢/ (2.1)

Hermite polynomials. Throughout this chapter, we will use |n) and ), interchangeably to denote the n
energy eigenstate of the harmonic oscillator.

When we calculate the position and momentum uncertainty of the stationary states, we find that their
product depends on the state n: 0,0, = (2n + 1)i/2. Hence, among the energy eigenstates of the system,
only the ground state of n = 0 hits the uncertainty limit. One can ask if there are solutions to the harmonic
oscillator system, other than the vacuum state, that also minimize the uncertainty product. In this section,
we will define canonical coherent states (CCS) of the harmonic oscillator and show that they indeed minimize
the uncertainty product. We will also investigate some of their properties.

Recall the raising and lowering operators of the harmonic oscillator: a4+ = \/ﬁ($ip + mwz) where z

and p are the position and momentum operators, respectively. They have the property

a_ln) = Valn = 1), ailn) = Vi In+1) (2.2)

Furthermore, they are the Hermitian conjugates of each other: (a4)* = a_. With these simple reminders,
we are ready to give the definition of canonical coherent states.

Definition 2.1. The canonical coherent states of the quantum harmonic oscillator are the normalized
eigenfunctions of the lowering operator: a_|a) = ala) with the eigenvalue « any complex number.

We now prove the most important property of CCS: they are minimum uncertainty states.

Theorem 2.2. Let |a) be a canonical coherent state. Then, 0,0, = /2, where 0, is the standard deviation
of the operator o.



Proof. We begin by calculating the expectation value of z, () = (a|z|a). In terms of the raising and

lowering operators, x is given by z = 1/%(@4r +a_):=c(ay +a_). Then, we get

(x) = (alz]a) = (alcay + ca_|a) = cla_ala) + cla|aja) = c(a + @) = 4/ %QRG(OO (2.3)

where Z denotes the complex conjugate of z. With similar algebraic manipulations, we obtain

(x?) = L(1 +4Re?*(a)), (p) = —mmTWQIm(a), (p?) = hmT“u — 4Im?(a)). (2.4)
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Using the expressions above, we get o3 = 51—~ and 0, = #3%, so that 0,0, = h/2.

O

We would like to express the coherent states in the basis of the energy eigenstates. The next theorem
provides an expression for this.

Theorem 2.3. The canonical coherent state |a) is given by |a) = e~lo*/2 Yoo %\n) in terms of the
stationary states |n) of the harmonic oscillator.

Proof. Because the energy eigenstates form a basis of the Hilbert space, we can write |a) = Y7 ¢, |n) for
some coeflicients ¢,,. For a fixed value of n, we can find this coefficient by calculating

e = (nfo) = %«amwm — ——(Wol(a)"a) = " (inlo) = jﬁ

We can determine ¢y by normalizing the coherent state. Observe that

|a|2n o2
(a|a) = Z lenl? = Z T\COF =el*leo? = 1. (2.6)
n=0 n=0 ’

Hence, we have |cg|? = e*|a|2, so we can choose ¢y = e—lal?/2, Putting everything together, we get

o0

o) = elal/2 3 %\m. (2.7)

O

The canonical coherent states of the harmonic oscillator are usually said to be the most classical states,
meaning that their dynamics resemble the oscillatory behavior of the classical harmonic oscillator the most.
This is especially true in the field of quantum optics, where the canonical states play a crucial role because
of their similarities to the classical states. For a great discussion of the similarities of the coherent states of
light with the classical states of light, see Chapter 3 of [10]. On top of minimizing the uncertainty product,
coherent states also stay coherent over time with their eigenvalues evolving in an oscillatory fashion, which is
another reason why they resemble a set of classical states. The following theorem formalizes this [11} p. 129].

Theorem 2.4. Adding the time dependence |n) — e~Fnt/Pn)  the time-dependent quantum state of the
canonical coherent state |a), denoted by |a(t)), remains an eigenstate of a_ and the eigenvalue evolves as
a(t) = et over time.

Proof. Recall that the energies of the stationary states are given by E,, = (n + %)hw Hence, we obtain

_ Q" |a?/2 —iBat/hy o\ _ O 22 i1 2wty —iwtj2 N (€T ey
|a(t)) = Z ﬁe e |n) = Z Te e |n) =e Z Te [n).
n=0 :

n!

n=0 : n=0 n!
(2.8)
Apart from the global phase factor, which is physically irrelevant, |a(t)) is the same as |a) with the
eigenvalue a(t) = e~ “a.
O



Because their eigenvalues evolve over time, canonical coherent states are not energy eigenstates. However,

their time evolution looks like one: iw = wl|a(t)). This is one of the reasons why the time evolution of

the canonical coherent states resembles the evolution of the classical harmonic states.

There is an alternative definition of the canonical coherent states of the harmonic oscillator in terms of
the displacement operator. We start by defining this operator.

Definition 2.5. The displacement operator D is defined as the unitary operator D(a) = e*+~%~ with
aeC.

The displacement operator can also be expressed as follows.
Proposition 2.6. D(a) = e~ lo*/2¢aa+ o —aa-

Proof. Let A= aay,B = —aa_. Then [A, B] = |a|?, which is a real number. Because real numbers commute
with operators, we have [A, [A, B]] = B, B, A]] = 0. Using the Baker—Campbell-Hausdorff formula, we get

eAeB — oA+B+3[ABl+15[A[ABll+ 15 [B,[B.All+ _ (A+B+3[al? (2.9)

so that eAtB = eAeBe~1oI/2 This shows that D(a) = e~lol*/2¢0a+ g—aa—
O

With this proposition at hand, we are ready to state the following theorem.

Theorem 2.7. The coherent state |a) is generated by the action of the displacement operator on the vacuum
state: |ay = D(a)|0).
Proof. First, observe that we have e=**-[0) = >°,_, (7&1#|0> = |0) since a’ |0) = 0 for all [ except [ = 0.
We similarly compute

10 = 3 Tp(en)"10) = 3 i (2.10)

n=0
where we use the identity that |n) = \/%(a+)”|0>. Combining the equalities above, we obtain |a) =
—lal? o) o™ .
D(@)[0) = 7125752 | 2% ).
O

This theorem allows us to give an alternative definition: coherent states are generated by the action of
D(«) on the vacuum state.

This theorem also shows why this operator is called the displacement operator. Eq. shows that the
expectation values for the operators z and p of the ground state |0) are both 0. Therefore, we can represent
the ground state as the origin of a 2—dimensional phase space where the real axis represents the expectation
value of z and the imaginary axis represents the expectation value of p with appropriate scaling factors.
Again, the expressions in Eq. show that the expectation values for x and p of the canonical coherent
states with the eigenvalue « are also proportional to the real and imaginary parts of the complex number .
As a result, the displacement operator D(«a) displaces the vacuum state from the origin of the phase space
to the point « of the phase space, which corresponds to the canonical coherent state of |«). For more details
on the geometric interpretation of the canonical coherent states in phase space, see |10, Section 3.6].

Another interesting property of the coherent states is that they are not mutually orthogonal. In other
words, if one takes two different coherent states, their inner product will be nonzero. We demonstrate this
in the next proposition, where we see the value of the alternative definition in terms of the displacement
operators |2, p. 114].

Proposition 2.8. Coherent states do not form an orthogonal set. In particular, the inner product of two
coherent states is given by (Bla) = e—3(al>+181*)+aB



Proof. Using Theorem [2.7] and Proposition we calculate

(Bla) = (0|DT(8)D()[0) = (0o e~ o= gxr e=Fa= ) el 1), (2.11)

Expanding the Taylor series for the exponential function, we can use our results from the proof of
Theorem. to get

O|(1+Ba_ + - )1+ aay +---)|0) = (---+ (1|8 + (0))(|0) + 1) +---). (2.12)
Finally, using the orthogonality of the stationary states, we get
_ 1 _ _
(Bla) = e~ 2(eP+B) (1 1+ 0B + i(agf + o) = em2llal’HIBP) B (2.13)
O

Although coherent states are not orthogonal, they still have the following completeness relation, which
is also called a resolution of the identity [2, p. 115].

Theorem 2.9. The completeness relation of the coherent states are given by + [ d?ala){al = I, where d*a
represents the area element dxdy with z = x + ip, and the integration is evaluated over the entire complex
plane C.

Proof. Using the expression of coherent states in terms of the energy eigenstates, we obtain

%/d2a|a)<a| _ in;m\/1%|n)(m|/d2ae_a|2a”(a)m. (2.14)

Let a = re'?. The integral on the right-hand side can be evaluated as

00 2m o'}
/d2a67|“‘ a (@)™ :/ rdre” "yt dpe’ (MY — 271'/ rdre”" " "5, (2.15)
0 0 0

where 6, is the Kronecker delta. Moreover, with the change of variables of r? = t,2rdr = dt, we can
evaluate

2/ rdre™" r2n = / e '"dt =T(n+1) =n! (2.16)
0 0
to recover the definition of the gamma function. Combining everything, we obtain
l/d?a|a><a| _ lz n)(nfrnt = Z\n (2.17)
T ™ '

O

Using the last two statements, we see that the coherent states form an overcomplete set. This means that
any coherent state can be expanded in terms of the other coherent states, and hence they are not linearly
independent. Combining Theorem [2.9] and Proposition [2.8] we get the following expression of a coherent
state as a continuous linear combination of other coherent states:

18) = i/d2a|a>(a\ﬂ /an\a ¢~ (ol +8%)+aB (2.18)



2.3 Description of the Problem

In the last section, we defined the canonical coherent states of the harmonic oscillator and looked at some
of their properties. A very fundamental question that one can ask is the following: How do the canonical
coherent states transform under the symmetry of the harmonic oscillator system?

But to ask this question meaningfully, we should first answer a simpler yet crucial question: What is the
symmetry of the harmonic oscillator system? In this section, we will answer this question, and once we find
the answer, we will tackle the more challenging question about the transformation of the coherent states
under this symmetry of the system.

The mechanical system of the quantum harmonic oscillator can be analyzed using Hamiltonian mechanics.
Indeed, when we analyze the harmonic oscillator, we start with the Hamiltonian of the system and solve the
Schrodinger equation using this Hamiltonian. Although the idea of generalized coordinates that is familiar
in Hamiltonian mechanics does not seem to appear when we are working in quantum mechanics, this is not
the fault of quantum mechanics but rather the picture that we usually work with. Indeed, in the Schrédinger
picture of quantum mechanics, the wavefunctions are usually expressed in the position basis, and one can take
the Fourier transform to move to the momentum basis. This hints at the interconnectedness of position and
momentum while describing the system. In fact, there are alternative formulations of quantum mechanics
where the quantum states depend both on position and momentum in a much more explicit way. An
example of this formalism is called the Wigner functions, introduced by Eugene Wigner. For an introduction
to Wigner functions, see [12] and [4]. As a simple example, the Wigner function of the ground state of the
harmonic oscillator is given by

1
Wo(z,p) = — exp(—a’p*/I* — 2%a’) (2.19)

where a2 = L.
mw
In this view, the harmonic oscillator is also a Hamiltonian system, and we will look for the symmetry
of the phase space. Although the following arguments are based on the Hamiltonian formalism of classical
mechanics, for dynamical systems with quadratic potentials such as the quantum harmonic oscillator, the

obtained results also correspond to the symmetries of quantum systems.

Recall the Hamilton’s equations of motion in two-dimensional phase space:

d OH 4 OH
S - (2.20)
dt dp dt dq
where H is the Hamiltonian of the system, and ¢ and p are the generalized position and momentum,
respectively. Defining n = (¢, p), we can rewrite Eq. as

n=JV,H (2.21)
9

where 7 is the time derivative of 1, J is the matrix (_01 (1)) ,and V, = ( E) is the derivative with respect
op

to n coordinates.

Consider now a differentiable function F(n) = F(Z) = (ggg’g) = (Z:) = ¢ that preserves the form

of Hamilton’s equations. Such a coordinate transformation is called a canonical transformation. Denote

of of
the Jacobian of this function as M := DF(n) = ( 5L op ) Under this change of coordinates, the partial

99 99
dq Op

svati 9 _ of 8 99 0 9 _ of 9 99 8 ; ;
derivatives transform as 5 — 9994 + 9q0y° g = Bg 07 + g Oy Observe that this can be written

compactly as V, H = MTV_H where we act on the Hamiltonian, so that

n=JV,H=JM"V_.H. (2.22)

It also follows by the chain rule that ¢ = M7. Hence, we have the equation



¢=JV.H=Mnp=MJIM'V.H (2.23)

which shows that M JM7T = .J. As a result, the Jacobian matrices of all the canonical transformations satisfy
the condition above, called the symplectic condition. These matrices form a group, called the symplectic
group in dimension 2, denoted by Sp(2,R). Of course, it is trivial to extend this to higher-dimensional phase
spaces to obtain the symplectic group of Sp(2N,R) where N is the dimension of the physical system.

Let us denote M = (‘; Z), then the symplectic condition gives

MIMT = (25 (%) (38) = (alhe 50) = (51) =7 221
Hence, the group Sp(2,R) is given by

Sp(2,R) ={M = (}§):det M =1, a,bc,d€R}. (2.25)

We can observe that this is also the definition of the group SL(2,R), so that we automatically get
Sp(2,R) = SL(2,R) as groups. In Chapter [3| we will define another group called SU(1,1) that is also iso-
morphic to Sp(2,R), and use this group for the rest of the report.

We are ready to define the problem that we will investigate in this report. Given the coherent states of
the quantum harmonic oscillator, how do these states transform under the group SU(1,1) which is a natural
symmetry of the system? Is it possible to generalize the idea of coherent states and see how they transform
under the group SU(1,1)? In the remainder of the report, we will develop tools to answer these questions.

In order to answer the question ”How does z transform under the group G7” we need to use representation
theory. Therefore, we need to find representations of the group SU(1, 1) that will act on the coherent states.
Furthermore, the representations of finite or semi-simple Lie groups (see Definition [3.4)) can be written as a
direct sum of irreducible representations. Hence, to investigate the representations of the group, we should
find the irreducible representations of SU(1,1). Moreover, we want to act on the coherent states of the
harmonic oscillator with these irreducible representations, which are special quantum states. In quantum
mechanics, physical systems have a norm of one because of their statistical interpretation. Hence, after we
transform a coherent state, we would like the transformed state to be also normalized. As a result, we would
like to have a unitary representation that would preserve the inner product of the underlying Hilbert space.
Putting everything together, we are after the unitary irreducible representations of the group SU(1,1) to
investigate the transformation of coherent states. Although this seems like a rather technical request, it
naturally follows from all the conditions that we want to satisfy.

2.4 Lie Groups, Lie Algebras, Representations

In order to answer the questions we discussed above, we need tools from the branch of mathematics called
Lie theory. It is a vast topic with many applications in mathematics and theoretical physics. In this section,
we will very briefly introduce most of the notions that we need for the rest of the report related to Lie groups
and Lie algebras. Some definitions will be introduced later when they are needed.

We start with the definition of a Lie group [16, p. 151].

Definition 2.10. A real Lie group G is a smooth manifold that is also an algebraic group, with the property
that the multiplication map p : G x G — G, : (g,h) + gh, and the inversion map ¢ : G — G,1: g+ g~}
are smooth.

In both physics and mathematics, Lie groups are analyzed mostly from an algebraic perspective. This
motivates us to give an alternative working definition of a Lie group, which is not perfectly rigorous but
works for most cases reasonably well: ” A Lie group is a group whose elements depend on a set of parameters
analytically, i.e. g = g(z1,- - ,2,) with the number of parameters denoting the dimension of the Lie group.”



Next, we give the definition of a Lie algebra. Initially, it looks completely unrelated to the definition of
a Lie group, but as we will see, they are intimately related to one another.

Definition 2.11. A real Lie algebra L of dimension n is a real n-dimensional vector space endowed with a
product [a, b] called the Lie product, with the properties

1. [a,b] € L, Va,be L
2. [aa+ Bb,c] = ala, ]+ Blb,c], Va,b,c€ L, Va,B€R
3. [a,b] = —[b, q]
4. [a,[b,c]] + [b, [c,a]] + [¢, [a,b]] =0, Va,b,ce€ L
where the last property is known as the Jacobi identity.

For the remainder of the report, we will be working with the commutator [A, B] = AB — BA as the Lie
product.

How is the Lie algebra related to the Lie group? The following theorem answers this question.

Theorem 2.12. Let G be a Lie group. The tangent space to G at the identity element e is a Lie algebra
in the sense of Definition |2.11) It is usually denoted by T.G := g (name of the group written in italic and
lowercase letters, e.g. the group is SU(1,1) and its Lie algebra is su(1,1)).

We will not prove this theorem, but the interested reader can see a proof, for instance, in Appendix A
of [16]. Since the Lie algebra of a Lie group is the tangent space at the identity, we can find the elements of
the Lie algebra by defining smooth curves on the Lie group and looking at the vector space spanned by the
derivatives of these smooth curves. Because we can see the Lie group as a group whose elements analytically
depend on a set of parameters, we can generate the elements of the Lie algebra by differentiating the group

with respect to different parameters at ¢t = 0. Hence, one should choose a parameterization g = g(z1, - ,zp)
such that g(x1(t), -, zn(t))|t=0 = e. Some examples will be given in the following chapter.
Because the Lie algebra L is a vector space of dimension n, we can fix a basis {a1,---,a,}. Consider

the Lie products [ap,a4]. Since they are also elements of the Lie algebra, they can be written as linear
combinations of basis elements:

lap, aq) = Z gl (2.26)
r=1
The terms f}, are called the structure constants, and they fully specify the Lie algebra.

We saw that one can go from the Lie group to the Lie algebra by differentiating the curves that param-
eterize the group at the identity. To go from the Lie algebra to the Lie group, we use the exponential map
exp, which is defined as the usual exponential map for matrices:

o0 An
A _ E

The following theorem justifies this [3| p. 26].

Theorem 2.13. For all a € L there exists a one-parameter subgroup of G that can be defined by T(t) =
exp(ta),t € R.

We now introduce a representation of the Lie algebra that will be useful for some of the upcoming
theorems, called the adjoint representation [3, p. 31].



Definition 2.14. Let L be an n-dimensional Lie algebra with a basis {a1,--- ,a,}. The adjoint represen-
tation ad is defined by

la,q;] = Zak (ad(a (2.28)
One can check that the matrix elements of ad(a) relate to the structure constants as follows:

(ad(ap))k; = fh;- (2.29)

We now introduce a definition that will be used a lot in the following chapters.

Definition 2.15. A Casimir operator is a quadratic operator that commutes with all elements of the Lie
algebra.

Even though these terms may be new to physics students, we have been using them a lot without realizing
it. Take, for instance, angular momentum, which is related to the rotations in space. The group of rotations
in three dimensions is a Lie group called the special orthogonal group, denoted by SO(3). In quantum
mechanics, we define the angular momentum operators L, Ly, L., which are nothing but the basis elements
of the Lie algebra so(3). We say that they generate rotations about the z,y, z— axes, respectively. We then
define the operator L? = L2 + Lz + L? and note that it commutes with the operators Ly, Ly, L,. L? is
nothing but the Casimir operator, since it commutes with any vector of the form a, L, + ayLy +a, L., so it
commutes with every element of the Lie algebra. This example shows that Lie groups and Lie algebras show
up everywhere in physics very naturally, and physics students are already using these concepts implicitly.

We continue with another definition.
Definition 2.16. The Killing form B(a,b) of the two elements a, b of a Lie algebra L is defined by
B(a,b) = Trlad(a)ad(b)] (2.30)
where Tr is the trace function and ad is the adjoint representation.
k

If a, is a basis element of L, then the adjoint representation of a,, is the matrix given by ad(a,)r; = f,;,
k

where fJ; are the structure constants of the Lie algebra. Now, take two arbitrary elements a,b in L and
write them as

a= Z apay, b= Zﬁqaq. (2.31)
P q

Their matrix product in the adjoint representation is given by

(ad Z Z Z ap (ld a’p Zk'ﬁq CLd aq Z Z apﬁq Z f;k (232)

We need to take the trace of this matrix:

Trlad(a)ad(b) Z prkff] JapBq = ngqapﬁq (2.33)
P9 k,j P,q
where we defined
k,l

We note that for a semi-simple Lie algebra (see Definition [3.7)) one can view g, as a metric tensor where
the inner product is given by the Killing form. Then g,,, is called the Cartan metric tensor.

There is much more to be said about Lie groups and Lie algebras, but we conclude this chapter with the
following theorem [3, p. 100].
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Theorem 2.17. Let {ay, -+ ,a,} be a basis of a semi-simple Lie algebra and V' be the carrier space of some
representation of L whose linear operators are denoted by ®(a),a € L. Then the Casimir operator Cq is
given by

Cy= Y ¢"®(a,)®(a,) (2.35)

p,q=1

where gP? is the inverse of the Cartan metric tensor.

3 Basics of SU(1,1)

As discussed in the previous chapter, we want to find the unitary irreducible representations of the group
SU(1,1). To achieve this, we need to take a closer look at the group itself. In both Chapter and Chapter
we will make use of the geometric, algebraic, and topological properties of the group that we will investigate
in this chapter.

3.1 Why SU(1,1)? The relation between SU(1,1) and the Symplectic Group

In this section, we will define the group SU(1, 1) and show that it is isomorphic to Sp(2,R) as a group. This
makes it possible to work with SU(1,1) as a symmetry group of the quantum harmonic oscillator.

Let U be a 2 x 2 matrix with complex entries, and define the matrix g = ((1) _01). The special unitary

group of signature (1, 1), denoted by SU(1,1) is the group of all matrices of unit determinant that satisfies
the equation

UlgU =g (3.1)

1

where UT is the conjugate transpose of U. Noting that g~! = g, this equation can equivalently be written as

Ut =gU g™t (3.2)
Let U = (: ?) Then, we have

= ) r=G )

This gives the relations § = @ and v = 3. As a result, we have the following definition:

SU0LD) = U e (€ U= (§ ). faf - 9P = 1), (3.9

As discussed before, the reason we are interested in the group SU(1,1) is because it is isomorphic to
the symmetry group of the 1-dimensional quantum harmonic oscillator, Sp(2,R). We now establish this
isomorphism |1} p. 591]. Define the map

f:SU,1) = Sp(2,R), W =W =TWT* (3.5)
where 7' is the unitary matrix 7' = —5( 1, 7'). We first check that the map is well-defined. Note that
ar— P2 —az+ B
az+ B o1 — P
(; g) . |a]?*~|B|> = 1. Clearly, the entries of W are real. Furthermore, det W = (a2 +a3)—(87+53) = 1.
As a result, W € Sp(2,R), so the map is well-defined.

the matrix W is given by W = ( ) where a = a1 +iag, 8 = [1 + i and W =

We check that the map is a group homomorphism. This follows from

11



FOVIWy) = TWAWLT ! = TWIT ' TWLT 1 = f(W1) f(Wa). (3.6)

Finally, the map is bijective because the inverse of f is given by

f71:Sp(2,R) = SU(1,1), Wis=T"'WT. (3.7)

Therefore, we conclude that f is a group isomorphism and we have SU(1,1) & Sp(2,R) = SL(2,R).
Establishing these isomorphisms is useful because we can go back and forth between the groups to determine
their algebraic properties, based on convenience.

3.2 Parameterization, Lie Algebra, and Generators

Now that we have the definition of SU(1,1), let us look at some of the algebraic properties of the group. We
start with a simple parameterization of the group, from which we compute the corresponding Lie algebra of
su(1,1).

. (0% /8 o a—bi c—di . 2 2 2 g2 _ .
IfU € SU(1,1), then we have U = (ﬂ a) = <c+di ot bi) with a* + b* — ¢ — d* = 1. If we pick
a > 0, then we can treat b, ¢, d as continuous parameters of the group and write U (b, ¢, d) with U(0,0,0) = 1.

From this, one can compute the derivatives of the parameters at the identity to compute the generators of

the Lie algebra. We thus get
oU| _ (=i 0 Ul (0 1) Ul (0 =i 69
8bH_0i’ 30]1_10’ 3dﬂ_i0' '

We define the basis elements of the Lie algebra, in other words, the generators of su(1,1) as

y _0U[ L1 0N _1 iU _ifo 1y_i_ . _iou| _i(0 1\_i_
T 2ap), 2\0 —1) 2" 7o 2\l 0)  2°" P 2494), 2\1 0) 277
(3.9)
where o; are the Pauli matrices. They obey the commutation relations
[b1,b2] = —ibo,  [ba, bo] = ib1, [bo, b1] = ibs. (3.10)
Therefore, the structure constants are given by
Yy =—i, flo=1i, f2 =i, 0 otherwise. (3.11)

In Section we will show that SU(1,1) is simple, so we can construct the Cartan metric tensor with
goo = Zf(l)cmférxi =2, gn=-2, gp=-2, 0 otherwise. (3.12)
k,m

This gives the Cartan metric tensor as

2 0 0
g=10 -2 0 (3.13)
0O 0 -2
with the inverse
1/2 0 0
gt=(0 -1/2 o |. (3.14)

0 0 —1/2

From this, we construct the second order Casimir operator by
2 1 1 1 1 1 1
Cy= Y g"®(by)(by) = 5<1>2(bo) — —®%(hy) — 5<1>2(b2) =_B2—-_-B? - _B? (3.15)

2 2 27l 9
p,q=0

12



where gP? is the inverse of the Cartan metric tensor, and ¢(b;) = B; are the operators in the carrier space
of the Lie algebra. Of course, one can scale the structure constants without changing the structure of the
Lie algebra, so that we can scale the Cartan metric tensor and the Casimir operator as well. It makes sense
that if Co commutes with all elements of the Lie algebra, then A\C will commute with all elements as well,
where A is some scalar. Using this freedom, we define the Casimir operator of our group as

C,s = B2 — B} — B2. (3.16)

3.3 Algebra and Topology

In this section, we will show some of the algebraic and topological properties of the group SU(1,1).

3.3.1 Dimension

When we computed the generators of the Lie algebra in Eq. we already found 3 linearly independent
vectors in su(1,1) which span the whole space, so we know already that the dimension of the Lie algebra is
3. This was trivial to obtain because we had an explicit parameterization of the entire group, where we had
4 real parameters and 1 equation, giving us 3 free real parameters. Here, we present an alternative, more
general way of determining the dimension of a Lie group from its Lie algebra.

To achieve this, we first state the following theorem [16] p. 39].

Theorem 3.1. Let M be a smooth manifold of dimension n and p € M. Then T,M is a vector space of
dimension n.

A direct corollary of the above theorem is that we can find the dimension of a (connected) smooth man-
ifold (i.e. the Lie group) by looking at the dimension of its tangent space at a point, which is precisely the
Lie algebra if the point is the identity element of the group.

b
d
is close to the identity so that U = exp(ta) for some a € sl(2,R) and for some sufficiently small ¢ € R. Then,
det(et®) = €T () = 1 50 that Tr(a) = 0. Therefore, sl(2,R) consists of traceless 2 x 2 matrices. Therefore,
sl(2,R) has dimension 3. Since SU(1,1) is isomorphic to SL(2,R) as a group, su(1,1) is isomorphic to
sl(2,R) as a Lie algebra, and hence the dimension of su(1,1) is 3 as well. Using Theorem we conclude
that SU(1,1) is three dimensional, verifying our initial finding.

Let us use the group SL(2,R) for this. Recall that U € SL(2,R) if U = ((Cl :ad—bc = 1. Suppose U

3.3.2 Connectedness

In this section, we introduce another parameterization for SU(1, 1), which is used to show the connectedness
of the group. Moreover, the subgroups generated by this parameterization will be used in the following
chapter as well.

5
[

Let g € SU(1,1) such that g = , |af®> =8> = 1. Without loss of generality, we can as-

Q@
B
sume that o = cosh%ei(“‘””p)ﬂ7 b= sinh%ei(“"_”’)/z where (p,t,1) runs through 0 < ¢ < 27, 0 < ¢ < o0,
—271 < 1) < 27, This follows from the identity cosh?z — sinh® z = 1 and the fact that any phase can be ob-

tained with combinations of #, % in the given range of parameters. Essentially, we are parameterizing

two complex numbers with magnitude squares differing by one, which is all we need to parameterize SU(1,1).

Note, however, that this provides a very nice factorization of our group:

coshleilet¥)/2  ginhieile—)/2
g@’t’w):(sinh%eiw‘ﬁ)/? costleitetv)2 ) = 9(#:0,0)9(0,1,0)9(0,0, %) (3.17)
2 2

Based on the factorization in Eq. we define the following one-parameter subgroups of SU(1,1):
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_ _ (coshi sinhj [ coshs  isinh B _[et? 0
wilt) = 9(0,4,0) = (sinhé coshi )’ wa(t) = —isinhf  coshf /~ wo(t) = 9(t,0,0) = 0 e-it/2)"
(3.18)

Take an arbitrary matrix in SU(1, 1) and write it as above so that ¢’ = g(¢’,t’,¢’). Fix the parameters
t',4’" and continuously change the ¢ parameter to 0. Crucially observe that for any 0 < ¢ < ¢, g(p,t',v’)
is still in SU(1, 1) as all the parameters are still in the given range. One can repeat the same argument with
t' and 9’ to conclude that there is a path from any g € SU(1,1) to go(0,0,0) = I. This shows that the group
is path-connected. Furthermore, for a topological space, path-connectedness implies connectedness (we note
that the converse also holds for a differentiable manifold, in particular for a Lie group). As a result, we find
that SU(1,1) is connected.

3.3.3 Non-compactness

Non-compactness of SU(1, 1) is the most straightforward topological property to verify. It is a fundamental

result of the general topology that subsets of R™ are compact if and only if they are closed and bounded.
. . o a — b’L C — dZ . 2 2 2 2

In this view, take U € SU(1,1) and denote U = (chdi a+bi) with a® + b* — ¢* — d* = 1. Clearly,

the parameter space of our Lie group, which is also a smooth manifold, can be viewed as a subset of R

Therefore, it suffices to show that SU(1,1) is not bounded to conclude that SU(1,1) is not compact.

Theorem 3.2. SU(1,1) is not bounded.

Proof. We can show that SU(1,1) is not bounded by equivalently showing that for any k£ > 0 € R, there
exists a point p = (a,b,c,d) € SU(1,1) C R* with a®+b*—c?—d? = 1 such that ||p|| > k. For any k > 0, take
P = (k,1,k,0). Clearly, a® + b* — ¢ — d?> = 1 so that p € SU(1,1). Moreover, ||p|| = Va2 + b2+ 2 +d? =
V2k? +1 > k. This shows that SU(1,1) is not bounded. O

Of course, boundedness is not a topological property; it is not preserved under homeomorphism. However,
compactness is, so showing that SU(1,1) is not bounded for any parameterization is sufficient to conclude
that it is not compact.

3.3.4 SU(1,1) is Simple

In this section, we show a group-theoretic property of SU(1,1), namely that it is a simple Lie group. We
start with two definitions.

Definition 3.3. A Lie group is simple if it is a connected, non-Abelian Lie group which does not posses a
proper normal Lie subgroup.

Definition 3.4. A Lie group is semi-simple if it is a connected, non-Abelian Lie group which does not posses
an Abelian normal Lie subgroup.

As a common theme in Lie theory, we will look at the Lie algebra to investigate the group. More
definitions are needed to achieve this, where the definitions are adapted from [3].

Definition 3.5. The vector subspace L' C L is said to be a subalgebra of the Lie algebra L if it satisfies
the following conditions:

1. L’ is endowed with the same Lie product as L is a Lie algebra;
2. If o/, € L, then [a/,b'] € L'.
Furthermore, if [a’,b] € L' for all ' € L' and for all b € L, then L’ is an invariant subalgebra of L.

With this definition at hand, we are ready to define simple and semi-simple Lie algebras.
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Definition 3.6. A Lie algebra is said to be simple if it is not Abelian and does not possess a proper invariant
Lie subalgebra.

Definition 3.7. A Lie algebra is said to be semi-simple if it does not possess an Abelian invariant Lie
subalgebra.

It is not clear how one can determine if a Lie algebra is simple or semi-simple from the above definitions.
Instead, we use a criterion developed by the French mathematician Elie Cartan, using the the Killing form.

Theorem 3.8 (Cartan’s criterion). The Lie algebra L is semi-simple if and only if its Killing form is
nondegenerate, or equivalently, if and only if det g # 0.

Let us apply this theorem for the Lie algebra sl(2,R). We can check that the following three matrices
form a basis for si(2,R):

170 -1 170 1 1/1 0
The commutation relations are given by

[b1,b2] = b3, [b1,b3] =ba, [ba,bs] = bs. (3.20)
Using this, we obtain the structure constants

=1, fi=1, fiz=1 0 otherwise. (3.21)

It is now possible to calculate the metric tensor g using Eq. From the structure constants, it is
clear that non-diagonal entries of the matrix are zero. The diagonal entries are calculated as

g11 = Z finflh=2, g33=2, gaa=—2. (3.22)
k,m
Therefore, we get
2 0 0
g=10 -2 0 (3.23)
0 0 2
and hence det g = —8 # 0. By Cartan’s criterion, we conclude that sl(2,R) is semi-simple. In fact, we can

do more by exploiting the following theorem.

Theorem 3.9. Consider a semi-simple Lie algebra L with an invariant subalgebra L', and define its orthog-
onal complement with respect to the Killing form B as L't :=={a € L : B(a,c) =0 Vc€ L'}. Then L't is
also an invariant subalgebra.

Proof. For all a,b,c € L, we have
B([a,b],¢) = Tr(ad[a,blad(c)) = Tr([ad(a), ad(b)]ad(c)) = Tr([ad(b), ad(c)]ad(a)) = B([b, ], a) (3.24)

where the third equality follows from the linearity and the cyclic property of trace. In particular, for ¢ € L',
a€ L', and b € L, we have [b,c] € L', and hence

B([b,d,a) =0=  B([a,b],c) =0= [a,b] € L't (3.25)

which shows that L' is an invariant subalgebra of L.
O

Theorem 3.10. sli(2,R) is a simple Lie algebra.
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Proof. In Section we showed that the dimension of sl(2,R) is 3. Now, suppose that sl(2,R) possesses
a proper invariant Lie subalgebra L’. Because it is a proper subalgebra, it is either one-dimensional, or
its complement is. By Theorem either way, there is a one-dimensional invariant subalgebra of si(2,R).
But one-dimensional algebras are Abelian, so sl(2,R) possesses an Abelian invariant Lie subalgebra. This
contradicts the semi-simplicity of s{(2,R), which shows that sl(2,R) does not possess a proper invariant Lie

subalgebra. Hence, by definition, sl(2,R) is a simple Lie algebra.
O

Because they are isomorphic as Lie algebras, the above theorem shows that su(1,1) is a simple Lie algebra.
We complete our argument with the following theorem:

Theorem 3.11. A simple Lie group is a connected Lie group whose Lie algebra is simple.

Using this theorem, as well as the fact that SU(1,1) is connected and its Lie algebra is simple, we con-
clude that SU(1,1) is a simple Lie group.

We use the fact that SU(1, 1) is a connected, non-compact simple Lie group in the following theorem [8|
p. 566].

Theorem 3.12 (Nontrivial Unitary Reps of Noncompact Simple Groups). If G is a connected, non-compact,
simple Lie group, then G possesses no finite-dimensional unitary representations apart from the trivial rep-
resentation in which p(g) =1 for all g € G.

This theorem has serious consequences for us. Namely, when we classify the nontrivial unitary irreps of
SU(1,1) in Chapter |4} they will all be infinite-dimensional.

3.4 Geometry of the Parameter Space

In this section, we will introduce some models of hyperbolic geometry. These constructions are taken from
[5, Chapter 8.1]. There are two motivations for this. Firstly, the parameterization discussed in Section m
is hyperbolic in nature, and we will take a closer look at this, which will lead to other geometric models
that are useful for studying the group SU(1,1). Secondly, in Chapter [5, we will introduce the notion of a
generalized coherent state, and parameterizing the generalized coherent states will be possible thanks to the
geometric models that we will consider in this section.

3.4.1 Pseudo-Sphere Model

We start with the vector space R? and consider the Minkowski metric on this space defined by the symmetric
bilinear form (z,y) = —xzoyo + T1y1 + x2y2. We are interested in the surface defined by the equation
{z € R3: (z,2) = —1}. This gives a hyperboloid with two sheets. We choose the upper sheet to define the
pseudo-sphere PS?:

PS? = {x = (20, 21,22) €R®: —a% + 2} +25 =1, z¢>0}. (3.26)

One possible parameterization for this surface is given by the so-called pseudopolar coordinates:

xg =coshT, x; =sinh7cosy, x9=sinh7singp (3.27)

where the parameters satisfy 0 < 7 < 00,0 < ¢ < 27.

The first fundamental form can be used to derive the line and area elements of the surface PS? induced
by the Minkowski metric. The following example illustrates this process. First, write a generic point on

cosh T sinh 7
PS? as X(1,p0) = | sinh7cose |, and take the partial derivatives respectively as X, = | coshTcos¢ |;
sinh 7sin ¢ cosh 7sin
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0
X, = | —sinh7sing |. Then, define £ = (X, X, ); F = (X;,X,);G = (X,, X,) where the inner prod-
sinh 7 cosp
uct is the one derived by the metric. Finally, we obtain the formulas ds? = Edr? + 2Fdrdy + Gdy?
for the line element and dA = VEG — F2drdy for the area element. In our examples, we calculate
E = 1,F = 0,G = sinh?7 to get ds® = dr? + sinh? 7d¢?® and d?n = sinh7drdp where n is an arbi-
trary point on PS?. One can use the line and area elements to define lengths and areas on the surface that
are derived from the underlying metric.

The invariance group of the symmetric bilinear form introduced at the beginning of this section is the
Lorentz group O(2,1) in three dimensions. This means A € O(2,1) if and only if (Az, Azx) = (z,x).
Equivalently, AT LA = L where L is the Minkowski metric in three dimensions L = ( _81 g 5). The subgroup

of O(2, 1) consisting of matrices with unit determinant is denoted by SO(2,1). This group has two connected
components, so we introduce the connected component that contains I as SOy(2,1), which is also a group.
We note that, by construction, the pseudo-sphere PS? is invariant under SOg(2,1). One can check that the
Lie algebra so(2,1) of the group SOq(2,1) is isomorphic with su(1,1) [5, p. 228]. This shows that the two
Lie groups are locally isomorphic. Precisely because of this reason, studying hyperbolic geometry provides
us more insight about the group SU(1,1).

3.4.2 Poincare Disk Model

We will present an alternative way to parameterize PS? on the unit disk D without the boundary. Pick
a point (xg,r1,22) on PS?, and project it onto the plane zo = 0 by intersecting this point with the line
drawn through (—1,0,0). This gives a stereographic projection of PS? onto the unit disk D. The Cartesian
coordinates (xg,x1,x2) on the pseudo-sphere and (yo,y1) on the disk are given by the formulas

(1 + i + 95, 2y;)
1—yi —y3
Defining r = \/y? + y3, tan ¢ = ya/y1 gives the parameterization

(L4 1)/(1 1)
X(r,) = | 2rcosp/(1—12) | . (3.29)
2rsing/(1 —r?)

- 1—}—.%0’

Yi (zo, ;) = . (3.28)

From this, one can compute the elements of the first fundamental form as £ = ﬁ7 F=0,G= %

to obtain
gs? — 4(dr? + r2dyp?) drdrdye

== (= aoep (3.30)

for the line and area elements, respectively, where ¢ = re~% is a complex representation of .

The metric obtained is conformal, which means that the angles for the metric coincide with the angles in
the Euclidean geometry [5, p. 230]. Therefore, the isometries of D are conformal transformations of D. Such
transformations f of the unit disk D are given by [5 p. 230]:

o+

Q) ==—
B¢+
Therefore, the isometries of D are given by Mdbius transformations where the coefficients of the transfor-
mations come from the group SU(1,1). In other words, the symmetry group of D is given by the following

representation of SU(1,1): g — H,, where H = f({),g = 25 The followin proposition makes this
g g g g Ba g

, where |a|? —|B]* =1. (3.31)

statement more precise.

Proposition 3.13. H, =1Ip if and only if g = £1.
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Proof. (<) Suppose g = 1. Then, g = (101 101)- For any ¢ € D, f(¢) = %gig = % = ¢, and hence
Hy =Tp.

(=) Suppose f(¢) = %gig = ¢ for any ¢ € D. This holds in particular for ¢ = 0, so f(0) = £ = 0, which
holds only if 3 = 0. We then have |a|? = 1, and hence a = €. This gives f(¢) = €??¢ = (. Therefore,
6 =0 or # = 7, which gives a = £1 and g = £I. O

Identifying the isometries of the disk with the group SOg(2, 1), this shows that SO (2,1) = SU(1,1)/{£I}.
Of course, this does not come as a surprise, as we have already established that the groups were locally iso-
morphic. As a result, one group is expected to be a covering space of the other one; in this case, SU(1,1)
is the double cover of SOy(2,1). It is also nice that, whereas we previously used algebra to deduce local
isomorphism, we recovered the same fact geometrically as well.

3.4.3 Alternative Model for PS?

We will present yet another way of looking at the pseudo-sphere PS2. It turns out, PS? can be seen as a
quotient of SU(1,1) by its U(1) subgroup [5, p. 230]. This model is important because it will be used to
parameterize the generalized coherent states when we define them in Chapter

Lemma 3.14. For any n = (cosh 7, sinh 7sin ¢, sinh 7 cos ), define the matriz

coshZ sinhZe %
_ 2. 2
In = <sinh;ew cosh3 ) ’ (3:32)

Then the map n — {gnwo(t),t € [=2m,27)} is a bijection of PS? onto the right cosets of SU(1,1) modulo
it/2

U(1), where U(1) is identified with the matrices (e 0 e’?t/2

subgroup defined in Eq. [3.18

Proof. Denote g(a, 8) = (%g) € SU(1,1). Observe the following decomposition: there exist o/ > 0,5’ €

C,0 <t < 47 unique such that

), t € [0,4m) and wo(t) is the one-parameter

g(a, B) = g(a, B")wo(t) (3.33)

with o’ = |a|,t = arga, 8/ = ¢®/2f. The uniqueness of the decomposition implies that the right cosets of
SU(1,1) modulo U(1) are in bijection with the points on the pseudo-sphere.
O

We conclude this chapter with a summary of the spaces that we introduced in this chapter, their symmetry
groups, and how they relate to each other.

2—dimensional phase space — SU(1,1)
PS? — S00(2,1)
Open unit disk D — SO0(2,1)
S00(2,1) =2 SU(1,1)/Zs as groups
PS? < SU(1,1)/U(1) as sets

4 Unitary Irreducible Representations of SU(1,1)

Throughout this chapter, we closely follow the treatment in [5, Chapter 8], with minor adjustments and
slightly different explanations and derivations.

18



4.1 Classification of Possible Representations

In order to find the unitary irreducible representations of the group SU(1, 1), we will first look at some of
the properties that they satisfy. This will naturally give us a way to classify different families of unitary
irreps. In this regard, let p be a unitary irreducible representation of SU(1,1) in some Hilbert space H.

Recall Theorem that for all nontrivial unitary irreps of SU(1, 1), our Hilbert space H will be infinite
dimensional. We will define the operators on this space as follows:

. d
By 1= i plus () (4.1)
t=0
where j = 0,1,2, b; are the generators of the Lie algebra, and w;(t) are the one-parameter subgroups

introduced in Eq. They satisfy the familiar commutation relations

[By, Bs] = —iBy, |[Ba, By =iB1, [Bo,Bi] =iBs. (4.2)

In order to obtain ladder operators, we can form complex linear combinations of By = Bs +iB;. We
then obtain the following:

[B_,B.] =2By [Bo,B]=+B.. (4.3)
One can observe that p(wp(t)) = e~ 50 due to the following computation:

'ie—itBo

=1
=0 dt

= i(—iBy)e "B| = By-1= By. (4.4)

d
i—p(wo(t))
dt t=0 t=0

Because wg(47) = I, by the properties of a group homomorphism, the representation p should map the
identity element of the group to the identity operator, which gives us e~#75o = . Using this equality, we
obtain the following.

Proposition 4.1. The eigenvalues of the operator By are a subset of {57 keZ}.
Proof. Suppose ) is an eigenvalue of the operator By with the eigenvector ¢. Since e =750 = I, we have

(—4im)

2B2 —44
. O4p 4 ovr = Tp — dimgp 1+ 2T

7)2A21/) o= W = (4.5)

e~ 4mBoy, — o) — dim By + 5

Therefore, A must be a half-integer. But A was an arbitrary eigenvalue of By, so any eigenvalue of By
must be a half-integer. Therefore, the set of eigenvalues of By is a subset of {%, kelZ}. O

Take a vector ¢y in H such that |[1pg|| = 1 and Boyyg = Mg, A = %0, ko € Z. Because [By,By]| =
ByB. — B1 By = B4, we get that

BoByo = By Boo + Bibo = By Ao + Boo = (A + 1) By . (4.6)

With a similar reasoning, one can obtain the following equality:

BoB_19 = (A = 1)B_%y. (4.7)

In fact, by the property of a commutator bracket, one has

[Bo, (B+)"] = [Bo, B+)(B+)""! + By [Bo, B4)(B4)* % + - = k(B1)". (4.8)
This immediately gives Bo(By)* = (By)*By + k(B)*, so that

Bo(B1 )40 = (A + k)(B1) ¥t (4.9)
Bo(B_) 16 = (A — k) (B_)*th. (4.10)

19



We now introduce the Casimir operator C,, of the representation. Due to Schur’s lemma, because our
representation is irreducible, the Casimir operator is proportional to the identity, Cys = c4sl, where

1
C,. =Bi — B} — B3 = B} — 5(B_B+ +B.B.). (4.11)
Using this, we get
(B-By + B1B_ ) = (2By — 2Cas)th0 = 2(A* — cas)tho (4.12)
(B_Bt — By B_ )1 = 2X\o. (4.13)

Adding and subtracting the two equations above give the following equalities:

(B-By)to = (MA+1) = cas)tho (4.14)

(B+B_) = (A — 1) - cas)¥o. (4.15)

Our goal now is to produce an expression similar to Eq. where we want to replace By with
(B1)*1g. We start with rewriting Eq. 4.11}as B_By + ByB_ = 2B2 — 2C,,. Multiplying from right by
BY1 we get

+

B_B%Y +B,B_BY'- =2B3B" —2C,, B (4.16)
We also have the following equality:
B_BY —B,B_BY'=[B_,B,|BY ' =2B,B"". (4.17)

By adding these two equations, using Eq. and letting the operators act on 1y, we obtain the equation
that we were after:

B_BY 4y = BoBoBY Mg + BoBY 14pg — Cos B g = (A + k — 1) (A + k) — cas) BX 1. (4.18)
The corresponding equation for the lowering operator, which can be derived similarly, reads

BB g = (A =k +1)(A — k) — cas) BX 1ah. (4.19)

For ease of notation, let us denote (A +k — 1)(A + k) — cq5) = v and (A —k+ 1)(A — k) — ca5) = v, .
We are one step away from our goal of classifying unitary irreps. We need to establish that the rais-
ing and lowering operators that we defined above are Hermitian conjugates of each other. This becomes

straightforward to show if we can establish that B; and By are Hermitian operators. The following theorem
precisely states this fact |7, p. 50].

Theorem 4.2. FEvery unitary operator U on a Hilbert space can be written as U = exp(iA) for some
Hermitian operator A.

Let f, g be two elements in H. Using the Hermicity of By and By, we get

(fIB+g) = (fI(B2 £iB1)g) = (f|Bz2g) £ i(f[B1g) = (Bz2flg) £ i(B1f|g) = (B2 F iB1)flg) = <B¢f(|g>~ )
4.20

This indeed shows that the raising and lowering operators are conjugates of each other. We can combine
this fact with Eq. and Eq. to obtain the relation between the norms of different states that we
reach by acting with the ladder operators:
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1B ol [* = vy |1 BY ool 2 (4.21)

[1BE o[ = vy | BEwio I, (4.22)
Using Eq. we can start the classification |5l p. 234].

1. Suppose that for all £ € N, B.ITJ/JO # 0 and B*4y # 0. In other words, there is not a top or bottom
rung; the ladder goes on forever in each direction. Then, for each k € N; A £+ k is an eigenvalue of the
operator By.

(a) If 0 is in this family, then the set of eigenvalues is the integers. Without loss of generality, we can
assume Bgig = 0, so that A = 0. Eq. now implies that c,s < 0.

(b) If 0 is not in this family, then we can take A = 1/2 and the set of eigenvalues is given by

{3 + k., k € Z}. Again using Eq. we conclude that c,s < —1.

2. Suppose now instead that the chains terminate.

(a) Assume there exists ko € N such that Bi"“zﬁo =0 and Bi‘) g # 0. In other words, there is a top
rung of the ladder. By scaling the eigenvector accordingly, we can assume that Byyy = A)g, and
By = 0. This gives v;7 = 0, which in turn gives c,s = A(A + 1). Now, if A = 0, one can check
that v; = 0 as well, which shows B_1y = 0. Hence, the Hilbert space is one-dimensional. This
case corresponds to the trivial representation. Of course, when we do things in full generality, it
is nice to verify that the trivial representation also belongs to one of these families, as it should
be. On the other hand, we are interested in the nontrivial representations, so we can take A # 0.
The set of eigenvalues of By is given by {\ — &k : k € N}.

(b) If there is a bottom rung instead, we obtain analogous results with the set of eigenvalues {A + k :
k € N}.

For the first two infinite families of representations, the eigenvalues of the Casimir operator c,s change
continuously and hence they are called continuous series. For the last two infinite families, the Casimir
parameters vary discretely, and the representations belong to discrete series.

This is a good point to take a step back from all the calculations and see what we have done. Only
using the Lie algebra, by fixing a nontrivial unitary irreducible representation p, we managed to classify the
possible families of different irreps of the group. These derivations do not prove that such representations
exist. What is said instead is, if we find some nontrivial unitary irrep of our group, it will belong to one
of these four families. In fact, in the rest of this chapter, we will explicitly realize each of these families of
unitary irreps, thereby classifying all of the unitary irreducible representations of our group SU(1,1).

4.2 Discrete Series Representation

For the rest of this report, we will mainly focus on the discrete series representation. In this section, we will
define a Hilbert space and define the discrete unitary irreps of SU(1,1).

4.2.1 Hilbert Space H,(D)

Let n be an integer such that n > 2. Define the Hilbert space H, (D) as the space of holomorphic functions
f on the open unit disk D of the complex plane C. We require that the norm of f be finite, where the norm
is derived by the following inner product: if f, g € H, (D), then

n —

(fi9) =

! / T )1~ [22)" 2 dedy (4.23)

where f(z) denotes the complex conjugate, and z = = + iy.
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Without going into the details of measure theory, we can state that the function

n—1

dvp(z) =

is a probability measure on D. The fact that this is a measure follows from the standard theory of integration.
One can observe that it is a probability measure, i.e. its integral over the unit disk is one, from the following
computation, where we use the polar coordinates z = re’?, and the change of variables u = (1 — r?):

(1 —|2|*)" 2dzdy (4.24)

n—1 2\n—2 O s 1
[ dva(2) = (1=r®)"2rdrdg =2(n—1) | u""* —odu=1 (4.25)
D 1

Itisa celebrated theorem in complex analysis that holomorphic functions are analytic, so we can represent
fas f(2) = ks0Ck (f)2*, where ci(f) are the Taylor coefficients of f. Using the Taylor series expression,
we can compute the norm of a function in the Hilbert space as

IIfll = 2(n—1) Z e (f / PR (1 — 24y, (4.26)

k>0

An explicit expression for this integral is provided in terms of gamma functions in [5, p. 235]:

1= S Jexs ﬁ. (1.27)

k>0 L(n+k)
Therefore, after defining v, ; = F(?zgs_l;gl) = (nﬁ_l), the inner product between any two functions in
L
H, (D) can be expressed as
(f1, f2) = > ex(f)er(f2) k- (4.28)
k>0

Using Eq. 4.27 and Eq. [4.28, we get that e;(z) := { }l>o forms an orthonormal set. In addition,

one can show that the span of this set is dense in H, (]D)) Hence {ei(2)} forms an orthonormal basis for
H, (D), and the Hilbert space is separable [17, p. 55]. This orthonormal basis will be useful in the upcoming
sections.

4.2.2 Defining Discrete Representations

After we have defined the appropriate carrier space in the preceding section, we are ready to construct a
unitary representation of our group, as is done in 5, Chapter 8.2.2.2]. The irreducibility of the representation
will be discussed in Section .24

Recall from Section [3.4] that the isometries of the Poincaré disk were given by Mobius transformations
with the coefficients coming from the parameterization of SU(1,1). This observation leads to the question
of whether it is possible to define group actions of SU(1,1) on the unit disk I, which would be useful to
construct representations. The answer is positive and, after reminding the reader of the definition of group
actions, this is exactly what we will do.

Definition 4.3. Let G be a group with the identity element e and X a nonempty set. A (left) group action
of G on X is a map G x X — X which can be denoted by (g, z) — gz, satisfying

1. ex = x for every x € X;

2. (gh)x = g(hzx) for all g,h € G and all z € X.

Let g be an arbitrary element of SU(1,1), given by g = (g g) We want to establish that the map
defined by
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(4.29)

is a left group action of SU(1,1) on D.
Lemma 4.4. The map [{.29 is well-defined.

Proof. We need to check that the denominator is never zero. First, note that |8z| < |8] since z is in the
open unit disk. This shows that |a| — |8z] > |a| — |3|. Furthermore, |a|? — |3]? = 1 implies that |a|? > |8]?,
and since |al, || are nonnegative, we have |a| > |8], so that |a| — |8] > 0.

Combining these inequalities, we get ||a| —|Bz|| > ||| —|B]| > 0. Now using the reverse triangle inequality
shows that |o + Bz| > ||a| — |Bz|| > |la] — |B]| > 0. Thus, a + Bz is not zero, so the map is well defined for
any g € SU(1,1). O

Lemma 4.5. Eq. maps the open unit disk to the open unit disk.

Proof. We should check that Eigi is in the open unit disk. First, note that if |z| = 1, then |M_(g)(2)| =

L. Recall from complex analysis that the maximum modulus principle states that [M_(g)(z)| assumes its
maximum on the boundary of I, that is, on the unit circle. Therefore, |M_(g)(z)| < 1if |z] < 1. As a result,

the image of M_(g)(z) is in D. O

Using Lemma [£.4] and Lemma [£.5] we are ready to prove the group action property.

Theorem 4.6. The map M_ : SU(1,1) x D — D given by M_(g)(2) = Eigi is a left group action.

Proof. The map is well defined due to the previous two lemmas. We thus check the two criteria in the
definition.

a=1 p=0
B=0 @a=1

), so that M_(e)(z) = 4z —

1. The identity element e is given by e = (

_ (o B1 _ (%2 B2 _ Batonz :
2. Let g1 = (51 Oé1>7 go = (ﬁz O@). Then, we have M_(g2)(z) = 15 Hence, we obtain

M_(g1)(M-(g2)(2)) = (o2t CalertmBrtOimn — M. (g1gs)(2)-

_ —Btaz
a—pz

In the same spirit, we can also define M (g)(z) and show that this is also a group action.

We are now ready to define the unitary representation of the group acting on H, (D). The way we do
this is as follows. For f € H,(D),z € D and g € SU(1,1), we define

Dy (9)f(2) = ¢ (2)(f(M—(g7")(2))) (4.30)

is chosen to ensure unitarity. The following theorem realizes this explicitly.

where the scaling factor ¢

Theorem 4.7. For every integer n > 2, the following are unitary representations of SU(1,1) in H,(D):

Dy (1) = @ 82) " (L) (4.31)
DI(0)f(2) = ot B (2 (132
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Proof. Tt follows from that the maps D are group homomorphisms, so indeed they are group represen-
tations. For D, , we can prove that this representation is unitary. The proof for D, follows analogously.

n

Introduce the holomorphic change of variables Z = %Bjﬁof, Z =X+iY,z=x+1iy. We get z = .y igg
and dz = (o + BZ)72 by the quotient rule. In order to apply the change of variables, we observe that
|det 5% 6<”~y> s = %2 = la+ BZ|™, so that dudy = |a + BZ|~4dXdY .
2
Moreover, we have [a— 82| 72" = |a+8Z]?", as well as (1—|z|*)"~2 = (1 —|ﬂig§\ ) (‘O‘”@w@;i‘zj )
Putting everything together, we obtain
|a — Bz|72"(1 — |2*)"2dady = (|a + Bz|? — |B +aZ|*)"2dXdY = (1 —|Z|*)"2dXdY. (4.33)

As a result, we get

ﬁ—l—az

(D7 (9)f ()P, (9) f( Bz|” 2"If( —)IP(1 = [2*)"?dady

21—z 2dXdY = (f(2)|f(2)). (4.34)

This proves that D,, is unitary.

4.2.3 Casimir Operator and Labeling Irreps

This is once again a good place to take a break from the derivations and focus on the big picture. In this
chapter, we are trying to obtain all unitary irreducible representations of SU(1,1). First, we established
that there are four different possible families of unitary irreps of the group. Then, we defined the Hilbert
spaces H, (D) indexed by integers greater than 1, and constructed two families of unitary representations of
our group that act on these Hilbert spaces. We still need to do two things. Firstly, we should prove that
these unitary representations are irreducible. Secondly, we need to find to which infinite families of unitary
irreps these representations belong to. We will start with the second task, and as the title suggests, we will
conclude that these representations are the discrete irreps.

Now that we have explicit unitary representations, we can construct the corresponding Lie algebra rep-
resentations. First, we calculate the derivatives of the representations at the identity. Using the chain rule
gives [5, p. 237]

GO E)()] =S+ r (4.35)
d 1 d
GDRE ()| =5t (F =D (4.36)
L pr@®)f()] = e+ (2 + 1)) f(a). (4.37)
dt " —o 2 dz

From these computations, we get three Hermitian operators B; = idD,, (b;) where d denotes the differ-
ential of the group at the identity, and b; are the generators of the Lie algebra:

n d
_3 2_ %
B, = 2(nz + (= 1)dz) (4.39)
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1 d
By = 5 (nz+ (22 + D) (4.40)

As expected, they satisfy the familiar commutation relations
[Bi1, Ba] = —iBy, [Ba, Bo] =iB1, [Bo,Bi1] =1iBs. (4.41)

By acting on an arbitrary function f(z) in H,(ID), one can check the above commutation relations. Using
the notation By = Bs F 1By, we get

d
B_=— 4.42
- (4.42)
B :nz—i—zgi (4.43)
+ dz '
as well as
[B-,By]=2By [Bo, B+] =+Bsx. (4.44)

We are ready to compute the Casimir operator CJ, for the representation D, . From Eq. we get:

1
C" = Bj — B} — B = B} — 5(B_B+ + ByB_). (4.45)

By Schur’s lemma, if the representation is irreducible, we can write the Casimir operator CJ, as CJ, =
cn I Hence, for now, let us assume D, is irreducible and calculate the number ¢,s. We do this as follows:
Take an arbitrary f(z) in the Hilbert space and write f =3, cpz®. This gives

B.B_f= nz(z kepz1) + 22%(2 kepzb~1) = Z(nk + k(k—1))ep2". (4.46)

E>1 E>1 k>0

We similarly compute

B_Byf =) ((n+k)(k+1)cxz" (4.47)
k>0
Byf =Y (k + )?erz® (4.48)
k>0

Plugging these expressions into Eq. gives

Casf = (Bf - (B By +ByB_))f =(— chz
k>0

—0f (4.49)

1\3\3
1\3\:

which shows that c.s = 5(5 —1),n > 2.

We indeed obtained a discrete representation of the group: the Casimir parameter changes discretely.

Let us compare our results with the classifications of the unitary irreps that we obtained at the beginning
of the chapter. Take f(z) € H, (D) the eigenstate of the operator By with the eigenvector § + k. In other
words, we have Byf = (§ + k) f. Denote f by f = |n,k). Then, we have the eigenvector equations

Cliln Ky = 5(5 = Dln.k), Boln,k) = (5 + k)n, k). (4.50)

They are analogous equations for the theory of angular momentum in quantum mechanics: the L? oper-
ator is the Casimir operator, and the L, operator does what the By operator does in this case.
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Comparing with the initial classification, we found that c,s = A(A —1). Hence, we obtained X\ := %.

Then, the set of eigenvalues of By is given by {A\+k: ke N} ={5 +k: ke N} ={3, 5 +1,5 +2,--- }.

To make things more concrete, let us take a simple example and apply our results. Take n = 3.
Then, A = 3% and ¢3, = 3(2 —1) = 3. We have the eigenstates of By [3,0),(3,1),(3,2),---,[3,k) with
C3,13,k) = (3, k) and Bo|3,k) = (3 + k)[3, k), e.g. Bo[3,1) = 5[3,1).

We can do even more than this. Let n = 2 and observe that the constant function 1g(z) = 1 has the
property

By = (; + Zdiz)lbo =1-1p (4.51)

where we used Eq. for the computation. This shows that it is an eigenvector of the operator By with
the eigenvalue 1 =140 = % +0 = 5 + 0. Furthermore, we can compute its magnitude:

1 _
Ioll? = = [ (=[P 2dady =1 (45)

which follows from the fact that dv,(z) = 21 (1—|z|?)"~2dxdy is a probability measure as we demonstrated

in Eq. Therefore, we have a normalized eigenvector of By with the eigenvalue % + 0, so we can label
|2,0) = 1g(z) = 1. For the next step, we can act on this state with the raising operator:

d
By[2,0) = (22 + ZQ%ﬂ =2z (4.53)
Acting with By gives BoB1[2,0) = (14 2£)2z = 42 = 222 = (2 + 1)2z = (2 + 1)|2,0), which is
expected due to Eq. Hence, we want to label |2,1) as f(z) = 2z. In principle, we can do this, but we
would prefer to have the states |2, k) normalized. One can compute

1 1 !
122]|2 = = / 4|22 dxdy = 727r/ drrdr = 2. (4.54)
™ JD ™ 0

In fact we did not even need to make this computation explicitly, since Eq. automatically gives the
square of the norm of this state as 2. Hence, we define

12,1) = v22. (4.55)

Hence, recursively, one can produce the normalized eigenstates of the operator By using the relations that
we developed throughout this chapter. Therefore, in principle, we can do all the calculations very explicitly
on the functions that live in the Hilbert space H,, (D). This demonstrates the power of the method of finding
the Casimir operator and labeling the irreps of our group.

As a result, we see that our discrete unitary irreps satisfy the necessary conditions that we figured out
at the beginning of this chapter. This shows that we explicitly realized two of the four infinite families of
the unitary irreps of SU(1,1), namely the two discrete irreps of D, and D, for integers n > 2. The only
detail missing from this derivation is that we still did not prove these unitary representations are indeed
irreducible. At various points, we assumed this and proceeded with our calculations. We are now ready to
prove the irreducibility of the representations and complete the classification of the discrete unitary irreps
of SU(1,1).

4.2.4 Irreducibility of the Series

The argument we present here is adapted from [5, p. 238].

Theorem 4.8. D, is an irreducible representation.
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Proof. In order to prove that the representation is irreducible, we need to show that there are no nontrivial
invariant subspaces of H, (D). Suppose E is a closed invariant subspace of H, (D). We need to show that E
is the entire Hilbert space of H, (D) if E is not the subspace with only the zero vector.

Note that the subgroup g(6,0,0) is compact and commutative, so the restriction of D;, to this subgroup
is a sum of one-dimensional unitary representations. Therefore, there exists u € E, v € R such that

D, (9(6,0,0))u = ¢™’u, V6 €R. (4.56)

Writing u(z) = 3" a;27, we calculate

D, (g)(z a;j2l) = Z a;j(D;, (9)27) = Z a2yl = ¢hy = Z a;e? (4.57)

and by comparing the coefficients, we get that a;e’? = ajew("/Q“‘j). If w is not the zero vector, there exists

some jo such that aj, # 0, which implies that ei0(n/2+j0)=e" But this equality holds for all # € R if and
only if v = § 4 jo. This implies that for j # jo,_ajewe = ajew("/””) holds for all 8 € R, which is possible
only if a; = 0 for j # jo. This shows that u = 27° is in E.

Now, playing around with the operators By, it can be shown that E contains all the monomials 27 with

j € N. Therefore, the monomials are a total system in H, (D), so that E = H,, (D). This proves that the
representation D,, is irreducible.

O

4.3 Principal and Complementary Series

In this thesis, we will mostly be working with discrete series. However, for completeness, we also present
the principal and complementary series unitary irreducible representations of the group SU(1, 1), mostly
without proofs. For this section, we closely follow the treatment in [5, Chapter 8.2].

The representations for the principal series can be realized in the Hilbert space of functions on the unit
circle, denoted by L?(S'), with the inner product

27

ot = 5= | T R0, (4.58)

First, note that the map z — gi_tg maps the unit circle into itself. Using this, take a nonnegative number

A and a point z on the unit circle and define the map

aerB

Pir(9)f(z) = \ﬂz+a|*1+2”f(ﬁz+a). (4.59)

We are ready to state the main theorem.

Theorem 4.9. For any A\ € R, P,y is a unitary irreducible representation of SU(1,1) in the Hilbert space
L2(Sh).

The generators of the Lie algebra are given by

1 1
Lo = d , Iy :(—5—1—2'/\)0089—sin(9i Lg:—(—§ —|—M)sin9—cos€dil0. (4.60)

do do’
Forming the linear combinations of By = +L; 4 L5, one obtains

1 , o d 1 : ,
By =(-5+ iXe 0 — z‘e*“’@, Bo=—(-5+ iNe? —iel ik (4.61)

Upon defining By = iLg = i%, one can calculate the Casimir operator

1 1
C:= By — 5(B_B+ +B.B.) = (Z — AL (4.62)
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For the complementary series, we present the following theorem.

Theorem 4.10. For all 0 < 0 < 1/2, C, is a unitary irreducible representation of SU(1,1) in the Hilbert
space H, where

- +58
C, = 1420 ¢ X% , 4.63
Bz +al" " f(5 1) (4.63)
Furthermore, its Casimir operator is given by C, = (02 — %)]I.

For the construction of the Hilbert space H,, see [5, p. 241].

5 Generalized Coherent States for the Discrete Series

We defined canonical coherent states in Section[2.2]and looked at some of their properties. Most importantly,
they were the ”closest states to the classical harmonic oscillator.” Of course, this construction only works
for the quantum harmonic oscillator. Therefore, one can ask the following question: can we similarly define
coherent states for more general systems where these states somehow represent the closest states to a classical
system?

5.1 Defining Generalized Coherent States

The answer is yes, and there are different ways of constructing such generalized coherent states. In this report,
we will use the Gilmore—Perelomov generalized coherent states (GCS). The following explanations and defi-
nitions are adapted from Perelomov’s book titled ” Generalized Coherent States and Their Applications” [15].

Consider an arbitrary Lie group G with a unitary irreducible representation 7'(g), acting in the Hilbert
space H. Take a fixed vector |thg) in H and consider the set {|¢og)} where [¢)y) = T(g)|tbo) and g € G.
In this construction, we declare two vectors |1),) and |¢)p) equivalent (corresponding to the same state) if
they differ only by a global phase factor, i.e., if |1),) = €'*[1)) where 0 < ¢ < 2m. Hence, [b,,) and |ty,)
correspond to the same state if

g,y = € hp) = T(g1)lvo) = € “T(g2)to0) =  T(g5 ' g1)lb0) = €"*[tbo)- (5.1)

Suppose H < @G is a subgroup with the property h € H if T'(h)[1g) = €“|1)o). When the subgroup H is
maximal, it is called the isotropy subgroup of the state |¢).

This construction shows that if g1,g2 are two group elements belonging to the same left coset of G
modulo the subgroup H, then |¢,) and |¢;) will only differ by a phase factor and determine the same state.
Hence, by choosing a representative g(x) in any equivalence class x, one gets a set of states {|t4(,))}, where
x € G/H. With this construction in mind, we are ready to define generalized coherent states [15, p. 41].

Definition 5.1 (Generalized coherent states). Consider an arbitrary Lie group G with a unitary irreducible
representation T'(g), acting in the Hilbert space H. The system of states {|¢4)}, %) = T(9)|¢0), where g
are elements of the group G and |v¢y) is a fixed vector in H, is called the coherent state system {T, [1g)}.
Let H be the isotropy subgroup for the state |1g)}, i.e. H = {h € G : T(h)Yg = e“Pp}. Then a
coherent state [1)4) is determined by a point = z(g) in the coset space G/H, corresponding to the element

9+ [hg) = exp(ia)|z), |tho) = |0).

We shall not go into detail here, but the reason we can generalize the coherent states this way is because
we can obtain the CCS as a set of generalized coherent states with the above definition, where the Lie group
G is taken to be the Heisenberg-Weyl group. We refer the reader to [15] for further details.
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5.2 Choosing the Fixed State

(For the rest of the report, when we say GCS, we mean GCS with the group SU(1, 1) and the representation
D, (9).)

The definition above clearly depends on the chosen fixed state |¢)g), where there is no restriction on how
to choose this state. At the same time, we want our coherent states to be the most classical states in some
way. This procedure depends on the nature of the group G and on the type of representation 7T'.

Perelomov gives the recipe for a discrete series representation 7%(g) of a real semi-simple group G |15}
p. 47]. We already established that G = SU(1,1) is a real, simple Lie group with a discrete unitary irre-
ducible representation D;, (g), so we can adapt this construction for our group.

Let su(1,1) be the Lie algebra of G with the basis vectors By, B1, Ba. The representation D, is char-
acterized by an integer n > 2, and the basis vectors |¢,,) are the eigenvectors of the operator By with the
eigenvalue m, i.e. By|t,,) = m|i,). Comparing this with Eq. we see that m = § + k. Denote the
Casimir operator by C%, = Co = B} — Bf — B3 and recall that C[¢) = 2(2 — 1)[4)).

We define the dispersion of the operator Cy as

AC, = (Bj — Bf — B3) — (Bo)* + (B1)” + (Ba)? (5.2)

where (O) denotes the expectation value of the operator O. According to Perelomov, the coherent state
system constructed based on the vector |i;) that maximizes the dispersion of Cy is the closest to the
classical system [15, p. 47] (note that in the original source, the author minimizes this equation because the
Casimir operator defined there is the negative of the Casimir operator that we use in this report. When one
does everything consistently, one reaches the same conclusion as expected). Hence, we try to maximize

n2

ACy = (B} = B} = BY) — (Bo)* + (B)* + (B2)> = (7 = 5) = (5 + K> = —(5 +nk+4)  (53)

2 2

where we evaluate the expectation values based on the state |1, ). Hence, we maximize this by taking k = 0,
which shows that we should choose our fixed state as the eigenvector of By with the lowest eigenvalue, which
is 5. Note that choosing 1 (z) = 1 suffices, since

n

5 %0 (5.4)

so that 1y is the eigenvector of By with the eigenvalue n /2.

n
BOQZJ(] = 5 =

We introduced many definitions in the previous paragraphs, so it is a good idea to take a step back and
see what we have done. Firstly, we had the canonical coherent states of the quantum harmonic oscillator at
the very beginning of this report with very nice properties and a lot of applications. The most important
feature of these states was that they resembled a system of classical states. However, they were only defined
for the harmonic oscillator system. Therefore, secondly, we asked the question of whether it is possible to
generalize this idea of finding a system of most classical states in a broader context. The answer was positive,
and we defined the generalized coherent states to achieve this task. However, the definition of the coherent
states that we presented depends on an initial fixed state to generate the system. There seems to be no
reason to choose one state over the other one a priori. Therefore, thirdly, we asked the question of how we
should choose this initial state. Perelomov answered this question by defining the dispersion of the Casimir
operator and stating that the initial state should maximize the dispersion. Hence, we calculated this to
determine the fixed initial state 9. After all of this work, we managed to generalize the idea of coherent
states for the discrete unitary irreps of the Lie group SU(1,1).
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5.3 Parameterizing Generalized Coherent States

Now that we have chosen our fixed state, Definition tells us that we need to determine the isotropy
subgroup H for the state 1y to parametrize the generalized coherent states.

The isotropy subgroup for our system is given by

H={he SU(1,1): D, (h)o = €' %py, 0<1)<2r} (5.5)

where D (9)f(z) = (@ — Bz)_”f(%) and 1g(z) = 1. Therefore, we need

- — -n _E +az — -n
Dy, (h)ho(z) = (@ — Bz) %(6—752) = (@ — Bz) "o(2). (5.6)
Therefore, we need all h € SU(1,1) such that (@ — B2z)™" = €. Furthermore, this should hold for all
i¢
z € D, so that § = 0. Therefore, for any h = 60 o—io | We have that h € H. Therefore, H = U(1)

through the exact identification that we used in Lemma

As a result, using Lemma [3.14] we can parametrize the coherent states for the representation D, using
the pseudo-sphere PS?, since PS? is in bijection with the right cosets of SU(1,1) modulo U(1). In the
following computation, we will give an explicit parameterization.

. . . . . hZ inhZe™ %
Take an arbitrary point n = (cosh 7, sinh 7 sin ¢, sinh 7 cos ) € PS? and denote g, = cosng Sl >

sinhgei“’ cosh?
Recall that, by Lemma gn is a representative for the right cosets of SU(1,1) for each n. Therefore, we
should look at the orbits of the fixed state 1)y under the representation for each m € PS?. Hence, we define

wn = D; (Qn)ilfo- (57)

Because PS? is in bijection with I, we can equivalently parametrize the coherent states using the unit
disk as follows. Simply plugging in gives

U = Dy (gn)to = (coshg — sinh ge*wz)*”. (5.8)
Let ¢ = tanh Ze'. Clearly, for each n, there is a unique ¢ and vice versa. Then, note that (1—[¢|?)"/? =
(sech2%)”/2 = (cosh Z)™™. At the same time, (1 — (z)™" = (1 — tanh(%)e~*¥2)~". Combining the two, we
get

(1= [¢P)"/2(1 = C2)™" = (cosh ) ~"(1 — tanh(5)e™"#2) ™" = (cosh ¢ —sinh Ze™¥2) " =4, (5.9)
Therefore, we can parameterize the generalized coherent states using the unit disk ¢ € D:
Ye(z) = (L= [¢P)"2(1—Co) ™ (5.10)

5.4 Basic Properties of the Generalized Coherent States

In this section, we will take a look at some of the properties of the generalized coherent states. We will
show that they form an overcomplete set in the underlying Hilbert space and demonstrate the resolution of
the identity, which are some of the properties that they share with the canonical coherent states. We will
also rewrite Eq. in terms of the basis vectors of H,, (D), which will be useful for the discussions in the
following chapter.

We start by rewriting the coherent states in terms of the canonical basis elements of H, (D) [5 p. 247].
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Proposition 5.2. The coherent state 1¢ can be written as ¢ = (1—[¢|?)* ZleN(r(ﬂ-zllilf(l%k))1/2@)161 where
n = 2k.

Proof. We start by using the expansion (1 —az)™2% = "> a"(—z)"(_fk). Then, by using the identity

() = (fl)k(m"’;_l) we get (7 2k) (71)”(%"’;_1). As a result, we have the equality

1=t = S0 () = L@ e () =S Ty e
This proves that
b= (1= Rt (512)

= I'(l+ 1)T'(2k)

Next, we show that two distinct coherent states are not orthogonal to each other.
Theorem 5.3. The coherent state family 1y, := |n) is not an orthogonal system in H, (D).

Proof. We can prove this claim by explicitly computing the inner product of two coherent states |n) and
|n'). We start by computing the Fourier coefficient of the state |¢) in the basis e;, which is obtained by

using Eq. {(er¢) = (1 —|¢[2)* (M)lﬂ(@l. Using the Parseval identity, we calculate the inner

TU+DT(2k)
product:
My PEE+D 12 ook, LCEHD o vk v
i) = St a0~ K ) 0 KPR 61
Note that (1 —('¢)"2F =Y° (C’C)l%, which gives
(n'In) = (1= ¢ =[P -~ (5.14)

Alternatively, introducing ¢ = tanh()e e~ for returning to pseudopolar coordinates, this expression can
also be expressed as

!

!
(n’|n) = (cosh T cosh = — sinh — sinh —e~i(% —¢)) =2k, (5.15)
2 2 2 2
O
Finally, we state the following two equivalent resolutions of the identity [5, p. 249].

Proposition 5.4. We have the formulas

2k —1
i dn|n)(n| =1 (5.16)
4 Jpse
/ duar ()¢ =1 (5.17)
D
with the measure dvy,(¢) = ”;1 e IC\ ) L2 = |dC/\dC|

Proof. Recall ¢ (z) = [¢) = (1= [¢[*)" X en 7276171/23@(@. Then, we have

O = A= 1P ST Yot o i ler) em CTC™. (5.18)

k,leN

Therefore, we have
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/D dvai V¢ = D7 Yot Yo len) (em] / dui (1 — [¢[)?TIC™. (5.19)

k,leN

Let ¢ = re*?. Then, the integral on the right-hand side is given by

27 1 (2k o 1) ) 1
/ / rmH“i(l — r2)2k72e’(m*l)“"drdgp = / rm+l+12(2k -1 - r2)2k*2(5mldr (5.20)
0 0 T 0

where we used the integral expression for the Dirac delta function. Therefore, the initial integral is given by

1
/D dval N = 3z len el / P2HI2(2k — 1)(1— 1) % 2dr = 3 s deled (el = 3l e =1

leN leN leN
(5.21)

where we made use of Eq. [£:27) to solve the integral.
O

Because the coherent state family is not an orthogonal system and because we have the resolution of the
identity, generalized coherent states are not linearly independent and they form an overcomplete set, just
like the canonical coherent states:

/

—1 —1 ! oo
z dn'|n')(n'|n) = & dn’|n’)(cosh % cosh g — sinh % sinh ge_z(“’ )T (5.22)

4 PS2 4 PS2

) =

6 Transformation of the Canonical Coherent States

We started the thesis with the following question: How do the canonical coherent states of the quantum
harmonic oscillator transform under the group SU(1,1)? In order to answer this question, we presented the
unitary irreducible representation of the group SU(1,1).

For the discrete series, these representations act on the Hilbert space H, (D). The problem is that we do
not know what the canonical coherent states look like in H,, (D). However, we know the expressions for the
generalized coherent states that we derived in the previous chapter. Therefore, to answer the question of
"how do generalized coherent states transform under SU(1,1),” we have all the tools that we need: we have
the unitary irreducible representation D, acting on H, (D), and we have the coherent states 1¢(z) living in
H, (D). We can take certain elements or certain subgroups of SU(1,1) and check the transformation of the
coherent states under these elements/subgroups. In principle, we can answer all the questions related to the
transformation of these states.

This was a success, but we still want to investigate the transformation of the canonical coherent states. In
this chapter, we will do two things. First, we will attempt to find a correspondence between the generalized
and canonical coherent states. Since we know the transformation of generalized coherent states, if we can
link these states to the canonical coherent states, we can also investigate the transformation of the canonical
coherent states. Secondly, we will present an idea to construct a unitary representation of the group SL(2,R)
acting on the space L?(R). This is very desirable because we know the expressions for the canonical coherent
states in L?(R). Using these expressions, we can act on them with the group representation to answer the
question of how canonical coherent states transform.

6.1 Identifying Canonical and Generalized Coherent States

To examine the transformation of canonical coherent states, the first idea is to try to identify the generalized
and canonical coherent states with each other. If we know how generalized coherent states transform, and if
we can find a bijective correspondence onto canonical coherent states, or at least some correspondence, then
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we could also identify how canonical coherent states transform.

We know the expressions for canonical coherent states in L?(R), whereas generalized coherent states live
in H,(D). Therefore, we can try to match the vector spaces with each other. This is possible due to the
following result from functional analysis |17} p. 55]:

Theorem 6.1. All separable Hilbert spaces are isometrically isomorphic.

We already established that H, (D) is separable at the end of Section It is also true that L%(R) is
separable, which can be seen by the fact that the energy eigenstates of the quantum harmonic oscillator |n)
form an orthonormal basis for the space. Therefore, we can find an isomorphism between the two Hilbert
spaces. This is done in 13| p. 15] as follows.

Take a normalized vector [¢) in L?(R) and write it as |[¢)) = Y ¢, |n) where |n) are the energy eigenstates
of the quantum harmonic oscillator in 1 space dimension. Then, define the function

oo

I'(2k+n
1/1(0 = 2:0 F(n(—i-l;_()) cnC. (6~1)

n=

Clearly, (¢) is holomorphic on the unit disk, and [[¢[* = [ [¥(¢)?|dv,(z)dzdy < oo. Therefore,
¥(¢) € Hy,(D), and Eq. [6.1] n establishes the isomorphism between H,, (D) and L?(R).

We can make this isomorphism more explicit. Note that an energy eigenstate |I) is mapped under this
isomorphism to the function |I) — 4/ (Hzl’“*l)cl. But recall that

l+2k
() = m S ,/ <l (6.2)

T2k

As a result, the isomorphism established in Eq. [6.I] maps nothing but orthonormal basis elements to or-
thonormal basis elements. Hence, we can define it by extending the following map linearly:
Y : L*(R) — H, (D), 1) — e (6.3)

Now that we established the isomorphism between the Hilbert spaces, we can see how GCS look like in
L?(R). Recall that, in the basis ;, a coherent state is given by v¢(z) = (1—[¢[*)F 3,y ’yg_kll *Cle;(2). Denote
by z/;’g € L?(R) as the image of ¢¢(z) under the isomorphism Y. Then, we have

PE = (1= [ v 2. (6.4)

leN

We can rewrite this by noting that

Sz (U210 1
Tl TA K1) T U
where (z),, is the falling factorial. As a result, we get

—[¢PEY VI +2k - 1), f|z (6.6)

leN

(I+2k—1) (6.5)

This expression is not in the form of a CCS that we derived in Eq. so we cannot work with it.
However, there is a limiting behavior between the generalized and canonical coherent states that relates the
two systems, which is expressed in [5, p. 250].

Theorem 6.2 (Large k limit). limy_ o0 1;2“/@ =)
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Proof. We have the first limit

lim (1 — | ¢

Ik — exp(—[¢|? .
Jim (1= ) = exp(-ICP/2) (6.7)

and the second limit

, \/— (I + 2k — 1) gl —
klggo L2k -1 k—)ooz 12k —1)! Z (j 1)- (68)
LEN leN

Combining the two, we obtain

Jim 3, = exp(-[([*/2) %Cf ~ 2). (6.9)
O

This is an interesting result, for which we are not sure of the correct interpretation. When we take a
generalized coherent state and map it to L?(R), we obtain the state z/?? , and when the number k goes to
infinity as the parameter value of { goes to zero at a certain rate, we recover a canonical coherent state. This
theorem suggests that there is a deeper connection between the generalized and canonical coherent states
that the author of this report is not aware of, which may be helpful to better understand the transformation
of canonical coherent states.

6.2 Changing the Carrier Space

Another approach we can take is as follows. When we constructed the irreducible representations of SU(1, 1)
in Chapter 4] the Hilbert space on which the representations acted on was H, (D). Since H, (D) and L?(R)
are isomorphic as Hilbert spaces, can we construct unitary irreps of SU(1,1) that act on L?(R) instead?
This would be very useful, as the representations could act directly on the canonical coherent states.

The first approach we can try is to realize the operator D, (g) as an operator acting on L?(R). Since D,;
is a linear operator, we should find out how it acts on the basis elements of L?(R), because if we can find
this, then we know how it acts on any vector in L?(R) due to linearity.

Let us take an element from the orthonormal basis of H, (D) and see how D, acts on it. We simply
compute

—ﬁ + oz ( l) — 1 1
— Bz) "D (B + az)t- .
) =@ 5P )
This is a complex rational function, so we can write it as a Taylor series: D, (g)e;(2) = co + crzt + .
Unfortunately, after some algebraic manipulations and some literature search, we are not aware of simple,
closed-form expressions for the Taylor coefficients c¢; of the above function.

D, (9)ew(z) = (@— Bz) e ———7—

(6.10)

For a moment, suppose that we can find explicit expressions for the Taylor coefficients, so that we write
D; (g)ei(z) = co + c12' + -+ . By scaling 2! terms, we would get an expression in terms of the orthonormal
basis {e;};>0. Because Y maps |I) to e;, this would give an expression for the action of D;, (g) on |I) in terms
of other energy eigenstates, where D,, now acts on L?(R). From this, using linearity, it would be possible to
construct a unitary irrep of SU(1, 1) acting on the relevant Hilbert space.

As a matter of fact, the matrix elements of the form (e;|D;, (g)|en) are derived by Bargmann in terms
of hypergeometric functions in |1, Chapter 10]. Once again, in principle, this is all we need to define the
representation in an alternative Hilbert space, as the matrix elements determine the action of the operator
on any vector in L?(R).
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6.3 Directions for Further Research

Although one can investigate the transformation of canonical coherent states as a limiting case of generalized
coherent states, this approach has limitations. For instance, it is not clear how we can start with a canonical
coherent state in L?(R) and see how it transforms under an element g of the group SU(1,1). With our cur-
rent approach, we necessarily start from a generalized coherent state and obtain a canonical coherent state
as a limiting case, where we lose some information about the initial generalized coherent state. Therefore,
although certain properties of the transformation of canonical coherent states can be obtained this way, we
ideally would like to come up with an alternative approach to investigate their transformation that is more
direct.

To overcome these limitations, we would like to come up with unitary irreducible representations in
L2(R). If this can be realized, then these representations can directly act on the canonical coherent states,
as we have the expressions for canonical coherent states in the space L?(R). This would provide a more
direct way of investigating the transformation of canonical coherent states under arbitrary elements of the
group SU(1,1).

We end the report by suggesting a possible way to come up with such a representation. Without proofs,
we will construct a group action of SL(2,R) and conjecture a unitary irreducible representation of SL(2,R)
acting on L?(R). Since SL(2,R) is isomorphic to SU(1,1) as a group, the following constructions can also
be adapted for SU(1,1).

First, we define the 2 x 2 projective special linear group PSL(2,R) over real numbers as PSL(2,R) =
SL(2,R)/{+£l}, which is nothing but the quotient of SL(2,R) by its center. Earlier in the report, we used
Eq. and Proposition to show that SU(1,1) quotient out by its center, or equivalently SL(2,R)
quotient out by its center, is isomorphic to the group of conformal automorphisms of the unit disk. With our
new definition, we can say that the group PSL(2,R) is isomorphic to the group of conformal automorphisms
of the unit disk. Using this automorphism, we defined a group action in Theorem which was used to
construct a unitary representation of SU(1,1) in Theorem Our goal is to follow a similar path to come
up with a different representation.

Similarly to their relation with the open unit disk, the elements of PSL(2,R) are also homographies on
the real projective line RP!, where RP! = R U {oo}. Using this, we have the following proposition.

Theorem 6.3. M_ : SL(2,R) x RP* — RP!, M _(g)(r) = Z:jr's where g = (25) : ad —bc = 1 and

r € RP! is a left group action.
Proof. The proof is identical to the proof of Theorem O

Next, we would like to use this group action to construct a representation. We can do this with an
equation of the form D~ (g)f(x) = g (@) (f(M_(g7")(x)) where g € SL(2,R), f € L*(R), and ¢, (z) is
chosen so that the representation is unitary. The expression f(M_(g~1)(z)) is given by f (_dgx_fa) One
should be careful here, as for certain values of z,c, and a the argument of f may be infinite, whereas the
domain of f is the real numbers. We propose to overcome this technicality as follows. In general, it is not
true that an arbitrary function f € L?(R) will go to 0 as x — Foo. However, for the wavefunctions f that
we consider in quantum mechanics, this is the case (for instance, if a function f is in the domain of the
momentum operator p, then f indeed goes to 0 as x — 00). Therefore, we define f(co) = 0 so that the
function on the right-hand side should be well-defined for any wavefunction. Using this, we state the main

conjecture of this report.

Conjecture 6.4. D (g)f(z) = (zc+ d)f(-£=2) is a unitary representation of SL(2,R) in L(R).

—cz+a

We note that the factor (zc 4 d) makes the representation unitary, and since [, |f(z)|dz < co, the ex-
pression on the right-hand side also has finite L? norm, which makes it square integrable. If the way we tried
to overcome the technical details explained above is mathematically justified, we believe that this is indeed
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a unitary representation of SL(2,R) acting in L?(R). We underline two important questions for further re-
search. The first is related to the well-definedness of this representation and modifying the arguments above
to make this statement completely rigorous. Secondly, one can investigate whether the representation is
irreducible or not. If this is a valid irreducible representation of SL(2,R) in L?(R) and if all such representa-
tions can be found, one would have all the tools to investigate the transformation of canonical coherent states.

Assuming Conjecture is a valid unitary representation of SL(2,R) in L?(R), we can investigate the

transformation of canonical coherent states under this representation. The canonical coherent states in the
position basis are given by [12, p. 2]

@) = () = (2) exp(~(af? +a%)/2) exp(y] o aw) exp(~ 2 a?). (6.11)

Denote s = 1/%. Then, we have

fa(dz b 71(@ b2

() (x) = (e + )2 S exp(—(Jaf? +0?) /2 B ER I ED® gy @), (6.12)
We calculate
T0g.a(T) = 20g a(2) (6.13)
. B 0 , c V2a 1 1 (dz —0)
Ppg.alz) = _'Lha Pg.alT) = _m@g,a(x)[(xc_'_ d) + s (a—cz)? T2 (a — cx)3]' (6.14)

1
2hmw

a_@g.al(x) = %{xc}i y \/mehaﬁ - mwm + mwx). (6.15)

We now introduce a special decomposition of SL(2,R) called the Iwasawa decomposition. Define the
following subgroups of SL(2,R):

e PRI N IS, R

Then, we have the following theorem [6, p. 1].

Since a_ = (1p + mwi), we get

Theorem 6.5. We have a decomposition SL(2,R) = KAN: every g € SL(2,R) has a unique representation
as g = kan where k € K;a € A, andn € N.

We can investigate the transformation of |«) under these subgroups. Let g,, be an element of the subgroup
N, also called the parabolic subgroup. We then have

a-0y,.0(@) = Pg 0@+ | o] = oty [0, (6.17)

This is a new canonical coherent state with eigenvalue o + /5, showing that we can add any real

number ¥ = /"5 to a to obtain a new canonical coherent state. Under the parabolic subgroup, canonical
coherent states transform into other canonical coherent states.

Similarly, under the hyperbolic subgroup A, we obtain a squeezed coherent state with any positive squeez-
ing parameter ¢. For the definition and discussion of squeezed coherent states, see |10, Chapter 7]. Denote
the squeezed coherent state with parameters «,( as |a, () = ta,c. Hence, under the subgroup AN, the
canonical coherent states first turn into another canonical coherent state with the real part scaled, and then
they are squeezed to become a squeezed coherent state.
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We could not realize the transformation of the canonial coherent states under the subgroup K as special
states of the harmonic oscillator such as squeezed coherent states, but we have the closed-form expression
of the transformed state due to Conjecture [6.4 Regardless, this is precisely what we are looking for. For a
fixed canonical coherent state |a), we can pick an arbitrary g € SL(2,R), and write it uniquely as g = kan.
Since group representations are group homomorphisms, we have

D™ (9)¢a(x) = D™ (kan)a(x) = D™ (k)D™ (an)a(z) = D™ (k)4 ¢ (6.18)

for some & € C,{ > 0 that depend on the group element g. Expressions for the squeezed coherent states
in terms of the energy eigenstates are known. Therefore, we get the final expression for the transformed
canonical coherent state as

cos fx + sin 0

D™ (g)Ya(x) = D*(k')d)&,é = (sinfz + cos ) ¢( )- (6.19)

—sin Oz + cos 6
If our approach is correct, under this unitary irreducible representation of SL(2,R), this is how the
canonical coherent states transform.

7 Conclusion

In this thesis, we investigated the transformation of coherent states under the group SU(1,1).

First, we introduced the canonical coherent states of the quantum harmonic oscillator, which are the
normalized eigenstates of the lowering operator. We demonstrated that they have many nice properties,
including minimizing the uncertainty product. After this, we established the symmetry group of the har-
monic oscillator, called the symplectic group Sp(2,R), which was later shown to be isomorphic to the group
SU(1,1). Hence, we formulated one of the main questions in this report, which is about the transformations
of the canonical coherent states under SU(1,1). To answer this question, we needed two related branches
of mathematics, namely Lie theory and representation theory. Lie theory is introduced to analyze the prop-
erties of the group SU(1,1), and the representation theory is used to come up with the unitary irreducible
representations of SU(1,1).

Later, we studied the algebraic and topological properties of the group SU(1, 1), including several param-
eterizations, Lie algebra, Casimir operator, dimension, connectedness, compactness, and simplicity. We also
looked at the geometry of the parameter space of SU(1,1) with different models. Each of these properties
has an influence on the representations of the group. In particular, we concluded that the nontrivial unitary
representations of SU(1,1) were all infinite-dimensional.

In Chapter [4] we started by classifying the possible unitary irreducible representations of the group
SU(1,1) based on some conditions that they need to satisfy. Then, our goal was to explicitly realize these
representations. The first family of representations is the discrete series. After defining the carrier space
H,(D), we constructed a family of representations of the group. We showed that the representations were
unitary, irreducible, and discrete, verifying that they belonged to the discrete series. Without proofs, we
presented analogous results for the other families of representations.

In Chapter [5] we used discrete series to define generalized coherent states for the group SU(1,1). We
showed that the generalized coherent states are, as their name suggests, a generalization of the canonical
coherent states of the harmonic oscillator. We justified this generalization by comparing some of their prop-
erties with the canonical coherent states. Finally, we parameterized the generalized coherent states and found
explicit equations for them. In doing so, we obtained the necessary tools to investigate the transformation
of generalized coherent states under SU(1,1).

In the last chapter, we returned to the original question of the transformation of canonical coherent states.

We tried to answer this question with two methods. In the first one, we tried to establish a connection be-
tween the generalized and canonical coherent states. We presented a way of identifying canonical coherent
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states as limiting cases of generalized coherent states, based on a theorem in [5, p. 250]. This makes it pos-
sible to investigate their transformation. Although this approach was successful, it is not the most suitable
way to analyze the transformation of canonical coherent states. Therefore, we took a second approach in
which we tried to construct representations in the space L?(R) since the expressions for the coherent states
in this Hilbert space are better understood. After pointing out in the literature where the matrix elements
of the operator are calculated, which makes it possible to construct representations in L?(R), we conjectured
yet another unitary representation of the group SL(2,R) acting on the space L?(R). If this representation
is well-defined and irreducible, it would provide us with the tools to explicitly answer the question of the
transformation of canonical coherent states.

Overall, we managed to answer some of the questions we asked ourselves at the beginning. In par-
ticular, we found in the literature the classification of the unitary irreducible representations of SU(1,1)
and presented them in an organized way based on |5, Chapter 8], which are essential for analyzing the
transformation of coherent states. We also presented a method that is adapted from [15] to generalize the
canonical coherent states and obtained the necessary results to investigate their transformation under the
group SU(1,1). The question of the transformation of the canonical coherent states under the discrete repre-
sentations is also answered, but there is more work to be done to obtain a more direct answer to this question.

There are many open questions to be answered. We still wonder if there are more explicit ways of in-
vestigating the transformations of the canonical coherent states, which was the biggest goal of this report.
Furthermore, there are more properties of the generalized coherent states that can be understood better.
For instance, the Wigner functions of the canonical coherent states preserve an area in the complex plane,
which is related to their minimization of the uncertainty product. Is it possible to find a similar geometric
meaning for generalized coherent states? Do they preserve an area on the unit disk, or do they minimize a
certain operator that is related to their behavior of being the most classical states? What is the physical
interpretation of the large k limit that relates them to canonical coherent states? Clearly, more research can
be done on the generalized coherent states to answer these and other related questions.

Moreover, in this report, we mostly worked with the discrete series. One can also construct the gen-
eralized coherent states for other unitary irreducible representations and ask the same questions that we
examined. It is possible that there is a more clear connection between the generalized coherent states of
different representations and the canonical coherent states.

Finally, one can analyze the transformation of coherent states in higher dimensions. Almost everything
in this report should be done from the beginning. One should first define the canonical coherent states of
the harmonic oscillator in N dimensions. Then, the symmetry group of the oscillator is Sp(2N,R), so one
should find the unitary irreducible representations of the group Sp(2N,R). After this, one can investigate the
transformation of coherent states, both generalized and canonical. It would be nice to generate a systematic
way to obtain these results for an arbitrary dimension N.
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