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Abstract

The Generalized Uncertainty Principle(GUP) is motivated by the predic-
tions from the various quantum gravity theories in an attempt to unify
gravity with quantum field theory. As the name suggests, GUP refers to
the modified uncertainty principle which allows the quantum gravity the-
ory predictions to be incorporated into quantum mechanics. By doing so,
we see that there are effects on the usual quantum mechanical problems.
In this thesis, we will be looking at the GUP algebra and how it can af-
fect the usual quantum mechanical problems. We will show that there are
new features in the deformed quantum mechanics through some examples.
An example of the effects is the existence of the additional spectrum in
the relativistic landau problem with minimum length(under Synder’s alge-
bra); this spectrum do not exist in the ordinary relativistic landau problem.
Furthermore, in this thesis, we will be working out the relativistic landau
problem under anti-Synder’s algebra. We will then see that it results in
a Schrodinger-like equation with a hyperbolic scarf potential, which is ex-
actly solvable. The solutions show that an upper bound state is found
to exist under such GUP with the existence of four distinct bands in the
energy spectrum. It is observed that such features vanishes in the limit of

£ — 0, reducing back to the original Landau problem.
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Chapter 1

Introduction and Background

Generalized Uncertainty Principle(GUP), as the name suggests, is the gen-

eralization of the Heisenberg Uncertainty Principle. There are two ways to

generalize the uncertainty principle: modification of the commutator defi-

nition or modification of the commutator relations: modified commutator

relations(MCRs). The former refers to a modification to the left hand side

of commutator relations(changing the definition of commutator), called the
1

g-deformed quantum mechanics®. Such a modification leads to the com-

mutator relations to be rewritten as
(X, Pj]q = 1ho;; (1.1)

where [X;, P;], = X;P; —qP;X;. On the other hand, the latter refers to the

modification to the right hand side of the commutator relations as follow

[Xi, Pi] = ih(f (P, X)dij + 9(Xx, 1)) (1.2)

'In this thesis, we will be focusing on the latter method. The g-deformed quantum
mechanics is mentioned to provide a more detailed picture of GUP and thus, q-algebra
has not been studied in this paper.



where 1,j,k,1=1,2,3 and f(P,X) and ¢g(X}, ) is the diagonal and off-diagonal
elements of the commutator relations respectively. We will see in the fol-
lowing chapters (chapter 3 and 4) that by modifying the commutation
relations, they will have impact on the usual quantum mechanical exam-
ples. In addition, we will show that by subjecting the functions(f(P,X) and
9(Xg, P)) to constraints imposed by Jacobi identities and imposing addi-
tional constraints, which will be discussed in section 1.1.1, different classes
of MCRs, corresponding to different parameters result. Before moving into
the uses of these different classes of MCRs, we will first discuss on the moti-
vation of introducing GUP and then, we will move on to the formalism and

studies on deformed quantum mechanics in chapter 2, 3 and 4 respectively.

1.1 Motivation

The successful unification of the three fundamental forces(electromagnetic,
strong and weak) motivated the attempt to unify gravity with quantum
field theory. However, divergences in the Feynman diagrams, suggest that
the theory becomes non-renormalizable. This have led to different quantum
gravity theories, such as string theory, loop gravity theory and the doubly
special relativity(DSR)?, to overcome this problem. It is noteworthy that
the string theory and loop gravity theory predicts an existence of minimum

length while the DSR predicts the existence of a maximum momentum.

The other way to see the possible existence of a minimum length is
through the distortion of spacetime. To answer the natural question of
whether spacetime is made up of fundamental units leads one to ask whether
there is a limit to spatial measurement precision [4]. This requires focusing

large energies onto a small region of space and thus, the energy densities

2These theories are not the focus of this thesis and hence, are not studied in-depth
but is the core to the motivation behind GUP.



cannot be neglected for its effect on the curvature of spacetime. Hence, as
higher precision measurements are obtained, it will begin to diverge when
the gravitational effects of the energy densities becomes significant. It is in

this notion that we believe that existence of minimum length.

Putting the quantum gravity theories aside and moving back to quan-
tum mechanics, we want to incorporate the idea of minimum length and/or
maximum momentum into quantum mechanics so that we can study their
effect if they do exist. It turns out that we are able to do that by first
noting that minimum length is not a physical quantity but rather, it is
interpreted as minimum uncertainty in position®. With this in mind, we
will take a look at the Heisenberg uncertainty principle since it gives us

information on the minimum length.

According to the Heisenberg uncertainty principle, where commutator
is defined as [X;, P;] = ihd;;, the relations Az;Ap; > g (for i=1,2,3) suggest
that minimum length is not admissible. The Heisenberg uncertainty prin-
ciple tells us that to find a minimum length, we simply allow Ap; — oo,
giving Az; — 0. Thus, we have shown that the Heisenberg uncertainty
principle does not allow for a minimum length. We would then like to
consider a different uncertainty principle in the hope that it will allow for
a minimum length and/or maximum momentum. To do that, we first con-

sider a modified commutator relation* defined as

(X, Pj| = ih(F(P)é;; + G(P)P,P;). (1.3)

Before discussing whether such a commutator relation does allow a mini-

3In quantum mechanics, whenever minimum length is mentioned, it is referring to
minimum uncertainty in position.

4The MCR proposed here is one of the many MCRs. We will see that this form will
result in different classes that will allow a minimum length and maximum momentum
respectively.



mum length and/or maximum momentum, constraints will be imposed to

obtain different classes of such modified commutator relations(MCRs) [1].

1.1.1 Classes of MCRs

Since we are modifying the right side of the commutator relation, keep-
ing the definition of the commutator, the operators will have to fulfill the

following Jacobi identities:

[[Xi, X1, B + [[ X5, Be), Xa] + [P, Xi], X3] =0 (1.4)

[P, Pjl, Xi] + [P, X, Bi] + [[ Xk, B, Pj] = 0. (1.5)

By choosing [X;, X;| = [P, Pj] = 0, we can easily check that the second
of the Jacobi identity is trivially satisfied and the first gives the following

constraints,’

2F(P)F'(P)
F(P) = 2F'(P)P?

G(P) = (1.6)

where F'(P) = %SQP).

Further requiring that F(P) is at most quadratic®, that is, F(P) =1+
a1 P+ 31 P?, where oy and 3; are the deformation parameters. Two different

classes are obtained by substituting F(P) into Eqn.(1.6) and Eqn.(1.3):

5Refer to appendix A for details of obtaining this constraint.
6Tt is the simplest form that the MCR will allow for minimum length and/or maxi-
mum momentum. Any higher order will not produce something new.



PP,
}D]), for 1 =0 (1.7)

[X;, P}] = ih(1 — aP) (5ij Ca

P P;
[Xi, Pj]r = Zh[(sw — (6l]P =+ Pj> —l—OZQ((SZ'jTPz—I—

where the second class, the assumption || P? << 1 is made and relabelling

a; = —a and B = ra? where 1 is a constant.

1.1.2 1-Dimensional Subspace

Using the above classes of MCRs in 1-dimensional subspace, we will analyse
the relations to see if it allows minimum length or maximum momentum.

In the 1-dimensional subspace, the two classes of MCRs can be written as
(X, P] = iA(1 — 2aP + qa*P?)  where q=3r+1. (1.9)

From the commutator relation, we can work out the uncertainty relation

S [<IX.P)>|
— 2

since AxAp . The uncertainty relation then simplifies to

h((l—a<P>)2+(q—1)a2<P>2

> = 2 . :
Ax > 5 A A +qa Ap) (1.10)

The right hand side of the uncertainty relation goes to infinity when Ap goes
to 0 or infinity for ¢ > 1. This means that, the expression has a minimum
point, leading to a minimum length Ax,,;,. Based on dimensional grounds,
Az pin will be of O(ha) since a has the dimension of P~!. On the other
hand, if ¢ < 1, the above MCRs do not allow a minimum length but will
exhibit a maximum momentum, which will be shown in section 2.1. In

addition, by plotting the above expression, the existence and non-existence



of minimal length can be seen from the boundary of the allowed region.
Hence, through MCRs, the ideas/predictions of the quantum theories can

be incorporated into quantum mechanics.

(b) a=0

Figure 1.1: A graph of boundary of the allowed region of the uncertainty
relations with o = 1 and q=2(figure 1.1a) and q=0(figure 1.1b) where the
Az is in terms of %



1.1.3 Synder’s and anti-Synder’s case

From Eqn.(1.9), the Synder’s” (and anti-Synder’s) case can be obtained by
assuming a — 0 and ga? — B (qa* — —p3) respectively. Note that 3 is

now the deformation parameter. Taking a closer look at the Synder’s case:

(X, P] = ih(1 + BP?)

AzAp Zg(l + B(Ap)* + B < P >?)

g(ﬂ(Ap)z—%Amw I+8<P>%)<0. (1.11)

In order for the LHS to have real roots for Ap, it is required that

% >\/B+(B< P> (1.12)

Therefore, the minimum length Ax,,;, = hv/3, which confirms the above

argument that the minimum length is of O(ki) (recall that 3 is of O(a?)).

1.2 Generalization to Higher Dimensions

Eqn.(1.7) and (1.8) are a particular class of the MCRs which allows the
concept of minimum length and maximum momentum to be incorporated
into quantum mechanics. They are obtained by a stringent condition that
the position and momentum operator commutes among themselves. How-
ever, the result of these MCRs do not conserve rotational symmetries and

hence, do not allow angular momentum.

On the other hand, the Synder’s and anti-Synder’s case can be gener-

"Synder’s case is the most common MCR and is usually referred to when GUP is
discussed.



alized to higher dimensions, which preserves rotational symmetries [2].

[X;, Pj] = ihd;;(1 + BP?)  (Synder) (1.13)

(X, Pj] = ihd;;(1 — BP?) (anti-Synder) (1.14)

It is clear that the above does indeed possess rotational symmetry. Such
a rotational symmetry enables the orbital angular momentum operator to
be defined as:

Ly, EijkXi P (1.15)

1

= T3
where ”"+”7 and ”-” refers to Synder’s and anti-Synder’s case respectively.
We see that the orbital angular momentum operator has a weight function
(w) to cancel a corresponding factor from the position operator. This
is similar to the weight function introduced in the completeness relation as
explained in section 2.1. While the above definitions have the usual inter-
pretation of the angular momentum, the constraints used here in obtaining
Eqn.(1.7) and (1.8) are different. It turns out that in order to fulfill the
Jacobi identities, we have to relax the constraints, that is, we can only
choose [P;, P;] = 0.

Hence, in these cases, the following commutation relations are obtained.

[Fi, Bl =0 (1.16)
[X;, Pj] = ihd;;(1 &+ BP?) (1.17)
[Xi, X;] = F2ihB(1 & BP?)eiji Ly (1.18)
[P, L;] = ihe;j. P (1.19)
[Xi, Lj] = iheiju X (1.20)
(L, L] = ihegp Ly (1.21)

10



In the above, the position operators no longer commuting among them-

selves, which can be derived through the use of Jacobi identity®.

8 An example of solving for the commutator relation for the position operator is shown
in section 4.1.

11



Chapter 2

Implications of MCRs

2.1 Hermiticity of Operators

Rewriting Eqn.(1.9) as [X, P] = ihf(P), in the momentum representation,

P=p (2.1)

X —inf(p) 2. (2.2)

Using this representation, the hermiticity of momentum operator is pre-
served but the hermiticity of the position operator introduces a weight

function in the inner product [2]

_ [ dp .
<Py >= ) (p)ib(p). (2.3)

We see that the weight function is introduced in the inner product to
cancel a corresponding factor from the position operator to ensure that

< ¢|X|tp >=< ¢|X|¢p >* with the appropriate boundary conditions®.

9These boundary conditions are those we used in usual quantum mechanics to prove
hermiticity of an operator.

12



Hence, the completeness relation is then redefined as:

1= / %L’p >< pl. (2.4)

This means that the momentum eigenstates are no longer orthonormal but

has a probability distribution according to the weight function,

<plp’ >= f(p)é(p — 1) (2.5)

In Eqn.(2.3), the integrand has singularity when f(p)=0, leading to the
roots p = (&a— V;q), where ¢ < 1. To avoid the singularity in the integrand,
a momentum cutoff p < p,,., must be implemented, meaning that for ¢ < 1,

there is a maximum momentum cutoff.

The appearance of a maximum momentum also becomes evident when
we consider the commutation relations. Recall that the constraint (Eqn.1.6),
by substituting F(P) = 1+ a; P+ 3, P? into the denominator, can be writ-

ten as
2F(P)F’(P)

G(P) ===

(2.6)

From the above, it is observed that G(P) has a pole for 8; > 0, implying
an intrinsic maximum momentum. On the hand, when 3; < 0, it can also
introduce a maximum momentum through the weight function as discussed

above.

13



2.2 Eigenstates of the position operator

The eigenvalue problem of the position operator in the momentum space

takes the following form, for the 1-dimensional Synder’s case!”

ih(1+ Bp*)0pa(p) = Ma(p). (2.7)

The above differential equation can be solved to obtain the position eigen-

state in momentum representation, giving
Y _
Ya(p) = ke e T VEP), (2.8)

However, as mentioned by Ref.[2] , the above position eigenstate is not
a physical state'!. Therefore, to obtain information on the position, it is
required to study states which realize the maximally allowed localization.
This refers to states with minimum length as the uncertainty in position(a
'fuzziness’ in space). This means that such a state |1/12"l > of maximally

localization around a position ¢ has the following properties:

<UPIXfupt >=¢ (2.9

Such a state, in the momentum space, is obtained in Ref.[2] and is given

by

_Z.gcaxrl(\/ﬁ )
(L+Bp2) 2w (2.11)

VB

T

vt (p) =4/ 2

It is derived from deducing that such state lies on the boundary of the

allowed region, that is, the boundary of the uncertainty relations AxAp =

10Recall that the position operator in the momentum representation is X = ih(1 +
Bp%) 55

1 This state does not correspond to the observable state where it has a minimum
length. Hence, it is not a physical state.

14



@. We have also seen that the minimum length occurs at < P >= 0

(from section 1.1.3). From the fact that such a states has the fuzziness

in space, these states are no longer orthogonal as can be seen by plotting

< Yt >.

Figure 2.1: A graph of < wg?l]wg‘l > plotted against & — ¢’ in units of hy/3

However, these maximally localization states are still useful in extract-
ing information on the position of the particle. By using these maximally
localization states, arbitrary states |¢ > can be projected onto these states,
just as in the usual quantum mechanics, to obtain the probability ampli-
tude for the particle to be maximally localized around the position . The
probability of finding the particle in a region can then be calculated in the

usual way.

15



Chapter 3

Effects of Deformed Quantum

Mechanics

After understanding the changes/implications of the MCRs, we will look
at the effects of the various MCRs have on the usual quantum mechanical
problems. Many authors have studied the effects of deformed quantum
mechanics, both non-relativistic and relativistic [1][3][5][6]. Some exam-
ples of deformed quantum mechanics that have been considered are the
1-dimensional Harmonic Oscillator, a particle in a box, the finite square
well, the 1-dimensional Klein-Gordon and Dirac equations with linear con-
fining potential and the Dirac oscillator. In the following section, several
examples in these literature will be discussed to demonstrate the different

effects that the various MCRs have on the usual quantum mechanics.

3.1 Non-Relativistic Quantum Mechanics

3.1.1 1-Dimensional Harmonic Oscillator

For 1-dimensional harmonic oscillator problem, the MCR in Eqn.(1.9) with

q=0, will be shown in this example. Recall that q=0 case corresponds to

16



the MCR that allows maximum momentum but no minimum length. The

Schrodinger equation, in the momentum representation, is then written as,

P AN . 2E
[W - (f(ma_p) ] vip) = m(m)Q\I}(p) (3.1)

where we have used the operators shown in section 2.1. Notice that this
is not the usual differential equation we have in quantum mechanics as
the second order derivative term here does not have a constant coefficient.

Hence, to solve the differential equation, a change of variable from p to new

variable p’ is done (f (p)a% — a%,, giving p = 1_62;2”/ ). The equation, with
some scaling (p = —2ayp’) and in the p-representation, then becomes
o2
o V() W) = euy (3:2)
where
1 — er)2

Vi(p) = %, —00 < p < 00 (3.3)

and

0 = 2Vmhwa (3.4)
9E
 hwé?’

3

The resulting equation is a Schrodinger-like equation where we can now
solve it in the usual way. Before solving, the potential gives us some in-
formation on the bound state energies. The potential now, in contrast to
the usual problem, is asymmetric since V(p) — 57 (or oo) when p — —oo
(or oo) respectively. This limits the maximum energy of the bound state

spectrum, which is determined by the depth of the potential well as seen

from the graph below.

17



Figure 3.1: Potential of the 1-D Harmonic Oscillator with § = 2

From the graph, it is observed that although the bound state energies
have a finite maximum energy, it is possible to have a continuum states
of higher energies. These continuum states correspond to the scattering
states just as the usual quantum mechanics would defined for states with

E >V (p) over the whole space.

Returning to the equation Eqn.(3.2), with a further change of variables,

E==e’; 0<E< o (3.6)

o? o (1-%2¢)?

2
$oe

We can exploit the asymptotic properties to obtain an ansatz for the wave-

18



function [1]. Referring to appendix B, such an ansatz is obtained to be

() =e 2 f(EE (3.8)

1
k:,/5—4—g>0. (3.9)

This wavefunction will then be substituted into Eqn.(3.7) to become

where

’f(€) o) | - _
13 De2 +(2k+1—£)a—€+nf(§)_0 (3.10)
where
i = 51—2[1 — (1= 8%) —%. (3.11)

In order for the wavefunction to be finite when & — 0, k is required to be

positive and hence, it is easy to see from Eqn.(3.9) that

1

E’n < Emaz -5 95
Sma?

(3.12)

This is in agreement with the observation above that there is an upper
bound to the energy spectrum. Writing the f(§) as a power series, a trun-
cation is needed to limit its growth; otherwise the wavefunction will not be
normalizable at £ = oo [1]. We see a similar truncation condition is needed
in the case of the hydrogen atom. This lead to the quantization condition
that n = n where n=0, 1, 2,... Thus, the bound state energy is obtained
to be

E, = B[l — 2ma’Ey ). (3.13)

An interesting fact, according to Ref.[1], is that the number of bound

19



states are finite, in contrast to the usual harmonic oscillator. However,
such a finite number of bound state are not found for the case when q=1

in spite of an upper bound in its energy spectrum.

Returning to Eqn.(3.10), it is observed that it has the form of a hy-

112

pergeometric equation of a Laguerre polynomial*“. Hence, the normalized

wavefunctions are found to be

4ak,n! B
\I/ik(g) _ \/F(2kf+ Z—i— 1)@ 5/2€knLik’ﬂ (6). (3.14)

With the wavefunction determined explicitly, it is possible to calculate the

various expectation values. It is noted that < P >— i in the limit

— % This is again in agreement with the q=0 theory

_ 1
N — Nmaz = Amhwa2

where a maximum momentum exist.

Figure 3.2: Probability density for q=0, n=10 and o = 0.1 with m = h =
w=1

From the graph above, it is evident that the probability density is asym-

12Explained in the appendix C.

20



metric, unlike the usual case. It is also worth noting that as n increases,
there are more nodes and peaks but the dominant peak moves towards
¢ = 0, meaning that there is a higher probability of finding the particle
with the maximum momentum, an example is shown in the subsequent

graph.

Figure 3.3: Probability density for q=0, n=20 and a = 0.1 with m = h =
w=1

This corresponds to large n bound states accumulating at the maximum
momentum which results in Ap = 0 as mentioned by Ref.[1]. This can also
be seen when Ap is calculated using the wavefunctions found and that it

vanishes as it approaches the uppermost bound state.

3.2 Relativistic Quantum Mechanics

3.2.1 Klein-Gordon equation

Apart from looking at non-relativistic quantum mechanics, it is also in-

teresting to investigate deformed relativistic quantum mechanics, since the

21



particles concerned may be in the relativistic regime. In relativistic quan-
tum mechanics, the Klein-Gordon equation can be obtained in the same
way as that to Schrodinger equation [8]. The Klein-Gordon equation is

used to describe spinless particles and can be written, for free particles, as
(P*P, — m*c®)¢ =0 (3.15)

where P, — thJ, and in the (141)-dimensions, the Klein-Gordon equation

0? 0> m2c
<c28t2 -5t ) b(x,t) = 0. (3.16)

18

The above has a solution of a plane wave ¢(z,t) = eke=wt) where w = %
and k% = % - % In the deformed case, Eqn.(1.9) will be used in the
context of the Klein-Gordon equation. The q=0 case will be considered

again as the effects are same for q=1 [3].

In the position representation,

where Py and X is the usual momentum and position operators satisfying
Heisenberg relations. Using this definition, the exact representation can be

found by solving P = f(P,) from the commutation relation, then

1
2

P, (1 — e 2oy, (3.18)

The Klein-Gordon equation can then be solved by noting that the solution

k' x—wt)

will also be a plane wave ¢(z,t) = el , since it is a free particle. Using

22



the same notation above, it is calculated that

, —In(1 F 2ahk)

Thus, the general solution is given by
¢(l" t) _ e_iwt(Ae 7iln(21;h2ahk) + Be 7zln(21:;ahk:)>
~ 6—iwt(Aeik:x(1+ochk) + Be—ikz(l—aﬁk))‘ (320)

In addition, an effective mass can be defined through the effective wave

vectors as
2

(") = - Ly (3.21)

which can be written in an expansion as

B20w? 3/2
1:ch< 24—1> o
mac

The above effective mass implies that the deformed Klein-Gordon equation

m4 = m

+ O(a?). (3.22)

for free particles results in the description of two particles. It is worth
noting that in the limit & — 0, k, — £k, the effective mass reduces

smoothly to the ordinary mass.

3.2.2 (241)-Dimensional Dirac Equation In A Con-

stant Magnetic Field

Having seen the examples of deformed quantum mechanics in presence
of a maximum momentum, an example of a minimum length case will be
discussed. The (2+41)-dimensional Dirac equation in an homogeneous mag-
netic field (relativistic Landau problem) within a minimal length scenario

is studied in Ref.[6]. This example is shown for the purpose of demonstrat-

23



ing the effects of a minimal length for a real problem and the bounds on
the deformation parameters. In addition, this problem is studied with the
MCR of the Synder’s case, which can be used to contrast with the focus of
this project, that is, the anti-Synder’s case. Since the former corresponds
to the existence of minimum length and the latter corresponds a maximum

momentum, the different features can be compared.

As mentioned in section 1.2, the natural generalization of the 1-dimension
Synder’s case is given by Eqn.(1.13), which preserves rotational symmetry.
Considering (241)-dimensional Dirac equation in presence of a homoge-
neous magnetic field B = (0,0, By), the corresponding Hamiltonian is given

by

H=co-(P+ EA) + o, Mc*. (3.23)
c

After some notations and definitions'?, the eigenvalue problem

H = Exp (3.24)

can be written into the components form in two coupled equations [6].

These equations can be decoupled as:

E+ M

Py® =c O pgp®—c y@ o =TT (395
C

E? — M?c*

P_PyM =20 p P p® = 2@, 52::___25___‘ (3.26)
Note that we have choosen
B B

@:—gyamigzgx (3.27)

13The details are omitted as it is similar to the steps we will be taking in the anti-
Synder’s case.

24



and defining
P= (Pt SAI) i (P + SAQ (3.28)

where P, are the ladder operators of the orbital angular momentum quan-
tum number. With a further notation and writing the wavefunctions in the

form*4

PO = D), P = u () (3.29)

where m is the eigenvalue of L., the third component of the orbital angular

momentum. Substituting the above wavefunctions, Eqn.(3.26) becomes

2

{p2 +2X(1 + Bp?) [m +1—75X\ (pi — m)] — N (1 + pp?)? L;'l—pZ

dp
1d mQ]}

M (p) = 24D
+————| U, (D) =€"Uu,,’ (D
preialed R LA (»)

(3.30)

2

{p2 + 2X(1 + pp?) {m — BA (pdip +m+ 1)] — X1+ Bp*)? {j—pQ

1d (m+1)2}} @ 2 (@)
+-— — ———| Y (p) = ul (p).
pdp p? (p) (p)

The above equations can be solved by a change of variable [6]

) 1 x ™

~1/2 (i) d = ¢ <_ _> T

¢n (p) and p N ATV z € [~5. 5]
(3.32)

u(p)=p

14The form of the wavefunctions is an ansatz by considering the commutator relation
[PiaLz] = :FﬁPi.
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to obtain a Schrodinger-like equation as shown below

{ @ 1 {Cz'(@- — D) +&(& - 1)1 1

S da? 2 cos?(x)

@) \ o (3.33)
S b ) = el
where
k? = 624;—;2” (3.34)
61=m+% 51:m+;+6iA (3.35)
C2=m+§ £2=m+%+ﬁ%. (3.36)

The above Eqn.(3.33) is a Schrodinger equation with trigonometric Scarf
potential and the solution can be obtained by the hypergeometric equation
or according to Ref.[6], the wavefunctions, in the momentum space, are
found to be

Bp?

Gi
. P2 1

’ =Ci———— Fil—n,G+&+n, G+ = .
un,m(p> Cités *9 1] ( n C 5 n C 271 5}92)

(3.37)

An interesting feature is that by demanding that the wavefunctions are nor-
malizable, the bound state spectrum consists of three regions with different

ranges of the orbital angular momentum quantum number m.

Emm = \/M264 + 277,6B()C(TL + m) [1 + /Bhgfo (n + m)]v rlz,m
n,m —
n=0,1,2,... im
1 _ pm _ 1 . _Br? imf
n,m(p) - Cl (1+ﬂp2)m+l+ﬁ *9 Fl ( n,n + 2<m + 1) + A3 m+ 17 1+‘8p2) €
2 (p) = Co—2 *o Fy (—n, n+2(m+1) + 55,m +2; Oy ) eilm+1)0

s 1 2
e T

Table 3.1: Energy levels and the corresponding wavefunctions for m > 0.
A given energy level with n+m=N has finite degeneracy D=N+1.
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‘ 0 B,/ M2t + 2heBoen(1 + f'8en), .
E() = ]\/[cz, wO,m = 1/}71,771 =

2 _ 2
wU,m n_1727 e wn;m

ml

Vhm(p) = C1 2

n,m (1+13p2)1+ﬁ

V2 () = Cy

(- 2 1 1: Bp® imb
x9 I n,n+2+ 53, |777| +1 152 ) €

plm+1l

22 .
o Fy (—n,n+ 55, [m; 225 ) eitmt Do
(1+8p2) DB ’ 2G> T3

1+pp?

Table 3.2: Energy levels and the corresponding wavefunctions for —%— ﬁ <

m < —1. The degeneracy D of these levels is finite and explicitly given by
_ 14 1
D=3+55

By = \/M2¢* + 2heBoc(n + [m))[5"22 (n + m]) — 1], .

n=0,1,2,... 2

n,m

1 _ plm| _ _ 1 . _Br? imo
bon(p) = Cr—28 iy Py (= + 2| = .| + 1525 ) €

2 _ pmit _ _ 1 . _Bp? i(m—+1)0
n,m(p) = 02(1-&-8;)2)‘7""7% *o Fy n,mn + 2|7n| G’ |m‘7 w82 ) ©

Table 3.3: Energy levels and the corresponding wavefunctions for m <

-3 — ﬁ The degeneracy of the energy levels with n + |m| = N and

N > § + 55 + L s finite and given by d = N — § — 55

The three regions of the bound state spectrum are shown in the above
tables [6]. It is noted that in the second region, the degeneracy of the
energy levels becomes infinite in the limit of a vanishing minimum length
(8 — 0). On the hand, in this limit, the third region becomes meaningless
since it would mean that m < —oo. Thus, in this limit, this region of
the spectrum vanishes. This is the interesting feature that turns out in
the minimum length scenario, which is not present in the original problem.
However, the physical meaning and the properties of this region has not

been studied in the literature.

Moving a step further, the (2+1)-dimensional massless Dirac equation
with a slight modification is applied to the graphene case. A correction term

to the usual Landau levels is found to exist in the small 8 limit according
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to Ref.[6]. Also, from the energy levels calculated, the upper bound on the

minimum length is obtained to be

Azg = B/ < 2.3nm. (3.38)

However, this upper bound is not absolute and unique as noted in Ref.[6]

as it could vary from one system to another.
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Chapter 4

(241) dimensional Relativistic
Landau problem under

Anti-Synder’s Algebra

We will now move onto the focus of the project where we will be working
out the relativistic landau problem under anti-Synder’s algebra. In this
problem, we will be using the anti-Synder’s case MCR. As mentioned above,
the natural generalization of the anti-Synder’s case in higher dimensions is
given by Eqn. (1.14). Such a generalization allows for the preservation of
rotational symmetry even in the the (241) dimensional problem as shown
in the example above. Therefore, in the (2+1) dimension, the anti-Synder’s

case MCR!® becomes
[X;, Pj] = ihd;;(1 — BP?)  where i,j=1,2. (4.1)

Recall that this MCR belongs to the class which does not allow a minimum

length but a maximum momentum since it has a singularity in the weight

13In literature, the commutation relation between spatial and temporal components
are not known, hence the commutator is defined only for the spatial components.
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function. In this project, we will be using the anti-Synder’s algebra to study
the effects of a maximum momentum on (2+1) dimensional relativistic

landau problem, the same problem in the above example.

This problem, with the anti-Synder’s algebra, is interesting due to the
fact that the (241) dimensional problem has its importance in various
branches of physics, especially condensed matter physics. This can be seen
in the case of graphene where the Dirac equation can be modified to a
massless case to describe the behaviour of the electrons in graphene. In
addition, from the above examples, the deformed quantum mechanic prob-
lems present itself with different new features in presence of minimal length
and maximum momentum respectively. Therefore, the (2+1) dimensional
Dirac equation with the anti-Synder’s algebra may present itself with new

features, which it does as it is seen in the following discussions.

4.1 Background

Before moving directly into the problem, we will go through some of the
background knowledge needed for this problem. The operators that satisfy

Eqn.(4.1), in the momentum representation, have the following form:

X = ih(1 - 617 5 (42
P =p;. (4.3)

Using these representations and [F;, P;] = 0, we can work out the commu-
tation relation [X;, X;| from the Jacobi identity. This lead to the following

equations:
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[[Xi, X;], Pe] + [[X5, Pe], Xa] + [Py, Xi], X5] = 0
[[X:, X;], Pe] + ihé[1 — BP?, X;] — ihd[1 — BP* X;] = 0
[[Xi, X5, Pe] = thBos (PP, Xi] + (B, Xi]P) — ihBou (PP, X
+ [P, X5 1)
[[X:, X;], P = —ihB6;x(2ihdy (1 — BP?)Py) + ihB6i(2ihé (1 — BP?)P)
(X, X)), Bi] = 20° B0 (1 — BP?) Py — 21° 3y, (1 — BP?) P,
(X, X;1, ] = 21°B(1 — BP?) (0 P — 0 ;)
[Xi, X)), Bi] = 20°B(P,X; — PiX;) Py

Hence, in the above, the position operator no longer commutes with each
other; in contrast to the constraints imposed earlier to get Eqn(1.6). This is
in agreement with the fact that in order to preserve rotational symmetry,
we need to relax the constraint which requires the position operators to

commutes.

It is interesting to note that the anti-Synder’s case exhibits rotational
symmetry. Hence, we are able to construct orbital angular momentum
operators as defined in Eqn.(1.15) and discussed in Ref.[2]. The only orbital

angular momentum operator in the (2+1) dimensional problem is

1

L= 15

XP,—YP,) = —ihd,. (4.5)

Furthermore, by requiring hermiticity of the position operator, we see

31



that the inner product between two arbitrary wavefunctions becomes

<ol o= [ T2 oot (1.6

The above weight function shows that there exist a maximum momentum
Pmaz Where the inner product diverges and hence, to ensure normalizability,

0<p<pPmaz = \/LB must be implemented.

4.2 The Corresponding Hamiltonian

After discussing on the background knowledge, the (2+1) dimensional
Dirac equation in presence of a homogeneous magnetic field B = (0,0, By)
can be approached in the following manner. Firstly, the corresponding

Hamiltonian of the Dirac equation is first written down as
H=co-(P+ EA) + o, M (4.7)
where 0 = (0,,0,) and o, are Pauli matrices and
By By

The eigenvalue problem is then written as

Hy = Evy where ) = (4.9)
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0 P, —iP, 0 A, —i4,

Hy = |c +e +
P, +iP, 0 A, + 1A, 0
Mc* 0
Y=L
0 Mc
(4.10)
M2 P ey &
v =F v (4.11)
P, Mc? 2 e

Defining the ladder operators as
e , e
P = (Px + —Ax> n (Py + —Ay) , (4.12)
c c

we can then write Eqn.(4.11) into the components where they are coupled

as

Py =y (4.13)
Py =g (4.14)
E+ Mc
ey =0 (4.15)
C

The above coupled equations can be decoupled to obtain two independent

equations.

P_P ) = g2 (4.16)
P P @ = 2@ (4.17)
E2 _ M2 4
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Defining

. h@BO
2

A

, pe=pcost, p,=psinb, pi+p,=p°, (4.19)

the ladder operators in the momentum representation can be written as

A 0 0
P, = +i0 1— 2 + .

pcosf O psinf 8)

p Op p* 00
, psin9£+cos.0£
‘o w06

Py =t [p — M1 - Bp?) {ia% + ;—;%” : (4.20)

Py = pe*™ — X1 - pp°) {i (

Using Eqn.(4.20), we find that [Py, L.] = FhP; because L, = —ih2,

defined in the usual way. This confirms that P, is indeed a ladder operator

and from [Py, L,] = FhPy, one can introduce the ansatz,

) = ull) (p)e™” (4.21)

0 = ul (p)eltm (4.22)

where m is the eigenvalue of L., the third component of orbital angular mo-
mentum. Using the above ansatz, the decoupled equations, in momentum

representation, are
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P PyapY)

= PPl (P
. . .0 A
= (29 [puti) - 21— ) |20 D) - )] |
, 0 0

=T [p = A1 -5p) {ﬂFa— 3@”

(e o) - 30— 357 [ 20 - Zutin) |

m ap m p m

=e2pU) (p), where mj=m or m+1 for j=1 or 2 respectively.

After simplifying the above, it reduces to

P>+ 2M(1 — Bp?) [m;:lzle)\ﬁ( (5}9$m)
m

19 ; : :
+58_p p—iH u)(p) = %) (p).

4.3 Solution to the problem

To solve the above equation, we will do a change of variable in two steps

to simplify the equation: firstly, u( =p 1/2<p( ),

{pQ +2A(1 - Bp?) {m;- RSV (pa2 ot - %)]
P (4.24)

—N(1 - Bp*)* {a—;ﬂ%(i—m )Hs@ﬁﬁ)(p)—asO%)(p)-
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With this simplified equation, it can be further cast into Schrodinger-like

equation with another change of variable'® as follows:

_ tanhgq

p= W, qc [0, OO) (425)

The above equation ensures that 0 < p < 1/4/3 since tanhq — 1 when
g — oo. Hence, with this change of variable, the above equation, in the

g-domain, becomes

d? 2\ 1 tanh? ¢
_ 2 o = /‘ /'__
A quQ + o [(mj + 1) + AB(Fm] 2)] + 3

Tt | )

~ sinh? qcosh? ¢

(4.26)

This is the Schrodinger-like equation that we are familiar with. On closer
examination, the Schrodinger-like equation has a potential, which consists
of hyperbolic functions. This suggests that the equation may be exactly
solvable if it reduces to the hyperbolic scarf potential Vh(a’b) () (Eqn.(4.34)).
In order to do that, we need to represent the radial momentum in a complex

plane through the following transformation

_ tanhgq - tanh(iz 4 %)

P NG —p = NG (4.27)

where

p= Re[p)] and =z €[0,00). (4.28)

With this transformation, Eqn.(4.26), in the x-domain'?, reduces to

16The choice of variable results from demanding that the resulting equation do not
contain first order derivative. It can be found by letting p = L\/%) then setting the
coefficient of the first order derivative to zero.

"The variable x here is just another variable and should not to be confused with

position eigenvalues.
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d2

o + psech®r 4 vsechx tanh x = kU (4.29)
where
1.1, 1
= ﬁA(m £ 1+ A3(Fm; —g)t g m; T e (4.30)
= ﬁ - B}\(m + 14+ AB(Fm), — %)) (4.31)
k* = 524_5—;2/5. (4.32)

Before proceeding further, it is interesting to note that in the x-domain,
the wavefunction can also exist in the negative region. Taking into account
of the range of the radial momentum p, the following transformation and

change of variables yield the same equation as Eqn.(4.29)

tanh ¢ , tanh(iz + %)

P:—W%p: N 5

x € (—00,0]. (4.33)

Thus, in the x-domain, the potential in Eqn.(4.29) reduces to the form of

V,*" in which Eqn.(4.29) is exactly solvable [7]. Now,

Vh(a’b) (z) = a® + (b — a® — aa)sech?(ax) + b(2a + a)sech(az) tanh(ax)

(4.34)
where in the case of @ = 1, we can identify
1 1 1 1
2 2 2
b*—a —a:,u—ﬁ/\(m + 14+ M\3(F m_i))+1_mg+262/\2
(4.35)
1 1

Eqn.(4.29) can be further reduced to a hypergeometric equation, which

is exactly the differential equation satisfied by Romanovski polynomials
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1 _ at+i —
RSH” 2b)( 2). Ré T320) (z) can be constructed through the Rodrigues rep-

resentation as mentioned in appendix C. Hence, the solution of the equa-

tion is given by

. aj 1 aitl _op.
PO (x) = (sinh?x + 1)~ F ¢t tan H6inha) 842720 (g 0y (4.37)

with
k* = —(a; — n)?
1
E?* = M?c* + ¢ (3 — 4BN*(a; — n)z) (4.38)

where a; and b; are the parameters of the Romanovski polynomials. These
are solved'® through the simultaneous equations (4.35) and (4.36) with n
being the order of the polynomial(i.e., n=0,1,2,...). After solving them, we

obtain

for j=1, the four solutions are

1 1 1 1
_ ! 2—2 ! b _ ! 1 L 4.41
al—é(——m—l—E), 1—5(— +a) ( )
1 1 ] 1
a =3 (_HE)’ by = % (—1—2m+ﬁ) (4.42)

18p is set to be complex.
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while for j=2,

agzﬂ%x bgzg(—l—Qm—l—ﬁ—l)\) (4.43)
a2:%<2m—5—1)\), @%(-1—%) (4.44)
ag—%<—2—2m+%), bzzé(uﬁ%) (4.45)
@-%(—2—5—1)\), b2:%(1+2m—5—1)\>. (4.46)

The above values of a; are subjected to bounds imposed by the finite or-
thogonality property of the Romanovski polynomials. As mentioned by
Ref.[7], the polynomials have orthogonal properties with respect to their
weight functions as long as weight function decreases as x72¢~1. Also inte-

gral of the type

/ (22 4 1)~ (@t a)e-2btan" 2 plots =) ) pOF2720) s (4.47)
will be convergent only if
, 1
n+n <2a+=)—1=2a. (4.48)

2

From the orthogonality property of the Romanovski polynomials, there is
a finite number of bound states determined by the inequality, where the

uppermost bound state n is bounded by the value of a;, which is np,q, < a;.

Furthermore, in order for the weight function to decrease as x 72271, it

is required that 2a + 1 > 0. In addition, from Eqn.(4.38), E? > M?c*, we

then have

% —4BX*(a; — n)* > 0. (4.49)

39



When n=0, we obtain a constraint on a;,

1

3 4BN°a3 > 0
< L (4.50)
a; < % .
Thus, to satisfy —% <a; < 2;%)@ we obtain the following energy spectrum by

solving for the ranges of m values (see Eqns.(4.39) to (4.42) and Eqns.(4.43)
to (4.46)). The corresponding negative energy eigenvalues can be obtained
through Eqn.(4.38). The energy spectrum and states are arranged accord-
ing to the orbital angular momentum quantum number m and building the

spinors with same energy eigenvalues.

Emn = \/M2c4 ¢ (5= 48X(m — gy =) | n=01,2..<a
o) =t e " () et
o= [ 0 ) |z Comilims)
7/)r(3>rz(17) w,(,f),,(p) = p*%(ﬁ)f%e—% tan~ J%) R£?2+%._2b2>(\/%)6i(m+1)6 7
ag =m — 5k, bg:%(—l—g%)

Table 4.1: Energy levels and the corresponding wavefunctions for —% +

1 1
26_/\ <m S ,ﬁ
Em,n: \/A1204+(52 (%_4[5}\2(_1_7%—"%—”)2) ) n=20,1,2,.. < aj
1 _1 Lo —hitan T () 1 oy g ;
'l//’r(n)n(p) =p z(ﬁ) Te (m)Rnll 2 1 (\/%)Cun&
AN _ 1 i 1
1/) (p) . ¢m47z([)> a; = —1—-—m++ 38N bl =3 (—1 + ﬂ)
m,n -
2 1 Cag b tan~! ‘/F/T’ aot+1 —2b, 7 P
’(/}571,)71(]3) 1/)7(3)”(])) =p é(ljiqu) 226 2 (\/17,31,2)R§l(z+2, Jz)(\/%)et(nﬂrl)& 7
ag = —1—m+ 55, bgz%<1+5%\>

Table 4.2: Energy levels and the corresponding wavefunctions for —1 <

1 1
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Eyn= \/]\/[201 + 2 (% _46/\2(2%A _ n)2) , n=1,2 . < ﬁ for % <1
W) = ) () RO ot
don) = w1 (p) a = —1+ 55, b =1 (—1 —o9m + %)
Vien(0) | | 92u(p) = If%(#ﬁ]‘z)‘%e_mnil (77%) Ry 2%’7%2)(\/%)@0"“)9 :
az ﬁv bz—%(flf?m+5%>
E,o= Mc? , n=0, for 9%\ > 1
ol 0 6O p) = pH () Fe (225 Rlor+h2) i
Um,0\P) =
wr(f,)o(P) as = ﬁ7 by =1 (_1 om 3%)
Epn = \/]L1/204+02 (%—4ﬂ)\2(a2—n)2> , n=0,1,2,.. < g for 5y <1
B 0 WD, (p) = pfé(?gpz)f%?e’bz tan! (J%) Rl fzpz)e-(mﬂ)e
i (p) as = 3, by =1 <_1 om 3%)

Table 4.3: Energy levels independent of m and the corresponding wave-

functions for m < —1, m > ﬁ%\

4.4 Results and Discussions

From Eqns.(4.35) and (4.36) and the various boundaries on the values of
a;, we realize that one of the solutions for the value a; for both components
cannot satisfy the boundaries and thus, is not part of the solutions. The
last solution offer energy levels that are independent of the orbital angular

momentum m as shown in table 4.3.

The tables above show that, under the anti-Synder’s algebra, the en-
ergy spectrum results in four distinct bands in contrast to the usual case.
Three out of the four bands are dependent on the value of the deformation
parameter (3, that is, the range of values of m in each band varies with
B.

of m becomes meaningless. Furthermore, many of the states in table 4.3

In the limit of § — 0, the states in table 4.1 vanishes as the range

vanishes for the same reason, leaving only the states with m < —1. Hence,

in the limit, 5 — 0, the energy spectrum reduces to two distinct bands as
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would be expected in the undeformed case(as discussed later).

On the other hand, a finite value of (3, places an upper bound to the
bound states. As seen from the orthogonality properties of Romanovski
polynomials, the uppermost bound state n,,,, < a; is dependent on the
value of a;, which is in turn dependent on . This can be seen as an upper
bound on the momentum(maximum momentum) since total relativistic
energy depends on momentum for a constant mass, an upper bound on
the energy implies a finite maximum momentum. In the limit of 5 — 0, it
is noted that the number of bound states becomes infinite, and this reduces

to the undeformed case.

In table 4.3, it is noted that there are two different scenario. Firstly, for

BA > 1, interestingly, the ground state is a spin singlet while the excited

states are spin doublets. This is similar to the observation made with the

Synder’s algebra. In contrast, for % < 1, the states are all spin singlets.

Next, we will take a look on how the wavefunctions behave as n in-

creases. The probability density is

<olv> =N [ 2B ) ) + o)

v pdp

:NIQ
0 1 — Bp?

(ul ) (p)ull) (p) + ulDx(p)u, (p))

1
VP dp ) "
<t >= N [ () ) + ) ) (@5

where N is the normalizing constant and N’? = 2r N2, Furthermore, the

probability density in the x-domain is given by

<Yl >= N7? / dz (o0 (2) D, () + D7 ()@, (2)) . (452)
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In the x-domain, we see that the probability density is symmetrical about
x=0. It is noted that for both states(n=2 and n=20), the probability
densities peak at x=0 where it corresponds to p=0 and vanishes at x =
oo(—00) corresponding to p = \/LB Furthermore, there is a widening of
the peak and a reduction in the peak height as n increases. This means
that as n increases, there is a decreasing probability of finding the particle
with p=0 but we have a wider distribution of momentum. However, it is

observed that this is a gradual change as portrayed in the graph, comparing

probability density of the nth state with an order difference.

Figure 4.1: Probability density in the x-domain for Qﬁ% = 30 and m=59 for
n=2(solid line) and n=20(dotted line)

The probability density in the momentum space is also plotted to show
that the information in the x-domain can be transported back into the
momentum space as shown in the graph below. It is observed that the
probability density in the momentum space has the same gradual widening

and reduction in the peak height as the n increases.
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Figure 4.2: Probability density in the momentum space for = 30 and

m=>59 for n=2(solid line) and n=20(dotted line)

1
28

Recall that in attempting to solve the problem, a transformation of p
into the complex plane p’ is done. We have introduced a non-hermitian
"Hamiltonian’ in Eqn.(4.29). This is reflected by the complex potentiall?.
However, we would like to obtain the solution of the observable Hamiltonian
as this is what we will be observing in experiments. Simultaneously, we
are able to investigate the effects of the complex potential of our problem,

that is, the role of the imaginary part of the potential.

To obtain the observable solution and investigate the effects of the com-
plex potential, we begin with Eqn.(4.29) and dropping the imaginary part
of the potential. This ensures that the Hamiltonian is hermitian and cor-
respond to an observable quantity; the energy eigenvalue in this case. We

then obtain the following from Eqn.(4.29),

9Non-Hermitian Quantum Mechanics(NHQM) is not studied in-depth as it consists of
new interpretations/effects to the Hermitian Quantum Mechanics. NHQM is mentioned
here is to provide a supporting evidence to the existence of the solutions obtained above,
that a solution can be obtained from a non-hermitian Hamiltonian.
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d2

2 N2
-0 + p'sech?z| o) = k2pW) (4.53)
where
1 1.1 o, 1
p = g my £ L AB(Fm — 5)) + g~ — oo (4.54)

and k has the same definition as before. It is clear that this is again a

Schrodinger-like equation? with potential of the form in Eqn.(4.34) with

b=0. Hence,
1 1 1 1
2 R 2
For j=1,
1
a) = ——= — (456)
2
1
a; = —5 + o (457)
where
1
o] = —— AMm+1) —1)2 + m252)2 4.58
1= g VP £ 1) 1P £ (4.5%)
while for j=2,
1
Ao = ——= — Q9 (459)
2
1
a9 = —5 + o (460)

where

20Recall that the m;- has the same definition as above

45



1
V26

The above values of a; is then subjected to the same constraints/range

V(mBA —1)2+ ((m + 1)8)N)2 (4.61)

Qg =

1
——<Clj§

3 which then results in the following energy spectrum. The

1
28X
energy spectrum is arranged according to the values of m and the states
are build with the same energy eigenvalues. Similarly, the negative energy

eigenvalues can be obtained through Eqn.(4.38).

After dropping the imaginary part of the potential, it is observed that
the four distinct bands of the energy spectrum combined into one band and
is of a finite range. Once again, we see that there is an upper bound to
the bound states. The uppermost bound state is denoted by 1. < a;.
In addition, the same characteristic extension of the energy spectrum to
infinitely wide band (that is, the widening range of values of m to the whole
real line) and the infinite number of bound states in the limit of 5 — 0 is

observed.

Enpn= \/]W204 +c? (% - 4/5)\2(75 +ag — n)2> n=0,1,2..<a

ACH) (;
m,n [1) 1
— ’ (1) — s 1 —a plait3,0) VBp imé _ 1
wmn(p) - )mn(p) _p 2(1 sz) 2 Rn ( )5 3 ay = —35 +C¥1
: : - fipC 2
0

Table 4.4: Energy levels and the corresponding wavefunctions for m_ <
m < m., where my = 12_5—5/3‘ + 2612/\ VB(L+ BB —1)).

En,= \/M'zc4 + 2 (/% — 4ﬁ>\2(—% + g — n)2) n=0,1,2,.. <ay

0
Y (p) = fon(p) = P2 (=52)
2
wﬁn,)n (]))

—%‘ZR(”Q*%O)( VBp )eilm e,

" \/1-Bp2

1
Gy = —5 +aa

Table 4.5: Energy levels and the corresponding wavefunctions for m =
(1= BA).
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In table 4.4 and 4.5, it is noted that most of the states are spin singlet
unless the value of § and A results in m = 2‘%)\ (1—B\) to be an integer. Since
only in this case, a spin down state is possible and the spinor components
can have same energy eigenvalues for certain states. In the limit of 3 — 0,
apart from the widening of the band in table 4.4, the states in table 4.5
will exist for all values of m as seen from the inequalities of a; that arise
from the constraints. However, for a finite value of 3, the states will only

exist for specific value of m.

The behaviour of the wavefunctions is also investigated as n increases.
Following the previous discussion, the probability density can be plotted

in the x-domain.

Figure 4.3: Probability density in the x-domain for A =1, § = 0.1, m=38,
n=2.
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Figure 4.4: Probability density in the x-domain for A = 1, § = 0.1, m=38,
n=20.

From the two graphs, it is observed that as n increases, the dominant
peak shifts away from the origin. This shows that as n increases, there
is a higher probability in finding the particle at larger x (smaller x, for
the negative region), both a correspondingly higher momentum. It is also
observed that as n increases, more peaks appear and the ratio of the dom-
inant peak to the lowest peak increases. This is in contrast to the previous
case where in figure 4.1, we see that even as n increases, the probability
density remains as a Gaussian distribution. Hence, we can deduce that
with a complex potential, the imaginary part play a role in restraining the
behaviour of the wavefunctions. This is reflected by the probability density

having only a gradual change over n.

We shall now look at the undeformed case as a contrasting case. Start-

ing from Eqn.(4.24) and setting § = 0, we have

2 1 (1 &2 2 2\
(Gt (G-m2) 4 55— 320 - 5 ) sl =0 o
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We will solve the above equation by exploiting the asymptotic analysis of
the dominant behaviour at the end points. This method is similar to the
one of the employed in solving the harmonic oscillator or hydrogen atom.

Here we obtain
; Lomam!) (i _22
0 (p) = piZFAm) 0) ()~ bx (4.63)

where ”-" is assumed for m} < % and "+7 for m/; > —% and m’=m or
m+1 for j=1,2 respectively. And fU)(p) satisfies the following equation,
considering m/; < %,

< d? {1 —2m} Qp} d ¢ 2

s - ) (p) =

1 d & 1 ,

— | l—-m— x| —+—~—=(1%x1) ) fY) =0. 4.65
(v + 1= 3m =] o+ 5 - 50£D) Mo =0 @o)
By assuming that f() can be written as a power series 9 (x) = 3 cixF,
one notes that a truncation in the number of terms have to be effected;
otherwise it leads to unnormalizable solution. This truncation condition

leads to the quantization

% —(1£1) =n, where n=0,1,2,.. (4.66)
E? = M?c* + 20 (n + (1 £1)). (4.67)

1 . . .
The same argument holds for m} > —3, obtaining the same energy eigen-
values as above. The solutions for the Eqn.(4.65) is given by the associated

Laguerre polynomials. Hence, the wavefunctions are given by

) ;P2 10 2
o) = e 5L (%)), (1.68)
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In the undeformed case, it is observed that the energy spectrum has two

distinct bands(m; < § and m) > —3). We shall take a look at the be-

2

N [—=

haviour of the wavefunctions as n increases and compare it with that of the

deformed problem.

(a) zoom out view for the whole range

(b) zoom in view on small features

Figure 4.5: Probability density in momentum space for m=38, n=2
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(a) zoom out view for the whole range

(b) zoom in view on small features

Figure 4.6: Probability density in momentum space for m=38, n=20

In contrast to figure 4.2, it is observed that the undeformed case has
probability density in which its peak shift towards higher momentum values
with increasing n. In addition, as n increases, more peaks appear. It
is interesting to note that such behaviour can also be observed with the

solutions of Eqn.(4.53) as shown in the following graphs.
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Figure 4.7: Probability density in momentum space for g = 0.1, A = 1,
m=38, n=2

Figure 4.8: Probability density in momentum space for § = 0.1, A = 1,
m=38, n=20

From the similar behaviour, we deduce that the complex potential does
have a restraining effect on the behaviour of the wavefunction. Here, we

do not observe the same shifting of dominant peak towards the higher
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momentum(in the deformed case, the maximum momentum).

4.5 Massless Dirac equation in (2+1) dimen-
sions

The Hamiltonian for the electrons in graphene in the presence of magnetic
field is similar to the (2+1) dimensional massless Dirac equation with Fermi

velocity v,

HmaSSZESS = Co - (P + EA) — ngaphene = VUfpO - (P + EA) (469)
& &

Following the above discussion, to solve this problem, only a minor change

is required, which is

E
e—e =— (4.70)
(%

where ¢ = E//c. This means that the above discussions are similar except

a minor change to the energy levels, which becomes

Epn= UF\/% — 4N (a —n)? (4.71)
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Chapter 5

Energy Dispersion Relation

Apart from quantum mechanical implications, we see that MCRs have an
implication on the energy dispersion relation as seen in Ref.[6]. We will now
proceed to work out the modified dispersion relation under anti-Synder’s

algebra.

Recall that [X;, Pj] = ihd;;(1 — BP?) where i,j=1,2,3. In the position

representation, X' =z and P' = f(p}), then®!

< [Xi, f(P))] > =ihs! < (1= Bf(PF)?) >

of (ph : i
m% — ih(1 - Bf(p)?)
af(pf)) A
1—Bf(ph)? oo
P = 1(p}) = = tanh(/Bp). 6.0

VB

21X¢ and P} are the usual low energy operators that satisfy Heisenberg algebra.
P = f(P}) comes from the motivation to express P’ in terms of operators that are
associated with the familiar Heisenberg algebra.
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We now have

XH = (ct,zp) (5.2)
i p
Pt = (E/c,P' = p (1—€|po|2 ) (5.3)
where P* is the 4-momentum and p = 0,1, 2,3. Here we have effected an
expansion and kept terms up to O(f). Under the general static metric g,,,,
the norm of P* takes the form
P"P, = g, P*P” = goo(P°)* + g;; P' P’
E? L i ?
=gz + 9i5P0P% (1 - g|po|2>
E? i I5;
— o’y + it (1 5l (5.4)
We recognize that under a general static metric, goof—; + gijpgpé is a scalar

of the undeformed norm. We denote this by +. Hence, in terms of low

momentum pj),

i B
PiP, =~ — gijpop(])§|p0|2- (5.5)

We can rewrite the above in terms of high momentum by finding pj, in

terms of P’. This is shown below, up to O(f3)

o = %tanh_l(\/gf’i)

~ P (1 + E|P|2> .
3
Eqn.(5.5) can then be written as
hp — ipiBpp2

where we have kept terms up to O(8). Recall that P*P, = goo(P%)* +
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gijP"P?, then

(P°)? = —ﬁ (—v +g; P'P’ (1 + §|P|2)) : (5.7)

The energy of a particle in static gravitational field g, is given by

E® = (_QOOCPO)2 = —gooc” (—’7 +gz~jPin (1 + §|P|2)> . (5.8)

We now see that in the Minkowski spacetime where gog = —1, v = —m?2c?.

Hence, we arrived at the modified energy dispersion relation

E?=¢ (m2c2 + |PJ? <1 + §|P|2>)

= E2 + §]P|4c2 (5.9)

where E2 = m2c! + | P|?c?, the usual relativistic energy dispersion relation.

5.1 Application to Neutrino Physics

The modified energy dispersion relation can be applied to neutrino physics
to obtain a bound on the deformation parameter  through experimental

measurements.

Before we start, we will give a brief introduction to neutrino oscillation.
Neutrino oscillations refer to the physics of neutrino flavour change. It is
used to explain the solar neutrino problem [9] - the number measured fall

short of the expected value??.

Here we will only consider the case of two neutrino types, electron

and muon neutrino. As mentioned in Ref.[6], we see that the neutrino is

22The measurement yield only a third of what is expected.
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not an eigenfunction of the Hamiltonian since it can change into another
type. Hence, we would expect that the eigenstates are orthogonal linear
combinations:

v =1, 0860 — v,sinf (5.10)
Vo = v, sinf + v, cos (5.11)

where the coefficients are chosen for a normalized states and 6 is the mixing

angle. These states will then evolve through time with a phase factor as

vi(t) = v, (0)e " w? (5.12)

Vo(t) = s(0)e T, (5.13)

Now, we suppose that the particle is an electron neutrino at t=0, then from

Eqn.(5.10) and Eqn.(5.11),

v1(0) = —sind (5.14)

15(0) = cos . (5.15)
We can solve Eqn.(5.10) and Eqn.(5.11) for v, and using the above,

vu(t) = v1(t) cos b + vo(t) sin

Ea,

o
= sin# cos <—6_ZTt +e ' ) : (5.16)

The probability of electron neutrino converting into muon neutrino after

time t is given by

. By N 2
Py, = |vu(t)]> = (sin6 cos ) (—e‘z%t + e"%t>

_ <sm(29) sin (&2;;7%))2 (5.17)
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2 .2\, 4 2
Py, = (sin(20) sin (%t)) (5.18)

where Fy and E5 are the usual relativistic energy relations and we have
assumed E ~ |P|c and they have the same |P|. The above shows that
the neutrino flavour will oscillate between electron and muon neutrino.
We can see that if there is no mixing, the probability above will be zero
immediately. Similarly, if the neutrinos are massless then m3 — m? = 0,
neutrino flavour change is also not possible. This shows the condition for

neutrino oscillation. In experiments, the value of m3 — m? can then be

determined.

At this stage, we are in position to apply the modified energy dispersion
relation (Eqn.(5.9)) to neutrino physics. In Eqn.(5.17), it depends on the
energy difference between the two eigenstates. We can get the energy of

each eigenstate from Eqn.(5.9),

E= \/m2c4 + |P|?c? (1 + §|P|2>
1 /m?c? B 1 (m** 28
~|Plc1+ = o m2e?
| 'C( +2(\P\2+3' '> 4(\13\4*3“))

1 (m??® B
~ |P|c (1+5 ( i +§|P|2>). (5.19)

In obtaining the above, we have made several assumptions. Firstly, m2c? <<

|P|? and keeping up to second order approximation. In addition, we also
kept terms of order . Secondly, we have assumed that % and §|P | has
the same order. Hence, in keeping to first order approximation, we arrived

at the last line of the above equation.

We can now insert Eqn.(5.19) into Eqn.(5.17) and assuming that they
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have the same |P| and |P|c &~ E as mentioned in Ref.[9].

oo (B B\
P, = 26 —t
0 (sm( ) sin ( 5% ))

m2—m2)e2 _
’P’C<<( Q\P\Ql) + 52351|P|2>)
4h

~ <sin(29) sin K(mgz}bg%)& + <521;7§2)E3) tDQ. (5.20)

This is the probability /neutrino oscillation under the modified dispersion

= | sin(26) sin t

relation. From Eqn.(5.20), we see that there are two cases in which neutrino
oscillation is possible. First, for massless or degenerate mass neutrinos,
the neutrino oscillation is possible by the difference in the deformation

parameters 1 and [y as seen by each of the eigenstates. In this case,

((m3—-m3)c?)
4hE

(B2—B1)E3

SRz in the original case, is

the term , corresponding to

responsible for the neutrino oscillation. Thus,

2

(m3 —mi)ct (B2 — P)E?

AhE 12hc?
3(m2 — m?2)cb
By~ fy = 22— e = ) (5.21)

Experimentally, m3 — m? = 8.0 * 107°eV? and E=1 GeV as mentioned by
[10]. Using this values, then we see that 8, — 3 (in (kg~?m~2s%)) is of the

order 1023,

Secondly, if the deformation parameters are constant, neutrino oscil-
lation will be possible by difference in masses since Eqn.(5.20) has the
same form as Eqn.(5.17) up to the first order approximation. We see that
Eqn.(5.19) does contain higher order terms involving the deformation pa-
rameter. The next leading order correction will then turn up as the uncer-

tainty in the experimental measurements. This then allow us to work out

29



the bound on the deformation parameter, which can be done by demanding

that this leading correction is smaller than the experimental uncertainty.
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Chapter 6

Future Direction

We have seen that the relativistic landau problem under Synder’s and anti-
Synder’s algebra lead to different results. One result is the modified energy
spectrum. Under Synder’s algebra, there is an additional spectrum that
does not exist in the usual problem. On the other hand, under the anti-
Synder’s algebra, similar appearance of additional spectrum is observed
with the non-hermitian Hamiltonian. In the latter case, a constrained
spectrum is observed by demanding a hermitian Hamiltonian. Further-
more, under anti-Synder’s algebra, there is an existence of an upper bound
state. Such a modified energy spectrum along with its characteristics has
not been studied in literature. The possible uses of these spectrum are
unclear. What is interesting, however, is that such energy spectrum can be
extended to graphene and hence, the study of these energy spectrum may

lead to more potential uses of graphene.

Secondly, many MCRs have been proposed to introduce the idea of min-
imum length and maximum momentum into quantum mechanics. These
MCRs would lead to different results of the same problem even though
the deformation parameters are typically small. Hence, it is conceivable

that in time to come, experiment can be used to determine the value of
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deformation parameter. In this way, we can then also compare the different
MCRs to check which agrees best with experiment. Furthermore, the MCR
that best agrees with experiment will indicate whether minimum length or

maximum momentum or both exist.

Lastly, in the application of MCR to neutrino physics, the deformation
parameter is seen to be of the order 1072%. Here we have shown that,
apart from mass differences, neutrino oscillations may also be accounted
for by the deformation parameters. It would be interesting to investigate
this possibility in the context of experimental work. In addition, we have
only considered two types of neutrinos. We can extend this analysis to

oscillations involving more neutrino flavours.
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Chapter 7

Conclusion

Various quantum theories have predicted the existence of minimum length
or maximum momentum. GUP has been developed in an attempt to study
these effects in the context of quantum mechanics. In order to do this,
the Heisenberg Uncertainty Principle has been modified by generalizing
the right hand side of the underlying commutator relation. We have seen
that different classes of MCRs, resulting from various constraints, do allow
a minimum length; here interpreted as minimum uncertainty in position.
Maximum momentum is also a feature of some of the theories. The latter
is being introduced through a singularity in the weight function or the

commutator relation.

We have also looked at various implications of MCR to quantum me-
chanics formalism. These include, among others, the introduction of the
weight function in the completeness relationship, implying that the eigen-
functions are no longer orthonormal. In addition, the eigenstates may no
longer be a physical state as seen in the case of relations that admit mini-
mum length. Furthermore, several examples of deformed quantum mechan-
ics from literature are discussed to show the different features that emerge

under the conditions of minimum length and maximum momentum.
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In the project, we have examined solutions to the relativistic Lan-
dau problem under the anti-Synder’s algebra. In an attempt to solve the
problem, we are forced to complexify the momentum. As a result, the
Schrodinger-like equation consists of a complex potential. Here, by appeal-
ing to generalizations of the standard formalism of quantum mechanics
(in the form of Non-Hermitian QM), we obtain solutions to this otherwise
difficult problem. In this approach, the equation turns out to be exactly
solvable. The resulting energy spectrum is shown to consists of an upper
bound, which results from the finite orthogonality properties of the Ro-
manovski polynomials. It is also observed that the energy spectrum results
in four distinct bands, in which two bands have states that do not exist in
the undeformed case. These states also vanishes in the § — 0 limit, re-
ducing them to the original state of the undeformed case. We have further
examined the corresponding wavefunctions that are associated with these

complex potential.

We have also applied the modified energy dispersion relation, arising
from MCR, to neutrino physics. It is found that under the modified energy
dispersion relation, neutrino oscillations are possible through two cases:
difference in deformation parameters seen by each particle or difference
in masses. In that section, we have also obtained an estimation of the

deformation parameter as shown that it is of order 10723,
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Appendix A

G(P) in the proposed MCR

Substituting Eqn.(1.3) into Jacobi identity,

[F(P);1 + G(P)P;Py, Xi] — [F(P)8y, + G(P) PPy, X;] = 0

[F(P), X0k + [G(P)P; Py, X;] — [F(P), X;]0i — [G(P)P, Py, X;] = 0.

From Eqn.(1.3), the operators in the momentum representation are

P; = p;, X; =1ih (F<p) 0

Gl ). (&)

Opy

Using these, the Jacobi identity becomes

[F(p)7 F(p) aiz + G(p)piplaipl}(sjk + [G(p)pjpk, F(p) aiz =+ G(p)piplaipl]
_[F<p)7 F(p)aip] + G(p)pjplaipl]éi — [G(p)pipk7 F(p)aip] + G(p)pjplaipl] =0
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P 5+ G g 55— (P 5 + Gl o
P PEDEL  (p)pp N
—[F (p)—a(ngfipk) + G(p)pjpz—a(Gg; ?ipk)} =0.
(A.2)
We can make use of the fact that p? = p;p;, then g—; =5,
Fo) G b — o) + G P i —
+F(p)G(p)[pjdir — pidjr] =0
OF (p) IF (p)
F(p)G(p) — G(p)p oy F(p) o
2F (p) 2%
G(p) = F(p) _ QPQ%@‘ (AS)

This is the constraint that is shown in the thesis.
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Appendix B

Wavefunction of 1D Harmonic

Oscillator

After the change of variables, the equation becomes

9 0 (1-5)?
[§Qa—§2+§a—£—< 542 ) +e| () =0.
For ¢ — 0,
0? 0 |
l€2a_€g+£a_§_k2 v(E) =0
o\t ]
[(58—5) — R w(E©) =0
9 o \]
(66 —+) (egg +4) | wa =0
where
/1
k= ﬁ_€>0
This gives
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where the term 2% do not allow normalizability when ¢ — 0 and hence,

not included. Thus, when & — 0, ¥(&) — &~

On the other hand, for £ — oo,

e - 5] wo —0 (8.7
[(&%)2 ~Elwe =0 (B3
(1)

This gives
U(€) = aes? + be /2, (B.10)

Similarly, e¢/? do not allow normalizability when & — oo and hence, not

included. Thus, when & — oo, W(£) — e~¢/2,

This leads to the wavefunction to be

U(E) = e 2 f(8) (&) (B.11)

where f(&) is the connection function of the asymptotic behaviour when &

is not near the boundary.
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Appendix C

Hypergeometric Equation

All classical orthogonal polynomials appear as solutions of the hypergeo-

metric equation as shown below:

o (2)yn(x) + 7(2)yn (x) = Ayn(z) = 0 (C.1)
where
o(z) =ax® +br +c (C.2)
T(r) =dr+e (C.3)
An =n(n — 1)a + nd. (C4)

The solution denoted by

yn(z) = P, x (C.5)

where a, b, ¢, d and e are the parameters of the polynomial and n (=0,1,2,...)
is the order of the polynomial. The solution can be found using different

methods [7]. The polynomials can be built from Rodrigues representation
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and are classified according to their weight functions w(x) as shown below:

1 n d e
P, = * dd ~ (az® + bx 4 c)"W X
d e & a b c
w
a b c
(C.6)
d € d—2 _
w(z) =W N :exp(/( 2a)x+(e b)da;).
a b e ar® +bxr +c
(C.7)

For different parameters, the above solutions will yield the corresponding
polynomials. For example, in Eqn.(3.10), the parameters correspond to
that of Laguerre polynomial, a=0, b=1, ¢=0, d=-1 and e=2k+1. Hence,

the solution to the equation is an associated Laguerre polynomial.
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Appendix D

Romanovski Polynomial

Another set of parameters of the polynomial will be looked at since in this
paper, the main solution consists of this class of polynomial: Romanovski
polynomials. The corresponding set of parameters are a=1, b=0, c=1,
d=2(1-p) and e=q where p > 0. Such a set of parameters results in the

following weight function that belongs to this class of polynomial.

w(z) = (2 + 1) Pettan '@ (D.1)

The orthogonality properties of the Romanovski polynomials are discussed
in the main text. In Ref.[7] it is shown that Schrodinger equation with
hyperbolic scarf potential(Eqn.(4.34)) reduces to the differential equation
satisfied by the Romanovski polynomial. We shall discuss on the reason on
the transformation of p to p’. Starting from the Schrodinger equation in

Eqn.(4.26), a substitution of x = sinh ¢ yield
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2o (z)  de(2) 1 {(1_7”,2)

2
(1+27) T +x2(1—|—x2) 4
222 1 x* ,
= ! Iy _ () .
D) [(m + 1)+ BA <qim +2>] 52)\2} o () (D.2)
e
+Wg0m (x) = 0.

This equation is similar to the polynomial that has the weight function in

Eqn.(D.1). Thus, it suggests the following substitution
Pl (@) = (L4 a?) ez e D0 (z), (D.3)

obtaining
o\ d

(1+m)7+[(2u+1)x—y]—

_‘_; 1_ 2 4 g2 K+V_2+ — 2

2(1+a2) |\ )T \g Ty AT

2 . , 1 ,

i [(m + 1)+ A (:Fm +§)]) + vz — 52)\2}

82 v)(%
+ (M2+ W)}D’(‘H O (z) =

The coefficient of the terms involving the factor m has to vanish,

(D.4)

leading to
1

iz =0 (D.5)

This is approximately true only if 5, A\ — oo, which is not the case since
in literature, f is a small value(<< 1). Recall also the definition of A, By
has to be infinitely large in order for the above to hold approximately true.
Hence, we see that by purely a change of variable to the q domain do not
yield a solution, which in turn require us to perform a transformation of p

9

to p’.
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Appendix E

Dirac equation

Dirac equation is an equation for describing particles of spin % It is a rel-
ativistic equation but is in contrast to the Klein-Gordon equation in which
it is first order in time. Dirac’ strategy [8] is to factorize the relativis-
tic energy-momentum relation, which introduce the Dirac matrices in the

process. Hence, the energy-momentum relation can be written as:

PP — m2c? = (vkpk + mc)(v’\p,\ —mc) =0 (E.1)
0 1 0 ; 0 o

v = v = , (E.2)
0 —1 —o* 0

where ¢! is the Pauli matrices. Thus, the Dirac equation by convention
will be

U
ihy" 0,0 — mep =0, where ¢ = v . (E.3)
Vs

Yy

The wavefunction now is a four-vector and is called the Dirac spinor.
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