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Abstract

The main objective of this thesis is to describe the codes that we have developed in order
to simulate the ground state of a spin one and spin two Bose-Einstein condensate as well
as codes that we have developed to solve the Bogoliubov equations used to examine the
elementary excitations of these ground states. Motivated by viewing non-abelian vortices
within a spin two condensate as anyons that can be used for quantum computation, we also
look at introducing vortices into our codes by means of suitable initial conditions. To do
this, we have developed methods for setting up and looking at vortices in our ground state
systems. Finally, we will put all our code together by numerically solving the Bogoliubov
equations for a ground state system with a vortex present and provide analysis of these

results.






Introduction

Bose-Einstein condensates were first predicted in the 1920’s by Einstein [1], when he gen-
eralized work carried out by Bose [2] regarding photons to atoms. The general idea is that
under a certain temperature, a system of bosons will undergo a phase transition where a
significant fraction of the bosons will sit in the ground state of the system. This is what is
known as a Bose-Einstein condensate [3].

It was not until the mid 1990’s that experimental realizations of this predicted phase
of matter were seen, with three separate groups managing to cool the atoms in rubidium-
87, sodium and lithium into a condensed state [4, 5, 6], using techniques such as laser and
evaporative cooling as well as confining atoms in magnetic traps [3].

As a result of these experiments, this area of research grew explosively with studies
directly related to understanding the theory behind these systems [7, 8], as well as theoretical
papers building on initial experiments [9, 10]. As knowledge grew in this field, it was not
long before both theoretical and experimental studies of spinor Bose-Einstein codnensates,
where the particles have spin degrees of freedom and hence multiple components, appeared
11, 12].

An interesting area of study to look at regarding Bose-Einstein condensates is that
of vortex formation. Vortices are regions of circulation within a condensate that can be
described by homotopy theory. For a spinless condensate, we see only one type of vortex
occur due to the single-valuedness of the order parameter. However, for spinor condensates,
there is a much richer variety of vortex types that can occur due to the presence of spin
degrees of freedom. Many studies have been carried out in relation to vortices in spinless [13],
two-component [14], and spinor condensates [15, 16, 17]. In recent years, there have been
experimental realizations of vortices in both spin one and spin two condensates [18, 19, 20].

Of particular interest to us and what has served as the inspiration for this thesis is
treating the non-abelian vortices that can occur in a spin two condensate as anyons, which
can be used for topological quantum computation [21]. Anyons are quasiparticles that exist
in two dimensions due to the wider variety of exchange statistics present [22, 23]. Certain
anyon models can be used to represent qubits and the braiding and fusion of these anyons
can be seen as acting with quantum gates on these qubits [24].

The main work of this thesis is to describe the codes that we have developed to simulate
the ground state of a spin one and spin two condensate as well as codes that we have
developed to look at Bogoliubov excitations on top of these ground states. Since we have a
particular interest in vortices within these systems, we have also developed code that allows
for vortices to be imprinted in the ground state of these condensates. We have published
these codes online for public use [25].

The layout of this thesis is as follows. We first give a brief introduction to spinless
Bose-Einstein condensates, describing the mean field approach used to model them which

leads to the Gross-Pitaevskii equation. This is followed by a short section on describing a
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condensate using the hydrodynamic approach and connecting this to the single vortex type
that can be realized in a spinless condensate. We then turn our attention to introducing
spinor condensates, focusing on the Hamiltonian used to describe these systems and how
we arrive at the coupled Gross-Pitaevskii equations for spinor condensates in a mean-field
approach. We also give a brief description of the different phases that can occur in spinor
condensates based on the interaction that is occurring. Once we have introduced the systems
of interest, we will look at how the symmetry of a spinor condensate is described and how
this, along with homotopy theory, is used to describe the different types of vortices that can
occur in these systems. Here, we will provide examples of these vortex types. We will then
turn to describing how we have developed the codes used to simulate the ground state of a
spin one and spin two condensate along with the codes for looking at Bogoliubov excitations
on top of these states. This will include looking at how we set up the code in such a way that
we can introduce vortices into our systems. Finally, we will provide results from this code,
demonstrating its validity. Since we are particularly interested in the non-abelian vortex
types seen in a spin two condensate, we will focus our attention here, not only showing some
of the vortices that our code can hold in our systems, but also looking at excited states
of these vortex states using our Bogoliubov code where we will provide analysis of results

shown.
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1 The Gross-Pitaevskii Equation for a Spinless Conden-

sate

In order to describe a system of interacting bosons, some simplifications must be made. To
arrive at a description of this system, let’s first start by considering the most simple case
and build up to the more complicated one. One of the simplest systems we can consider is
that of a single particle trapped in some potential. The Hamiltonian for this system is given
by the following:

P2

H =+ V(), (1.1)

where P = —ihV, is the momentum operator, V() is the potential the that the particle
is in and m is the mass of the particle.

The equation of motion for this system is governed by the time-dependent Schrodinger
equation:

HU(7 t) = ih%\l/(ﬁ ). (1.2)

If we only wish to look at stationary states of the above equation, namely those of the
form:
U(F,t) = e Fy(P), (1.3)

where F is the energy of the state in question and ¥(7) = ¥(7,0), then the Schrodinger
equation takes the following form for ¢ (7):

HY(7) = By(@). (1.4)

The ground state of this system, ¢o(7), is the state that minimizes the energy of equation
(1.4).
Taking this one step further, let’s now consider N non-interacting bosons in the same

potential. The Hamiltonian for this system is:

-,

N 2
H=>Y" S+ V() (1.5)
=1

If this system is in the condensed state where all particles occupy the lowest energy
ground state, then, following [26], we can take the ground state of the full system to be a

symmetrized product of single particle ground states.

(7, oy oy TN) = Hmm (1.6)

As a result of this, (1.6) also satisfies the time-independent Schrodinger equation given

by equation (1.4) with H now given by (1.5). The ground state will again minimize the



energy of (1.4).

With the above groundwork, we can now turn to the system of interest: N interacting
bosons in a potential V(7). In the same way that a system of N non-interacting bosons
was described above; we would like to describe a state of this system using a single wave
function. To do this, we need a simplified way of describing the interactions between the
particles in the system. One such way of doing this is by adding an extra potential to the
Hamiltonian that accounts for the force that a particle feels due to all other particles in the

system and then adding over all pairs of particles to account for the entire system.

For our purposes, we will take the system to be dilute and therefore can take the potential

that a particle at position 7; feels due to interaction with a particle at 7; to be of the form:

U = Upd(7; — 7)), (1.7)

where: A2
Up= —2, (1.8)

m

and a is the s-wave scattering length between the two particles.

The full interaction potential, Vi, is then given by summing over all pairs of particles:

Vine = Up Y 6(7% — 7). (1.9)

1<j

Therefore, the Hamiltonian for this system of N interacting bosons is:

+ U0 Y 6 — 7). (1.10)

We now try to find the energy of this system by taking a trial wavefunction where all
particles occupy the same state. As a result, we again take our trial wavefunction to be a

product of single particle states.

O, 7y, .y ) = [ [ 07, (L.11)

where ¢(7;) is the single particle wave function for the particle at position 7; in the

system described by the Hamiltonian as in (1.10). We also take the normalization:

/ 62 dF =1 (1.12)



The energy of the system in state ® is then given by:

~ (@|H]|%)

- [T Tle e |3 |5

=1

D] +Uo Yo — )| [T,

1<j q

where ¢*(7) is the complex conjugate of ¢(7).

We can work out each term of (1.13) individually, the first of these being:

/HdnH¢ ip ot

-/ [Torn 1o 3o~ f—w I

- hN/¢ﬂW oA (L1

{ [owviomar- [ w*(ﬁvm(ﬁdf] ,
- hQN U¢ (Vo) s - [ Vo) dr],

th IND I
=5 /\Vqﬁ(r)\ dr.

In going from the second to third line, we have used that the normalization (1.12) holds
for all except the ith term. We integrate by parts to go from line three to four and use
the divergence theorem to integrate the first term on the boundary of the system. Since all
particles are confined by the potential V (7), the first term on line five vanishes and so we

are left with the final expression.

The second term of (1.13) is

2= [Ilan[To e SV [Tow,
=N [ oo V(.

(1.15)

where (1.12) has again been used here going from the first to second line.

The third and final term of (1.13) is the interaction term:



E3—/Hd7"7,H¢ UOZ5 H¢(Fq),

i<J q

—Z/dndm 6 167 Uod (7, — 7). (1.16)

1<J

M LGRE

where we have used (1.12) on all terms except the ith and jth term, and have then integrated
over 7;. We then sum over the number of pairs of particles to get the final expression.

All in all, this means that the expression for the energy in (1.13) becomes:

B2y (1.17)

B=N [ar[ 11V + V) o +

Now that we have an expression for the energy of this system, we can vary this to find

the wavefunction ¢(7) that minimizes it, hence finding an expression for the condensed state
of the system.

Before minimizing the energy, let’s take ¢ (7) to be the wave function of the condensed

state which is given by:

»(F) = VNG(F), (1.18)

which means that v is normalized in the following way:

/|¢(F)\2 = N. (1.19)

This means that we get the following expression for the energy functional by subbing
(1.18) into (1.17) and dropping terms of order 1/N:

2
Bl = [ a |5 (P00 + VAl + 5 o) (1.20)

It is this energy functional that we now wish to minimize in order to find an equation
for the the condensed state 3. Since 1 is a complex wave function, we must minimize (1.20)
with respect to both 1 and its complex conjugate, 1*. This means that we will get an
equation with two components, one for ¢ and one for *. It turns out, however that these
equations are identical and so we will just focus on minimizing (1.20) with respect to ¢*
which will give the equation for 1.

The problem of minimizing (1.20) under the constraint (1.19) is a constrained variation

problem. We can solve this by defining the following functional:
K] = / [E(F,w,l//) — pG(7, 4, 3") | dr, (1.21)

4



where F is the integrand of (1.20), ¢’ is equal to V#), u is a Lagrange multiplier and

G(F i, ¢') = [o(7))? (1.22)

To find the equation for ¢ which minimizes K, we apply the Euler-Lagrange equation

with respect to ¥*:

0 = d 0 -
oy & T HO) ~ g {aw*)f(E - “G)} -

0E d [ OFE oG _d ( 9G \1_,
— our ar \ oWy “{aw* clf'(aw*)'ﬂ -

Working out the above, we are left with the following equation for the wave function of

(1.23)

the condensed state:

—;Lmvzzb(f') + V(OW(F) + Uolw (7) e (7) = pap(7). (1.24)

This is the Gross-Pitaevskii equation which describes the stationary states of a Bose-
Einstein condensate.

We see from the above that the Lagrange multiplier p is the chemical potential that
keeps the number of particles in the condensate fixed.

We can look at time-dependent states of Bose-Einstein condensates by generalizing equa-

tion (1.24) to the time-dependent Gross-Pitaevskii equation:

OY(7, t)
ot

Motivation for (1.25) comes from noting that (1.24) is essentially a non-linear Schrodinger

2
TR 1) V(P ) + Vol (7 1) P (7, 1) = it (1.25)

equation where p has replaced the energy per particle. Then in going from a time indepen-
dent regime to a time-dependent one, we replace the chemical potential by a time derivative
acting on ¢ which now also depends on time. For consistency between equation (1.24) and

(1.25), we must have that ¢ (7, t) evolves in time as:
Y7 t) = e (). (1.26)

Healing Length of the condensate An important length scale that we will have to
consider throughout this research is the healing length of the condensate. This will determine
the scale over which changes can occur in the condensate and is important when looking at
the size of vortices.

In order to arrive at an expression for this length, we will look at a condensate in one
dimension, in the region z > 0. That is, we will assume that we have an infinite potential

in the region < 0 and zero potential otherwise. The Gross-Pitaevskii equation for this



system is:

h? d*y(x)
2m da?

+ Uy (2)Po(x) = wh (). (1.27)

For this system, we will have the following boundary conditions. We require 1(0) = 0
and ¥(00) = g, where 1)y is a constant. What this means is that as we move away from
the wall at = 0, ¥ (z) approaches its bulk value, ¥y, at which the derivative of i(z) is
zero. As a result we can find a value for the chemical potential for this system by looking at
the system when ¢ (z) = 99 and the derivative of ¢ (z) is zero. Plugging this into equation
(1.27) gives the following for pu.

1= Ug|tho|* = Upn. (1.28)

Here we approximate the absolute value of the condensate’s bulk value, [¢g|? as the

particle density, n

Rearranging (1.27) and subbing in for u, we get:

1 ()

2m  dx?

—Uo(|thol* = (=) |*) (). (1.29)

We will solve this equation in order to look at the wavefunction of this condensate, from

which we arrive at the healing length.

First we will multiply across by ¢’. By this notation, we mean the derivative of ¥ (x)
with respect to z. We will also, for now, use 1" to denote the second derivative with respect

to x. For our case here, we will also assume that () is real and ¢'(z) > 0.

2mU0

Y = = (U5 — VY. (1.30)

We now integrate both sides with respect to ¥ to get:

1 n2 _ _
SW)? =

QmUo

wow _,w +C (1.31)

In order to determine the constant of integration, C, we must use the boundary conditions
of this system. Here, we will use that (c0) = 1y which means that ¢’(c0) = 0. Plugging
this into (1.31) gives the following for C:

1
C= —ng. (1.32)

We can then sub this back into (1.31) and simplify:



30 = =228 S - Jut - Jud]
- mUO 030 - 501 - 3]
- ";;f (4 03)’
W0~ 3). (1.3

We can rearrange this further and integrate both sides as shown below:

» > mUp
o h?

1
——arctanh (

0 z+D. (1.34)

To determine the constant of integration, D, we use the other boundary condition that
we have not yet used, which is that ¢¥(0) = 0. When we sub this into (1.34), we get that
D = 0. We can then rearrange (1.34) for ().

1 ) mUg
—%arctanh (TﬁO) 2 (1.35)

= (x) = Yotanh <¢o@x> (1.36)
= —totanh <¢o@x> (1.37)

We can suppress the minus sign into 1y out front. We also now substitute for n = |12

inside the hyperbolic tangent function.

mnU
Y(x) = Potanh ( 2 0:0) . (1.38)
If we define €2 = %f;U , we can rewrite (1.38) in the following way:

Y(z) = 1/Jotﬁmh< (1.39)

i)

We see that the general behaviour of this wavefunction is given by the hyperbolic tan
function. If x = 0, we see that the wavefunction is zero. However, if z >> &, then we

see that tanh (%) approaches one and so the condensate wavefunction approaches its bulk



value. Since this is happening on a scale of some number of lengths &, we say that & is the

healing length of the condensate over which the condensate reaches its bulk value.



2 Hydrodynamic Equations for a Spinless Condensate

In order to gain some intuition for how vortices arise in Bose-Einstein condensates, let’s
first draw some parallels with fluid dynamics by formulating the Gross-Pitaevskii equation
in terms of hydrodynamic equations [26].

The starting point for this section is the time-dependent Gross-Pitaevskii equation given
by equation (1.25). If we multiply this by ¢*(7,t) and subtract the complex conjugate of
the resulting equation, we are left with:

oly[? h

5 +V. %(¢*V¢—¢V¢*) =0, (2.1)

where we have used the product rule for differentiation and the identity:
V3 =V - (V). (2.2)

We have also suppressed the spatial and time dependence of ¥ for notational convenience.

By inspecting equation (2.1), we see that it has the form of a continuity equation:

on L
5 + V. (n?) =0, (2.3)

where n = [1)|? is the particle density and ¥ is the velocity of the condensate given by:
h (P*"Vy — Vo)

Using the above, we can obtain two useful physical observables of the condensate by

rewriting the wave function in polar form:

= fe', (2.5)

where f = |[¢| and ¢ is the phase of the complex wave function.

From this, we get expressions for the particle density and velocity of the condensate:

n= f27 (26)

7=V, (2.7)

where we have obtained the second expression by subbing (2.5) into (2.4).

From equation (2.7), we immediately see that the motion of the condensate corresponds
to potential flow and as a result the motion of the condensate is irrotational.

We can find equations of motion for the particle density and velocity of the condensate

by substituting (2.5) into the time-dependent Gross-Pitaevskii equation, (1.25):



VQ[feWHV(ﬁfe“” + Uplfe"? fe'* = m [fe“”} (2.8)
— %W?f + (Vo) f —ifV%¢p —2iVe - Vfle"
f i _ 1,00

ip 37,(15_
+V(F)fe'? +Upfe zha 8t

fei®. (2.9)

Splitting (2.9) into its real and imaginary components gives us the equations of motion

we are looking for. The imaginary part of (2.9) is:

h2
fT[fV%H 26 Vi) =hL,
[f2v2¢+2fv¢ Vf]—2fh f (2.10)
2 (f2)

where, in going from the second to third line, we have used the chain rule for differentiation
on the right hand side. On the left hand side, we have used the product rule identity for

the divergence operator:

V- (WA) =V - A+ A- Vi, (2.11)

where 1 is a scalar field and A is a vector field.
Equation (2.10) is the continuity equation rewritten in terms of the scalar field ¢ and

particle density f2. The real part component of (2.9) is:

K2 0%
o =V (VO 1+ fV(R) + Upf? = —h - f
me "o (2.12)
—;—fv2f+ —mu +V(F)+U0f2_—haaf

Equation (2.12) gives an equation of motion for the scalar potential ¢. In order to get

an equation of motion for the velocity of the condensate, we take the gradient of this:

md g <V(F) U

o Vi/n + mv). (2.13)

h?
2my/n
In order to rewrite (2.13) in a form that is more familiar, we note that, for a uniform
condensate, the chemical potential is given as p = nUy. To see this, examine the Gross-
Pitaevskii equation for a stationary state as given by (1.24), neglecting the kinetic and
potential energy terms but keeping the interaction potential. We can then use the Gibbs-

Duhem relation relating changes to the chemical potential of a system to changes in pressure

10



at zero temperature, dp = ndpu.

Using this, we can rewrite (2.13):

ov 1 v? 1 I 1
5= —Vp=V (2) +—V (2m\/ﬁv \/ﬁ) - EVV(F). (2.14)

This equation is the analogue of the Euler equation for fluid dynamics. The usual form
of the Euler equation for a perfect fluid with irrotational flow is:

ov 1 V2 1
5 ——Vp-V <2> - EVV(F). (2.15)

mn

The only difference between equations (2.14) and (2.15) is the third term on the right
hand side of (2.14). This term is called the quantum pressure term and accounts for forces
due to spatial variations of the wave function of the condensed state.

We saw earlier in this section from equation (2.7) that the motion of the condensate is
irrotational and as such we would normally conclude from this that no vortices are present.
However, this is not the case here. Let’s consider the circulation of the condensate around

a closed loop, C.

T = ]{ 7-dl = Ev(;s.df. (2.16)
C m

We can calculate this circulation by taking into account that the wavefunction of the
condensate must be single-valued. This means that if we go around a loop in the condensate
and end at the same point that we started, we must get the same value for the condensate
wavefunction at this point. This means that the change in the phase of the wavefunction,

V¢, must be a multiple of 27 along a closed loop.

}{ V- dl = 2rl. (2.17)
c
Subbing this into (2.16) gives:
ok (2.18)
m m

Therefore we see that the circulation is quantized in units of % This means that we
can get one type of vortex in a spinless condensate. This vortex consists of a winding of
the phase of the wavefunction where the phase winds from zero to 27 an integer number of
times. We will arrive at this result again when we consider vortices in a condensate from

the point of view of homotopy theory in section (5).

11






3 Spinor Bose-Einstein condensates

With the formalism of a spinless condensate set up in the previous sections; we can now take
a similar approach in order to deal with a system of bosons with spin. To do this, we will
follow the approach taken in [27] and first consider the Hamiltonian for this system. From
this, we will derive the Gross-Pitaevskii equation for a spinor Bose-Einstein condensate
coming from a mean-field approach. We note that some of the formalism here has been
previously dealt with for spin two in [28] and the interaction Hamiltonian for spin one has

been originally looked at in [29, 30].

3.1 Hamiltonian for a Spinor Bose-Einstein Condensate
3.1.1 General Setup for Spin-n Condensate
To start, consider a system of identical bosons with mass M and spin f. This system is

described by field operators U, (7), where m is the magnetic quantum number running from

—f to f and the field operators satisfy the canonical commutation relations:

[ﬁ:m(f),qu",(f')} = S O(F — 1), (3.1)

1)
(9,7, 9, (7] = [95,(?), ¥,.(7)] = 0. (3.2)

As was done in the spinless case, we will first look at the non-interacting system. The

Hamiltonian for this is given by:

272
o= [ ar S 4 i, |~ + V) = DD+ D | (33)
mmi——f
which has the usual kinetic energy term and potential that the particles are in. The linear
and quadratic Zeeman terms, p and ¢, are included to allow for the presence of external
fields such as a magnetic field. Within these terms we are using the (m,m’) components of
the f, and f2 spin matrices, the spin matrices f, where v = (x,y, z) for spin one and spin

two are listed below:

i 01 0 (0 =1 0 1 0 O
1
c=—F72= |1 0 1], =—1!11 0 -1], =10 0 O 3.4
010 0 1 0 0 0 -1



o1 0 0 0
10 50 0
0 0 50 1
o0 0 1 0
0 —i 0 0 0
i 0 —iy/3 0 0
fo=lo /i 0 —i/i oo (3:5)
N
0 0 0 i 0
200 0 0
010 0 0
f=]10 00 0 0
000 -1 0
000 0 -2

Neglecting the Zeeman terms, the Hamiltonian in (3.3) has the same form as that of
the spinless case, however, we now sum over the different values of spin that the magnetic

quantum number can take.

Now, let’s include interactions in this system. Just like in the spinless case, we will
assume that the system is dilute and as a result, we will only consider interactions where a
particle at position 7 feels a force due to a particle at position 7. This interaction is spin

conserving.

If we think of this interaction as the exchange of two particles, each with spin f, at
positions 7 and 7', we can gain some insight into the form that the interaction Hamiltonian
should take. Following [27], consider two identical particles of spin f. If we exchange these
particles, the many body wave function picks up a phase factor of (—1)2/. At the same
time, the spin and orbital parts of the wave function will also change by (—1)f*+2f and
(—1)% respectively, where F is the total spin of the two particles in question and L is the
relative orbital angular momentum of the particles. In order for the changes in the wave
function to be consistent, we must have that the changes in the many body wave function

equate to the combined changes in the spin and orbital parts of the wave function:

(—1)* = (=)F*2 - (-t

= (-1)Ftt =1,
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which tells us that the sum of the total spin and orbital angular momentum must be even.
Since we are considering a dilute system, we will only look at S-wave scattering between
the particles (L = 0) which means that the total spin, F, between the two interacting
particles must be even. Since the interaction is spin conserving, we can split the interaction

Hamiltonian into different spin channels:

v= > U, (3.7)
F=0,2,....2f

where U is the interaction Hamiltonian between two bosons whose total spin is F.
This means that we can find the full interaction Hamiltonian, U , by examining the form
of the interaction Hamiltonian for each seperate spin channel and then adding these together.
To determine the form of UF ), consider the following operator that annihilates a pair

of bosons at positions 7 and 7

/
Apm( ) = Y (FMIfms fom) D, (7) D, (7). (3.8)
mm'=—f

This operator contains the Clebsch-Gordon coefficients for transforming from an uncou-
pled two-particle state, where both particles have spin f, to a coupled single particle state
with total spin F' and magnetic quantum number M.

It can be shown that, since the field operators ¥, (7) and ¥_, (') commute,
Ap (7,7") = 0 when F is odd. This is due to the fact that odd F' will give antisymmetric
Clebsch-Gordon coefficients when f is an integer. Therefore since m and m’ run through
all values from —f to f, we will get sums of pairs that are summing to zero. This suggests
that we can use (3.8) to construct UF). Since we are thinking of this interaction as an
exchange of particles, we will need both creation and annihilation operators to remove
particles with a given spin, and then replace these particles with some possibly different
spin after interaction. This exchange should also contain a prefactor describing the strength
of interaction between the two particles. All in all, this means that we can take the following

form for the interaction Hamiltonian between two particles with total spin F':

). (3.9)

F
U<F>:% / d7 / dF' U (7 7)) > AL () A p (7
M=—F

We have seen, from examining a spinless condensate, that this prefactor should take the
form of (1.7), where we again take a delta function interaction due to the system being
dilute. The only difference made to the prefactor we will take in this case is that we have
to account for the spin channel we are considering which is done by taking different S-wave

scattering lengths, ap, for each total spin F' channel.
U (7, 7)) = gré (i — '), (3.10)
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where:

4h?
gr = Vi ar. (3.11)

Putting all of this together, we find the full interaction Hamiltonian:

A e A .
U= [dr 30 O (0, (), () (3.12)
mymomim}
where:
mimso 47Th2 » !/ !
Cm/lmé: M aF<fam1;f7m2|PF|f>m1;fam2> (313)
F=0,2,...,2f
F
Pr= Y |F,M)(F,M| (3.14)
M=—F

Ppis a projection operator onto a two body state with total spin F'.

Before we work out the interaction hamiltonian for the specific examples of a spin one and
spin two condensate, we first introduce the following physical observables that we can relate
to (3.8) and as such write the interaction hamiltonian in terms of these physical observables

of the condensate. These are the total density operator:

!
(i)=Y WL, (7, (3.15)

m=—f
the singlet-pair operator:
A 1 ! . .
Ago (7,7) = Do (DT (MY, (), (3.16)

V2f+1
and the spin density operator:

f A A
B = Y () U ()T, (7)), (3.17)

m,m/'=—f

where, in (3.17), (f,)mm’ are the (m,m’) components of the spin matrices f,, where v =
x,y, z. In (3.16), the Clebsch-Gordon coefficient for FF = M = 0 has been used:

_1)f*m

<Ov O‘f, m; fv m/> = 5m+m’,0 (

T (3.18)

In order to relate these physical observables to A, m (7, 7"), we start with the complete-
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ness relation for the projection operator given by (3.14):

1= Pr, (3.19)

F

and act the following operator on the left and right hand sides of (3.19):

o U ()L Fmas fomal - |fomds £omb) W, (P, (7), (3.20)

mimamiml

where - denotes the left and right hand sides of (3.19). After acting with this on (3.19) and
using (3.15) and (3.8), we get:

F
CA(PAF) = > AL F) Ap (77, (3.21)

where :: represents normal ordering which puts annihilation operators to the right of creation

operators.

This gives us a relation between the total density operator and (3.8). In order to obtain
a relation between (3.8) and the spin density operator, we consider the inner product for

angular momentum:

fiofo= L+ o7~ 2 - 2
= SR F(F ) (322)

SF(E+1) = f(f+1),

where ﬁ is the total spin angular momentum vector for particle i, f is the spin quantum
number for ﬁ which in this case is the same for each f: as we are considering identical

particles. F' is the spin quantum number of the total spin angular momentum vector, ﬁot.

Acting this on the completeness relation expression (3.19) gives:

Fiefom 0 [5FF 1) = 74 0) P (3.29
F

We then find the relation we are looking for by acting again with (3.20) on the left and
right hand side of (3.23). Substituting in for (3.17) and (3.8) in the resultant expression

gives:

F
LB F(F) = [;F(F +1)— f(f + 1)} D AL (T Ap (7, (3.24)
M=—F
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where in obtaining the above, we used the following expression:

<f7m1;fa m2|f_‘i ! félfa m/17f7 m/2> = Z (fu)mlm’l : (fll)m2m/2 (325)

v=1,y,2
This gives us an expression relating the spin density operator and annihilation operator,
App (7).

3.1.2 Interaction Hamiltonian for Spin-1 Condensate

We can now write out the relations above specifically for a spin-1 Bose-Einstein condensate
by filling in f = 1 in equations (3.21) and (3.24):

A(F) - ZA (7,7 A pa (7, 7) + Al (7, 77) Ago (7. 7), (3.26)
F(7) - F(7') : ZA (7 7)Y Agpg (7, 71) — 248 (7, 7) Ago (F, 7). (3.27)

If we subtract (3.27) from (3.26) and rearrange, we find an expression involving all three

of our physical observables:
AP a7 = F(F) - F(F) : +3A0 (7, 7) Agg (7, 7') (3.28)

This equation shows that we only have two independent operators describing the interaction
in a spin-1 condensate.
Using the above relations, we can work out the interaction Hamiltonian given by (3.7)

and (3.9). Since we are looking at spin-1 (f=1), (3.7) reduces to:

U=0°+02 (3.29)

We then get expressions for U° and U? from (3.9):

00 =2 [ arily(r)Aon(7) (3.30)

2
~ g _} ~
U = 22 dr E A; F)AQM(_’)

M="2 (3.31)

=2 [ar[: #2(7) : — Al Alo(7)] -

Here, we have integrated over 7/ which sets 7/ = 7 due to the delta function interaction as
described by the expression for the interaction prefactor, (3.10). For conciseness, we adopt

the notation AFM (7) = Ap (7, 7). In going from the first to second line of (3.31) we have

18



used equation (3.26).
Substituting (3.30) and (3.31) back into (3.29), we get the full expression for the inter-

action Hamiltonian of a spin-1 Bose-Einstein condensate:

U/d{- 25 490 ”Nwﬂwﬂ,

| (3.32)
= U=z /dF[co:fzz(F):—l—cl:ﬁ'Q(F) }
Here, we have used (3.28) and have defined ¢y and ¢; in the following way:
9o+ 2go

Co= "7
3 (3.33)

¢ = 92 — 90
3

The strength of interaction parameters, gp, are defined in (3.11).

3.1.3 Interaction Hamiltonian for spin-2 Condensate

In the same way that was done for a spin-1 condensate, we now find the interaction Hamil-

tonian for a spin-2 condensate by first evaluating equations (3.21) and (3.24) for f = 2:

M
+A(*”Mwmwx (3.34)
E(F) - F(7) —42,4T (7, 7" ) Ag g (Fy 77 —3ZA;M(W')A2M(F, )
M
- GAOO(W )Ago (7, 7). (3.35)

In a similar manner to the spin-1 case, we can combine the two equations above to obtain
a third relation. Here, we multiply (3.34) by four and subtract this from (3.35). Rearranging

this gives:

4:0(F) A = ;F(F).F(f'):+7ZA;M(71F’)A2M(F,F')+1oAgO(aF')AOO(ﬁF’).
M
(3.36)

Comparing to the spin-1 case, where the interaction was described by two independent
operators, we see here from equation (3.36) that the interaction is described by three inde-

pendent operators.
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Using these relations along with (3.7) and (3.9), we find the interaction Hamiltonian for

a spin-2 condensate:

=00 1 7@ 4 g,

2 4
S I . . . .
Kl CY MURTAD S WY RIC R S WG Y G
M==2 M=—4

% / dF [co CA2(7) : +er s B2(F) +02A$0(f‘)2100(?)} :

(3.37)
where:
492+ 394
T
1= Q, (3.38)
_ 7go — 10g2 + 394
Coy — 7 .

In going from line two to line three of (3.37), we have used (3.34) and (3.36) to eliminate

the expressions involving A, (7, 7") and A, (7, 7") in favour of the physical observables.

3.2 Gross-Pitaevskii Equation for a Spinor Condensate

Now that we have worked out the full Hamiltonian for a spinor condensate, we can do the
same thing as in the spinless case, and determine the energy for the system. Once we have
done this, we again minimize this energy, resulting in the time-independent Gross-Pitaevskii
equation for the ground state of the system.

To start, we need to expand the bosonic field operators, \i/m(F), in the Hamiltonian in
terms of a complete orthonormal set of basis functions, {¢,;(7)}, describing the spin degree
of freedom using the magnetic quantum number m running from —f to f in integer steps

and the spatial mode, 1.
i
Here, {G,,;} are annihilation operators satisfying the canonical commutation relations:

|:dmia &In’j:| = 6mm’6ij;

.

[y ] = [amm&fn/j] _o. (3.40)

This setup ensures that the bosonic field operators still satisfy the canonical commutation
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relations given by (3.1) and (3.2).

As mentioned, the basis functions are orthogonal and satisfy the completeness relation:

/ A7 (7 b (7) = 6171

3.41
D OmilP) 1 (71) = 6(7 = 7). (3.41)

We consider a state vector that creates N bosons in a single spatial mode (i = 0),

superposed over all magnetic sublevels of the condensate:

N

f
= — al vac .
0= 7 | X b | e (3.42)

We will find the general expression for the energy of a system in the state given by (3.42).
Once we find this, we will vary the prefactors (,, in order to minimize the energy and find

an equation for the ground state of the system.

In order to find the energy for the state |(), we will need the following relations:

(U (¥}, ) (), (7)10) = (1 57 ) i, ()05, () ()1 (),

where ¢, () = VN mdmo (7).
To see where these two relations come from, we will derive the second of the two as it
contains all the steps required to work out the first one along with steps only needed for the

second one.

Starting with the left hand side of equation (3.44), we expand this out into its full form
using (3.42) and (3.39):
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N

f
(D, () (72) 0y (75, (FIC) = 3 (e | |3 Gt

m=—f

D i Brgi(71) D UsiOsi (72) D oy (75)

i i

Z &77L4i¢7’)’L4i(F4) Z Cm&jno UaC>. (345)

We will evaluate this expression by breaking it down into a series of steps, the first of

these being;:
N

f
Z i Py (T2) Z Cmfljno vac) (3.46)

m=—f

This first creates N particles, followed by an annihilation of any particle with magnetic
quantum number my. We can see from (3.46) that since we only created particles in spatial
mode ¢ = 0, the only nonzero contribution from this expression will be from the ¢ = 0 term
of the sum acting on the N particle state. This means that the above expression is equivalent

to computing:
N

g0 Bmao T || D Cmalyy | [vac). (3.47)

To help calculate the above, we will relabel the terms in the following way and substitute

back after:

A = &m40¢m40(F4)7 (348)
A j
B=1| > Gualyp |- (3.49)
This now reduces (3.47) to:
ABY |vac) (3.50)

We would like to have A acting on the vacuum before B and so we must commute A

through each of the N B operators.
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To start, let’s rewrite (3.50):

= BABBY2|vac) + {/Al, 3| BN wac),
= B2ABN2|vac) + B [ A,B} BN"2|vpac) + [A,E} BN vac) (3.51)
A N
= BN Alvac) + Y B! [A,B} BY""vac)
n=1

In order to move the A operator through each of the B operators, we have used the definition

of the commutator and rearranged for AB:
AB=BA+ [A,B} . (3.52)

Since A is actually an annihilation operator as defined by (3.48), the first term in the last
line of (3.51) goes to zero. We can express the second term of (3.51) by calculating the

commutator:

[A,B] = |0, Ef: Cmalo | - (3.53)

m=—f

We can expand out the commutator on the right hand side as a sum of commutators of the

form:
X S ot
am40¢m40(r4)><ma’m0 :
The only one of these that is nonzero is where m = my:

Gn 09,0 (70)s Gt 0] = G0 ()G [dmy00Whiyo] = Gmso PG (3:54)

Subbing this into the last line of (3.51) gives:

N
ABN vac) = By (T4) Cimsy Z B ' BN""|vac),

n=1

(3.55)

N
= G0 (F)Cons Y BV Hvac)
n=1
= N, 0(P1)Cmy BY ! vac).

Subbing back in for the operator B gives us the expression for the first step of (3.45) given
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by (3.46):

N N-1
f f
Y i) || D Gniho | |va0) = NGniGpno(Fa) | D Gmiihyg [vac).
(3.56)
The next step from (3.45) is to compute
N
f
Z dm31¢m31(F3) Z dM4i¢77l4i(F4) Z ma’mO ’UCLC>,
; N-1
= i P (F5) Ny (71) | D Gmétho | Jvac), (3.57)
; N-2
= N( - 1)<m3¢m30( )Cm4¢m40( 4) Z Cmd;(no |UGC>.

m=——f

In going from the first to second line, we used (3.56). Then to go from the second to
third line, we again used (3.56), but this time replace N with N — 1, my4 with ms and 74

The remaining section of (3.45) is
f
(wac || D Cuimo Z&m” i (71 Z&W (72 (3.58)

This can be calculated by using the same steps as above, however, now acting operators

to the left instead of the right. Doing this and subbing back in for the full expression gives:

f N-—-2
(€W, (F)WE,, (7o), (75) W, (7)) = QWd > Gl
m=—f
(N(N = 1)), D10 (T1) oy G0 (P2) G Brrng0 (73) Gy B (P )
N-—-2

f
Y Cmith lvac). (3.59)

m=—f

24



In the above expression, we can calculate the following inner product:

N—-2 N-2

/ f
(vac| Z Cr b Z Cmail lvac) = (N —2)!. (3.60)

m=—f m=—f

This can be seen by looking at the expression for the condensed state, |¢), given by (3.42).

This creates N particles and has a normalization factor of \/i\r*' so that (¢|¢) = 1. In this case
we are taking an inner product of a state creating N — 2 particles but with no normalization
factor. If our condensed state |¢) did not have the normalization factor, then (¢|¢) would
equal N!. By this reasoning, we can see that the inner product we are looking at here must
evaluate to (N-2)!.

Therefore, we can rewrite (3.59) as:
(1 () By (), (75) 8, (1) = (VN — 12 =20

(3.61)

where, on the last line, we have made the substitution 1,,(7) = VN ®mo(F)-
An extension which follows from (3.43) by a similar argument, that will be used in finding
the energy in the state |() is the following:
h?v?

(0,0 (5 ) T 10 = 05,0 (53 ) e ) (3.62)

3.2.1 Mean field theory: Spin 1 condensate

Now that we have relations (3.43), (3.44) and (3.62), we can calculate the energy of the
system in the state |¢) by taking the expectation value of the Hamiltonian of the spin one
condensate with this state. The full Hamiltonian for the spin one system is the sum of
the non-interacting Hamiltonian, given by equation (3.3) with f = 1, and the interaction

Hamiltonian for spin one given by (3.32):

H=H,+U,

1 R h2v2 9 ~
S KD S ) B B SN T L S

+%/df[co:ﬁ2<f‘) e P 5]
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The energy of this system in the state |¢) is therefore:

E[,,] = (C|H|C),

/ {Z " [ h2V2+V(F‘)_pm+qm2]wm+c2o

where n is the particle density given by:

n=n@® = (A0 = 3 WP

m=—1

and F = (Fg, F,, F.) is the spin density vector where:

F,(7) = (|F, (M),
= > GO e (7).
m,m’=—1

. (3.64)
2 4 621|F|2} ,

(3.65)

(3.66)

As mentioned earlier, f, are the spin matrices for v = x,y, z. For spin one, the spin matrices

are given by the following irreducible representation:

1
fwzﬁ

o = O
— o
o = O

fo=—011 0 -1, f:=
0

0o]. (367

Using these and (3.66), we can work out the components of the spin density vector:

Fo = 3 [0 +455 (01 +0o0) + 0210

Ey

—
V2
F, = |1/J1|2 - |¢71|2'

— Yo + U5 (Uy — ¥_1) + P

(3.68)
(3.69)

(3.70)

With all of this, we can now find an equation for the ground state of the system in a

similar way to what was done in section 1. Again, we will find the equation for the full

wavefunction by noting that minimizing with respect to either of v,

or 1y will give an

equivalent form of equation and so we choose to minimize with respect to 1}, and to get an

equation for ¢,,

An important note to make is that what we are really varying is (,,, the coefficient gov-

erning the distribution of bosons in each magnetic sublevel as introduced in the condensate
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state vector (3.42). This can be seen by looking at the definition of 4,, () defined from
equation (3.44).

In order to conserve partice number, we take the following constraint on the wavefunction:
Gl = [ (W + o + [9i ) = . (3.71)
Above, we use ¢ = (¢17 ¢07 1/)—1)~

Therefore, the expression we wish to minimize is the following functional:

K] = / [B(7,,4') — uG(F, b, )] dF, (3.72)

where 4 is a lagrange multiplier used to keep the number of particles constant. E is the
integrand of the energy functional given by (3.64) and G is the integrand of the constraint
given by (3.71).

To minimize this, we use the Euler-Lagrange equation for each t¢,,, m € (1,0, —1):

0
9Py,

(B - uG) — diF [%Z)W(E - uG)} ~0. (3.73)

To work out the Euler-Lagrange equation for each ,, it is useful to break up the

integrand, £ — uG into the following three parts:

B B 1 h2v2 1
E—uG = Z U, {— Y] +V(7"')—pm+qm2] UYm — Z |m | (3.74)
m=—1

m=—1

2 (5 )

m=—1

C1 2 2 2
+ 5 [F2+ B+ F2] (3.76)

Looking at the full expression for the above integrand, we can see that there is no (¢,)’
dependence and so the second term in (3.73) is zero. This means that the Euler-Lagrange
equations reduce to the following:

o _
Sor (E — puG) = 0. (3.77)

We now work out this derivative for each part of the integrand (E — uG), starting with
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(3.74):

h2v2 2 - 2
01/)* Z (U0 [ +V(F)—pm+qm}¢m—u > [tml

m=—1
h2v?2
_ [ i

+ V(F) —pm + qmﬂ U — m,  (3.78)

where m € (1,0, —1). The derivative with respect to ¥, of (3.75) is

1
aw* 2 ( Z '(/)mw ) = Co ( Z |¢m|2> UVm = CoMWny . (379)

m=-—1 m=-—1

Finally, we need to compute the derivative of (3.76) with respect to t¢,,. We will first

calculate this derivative for one component of the spin density vector:

2
OF;(1) _ 0

1
o = oy, Z w:@(":‘)(fu)mm’zbm’ (F) )

m,m’=—1

MH

=2 f) fu mm/ 'l/)m (F) ( Z (fv)mm,/q,[}m’) , (380)

m/=—1

Z fl/ mm wm’

Again, this holds for each component of m € (1,0, —1). With this we can write out the full
derivative of (3.76) with respect to ¢,:

1
( [F2+F2+F2])7 1|: Z (fr)mmwm/+ Z yfy mmd)m’

m/=—1 m/=—1

61/}*

1
FZ(fz)mm'z/]m’] = Z ﬁ'fmm’wm’- (381)

m/=—1

Now that we have calculated the derivatives for each part of the integrand, K, we can sub
these back into the Euler-Lagrange equation (3.77) to obtain the multi-component Gross-
Pitaevskii equation for m € (1,0,—1), describing the ground state of a spin-one Bose-

Einstein condensate:

h2v?2
oM

1
+ V(F) —pm+ qm2 Y + Conwm +c Z ﬁ : ﬁnm’wm/ = b (382)

m/=—1
We can fill in for m € (1,0,—1) to write out the time-independent Gross-Pitaevskii
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equation for each ,,:

[ R2V? c
mr= |~ +V(F)—p+q+00n+61Fz} Y1+ \/%FJ/JO» (3.83)
h2v? 1 1
= |- + V(7)) + con| Yo+ —=Fyth1 + —=F_vp_q, 3.84
o o (™) +co }1/}0 7 ) 7 (R} (3.84)
V¥ —_—52v2+v(”)+ g+ con — e Fe| ¥y + = Fath (3.85)
HY_1 = i M r P q Con C1L, —1 \/i +¥%o- .

In the above expressions we have used:

Fi =F, +iF,. (3.86)

In the same way as was done for the spinless case, we can generalize (3.82) to the time-

dependent Gross-Pitaevskii equations.

L0 [ hPVP - ‘1
Zhﬁ = |:— 2M +V(T) _p+Q+Con+Cle ¢1 + \/§F—w07 (387)
' ad)O - o h2 2 c1
Zﬁiat = EFJFQZH + |:—W + V('F) + con wO + EF—w—l (388)
. aw— c ﬁ2v2
1h atl = 7\/1§F+’l)[}0+ |:2Z\4+V(’Fj +p+q+00nch2:| 7/}—1' (389)

3.2.2 Mean field theory: Spin 2 condensate

The procedure for arriving at the Gross-Pitaevskii equation for a spin 2 condensate is the
exact same as in the spin 1 case, detailed in section 3.2.1. As such, the steps will be given

here without as much detail as to why each step is carried out.

The hamiltonian for the spin 2 system is obtained from (3.3) with f = 2 and (3.37):

H=H,+U,

2

= [ar S0 W [ v — g+ a2 |
mm/=—2

+ % / A7 [co A2 der s F2(F) - +02A(§0(7:)A00(F)]. (3.90)

The energy of the system in the state |¢) is given by the expectation value of the Hamiltonian
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(3.90) in the state |¢):
E[i,,) = (CH|C),
2v\72
= [l 3 o [ v g+ O A Pl

m=—2

(3.91)

Here we have used Aoy = (¢lAgg(FIC) = 2= [2un (M (7) — 20y (M, (7) + ¥3(F)]. The

particle density and spin density vector are defined in a similar manner to the spin one case:

= n(7) = (C|A(7)[¢) = Z [0 (7). (3.92)

m=—2

F= (Fy, Fy, F,), where:

F,(7) = ((|F,(M|¢)

2 . (3.93)
= Z Qbm(f”)(fu)mm’wm’ (77)
m,m’=—2
For spin two, the spin matrices, f,, are given by the following matrices:

0 1 0 0 0
1 0 5.0 0

fo=lo /i o /i ol
0 0 50 1
0 0 0 1 0
0 —i 0 0 0
i 0 —iy/3 0 0

fo=l0 i3 o i/ oo, (3:94)
0 0 /i o0 i
0 0 0 i 0
2 00 0 O
010 0 O

fz=10 0 0 0 O
000 -1 0
000 0 -2

Using these and equation (3.93), we can work out the components of the spin density

vector:
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3 3 3
Fy = Y3 + 91y + \/;wfwo + \/;%1/11 + \/;¢3¢—1

3
+ \/;¢i1¢o FYT Y o+ YT, (3.95)

F,= i[— Y3hy + Y1, — ﬁwi‘wo + \/gwéwl - \/gwéwl

+ \/§¢i1¢o — PP+ wiﬂ’—l] ) (3.96)
Foo= 200> + ¢ |* — [_y > — 2Jp_,[%. (3.97)

We again compute the Euler-Lagrange equations in order to minimize the energy func-
tional. We still want to conserve particle number and so we minimize subject to the following

constraint:

Gly) = / (al? + 11 + [ol? + [ ? + a2} = N. (3.98)

The Euler-Lagrange equation is then given by equation (3.73) but now with
Y = (¥2,1,%0,9_1,9_2), E being the integrand of (3.91) and G being the integrand of
(3.98).

*

Like in the spin one case, since there is no (¢,

)" dependence, the Euler-Lagrange equation

reduces to setting the derivative of E — uG to zero.

From the spin one case, we have already worked out general expressions for most of these
derivatives. The only difference here is that the sums over m now run from —2 to 2 and the
components of the spin matrix are now given by (3.94). The only term that we have left to

work out is the spin singlet interaction term:

i|Ao0|2 -2 [Aoo (1 22: (—1)f_m1/):@¢*_m>] ;
(W)m 57/1m \/5 m=— (399)

_2

Je (-1

Subbing in for all of the derivative terms and setting to zero gives the components of the

Gross-Pitaevskii equation for a spin two condensate, listed in the order m =2,1,0,—1, —2:
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h2V? c N
by = [2]\4 + V() = 2p+4q + con + 201Fz] Yo +c1F_1py + %Aooﬁ/}—m
2172
ppy = [_ i + V() _P+Q+00n+chz} (G5

3
+c (\/QF% +F+1/)2> - %Aoolﬂip
Wy = [ oM (F)—l—con] o+ 1 <\/7F+1/}1 \/7F (O > Aool/Jo,

pp_y = [712]\3 (77‘)+p+Q+COnch:|1/}—1
+ e <\/§F+w0 + F%) ~ 2 Agv,
2 Vb
h?v? &) N
ph_y = [ oM + V() + 2p + 4q + con — QCle] Vgt aFyp_ + %AOO%-

(3.100)

(3.101)

(3.102)

(3.103)

(3.104)

In these expressions, we have again used the expression given by (3.86), however in this

case, the expressions for F, and Fj are the spin 2 forms given by (3.95) and (3.96).

Again, these can be generalized to the time dependent Gross Pitaevskii equations for

spin two:

202 [V ok dg ot con 4 261 F.| by + el Pty + - Agy”
or oM pT2q T Co 112 | Yo 1—1\/500_2,
azpl_ h?v?
h=>; —[— o TV () —ptatcontali] v

+c <\/§F¢o + F+¢2> - %Aoowip

2172
Zha(;io :[ h V (7_")-1-0071} Yo + 1 (\/>F+¢1 \/7F (o ) AOUwO?

SO [_ v’

o i V(7) +p+Q+Con—01Fz] (.

3
+c (\/;F-s-l//o + F_¢_2> - %AOM/}T,

2\72
lawgz[_hv .

5 i V(7)) +2p + 4q + con — 201FZ} Y o+ Fp_y

V5
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4 Ground state phases

In this section, we will list some of the different types of phases that can be observed in a
spinor Bose-Einstein condensate based on the magnetization of the system. These results
have been obtained from [27].

We will first look at this for a spin one condensate; considering the phases that arise
with and without the presence of an external magnetic field. Building on this, we will look
at the different types of phases present in a spin two condensate without the presence of
an external magnetic field, which is more varied than the spin one analogue. It will be
particularly important to understand the phases for both spin one and spin two condensates
without an external magnetic field as it will be these phases that we consider when we look

at the different types of vortices that can be hosted within these systems.

4.1 Spin One Ground State Phases

We first start by looking at the ground state phases of a spin one condensate without
an external magnetic field. The governing factor for deciding the magnetization of the
system and thus the phase that the condensate is in is the energy functional for a spin one

condensate, which is shown here again for convenience:

1 272
E[¥,,] = /df{mglw; [—ZE + V(F) — pm+ qm®| ¥, + %Onz + 021|ﬁ|2} o(4.1)
The ground state of the system will minimize this energy and so we can use this result to
decide what the phase of the condensate is for different values of ¢;. We will look at this
first for a uniform system (V(#) = 0, V%, = 0). Since we are first only considering the
condensate without an external magnetic field, we also have that the Zeeman terms are zero
(p = ¢ = 0). Since we are looking at a uniform system with a fixed number density n, we

can renormalize the order parameter in the following way:

U = V1, (4.2)

where (,,, is a normalized spinor. Furthermore, since we are looking at a uniform system,
where we are neglecting the potential and kinetic energy terms, the entire normalized spinor

becomes constant in space, leaving us with the following to minimize:

Co o C1, 32
— —|F 4.
o+ S| (4.3)

With this, we can define the spin expectation value per particle:

.]?: Z C:nfmm’gm/a (44)

mm/’
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where this is related to the spin density (3.66) through F=n f and fmm/ is a vector whose
components are the spin one matrices given by (3.67).

Since we are dealing with a spin one condensate, we can see that the maximum value
that | f] can take is |f] = 1 and the minimum value it can take is |f] = 0. With this we can
see that there are two different phases for a spin one condensate with no external magnetic
field that depend on what value is assigned to ¢; (ie: whether or not the spin interaction is

attractive or repulsive):

a<0 |fl=1 Ferromagnetic ¢=1(1,0,0)" or ¢ = (0,0,1)T
c1>0 |fl=0 Antiferromagnetic ¢ = (1,0,1)7/v/2 or ¢ = (0,1,0)7

The final column above lists a representative spinor for the phase in question where the
general format is ¢ = ((1,Co,¢_1)7 for a spin one condensate.

We will briefly revisit the ferromagnetic phase of a spin one condensate later when we
look at vortices for this system.

Now, we consider the different phases that are possible for a spin one condensate in the
presence of an external magnetic field. Here, we will just summarize what these phases are
rather than derive them as we will not be working with them past this section and will only
use them when discussing different phases in the cores of some vortices present in a spin one
condensate. This is described in section (5). The procedure for finding these phases is well
documented between [27] and [31].

For a spin one condensate in the presence of an external magnetic field, we get the

following five phases:

Phase Order Parameter I
Ferromagnetic (1) (e™x1.0,0) 1
Ferromagnetic (2) (0,0, ex-1) -1
Antiferromagnetic < % cln O etx 3 ( — Lfﬂ)) =

Polar (0,ex0,0) 0

Broken Axisymmetry See Ref. [31] %ﬁgqcm)

4.2 Spin 2 Ground State Phases

We will now look at the ground state phases for a spin two condensate without the presence
of an external magnetic field. Comparing with the spin one case, we have a wider array of
phases possible due to both the spin density and spin singlet density varying. This means
that the phase of the condensate depends on the values of the interaction parameters c¢; and
co. We list the phase that the condensate lies in when these parameters take on different

values, as well as the representative order parameter for each phase.
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Phase Order Parameter Interaction Parameters

Ferromagnetic (1,0,0,0,0) c1<0,¢c0>0
Uniaxial Nematic (0,0,1,0,0) c1>0,c0 <0
Biaxial Nematic (1,0,0,0,1)7/v/2 c1 > 0,60 <0
Cyclic (1/2,0,i/+/2,0,1/2)T c1>0,c0>0

Note that the uniaxial and biaxial nematic phases of the condensate occur in the same
space of interaction parameter values, however we can see by using the graphical represen-
tation described in the next section that these phases have different symmetries and are
therefore different. Since the method described for finding these states is for a uniform

system, we are here only minimizing:

Co o Cl, 22 Co 2
— —|F —|Ago|*- 4.
o+ SIFP + 2 Al (4.5)

When we only look at the minimization of this part of the energy functional, it is difficult
to see how the system chooses between which of these phases to be in when the interaction
parameters are set appropriately. However, since a simplified approach of a uniform system
has been taken here as well as looking at a condensate through mean field theory, we note
that going beyond these simplifications must cause one of these two phases to be favoured

in certain situations.

4.3 Graphical Representation of a Bose-Einstein Condensate

In certain cases it is useful to have some sort of graphical representation of the condensate.
Two such reasons that will be used in this research are to see what phase of the wavefunction
we are in and to determine whether there is a winding within the condensate in spin space
and phase space, suggesting the presense of a vortex. We will see more on this later in
section (5), however for now we will just detail the spherical harmonic representation of a
spinor condensate which gives a nice graphical picture [27].

The motivation for using spherical harmonics comes from the fact that they are used to
describe integer spin states. In our case, since we have different spin channels, we can take

the following expression to describe the state of the system:

\Il(ev ¢) = Z '(/JmY]Zn(97 ¢)7 (46)

where f is the spin of the particles in the condensate, for us we will only be looking at
spin f =1 and f = 2 condensates; m is the magnetic quantum number describing the spin
channel the particles are in, for example, for a spin two condensate, m runs from —2 to
2. 1, is the wavefunction for the spin m state. Yfm(H,qﬁ) is the spherical harmonic for
spin quantum number f and magnetic quantum number m that depends on the spherical

coordinate angles 6 and ¢.
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Figure 1: Spherical harmonic representation for cyclic representative order parameter.

We can use this expression to get a graphical representation of what phase of the con-
densate we are in by taking surface plots of |¥(6, $)|? on top of which we plot the complex
phase of ¥(0, ¢) as a representation of the phase of the condensate. We show some examples
of this graphical representation for some of the phases of a spin two condensate in figures

(1) and (2).
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Figure 2: Spherical harmonic representation for biaxial nematic representative order param-
eter.
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5 Vortices in Spinor Bose-Einstein Condensates

When reviewing the setup and properties of spinless condensates in the first two sections, we
briefly discussed the possibility of vortices being hosted. Although we saw that the spinless
condensate was irrotational from the hydrodynamic equations, we could still get a vortex
that caused an integer winding in the complex phase of the wavefunction due to its single-
valuedness. Similarly in spinor condensates, we can discuss the possibility of vortices being
hosted. However, here, the variety of vortices that can be realized is much more diverse
where we see both mass and spin circulation can occur. As we will see, this variety comes
from the fact that we now have spin degrees of freedom that were not present in the spinless
condensate. A hydrodynamic approach can be taken to look at spinor condensates which
can then be used to obtain information about vortices, however we will not look at this here.
Details of the hydrodynamic approach for spinor condensates can be found in [27]. Instead
we will study vortices in different phases of a spinor condensate through homotopy theory
as well as group theory. Before doing this, we will look at how we can describe different
phases of the condensate by using symmetry considerations which will be useful when we

go to classifying vortices in these different phases.

5.1 Symmetries of spinor bose-einstein condensates

In order to describe the vortices that can be hosted in a spinor condensate, we first need a
way of describing the different phases of the relevant condensate that were discussed earlier.
We follow [27] for this discussion and the sections to follow. To do this we will consider
what symmetries remain when we restrict ourselves to the phase in question.

First of all, let’s consider the full space that describes a spin f condensate. We have
seen previously that we can describe a state in this space with an order parameter ¥ that

is made up of a set of 2f + 1 complex amplitudes:

\I]:(w—fvw—f-‘rl)"'awf)T (51)

As an example, we know that the order parameter for a spin one condensate is ¥ =
(¥1,%0,%-1).

We can see that this general order parameter can move in a space M = C2f+1. We call
this space, M, the order parameter manifold for a spin f condensate.

With this, we can look at the symmetries that are present in this system. We do this by
finding a group, G, that acts on M and leaves the energy of the system invariant.

This is done by noting that the energy functional of a spin f condensate, with no external

magnetic field, is invariant under the following:
1. SO(3) rotations in spin space.

2. U(1) gauge transformations.
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This means that the full symmetry group of a spin f condensate is G = SO(3) x U(1).
With this, we see that any element, g € G has the following form:

g = iz gifuB =il (5.2)

where o, and + are the Euler angles in ZYZ format [32], and f, are the spin matrices
with v = (z,y, z). We will discuss the Euler angles in more detail when we look at how to
implement specific vortices numerically.

Now, let’s restrict ourselves to a certain phase of the condensate and look at how to
describe its order parameter manifold. We restrict ourselves by only considering certain
spinors, ¢ € M. How can we classify this phase? If we take a representative order parameter
from this phase, say (p, and act with a group element of GG, we should reach another order
parameter that also describes the phase of the condensate that we have restricted ourselves
to since the group G leaves the energy of the system invariant. Looking at all elements that
we can obtain by acting different elements of G on our representative order parameter, (y
is called the orbit of (y:

Mo(Go) = {g¢olg € G} (5.3)

As an example, we can look at the ferromagnetic phase of a spin one condensate. A
representative order parameter for this phase is ¥ = (1,0,0). By using the orbit of this
spinor, we can obtain a general spin vector representing the ferromagnetic phase of a spin

one condensate:

1
< — ei¢€_ifza€_ifyﬁe_ifz’7 0
0
e ’acosz(g)
— pile—) R
=e ‘ ssin(B) |- (5.4)
ew‘sinQ(g)

Here, we have used the 3-dimensional SU(3) spin matrix to represent e~ *f=®e=#fvfe=if=7
which is given by [32].

—ic

e_i(“fV) cos?(£) — <75 sin(B) e‘i("‘f”) sin?(2)
Us(a,,7) = | <5 sin(B) cos(B) — <5 sin(B) (5.5)
e~ sin*(5) i/i sin(B) et cos?(2)

We will list the five-dimensional matrix for spin two, in a later section.
From this, we see that we can describe the order parameter manifold of a certain phase

of the condensate if we know the orbit of the representative spinor for this phase.
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Can we find a nice, tidy expression for the orbit of (4?7 One way to do this is by
introducing the stabilizer or isotropy group of (o, written H, which is the group of elements,

g € G that, when acted on (y, leave it invariant.

He, = {9 € Glgo = Go}- (5.6)

Next, we consider a map from the full symmetry group G to the orbit of {y defined by:

¢ : G — My(Co), (5.7)
#(g) = gCo- (5.8)

It is clear that this map is onto by definition of the map ¢ and by definition of the orbit.

We now note that this map is constant on cosets of the stabilizer, H¢,. We can see this
by taking two elements, hi, ho € H¢, and acting gh; and gho on (o for g € G. Since h; and
ho leave (j invariant. We see that acting with gh; or ghs on (; just leaves us with g(y for

g € G, therefore showing that the map ¢ is constant on cosets of the stabilizer.

This means that every coset of H, gets sent to an element of the orbit, My(¢y) and so

we choose to look at this map instead.

¢+ G/H¢, — Mo(Co), (5.9)
¢'(9H¢,) = 9o, 9 €G. (5.10)

It follows from the map ¢ that ¢’ is onto. if we can show that ¢’ is 1-1 then we will have
a bijective correspondence between the orbit of (y and the cosets of the stabilizer group of
(o. We can do this by taking two elements g1,g9> € G and assume that ¢’ sends g; and go

to the same element of the orbit of (, that is:

9160 = 92€o, (5.11)
= g5 '92C0 = Cos (5.12)
= g; ‘g2 € He,, (5.13)
= g1H¢, = g2Hy,. (5.14)

As we can see, if we assume that two elements in G are sent to the same element of the
orbit, the only way that this can happen is if those two elements belong to the same coset
of the stabilizer and so we see that the map ¢’ is 1-1 and since we already know this map is

onto, we can conclude that we have the following bijection:
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Mo(Co) ~ G/He,. (5.15)

From this, we see that we can write the order parameter manifold for a certain phase of

the condensate, described by the representative order parameter, (p, as:
R =G/Hg,. (5.16)

5.2 Describing vortices in a certain phase

Now that we have a way of describing the order parameter manifold for a certain phase of
a condensate, we can look at how we describe vortices within such a phase. We will classify
vortices using loops within the condensate. A loop is defined as the image of a map from
a loop in real space to the order parameter manifold, R. For example, in 2-dimensional
space, the map would be from the circle to the order parameter manifold, f : S* — R. Put
more rigorously, a loop 1 is a map from the interval [0,1] to the order parameter manifold,
R where [(0) = I(1) = 29 € R. xo is called the base point of a loop. If two loops I3 and o
share the same base point, g, and one can be deformed into the other, then the two loops
are said to be homotopic to each other. We can already see how these loops might describe a
vortex in two-dimensions. If we look at how the order parameter is changing along a closed
loop, we can think of that as looking at how the condensate is circulating around this loop,
whether this be a spin or mass circulation. We know that we could have two vortices that
are the same but at different regions in the condensate. In this case we would like to be able
to identify these as the same vortex using the loop classification given above. To do this we
will say that two loops that can be continuously deformed into each other without sharing a
base point are freely homotopic to one another. We will use this in a few moments where we
will not specify the base point we are using. For now though we will keep the base point and
consider loops that are homotopic to each other. We can easily see that homotopy forms
an equivalence relation by checking the conditions of reflexivity, symmetry and transitivity.
This means that we can classify loops into equivalence classes known as homotopy classes
in which we consider all loops in a certain homotopy class to be essentially the same. The
homotopy class of a loop, [, is denoted as [I].

What if we want to know what happens if we bring two vortices together. To do this, we
need to have some idea of what happens if we traverse one loop and then another. This idea
is depicted in figure (3) where we start at a base point xg, traverse a loop in the homotopy
class [I1] and then traverse a loop in the homotopy class [l2]. We can describe this operation
by taking the product [l1] - [l2] = [l1 - l2]. Tt is worth noting that we do not need to return
to the base point when traversing a loop within the homotopy group [I1 - l2].

We see that this set has an identity element given by [e], in which all points on the circle
map to the base point zo. We also have an inverse loop [[~!] where we traverse a loop in [I]

in the opposite direction.
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Figure 3: Demonstration of taking a product of two loops [I1] - [l2].

We see that since the set of homotopy classes has a closed product, an identity element
and an inverse, this set and product form a group known as the fundamental group or first
homotopy group of R at zg, m1(R,xo). Since we will be working in two-dimensions, we
need only concern ourselves with this group, however there are other homotopy groups that
can be considered when working in higher dimensions such as 72 (R, z¢) where points on a
sphere are mapped to an order parameter manifold.

As stated earlier, we want to be able to identify vortices that are the same even if they
are in different regions of space and as a result we will refrain from choosing a specific base
point from here on out and just consider the fundamental group of R, m1(R). We can do
this due to the fact that any fundamental group at some base point is isomorphic to the
fundamental group at R as shown in [33]. Another fact that we will use that is shown in
[33], is that if the fundamental group of R is non-abelian, then freely homotopic classes
correspond to the conjugacy classes of the fundamental group. That is, two non-abelian
vortices that are conjugate to each other are indistinguishable as far as homotopy theory is
concerned. It is worth noting that if we wish to merge to vortices together, we will have
to consider the exact base point for this operation again in order to use the group product
discussed above, however, if we are just looking at a single vortex type, it is permissible to
not specify the base point.

We will now look at how we can obtain the fundamental group for different phases of a
condensate and how we can then use that to classify vortices. First, we will discuss this in
general, followed by examples in both spin one and spin two.

We know that in order to describe vortices, we want to look at the fundamental group
of the order parameter manifold for a certain phase of the condensate. Recall from section
(5.1) that the order parameter manifold for the phase of a condensate with stabilizer group
H is given by R = G/H where G is the full symmetry group of a spin f condensate and H
is the symmetry group left in the system when we restrict to a certain phase. So we would
like to find the fundamental group of G/H, given by m(G/H). It is elements of this group
that represent the different types of vortices present in the current phase of the condensate.

As mentioned above, if this group is non-abelian, then it is conjugacy classes of this group
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that describe the different types of vortices that can be hosted.

We can write the fundamental group, 71(G/H) in a way that will be nicer to deal with
by using a key identity which is stated and proved in [33]. If G is both connected and simply
connected, and H is a subgroup of G, then the following holds:

m(G/H) ~ mo(H) (5.17)

If H is a discrete group then it follows that mo(H) = H.
This means that as long as the conditions above hold, we can characterize vortices by
the elements of the symmetry group H of a particular phase. We will use this in some of

the examples given in the next section.

5.3 Examples of vortices in Bose-Einstein condensates

We will now provide some examples, illustrating how the above is used practically in de-
scribing the different types of vortices that can be observed in both spinless and spinor
condensates. Some of these examples, particularly in spin two, will be used in later sections
and so this section also serves as an introduction to some background material for upcoming

sections.

5.3.1 Vortices in a spinless condensate

Here, we revisit looking at the different types of vortices that can be hosted in a spinless
condensate. As we have already seen, it turns out that only one type of vortex can be
realized in this system. We will again come to this conclusion by considering the different
types of vortices accommodated by a spinless condensate from the viewpoint of homotopy
theory described above. To do this we follow the series of steps described below.

First, we need to determine the order parameter manifold for a spinless condensate.
We have seen previously that the order parameter for a spinless condensate takes the form
¥ = [|e!® and as such we can easily see that the order parameter manifold for a spinless
condensate is given by R = U(1).

Once we know this, we want to classify loops within this system which will then corre-
spond to the different types of vortices the system can host. To do this, we need to find the
fundamental group of U(1). Since we know that U(1) ~ S! and 7 (S!) = Z, it follows that
m(U(1)) = Z.

We see that this gives us exactly the same result as was discussed in section (2). Namely,
the one type of vortex is characterized by a winding number that tells us how many times
we have wound around the unit circle. Linking this back to our previous discussion, it tells
us that the circulation of a vortex in a spinless condensate is quantized which is exactly

what we observed earlier.
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5.3.2 Vortices in a spin one condensate

Once we introduce spin degrees of freedom, there is a much wider variety of vortices that can
be obtained other than just those with quantized mass circulation as observed in a spinless
condensate. Here we will show an example of the vortex types that can be observed in a spin
one ferromagnetic condensate. As discussed earlier, a representative order parameter for the
spin one ferromagnetic phase is (o = (1,0,0). In order to find the order parameter manifold
for this phase, we need to find the stabilizer group for this order parameter. Since this order
parameter is restricted to one component in spin space, we see that the only symmetry that
occurs is that of rotating the complex phase of the nonzero spin component, similar to a
spinless condensate. As a result, we see that the stabilizer group is H = U(1). Therefore, to
get the order parameter manifold, we take R = G/H where G is the full symmetry group of
a spin one condensate given by G = SO(3) x U(1). Therefore, the order parameter manifold

for a spin one ferromagnetic condensate is:

= 50(3). (5.18)

To classify vortices in this phase, we need to find the fundamental group for this order
parameter manifold which is 7 (SO(3)) = Zg. Therefore we see that we have two cases to
deal with here that correspond to the two elements of Zs = {0, 1}.

To see what these cases correspond to, it is useful to compare to the general order
parameter for a spin one ferromagnetic condensate which is given by (5.4) and listed here

again for convenience:

; . (5.19)

Following [27], we can write ¢ = ¢—~ as a single variable due to the spin-gauge symmetry
displayed. Recall, that « is one of the Euler angles. In order to satisfy the single-valuedness
of the wave function, we vary « and ¢’ in terms of the azimuthal angle ¢ as a = ne and
¢’ = myp where n,m € Z.

With this, we can see what vortices the elements 0 and 1 in Zs correspond to. First let’s
look at 0 € Zy. This corresponds to n + m being an even integer. As an example, let’s take

n = —n, and m = n, where n,, € Z. If we do this the order parameter (5.19) becomes:

eQi"WV’COSQ(g)
(= %sm(ﬁ) (5.20)
sinz(g)

To ensure that we don’t have any singularities at the origin, we require that 5(r = 0,¢) =
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m. We can then have circulation far away from the origin, say at ro with 5(r = ro, ) = 0.
However, this vortex is unstable. To see this we can follow a continuous path in the order
parameter manifold from 8 = 0 to 8 = «w. If we do this, we see that the order parameter
goes from (e?«? 0,0)T to (0,0,1)T. Therefore there is no vortex present under stable
conditions.

Next, we can look at what type of vortex corresponds to 1 € Zs. In this case, we will
have n +m being an odd integer. As an example, let’s take n = —n, and m = n, + 1. The

order parameter for this is:

ei(2na+1)¢cos2(§)
(= %sm(ﬂ) (5.21)
ewsinQ(g).
Again, to avoid singularities at the origin, we require the m = 1 and m = —1 components

of the order parameter to go to zero. The difference in this case to the previous one is that
the number density in the m = 0 case need not vanish at » = 0 and so the core of the vortex
is filled with a polar state, leading to this vortex being called the polar-core vortex. Far
away from the vortex core we are still in a ferromagnetic phase and as a result, we have
the following variational order parameter that describes the situation, both at and far away

from the core, given by [27]:

e~ g (F)cos?(3)

¢ = | /1 - gi(i)cost(§) — (Psint(2) | + (5.22)
o ga(7)sin?(3)
where g1 (7) and go(7) are variational functions such that ¢;(0) = ¢2(0) = 0 and g1(c0) =

g2(00) = 1.

As with the previous example, we can check to see if the vortex far away from the origin,
given by (5.21), is stable. Again, we can take a continuous path in the order parameter
manifold from 8 = 0 to § = 7. If we do this we see that the aforementioned order parameter
changes from (e*?m«+1% 0,0)T to (0,0,¢?)”. This shows that a vortex with winding 2n, 41
decays into a singly quantized vortex which is stable. This shows that the singly quantized
polar-core vortex is stable in the ferromagnetic phase. More details of this can be found in
[27, 30].

We can also have other types of vortices that occur in different phases of a spin one

condensate such as the polar phase. Details of this are discussed in [27].

5.3.3 Vortices in a spin two condensate

Just as there was a wider variety of vortices present in a spin one condensate when compared
to the spinless case, so too is the case between a spin one and spin two condensate. One

of the interesting types of vortices that can show up in a spin two condensate that is not
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present at spin one is that of non-abelian vortices. This occurs when the stabilizer group
that is describing the phase of the condensate is non-abelian. Both of the examples that we

will look at here are examples of non-abelian vortices.

Cyclic phase vortices We follow the same steps outlined in sections (5.1) and (5.2).
These steps for cyclic phase vortices can be found in [27], however are listed here with
further explanation to serve as an introduction for upcoming sections. Just like in all the
previous examples we have shown so far, we would first like to find the order parameter
manifold for this phase. To do this, we need to determine the stabilizer group for this phase.
That is, we want to find the group that leaves the representative order parameter for this
phase invariant. As we have seen earlier in section (4), the representative order parameter

for the cyclic phase is given by:

(5.23)

~
I
pim O Gl © i

The easiest way to determine the stabilizer group for this order parameter is geometri-
cally. That is, by looking at the spherical harmonic representation for this order parameter
and investigating its symmetries in spin space. The spherical harmonic representation for
(5.23) is shown in figure (4). We see that the spherical harmonic depicting the represen-
tative order parameter of the cyclic phase is characterized by three lobes emanating from
each of the coordinate axes. The colour of each lobe characterizes the phase of the spherical
harmonic representation as discussed in section (4). The difference between the phase at a
point on one lobe and the corresponding point on the next lobe going anticlockwise is %“

We would now like to look at what symmetries are present. Figure (5) reveals the
underlying symmetry for the cyclic phase is rotations of the tetrahedron. We obtain figure
(5) by rotating the (1,1,1) axis onto the z-axis. This means we can generate the tetrahedral
group using rotations of %’T about the (1,1,1) axis and rotations of 7 about the z-axis. There
is one addition that we must make here which is different to the usual tetrahedral group.
Since the full condensate has a U(1) gauge degree of freedom which is broken when we
restrict ourselves to a certain phase, we need to account for this when looking at symmetries
in a certain phase. We can clearly see this in figure (5) where if we perform a %’T rotation
about the (1,1,1) axis by itself, this will not be a symmetry of the system as the phase
colours of the lobes have not been shifted. For example, the rotation described above will
send the yellow lobe onto green lobe, the green lobe onto the blue and the blue lobe onto the
yellow. To correct for this we need to make a phase shift of %’T together with this rotation
to preserve the symmetry. We therefore see that the generators for the remaining symmetry

group of the cyclic phase are the following;:
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Figure 4: Spherical harmonic representation for cyclic representative order parameter.
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Figure 5: Rotated spherical harmonic representation of cyclic phase. We see that this phase
has the rotational symmetry of a tetrahedron.
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C=e3Cs 4 yss (5.24)
fo=Co.. (5.25)

Here, we are using the notation that Cn7me+ny+sz is a %’T rotation about the
(Qz,9,,Q;) axis. We see that the two generators correspond to a rotation of %’r of the
tetrahedron and a flip of 7. The modification for the gauge angle has been accounted for in

(5.24). From these two generators, we can obtain our modified tetrahedral group.

T = {1, fu, fy. £1.C. £, £,C. £.C. £.C £,0°, £.C°. T} (5.26)

Now that we have found the stabilizer group for the cyclic phase, we can use it to

construct the order parameter manifold by subbing this into equation (5.16).

SO(3) x U(1)
—
We can now classify the types of vortices that can be hosted in the cyclic phase by looking

R = (5.27)

at the fundamental group of the above order parameter manifold, 1 (SO(3) x U(1)/T). In
order to find this fundamental group, we would like to be able to use the expression given
by (5.17). However, at the moment, we cannot use this as SO(3) is not simply connected.
To fix this issue, we need to lift SO(3) to SU(2) which is a double cover space of SO(3) and
is both connected and simply connected. The connection between SO(3) and SU(2) can be
seen by thinking of both groups as rotations in space. SO(3) gives all rotations in three-
dimensional space. We can also view SU(2) as describing rotations in three-dimensional
space through the isomorphism with the unit quaternions [34]. The unit quaternions give
rotations in the following way. If we take a unit quaternion ¢ = al + bi + ¢j + dk, we can
construct R? as the span of (i,j,k) and can therefore rotate an element v € R? through the

conjugation qug~!

. However, we can get the same rotation by taking ¢ — —¢ which means
that one element in SO(3) corresponds to two elements in SU(2).

When we perform this lift, we must also lift the stabilizer group of the phase of the
condensate we are looking at which, in this case, is the tetrahedral group given by (5.26).
To do this, we need to consider what elements of SU(2) correspond to our elements in 7.
This is a particularly easy task as all elements of T' correspond to a simple rotation about
some axis, neglecting the gauge angle shift. Therefore, we can link our elements of T' to
those in SU(2) using the Pauli matrices, o,,0, and o, which describe a rotation by an

angle ™ about the x,y and z axes respectively. A general rotation in SU(2) is given by [35]:
. 0 L .. (0
R(n,0) = 1cos )~ nsing g (5.28)
With this, we can see how the generator elements of T' lift to elements of SU(2):
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f. — +io,

) 1 ..
T30 iy — 15627”/3(1 +i0, +ioy +io,) = +6. (5.29)

From this, we can lift all elements of T to their corresponding elements in SU(2) given
by T*:

+1, +io,, +io,, Lo,
T" =< +io,6, =ioys, +io.,o, 4, p- (5.30)

+io,5%, +io,52, +io,52, 452

We still cannot use (5.17) as we have not yet accounted for the U (1) symmetry contained
within the full symmetry group of the condensate, G. Here, we see that U(1) is not simply
connected. However, the lift that we must perform is very easy to see and is U(1) — R.

We again must account for this lift when we lift the stabilizer group T'. Since the U(1)
component of the symmetry group G describes what happens to the gauge angle ¢, we
expect that accounting for this lift in the stabilizer group will similarly affect the portion
of the element affecting the gauge angle. This is indeed the case and can be determined by
looking at the homomorphism between U(1) and R given by e>™® — ¢. Since the kernel
of the inverse map is Z, we can just consider ¢ — n,, +t where n,, € Z and ¢t € [0,1). n,
tells us how many times the gauge angle winds around the unit circle. We saw, in the case
of a spinless condensate, that this winding of the gauge angle was the only vortex present.

However, in this case, we can have fractional vortices which is accounted for by . We see

2T
f =,

phase shift of %”. We can make the same change in the gauge angle of these elements as is
done above. Namely, send ¢ = 0 — 27y, ¢ = 2 — 2m(ny, +3) and ¢ = 4 — 2m(ny + 2).
With this full lift, we see that the elements of T' go to the following, note that an

alternative view to classifying the closed paths in the cyclic order parameter manifold is

this in elements of T such as ¢ where we get a phase shift o or 62 where there is a

given in [34]:

(nw;l)a (nwafl)v (nw,ioa), (nun*io'a)a
T=X (ny+31,6), (w+3i-6), (nu+3,i006), (nw+3i —io,s) p, (5.31)

(nw + %’62)7 (nw + %7 _&2), (nw + §7i0a52)7 (nw + %a _iaa&Q)

Now that we have fully lifted the full symmetry group G = SO(3) x U(1) to SU(2) x R
which is both connected and simply connected, and we have accounted for how this lift

affects the tetrahedral group, T'; we can now use the expression given by (5.17).

m (50(3);17(1)) ~ T (W) ~ mo(T). (5.32)
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Further to this, if T is a discrete group, which it is in this case, then we have Wo(T) =T.
Therefore the vortices in the cyclic phase of a spin two condensate are described by the ele-
ments of the group 7 above. As mentioned earlier, for non-abelian groups, homotopy theory
cannot distinguish between two vortices that are conjugate to each other and therefore, to
be fully correct, we must say that the vortex types that can be hosted by the cyclic phase
of a spin two condensate are given by the conjugacy classes of T. The group T splits into

seven conjugacy classes [21]:

S
S
|
[R.Y
~—
—

5 { Ny + 1/37 —6), (ny + 1/3,@'0,,&)}
w+2/3,-6%), (nw +2/3, —i0,6%)}
N +2/3,i0,5%)}.

3

)
(

From this, we see that we get seven different vortex types that can be hosted in the
cyclic phase of a spin two condensate. Class (1) is the vacuum state of the system and class
(2) is the integer spin vortex that we have seen in a spinless condensate where we just get
a winding of the U(1) phase of the wavefunction. Class (3) is the first vortex in this phase
where we see a winding in the spin degree of freedom. This vortex is called the half quantum
vortex as the elements cause a rotation of 7 in spin space. Classes (4) to (7) are the first
examples of fractional winding in the gauge degree of freedom. Due to the accompanying

rotation in spin space, these elements still represent a closed loop in the order parameter

2
3

vortices classed by (4) and (5) are known as % fractional vortices and vortices classed by (6)

manifold. Due to the extra % or £ winding of the phase of the condensate order parameter,
and (7) are known as % fractional vortices. We see that we get two different types of these
vortices corresponding to the amount of rotation that occurs in spin space. This difference
between two vortices with the same fractional winding in the gauge degree of freedom is

shown in figures (6) and (7) for vortices described by class (4) and (5) respectively.

Biaxial Nematic phase vortices We will follow the exact same procedure as detailed
in (5.3.3) to study the types of vortices that can occur in the biaxial nematic phase of a
spin two condensate. The representative order parameter for this phase of the condensate

is given by:
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Figure 6: A class 4 vortex. A % fractional vortex with a rotation of 5 in spin space.
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Figure 7: A class 5 vortex. A % fractional vortex with a rotation of 4?” in spin space.
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Figure 8: Spherical harmonic representation for biaxial nematic representative order param-
eter.

(5.40)

o~
I
Sk o o oyt

2

We can again determine the stabilizer group for this phase by looking at the symmetries of
the spherical harmonic representation of the representative order parameter. This is shown
in figure (8) where we can clearly see that this spherical harmonic posseses the symmetry

of a square and so we can describe the stabilizer group using the dihedral four group Dj.

Just as was the case for the cyclic phase, we need to slightly modify the dihedral-4 group
in order to account for the phase of the spherical harmonic representation. We see that the
difference in phase between the x-lobe and y-lobe in figure (8) is 7 and so when we make a
rotation of 7 about the z-axis, we have to include a phase shift of 7. This means that the

generators for the symmetry group are:
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C=e"Cy,, (5.41)
fy = Cay. (5.42)

We will again need to lift these elements to their SU(2) counterparts in order to account
for lifting SO(3) x U(1) — SU(2) x R. Here we will just lift the generators and then use

them to generate the remaining group elements.

fy = Fioy

€m0y, — +e (1 4 i0,)/V2 = £ 5. (5.43)

Note that we have redefined & here from what it represented when discussing the cyclic
phase.

Just as was done previously, we must also lift the gauge angle part of each element. This
is done by sending the gauge angle ¢ = 2% to 27 (n,, + 1/m). Once we do this and use the
generators described above, we get the following lifted stabilizer group, Dy for the biaxial

nematic phase, which is split into its conjugacy classes [21]:

(W{(nw, 1)} (5.44)
2){(nw, —1)} (5.45)
B){(nw, £iog), (nw, +ioy)} (5.46)
(D (n, i02), (nw, —io=)} (5.47)
(5){(nw + 1/2,6), (N + 1/2, —i0.5)} (5.48)
(6){(nw +1/2,-6), (nw +1/2,i0.5)} (5.49)
(M{(nw (5.50)

D ( + 1/2, +i0,5), (N, + 1/2, +i0,5)}.

Here, we see that we get a different type of fractional vortex, the half quantum vortex with
a corresponding spin rotation. We get three different types of this vortex which correspond
3T

to spin rotations of 7, < and  for classes (5), (6) and (7) respectively. These vortices are
shown in figures (9) (11).
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Figure 9: A class 5 vortex. A % fractional vortex with a rotation of 7 in spin space
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Figure 10: A class 6 vortex. A % fractional vortex with a rotation of 37” in spin space
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Figure 11: A class 7 vortex. A % fractional vortex with a rotation of 7 in spin space
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6 Numerical Methods

This section details how the code involved in this thesis works, which includes ground state
solvers for spin one and spin two condensates and code to solve the Bogoliubov equations
for a spin one and spin two condensate [25]. The Bogoliubov equations allow us to look at
elementary excitations over ground states of the Gross-Pitaevskii equation whose eigenvalues
give the energy of these elementary excitations. These are useful in further analysing ground
states. We will see more about these equations in section (6.4).

The details for this section will be laid out in the following way. For each piece of code,
we will describe how the equations are set up and formatted to be fed into the algorithm that
performs the particular function, whether that be finding the ground state of the system or
solving the Bogoliubov equations. Once this has been done, we will move on to describe
the algorithm to do these tasks. Finally, for task, we will describe the actual code, how it is
setup, and the different files involved.

Ultimately, the aim of this section is to provide a detailed understanding of how the code
used is setup.

We include a reference to a review paper on numerical methods that has been instructive
on developing our own codes for solving the Gross Pitaevskii equations for the ground state

as well as setting up the Bogoliubov equations for a spin one and spin two condensate [36].

6.1 Spin One Ground State Code

6.1.1 Equation setup

In order to solve for the ground state of a spin one condensate, we need to find a wavefunction

that minimizes the energy functional for this system which is again given by:

1 272
E[wm1=/dvf{ S i |+ V@ - gt wm+cgn2+§|ﬁ|2}. (6.1)

m=—1
The terms in this equation are described in section (3.2.1). As seen in section (3.2.1), if we
want to find equations for the wavefunction that minimizes this energy, we end up with the

time-independent Gross-Pitaevskii equations which are listed here again for convenience:

o= |- V@) - p gt am+F.| 6+ CLF (6.2)
,Ul—_ M r PTqgTCcon T Cil'z| @1 ﬂ—o, .
[ h2V2 C1 C1
= |- —F —F _¢_ .
Ko o + V() +Con] ¢o + NG o1+ NG $-1, (6.3)
[ h2V2 C1
o B +V(@ ) +p+qgt+con—aF.| o1+ EFJF%. (6.4)
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Here, we have introduced ¢ = (¢1, ¢, ¢—1) as the ground state of the condensate which min-
imizes the energy functional instead of just looking at an arbitrary stationary state. When
reading these equations now, we are thinking of the ground state wavefunction replacing
the arbitrary stationary state in all terms of these equations, including terms such as n,
F,, F, and F, which, for spin one, are given by equations (3.65), (3.68), (3.69) and (3.70)
respectively.

Equations (6.2) to (6.4) are what we wish to solve numerically. Recall that we have the

following constraint on the wavefunctions in order to conserve particle number N:

/ (J1]* + wbol? + [-1|?) dF = N. (6.5)

To start, we would like to work with dimensionless versions of these equations. To do this
we will scale the full time-dependent equations and then apply this to the time independent
ones. The time dependent Gross-Pitaevskii equations for spin one are easily obtained from
the time dependent ones listed in (6.2) to (6.4):

. 81/}1 o FFVQ C1
Zhﬁ = |:_ 2M + V(F) —-p + q + con + CIFZ wl + \/iF*dJO’ (66)
. 8’(/)0 o C1 hZVQ C1
Zhﬁ = ﬁF+¢1 + |:—W+V(F)+Con—,u w0+ \/iFf,(/)fl (67)
' M c h2v2
ih th L = 7%F+¢o + {—QM +V(F) +p+aqg+con—al: - M} Y1 (68)

Here we are again using ¥ = (¢1, v, 1—_1) for the wavefunction as we are dealing with the
time dependent Gross-Pitaevskii equations and so are not considering the ground state at
this moment.

Before moving to a dimensionless form, we would like to reduce the dimension of these
equations by one. We do this as we will be working with two dimensional systems in this
research. Here, we will reduce the dimension of this problem by one by considering a system
with periodic boundary conditions such that we are sitting on a torus as the procedure for
this is simpler. A procedure for reducing the dimension of a system in a harmonic trap is
given in [37].

We will start by assuming that nothing interesting happens in the z-direction of the
system. That is, that the z-direction of the condensate is so thin that the system lies in
the ground state in that direction which on the torus means that the wavefunction in the
z-direction is a constant. We will call the length of the z-direction L.

Seeing as the wavefunction in the z-direction is constant, we can factorise the wavefunc-

tion for the condensate in the following way:

Y (7, 2) = Y (F)Pm(2). (6.9)
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where now we have a wavefunction that just depends on the x and y direction and a wave-
function that depends on the z-direction which is a constant. We can determine this constant

by subbing (6.9) into our constraint, (6.5):

/ [ (P ()2 + [0 (P)ol2) 2 + 1 (Fbs (=) PdFdz = N, (6.10)
/ () (r (P + [0 (P2 + -1 (7)2)drdz = N, (6.11)
/ (22 / Wn () + o (PP + [ (7)didz = N. (6.12)

In the second line, we are assuming that the wavefunction in the z-direction is the same

constant solution in all spin components and so we call it ¥(2) and factor it out.

We now have a choice of how to set the normalization. We will choose the following:
[ =1 (6.13)
J 1@ + 9@ + o2 (927 = N. (6.14)

Using (6.13), we can get an expression for the constant ¥(z) by taking the integral over
the length L,.

Liv()? =1, (6.15)
— W) = 1 (6.16)
() = ——. (6.17)

In going from the second to third line, we have made another choice to put the complex

phase of the wavefunction into 1 (7) and choose ¢(z) to be real and positive.

We can now substitute this constant into expression (6.9) and in turn substitute this
into the time dependent Gross-Pitaevskii equations, (6.6) to (6.8), in order to reduce the
dimension of the problem from three to two. We will just show the working for (6.6), as the
procedure is the exact same for all other equations. First, write out (6.6) after expanding
out the spin density terms using equations (3.68), (3.69), (3.70) and (3.86) and tidying up

the resulting equation.
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L0 n% 02 .
Zh&wl [ 20 572 +V(@#@E) —p+gqt+con+c(n+ng—n_ 1)]1/11 + et Y2, (6.18)
ih 0 h2 82 1 Co
N _{_ VI oR Ty POt man
c
+ LT1/2(TL1 +no — n—l):| Y1+ 3/2 D195,
(6.19)
0 n? 0? o 1
Zhaﬂfl = —mﬁ-FV—P‘HI‘Fszn-FZ(m +mng —n-1) 1/11+*7/1 13-
(6.20)

Here, we are redefining ¢; = 1 (7) where ¥ now only depends on x and y. We are also
redefining the particle densities n and n,, to be the sum of the absolute values squared of

the wavefunctions that only depend on x and y.

We can now get a dimensionless form of (6.20) by taking the following scaling:

f=f, #=ZL, Li=%, §=3% (6:21)

If we sub these into (6.20) and multiply across by ¥/27 we get the following:

ih 9 - K2 9 coIN aN aN -
= = — = .22
y atwl My QV +V- p+q+Lzr3 Lzr;”(n1+n0 1) 7/)1+LZ 51/1 145 (6.22)

We can now choose a scaling to use for ¢t5 and 74, here we will discuss this in terms of
periodic boundary conditions on a finite lattice for completeness of this discussion and will
move afterwards to the system of interest, namely a system in a harmonic potential.

It is useful to briefly discuss the setup and parameters involved with this lattice. Note
that for periodic boundary conditions, the value we choose for the number of lattice points
is slightly different to that for Dirichlet boundary conditions which is what we will mainly
be working with in the ground state code, whereas for the Bogoliubov code, we will be using
Dirichlet boundary conditions. As a result, here, we will discuss the setup of both so as to
point out the subtle differences. We will use L to denote the number of lattice spacings along
a side length of the square lattice. For both the x and y direction, the side length of the
square lattice will be bounded between a and b such that the lattice spacing, h = (b—a)/L.
With this setup, we will have L + 1 points along a side length of a lattice including the two
boundary points a and b. This gives an (L + 1) x (L + 1) lattice.

For Dirichlet boundary conditions, we will choose to ignore the boundary points and so

our grid will be of dimension (L — 1) x (L — 1) in the number of lattice points.

For periodic boundary conditions, we will identify the boundary points ¢ and b with each
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other and so we will just drop one of them, leaving us with a grid of dimension L x L in the
number of lattice points. Note that in both cases, the lattice spacing, h, for both of these

grids remains the same.

If we are working on a lattice with periodic boundary conditions and lattice spacing h
(not to be confused with the reduced Planck constant, i) along with boundaries at a and b

so that the length of the lattice is (b — a); we can choose the following scaling:

M 2
t = hrs, (6.23)

rs = h. (6.24)

Note that this means we are choosing to take all units of distance in terms of our lattice

spacing, h.
When we substitute in for ¢ and 7 in terms of t; and r, in equation (6.22), we get the
following:
i 0 - [ R2Vv? colN
— = = | — V - =~ n
M2 op S| T TV TP
ClN - . - ~ C1N T T2
+ = N+ ng —n_ + =Y Y5, 6.25
A o= i)+ G (629
0 - [ 1, Mh?  cgMN _
— =| — = \%4 — =
zat¢1 _ 2V +(V+4+q—p) e szﬂhn
ctMN - - :| ol catMN Tk T2
+ —— (N + Nng —N— + =Y _ . 6.26
Lzh2h( 1+ 7 1) [¥1 Lthhw 15 (6.26)
From this we can define dimensionless interaction parameters:
c, M N
= — 6.27
B Tih (6.27)

We can then substitute this into (6.26) to get the form of equation that we will be using.

We also drop the “on all symbols as we know we are working with dimensionless quantities.

. 8 1 2 Mh2 * 2
Zawl =|- §V +(V+gq —p)F + Bon + Bi(n1 +ng —n_1)|P1 + B . (6.28)

We will also perform the same procedure for a condensate in three dimensions, subject
to a potential, which we will use for our discussion throughout the rest of this section so as

to include the potential and Zeeman terms for generality.

We will assume that we are working with an isotropic harmonic potential with frequency
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w for convenience. )
V(F) = 5Mw?f? (6.29)

In order to obtain dimensionless versions of the above equations, we define the following

scaling:
t=4, =L, ¢= g syl (6.30)
where
1 h
te = —rs =1/ —. 6.31
Tow " Mw ( )

We then substitute these scaled variables into equations (6.2) - (6.4). We will just show
the working for (6.2), as the procedure is the exact same for all other equations. First write
out (6.2) after expanding out the spin density terms using equations (3.68), (3.69), (3.70)
and (3.86) and tidying up the resulting equation.

0 n? o2
Zhalﬁl —{—WW+V(W)—P+Q+COH

+c1(n1 +mno —n_1) |1 + et g, (6.32)
52 82 CQNﬁ
=~ V -
2Mr§8772+ (") —p+a+t r3
aN _ . _ - -
(i + g — 1) |3 2NY2P) 4 er VAN 92 (6.33)

S

o -
hw—=1by NV2p 32 = | —
¢ 8t¢1 Ts

+

where n = Ziﬁ,:—l Nony N = |m|?. 7 and i, are the equivalent of these using 1/;m. In the

following step, we multiply across by ry/2N—3/2

0 -~ nr 92 colNn
hw—1p, N3 =| — —— +V(7) -
1 at¢1 Ts 2M7’§ 6772 + (F) p+Q+ T?
caN - ~ 3ar—1 7 Tk T2
+ —5 (M + o — 1) [TsN T hy + ey (6.34)

S

Now, multiply across by tz/Mrblv/QNl/2 = 1/w2Mr§/2N1/2:
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o ~ o2 2 92 coN#

.hi —_— o = - T - - A ~_ V -
hE N AN gz TV mprat =5
5/2
ClN . - s 7 C1 Tk T2
+ 2 (nl + 1o TL1):| wQMNg/Q ¢1 + Q)QMT;/QNI/Q wfﬂ/’(r (635)
This is followed by multiplication by “’% 15\;/3;/2.
0 - h2 82 C()N’ﬁ
P [ o g TV TP et T
ClN - - ~ 1 ClN e T
+ 3 (n1 +ng — Tl_l):| % + hw’[“3 Tl)_l'l/}(z), (636)

0 [ 1 V) _» 4
Zatwl_[_2v * wh _wh+wh+ﬂon

+ Bi(n1 +no — n—l):| Y1+ B 5. (6.37)

In the last line above, we have defined:

cm N
wr3h’

ﬁm:

(6.38)

We have also dropped the “on all symbols as we now know we are working with this dimen-

sionless form. We will also suppress the wh into all of V', p and ¢ to get the following:

i%wl = {—;w + V(7)) =p+q+ Bon+ Br(n1 +no — ’I’Ll):| U1+ Bt g, (6.39)

In the exact same way, we also give the following dimensionless equations for the m =0

and m = —1 components of the Gross-Pitaevskii equation:

i%i/}o = [—;w + V(7) + Bon + Bi(n1 + nl)} Yo + 2811951, (6.40)

i%¢—1 = {;V2 +V(F) +p+q+ Bon+ fi(n-1+ng — nl)} Yoy + Brptyd. (6.41)

If we were to use an isotropic harmonic potential for V (7), it would become V/(7) = 37 in our
dimensionless format. Note that due to our re-scaling of the wavefunction, the normalization

condition (6.5) becomes:

Sl + ol + 1o = 1. (6.42)

63



where this is an integral over three-dimensions for the harmonic oscillator example we showed

above and over two-dimensions for the torus system earlier.

6.1.2 Solving the Spin One Gross-Pitaevskii Equations using Gradient Descent

Now that we have this dimensionless form for the Gross-Pitaevskii equations, we can use
this to write down the energy functional in the same way, where we are switching back to

writing the wavefunction as ¢ again as we are interested in finding the ground state.

/80 2 Bl 12
S+ I } (6.43)

m=-—1

1
Ewm]:/df{ > o [—§v2+V(F>—pm+qm2 D +

We want to find the wavefunction ¢ which minimizes the energy. We saw previously that
we could get equations for this by using the Euler-Lagrange equations to minimize the
energy with respect to each component of ¢, which resulted in the time-independent Gross-

Pitaevskii equations.

To solve these, we can look at minimizing the energy functional numerically for ¢ using
the method of gradient descent and then renormalizing ¢ at each gradient descent step.
For a function f(&), where ¥ € R3, we move towards the minimum of f with the following

gradient descent step:

Fir = T — AV (). (6.44)

We interpret the above as having moved a small step A\ from Z; in the direction of the
negative gradient of f to arrive at the point #;11. This point will give a lower value of the
function, f, than the point &; and so iterating this step should give us the minimum of the

function f.

For our purposes, we will take an implicit, backward Euler step in which we will substitute
the value of x at the next gradient descent step, x;41, into the gradient of the function and

then solve this equation for x;11. Doing this gives a similar equation to (6.44).

.'fi+]_ - fi - )\Vf(fl+]_> (645)

Backward Euler methods are known to be more stable than explicit methods and so we
will use (6.45) instead.

In a similar way, we can do the same thing here with the energy functional to find the
ground state of the spin one system. Before taking the gradient of the energy functional
with respect to the different components of the wavefunction ¢, let’s set up the problem
on a finite grid so that it can be solved numerically. We do this by discretizing the energy

functional:
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1
. Omyit1,j — 20m,ij T Pmyi-1,j
o = DX 3 i - (L2
% 7 m=—1
Gmij+1 — 20mij + Gmii—1

* 2h?

) + [Vij — pm+ qm®|dm.i 5

bo 2 2} . (6.46)

Bi z
T §|Fi,j

Here, we are using ¢ and j to describe a 2D grid where i describes the y component of a
coordinate in space and j describes the x component. Depending on the problem we are
looking at, we will change how many lattice points we use and the side length of the grid.
h is the lattice spacing which we are taking to be the same in both the x and y direction
for the duration of this thesis. With this setup, we see that ¢y, ;; is the value of the mt"
component of our ground state wavefunction at the position (,7) in our grid. n; ; and F;]
are defined in the same way as (3.65) and (3.66) respectively. However, here we are again
subbing ¢, ; ; into these definitions to look at their values at a particular point, (7,7) in our

grid.

With this, we can now take the derivative of the energy functional with respect to the

conjugate of the components of the wavefunction, ¢ Note that, since we have discretized

*
m,i,j"
the energy functional onto a grid, we are now talking about a numerical approximation of
the gradient as opposed to the exact analytic gradient. This numerical approximation can
then be subbed into the gradient descent formula to find a value for ¢, ; ; that brings the

energy functional closer to its minimum value.

ettt =l =TV, Bl (6.47)

m,2,) m,2,) 2

Here, we are using that ¢"*! is the value of the wavefunction at the next gradient descent
step, which we are trying to find and ¢™ is the value of the wavefunction at the current step
which we already know. Notice that we do this for each grid point (4,j) and so each time

we take a derivative of E[¢; ;], we are only interested in the term in the sum that contains

*

7 ; which will only be one term in the sum.

We have also previously computed the expressions for the derivatives of nf ; and |F;J\2

* .. for each value of m = (1,0, —1) which are contained within equations

with respect to ¢7, ; ;

(3.83) to (3.85). Filling in for these, we get the following three gradient descent equations

for each of the components of the spin one ground state:
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1 1 1 1 1 1
T =L =T th (G101, + @At T Ol T 1l — 401 ]
b1
+ [Vij —p+q+ Bon®™ + Bi(F.)i ] ;LT; ﬂ(F—)i7j¢g,i,j ) (6.48)

+1 _ +1 +1 +1 +1 +1
g,i,j = ¢g,i,j - [¢g7,+1,j + ¢g7, 1; T ¢gz,j+1 + (bg,i,jq - 4¢(1)l,i,j]

51
V2

i 2h2
n+1 61
+ [‘/Za] + BOni,j] ¢0’L] + 7(F+) ,J¢1 7,]

V2 (F)i,j¢n1,i,j] ) (6.49)
¢n1 PN ¢711,,‘7j

1 i i n n n
-7 _2h2 [¢ Jlrlz—&-l,J +¢ Jlrlz 1,5 +¢ lelz,]+1+¢ le,J 1 — 40 J1r11,j]
n B
+[Vij+p+aq+Boniy — Bi(F2)ij] ¢ J{lz] + 7%(F+)z]¢o il - (6.50)

In the above equations, we have subbed in the value of the wavefunction at the next gradient
descent step everywhere that that component shows up in its respective equation, includ-
ing in the gradient of the energy functional. We will only use the previous value of the
wavefunction for components that we are not currently solving for or for terms where the
component shows up as |¢|? and as a result, we think of terms such as n; ; as being at the
previous gradient descent step. As done previously, we can now substitute in for the spin
matrices in the above using the expressions given by (3.68), (3.69), (3.70) and (3.86):

T3 = 10— [ gaa BTThas + 9T 5T+ 01Ty — 4071
+ [Vij —p+q+ Bonij + Br(niy +nosy — n—l,z‘,j)]‘ﬁ,ﬁ‘
+ 61(¢n1,i,j)*(¢g,i,j)2:| ) (6.51)
gﬁ = G0, T [ 2h2 [(ﬁg_:-il-l,j + 91’31_11 g T %LJ{,;H + ¢6L,Jirj'—1 - 4¢’6L,z4'_;’]
+ [Vij =+ Boniy + Br(nig +noig)] 515 + 26101 5(65,:,) 0% 5 ], (6.52)
il = ¢Til,ij
-7 [ BYS) (o] i1, T ¢n1 i-15 T d)n—"l_ll,]Jrl + ¢an1” 1 4¢n—~l_1’t,,]}
+[Vij+p+aq+ Bonij+ Bi(n_1ij +noi; —n-1;)] ¢T1—,1i,j
+ 61(¢?,i7,j)*(¢g7i,j)2:| . (6.53)

We are using the notation that n,,;; = |¢ng|2- Since we are trying to solve for the
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respective ground state component at the next gradient descent step, we can rearrange the

above expressions to get equations for these components:

(2h2 + 47 + 2h%r Vij—p+q+Boni;+Bi(nii;+noj — n,l,m-)]) ?J{;

=7 [0+ O el o]

= 2h2¢?7i,j - 2h27’51(¢E1,i,j)*(¢g,i,g‘)27 (6.54)
(2h2 + 47 + 2R%7r Vi + Bonij + f1(naj + n—l,i,j)]) Sﬂ

— 7 [Ghdt1y + Poatiy T Porjer + Bor 1]

= 2h2¢8,i,j - 4h27’61¢7117i,j(¢8,i,j)* Tio (6.55)
(2h* + 47 + 2K7 [Vij +p+ g+ Boniyj + Bi(n1,ij + no,ij — n1,iy)]) QﬁJ{}M

-7 [d)ﬁ—ili-i-l,j + ¢ﬁ—{,1i—1,j + ¢7—LJ1r,1i,j+1 + ‘1575{,11',]'—1}

= 2h2¢7i1,i,j - 2h2751(¢711,¢,j)*( 8,1‘,]‘)2- (6.56)

+1 _ +1 +1 +1
n] _ ( n ¢n n

These equations can be solved to find ¢;"; 14590450 —Li,j) which will be closer to

the minimum value of the energy than the components at the previous step.

Notice that each one of these equations is actually a system of coupled linear equations
for the value of ¢,, at every position in our lattice and so to solve these, we can write each

one of them as a matrix equation of the following form:

Ay =b (6.57)

To demonstrate how this works, we will show an example of setting up a small lattice
and writing out the full matrix equation for this example. After this, we will discuss the

general case which will have the exact same format as the example given here.

For our example, we will use the m = 1 component equation given by (6.54). The
procedure for setting up the other components is the exact same. We will take L = 4 lattice
spacings which, when we include the boundary points of the lattice, gives us a 5 x 5 grid as
seen in figure (12).

There are different ways to specify the boundary conditions of this problem, however,
no matter which regime we choose, we will always approach the problem as if we are only
solving for the values on the interior points of the grid. For now we will set up the equations
for dirichlet boundary conditions and will look at different boundary conditions later.

As just mentioned, we would like to solve for the values of ¢ on the interior points of
the grid and seeing as we are looking at the m = 1 component equation, we will get the

following ¢; vector in our matrix equation (6.57):

. T
o1 = [¢22 $32 Qa2 P23 P33 Paz  Pos P34 ¢44} . (6.58)
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Figure 12: 5 x 5 lattice.

Here we are setting up our equations, traversing the grid in column major order in which

we count the grid values going down one column before moving to the next column.

Next, we write out the A matrix which will respresent everything on the left hand side

of the coupled equations listed in (6.54). For notational convenience, we will label the term

multiplying the (Z)?J{; as X1,i,5:

X1 = (2h% +47 + 207 [Vij — p+ g + Bonij + Br(nij + 1045 —n-1,05)]) -

(6.59)

With this, we can write out the A matrix for this example. Since there are 9 interior

points, we will have a 9 x 9 matrix for A which agrees with our general rule of (L—1) x (L—1)

interior points.

X1,22 —T 0 -7
-T X132 T 0
0 —T X142 0
-7 0 0 X1,2,3
A= 0 -7 0 -7
0 0 -7 0
0 0 -7
0 0 0
0 0 0 0

The b vector will contain everything on the right hand side of equation (6.54).
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2 47¢a1 +TP10
2 +7¢3,1
2 4750+ Thsn
2 +TP1,3

2h2¢’f,2,2 - 2h27’31 ®" 120 )
)
)
)
)2 . (6.61)
)
)
)
)

14y

2h2¢f3,2 - 2h27’51 oy 13,2
2h2¢’71l,4,2 - 2h2751 Py 40

) Ey

207G 5 5 — 202 TB1(P™ 1 5 5

14y

(
(
(
(
2h2PT 5 5 — 2h2TB1(P" 1 33
(
(
(
(

S
|

19y

2h2¢?,4,3 - 2h27’51 o7y 4,3

s

2 +7¢53
2 4T¢o5 +TPh1a
2 +7P3.5
2 A7r¢54+ Thas

2h2¢’711,2,4 - 2h27’51 Py o4

14y

~— O N N N
*
A/—\AA/—\/—\/—\/—\/—\
w
w

2h2¢T 5 4 — 2027 B1 ("1 3.4
2h2PT 4 4 — 2027 B1(P" 1 44
We see here that each element of the b vector contains terms from the previous gradient
descent step that appear on the right hand side of the relevant equation. We also get
boundary terms that appear on the left hand side of certain equations, however, since we
know what the boundary values are for dirichlet boundary conditions, we can move these
over to the right. This pattern of how the boundary points show up in the b vector will be
the same for the other two component equations (m = 0,—1). The change that will occur
here is what previous gradient descent step terms appear originally on the right hand side

of these equations.

Now we can use this small example to instruct us on how these equations are set up for

larger grids. For an arbitrarily large L, the A matrix will have the following form:

D —71I 0 .. 0
—-rI D —1I 0
0 —7l
A= , (6.62)
0 -7l 0
0 -1 D —7I
0 0 0 -7l D
x -1 O 0 0
- x -1 0 0
0o -7 - - - :
D= ] ) . . (6.63)
: 0 . woo—=17 0
0 -7 X -7
0 0 0 -7 ¥

Here, D is an (L — 1) x (L — 1) matrix where 7 and 0 are numbers. x represents the same
as in our small example for the A matrix, where we have dropped the subscripts detailing

what grid values we are looking at for convenience. This means that the A matrix has
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Figure 13: Demonstration of the limitations of gradient descent.

dimension (L —1)2 x (L — 1) where I is the (L — 1) x (L — 1) identity matrix and 0 is the
(L —1) x (L — 1) zero matrix.

Gradient Descent Limitations As mentioned previously, the main machinery used to
arrive at a set of equations that can be solved numerically for the ground state of a spinor
condensate is gradient descent. As such, it is worth mentioning the limitations of this ap-
proach which will transfer to our code. One of the main limitations of gradient descent is
determining whether we have legitimately found the global minimum of a system which, for
our purposes, corresponds to whether we have successfully found the ground state wavefunc-
tion. The reason for this can be clearly seen by considering figure (13). Here, we see that
if we take an initial condition for our gradient descent starting at A, gradient descent will
work to bring us to the local minimum at point B. However, we can clearly see that the
global minimum of this system is at point C.

To mitigate against this situation occurring, we need to think carefully about the initial
condition of our system that we provide to our code. Details surrounding this are discussed

in the context of vortices in chapter (7).

6.1.3 Code implementation

In this section, we will detail how the A matrix from the previous section is translated
to code so that the matrix equation (6.57) can be solved for the relevant ground state
component. After this, we will discuss how we ensure convergence to the ground state along
with maintaining a suitable step size, 7 for the gradient descent.

First, let’s consider writing the A matrix in code. To help illustrate how this is done,
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0 L-2
0 X -7 —T 0
-7 X -7
—T
L-2 —-T X 0 —T
-7 0 X -7
-7 X -7
—T
0 —T -7 X

Figure 14: The A matrix for an arbitrary number of lattice spacings, L

the A matrix from the end of section (6.1.1) is expanded out in figure (14), filling in for D
and the identity matrix.
We see that the A matrix has the following features that we must account for in our

code:

1. The main diagonal contains (L — 1)? elements, all of which store the value of x at the

relevant position in our grid.

2. Just off the main diagonal, we store —7 to the right and below each main diagonal
element except for the last main diagonal element in each block of (L—1) main diagonal

elements, where there is a value of 0 to the right and below the main diagonal element.

3. Even further from the main diagonal, we store —7 to the right and below each main
diagonal element. These elements are exactly (L — 1) elements away from the main
diagonal, both to the right and below. The last (L — 1) elements on the main diagonal
do not have these —7 elements even further away from the main diagonal associated
with them.

Since we will be implementing this matrix in the code using sparse matrices, we will
need to know how many nonzero elements this matrix contains prior to filling it in. We can
do this with a simple counting argument since we know that the size of the A matrix is
(L—1)2x (L—1)2

1. We know that all the elements on the main diagonal of A are nonzero, this contributes
(L —1)? elements.

2. We know that the two diagonals just off the main diagonal are filled with nonzero

elements. Every (L — 1) elements there is a zero. We can think about this differently
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and say that in each block matrix of size (L — 1) x (L — 1) on the main diagonal, all
the elements on the two diagonals just off the main diagonal are filled with nonzero
elements. The length of one of these diagonals is one less than the length of the main
diagonal in a block matrix which makes this length (L—2). Since we are looking at two
of these diagonals, we get 2(L — 2). Finally for these elements, since there are (L — 1)
block matrices on the main diagonal, the number of elements from the diagonals just

off the main diagonal contributes 2(L — 1)(L — 2) nonzero elements to the A matrix.

3. Next, we can look at the block matrices just off the main diagonal block matrices.
The main diagonal elements in these block matrices are filled with —7. This means
each block matrix here gives another (L — 1) nonzero elements. Since this happens on
either side of the main block diagonal, we get 2(L — 1). Finally for these elements, we
have (L — 2) block matrices on either side of the main block diagonal, which means

the total contribution from these elements is also 2(L — 1)(L — 2)

Overall this means that the number of nonzero elements in the A matrix for Dirichlet
boundary conditions is (L — 1)? 4+ 4(L — 1)(L — 2)

We have included some pseudo-code to show how the elements discussed above are filled
into the A matrix. We are assuming that this code starts with the A matrix being filled
with zeros. Note that, in the actual code for this project, this is done using sparse matrices.

Algorithm 1 Filling in the A matrix

for (i=0; i < (L — 1)%; i++) do > Looping down the main diagonal of A.
Ali, i] = x4 > Set main diagonal elements.
if ¢ mod (L —1) ! = (L — 2) then

Ali + 1, = —7 > Just below main diagonal element.
Aliyi+ 1] =—71 > Just to the right of main diagonal element.
end if
if i < (L— )( - )then
Afii+(L—-1)]=— > Further to right of main diagonal.
Ali+ (L — 1) i|=-71 > Further below main diagonal element.
end if
end for

Once the A matrix has been filled in properly, the next step is to fill in the b vector. To

visualize how this is done, we write out a general term from the b vector.

(L —1)*(i—2)+ (j — 2)] = 20°¢}; — 2R°7B1 (8} ,)*(67';)° + 7(¢ boundary terms). (6.64)

For our purposes, these boundary values will usually be set to zero for Dirichlet boundary
conditions and otherwise will be periodic, in which case they will not be dealt with in the b
vector, as we shall see later.

With this, we can now fill in the b vector as detailed in algorithm (2).
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Algorithm 2 Fill in the b vector

for (1=2;i<(L+1);i++) do
for (j=2;j<(L+1);j++) do
m<+— (L-1)0GE—-2)+ (G —2)
b[m] < 2h*¢1[m] — 21781 (-1 [m])* (do[m])?
end for
end for

Algorithm (2) describes filling in the b vector for the m = 1 component equation. The
non-boundary terms filled into b will change slightly when we look at each component
equation, however, the main body of code will not change for each component equation.

Once the A matrix and b vector have been set up, we can solve the matrix equation
(6.57) for the ¢ component we are looking for. In our code this is achieved using the python
library numpy.

The procedure described above for solving one of the component equations is done for
all other component equations. Solving for all the components together constitutes as a
single gradient descent step. This is due to the fact that all these component equations are
coupled together, although it is worth noting that this coupling is done indirectly through
the density, spin density and spin-singlet density. The final step we must take to complete
the current gradient descent step is to renormalize the condensate wavefunction in order to

account for particle conservation which is described by our constraint (6.5).

1]l = / (1P + 160(P) + 61 (M) dF,

(6.65)

By taking this normalization explicitly, we don’t have to implement the constraint (6.42)

using the lagrange multiplier, u, in our spin one Gross-Pitaevskii equations.

Procedure for choosing an adaptive step size: Now, we want to iterate this procedure
to perform multiple gradient descent steps in order to converge to the ground state of the
system. Two questions that arise when doing this are: how do we determine if we have
converged to the ground state and how do we adjust the gradient descent step size, 7, in
order to make sure it is reasonable at each step.

We will answer these questions by considering a one dimensional problem for visualization

purposes, however, the logic extends to our case. The situation is shown in figure (15). Here
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we see that we are trying to find the value of ¢ that will minimize our energy functional,
E[¢]. As stated before, we will do this by gradient descent. We see from figure (15) that the
step size in ¢ space that we would like to take between two points, say ¢, and ¢y, is T = 79.
We can vary this step depending on what the value of the gradient of the energy functional
is. We assume that the energy difference varies linearly with respect to 7 and as a result we

can approximate the derivative of the energy functional to be the following:

Blg) = 24itt (6.66)

T

As a start, we would like to keep the energy difference that we obtain between one step
and the next constant by varying the step size 7. We can do this by defining an initial target
energy difference, which we call ¢, and defining the following expression for updating the

gradient descent step size 7:

t t

Here, we stress again that the second term in the equality in (6.67) only holds when Eg; ¢ s

Ti+1 =

varies linearly with respect to 7. We see that this condition will provide the functionality
that we require. If we are in a regime where the derivative of the energy functional is
constant (such as in the region between ¢, and ¢ in figure (15)) and the energy difference
is approximately equal to ¢, then (6.67) keeps our step size approximately the same as it was
in the previous gradient descent step. If the gradient changes slightly such that the energy
difference diverges slightly from ¢, then (6.67) will vary 7 slightly to continue to keep the
same energy difference between one gradient descent step and the next. Note, that we need
to ensure that the energy difference is near our starting value of ¢ in the first place which

we will discuss momentarily.

We immediately see that we will run into a problem if we take this expression for updating
7 by itself with no adjustments. Namely that, if the derivative of the energy functional
changes significantly, such as in the region between ¢, and ¢., our linear approximation for
the energy difference in terms of 7 breaks down as quadratic terms begin to dominate and so
(6.67) will not be valid, leading to the energy difference not being close to our target energy
difference t. Our update expression will also fail if we are approaching the minimum, where
the gradient is extremely small, as this will cause 7 to grow large, whereas we would like to
take small steps in ¢ space if we are near the minimum, defined by ¢ in figure (15).

To remedy this situation, when we encounter situations where the energy difference is
not within a given tolerance of ¢, we will reduce the step size by a half, as well as t. We
hope that by taking a smaller step size 7 and reducing the target energy difference ¢, that
we will be in a linear regime again and can update using (6.67) and use the newly generated

step size in our gradient descent.

While doing this remedies our fist problem, it brings up another, which can be seen as
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we move from the region between ¢, and ¢. and into the one between ¢. and ¢4. If we move
from a region where the gradient changes, in which case we reduce 7 and ¢, into a region
where the gradient becomes constant again, we see that the step size 7 and target energy
difference t remain small and so it will be time consuming to walk down to the minimum of
the energy functional if we do not increase 7 and ¢ again. To account for this, we increase
these parameters by ten percent when we are in regions where the gradient has become
constant again. That is, in regions where we have the energy difference approximately equal
to our target difference t¢.

We now describe the algorithm step by step which we carry out to implement the above
actions.

First, define ¢ to be a predefined value that we will compare to the energy difference
between the current ¢ and ¢ found at the next gradient descent step. We will use this value
throughout to update 7 according to our update expression (6.67).

Once we have defined an initial value for both ¢, 7 and have an initial condensate wave-

function, we perform the following steps:

1. Perform one gradient descent step on our initial ¢ and find the energy difference
between the value returned and this initial ¢. Ensure that this energy difference is
smaller than ¢ by reducing the value of 7. Keep performing this first step until this

condition is met.

2. Once this condition has been met, update 7 using (6.67) and repeatedly take gradient
descent steps and find the energy difference between the ¢ returned by the current step
and the previous ¢. If this value is within a certain tolerance of the value of ¢, then
accept the wavefunction ¢ returned by the current gradient descent step as the next
step towards the ground state of the system. If we have just accepted a wavefunction
¢ or the number of gradient descent steps we have taken is odd, update ¢ according
to (6.67) and repeat this step. Note that we update on odd gradient descent steps in
order to give extra time to see if the current gradient descent step is sufficient.

3. If the energy difference is not within a given tolerance of ¢ and the number of already
taken gradient descent steps is not an odd number, then decrease both ¢ and 7 by a

factor of two and return to step 3.

4. At each iteration where a wavefunction ¢ has been accepted or the number of gradient

descent steps is an odd number, increase the value of 7 and ¢ by ten percent.

5. If the value of ¢ becomes less than some constant tolerance that has been set at the

start of the code, the system has converged to the ground state.

6. If the number of iterations of the gradient descent step reaches some predefined con-
stant and ¢ has not become less than the predefined tolerance, exit the code and inspect

the value of ¢ to determine whether convergence has occurred to a satisfactory value.
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Figure 15: Demonstration of choosing a suitable step 7

6.1.4 Periodic Boundary Conditions

Everything that has been discussed so far has been in relation to Dirichlet boundary con-
ditions. If we wish to use periodic boundary conditions, the only changes that occur are in
the A matrix and b vector. All other steps discussed above in performing multiple gradient
descent steps and the method of varying 7 and determining convergence will remain the
same. Although we will not be using ground state codes with periodic boundary conditions
in this thesis, they were developed as part of this research and the discussion here will be
used later to describe how we have implemented our Bogoliubov codes, which do use periodic
boundary conditions.

Here, we will show the changes that occur in the A matrix and b if we wish to use
periodic boundary conditions for our system. First, we will go back to our example on a
small lattice and show the changes that occur. Once we have done this, we will again move
to the general case and modify the pseudo-code given by algorithms (1) and (2) to show the
additions needed for periodic boundary conditions.

As mentioned earlier, for periodic boundary conditions, we think of the grid as being of
size L x L instead of size (L —1) x (L —1) as we only discard one of the boundary points and
keep the other one. This would mean that if we wanted to look at the exact same system as
in the example for dirichlet boundary conditions above but instead use periodic boundary
conditions, we would need to look at a 4 x 4 lattice. For our purposes here, we will instead
just set L = 3 so that we can continue to use the example of a 3 x 3 lattice, however, it
is important to note that there is an actual difference that occurs between periodic and
dirichlet boundary conditions for the same system.

The modified lattice can be seen in figure (16), where the actual lattice we are working

on now is the lower right corner of the original lattice in figure (12) as encircled in red. We
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Figure 16: 4 x 4 lattice encircled in red. The physical boundaries of the lattice are the points
just inside this red boundary as opposed to the case for dirichlet boundary conditions where
the boundary was all points coloured in black. Here for periodic boundary conditions, we
keep one of the boundaries on the left and top of the lattice and identify the other boundaries
on the right and bottom with these.

have changed the indexing to highlight that we are now taking the boundaries of the lattice
to be different. This means that the vector of points, (51, that we wish to solve for is now

given by:

. T
¢1:[¢11 P21 P31 P12 P2z P32 P13 P23 ¢>33] . (6.68)

Again, we will write out the A matrix for the coupled equations given by (6.54). We see
that these equations are the exact same as before for Dirichlet boundary conditions, however

we will now make the following change for periodic boundary conditions.

$i0 = Gi,L
Gi,L+1 = din
b0,i = PL,i
Prt1,i = P (6.69)

Here, we are taking i to run from 1 to L. This condition essentially means that if a
particle tries to leave our lattice on one side, it will re-enter on the other side in both the
x and y direction. We see that this condition means that our boundary points are now
written in terms of internal points in the grid that we wish to solve for and as a result, we
will now have extra terms in the A matrix for each row, corresponding to one of the coupled
equations given by (6.54). The extra terms that appear as extra non-zero terms in each row
of the A matrix will disappear from the corresponding row in the b vector. To make this

more clear, let’s look at the first equation given by (6.54) which is described by the first row
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of the A matrix.

1 1 1 1 1
X1,1,1¢§L,J1r,1 -7 [¢§L,J2r,1 + ¢?,J571 + ¢?,J1r,2 + ¢?,J1r,o]
2 1 2 2
=2h ¢71le1 —2h 7',31(@1)711,171)*((?871,1) ) (6.70)
1 1 1 1 1
== Xl,l,lﬁb?j,l =T [ ;Lerl + ‘15?31 + QS?IQ + QS?J{:a]

= 2h2¢?,J1r}1 - 2h27’ﬂ1(¢21,1,1)*(¢g,1,1)2- (6~71)

In going from the first line to the second line, we have substituted for our periodic boundary
conditions, where in this example: gb’f,all = qﬁfg}l and gb?j}o = 1”1'13 The two terms gbf'g’ll
and ¢ﬁ'13 are now terms in the ¢; vector, given by (6.68), that get multiply by the A matrix

and this means that the first row of the A matrix will change in the following way:

Alz[XLlJ -7 —7 —17 0 0 —7 0 O}. (6.72)

Here, we have coloured any extra terms that come from periodic boundary conditions in the
x-direction in blue and any that come from periodic boundary conditions in the y-direction

in red.

The procedure for modifying the first component equation of the system of coupled
equations given by (6.54) is the exact same for modifying all other component equations.
When we do this for all of them, we get the following A matrix and b vector for our small
lattice example using periodic boundary conditions. We have kept the same colour coding
as above to distinguish between additional terms in the A matrix coming from periodic

boundary conditions in the x-direction and periodic boundary conditions in the y-direction.

X1,1,1 —T -7 —T 0 0 —T 0
=T X121 T 0 —T 0 0 —T
—T —T X131 0 0 —T 0 0 —T
-7 0 0 X1,1,2 -7 —T -7

A= 0 -7 0 —T X122 —T 0 —T 0 . (6.73)

0 0 —T —T —T X132 0 0 —T
—T 0 —T 0 0 X1,1,3 —T —T
0 -7 0 -7 0 -T X123 —T
0 0 -7 0 0 -7 —T -7  X1,33
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From this example, we can see what changes need to be made to our code to fill in the

2
1,3,3

correct values to a general L? x L? A matrix. First, let’s look at the changes that need to be
made to account for the periodic boundary conditions in the y-direction. If we compare the
A matrix from our small example for periodic boundary conditions and the expanded out
A matrix for Dirichlet boundary conditions given by figure (14), we see that the additional
elements for y periodic boundary conditions can be added in each block matrix of size L x L
on the main diagonal of the A matrix. These values will be added in by adding a —7 value
that is (L — 1) spaces to the left and above the last main diagonal value in each block matrix
on the main diagonal.

For the x-periodic boundary conditions, these are accounted for by adding a —7 value
(L)(L—1) spaces to the right and below each main diagonal element in the first block matrix
of size L x L on the main diagonal.

We have included the expanded out A matrix for periodic boundary conditions, given by
figure (17), as well as the modified algorithm for filling in this matrix, given by algorithm
(3). We have again colour coded the additional elements being included in the expanded
out A matrix in figure (17). The majority of elements in this matrix are zero which is
being represented by the zero block matrices in this figure. These matrices repeat along the
diagonal and row that they are in until we reach one of the nonzero block matrices.

We again would like to know how many nonzero elements are in the A matrix as we will
be using sparse matrices to store A in our code. We will still have the L? + 4(L)(L — 1)
elements from Dirichlet boundary conditions, noting that L has been redefined here as we
are taking an L x L lattice instead of (L — 1) x (L — 1) lattice. We now need to see how
many extra nonzero elements we have when we introduce periodic boundary conditions in

the x and y direction.

1. For the y periodic boundary conditions, we get two extra elements in each block matrix

on the main diagonal. Since there are L of these, we get an extra 2L nonzero elements.

2. For the x periodic boundary conditions, the main diagonal of the block matrix in the

top right hand corner and bottom left hand corner are filled with nonzero elements.
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Figure 17: The A matrix for an arbitrary number of lattice spacings, L. Here we are using
periodic boundary conditions.

The main diagonal of these block matrices has L elements. Therefore, the x periodic

boundary conditions adds an extra 2L elements also.

Overall, this means that the number of nonzero elements in the A matrix for periodic
boundary conditions is L? + 4(L)(L — 1) + 4L = 5L.

6.1.5 Code files

Now that we have described how the code for finding the ground state of a spin one con-
densate works, we would like to describe the different files involved in performing this task
and how they are organized. Details about the different parameters of the code and what is

passed into certain functions is detailed in the comments of the code.
1. spinOnelnput.ini:

e This is an input file that is called by other code files to read in constants and
parameters relating to the system such as the parameters involved in setting up

our finite lattice and the interaction parameters of the system.
2. groundStateOneStep.py:

e This file is called to perform one gradient descent step, which, when called mul-
tiple times, works to find the ground state of a spin one condensate. This file is
responsible for setting up the A matrix and b vector for each component equation

in spin one and solves these equations, returning the normalized result.

3. modularGroundState.py:
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Algorithm 3 Filling in the A matrix (Periodic boundary conditions)

for (i=0; i < L?; i++) do > Looping down the main diagonal of A.
Ali,i] = x[d] > Set main diagonal elements.
if i mod L ! = (L —1) then

Ali+ 1,4 = -7 > Just below main diagonal element.
Aliyi+ 1] = —71 > Just to the right of main diagonal element.
else > Fill in elements corresponding to y periodic boundary conditions.
Ali — (L —1),il=—7 > (L — 1) spaces above last main diagonal element in each
main diagonal block matrix.
Aliyi— (L=1)] = -1 > (L — 1) spaces to the left of the last main diagonal
element in each main diagonal block matrix.
end if
if i < L(L —1) then
Aliyi+ L) = —7 > Further to right of main diagonal.
Ali+ L,i] = —7 > Further below main diagonal element.
end if
if : < L then > Fill in elements corresponding to x periodic boundary conditions.
Aliyi+ L(L—1)] = —71 > L(L — 1) spaces to the right of the main diagonal

element in the first block matrix on the main diagonal.
Ali+ L(L —1),i] = —7 > L(L — 1) spaces below the main diagonal element in the
first block matrix on the main diagonal.
end if
end for

e This file is what solves for the ground state of the system by calling the relevant
ground state one step code repeatedly. This file also takes care of keeping the
gradient descent step at a suitable size and determines whether we have converged
to the ground state. This code does not return anything and instead saves a list
of condensate wavefunctions at each step that we accepted. If we have converged,

the last wavefunction in this list will be the ground state of the system.
4. groundStateTools.py:

e This file contains functions that are called throughout all other code files such as a
function to compute the energy of the system in its current state. Other functions
in this file involve saving and loading wave functions as well as computing relevant
quantities associated with the condensate such as its density. This file also has

code to plot and animate frames of these quantities.

6.2 Spin Two Ground State Code

We will now discuss the code for solving for the ground state of a spin two condensate. Since
the algorithms used for solving the component equations and running gradient descent in
spin two are the exact same as those used in spin one, we will not provide details of this here

as it has already been covered. We will however provide the component equations that are

81



fed into the A matrix and b vector for spin two. In contrast to spin one where there were
three systems of coupled equations to be solved, here, we will have five systems of coupled

equations.

6.2.1 Equation setup

As in the spin one case, if we wish to find the ground state of the spin two system, we need

to find a wavefunction that minimizes the energy functional which, for spin two, is given by:

2 2172
Bl = [ar{ 30 vi| = V@ -t g,

m=—2

+gnt+ SR+ C;|A00|2}- (6.75)

Following the procedure in the spin one case, we would like to perform gradient descent
on this energy functional. This will involve taking derivatives of (6.75). Before we do this,
however, we would like to write the energy functional in a dimensionless form. We will
not show the steps for finding the dimensionless equations in spin two as it is the exact
same procedure as in spin one. The only difference when carrying out the procedure here
is to account for the extra term given by the spin singlet density term and use the spin
two version of the spin matrices which are given by equations (3.95) to (3.97) and equation
(3.86). Note that each term in the component equations for spin two that involves 1 terms
will have dimensions of 13 just like in the spin one case which is why the procedure is the
exact same.

When we perform this procedure, the energy functional becomes:

Bl = [ar] 3 01 12 v —pm s gui]s

m=—2

- %nz + %uﬂ2 + /622|A00|2}. (6.76)

We have again moved to writing the energy functional in terms of ¢ as we are trying to
minimize this energy functional and will vary ¢ to do this, ultimately, making ¢ the ground
state of the system. Note that the changes in dimension made here are the same as those
made in spin one using (6.30) and so if we want to return to dimension full quantities, we
will have to account for these. We have also dropped the ~on all terms in (6.76) as we know
we are working with this dimensionless form. Terms such as 3, are defined in terms of ¢,
in the same way as before and are written here for convenience.

cmIN

Bm = T (6.77)
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Once we have this dimensionless form for the energy functional, we can follow the same
procedure for discretizing it on a finite grid. Once we have done this, we can take the
gradient of this discretized form with respect to the conjugate of each component of the

spin two wavefunction on the lattice, ¢ and sub these into the gradient descent formula

'm0
given in the spin one numerical section b;r equation (6.47) (now m runs from —2 to 2) in
order to obtain the five systems of coupled equations that need to be solved numerically to
obtain the spin two ground state, ¢ = (d2, 1, Po, d_1,P_2). We omit these steps in detail
here as the procedure is the exact same as in the spin one case, details of which can be found
in section (6.1.2).

Once these steps have been performed, we end up with the following five coupled systems

of linear equations for m = (2,1,0,—1, —2):
(2h2 + 47 + 2R%T [V —2p+4q + Bon

2
=+ ﬁl (4’(12 +4ny —2n_q1 — 4n_2) + 56271_2]) gi_j
= T(P5 1y + ity + dhi i t Pht )
= 2h2¢§,i,j —2h%T {51 <\/6[(¢6L,i7j)*(¢?7i,j)2 +(B21,05) 90,0010 5]
+2(¢"2,i,j)*¢nl,i,j(b?,i,j)

Ba

+ g((ﬁsg,i,j)Q(dﬁz,i,j)* - 2¢?,i,j¢)n1,i,j(¢n2,i,j)*):| ) (6.78)

(2h2 + 41 + 2h37 [Vp+q+50n
+ B1(dnas+mn1 —n_1—2n_o +3ng) + iﬁgn_1:|) ?‘l‘;
— (@i O ST T eiT )
= 2h2¢?,i,j —2h*r {/61 (2\/6(¢?,i,j)*¢g7i,j¢g,i,j + 3(¢217i,j)*(¢g}i,j)2
+ \/6((¢n2,i,j)*¢n1,i,j¢8,i,j + (¢8,i,j)*¢n1,i,j¢g,i,j>

+ 2(¢ﬁ1,i,j)*¢22,i,j¢g,z‘,j>

Ba

- g(2¢721,i,j¢712,z‘,j(¢7_Ll,i,j)* + (¢g,i,j)2(¢zl,i,j)*):| ) (6.79)
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We are again using the notation n = 22

(2h2 =+ 4T -+ 2h2T |:V + ﬁon —+ 351 (n1 + Tl_l) —+ 552710}) gjj
—( g,Jir—il-l,j + (bg,Jir—ll,j + %ﬁ,;‘ﬂ + %ﬁ,;—l)
oy, om’r [m <x/6 ((¢3,i,j>*<¢?,i,j>2 NI
+ (910) b5.49%1.45 + (¢22,i,j)*(¢711,i,j)2) + 6(¢g,i,j)*¢?,i,j¢ﬁl,i,j)

P2

+ €(2¢g,i,j¢22,i,j(%L,i,j)* - 2¢?,i,j¢n1,i,j(¢8,i,j)*):| ) (6.80)

(Wﬂ+4¢+2WT{V+p+q+@m

— B1(2n2 +n1 —n_1 —4n_s — 3ng) + ?52”1}) "1

- T(¢T1r,1i+1,j + ¢T{,1i—1,j + ¢71T,1¢,j+1 + ¢7_lﬁ,j—1)

= 2020 = 20 [0 (VB ) s+ O 08
+ \/6(@53@;)* 59005 1t (00.45) 1 ;0 2 5)

+ 2( ?,i,j)*¢§,i,j¢r_12,i,j>

_ B

220101, (000,)" + (03,2(000))] (6.51)

@W+M+Wﬁ{V+%+@+&n

2
— B1(dne +2n1 —4n_1 —4dn_o) + 552712}) ¢1142r,1i7j
~ (@ Pl PR+ 0l 0)
=20%¢" 5, ; — 2h°T [51 <\/6[(¢6L,i,j)*(¢ﬁ1,i,j)2 + (BT 5) 04 0 10 5]
+ 2( g,i,j)*¢?7i,j¢217i,j>

P2

—+ g((¢g,i,j)2(¢g7i,j)* = 20", ;907:(95:)7) ] - (6.82)

G — oMy where n,, = |¢,|>. Here we assume

that all n values are being taken at the relevant position, (i, 7), in our lattice.

These equations are implemented into code in the same way as the spin one equations,

given by equations (6.54) to (6.56), by filling in the A matrix and b vector for each of the five

component equations above and solving the matrix equation, given by (6.57), in sequence

for each of the five component equations. The procedure for constructing these matrices
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for a discretized system of linear equations has already been given in sections (6.1.2) and
(6.1.3).

6.2.2 Code files

Many of the code files in spin one have their equivalent in spin two, however, since there
are extra files used in spin two for setting up vortices, we will detail all code files here for

completeness.
1. spinTwolnput.ini:

e This is an input file that is called by other code files to read in constants and
parameters relating to the system such as the parameters involved in setting up

our finite lattice and the interaction parameters of the system.
2. groundStateOneStep.py:

e This file is called to perform one gradient descent step, which, when called mul-
tiple times, works to find the ground state of a spin two condensate. This file is
responsible for setting up the A matrix and b vector for each component equation

in spin two and solves these equations, returning the normalized result.
3. modularGroundState.py:

e This file is what solves for the ground state of the system by calling the relevant
ground state one step code repeatedly. This file also takes care of keeping the
gradient descent step at a suitable size and determines whether we have converged
to the ground state. This code does not return anything and instead saves a list
of condensate wavefunctions at each step that we accepted. If we have converged,

the last wavefunction in this list will be the ground state of the system.
4. groundStateTools.py:

e This file contains functions that are called throughout all other code files such as a
function to compute the energy of the system in its current state. Other functions
in this file involve saving and loading wave functions as well as computing relevant
quantities associated with the condensate such as its density. This file also has

code to plot and animate frames of these quantities.

5. loop.py:

e This file sets up discrete points on a loop within the condensate and returns the
value of the condensate at these points. This is used to study the winding of a

vortex within the condensate. We will see more details of this in the next section.

6. graphicalBEC.py:
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e This file produces a plot of the spherical harmonic representation of a point in

the condensate.
7. graphicalVortex.py:

e This file takes in spherical harmonic plots of points on a loop in the condensate

and plots them on a loop to represent a vortex that we are looking at.
8. axisAngleToEuler.py:

e Given a rotation in axis angle format, this file will return the corresponding Euler
angles for ZYZ format. This is needed as we input vortices in spin two in axis
angle format, however, the rotation matrix for acting on the order parameter of
the condensate is written in terms of Euler angles. We will again see more details

of this in the next section.
9. createVortex.py:

e This file just sets up the vortex we are studying by specifying the axis and angle
of rotation and passes this in as the initial condition to the ground state code.
That is, this file is where we can specify input and run the ground state files

above to obtain results.

6.3 Spin Two Vortices

Now that we have discussed how the ground state is numerically found for a spin two
condensate, we will discuss how we simulate vortices in these condensates by way of passing
in a suitable initial condition. We will first discuss the general procedure for setting up this
initial condition and then describe how parts of this procedure are implemented numerically.
The code files that perform the tasks mentioned in this section are described in the previous

section.
6.3.1 General setup
We have seen in section (5.1) that the order parameter for a general element of a certain
phase of the condensate, described by the representative order parameter (y is given by:
¢ = ePemifzae B¢y = U (a, B,7)Co (6.83)

Here, ¢ is the gauge angle, describing the U(1) phase and «, 3 and v are the Euler angles
in ZY Z format describing a rotation in spin space. For a spin two condensate with five spin
components, U(q, 8,7) will be a 5 X 5 matrix or a five dimensional irreducible representation
of SO(3). This matrix is called the Wigner D-matrix [32][38]. This matrix is listed below

for spin two in the format given in [27]:
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(6.85)

We have already seen in section (5.3.3) that the vortices in spin two are described by
elements of a stabilizer group that rotate in both spin space and phase space. Since we
have the SU(2) form of these elements, we can find both the axis and angle that describes
the rotation that a specific element of the stabilizer group performs in spin space using the
expression for a general SU(2) rotation given by (5.28). We also know the phase change in

the gauge angle that occurs for each element.

With all of these parameters, we could set up a vortex by considering a closed loop in
our system that starts at the representative order parameter for the given phase and, as we
go around the loop, we linearly vary the gauge angle and angle of rotation in spin space
around the given axis from zero to their final values for the chosen element of the stabilizer
group. At each position in our finite grid that we look at the value of the angle of rotation
in spin space, we calculate the Euler angles for a rotation by that amount of angle about
the axis of rotation that we have already determined. Once we know this, we can say that

the order parameter of the condensate at that point in our finite grid is given by (6.83).

We can give an example of this procedure by discussing it in relation to one of the vortices
displayed in section (5.3.3). Here, we will take the class 4 vortex in the cyclic phase as shown
in figure (6). This particular vortex is a fractional % vortex, with a gauge angle of %”, and
a rotation of 2?” in spin space. The element of the stabilizer group, T, that describes this is
&. By comparing the expression for & given by (5.29) with (5.28), we see that the axis for
the rotation in spin space is the (-1,-1,-1) axis. Note that we have rotated this axis onto the
z-axis in figure (6) and so the order parameter at the start of the loop, which is given by
the rightmost spherical harmonic in figure (6), is actually a rotation of the representative
order parameter. As we follow this loop around anti-clockwise to the next point on the
loop, we calculate how much of the spin space rotation should have taken place in order to
make the full angle of rotation vary linearly around this loop. We then calculate the Euler
angles for this rotation and use this, along with the value the gauge angle should have at
this point in the loop in order to vary linearly around the closed loop also, to calculate the
order parameter of the condensate at this point in the loop using (6.83). We do this at each
point of the loop which when finished will give us the full rotation in spin and phase space
describing the vortex. The value of the order parameter calculated in this way at each point

in our grid serves as our initial condition for a vortex to be passed into our ground state
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code. Note that we will also have to think about how to smooth this wavefunction in order
for it to be a good approximation to the ground state of the system. This will be discussed

in section (7) for both spin one and spin two condensates.

6.3.2 Numerical Implementation

Now that we have described the general procedure for how a vortex is setup as the initial
condition for our ground state code, we will look at how the parts of this procedure are
practically implemented. We will first describe the aspects of the procedure that do not
depend on the type of boundary conditions used for the ground state code, followed by
those that do.

Axis-Angle to Euler angles As mentioned in the previous section, we will first have an
axis-angle description of the rotation that a vortex produces. However, in order to write
out the order parameter for each point of the vortex in space, we will need to obtain the
Euler angles for a given axis-angle rotation that will be substituted into the general order
parameter expression, (6.83). We do this with the following steps. We first find the rotation
matrix that, when acted on a vector in R?, produces the rotation described by the angle
and axis given. The general form of this rotation matrix is given by [39] for a normalized

axis of rotation @ = (as,ay,a,) and angle 6:

Rz o = (6.86)
a2 + (a7 + a2) cosf azay(1 —cosf) —a,sinf aza,(1—cosf) + a,sinf
agay (1 —cosf) +a,sind a2 + (a2 +a2)cosf aya,(l —cosf) —a,sind
azaz(1 —cosf) —ay,sinf aya.(1—cosf)+ a,sinf a2 + (a2 +a})cos
(6.87)

The first, second and third column of this matrix tell us where the x, y and z axes of a
coordinate system attached to an object get rotated to if we rotate the object by an angle 6
about the (ay, ay,a,) axis. These new axes are given in terms of the fixed coordinate system
and as such we can compare the axes of the coordinate system that rotates with the object
to the x, y and z axes of the fixed coordinate system in order to determine the Euler angles
for the rotation.

In order to do this, it is useful to look at the format of the Euler angles for ZY Z format
and look at what we are doing when we make each of the rotations by angles of «, 5 and 7.

This can be seen in figures (18) to (20). In figure (18), we first perform a rotation about
the z-axis of the fixed coordinate system by an angle of a. This causes the x and y axes
of the object we are rotating to rotate to positions ' and y’. Next we rotate about the 3’
axis by an angle 8 which brings the z and z axes of the object being rotated to z; and z”

respectively. Finally, we rotate about the z; axis by an angle v which brings the x and y
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Figure 18: A demonstration of Euler angles for ZYZ format.

Figure 19: A demonstration of Euler angles for ZYZ format.

Figure 20: A demonstration of Euler angles for ZYZ format.

89



axes of the object to their final orientation 2y and yy. After the full rotation, the coordinate
axes of the object we have rotated are at positions x¢, yr and z; in terms of the fixed system.

From this procedure, we can easily see how we can obtain the Euler angles for a certain
rotation once we have zs, y; and zy. First let’s look at how we find a. We can see from
figures (18) and (19) that the rotation of o about the fixed z axis causes the original z axis,
attached to the rotated object, to be rotated to z’ which we can see is the projection of
the final z axis, z; into the xy plane. Therefore we can find o by using the dot product
between the original = axis and the projection of the z; axis into the xy plane. Setting

Zp = (2fx, 25y, 0), we get the following expression for a:

T
O = arccos

(6.88)

|2pllx]

We can see from figure (19) that to find 5 we need only find the angle between the zf

axis and the original fixed z axis.

Z5 -7

8 = arccos .
|2¢ |2l

(6.89)

Finally we can find the angle v by finding the angle between the y axis after the rotation
by o, ¢/, and the final y axis of the object, y.

—

/

~ = arccos y/~yf . (6.90)
[/ l1ysl

At each step when we find each of these angles, we must check that we have found the
anti-clockwise angle between them with respect to the axis of rotation. This is easy to do
by taking the cross product between the old vector and new vector that we have rotated
to by «, B or v. We can then take a dot product between the resulting vector of the cross
product and the known axis of rotation. If this dot product is greater than zero, then the
orientation is correct and we have found the anti-clockwise angle. Otherwise, we adjust the

angle by subtracting it from 2.

Dirichlet Boundary conditions vortex setup Now that we have a way of finding the
FEuler angles for a given rotation in spin space, we need to think about how exactly we
encode the vortex as an initial condition for the ground state code. As mentioned earlier,
the method of implementing (6.83) as the initial condition is slightly different depending
on whether we are using Dirichlet or periodic boundary conditions. Here, we will only look
at the problem for Dirichlet boundary conditions as these are the conditions used in our
ground state codes. We will also look at how to define a loop within the condensate for this
case so that we can view if a vortex is present.

The first thing to consider for setting up a vortex in this system is what a closed loop
is in this system. Figure (21) shows what a closed loop looks like in a 2-D system with

Dirichlet boundary conditions.
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Figure 21: A closed loop in a grid with Dirichlet boundary conditions.

We think of this loop being centered on (0,0) within the grid. We can clearly see that
a loop in our grid with Dirichlet boundary conditions can be parameterized using the polar
angle .

Practically, we do this in the following way. Given a 2d grid of x and y points at which
we will store the value of the condensate in space, we make a corresponding grid of the value
of the polar angle ¢ at these points. Once we do this we can parameterize the gauge angle,

¢, and spin space angle of rotation, #, for our vortex.

bp = % (6.91)
_ Yo
b= 5 (6.92)

Here, we are thinking of ¢ as the full two-dimensional grid of polar angle points and as
such, ¢, and 6, are also meant to be the corresponding 2D arrays giving the values of the
gauge angle and spin space rotation angle for all points on our finite grid. It is these lists
that we feed into (6.83) to build our initial condition. Note that by doing it in this way, our
initial condition actually imprints the vortex winding at all radii in our grid and not just at
one loop at some distance from the origin.

We now have a way of setting up a vortex as an initial condition for our ground state
code for Dirichlet boundary conditions, but what if we want to look at the value of the
condensate around a closed loop in our grid to search for the presence of a vortex. How do
we do that? One method would be to choose a loop at a certain radius in our grid and look
at the grid points on that loop where we have data. However, this is not practical by its
self as the loop we choose may not coincide with many points in our grid where we actually
have the value of the condensate in space. This can be seen in figure (21). We think of the
points where the red dashed grid lines cross as points in our grid where we have data on the

condensate at that point in space. We can see that the example loop that we have drawn in
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this figure only coincides with four data points which is not sufficient for determining what
is happening along a closed loop within the condensate. Instead, we would like to be able
to choose a loop at any radius in the condensate and specify how many points on that loop
we would like to return the value of the condensate at. Since we do not have the value of
the condensate at every point in space, we achieve this goal in the following way.

We choose a loop at some radius in our grid, such as the one shown in figure (21) and
specify the number of points that we would like to sample the value of the condensate at
along this loop. We then position these points along the loop so that they are spaced equally
apart from each other in terms of the polar angle ¢. For each of these points on the loop,
if we have the value of the condensate at that point, then we just return the relevant order
parameter there. In the other case where the point on the loop is not a point where we
have data in our grid, we perform a weighted average of the value of the condensate at the
nearest neighbour points where we do know the value of the condensate. This procedure is
shown in figure (22). Here, we are looking at one of the square grids within our full grid
and would like to approximate the value of the condensate at a point P, where we know
the value of the condensate at points A,B,C and D. We first take the Euclidean distance
between each of the points on the vertices of this square grid with P. Once we have done
this we find the approximate order parameter of the condensate at the point P using the

following expression:

o LG A (ot ) M G ) R () B
Up = 1— Uat+(1- Up+(1- Ue+(1- Upl,
P Wtot |: < dTot 4 dTot B dTot © dTot b

(6.93)

where V¥, is the order parameter of the condensate at a point v, dyos = da +dg + dc +dp

Wiot = (1 — +(1- +(1- +(1- 6.94
ot ( dTot dTot dTot dTot ( )

is the total weight.

and:

If the point P happens to lie on one of the red grid lines between two points, then we
just take a weighted average of the order parameter of the condensate at the two points
nearest to P along the same grid line.

Once we have a value of the order parameter at each point of the loop we have chosen, we
can make graphical images of the condensate along this loop by using the spherical harmonic

representation of the condensate as discussed previously.

6.4 Spin One Bogoliubov Excitations

In this section we will detail how we have derived and implemented the Bogoliubov equations

for a spin one condensate. The code we implement is for two dimensions and the ground
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Figure 22: Computing the value of the condensate at a point we do not have data by taking
a weighted average of neighbouring points.

states generated by our spin one code can be passed in as input to the Bogoliubov code to

look at excitations about the ground state.

6.4.1 Equation setup

The method used here for deriving the Bogoliubov equations is an extension of the method
used in [36] for a pseudo-spin half condensate. This method can also be found in [26] for
a spinless condensate and has been employed for a spin one condensate with spin-orbit
coupling in [40]. We also note that [41] was useful in ensuring our code was working when
testing this for spinless cases in the earlier stages of this research.

We will take a perturbative approach to deriving these equations by thinking of the
Bogoliubov excitations as slight fluctuations from the ground state. As a result, we will take

the full wavefunction of the time-dependent system to be of the following form:

G (7, 1) = (1,90, 1),
U (7, 1) = €M (G (F) + w (F)e ™" 4 vl (F)e™ ). (6.95)

Here, ¢,,(7) is the ground state of the system and w is the frequency of perturbation.
U (7) and vy, (7) are the Bogoliubov excitations and it is these that we wish to find. We
will do this by subbing the ansatz (6.95) into the spin one time dependent Gross-Pitaevskii
equations given by (6.39), (6.40) and (6.41). Note that, by using these, we are working in
the dimensionless form specified before in section (6.1.1).

Once we have done this, we keep linear terms in u,, and v, and split the terms into
two equations where the first is given by all terms that are multiplied by e~ “#+)t and the
second is given by all terms multiplied by e~ *(#*~«")* This is why we get two equations from
each time dependent Gross-Pitaevskii equation: one for u,, and one for v,,.

To obtain the first of these two equations we can read off the terms being multiplied by

e~ rtw)t  To obtain the second equation, we must read off all terms being multiplied by
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e~ ih=wt conjugate them and multiply the entire equation by a minus sign. This step is to
account for the —w™* in the exponential and we want each of the equations to be of the form
WUy, OF WUy, on the right hand side of the equation. Without this step, the v, equations
will read —w*v};, on the right hand side.

Once we perform these steps for each of the three spin one Gross-Pitaevskii equations,
we are left with six coupled equations for ui, vy, ug, vg, u—1 and v_; which are the spin one

Bogoliubov equations:

Liur + (Bo + B1)(01)%v1 + [(Bo + B1) g1 + 2816% 160] uo
+ (Bo + B1)gop1vo + (Bo — B1)dZ1p1u—1
+ [(Bo = Br)d—101 + Bidg | v_1 = wuy, (6.96)
—(Bo + B1)(¢1)?ur — Lyvr — (Bo + Br)(do¢1) uo
+[- (50 + B1) o1 — 2818561 vo
+ [=(Bo = B1)(d—1¢1)" — Br(§)*] u—1
= (Bo = B1)p-147v-1 = wor, (6.97)
[(Bo + B1)¢ido + 2819-19p] ur + (Bo + B1)p1dov1 + Laug
+ [Bodg + 2B10-161] vo
+ [(Bo + B1)9% 100 + 2816501 ] u—
+ (Bo + B1)p-1¢0v-1 = wuo, (6.98)
—(Bo + B1)(¢1600) ur + [—(Bo + 51 )16 — 2B10* 1] v1
+ [—Bol( —2B1(p-191)"] uo — Lavo
— (Bo +51)( —160) u—1
+ [ (Bo + Br)o-195 — 2B1¢0¢1] v_1 = wup, (6.99)
[(Bo — B1)pr¢—1 + P16 v1
+ [(Bo + B1)dod—1 + 2B1d007] uo + (Bo + B1)dod—1v0
+ Lau_y + (Bo + B1)d*v_1 = wu_y, (6.100)
[—(Bo — B1)(¢16-1)" — Bi(95)*] w1 — (Bo — B1)p16" 101
— (Bo + B1)(¢od—1)"uo
+ [=(Bo + B1)dod™ 1 — 2B10561] vo
— (Bo + B1)(¢" 1) *u_y — Lav_y = wv_y, (6.101)

(Bo = B1)p1d—1u1 +
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where:

Ly = ,%vz +V(7) +q—p+2(B0 + B)|o1|* + (Bo = B)|o-11* + (Bo + B)ldol* — 1,
Ly = _%vz + V(7) + 260l do* + (Bo + B1)(|6-11* + [#1]%) — 1,

L5 = —5 V24 V) +a+p+ 2B+ BI6 1+ (Bo — BIal + (Bo + 60)ldol” —
(6.102)

To use these equations, we need an expression for the chemical potential, u. This can
be obtained from the time-independent Gross-Pitaevskii equations, which we will list in a

convenient form for our purpose here.

o1 = _—%VQ—i—V—p—i-q—i—ﬁon—&-ﬁle_ ¢1+§%F¢0> (6.103)
pbo = _—%VQ +V 4+ Bon| ¢o + %F+¢1 + \B/%Fﬁbl, (6.104)
po1 = |=5VF+V 4+t fon = BF| b1+ SEFun, (6.105)

We first multiply each of these component equations by their conjugate 1}, and then
add them together and integrate over position. Using the normalization constraint (6.42),
we see that we just get left with u on the left hand side which means that the results on the
right hand side is an expression for u. After some manipulation of the right hand side, we

get the following expression for u:

1

”:/{ > (;V¢m|2+(‘/—pm+qm2)l¢>m|2) +Bon2+61|ﬁ|2}. (6.106)

m=-—1

6.4.2 Code implementation

We now want to solve these equations numerically. Note that we will do this using periodic
boundary conditions which have been described in detail for the ground state code in section
(6.1.4). To solve, we will set them up on our finite grid. Each u,, and v,, will be discretized
in the same way as the ground state wave function was previously. This means that we
will describe these Bogoliubov excitations using L? points on a two-dimensional grid. An

example of this is shown for uq:

T
Uy = |:ul’1,1 U1,2,1 <e. U1,L1 U2 ... UL,L,L (6107)

As a result, we need to write the Bogoliubov equations above in the same format where,

now, each of the six Bogoliubov equations above will become a system of L? linear equations
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Figure 23: Format of the M matrix.

that can be solved to give the value of the Bogoliubov excitation at each position in our
lattice. Here, we have written the first of six Bogoliubov equations, given by (6.96), in

discretized form. The discretized version of the other five equations is similar.

1
—gpz Wity + Urio1g T UL U1 — dun)
+ (Vij+a—p+2(Bo + B1)|o15° + (Bo — Br)|d—1.i]°
+ (Bo+ B)lGo.ij> — 1) urij
Bo + B1)(1,i,5) v1,i

+(
+ [(Bo + B1) b6 01,05 + 2810 1 45 jD0,i5] vo,ij
+(
+

ﬂ0+61)¢0’b]¢11jv01]+(ﬁ0_61)¢ 1@j¢11ju 1,i,5
(Bo = B1)b—1,i,j01,0,5 + B19%55. 5] v-11,j = Wuaij- (6.108)

Once we do this for all six Bogoliubov equations, we will end up with 62 equations. Note
that each of the six systems are coupled together and so cannot be solved independently.
However, if we write the full 6L equations as one matrix equation, we see that we are

dealing with an eigenvalue equation which we can solve numerically.

—

Mb = wb. (6.109)

To do this, we need to set up the M matrix and b vector in the above equation. First,

let’s look at the b vector. This will be of the following form:

- T
b=lm & G T G T (6.110)

where each entry given in the b vector is itself a vector whose form is given by (6.107).
This means that the b vector contains 6L2 elements.

The M vector is set up according to figure (23).
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Each block matrix in M is of size L? x L? so that it lines up with the corresponding
elements in b that it multiplies to represent one of our 6% equations. For example 4 ,, will
store the values of (8y + B1)(¢1,,;)* at each position in our lattice as these are the values
that multiply vy in (6.108).

We can easily see how each of these block matrices are filled. All block matrices not
on the main diagonal of M will have their main diagonal entries filled with the value of
the term multiplying the bogoliubov excitation, wu,, or v,,, at the corresponding position
in our lattice, with all other entries being zero. That is, if we use column major order for
our finite grid, then the main diagonal of each block matrix not on the main diagonal of M
will contain the value multiplying the relevant w,,; ; or v, ;; which are assumed to be in
column major order in b.

An example of how this is filled in can be seen by looking at the main diagonal of (6.73).
Instead of filling in x; ; along the main diagonal, we will fill in the corresponding (3, j) value
of the term multiplying %, ; j or vs, ;; and all other terms will be zero.

To fill in the elements to the block matrices on the main diagonal of M, we have to take
into account that these matrices account for the derivative acting on u,, or v,, in each of
the 6L2 equations and as such will have terms both on and off the main diagonal. The main
diagonal terms will be those that are multiplying u,, or v,, at the current position in our

lattice. For example, if we look at A; ,,, then the main diagonal terms will be of the form:

2
Xij =73 +(Vij+q—p+2Bo+ B1)|b1ii* + (Bo— Bi)ld—1,i1° + (Bo + B1)|doi ;1> — 1)
(6.111)

We can see this by looking at (6.108).

We still have to account for the coupling of position terms due to the derivative, however,
we have seen this before when we filled in the A matrix in section (6.1.4). The A matrix in
those sections was of size L? x L? and so we see that to fill in each of the block matrices in M
we can do the exact same procedure as before. The only difference is that the main diagonal
x elements will be slightly different and instead of filling in —7 for the off diagonal elements,
we will now fill in —ﬁ. Since we are using periodic boundary conditions, we also add —2—}12
in the matrices on the main diagonal of M, corresponding with the —7 values coloured in
blue and red in the A matrix described by equation (6.73) and figure (17). Algorithm (3)
describing filling the A matrix in section (6.1.4) can be used here to fill each block matrix
in M where the full algorithm is used to fill the block matrices on the main diagonal of
M and the start of the algorithm is used to fill in the main diagonal elements of all other
block matrices in M, The only adjustment we need to do is substitute the relevant terms as
discussed above. Once this is done, the only extra step involved here, is arranging the block
matrices in the correct way to construct the M matrix and solving for its eigenvectors and

eigenvalues. The eigenvectors of M will be the b vector discussed above, from which the
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Bogoliubov excitations can be extracted. For example, the first L? elements of b will be U1,
the next L? values will be v; and so on. The eigenvalues of M will be our corresponding

frequencies of perturbation, w.

6.5 Spin Two Bogoliubov Excitations

Below, we will list the Bogoliubov equations for a spin two condensate. The procedure for
deriving these is the exact same as the spin one case. We start with the same ansatz (6.95),
however, here m runs from —2 to 2, and we substitute each of these into the relevant m
component equation of the time dependent Gross Pitaevskii equations for spin two, given
by equations (3.105) to (3.109). Once we do this, we again keep linear terms in w,, and
v and split the terms in each equation into terms involving e~ “#+@)t and e~ ih—w )t We
then read off the terms multiplying these to obtain two equations for each spin component,

remembering to multiply terms with a factor of e “#~“")* by a minus sign and conjugate.

Liui+(481 + Bo)(p2)ve
+|Bodide + Bi{4g1d2 + 2V6¢51
V86" 160+ 20301} — gﬂm’:gas_l]ul
+ (481 + Bo)p1d2] v1
+ [ Bodion 4 VBBRS 161-+ 520" 100
+[Bodods + VBB (61)?] vy

+ | (Bo — 2B1)¢" 12 + 2B10" 901 — §52¢*2¢1] U_1

+ [(50 —2B1)¢p—162 + \/6»31%(151} v_1

+ | (Bo — 4P1) 9 902 + §ﬁ2¢*_2¢2} U_g

+ (50 — 46 + ?52) @202 + (251 - ?52) p19-1 + 652((?0)2} v_2

=wua, (6.112)
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— (481 + B)(63)%] ua — Lava — (481 + Bo)did3] wa
[ Bur65 -+ 51 40103 + 260005
V0105 + 262071 ~ 220207
— [Bod03 + V6B (61)?] uo

[ oond3 + V8810101 + 220205 0

[0 — 260067103 + V816361 ] s

— | (Bo —2B1)p—105 + 2B1p_207] — §52¢2¢T] v_q

B2

- (50 — 48, + 252) P05 + (251 - ?52) ¢ 107 + §(¢3)2 U_3

- (/50 — 4B + §ﬁ2) ¢—2¢§] V_g = Wy, (6.113)

[(ﬁo+4ﬁ1)¢§¢1 N

+V6B1 0561 + <251 - 252) ¢i1¢—2} Uz

+[(Bo + 4B1)p201] v2 + Low
+ [(Bo + B1)(81)* +2V6B10200 | w1

+ (5o + 3600501 + 2681016
V007 50m1 + (081~ 252 0% 160
+ | (Bo +381)0061 + VBBL6_162] vo
| (B0 514 ) 070n + VB 00+ 0500)]
| (B0 514 30 ) droma + (261 - 202 0atn
+ (3ﬁ1 - 5;) (¢0)2} -1
+ (60— 2800t 201 + (26 - 230 ) 60160 s
+ [(ﬁo —2B1)¢—2¢1 + \/651¢—1¢0} v_g = wuy (6.114)
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—[(Bo + 4816367 2
|+ 4000201 + 2881005
+VBB1d06" 1 + (251 - gﬂz) ¢>1¢*2} v
[0+ )61 + 26816565 | wr — Lavy
— (B0 +381)0501 + V68107165 o

[ (8o + 3806007 + 2vBB116

+V6816_20" 1 + <651 - gﬁz) ¢1¢3] )

| (50514 2 ) stons+ (200 - 20 ) 0703

+ (0= 2) 05 us
~[ (o= 51+ 282) 0161+ VBB (6-205 + 600)] 0-s
(o — 26067 61 + VG816 15 s

_ (BO - 251)¢—2¢T + <2B1 — §ﬂ2> ¢_1¢;:| V_2 = W1, (6115)
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u300t VBT + 2baciosu
+ [Bosad0 + V681(61)%] 0>
+ |60+ 3800100 + 2G50,
V6516 16 + (6/31 - im) ¢3¢1]u1
+ [(Bo +381)6160 + VBB1926 1| 01 + Laug
" Kﬁo " ﬂ;) (6o)? + (6/31 - §62> br6-1 -+ Babatn o
+ [(ﬁo +381)6%1 60 + <661 - j@@) b3
V661616 + wém*zm] -
+ [ (Bo +381)6-160 + V6816261 | v_1
" [ﬁofb*_z% V85" 101 + iﬁzq%@] uss
+ [ﬂoqs_gqso + \/651(¢_1)2} v_g = waig, (6.116)
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~ [Boss 5 + V681 (61 wa
- [ﬁwmzs + VBB, + gmwz} v
— |(Bo +381)6765 + VBB18507 |
- [(ﬁo +361)$165 + 2V661 0207
VBB 165, + (651 - ;52) %qﬁ*l}vl
[ (B0 + 2) 092 + (081 - 252) o107+ 200" 5]
~Lavo — (B0 + 381087105 + V6516”507 | us
- [(50 +381)9_165 + (651 - ;ﬁz) bod}
V6816103 + M&mm] -
— [Bo a0 + VBB (671)2] s
- {50¢—2¢3 + V6616107 + ?)62%@55} v_y = wp, (6.117)
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(Bo — 2B1)p3d-1+ <251 - 52) ¢T¢—2] U
+ | (B0 = 261)826-1 + VBB 6160 | w2

[
(2 s s+ s
(

o1+ 200 o+ (36— 2 ) (00
+ (201~ 362) 00020
+ {(50 +361)050-1 +2V6610" 16
VG501 + (661~ 262 ) o] g
+ [(Bo +381)006-1 + V6B1616-) vo + Laus
+ [(Bo + B)(9-1) +2vB81 6002 v-1

+ {(ﬁo +481)¢* op_1 + 2V6B16" 100

G561+ (260~ 362 ) 10n s
+[(Bo +4B1)p—20-1] v—2 = wu_1, (6.118)
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~[(Bo — 281)630" 1 +V6P101 65 uz
[0 = 20007+ (21~ 20 ns | oo
| (0= 1+ o) oo+ (300 - 2) cony?
+ <251 - 262) <z>*_2¢>;]u1
[ (80514 22) 6167 + V810005 + V10007 0
— (80 + 38165671 + VB0, wo
o+ 3000, + 26510107,
V651000 + (081 - 2 ) 0105

— [ (Bo + B1)(6%1)? +2V8B16567 | s = Lav-s
- [(50 + 451)¢t2¢i1] U_2
—~ [(ﬁo +4B1) 20" | + 2V6B10_10;

+V6B1000% + (2/31 - gﬁz) ¢1¢§]Uz

=wv_1, (6.119)
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[ (50431 + §52> ¢§¢—2] U

B2

+ <50 — 48 + §52) P29_2 + (251 - §ﬂ2> P11+ E(%)Q V2

+ | (Bo — 2B1)p1 -2 + (251 - ;52) ¢§</5—1] Uy

+ :(50 —261)¢16—2 + \/6ﬁ1¢0¢—1} 1
+ | Budio-a 4 VBB 0101 + 2 asion o

+ :50¢0¢>—2 +V60, (¢—1)2} Vo
+ [(50 +4B1) % 1P—0 + 2V 61 95H—1
+V6B1 9% o + (231 - §ﬂ2> ¢5§¢1} U_1

+[(Bo +4B1)p—1¢—2] v—1 + Lsu_»
+ [(Bo + 4B1)(¢—2)] v—2 = wu_s, (6.120)

- [(50—451 + §52>¢3¢*2 + (251 - iﬁz) P1971 + 652(%)1 U2

- -<Bo —4p + ?/ﬁ) ¢2¢*2] v

- {(ﬂo —261)610% + V6B0567 |

(50— 261)6n" 5 + (251 - ?)62) ¢2¢’:1} "
~ [B0056° 2 + VB (671)7] g

_ [ Bododt s + VEBis16%, + gmms} "
~ [(Bo +48)6%16%5] us

[0+ 48062107, + 2vB816007,
V6B + (2& - iﬂz) @ff}v_l

— [(Bo+4B1)(¢" 9)*] u—2 — L5v_5 = wv_3, (6.121)
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where:

Ly = —%VQ + V() = 2p+4q + 2(4B1 + Bo)nz

+(4B1 + Bo)n1 + Bono + (Bo — 2B1)n—1

+ (ﬁo — 45 + iﬁz) n_s — {1, (6.122)
Lo = —%VQ +V(F) = p+q+ (Bo + 4B1)n2

+2(Bo + Bu)na + (Bo + 3B1)no

+ (ﬁo - B+ ?62) n_1+ (Bo—2B1)n—2 — u, (6.123)
Ly = —%VQ + V(%) + Bonz

(o + 3601 + (250 n i@) no

+(Bo + 3B1)n—1+ Bon—2 — p, (6.124)

1
Ly = —§V2 + V(™) +p+q+ (Bo—2B81)ne2

+ (ﬁo - B+ §52) ni + (Bo + 361)no

+2(Bo + B1)n—1 + (Bo + 4B1)n—2 — p, (6.125)
L5 = —%VQ + V() +2p+4q+ (ﬁo — 4P+ ;32) n2
+(Bo — 2B1)n1 + Bono + (Bo +4B1)n—1 + 2(Bo + 451)n—2 — p. (6.126)
Here, we are again using the notation n, = |¢,|? where v = —2,—1,0, 1, 2.

The implementation of these equations in code is done in the exact same way as was done
for the spin one case, however, now instead of 6L? equations, we will have 10L? equations
and as a result the M matrix will have a dimension of 10L? x 10L? where each L? x L?
block is filled in in the same way as was described for the spin one Bogoliubov equations.
We will also need an expression for the chemical potential in this case also. We will just
list the chemical potential here as the procedure for finding it is the same as in the spin one

case, only now using the five time-independent Gross-Pitaevskii equations instead.

2

p= /{ > (;Iwm? +(V —pm+ qm2)|¢m|2> + Bon® + B |F|? + 62|A002} (6.127)

m=—2

Remember that here, n = an:_Q

equations (3.95) to (3.97) and equation (3.86) as opposed to the spin one versions.

|¢m|? and we are using the spin matrices defined in

106



7 Results

Now that we have reviewed the theory of spinless and spinor Bose-Einstein condensates
and the vortices that can be hosted within them; as well as the code we have developed
to simulate these systems in the ground state. We will now look at test cases to show the
working of this code. We will first start with simulating a vortex in the ferromagnetic phase
of a spin one condensate, linking back to what we expect from theory discussed in section
(5). Once we have done this, we will analyse our Bogoliubov code for a spin one condensate
and show how our code reproduces the excitation spectra of a zero potential system in the
ferromagnetic phase. We will then give an example of how these codes can easily be run by
a user. After this, we will consider the same codes for a spin two condensate; first showing
how we can hold vortices in our systems and maintain the long range behaviour. We will
analyse our Bogoliubov code and show how our codes reproduce the excitation spectra of
a zero potential system in the cyclic and biaxial-nematic phases. After, we will look at
Bogoliubov excitations with the vortices in both the cyclic and biaxial-nematic phase as

background.

7.1 Spin One Vortex Simulation

Recall in section (5), we looked at an example in the ferromagnetic phase of a spin one
condensate where we saw that a vortex with an even winding in the phase of the wavefunction
was unstable and decayed to a uniform configuration with no vortex. We also saw that an
odd winding vortex of winding greater than one decayed into the singly quantized vortex,
that is, a vortex of winding one in the complex phase of the wavefunction. In this section,
we will demonstrate these results using our spin one ground state code, thus giving a nice
test case to demonstrate our code working correctly.

Before we look at this, we first need to consider the different length scales of importance
for this system. These length scales will determine how we set certain parameters for our
code. The discussion here also holds for a spin two condensate and so will also be important
for the sections to come as well as this one.

The system we will look at is a condensate in a harmonic potential. We have seen earlier
that our code is setup for a two dimensional condensate. In section (6.1.1), we obtained a
dimensionless form of the Gross-Pitaevskii equations for a condensate in a harmonic potential
in three-dimensions. In particular we obtained a dimensionless form for the interaction

parameters of the system which we include here again for convenience:

cmN
wr3h’

B = (7.1)

Here, c,, is the physical interaction parameter; N is the number of particles in the system;
w is the harmonic trap frequency, rs is the characteristic length of the harmonic trap which

has been defined in section (6.1.1) and A is the reduced Planck constant.
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It is these dimensionless interaction parameters that we would like to know how to set
for the system we are looking at. One of the main governing factors of how we set these
will be the healing length of the condensate. As mentioned earlier, the healing length, &,
describes the length scale over which the condensate varies and as a result we would like it
to be a reasonable size in terms of both lattice spacings in our grid and the characteristic
length of our harmonic potential.

To understand how the healing length relates to these other length scales, let’s first

remind ourselves of the healing length:

h

m = 7.2
¢ 2Me,mn (7.2)

Here, we have written the healing length in a slightly different way to before. We are
now writing the healing lengths in terms of the interaction parameters c¢,,, instead of Uy in
the spinless case. This means that we now have different healing lengths for the different
interactions in the system.

We can determine what the healing length is in terms of the dimensionless interaction

parameters f3,, by rearranging equation (7.1) for ¢,, and then substituting this into (7.2):

S — (73)

2M (25 ) n

To continue we need an expression for the particle density n. If we assume that the

particles are all contained in the harmonic trap, then we can take the volume of the system
3

to be approximately r7. Note that this is for three-dimensions, we will consider our two
dimensional case soon. This means that we get an expression for the particle density as
n = N/r3. Substituting this into (7.3), we get:
h
S — 7.4
& = Sargon (7.4)

With this expression we can now determine how the healing length relates to the char-

acteristic length scale of the harmonic oscillator, r:

S (7.5)

As mentioned, this expression is for a three-dimensional system. However, this expression
will also hold for a two dimensional system where we restrict excitations in the z-direction
by increasing the trap frequency in that direction as discussed in [37]. We will not do the

dimension reduction here but have a similar procedure described for a system on a torus in
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section (6.1.1).

When the dimension reduction and scaling to dimensionless variables occurs for this

system, we get the following for the dimensionless interaction parameter:

cm N
wrir, i’

ﬁm:

(7.6)

Here, 7, is the characteristic length of the harmonic trap in the z-direction which we can think
of as being thin as one way of understanding how the system is effectively two dimensional
now. If we now substitute this into the healing length expression (7.2) but with the particle
density now as n = %, we will get the same expression for the healing length as compared
to the characteristic iength of the trap now in two dimensions.

The last length scale we need to account for is the lattice spacing length, h of our finite
grid. For our purposes, this length is controlled by the number of lattice spacings, L, we
can take in one direction of the two-dimensional grid. In order for our code to run in a
reasonable time, we find that the maximum value we can take for this is L = 100. This
number could be possibly increased if running on better hardware or if the user is willing to
wait longer for improved accuracy.

We will make a rough estimate relating the healing length to the characteristic length
of the trap in the following way. We expect the width of the trap to be roughly of length
rs in the non-interacting system. Therefore we will take our grid to look at eight units
of ry across which means that the boundaries of our lattice are a = —4 and b = 4. This
means that there is about twelve lattice spacings per characteristic length 5. Since we have a
relation between the characteristic length and the healing length by setting the dimensionless
interaction parameter (3, given by (7.5), we can set each f3,,, in such a way that the healing
length is smaller than the characteristic length of the trap, rs but still has enough lattice
spacings per healing length to model the system appropriately.

For our spin one system in the ferromagnetic phase, we will take the following parameters
of By and (3 to achieve this:

ﬁo 107
pr=—4 (7.7)

With these parameters we get healing lengths of {y ~ 2.8 and &; = 4.42 in terms of the
number of lattice spacings they take up.

We can now use these parameters in our code to setup an even and odd winding vortex as
an initial condition in the ferromagnetic phase of the spin one condensate and demonstrate
their stability within our code. First, let’s think about how to set up this initial condition.
Our starting point will be to set the spin components in accordance to the general order

parameter for a spin one ferromagnetic condensate given by (5.19). This is a good base for
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our initial condition, however, it will not suffice by itself as we need to model our initial
condition to be a good approximation to the ground state in the regime we are looking at
in order for our code to walk down to the ground state in the current regime. To do this,
we should smooth the wavefunction of each component with a gaussian function which will
bring the wavefunction to zero at the boundary (in line with the zero boundary conditions
used here). This gaussian also approximates the ground state of a particle in an isotropic
harmonic oscillator well so should make it easier for our code to converge to the correct state.
Finally, we would like to keep a vortex in the system if it is stable. To do this, we need to
use a pinning potential in the centre of the trap as used in [21]. For our purposes, we will
just add a large value to the potential if we are within a specified radius of the centre of the
trap. To account for this in the initial condition, we need to ensure that the function goes to
zero at the centre of the trap. We are doing this, to account for the pinning potential which
should keep the density at zero in the centre. It is worth noting that as we have seen, not all
vortices in spinor condensates have zero density at their core, however, this will be our first
approach for implementing a vortex in these systems. From this, we should be able to see
the winding of the vortex far from the core. After, we will look at how we can inspect the
core of a vortex. Taking all of this into consideration, we get the following initial condition

for vortices in the ferromagnetic phase:

2

7'2 . ’

Grinit = 7€ e @) cosg (7.8)
7‘5 r2
®0,init = ﬁeiﬁ sin 3 (7.9)
2

r2
G—1,imit = 10 7 € OF) Sing . (7.10)
where ¢’ = n,@, @ = —ny,p for an even winding vortex and ¢’ = (n, + 1)@, @ = —ny,p for

an odd winding vortex with ¢ being the polar angle and n,, € Z. We can control the width
of the gaussian initial condition by setting o to an appropriate value. We will set 3 to 7/64.
This means that at the start, most of the particles should be in the m = 1 component of
the condensate and so we can set the initial winding of the vortex within this component

using ¢’ and a.

We will first look at an even winding vortex. To do this we will set ¢’ and « as specified
above for an even winding vortex and we will set n,, = 1. This means that we will have set
an initial winding of two in the phase of the m = 1 component. We include the non-zero
density and phase plots for the initial condition. Here the non-zero densities occur in the
m = 1 and m = 0 components. We can ignore the phase on the m = —1 component as there
are no particles present there in the initial condition. The phase of the m = 0 component
is zero in the initial condition. As a result, we only present the density of the m = 1 and

m = 0 components, along with the phase of the m = 1 component in figrues (24), (25) and
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Figure 24: Initial density of the m = 1 component with a spin two vortex as the initial
condition. Inset figure shows a cross section at y = 0.

(26).

Although we can see that the phase of the condensate has a winding value of two in
figure (26), it is really the winding at some distance from the core that we are interested in.
As a result, we also include a plot of the spherical harmonic representation of the condensate
around a loop of radius 1.8r; where r, is the characteristic trap length that we have chosen
to scale by earlier. This is shown in figure (27).

When we pass this into our spin one ground state code, it works to converge to a local
minimum. We show the final densities of each component in figures (28), (29) and (30),
and the spherical harmonic representation of the final state around a loop of radius 1.8r, in
figure (31).

We see that the vortex of even winding has disappeared from our code. This agrees with
the theory discussed in section (5) where we saw that a vortex of even winding is unstable
and decays to the uniform state in the spin one ferromagnetic phase.

We can do the same analysis again for an odd winding vortex. Here we take a vortex
of winding one and show that our spin one gradient descent code finds a local minimum

where we keep this winding in the system. We change ¢’ accordingly in the initial condition
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Figure 25: Initial density of the m = 0 component with a spin two vortex as the initial
condition. Inset figure shows a cross section at y = 0.
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Figure 26: Initial phase of the m = 1 component with a spin two vortex as the initial
condition.
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Figure 27: Spherical harmonic representation of the condensate around a loop of radius
1.8r;. These spherical harmonic plots characterise the ferromagnetic phase. We can see
that a winding value of two is occurring. The colour scale characterising the phase of the
condensate is the same as that in figure (26).
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Figure 28: Final density of the m = 1 component with a spin two vortex as the initial
condition. Inset figure shows a cross section at y = 0.
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Figure 29: Final density of the m = 0 component with a spin two vortex as the initial
condition. Inset figure shows a cross section at y = 0.
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Figure 30: Final density of the m = —1 component with a spin two vortex as the initial
condition. Inset figure shows a cross section at y = 0.
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Figure 31: Spherical harmonic representation for the final state of the condensate with
an initial winding of 2. These are taken around a loop of radius 1.8r;. These spherical
harmonic plots characterise the ferromagnetic phase, however, we can see that there is no
longer a winding present away from the core. The colour scale characterising the phase of
the condensate is the same as that in figure (26).
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Figure 32: Initial phase of the m = 1 component with a spin one vortex as the initial
condition.

and set n,, = 0 in order to obtain a winding of one in the initial condition of the m =1
component. The initial density profiles are the same as those shown in figures (24) and (25),
however the winding of the phase here is now set to one which can be seen in the phase of
the m = 1 component of the condensate shown in figure (32).

When we pass this into the ground state code for a spin one condensate, we get densities
for the m = 1 and m = 0 components of the converged state shown in figures (33) and (34).
The density of the m = —1 component of the converged state remains zero.

We have also included the spherical harmonic representation of the final converged state
around a loop of radius 1.8r; to demonstrate that we have managed to keep this vortex in
the system. This is shown in figure (35).

Finally, we saw that the vortex of winding one in the ferromagnetic phase is meant to
have a polar core. Currently we will not see that in our code as the pinning potential we are
using causes the density at the core of the vortex to go to zero. However, we can pass the
final state of the system with a winding one vortex as the initial condition of the gradient
descent code with the pinning potential turned off to see if a polar core appears. We will

check this after a small number of gradient descent steps compared to the total number of
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Figure 33: Final density of the m = 1 component with a spin one vortex as the initial
condition. Inset figure shows a cross section at y = 0.
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Figure 34: Final density of the m = 0 component with a spin one vortex as the initial
condition. Inset figure shows a cross section at y = 0.
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Figure 35: Spherical harmonic representation for the final state of the condensate with an
initial winding of 1. These are taken around a loop of radius 1.8r5. These spherical harmonic
plots characterise the ferromagnetic phase. We can clearly see that a winding of one is still
present here. The colour scale characterising the phase of the condensate is the same as that
in figure (26).
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Figure 36: Spherical harmonic representation for the state of the condensate 75 gradient
descent steps after lifting the pinning on a winding one vortex. These are taken around a
loop of radius 1.8r5. These spherical harmonic plots characterise the ferromagnetic phase.
We can clearly see that a winding of one is still present here, although it is certainly less
stable. The colour scale characterising the phase of the condensate is the same as that in
figure (26).

steps taken as the code may work to get rid of this polar core to further minimize the energy
over a longer period of steps.

If we look at the frames from this run after 75 gradient descent steps, we get the situation
shown using spherical harmonic plots in figures (36) and (37) for a loop at radius 1.8r;
from the core and a loop at radius 0.1rs from the core respectively. The densities of each
component are also shown in figures (38) to (40).

We can see from all of these plots that the particles at the core of the condensate are
in a polar phase, and those further from the core are still in the ferromagnetic phase. We
can see that the winding of the vortex far from the core is still present, although it is less
stable than before the pinning was lifted. This polar core with ferromagnetic winding is
the predicted feature of this vortex as discussed in section (5) and so our results agree with
theory.

If we look at the converged state of the condensate after lifting the pinning potential with
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Figure 37: Spherical harmonic representation for the state of the condensate 75 gradient
descent steps after lifting the pinning on a winding one vortex. These are taken around
a loop of radius 0.175. These spherical harmonic plots characterise the polar phase. The
colour scale characterising the phase of the condensate is the same as that in figure (26).
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Figure 38: Density of the m = 1 component 75 gradient descent steps after lifting the
pinning on a winding one vortex. Inset figure shows a cross section at y = 0.

125



0.08

0.06

0.04

0.02
0.00 -

-2.5 0.0 2.5

0.00

Figure 39: Density of the m = 0 component 75 gradient descent steps after lifting the
pinning on a winding one vortex. Inset figure shows a cross section at y = 0.
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Figure 40: Density of the m = —1 component 75 gradient descent steps after lifting the
pinning on a winding one vortex. Inset figure shows a cross section at y = 0.
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Figure 41: Energy density of the condensate 75 gradient descent steps after lifting the
pinning on a winding one vortex. We can see from the peak in the center of the condensate
that there is extra energy here which is due to the presence of a vortex.

a winding one vortex present, we end up back in the ferromagnetic state and the vortex has
been lost from the system. We can look at snapshots of the energy density of the condensate
after 75 gradient descent steps and at the final state as another indication of the presence of
a vortex that then moves out of our system once our code has converged. These are shown

in figures (41) and (42) respectively.

7.2 Spin One Bogoliubov Spectrum

Earlier, we showed the derivation of the spin one Bogoliubov equations along with a descrip-
tion of how our code solves these equations to give us the excitations of the ground state
along with the eigenfrequencies corresponding to these. Here, we will look at this spectrum
of frequencies for the ferromagnetic phase of a spin one condensate and show that our code
is giving expected results.

First we need to derive what this spectrum is for the ferromagnetic phase. To do this
we will first restrict the spin one Bogoliubov equations, given by equations (6.96) to (6.101)

to the ferromagnetic phase. This means taking n = (1,0,0) as the normalized spinor for the
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Figure 42: Energy density of the converged state of the condensate after lifting the pinning
on a winding one vortex. We can see that the energy has smoothed out which is evidence
that we have lost the vortex from our system.
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ferromagnetic phase, where ¢ = /n( and n is the particle density, and subbing this ¢ into

the spin one Bogoliubov equations. When we do this, we get the following:

Lyug + (Bo + Br)nvr = wuy, (7.11)

—(Bo + B1)nur — L1v1 = wo, (7.12)

Loug = wug, (7.13)

—EQUO = WYy, (714)

,C3u71 = wWu_1, (715)

—L3v_1 = wv_q, (7.16)

where:

1

El :—§V2+q—p+2(60+61)n—ﬂ, (717)
1

La= 5V + (Bo+ Bi)n — p (7.18)
1

£3=—§V2+q+p+(ﬂo—ﬁl)n—u~ (7.19)

For ¢ = /n(1,0,0)T which is the case here, the chemical potential given by (6.106)

becomes:

u:3/{wo+5nwn*+@—pn@F}Mﬂy
J{ o+ s + =y faody

= (Bo = B1)n*(b—a)* + (¢ — p)n(b — a)®
= (Bo+B)n+q—p, (7.20)

where we have used that in this case, the particle density is n = 1/(b — a)? where we
integrated over both directions of our lattice which has side length (b — a).

Looking at equations (7.11) to (7.16), we notice that they now decouple into equations
that are easier to solve. More specifically, we can determine the eigenfrequencies w corre-
sponding to different eigenmodes.

The first of these spectra is obtained by simultaneously solving equations (7.11) and

(7.12) which in matrix form is:

( £, (Bo + ﬁ1)n> <u1> —w <u1> (7.21)
~(Bo+pn £ ) \a o) |

Note that we have Fourier transformed the equations in order to describe the spectrum in
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momentum space. We will look at what form L, takes in a moment.

The spectrum, w for this set of equations is:

w= L2~ (Bo + Br)n? (7.22)

To expand this out, we need to inspect the form of £;. The only term in £; given by
(7.17) that gets modified by the Fourier transform is the derivative term —1V?2. This term

=3 <<§ﬂ—k3>)2 +3 <<§ik3>)2' (7.23)

We get momentum in both directions due to our system being in two-dimensions. k,

will go to € where:

and k, can take on any integer value including negative values and so we see we can get
modes that are degenerate with different combinations of k, and k.
We can now expand out L in equation (7.22) in order to get an expression for the first

spectrum of eigenfrequencies.

w=/(ex +q—p+2(Bo + B1)n — )2 — (Bo + f1)?n?
= /(e + (Bo + Bin)2 — (Bo + B1)?n?
= Ver(er +2(8o + B1)n). (7.24)

This gives us an expression for the first set of eigenfrequencies that can be obtained in
the ferromagnetic phase of a spin one condensate. To obtain the others, we use equations
(7.13) to (7.16). Note that within these four equations, (7.13) and (7.14) will give the same
magnitude for w but with the opposite sign. This is the same scenario for equations (7.15)
and (7.16). As a result, we will just give the spectra obtained from equations (7.13) and
(7.15) here.

w=¢€+p—q, (7.25)
w =€+ 2p — 261n. (7.26)

We can now check our spin one Bogoliubov code to see if it reproduces these spectra.

We have run our Bogoliubov code with periodic boundary conditions in zero potential
in order to match the spectra listed above. Here we have chosen to keep fy fixed at 9 and
are varying 1 between —9 and —1 in order to stay within the ferromagnetic phase.

We can produce a scatter plot of the lowest momentum eigenvalues produced by our
code and plot the expected spectra on top of these. This is shown in figure (43) where it

can be seen that our results from the code match with the expected results.
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Figure 43: Scatter plot of the low lying eigenvalues for the ferromagnetic phase of a spin one
condensate in zero potential. Exact results are plotted as lines on top. We see that these
match.
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Please choose an input file (options: ferromagnetic, polar, override, custom)
Note that we are only providing vortices in the ferromagnetic phase currently
Ferromagnetic

Please choose an initial condition (options: generic, vortex, contd)
vortex

Please choose a winding for the vortex
1

Please choose a value of sigma for the width of the Gaussian
1.8

Do you want to run this order parameter through the ground state code? (y or n)
¥

Please select what run you are performing to append onto the end of your saved files
1

Figure 44: Example run of interactiveRunGroundState.py for a winding one vortex in a spin
one condensate.

7.3 Running the spin one codes

We will now give a brief example of how the likes of the results shown in the previous two
sections can be generated using our spin one codes. Recall that a detailed list of all code files
contained within the spin one suite of codes can be found in section (6.1.5). Here, we will
look at two files that have been set up to call these background files for the user by asking
a series of questions about the type of run the user would like to perform as well as the
parameters for this run. These two files are called interactiveRunGroundState.py and
interactiveRunBogoliubov.py. First, let’s look at an example run of interactiveRun-
GroundState.py and how it works.

When the user starts this code, they will be asked a series of questions that help set up
the run they would like to perform. An example of this is shown for a winding one vortex
in figure (44).

When this run finishes, the code will package all accepted steps of the gradient descent
for each condensate component, along with a copy of the input file and text file containing
the user’s input to the code into a folder named runrunNumber| where runNumber is the
number the user chose to identify this run.

This code file can also be used to load in a vortex state with the pinning potential turned
off. An example of doing such a run for the winding one vortex saved in the folder runl is
shown in figure (46).

When the file is run in this way, the data is saved in the same folder with the run number
specified appended to the end of the files. As a result, ensure that the run number chosen

is not one already existing in this folder or results will be overwritten. A user inputs file is
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v <« masters > finalCode > spinOne > runl v | D 0 Search runl

N

Name Date modified Type Size

|| phiMinusOnel 28/08/2022 13:00 File 17,004 KB
|| phiQnel 28/08/2022 13:00 File 17,004 KE
|| phiZerol 28/08/2022 13:00 File 16,927 KE
2| spinOnelnputFM 28/08/2022 12:58 Configuration sett... 1KB
=] userlnputsi 28,/08/2022 17:32 Text Document 1KB

Figure 45: Output of code is packaged in a folder for the user.

Please choose an input file (options: ferromagnetic, polar, override, custom)
Note that we are only providing vortices in the ferromagnetic phase currently
custom

Please specify the folder you wish to load from (including / at the end)
runl/

Please type the exact name of the input file (including extension)
spinOnelnputFM.ini

Please choose an initial condition (options: generic, vortex, contd)
contd

Please provide the number of run that you want to load in
1

Does this run have a pinning (if this run was run as a vortex and is
bot being passed into ground state again, answer yes) y or n
n

Do you want to run this order parameter through the ground state code? (y or n)
¥

Please select what run you are performing to append onto the end of your saved files
2

Figure 46: Example run of interactiveRunGroundState.py to load in a vortex and run
through the gradient descent code with the pinning potential turned off.
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A <« masters » finalCode » spinOne » runl v O Search runi

-~

Name Date modified Type Size

|| phiMinusQnel File 17,004 KB
|| phiMinusOne2 File 194,084 KB
|| phiOnel File 17,004 KB
|| phiOne2 File 194,084 KB
|| phiZere1 File 16,927 KB
| | phiZere2 File 184,084 KB
2| spinOnelnputFM Configuration sett... TKB
=] userlnputsi Text Document TKB
=] userlnputs2 Text Docurnent TKB

Figure 47: Output of continued run is packaged in the same folder as the input to this run.

again created for this run and saved in the same folder as the generated data. This can be
seen in figure (47).

Note that it can easily be seen that interactiveRunGroundState.py can be used to
load in a previous run to look at further by just answering no to running the ground state
code again. From here, all relevant parameters for the relevant run will be loaded into the
interactive python console and the user can use groundStateTools.py to further inspect
the system loaded in.

In the same way that is shown above, we can wrap the Bogoliubov code in a helper file
to run. This file is called interactiveRunBogoliubov.py. Here we will show some sample
runs of this file to serve as instructions on usage. The first use for this file is to run a fresh
Bogoliubov run with constant background in either the ferromagnetic or polar phase. Here,
we show doing this for the ferromagnetic phase in figure (48) along with the saved files
packaged in a folder in figure (49).

We can also load in eigenvalues and eigenvectors to inspect further using this code. An
example of loading in the data generated in the previous example is shown in figure (50).

Finally, we can take an initial condition to be something other than constant background,
for example we might take the vortex with pinning from earlier on which was saved in runl.
The output for this run is shown in figure (51).

After running the code for a continued configuration, the data from the Bogoliubov code
will be saved in the same folder as the input, along with a file detailing the users inputs to

the code as shown in figure (52).

7.4 Spin Two Vortex Simulation

We now turn to showing how, with an appropriate choice of initial conditions, we can
simulate a vortex in a spin two condensate with our ground state code. The converged

state still contains the vortex we choose to simulate and as a result we can pass this as
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Do you wish to load eigenvectors or run Bogoliubov? (load or run)
run

Please choose an input file (options: ferromagnetic, polar, custom)
ferromagnetic

Do you want a potential? (y or n)
n

Do you want a pinning potential? (y or n)
n

Please choose an initial condition (options: generic, vortex, contd)
generic

Please choose a number for this run
1

How many eigenvectors do you want to generate? (int)
lee

Figure 48: Example run of interactiveRunBogoliubov.py to run the Bogoliubov code for a
constant background in the ferromagnetic phase.

v <« masters » finalCode » spinOne » bogRunl v | D - Search bogRun1
Name Date modified Type Size
| | eigValsi (2022 16:55 File 2KB
| | eigVecst 2022 16:55 File 91,885 KB
2| spinOnelnputFM (2022 16:54 Configuration sett... TKB
|=| userlnputsBogl 01/09/2022 16:54 Text Document 1KB

Figure 49: Output of a generic run is packaged in a new folder called bogRun[runNumber]
where runNumber is specified by the user at the start of the code.
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Do you wish to load eigenvectors or run Bogoliubow? (load or run)
load

Please choose a directory to load from (please append / at end)
bogRunl/

Please provide the number of run that you want to load in
1

Please choose an input file (options: ferromagnetic, polar, custom)
custom

Please specify the folder you wish to load from (including / at the end)
bogRunl/

Please type the exact name of the input file (including extension)
spinOnelnputkM.ini

Do you want a potential? (y or n)
n

Do you want a pinning potential? (y or n)
n

Figure 50: Output to load in previously obtained results from the Bogoliubov code.
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Do you wish to load eigenvectors or run Bogoliubov? (load or run)
run

Please choose an input file (options: ferromagnetic, polar, custom)
custom

Please specify the folder you wish to load from (including / at the end)
runl/

Please type the exact name of the input file (including extension)
spinOnelnputFM.ini

Do you want a potential? (y or n)
¥

Do you want a pinning potential? (y or n)
¥

What value of pinning would you like? (float value)
580.8

Please choose an initial condition (options: generic, vortex, contd)
contd

Please provide the number of run that you want to load in
1

How many eigenvectors do you want to generate? (int)
166

Figure 51: Output of running interactiveRunBogoliubov.py for a non-constant initial con-
dition that has already been passed through the ground state code.
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v <« masters » finalCode » spinOne » runl v | D 2 Search runl

.

MName Date modified Type Size

| | eigVals File 2KB
| | eigVecs1 File 91,885 KB
|| phiMinusOnel File 17,004 KB
|| phiMinusOne2 File 194,084 KB
|| phiOnel File 17,004 KB
| | phiOne2 File 194,084 KB
| | phiZero1 File 16,927 KB
| | phiZero2 File 194,084 KB
2| spinOnelnputFi Configuration sett... 1KB
=] userlnputsi Text Document 1KB
=] userlnputs2 Text Document TKB
\=| userinputsBog1 Text Document 1KB

Figure 52: Output from a continued configuration is saved in the same folder as the input.

background into our Bogoliubov code to study excitations above this vortex state. As
discussed in section (7.1), we must consider the different length scales present in order to
determine suitable values for the dimensionless interaction parameters of the system. We
get the same expression for the healing length in terms of the characteristic oscillator length
as in the spin one case. This expression was given by equation (7.5). Using this we can
choose suitable values for our interaction parameters By, £ and 3. We keep the same setup
for our grid as in the spin one case of a lattice with boundaries a = —4 and b = 4. With this,
in order to ensure the healing length is smaller than the characteristic length scale of the
harmonic oscillator while still keeping enough lattice spacings per healing length, we take

the following interaction parameter values:

BO = 20a
Bl = 103
By = 10. (7.27)

These parameters give healing lengths of €y = 1.98, ¢; = 2.8 and €3 ~ 2.8 in terms of the
number of lattice spacings they take up.

Now that we have determined what we will set the parameters of our code to, we need to
consider the initial condition to pass into our ground state code for a vortex state in a spin
two condensate. We have seen in section (5.3.3) that we can imprint a vortex in our system
by using the representative order parameter of a spin two condensate and vary the euler
angles associated with a particular vortex around a closed loop from zero to the final value

of these euler angles. However, this in itself will not be sufficient as an initial condition as
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we also need to consider smoothing the wavefunction of the condensate so that it is a good
starting approximation of the lowest energy state in that we hope our gradient descent code
will converge to. Furthermore, as in the case of a spin one condensate, we will need to use
a pinning potential to keep the vortex in place. For this, we again increase the potential
by some constant value if we are within some specified radius of the center of the harmonic
trap.

This means that we must think about how we will smooth the wavefunction. For our
purposes, we will do this in the following way. We first find the ground state of a condensate
with a pinning potential of 500 in the center of a harmonic trap with no interactions turned
on. The initial condition for this configuration is chosen to be the representative order
parameter of the phase of the wavefunction within which the vortex we wish to study occurs.
This initial condition is then smoothed with a generic gaussian function in order to bring
our initial state for this run closer to the ground state of a condensate in a harmonic trap.
We then feed the final state of this run as the initial condition for the same system but
with interactions turned on, where the interactions are set in such a way that cause the
condensate to sit in the phase of interest. Once we find the final state of this run, we take
it’s density and use this as the smoothing function for our vortex initial condition which
we then feed into our ground state code. That is, the initial condition for our vortex state
is the smoothing density found from a system with a pinning potential present, but no
vortex; multiplied by the representative order parameter of a particular phase of the spin
two condensate which varies according to the euler angles that describe the vortex we are
interested in.

We can now look at some of these vortices to see that our ground state code keeps them
within our system. We have found that we can keep the long distance behaviour or winding
of a vortex within our system, however, due to the small system sizes that we have been
able to run, we cannot comment on the core behaviour of these vortices. Further work could
be done in the future to run this code for larger system sizes and as a result, study the
behaviour of the vortex cores.

In section (6.3), we saw that in order to setup a vortex as an initial condition within our
system, we need to know the axis and angle of rotation corresponding to this vortex, as well
as the gauge angle. Once we know this, our code can find the corresponding Euler angles
and from this build the wavefunction that will serve as our initial condition for the ground
state code. We also saw in section (6.3) that since we have the SU(2) form of these vortices,
we can use (5.28) to find the axis and angle of rotation. We already know the gauge angle
of each vortex in the cyclic and biaxial nematic phases from section (5.3.3), so we have all
the information we need to setup our initial condition for each vortex.

Below, we provide the information we need to setup different types of vortices within a
spin two condensate for the cyclic and biaxial-nematic phases. Here, we will list elements
within each conjugacy class. We will omit vortices from conjugacy classes (1) and (2) as

these are just the identity and integer spin vortices. In each of these we set n,, = 0. We
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also list the gauge angle as ¢, and the angle of rotation as 6.

Cyclic vortex parameters
(3) ioy: ¢ =0, 8 = about (0,1,0).

(4) =%
(a) 6: 0 = ZF about (-1,-1,-1).

(b) —ic,6: 0 = 2 about (1,1,-1).

(a) —6: 0 = 4 about (1,1,1).

(b) 0,5 6 = 4% about (-1,-1,1).
(a) —5% 6 = 2F about (1,1,1).

(b) —ic,62%: @ = 2% about (-1,-1,1).

3

(a) 62: 6 = 4T about (-1,-1,-1).

(b) ioyG?: 0 = 4T about (1,1,-1).
Biaxial-Nematic vortex parameters
(3) —ioy: ¢ =0, 6 =7 about (1,0,0).
(4) —io,: ¢ =0, 0 = m about (0,0,1).

() ¢=m

(a) 6: 0=

% about (0,0,-1).
(b) —io.G: 0 = % about (0,0,1).

(a) —6: 0 = 32 about (0,0,1).

(b) io.6: 0 = 3Z about (0,0,-1).
(7) ¢=m

(a) ic,0: 0 = 7 about (-1,-1,0).

(b) icyo: 0 = about (1,-1,0).
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Figure 53: Density of vortex 7(a) in the cyclic phase. Inset is a cross section of this density
at y =0.

Now that we have listed all the relevant parameters, we need to setup a vortex within
our code. Let’s look at some examples of our code holding the long range behaviour of the

vortex once it has been fed in as an initial condition to our ground state code.

We will first look at the example 7(a) within the cyclic phase vortices. We expect this
vortex to rotate by an angle of %’T about the (-1,-1,-1) axis and for the gauge angle to shift
by ¢ = %’r. When we construct the relevant initial condition for this vortex and pass it
into the ground state code, we get the density and winding for the final state after gradient
descent as shown in figures (53) and (54).

We saw earlier that vortices in the same conjugacy class should be indistinguishable as
far as homotopy theory is concerned. We can investigate this by looking at the energy of
the condensate at each accepted gradient descent step for vortices in the same conjugacy

class in the cyclic phase. This is shown in figure (55).

As a further demonstration of our code, we show another example of a vortex state being
stabilized within our ground state code. This time, we take an example from the biaxial-
nematic phase. Figure (56) shows the winding of this vortex after being passed through the

ground state code. The density is the same as that of vortex 7(a) in the cyclic phase as
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Figure 54: Winding of vortex 7(a) in the cyclic phase at a radius of 2rs where r; is the
characteristic length of the harmonic trap. We can see from this that the vortex is still
present and in the cyclic phase. Note that the axis of rotation was rotated onto the z-axis
before being passed into the ground state code.
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Figure 55: Comparison of the energies for the different vortices present in the cyclic phase
of a spin two condensate. We see that the energies of vortices in the same conjugacy class

line up.
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Figure 56: Winding of the vortex 7(a) in the biaxial-nematic phase at a radius of 2rs where
rs is the characteristic length of the harmonic trap. We can see from this that the vortex is
still present and in the correct phase. Note that the axis of rotation was rotated onto the
z-axis before being passed into the ground state code.

shown in figure (53).

7.5 Spin Two Bogoliubov Spectrum

As in the spin one case, here we will compare the eigenvalues that our spin two code produces
with expected results from the literature. We will do this for both the cyclic phase and

biaxial-nematic phase in a zero potential system.

Cyclic Phase For the cyclic phase, we feed the background
¢ =(1/2,0,1/4/2,0,—1/2) into our Bogoliubov code. This means that we are taking each

component of the condensate to be constant everywhere in space.

From [42] we know that this regime should have the following spectra:
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w1 = v er(ex +451n),
wa = /ep(er +26on),

2
w3 = € + 3527% (7.28)

where €y, is given by (7.23).

Here we verify these spectra by running our spin two Bogoliubov code for varying values
of 51 and S, while keeping [y fixed at 5y = 20. We do this simultaneously by introducing
a new variable A that varies between zero and one and then vary £, and 3, according to the

following:

Br =10 + 30\,
Ba =10 + 30A. (7.29)

If we produce a scatter plot of the lowest momentum eigenvalues produced by our code

and plot the expected spectra on top of these, we see that they agree as in figure (57).

Biaxial-Nematic Phase

For the biaxial-nematic phase, we feed the background ¢ = (1/v/2,0,0,0,1/v/2) into our
Bogoliubov code; again taking each component to be these constants everywhere in space.
From [43], we know that this regime should have the following spectra for zero potential.
Note that here we have used (3.38) to convert from the strength of interaction parameters,

gr, which are used to express the spectra in [43].

2
wy = \/ek. (ek +2Bon + 5,32n>,
2
Wy = \/Ek <Ek + 861n — 5ﬂ2n)7
2
w3 = €k (Ek - 552”)3

Wy = \/Ek <6k +2B1n — ?52”)7 (730)

where ¢, is given by (7.23).
Just as in the cyclic phase, we can verify these spectra with our Bogoliubov code. We

will again take a parameter A\ that varies between zero and one, and use it to vary §; and
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Figure 57: Scatter plot of the low lying eigenvalues for the cyclic phase of a spin two
condensate in zero potential. Exact results are plotted as lines on top. We see that these
match.
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Figure 58: Scatter plot of the low lying eigenvalues for the biaxial-nematic phase of a spin
two condensate in zero potential. Exact results are plotted as lines on top. We see that
these match.

B2 in the following way:

By = 10 + 30X,
Ba = —(10 + 30)). (7.31)
(7.32)

We run our Bogoliubov code for each of these values of 5; and (B2 while again keeping
Bo fixed at By = 20 and then plot them against the exact spectra to get the plot shown in
figure (58). We again see that our results agree with the expected results, which serves as a

further verification of the proper functionality of our Bogoliubov code.

7.6 Bogoliubov Excitations of Vortex States

We can now combine our ground state and Bogoliubov code to look at elementary excitations

of vortices in the ground state of a spin two condensate. We are particularly interested in
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Figure 59: Spectra for vortices in the cyclic phase as well as a state with no vortex (pinning
potential present) for comparison.

whether we can distinguish vortex types from each other as well as from a state with no
vortex present. The best way of determining this is by looking at the Bogoliubov spectra for
each vortex as well as for the state with a pinning potential but no vortex present. We will

first look at this for the cyclic phase vortices before looking at the biaxial-nematic phase.

Cyclic phase vortices By generating vortex ground states as in section (7.4) and feeding
these into our Bogoliubov code, we obtain the Bogoliubov spectrum for this state. We run
this for the same parameters as mentioned in section (7.4) and generate the first hundred
modes. If we plot these spectra for one vortex in each conjugacy class as well as a state with
a pinning potential present but no vortex, we get the plot for the eigenvalues like in figure
(59).

In order to get a better comparison between these spectra, we can split them out by just
adding a different constant to each one. If we do this we can see more detail of each spectra
as in figure (60).

We see from figure (59) that we can indeed distinguish the different types of vortices in

the cyclic phase by looking at their excitation spectra. From figure (60), we see that there
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Figure 60: Spectra for vortices in the cyclic phase as well as a state with no vortex (pinning
potential present) for comparison. These spectra have been shifted by different constants in
order to gain a better comparison of each of their shape.
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Figure 61: ug(7) component of mode 8 for a state with no vortex as in fig (60).

is much more degeneracy in the eigenvalues of the state with no vortex compared to the
vortex states. This suggests that there is a symmetry present for the system with no vortex
that is broken when a vortex is introduced. Although we have not determined in general
what this symmetry is or why exactly it is broken by the vortex states, which may be due
to lattice effects in our code; we do have an example from the Bogoliubov modes generated
that shows a rotational symmetry in the non-vortex state. Here we just show this for ug for
mode 8 and 9. We see from figures (61) and (62) that these two modes are a rotation of each
other which shows the symmetry present as both have the same eigenvalue as displayed in
the third band of eigenvalues for the non-vortex state in figure (60). We note that the same

rotation occurs for all other non-zero components of these two modes.

Biaxial-Nematic Phase Vortices We now do the same analysis for the biaxial-nematic
phase and look at the low lying spectra of vortex states listed in section (7.4). Figures (63)
and (64) show the original spectra for these states and the spectra of these states shifted for
ease of comparison.

Again, we can see that the vortices in the biaxial-nematic phase can be distinguished from

each other by looking at their Bogoliubov spectra. We also again see that the degeneracy of
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Figure 62: ug(7) component of mode 9 for a state with no vortex as in fig (60). We see that
this is a rotation of ug of mode 8 in fig (61).
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Figure 63: Spectra for vortices in the biaxial-nematic phase as well as a state with no vortex
(pinning potential present) for comparison.
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Figure 64: Spectra for vortices in the biaxial-nematic phase as well as a state with no vortex
(pinning potential present) for comparison. These spectra have been shifted by different
constants in order to gain a better comparison of each of their shape.
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Figure 65: |v1|? for mode 12 of the non-vortex state in the biaxial-nematic phase.

a state with no vortex is higher than that for vortex states. This again suggests some sort
of symmetry is broken when looking at the vortex states. In a similar fashion to what was
done in the analysis of the cyclic phase, we can see that some of the symmetry present for
the non-vortex state is rotational. We do not include plots here as it is not instructive after

seeing this for the cyclic phase.

We know that rotational symmetry is not the only cause of the degeneracy as we can look
at other modes with the same eigenvalues and see that they are not just simple rotations of
each other. This can be seen by looking at modes 12 and 14 of the non-vortex state in the
biaxial-nematic phase. Figures (65) and (66) show the absolute value of the v; component of
mode 12 and 14 for the non-vortex state in the biaxial-nematic phase. Although a rotation
does occur between these two configurations, we see that this is not the only change that
has occurred as the amplitudes of the two configurations are different which would suggest

a rotation in spin space has also occurred.

A possible trajectory to persue from this is to look at exactly what the symmetry we are
seeing in the non-vortex states of the cyclic and biaxial-nematic phases is and why this is

broken when we introduce a vortex into the system.
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Figure 66: |v1]? for mode 14 of the non-vortex state in the biaxial-nematic phase. It appears
that a rotation in space and a spin rotation has occurred in order to get to this state from
the configuration shown in fig (65)
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What phase would you like to look at? (cyclic or binem)
binem

Please enter the x-axis of the vortex
-1

Please enter the y-axis of the vortex
-1

Please enter the z-axis of the vortex
8

Please enter the angle of rotation of the vortex
(as a fraction of pi radians, eg for #4*pi/3 enter 4 followed by a space and then 3).
11

Please enter the value for the gauge angle of the wortex
(in the same format as that entered for the angle of rotation).
11

Do you want to generate a smoothing function or load one in? (generate or load)
generate

What number would you like to give to this run?
6

Please enter how many generations you wish to run before computing the smoothing density.
2

Would you like to sawve all generations? (y or n)
Y

Figure 67: User input to interactiveGroundState.py for producing vortex 7(a) in the
ground state of the biaxial-nematic phase.

7.7 Running the spin two codes

Now that we have seen results generated by our spin two ground state and Bogoliubov
codes, we will now give an example of how a user can run these codes to produce such
results. The example we will provide will be that of vortex 7(a) of the biaxial-nematic
phase. We will first show how this vortex is produced in our ground state code and then
show how we can run Bogoliubov on top of this. The two files to do this are listed as
interactiveGroundState.py and interactiveBogoliubov.py.

Let’s first look at generating vortex 7(a) in the ground state of the system using inter-
activeGroundState.py. The user will be asked a series of questions such as what phase
of the wavefunction they would like to be in and what parameters they would like to set
to characterise the vortex. These parameters can be found in section (7.4). An example of
user input for this scenario is shown in figure (67).

Note that for the gauge angle and angle of rotation, the input format is not conventional
and so we will just briefly describe it here. If the user would like to enter an angle of 4?“,

this is entered as 4 3. That is, the number 4, followed by a space, followed by the number
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3. Due to this format, if the user wants an angle of m, this must be input as 1 1. Similarly
for an angle of zero, this must be input as 0 1.

As mentioned earlier, in order to smooth the wavefunction for a vortex, we must generate
wavefunctions for the system with a pinning potential in the center of the condensate without
and with interactions. Within interactiveGroundState.py, the user has the choice to
generate these wavefunctions before generating the vortex or load in a previously generated
wavefunction to use for smoothing the vortex wavefunction. If the user chooses to generate
new wavefunctions, these wavefunctions will be saved, starting with the number 90 and
increasing by one as we slowly turn on the interactions, where the pinning potential is turned
on in all cases. The user can specify how slowly to turn the interactions to the final value
by specifying to run more generations of wavefunctions before calculating the smoothing
density. As a result of this, the user is encouraged not to save their own configuration runs
with these numbers as it will lead to unexpected results.

Once this code finishes running. The output for this configuration, along with a user
input text file and the configuration file used, will be saved in a folder called run5. If
we wish to run Bogoliubov on top of this vortex, we can run interactiveBogoliubov.py,
specifying that we wish to work in the directory where our vortex configuration sits, which
in this case is run5. We do not show output for running this file as the steps to do so are
self-explanatory when running. If the user chooses to run interactiveBogoliubov.py on
top of the already generated vortex in runb, the eigenvalues and eigenvectors for this will
be stored in the same folder. An example of the contents stored in this folder after running
both files is shown in figure (68).

7.8 Limitations of our code

It is worth noting that there are limitations to our code. The first of these is that since we
are only able to run for a certain amount of lattice spacings before the code will not run in
a reasonable amount of time on our hardware, we can only look at very small system sizes.
As a result of this, the parameters that we use to obtain vortices in our system are very
sensitive and making certain changes to these may lead to unexpected results. More work
could be done in the future to look at whether our code would be more versatile if we could
run for larger system sizes and more lattice spaces.

Another limitation worth mentioning is that there are particular vortices that we seemed
to be unable to fully hold in the ground state using our code. An example of such a vortex
is vortex (3) in the cyclic phase. The result we obtain for this vortex after running through
the ground state can be seen in figure (69).

We also came across an example seen in vortices in conjugacy class (6) of the biaxial-
nematic phase where the Bogoliubov spectrum contained complex eigenvalues which is a
sign of instability [44]. Figure (70) shows the real and imaginary part of the Bogoliubov

spectrum for vortex 6(b) of the biaxial nematic phase.
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I » ThisPC » Documents » masters » finalCode » spinTwo » runb

.

MName Date medified Type Size

D eigyals 27/10/2022 21:54 File 2KB
D eighiecs 27/10/2022 21:54 File 156,251 KB
D phiMinusOnet 27/10/2022 21:32 File 17,464 KB
[ phiMinusOnedd 27/10/2022 21:27 File 13,779 KB
D phiMinusOned1 27/10/2022 21:29 File 9,493 KB
D phiMinusTwob 27/10/2022 21:32 File 17,464 KB
D phiMinusTwo0 27/10/2022 21:27 File 15,779 KB
D phiMinusTwo91 27/10/2022 21:29 File 9,493 KB
D phiCnet 27/10/2022 21:32 File 17,464 KB
D phiOned0 27/10/2022 21:27 File 15,779 KB
[ phiQnedt 27/10/2022 21:29 File 9,493 KB
D phiTwob 27/10/2022 21:32 File 17,464 KB
D phiTwo%0 27/10/2022 21:27 File 15,779 KB
[ phiTweal 27/10/2022 21:29 File 9,493 KB
D phiZerob 27/10/2022 21:32 File 17,464 KB
D phiZero90 27/10/2022 21:27 File 15,779 KB
D phiZerod1 27/10/2022 21:29 File 9,493 KB
@ spinTwolnputBinem 27/10/2022 21:23 Configuration sett... TKB
userlnputs 27/10/2022 21:23 Text Document TKB

Figure 68: Output from interactiveGroundState.py and interactiveBogoliubov.py is

stored in a seperate folder specified at runtime.
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Figure 69: Example of the end state we obtain for vortex (3) in the cyclic phase. We can
see that the vortex has not been held properly here. Note that this is after 2000 iterations
of our ground state code.
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Figure 70: The real and imaginary parts of the eigenvalues for each mode, n, in the spectrum
of vortex 6(b) of the biaxial-nematic phase.
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We note that these vortices that are mentioned above are the only ones that we have
seen issues with and all others seem to be held well by our code and have all real eigenvalues
in their Bogoliubov spectra. As a result, the results that we discuss in the previous section

are still valid.
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Conclusion

Throughout this thesis, with the aim of developing our own codes, we have looked at the
different types of vortices that can be hosted in spinor condensates, as well as reviewing
the basic physics and mean-field description of a Bose-Einstein condensate. We discussed
how the variety of vortices present in a condensate increases as we look at higher spin, with
only an integer winding vortex present in a spinless system, compared to the non-abelian
vortices with both phase and spin variation present in spin two. The link made between
non-abelian vortices in a spin two condensate and quantum computation in [21] was the
initial inspiration for looking at these vortices. We hope that the information provided in
this thesis on how these vortices are described in a condensate will give others the knowledge
needed to use these in fields such as the aforementioned; as well as encourage others into
what is an interesting field of research.

Alongside the theory mentioned above, we have also developed codes to simulate the
ground state of a spin one and spin two condensate, as well as codes to look at the Bogoliubov
excitations of these returned states. With a particular interest in vortex states as mentioned,
we also spent time developing methods for imprinting vortices as initial conditions for our
ground state codes. These codes have been published on a public repository and a detailed
description of how these codes were developed, including the options available for running
them, has been included in this thesis. As well as this, we have provided results showing
the output of our code, including examples of non-abelian vortices that have been held in
the ground state by our code in both the cyclic and biaxial-nematic phase. We have also
discussed the limitations we found within our codes; the studying of which would be worth
investigating further.

Putting together both our ground state and Bogoliubov code in spin two, we were able to
show that we can use the spectra of the elementary excitations of vortex states to distinguish
the class of vortex present in a condensate. We also saw that the degeneracy of a state with
a pinning potential with no vortex present was higher than the same state with a vortex
present and provided an example of some of the symmetry that this points to. Studying this
symmetry in more detail, as well as looking at why this symmetry seems to be broken when
we introduce a vortex into the system would be an interesting avenue of further research.

We note that codes have been previously developed in Fortran and subsequently in C
for simulating spinless condensates in fully anisotropic traps [45, 46]. Since we started this
research, codes have been published in Fortran in order to look at spin-orbit coupled spin
one and spin two condensates [47, 48]. We hope that our code will fit into this landscape
to be used for initial exploration of systems of interest before moving to more complex
codes. Providing codes in a higher level language such as python will provide accessibility.
Furthermore, the integration of vortices into our code, as well as the ability to look at
Bogoliubov excitations on top of these vortex states should also serve as useful functionality

for users.
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In recent years, research surrounding Bose-Einstein condensates has only continued to
increase, with recent developments such as looking at condensates in micro-gravity [49], as
well as emerging fields such as quantum turbulence [50, 51] and overlapping condensates of
different atom species [52] only adding to the excitement surrounding this field of research.
As a result, we hope that the codes developed as part of this thesis, along with the thesis
itself will serve as a suitable introduction into this field and provide early career researchers

with simple tools that can be used to investigate these systems further.
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