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1. Abstract

We model an atomic Bose-Einstein condensate (BEC) near an instability, looking for univer-
sal features. Instabilities are often associated with bifurcations where the classical field theory
provided here by the Gross-Pitaevskii equation predicts that two or more solutions appear or dis-
appear. Simple examples of such a situation can be realized in a BEC in a double-well potential
or in a BEC rotating in a ring trap. We analyze this problem using both Bogoliubov theory
and exact diagonalization. The former describes elementary excitations which display complex
frequencies near the bifurcation. We make connections to the description of bifurcations us-
ing catastrophe theory but modified to include field quantization. In the collective dynamics of
the system, we encounter cusp catastrophes, which are structurally stable in two dimensions,
here given by the population difference z and phase difference ¢ between two modes. Once
the bifurcation arises, the system undergoes a topological phase transition, as shown in figure
[[.1] Here, the phase space trajectories oscillating around a previously stable fixed point (e.g.

(¢p) = 0 and (z) = 0) form Cassini ovals with two new stable fixed points in the foci, where

(2) # 0.

Figure 1.1.: Bloch sphere representation of the topological phase transition at the bifurcation
occuring in the two-mode toroidal trap system for A = —1.
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2. Introduction

The double-well system is a two-mode BEC trapped in a double-well potential. Each mode
can either represent one of the wells or an (anti-)symmetric linear combination of both. With a
tunable hopping parameter ./, bosons are allowed to tunnel between the wells. There can also

be an offset energy if the wells have different depths.

Similar to the double-well system, we can reduce a BEC in a slowly rotating toroidal trap to
a two-mode problem. Here, the modes represent the non-rotating state and the first rotational
state. Since angular momentum from the rotation is quantized, we only consider the state with
the lowest angular momentum A. Here, the modes occupy the same space, leading to additional

exchange energies.

In both systems, the interaction strength U and coupling J between the modes can be tuned. At
|U| = J the system undergoes a phase transition, for which quasi-degeneracies in the spectrum
occur. Previously stable solutions become unstable and new solutions arise. These so-called bi-

furcations are related to self-trapping, where bosons are trapped within one side of Fock space.

One can look at the collective dynamics of those systems in Fock space, which is the space of
states of different populations in the two modes. The total number of particles is conserved,
so the particle number difference between the modes is the only variable. Here, the overlap of
many oscillating trajectories gives rise to so-called cusp catastrophes. Due to the nonlinearity
of the system, different amplitudes of excitations have different periods, leading to those cusp-
shaped lines around the focus points. Cusps are structurally stable in two dimensions, which
here are given by number difference and time. Once self-trapping occurs, some cusps disappear,
since some trajectories only oscillate around their initial mode, rather than exploring the entire

Fock space, and don’t contribute to the collective refocusing anymore.
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3. Background on the Physics of
Two-Mode Systems

The following chapter gives an overview of the theoretical background needed for the calcula-
tions in this thesis. We also present some experiments that realized a BEC in a ring trap. The
main part of the thesis will be focusing on the toroidal trap, however, we will draw comparisons

between the two systems within the two-mode approximation in the mean-field theory.

3.1. Quantum Many-Body Theory

To introduce Quantum Many-Body Theory (QMBT, second quantization), we first need to look
at quantum mechanics (first quantization), in which classical observatives such as energy and

momentum are elevated to operators

E —H = iho, (3.1)
p —p = —ih0, (3.2)

and the Poisson bracket is replaced by the commutation relation between operators [z, p| = ih.

States can be represented in orthonormal bases

Wy, 2, ) = Y athn(r, 22, ++), (3.3)

n

where c¢,, are complex numbers. We also introduce the normalization condition

/dmldxg e U (2, g, - )P =11, (3.4)

which leads to the conservation of probability. In first quantization, physical quantities are

represented in terms of single-particle wavefunctions.
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If we take this a little further and turn wavefunctions into field operators, we arrive at QMBT

U(z) — U(x) (3.5)

with the commutation relation [¥ (1), Uf(z5)] = 6(x; — 2) and the field operator ¥(z). The
field operators act on many-body states to create or annihilate particles at given position x.

Depending on the choice of bases they are represented in

U(r) =) au(x), (3.6)

the lowering operator a; annihilates a particle in state j. The corresponding creation operator is
&j.. The action of these operators on number states (Fock states) is given by

ajln); = Vnln — 1), (3.7
atln); = Vo + 1n +1);. (3.8)

We also define the number operator N = 3 i &;r-&j = dzUt(2)U(x), which basically counts
the total number of particles. QMBT allows us to investigate many-body behaviour, such as

phase transitions. In QMBT the Hamiltonian generally looks like

= / At () [ - %W £V ()| () + % / dv g (200 () U (21 — 0) 0 (22 (1)

(3.9)
where V() is an external potential and U (z; — x2) is the two-body interaction potential, which
depends on the distance between the particles. In general, more particles could be involved in

the interaction, however, we only consider pairs in this thesis.
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3.2. Double-Well System

We consider a double-well system with only one mode (the ground state) in each well, call
them left and right modes. Technically, only eigenstates of the system are referred to as modes,
however, this is only approximately true for the left and right states. Sometimes it is convenient
to take the two modes as symmetric/antisymmetric linear combinations of the left and right
modes, depending on the situation. With a tunable hopping parameter J, bosons are allowed to
tunnel between the wells. There can also be an offset energy e if the wells have different depths.
The system is best described by the Hamiltonian [3.11]

Figure 3.1.: Sketch of a double-well potential with an offset e. Bosons can tunnel between wells
according to hopping parameter J represented by the green line.

3.2.1. Bosonic Josephson Junction

One can use a BEC in a double-well to simulate a bosonic Josephson junction [14], where
two macroscopic quantum objects are weakly coupled to each other [10]. In the absence of
interactions, the ground state of the two-mode system with tunneling is given by the symmetric
combination of the left and right modes, and the excited mode is given by the antisymmetric
combination. The energy gap (tunneling splitting) between these two modes is 2.J. The previ-
ously introduced pair interaction is a good enough approximation in a dilute gas at low temper-
atures where the interaction range is much smaller than the average distance between bosons.
The interaction strength for those collisions can be written as U(z1 — x2) = gd(z1 — x2) with

g = 4wh*a/m, where a is the s-wave scattering length and m is the mass of the boson [23].
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The scattering length is tunable via an experimental technique known as Feshbach resonance,
and decides if interactions are attractive (a < 0) or repulsive (a > 0). In order for the two-
mode approximation to be valid, the interaction between bosons should be weak enough that
they are not excited out of the two lowest modes. This can be easily satisfied with weak enough
interactions because the tunnel coupling is exponentially small, whereas the energy needed to
excite the higher modes is set by the harmonic frequency of each individual well, which can be

made large. Under these conditions, the Hamiltonian reads as follows

H= /dxwi:*(x) [ - %v? + V(m)]\if(a:) + g /dxxi*(a;)xiﬂ(x)xif(x)@(x). (3.10)
We can write the field operators as W(z) = wg(x)l;; + 4. (x)b}. Here, ZA)g = (bf + b)) /V2
creates a boson in the groundstate, which is the symmetric linear combinations of the operators
in the right well and left well basis [23]. For the creation operator of bosons in the excited
state, we use the anti-symmetric linear combination bi = (bf — b)/v/2. The single parti-
cle ground and excited state wavefunctions are given by vy(z) = [¢(z) + ¥i(z)]/V2 and
Ye(z) = [¢r(x) — ¥i(x)] /V/2. If either of those states is macroscopically occupied their time-

evolution can be evaluated by looking at the Gross-Pitaevskii equation, which we will discuss

in section 3.2.2

Plugging in the new field operators in the left and right basis into the Hamiltonian [3.10| gives

H =N+ e.N, — J(bby + bjb,) + — (01610, b, + bjbjouby), (3.11)
where we defined the energy levels of each well ¢/, and the hopping parameter J over the
kinetic term of the Hamiltonian [3.10] while for the interaction strength U we assume that only

bosons in the same well can interact with each other. We will later use the parameters

€=¢€ — € (3.12)
UN

A= —" 1
57 (3.13)

where € gives the offset energy between the wells, and A is the ratio of the interaction energy
UN? and the kinetic energy 2J N [14].
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3.2.2. Gross-Pitaevskii Equation

The Gross-Pitaevskii equation (GPE) describes zero-temperature properties of the non-uniform
BEC when scattering length is much less than the mean interparticle spacing [28]. The GPE is
a non-linear Schodinger equation, where the non-linear term takes into account the mean-field
produced by other bosons. Due to the non-linearity, the superposition principle does not hold
for solutions of the GPE. The time-independent version takes the form
h2
— 5= VI V() + gl (@) | () = p (), (3.14)

2m

where () is a macroscopic wavefunction of the condensate treated as a classical field, which
is sometimes referred to as the order parameter [28]]. The eigenvalue  is the chemical potential.
The GPE is a mean-field description of the condensate. One can find the excitation energies of
small fluctuations around the condensate by linearizing the GPE [17], as we will explore later

in chapter|3.3.1

3.2.3. Bogoliubov Theory

Different from the GPE, the Bogoliubov theory focuses on the microscopic theory of BECs.
Here, we use creation and annihilation operators rather than working with wavefunctions. To
describe a uniform system, where the momentum is a good quantum number, the Hamiltonian
generally looks as follows [28]], [29]

2

: S Uo At At A oA

H = Z %a;ap + v Z ey OOy (3.15)
p pp'sq

with the volume V' (not to be confused with the potential V() above). As we investigate small

quantum fluctiations around classical solutions, we use the Bogoliubov prescription, where all

condensate operators are replaced by ag — /Ng exp(i¢), leaving only excitation operators.

; TR No 1 N2U,
A= v 0,2 ) afa, + U2 5 Y (alal, + apay) + —20, (3.16)
2m \% vV 2 oV
p#0 B ~—~— p#0 \\z-’E
~~ €1 ;

where we define ¢,; (not to be confused with the tilt) for brevity and the condensate energy E,

where Ny ~ N. The goal is to diagonalize the Hamiltonian. The first term is already diagonal,

10
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however, the second term is not (sometimes referred to as the squeezing operator). To fix that,
we perform a canonical transformation, for which introduce a new set of operators BZT, and Bp
[7],129]] as follows

i, = upb, + v* b (3.17)

—p P
al, = wbl +v_pb_. (3.18)

We will use the coefficients u, and v_, to ensure a diagonal Hamiltonian. They must satisfy
|uy|? — |u_p|? = 1, in order for the commutation relation [b,, I;;,] = 0,y to hold [29]. This
is in fact true for the parametrization u, = cosh(«,) and v_, = sinh(a,,). If their phases are
arbitrary, we can assume them to be real [28]. Due to momentum conservation, only particles
of p and —p are coupled by the interactions, so the whole Hamiltonian reduces to the block

diagonal form

}AI = [60 (Ui + U%p) — QUP’U,pEl} (IA?L(AJP -+ ZA)T_pZA),p) -+ E(]
+ e (2 +v2) = 2upv_peo] (bb—p, + bIHT). (3.19)

- s
g

=0

To digaonalize the Hamiltonian, we must get rid of the last term. Setting the prefactor to zero,

considering the parametrization of u,, and v_,, gives tanh(2cq,) = E—é and finally

1 €
2 0

1
V= e — 1), 3.21)
ANCE:

where only the positive branch of the square root can be included considering that » and v are

real [28]]. Using those definitions in the Hamiltonian leads to the final, diagonal form

H= /& — & (blb, + b b)) + /€2 — € — €0 + By, (3.22)

N—— ~~
Ee Eqy

S
iy
*G®
_|_
=
gl
>

where E, is the groundstate energy and £, the energy of excitations, which must be real for the

system to be stable [19].

11
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Another way of thinking about the Bogoliubov transformation is to consider the fact that we
choose the new set of operators BIT? to be eigenoperators of the Hamiltonian, thus, [H , lA)]TJ] =F, BL
must hold for either of them [33]. With the commutation relation [a,, &;,] = 0,y We get coupled

equations, which we can write in matrix form as

€p —€1 u u
=F 2
(o) ()==C) >

whose eigenvalues are given by £, = /€3 — €2, which agrees with the excitation F, found in
the diagonal Hamiltonian [3.22]

3.2.4. Fock Basis

Due to particle conservation, N = N; + N,, we can reduce the many-body states to be repre-
sented by the average population difference n = (N, — N;)/2 between the left and right well
in the two-mode approximation [[12]. States range from |n = —N/2) (all the bosons in the left
well) to [n = N/2) (all the bosons in the right well). The Hamiltonian can be written as
the tri-diagonal matrix [25]

. 2
Hy oy, :(NAn2 + 2671) On’

NZ N N2 N
~(J 5 = Db =+ g D ). (24

From this Hamiltonian, we can get the generalized Raman Nath Equation, which is a Schrodinger

equation in a different basis [14].

12
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3.2.5. Schwinger Representation

We introduce operators analogous to those used in the quantum theory of angular momentum
(351,401

Iy = %(iﬁz}r +0ib) = JetJ- (3.25)
Ty = 5 (bb. — Bi) (3.26)
J, = %(B}Bl +bib,) = n. (3.27)
Thus, the hamiltonian can be written as
H = %Jf —2JJ, +€l,. (3.28)

3.2.6. Single-Particle Density Matrix

When looking at the dynamics of a system, it is convenient to have a tool to locate the conden-
sate over time [41]]. One way to predict that is to calculate and diagonalize the Single-Particle
Density Matrix (SPDM) [29]], which is defined as

A

ple,a') = (U (2)¥(a")), (3.29)
where \fﬂ(x) is a field operator creating a particle at position x and the average is taken over a

quantum many body state in a Fock state basis |®) = Zf:z ’ /2 Caln) (similar to .
In the two-mode approximation with the left and right modes we can write

: (o ok du(')
plz,z') = <¢l (z) ¢r($)>MSPDM <¢r($/)> : (3.30)

13
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where the 2 x 2 single particle density matrix M gppy reads as

>, (X 4n) feaf? So/EHnt 1T —n (e
MSPDM - N N * N 2
S -nt /¥ 0 (i) S (5 =) el

(3.31)

When diagonalizing the SPDM, we get two eigenvectors and their associated eigenvalues. The
two-dimensional complex-valued eigenvectors W and W_ give the natural orbitals, which are
linear combinations of the two original modes, here left and right. Since the SPDM is hermitian,
the eigenvalues NV, and /N_ are real and give the populations of the corresponding eigenstates
[29]. If one eigenvalue is much larger than the other, the corresponding eigenstate is macro-
scopically occupied, which is associated with the condensate. If the eigenvalues are similar, the
condensate is fragmented [25]. Both the eigenvectors and the eigenvalues can evolve over time

starting from an initial state, however, they always fulfill the following constraints

Ny + N_ = Nistal (3.32)
Wy ? =1. (3.33)

Later, we will use different choices of initial states: Fock state, Coherent state, Pegg Barnett
state, and the eigenstate of the Hamiltonian. All of them will be presented in chapter [5 where

we discuss the dynamics of a BEC in a slowly rotating ring trap.

3.2.7. Mean-Field Theory

When we assume the system is in a pure condensate, we can replace the operators in the Hamil-

tonian with complex numbers 131 /r = /Ny exp (i /T). Remeber the parameter e and
A and define the relative population difference z and the phase difference ¢

N, — N,
N
¢ = or — Pi; (3.35)

z (3.34)

where also conservation of total particles N = N, + N; must hold [23]].

14



Denise Kamp M. Sc. Thesis 2022

Plugging all of that in the Hamiltonian leads to the mean-field Hamiltonian [22]

.. H A, 5
HMF—A}EI})ON—J =5 % — V1 —22cos(¢) + ez. (3.36)

The Hamiltonian [3.36] suggests that, if we identify z with the angular momentum and ¢ with
the angular displacement, the system can be interpreted as a non-rigid pendulum of momentum
of inertia A, where the length depends on the angular momentum [37]]. Therefore, the many-
body system can be described by a non-linear single particle, which is more accurate if all

bosons occupy the same state.

3.2.8. Hamilton’s Equations

Generally, Hamilton’s equations of motion are the derivatives of the Hamiltonian with respect

to the canonical coordinates z and ¢ as follows

oM
P = ——— 3.37
z 36 (3.37)
. OH
= —. 3.38
¢ 9 (3.38)
Applying this to the Hamiltonian leads to the following equations of motion
- z
= Az + ——cos(¢) + ¢ 3.39

Z=—v1—2%sin(¢), (3.40)

which are the Josephson equations for this system [31]]. For the case z = £1 (all bosons in one
well), equation has a singularity. To find stationary points, the equations of motion must
satisfy ¢ =% =0. For equatiothhis is rather easy to achieve, by simply choosing ¢, = 0
or m, [44]. In the pendulum analogy, the point ¢y = 0 corresponds to a pendulum hanging
straight down, while ¢g = 7 would be a pendulum standing upright. For either choice, we can
then solve equation to find its roots zo(e, A). These solutions are shown in figure as
a function of A and display the characteristic shape of a pitchfork bifurcation where a single
stable solution becomes unstable and at the same time two new stable solutions appear. In the
presence of a tilt, the left/right symmetry of the double-well potential is broken and we obtain

a broken pitchfork.



Denise Kamp M. Sc. Thesis 2022

1.0

0.5
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¢0207€: - ¢0
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Figure 3.2.:

A
o =0,e=0.1 | o
O.SX ) osl ¢0 =T, €= 0.1 /
2

-2 -1 0 1

A d)

Stationary solutions zy(¢e, A) of the equations of motions in dependence of A for a
fixed tilt (upper row: € = 0, lower row: € = 0.1) result in a bifurication picture,
where multiple solutions appear/disappear. The choice of ¢, (left: ¢y = 0, right:
¢o = m) determines the orientation of the pitchfork. The dashed lines represent the
unstable solutions according to ﬁgure

16
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Once we calculate zy(e, A) for given ¢y = 0,7, we can plug those back into the Hamiltonian

3.36]to find the energy of the stationary points in dependence of A and ¢, as shown in figure[3.3]

Energy Energy
15 1.5}

1.0 1.0

05} 05F

-05}F -0.5F

) i b)

Figure 3.3.: Energy of the system, using stationary solutions z(e, A) with ¢y = 7 (postitve
energies) and ¢y = 0 (negative energies) for different values of A with a) no tilt and
b) e = 0.1. The dashed lines represent unstable solutions according to figure

3.2.9. Stability Analysis

In general, we distinguish between two types of instabilities. There are dynamical instabilities
for excitations with complex energies, such that their amplitudes grow or decay exponentially
[43]], causing a singularity; and then there are energetic instabilities, for excitations with nega-
tive energies [19], giving the system a tool to lower its energy by exciting particles out of the
condensate.

Now, we are interested in investigating the stability of the stationary points [36]]. Therefore,
we perfom a linear stability analysis, for which we diagonalize the Hessian matrix [3.43] of the
Hamiltonian using the stationary solutions ¢y = 0, 7 and zy(e, A) = 2o (for brevity). First,
we introduce the following ansatz for the time dependence of z; and ¢, with small pertubations

0z o exp(iwt) and d¢ ox exp(iwt)

O(t) = do + 66 — ¢ = iwde (3.41)
2(t) =20+ 02 = 2 = iwdz. (3.42)

The fluctuations are reduced to harmonic oscillators with the frequency w. Performing a Taylor
expansion of the Josephsons equations around the roots in the form of f(zy + 0z, ¢g + 0¢) =
f (20, ¢0) —i—w& + %@fbo)éqﬁ leads to the following expressions, where the tilt ¢ from

=0

17
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equation [3.39] vanishes due to the second derivatives

b(20 + 02, o + 6¢) = (A + (% cos(gbo)) 0z — % sin(¢g)do (3.43)
— 2

1—25)2 0
Hzo + 02, o + 00) = —\/12—07 sin(go)0z — /1 — 22 cos(o )0, (3.44)
(]

summarized in the following matrix, which is the Hessian of the Hamiltonian [3.36|

S - (e ) () e
6z —+/1 — z§ cos(¢o) —MSIH(%) 0z

For both ¢y € {0, 7} the diagonal terms vanish since sin(¢y) = 0. Finding the eigenvalues of
the Hessian Matrix [3.45/leads to

w= \/(1 — 22)2 cos(dy) (A +(1—22)2 Cos(qbo)), (3.46)

where we need to remember that zy = zo(e, A). Therefore, the tilt influences the solutions
through the root of the Josephson equation. For real frequencies w, we find a stable oscillation,
whereas, for imaginary frequencies, the fluctuations o< exp(iwt) grow or decay exponentially.
The frequencies[3.46|dependent on A are displayed in figure[3.4]compared to the corresponding
bifurcation pictures from Here, it is obvious that the stable solution for |A| < 1 becomes
unstable as soon as the two branches occur at |A| = 1. The tilt € shifts the emergence of the two

new branches slightly away from |A| = 1.

18



Denise Kamp M. Sc. Thesis 2022

-05 . - . -05 . - .
-2 -1 0 1 2 -2 -1 0 1 2

c) . d)

Figure 3.4.: The frequencies from equation can be real (solid lines) or imaginary (dashed
lines) for different values of A. The emergence of multiple frequencies at |A| = 1
stem from the emergence of new roots zy(e, A) displayed in figure Here, we
see the frequencies w for a fixed tilt (upper row: ¢ = 0, lower row: ¢ = 0.1) for
different choices of ¢y (left: ¢pg = 0, right: ¢g = 7).

19
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3.3. Toroidal Trap System

Similar to the double-well system, we can reduce a BEC in a toroidal trap to a two-mode
problem. Here, the modes represent the non-rotating state and the first rotational state. Since
angular momentum from the rotation is quantized [1/], we only consider the states with the
lowest angular momenta zero and h. One difference compared to the double-well system is
that the two modes of the toroidal trap occupy the same space [11]. This leads to an additional
exchange energy term [, in the Hamiltonian 3.4/

In a toroidal trap, the condensate is located within an annulus, shown in figure[3.5] Experimental
realizations are further discussed in chapter[3.5] The BEC within the trap can be rotated, which

mathematically can be represented by a periodic disorder potential.

Figure 3.5.: Sketch of a toroidal trap with total radius R and cross-sectional radius of the annulus
ro. The notch on the top represents the later discussed disorder potential stirring the
condensate (pink), otherwise a superfluid would not feel the rotation of a perfectly
smooth trap.

3.3.1. Two-Mode Approximation and Motivation

As previously stated, we will focus on the two-mode approximation in our calculation, for
which the Hamiltonian takes the Nozieres form [2]]
He "N S (N3 + N2+ 4No N, ) (3.47)
2mR? 2V ~——/

Eem

20
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where m is the mass of the particle, R is the radius of the thin annulus, V' = 27T27”(2)R is the
volume of the annulus with the cross-sectional radius ry < R and ¢ is the contact interaction
strength. N is the number of particles in the non-rotating state |0), while V; denotes the number
of particles in the state |1) with the azimuthal angular momentum 7 per particle. The total
number of particles is N = Ny+ /V; and the state with N = Nj is referred to as the groundstate,
while N = Nj is the single-vortex state. The exchange energy term F., in gives an
additional 2Ny N, term, also referred to as Fock term [11]], compared to (Ny + N;)? = N2,
which is called Hartree term [11], leading to an energy barrier between the groundstate and
the single-vortex state [11], when gN/V > h?/2mR? (blue curve in figure . Weakening
the interaction strength g even further leads to a decrease of the barrier until it vanishes for
gN/V < h?/2mR?, as shown in figure Note that the interaction can still be repulsive for

this to occur.

Figure 3.6.: Energy landscape of the two-level model as a function of N;. For gN/V >
h%/2mR? (blue line), there is an energy barrier between the groundstate and the
single-vortex state. For gN/V = h%*/2mR? (orange line), the slope vanishes at
N; = N. For gN/V < h?/2mR? (green line) there is no energy barrier indi-
cating the instability of the single-vortex state, especially in the attractive regime.
Reproduced plot from [2].

From figure [3.6] we can see that for a condensate located on the green line in the single-vortex
state (all the way to the right of the plot) it would cost no energy to relocate to the groundstate
(all the way to the left). All the system needs is to find a way to lower its energy. Here,
excitations with negative energies (energetically unstable) give the single vortex BEC a way of

lowering its energy. In the following, we investigate how such excitations arise in this system.
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3.3.2. Second Quantized Hamiltonian in Different Frames

To represent the system of a BEC in a rotating toroidal trap, we can write the Hamiltonian in
terms of the operators a; and a;, which create and annihilate a particle with momentum 7.

However, we also have to make a choice in which frame we work [2].

First up, there is the laboratory frame Hamiltonian

Hi = Al 53 ]k vas) (3.48)
lab — ImR2 a;a; 2 Aj A W) :
j j7k7m
where g = % is the two-body interaction strength mentioned earlier and V' = 27272 R is the

volume of the annulus. In this frame, the condensate V.. is a solution to the time-dependent GPE.

In the rotating frame, the Hamiltonian H,,;, is shifted by the angular velocity €2 of the trap in

units of Q = —. Obviously for 2 = 0 both frames are equal.

h2 RO BN
Mo == Nogo + =5+ = Q—()) ala; + 5 3 (al_al00). (3.49)

J Jkm

In the following, we want to restrict the system to the two-mode approximation.

Figure 3.7.: Single particle energy level in the rotation frame from Hamiltonian depend-
ing on the angular velocity (2. The two-mode restriction is indicated by the black
square. Reproduced plot from [2]].
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Thus, looking at figure helps us to estimate the interval of €2 for which only the non-
rotating mode (green, j = 0) and the first rotating mode (red, ;j = 1) are involved on a small

energy scale (black square). We estimate that regime to be around

0.250% < Q < 0.75¢. (3.50)

Applying the two-mode approximation to Hamiltonian [3.48]leads directly to the Hamiltonian
in Nozieres form [3.47, however, this breaks angular momentum conservation since the j = —1

mode is not considered.

3.3.3. Linearized GPE

From the GPE in the laboratory frame

2 2
WO 90,02 w6, 3.51)

ihonve(6,1) =| - 2mR? 00> ' Tl

we get the stationary solution W.(0,t) = e!®<=#t/") /\/271 R representing the condensate with
the chemical potential
j2

p=g NN, (3.52)

where we introduced the dimensionless parameter n = mRg/2m2h*r? = 2aR/7r? representing
the interaction strength [2]. From now on, we measure angular momentum in units of A, time
in units of ;' and energies in units of /i) and introduce another dimensionless parameter
Q = Q/Qy. We focus on the case with a condensate of N, atoms in the single-vortex state |1),
for which j. = 1 and therefore u = % + nN,, since that was the motivation from figure

Now, we want to determine the stability of the condensate by constructing normal modes of the

BEC by perturbation around the stationary solution [2]], [[17],[21] as follows

U(0,t) = e/t [%(9) +e 50N (u,,soyw)e*“”/ "=y ()e "Z) } (3.53)
v#0

(. J/
~~

SU(0,t)

with the angular momentum v relative to the condensate, the eigenenergies ¢,, the eigenstates
¢, (0) = e"\/N,/2r R, the complex numbers u,, ans v, and S(f) the phase of W () [2].
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Here, we do not apply the two-mode approximation and any £~ modes around the condensate
are considered. Plugging the perturbation [3.53] into the GPE [3.51] leads to coupled equations
that can be written as the following matrix

: O 1
& <u> _ (s [t o (“) . (35

NN, (je — Qv — |:%V2 + T]NC} v,

Finding the eigenvalues of the matrix gives the eigenenergies ¢, for the excitations.

_ 1
€y, =0 = Qv £ ||y sz + nNe, (3.55)

where j. = 1 again for a BEC in the single vortex mode. In the following we only consider the
eigenenergies ¢, for positive norm states [2]. If those energies are complex e.g. }11/2 +nN, <0,
the system is dynamical instable. Energetic instabilities occur for negative excitation energies,

which figure [3.6] predicted to be found here. Figure [3.8] shows those regions of instabilites for

excitations in the v = —1, non-rotating mode.
15 e
1.0}
0.5F
0.0}
-0.5F
0.0 02 0.4 0.6 0.8 1.0 _
Figure 3.8.: Phase diagram for the » = —1 mode (non-rotating mode with j = 0) excitations in

a BEC located in the single vortex state (v = 0,5 = 1). The excitations are ener-
geticly unstable (blue) for excitation energies ¢, < 0 and dynamically unstability
(orange) for complex €,. Now, to ensure the two-mode approximation is valid, we
must keep within the estimated interval 0.25Q, < € < 0.75€) as established in
equationm Reproduced plot from [2].
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3.4. Idea of Catastrophe Theory

Generally, Catastrophe Theory is part of bifurcation theory in dynamic systems, where two or
more solutions appear or disappear while slowly changing the parameter of the system as we
have seen in the bifurcation pictures @ from the double-well system. As we know, some of
those solutions turn out to be unstable. Originally, catastrophe theory was used to describe
caustics in optics, which are regions of focussing with infinite intensity, basically singularities.
The shapes of the caustics are structurally stable. In the table presented in[3.9b), we state the
generating functions of different catastrophe shapes with their co—dimensionsﬂ K <3.

name K generating function ®(s; R)

fold 1 s34+ Xs

cusp 2 st Xs24+Ys

swallowtail 3 S+ X +Vs?+Zs

elliptic umbilic 3 s3 — 35133 + Z(s% + s%) +Yso + Xsy
hyperbolic umbilic 3 s34 85+ Zsi1s2 + Yso + Zs1

b)

Figure 3.9.: a) Example of a cusp shaped caustic in a coffe cup[27]. b) Table of structurally
stable catastrophes and their generating functions with co-dimension K < 3 [23].
R represents the control parameters and s the state variables.

Caustics have also been found in wave theory, where the consideration of a phase leads to an
interference pattern with caustics where phase singularities occur. Taking it even further, one
can also find quantum caustics, which occur when looking at the collective dynamics of the
system in Fock space, which is the quantum mechanical Hilbert space. Even though we will
not go into further detail about catastrophe theory and its mathematical description within the
purpose of this thesis, we will encounter and point out the cusp catastrophes we come across

when investigating the dynamics of a two-mode BEC in a toroidal trap in chapter 5

!Co-dimension is defined as dimensionality of control space minus dimensionality of singularity [24].
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3.5. Experimets with BECs in a Toroidal Trap

Many research groups are interested in experimentally realizing superfluids in ring traps [4/],[[18].
For example, at the Joint Quantum Institute the group around G. Campbell is working with so-
called atom circuits [6],[26],[32],[42]. Here, they create a superfluid BEC of approximately
500, 000 sodium atoms at temperatures about 100n K trapped into a ring shape. This is done by
using an arrangement of 1064nm lasers to optically trap the atoms in a toroid, which is about
40pm wide with a cross-sectional diameter of 8#m. Just as for superconductors in a ring, the
angular momentum of the BEC is quantized. Thus, the current in the ring can only flow at spe-
cific velocities. For the purpose of this thesis, we only focus on the lowest two angular momenta
zero and h, which correspond to a single vortex. To excite bosons from the groundstate to any
excited state, hence giving them angular momentum, one can manipulate the angular velocity
of the trap Q). Here, they use an additional 532nm laser exerting repulsive force on the bosons
as an optical paddle to stir the BEC around. Those velocities can be up to 4/ z. Using Feshbach
resonances [28]], one can tune the interactions 7 in a BEC to be attractive or repulsive, which is

equivalent to tuning A o 7 in our calculations.

Figure 3.10.: Picture taken from G. Campbell’s experiment, showing a toroidal trap with total
diameter of 40pm. Here, the rotation of the BEC is induced by a green laser
stirring along the annulus. Picture taken from [3].
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4. BEC in Toroidal Trap

Starting our calculations for a BEC in a rotating toroidal trap, we remember from chapter [3.3.1]
that the Hamiltonian can be written in different frames. Previously, we discussed the laboratory
frame [3.48| and the rotating frame [3.49

However, let us also introduce the frame relative to the condensate, where we shift the angular

. . 2 .
momentum j in Hipp = > _; Q(Z}%Q a}aj + 55 ijma;_ma,tmakaj from equation |3.48| to be

relative to the condensate v = j — j. [2]], thus

R (v + j.)? g .
e = ; TR?“ZQV % DOm0k 1)

Jkm

If the condensate is in the groundstate (non-rotating state |0)) both frames are the same, but if

the BEC is in the single vortex-state (rotating state |1)) we know that j. = 1.

4.1. Bogoliubov Transformation

As discussed in chapter [3.2.2] we can find the eigenenergies of the system by linearizing the
GPE. However, from chapter [3.2.3] we also know the alternative way is to apply Bogoliubov
theory [7], which we will do in the following section. For this, we will focus on the relative
frame Hamiltonian 4.1, where the condensate per definition is in the ¥ = 0 mode with the
respective ladder operators ag and a(. Considering the BEC to be in the single-vortex state,

we set the actual condensate momentum to j. = 1. We will also calculate the eigenenergy in

h? gmR?
mRZ Vi

the Bogoliubov transformation, we consider excitations around the condensate, thus, we bring

units of For brevity, we introduce the dimensionless interaction strength = . For
the Hamiltonian in a form containing only interactions, where two or four particles from the

condensate are involved [l The Hamiltonian now reads as

"We do not consider the two-mode approximation here, so any 4~ modes around the condensate are considered.
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+1)2

1 v
Hyer :§a$a0 + gaga$a0a0 + Z (Taiau + g Z(4alaga,jao + aiaT_,,aoao + ag)agaya_,,).

v#£0 v#£0
“4.2)

Note that this Hamiltonian would be already diagonal for no interaction 7 = 0. However, in the
general case of ) # (0 we need to diagonalize the Hamiltonian in order to find the eigenenergies.
We can replace the condensate operator ay and ag) — /Ny =~ +/N as discussed previously.
However, we need to be careful this time since the condensate is not in the groundstate [9].

When replacing the operators, we have to remember the kinetic energy correction

-2
- Je E T
Ekin,cor - 92 a’yall7 (43)

which usually vanishes for groundstate BECs. However, we are considering the BEC to be in
the first excited state |1) with j. = 1. Also note, that this correction sum also includes the v = 0

mode, therefore, cancels out the %agao term in the front.

Additionally, we must be careful when replacing the condensate operators in the term containing

four of them. For this, we have to consider the following higher-order correction term [9],[29]

agagaoao = N? - 2NZ ala,. 4.4)
v#0

Considering both of these corrections is equivalent to shifting to the grand canonical ensemble,

where where Hao = Hyer — 1Y, ala, . After carefully replacing the condensate operators, the

Hamiltonian reads

1)?2 1
Heeo :g]\ﬂ +3 (% 5 NN )ala, + gN > (4ala, +afa’, +aa,), (4.5)
v N—— v#0

—p

with the chemical potential resulting from the correction terms would be p = % + nN. This is
equivalent to the chemical potential found in the GPE calculations in the earlier chapter.

Now, we can rearrange our Hamiltonian to look like
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nN? ([VQ nN ‘o )
= Nla T (aya 4.
Hae == ; o +v+aN|ala, + - (a,a, +afa’,) (4.6)

Before performing the Bogoliubov Transformation it might help to shift the index of the sum

from v # 0 to v > 0 as follows

N2 2 2

Hao _ [%+y+77N:| ala,,+ [% —y—i—nN a_l,a v +nN(a,a_ ,,—i—ay _,,))
\/-/ v>0 ~ N~ - ~ '
Eo At A~

4.7)

to keep track of the sign of the relative angular momentum v. Here, we defined
2
A* 5(7 o nN). 4.8)

Following the Bogoliubov theory from chapter 3.2.3| we introduce the new operator b! which

is a linear combination of the previous bosonic ladder operators

bl = (uyal — vya_s), 4.9)

where « is also angular momentum relative to the condensate and [b., b;] = 0,3. Since bffy is
designed to be an eigenoperator of the Hamiltonian, [Hqc, bm = hwva must hold. Performing
the commuator calcualtion [Hgc, bL] = ”chbg — bLHGC with the Hamiltonian and the
Bogoliubov operator 4.9 we find

hwl,bj, = A+uya:r, + A v,a_, +nNuya_, + anVaj,, (4.10)

for v > 0 with A* defined in equation Replacing b}, with equation again, leads to the

following non-hermitian eigenvalue equation
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[ RN I
—-nN —A~ v, vy,

Solving for the eigenvalues of this matrix leads to

+_ A- T _ A-)2
hwl,:(A 2A )i\/(A 4’4) + AYA- — 2N2, 4.12)

where we can use the definition of A* from equation The eigenenergies turn out to be

2
B, =v+| VZ+77N. (4.13)

If we want to shift this result into the rotating frame, we simply perform a Galilean shift[8],[15]]

with the dimensionless angular velocity 2 = Q% With that, we arrive at the expression

B 2
B, =(1—Qv+|y VZ+77N, (4.14)

which is exactly the result[3.55|we got when linearizing the GPE [2], presented in chapter[3.3.1]
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4.1.1. Mapping onto Double Well

To compare the BEC in the toroidal trap to the double-well system, we need to apply the two-
mode approximation. As mentioned before in chapter this breaks angular momentum
conservation. However, to compensate for that, we need to extend our description by includ-
ing the rotation of the trap explicitly. If the trap was perfectly round and smooth, the BEC
would not feel the rotation at all. Therefore, we introduce a disorder potential v(6 — Qt) with
v(f) = 2v cos(6), where v must be real and positive [2]. There are two ways one can visual-
ize the physical meaning of v(#) in the trap. First would be a periodically rotating notch (like
shown in figure [3.5)), making the trap less smooth and stirring the condensate. The second is a
deformation of the annulus to an ellipse, like a cosine traveling along the ring. Either way, the
disorder potential represents the coupling between the modes and gives a tool for the particles
to change modes, much like tunneling in the double-well potential, given by the parameter .J.
It is completely time-independent in the rotating frame, which is why we will be starting from
the Hamiltonian in this section.

Trying to find the expectation values of this Hamiltonian (V|H,..;|¥), we can choose ¥ to be
a coherent state. This is a convenient choice since coherent states are the eigenstate of the
ladder operators, which are the only operators appearing in our Hamiltonian. Therefore, we
can replace them with the complex eigenvalues a; — \/Nc¢;, where ¢; € C. In the two-mode
approximation we only consider j = 0, 1, thus, |cg|* + |c1|> = 1 must hold. The coupling term

between the condensates from the disorder potential reduces to 2Nv Re(c;cy) and we arrive at

1 N?
H— N(5 - Q> a2 + ”7(1 +2)eol?en]?) + 2NvRe(cco). (4.15)

Dividing through by Nv gives us the new Hamiltonian H = % as follows

H = 2¢|e1|* + A1+ 2|eol?|er]?) + 2Re(cfco), (4.16)

where we used the following definitions, which are the equivalents to the double-well parame-

ters used in chapter [3.2{and function as a translation between the systems

™
Il
G
|
2
-
Il
‘3
=

(4.17)
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Similarly to the double-well case, we want to express the Hamiltonian in terms of a phase
difference ¢ and a relative particle number difference z. To get there, we rewrite the complex

Ni 4.
numbers as ¢; = W’em’ﬂ so that we can deﬁn

2= e = el b= ¢ — ¢o. (4.18)

For the coupling term that means Re(cjcy) o< Re(e’?) = cos(¢). Now, we also keep in mind
that 1 = |c|? + |c1|?. With all that, we arrive at

7‘2:64-%—62—%ZZ+\/1—22COS((Z5>. (4.19)
——

const.

Therefore, the Hamiltonian up to constant terms is exactly the negative of the double-well mean-
field Hamiltonian which can be remodeled with the following transformation

A— —A (4.20)
¢—=>d+m 4.21)
€ — —¢, 4.22)

which, in the pendulum analogy, corresponds to a pendulum staying upright. Even without
that transformation, we can get to the same equations of motions, due to the slightly different
definition of ¢, since both the Hamilton’s equations and gain a global negative sigrﬂ
when using the new definition of ¢ from4.18|instead. Further details on the derivation are given

in the appendix Considering the rescaling of time 7 = 2vt, we arrive at

A= Zsin(g). (4.23)

dr
do z
pri cos(¢) — + Az + ¢, (4.24)

which agree with the equations of motion [3.39|from the double-well case.

ZNote that the definition of ¢ is different by a negative sign from the definition in the double-well case.
3For equation sin(¢) — — sin(¢), and for equation b — —o.
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5. Dynamics

In this chapter, we will explore the dynamics of a BEC in a toroidal trap. Here, we compare the
mean-field (classical) trajectories with the quantum predictions. Since the Josephson equations
and turned out to be the same for the toroidal trap system and the double-well system
[38]],[44], we expect the same phase transition to happen for the critical values |A| = 1, which
were discussed in the bifurcation pictures3.2]for the double well, which will be further explored

in the following. Here, the universal features of the cusp catastrophe appear in the dynamics.

5.1. Mean-Field Trajectories

Using the Josephson equations of motion {.23] and [4.24] derived in the previous chapter, we
can predict the dynamics of the system after starting from a chosen initial condition z;, ¢;.
In classical physics, we can pick any pair of z;, ¢; to watch the system evolve. However, to
mimic an initial quantum state, we perform a so-called truncated Wigner approximation [[13]],
[20],[301],[34]. We choose many different values for the phase difference ¢;, while picking
one specific number difference z;, which gives a pseudo-Fock state. Figure gives a good
overview of the color code used to denote the different initial phase differences. All mean-field
trajectories are results from the classical equations of motion. Besides the initial condition, we
can also manipulate the dimensionless interaction A [38] and the angular velocity of the trap
[26]. For the latter, we must ensure to stay within the regime where the two-mode approximation
is valid: 0.25 < € < 0.75, as discussed in equation We calculated the expectation value
of the population difference, which is the average over all trajectories denoted by a blue curve in
the plots. In Appendix we present the effect of the parameters A, ) and z; on the dynamics.
To explore the expected phase transitions for the critical values |A| = 1, we plot the classical
trajectories in a phase diagram which gives equivalent insight for the toroidal system as
the bifurcation pictures @] did for the double well system [39],[44]. Here, we pick the critical
value A. = —1, where the stable fixed point at ¢ = 0 (blue point in Bloch sphere figures [5.1])

becomes unstable and two new stable fixed points emerge.
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\.\\

¢) o -

Figure 5.1.: Mean-field phase space trajcetories derived from the Josephson equation
with Q = 0.5 (thus € = 0) and z; = £0.7. The many initial phase differ-
ences ¢; are donoted by the colors, where yellow and pink trajectories form the flat
phase space (left) overalp in the Bloch sphere representation (right). Here, we tune
the parameter A from A = —0.75 (upper row) past the critical values A, = —1,
for which the stationary point ¢ = 0 becomes unstable, to A = —1.25 (lower
row). This reproduces the essence of the bifurcation pictures[3.2]in the double-well
system.
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The phase space trajectories show how the two parameters z and ¢ evolve over time, depending
on their initial conditions z; and ¢;. Here, we chose the same z; for all trajectories. In the usual
phase space representation in figure[S. 1| (left), the different values for ¢, are denoted by different
colours. Here, the yellow and purple trajectories connect at the edge at ¢ = +7. Another way
of representing the phase space trajectories is on a sphere, where the projection on the z-axis
represents the population difference and the azimuthal angle ¢ the phase difference. The radius
is set to one. Here, the previously yellow and pink trajectories overlap. We explicitly show
the initially stable fixed points at ¢ = 0, 7 (blue and red points) and all the oscillations around
them. The oscillations with (¢) = 7 (red point) are called 7-oscillations and (¢) = 0 (blue
point) plasma oscillations [44]. Both representations in figure give great insight into the
behavior of the trajectories when tuning A past the critical value A, = |1|. The sign of the
critical value A, = 41 determines, whether plasma oscillations or 7-oscillations undergo the

topological phase transition, as shown in the appendix in figure |A.7

For A > —1, we can clearly see the elliptical shape of the plasma oscillation trajectories. They
become narrower approaching the critical value, where the closest trajectory (blue line in flat
phase space) breaks up into a figure eight like shape through the stationary point forming a
Cassini oval, which constitutes a topological phase transitimﬂ Tuning A < —1, some trajecto-
ries get trapped inside one loop of the figure eight and revolve around new stable fixed points
(z) # 0, which is referred to as self-trapping [44]. Note that each of the two new fixed points
stems from one of the two initial conditions z; = £0.7. Looking at the Bloch sphere representa-
tion, those fixed points are located on opposite hemispheres. In order for both points to emerge,
we need to consider both initial conditions, otherwise, the symmetry is broken. The self-trapped
trajectories correspond to the stable bifurcation branches seen in the pitchfork pictures [3.2][39].
Other trajectories still encircle the whole figure eight and all trajectories inside including the
point ¢ = 0 at (z) = 0. Those correspond to the unstable solution (dashed line) in figure
The same behavior is evident in the classical trajectories in Fock space, figure [5.2] Initially, for
A > —1, all trajectories oscillate through the whole of Fock space with (z) = 0. However,
for A < —1, some trajectories for previously stable plasma oscillations (light blue lines in fig-
ure [5.2)) are now self-trapped on one side of Fock space, oscillating around a fixed ValueE] with
(z) # 0. The m-oscillations (red lines) remain the same. Considering only one initial condition
z; = —0.7 leads to symmetry breaking, where trajectories are self-trapped around only one of
the fixed points’|

I'The Bloch sphere for this scenario is shown in ﬁgurein the abstract.
2Corresponding to just one of the new stable fixed point in figure
3Plotting all trajectories for both initial conditions at once is shown in the appendix in ﬁgure for A > 1.
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Figure 5.2.: Mean-field trajectories in Fock space from the Josephson equations (4.23} 4.24)
with @ = 0.5 (thus ¢ = 0) and 2; = —0.7, for the many different initial phase
differences ¢;, denoted by the colors. Here, we tune the parameter A from a) A =
—0.75 past the critical values A, = —1, for which the stationary point ¢ = 0

becomes unstable, to b) A = —1.25. Some trajectories with ¢; ~ 0 (light blue) are
self-trapped on one side of Fock space due to the bifurcation effect shown is
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Looking at the Fock space trajectories we can clearly see that some of them refocus through-
out the time evolution. For different amplitudes ¢;, the oscillation is faster or slower causing the
trajectory to overshoot or miss the focus point. This leads to the appearance of cusp shapes, as
introduced in chapter In the case of A > —1, before the bifurcation, two type of cusps ap-
pear with different orientations. For 7-oscillations (red lines in figure[5.2)), cusps emerge from
the focus point facing forward, whereas, for plasma oscillations (blue lines), the cusps are facing
backward, eventuating in a focus pointﬂ Once A passes the critical value, the backward-facing
cusps vanish due to the self-trapping. Considering the time-evolution of the phase difference
¢ in phase space gives further insight into the behavior of the system when undergoing the
phase transition. Here, for either choice of A, the m-osciallations (red lines) clearly revolve
around (¢) = 7 and the plasma oscillations (light blue lines) around (¢) = 0. The Cassini
oval shape of the trajectories in figure [5.1] causes the phase space trajectories for the plasma
oscillations to be rather flat. Since the trajectories of m-oscillations approach a circle shape,
their phase space representation takes a more familiar sine function form. It is evident that once
A < —1, some of the plasma oscillations (light blue lines) stay closer to their initial value as
they become self-trapped around the new stable fixed points, which are the foci of the Cassini
oval. If we considered the other critical point A = 1, where the 7-oscillations become unstable,
the red lines would stay closer to their initial values due to self-trapping, as shown in figure[A.4]
If A > |1|, all trajectories will be self-trapped around one of the stable fixed points. Now, we
remember that A o n/v (from equation , where 7 is the interaction strength and v the
coupling parameter between the modes (much like U and J in the double-well system, respec-
tively). Very large magnitudes of A correspond to a very small coupling between the modes.
Therefore, bosons are less likely to switch modes, such that they mostly remain in their initial
modes. Hence, the population difference varies only slightly, keeping most of the trajectories
on one side of Fock space, as shown in figure [A.3|for A = 5.

In the following discussion, we will choose A = 2 to see how the self-trapped solutions behave
in different scenarios. For plots with z; # 0, we set the angular velocity to be 2 = 0.5 (thus
e = 0 per definition 4.17), such that neither of the modes is energetically preferred. Therefore,
the already busy plots don’t get any more confusing than necessary. However, for any plots with
z; = 0, we will assume a faster rotatimﬁ of Q = 0.7, such that the average over all trajectories

is not simply a straight line but more insight about the system.

4The appearance and disappearance of the second set of cusps stem from the additional factor of v/1 — 22 in the
Josephson equation@]compared to a simple sine function, which is discussed in [24]

SIf we consider the other critical value A, = 1, the backward-facing cusps appear for the 7-oscillations as shown
in figure B

®Remember to keep  within the regime given in for which the two-mode approximation is valid.
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b)

Figure 5.3.: Mean-field trajectories of the phase difference with Q = 0.5 (thus ¢ = 0) and
z; = —0.7 (only one side of Fock space, thus, breaking the symmetry), for the
many different initial phase differences ¢;, denoted by the colors. Here, we tune
the parameter A from a) A = —(0.75 past the critical values A, = —1, for which the
stationary point ¢ = () becomes unstable, to b) A = —1.25. Some trajectories with
¢ ~ 0 (light blue) are self-trapped on one side of Fock space due to the bifurcation
effect shown in figure
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In the following chapters, we will discuss the match between classical trajectories in Fock space

and actual quantum solutions. Here, we focus on cases similar to the classical trajectories shown

below.

1.0

0.5

b) -1.0

e

Figure 5.4.: Mean-field trajectories in Fock space over time derived from classical equations
of motion (#.23] #.24) with A = 2, for many different initial phase differences
¢; denoted by different colors and fixed initial population difference between the
non-rotating |0) and rotating modes |1) given by z; = 20N as a) z; = 0.5 with
Q) = 0.5 (thus € = 0) and b) z; ~ 0 and © = 0.7 (thus ¢ # 0). The blue lines denote
the average over all trajectories.
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5.2. Quantum Wavefunctions and SPDM

There are many different ways to investigate the full quantum version of the dynamics. The fol-
lowing results are produced by solving the time-dependent Schodinger equation. All findings
have been confirmed by finding the eigenvalues of the tri-diagonal Hamiltonian in Fock basis
[3.24]and comparing the results, which are identical. Furthermore, we calculated the expectation
value of the population difference which turned out not to be an exact overlap with the clas-
sical expectation value as presented in several plots in the following sections. To explore the
dynamics of the wavefunction over time, we have to pick an initial condition for the population
difference and phase difference. In the following sections, we will consider different initial

quantum states.

The visual representation of the complete eigensystem of the SPDM with its complex eigenvec-
tors and real eigenvalues is rather intricate. We decided to show multiple plots in the appendix
and focus on the Fock space predictions in this section, which turn out to be in perfect agree-
ment with the expectation values of the quantum wavefunctions. To turn the eigensystem of the
SPDM into a Fock space prediction, we start with the simple expression for the eigenstates with

a+ and by being complex numbers

To find the population of the original two modes, we combine the eigenvalues with the re-
spective weight of the eigenvectors. For that, we multiply the probability of each mode in the

eigenvectors with their respective eigenvalues to get the occupation of the original two modes

N:t|\I/:|:|2 :N:t|a:t|2—|—N:|:|bi|2. (52)
——— —
No,+ N1+

From here, we can rearrange to get

No= Noy+ No_ = Ny|ar]* + N_|a_|? (5.3)
Ny =Ny + Ny— = Ny|by | + N_|b_|”. (5.4)
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Now that we know the population of each mode, we can also calculate z = w again, to get
the relative population difference. This allows us, to represent the population of the non-rotating

and rotating modes in Fock space.

1
2= < [V (las 2 = 15:2) + N-(Ja- | = [b-%)] (5.5)

Here, we can find the total number of particles N = Ny + N; from equation[5.3]and [5.4] How-
ever, NN is also one of the parameters we set in the Mathematica code. In the following chapters,
we will compare the predictions of the population difference z with the expectation values of
the wavefunctions and the average over the classical trajectories from the classical equations for

motion.

In the appendix [A.3.1] we plot the eigenvalues over time. Similarly for the eigenstates, we show
the evolution of probabilities per component over time as well as their spinor representation on

a sphere.

Fock State

To start with, we are looking at different Fock states, which are eigenstates of the interaction
term of the Hamiltonian. As mentioned in the classical discussion, a Fock state has a defined
particle difference and leaves the phase difference unrestricted, like a delta function in Fock
space [16]. Since this is the quantum state we simulated with the classical trajectories, we see
the best overlap between the two cases, as shown below and in the appendix in figure [A.10
Also, the initial, relative population difference z; from the classical case is exactly where the
initial Fock state peaks. However, as shown in figure[5.6] the classical average and the quantum
expectation value for z over time are slightly shifted. Consulting the SPDM, we can calculate
the location of the BEC in Fock space over time, which gives exactly the same prediction as
the quantum expectation value in figure, [5.6] For the SPDM we use the population of the
non-rotating mode N and the rotating mode NV, to calculate the relative population difference
z = % between them as shown in equation The eigenvalues and eigenstates of the
SPDM are presented in While the expectation value of the quantum case and the SPDM
predictions are identical, the average over all classical trajectories from figure [5.4] agrees well

at first but starts to slightly dissent from the other solutions after some time.
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Figure 5.5.: Quantum trajectories in Fock space over time with N = 60, A = 2,and a) z; = 0.5
and Q = 0.5, orb) z; ~ 0 and Q = 0.7, compared to the classical trajectories
from the previous chapter (plots c) and d) in the lower row). Here, we reduced the
number of trajectories to ensure better visibility.

05+

a) ~10- b) -10t

Figure 5.6.: Comparison of the classical average of trajectories (blue) with the expectation value
(orange) of the quantum wavefunction and the SPDM prediction (green dots) ac-
cording to equationwith N =60,A=2,a)z =0.5and Q2 = 0.5,and b)z; ~ 0
and Q = 0.7. While the two quantum treatments lead to the same expectation, the
classical average is slightly off.
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To experimentally realize a Fock state, we must be able to control the population difference
precisely. This is easier in the previously discussed double-well system due to the spatial sepa-
ration. In the rotating trap, it is rather intricate to target particles individually with the rotation
to excite them into the rotational state. The two seemingly simple scenarios are the edge states,
where only one of the states is fully occupied. Here, all bosons are located either in the non-
rotating state z; = 1 with angular velocity £ = 0 or in the rotational state z; = —1 with = 1,
for which angular velocities the energy levels of the respective modes are lower than any other
levels, remembering figure m However, both these choices of  are outside the two-mode
approximation. Additionally, since the trajectories start at the edge, the refocusing points will

also be located there, making it hard to identify caustics.

Coherent State

A coherent state can be described as a Gaussian around a Fock state in Fock space [[16]. Instead
of just one defined initial population difference, it also includes neighboring Fock states with
smaller probabilities. Thus, neither z; nor ¢, are perfectly defined. The coherent state in Fock
basis is given by [3]]

N
2

cps[m, 0, ¢] = Z

(2 ) Fom@™ o

where the sum over m includes all of Fock space, and 0 < 6 < 7 determines the location of

the center of the distribution from the binomial coefficient in Fock spac Fock states at the
edge of Fock space, with # ~ 0 or 7, are considered coherent states, which is further discussed
in appendix Coherent states are the eigenstates of the lowering and raising operators
and are sometimes referred to as the quantum states of the harmonic oscillator. To compare
the quantum trajectories starting from a coherent state to the previously mentioned classical
trajectories from figure we use 0 = %’r for z; = 0.5 and 0 ~ 7 for z; = 0, which leads to
the coherent states shown in figure Now, comparing the dynamics starting from a coherent
state to the pseudo-Fock state is not exactly feasible, since now the population difference is less
precisely defined and the phase difference more restricted. For a more accurate comparison, we
would have to use a different truncated Wigner approximation. However, within the purpose of
this thesis, we only remove some ¢; and leave z; well-defined as the mean of the coherent state

distribution. This leads to some higher inaccuracy when comparing the expectation values.

"Note, ¢ is an arbitrary phase that does not influence the appearance of the coherent state in the Fock basis.
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Figure 5.7.: Coherent states in Fock space with a) § = %“ for z; = 0.5, and b) 6 =~ 7 for z; ~ 0.
Here, N = 60, however, for larger N, the coherent state becomes more narrow.

Looking at the dynamics of the wavefunction in the symmetry broken case, figure [5.8] a), the
whole system appears to be self-trapped around (z) # 0. Therefore, only the trajectories for
m-oscialltions (red lines) from[5.4]seem to contribute to the dynamics. For z; & 0, the symmetry
is not broken and all trajectories oscillate around (z) = 0. Comparing the quantum expectation
value with the average over all classical trajectories (blue line in figure [5.9) is only reasonable
for the symmetric case, where the average over just the m-oscillations (red dashed line) is the
same as the average over all trajectories. For the symmetry broken case, the average over only
the m-oscillations (red dashed line) matches the trend of the quantum expectation value way

better than the average over all trajectories (blue line), as shown in figure [5.9]

1.0F 1.0F

0.5-€ 0.5F

Figure 5.8.: Quantum trajectories in Fock space over time with N = 60, A = 2, compared to
the classical trajectories from figure [5.4] with only m-oscillations a) with z; = 0.5,
0 =2 and Q = 0.5, and b) with z; = 0,0 ~ Z and Q = 0.7.

44



Denise Kamp M. Sc. Thesis 2022

0.5

a) —1.0i b) -0t

Figure 5.9.: Comparison of the classical average over all trajectories (blue) and over only the
m-oscillations (dashed red) with the expectation value (orange) of the wavefunction
and the SPDM prediction (green dots) according to equation [5.5] with N = 60,
A=22)2=050~%and Q=05 andb)z; ~ 0,0 ~ 5 and Q2 = 0.7

If we tune A = —2, the 7-oscillations are no longer the ones that get self-trapped, as shown in
figure They oscillate around the stable (z) = 0 fixed point at ¢ = 0. Here, the plasma
oscillations are now self-trapped but they do not contribute to the dynamics of a coherent state
due to z; being less well-defined, therefore, do not appear in figure [5.10]

1.0F

05-Q

-1.0E!

Figure 5.10.: Quantum trajgctories in Fock space over time with N = 60, A = -2, z; = 0.5,
0 = %’r and 2 = 0.5 compared to the classical trajectories from figure with
only m-oscillations.
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Pegg Barnett State

A so-called Pegg Barnett (PB) state is an eigenstate of the hopping term of the Hamiltonian and

the Fourier transform of a Fock state [23]]

Zmazx

|bp) = \/%H Z exp(—imaey)|m), (5.7)

with ¢, = NZ—Lp, where the initial phase ¢,, is well-defined, while all z; in Fock space are
possible. Thus, we will use a different truncated Wigner approximation, basically the Fourier
transform of the previously discussed pseudo-Fock state. Both the quantum expectation value
and the classical average are just constant in the center of Fock space, thus, not explicitly com-
pared. Due to the symmetry, no self-trapping occurs. The dynamics for the PB state in [5.11]
look similar to the Fock state dynamics in[5.3]b), however, slightly shifted and compressed. The

appearing caustics are widespread across Fock space.

1.0F 1.0F

0.5F 0.5F

a)

Figure 5.11.: a) Quantum trajectories in Fock space over time with N = 60, A = 2, Q =0.5,
b) compared to the classical trajectories with many different z; and ¢; = 0.

Eigenstate of Hamiltonian

Probably the easiest state to realize experimentally is the eigenstate of the Hamiltonian itself,
which we calculated during the diagonalization. The lowest energy eigenstate, the groundstate,
can be described as a Gaussian in Fock space. We can let the system settle into the groundstateﬂ
for the chosen parameter, before propagating after a sudden switch. The initial parameter A;

and Q; determine different characteristics of the groundstate, as shown in

8The groundstate is a symmetric linear combination of the non-rotating and rotating mode, while the first excited
state is anti-symmetric.
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prob prob

a) 210 05 s 10 ° b) a0

Figure 5.12.: (}roundstates in Fock space for a) A; = 5000 with ©; = 0.5, and b) A; = 0.5 with
Q; = 0.5 (blue) and §2; = 1 (red). Here, N = 60, however, precision could be
enhanced with larger IV, especially for the narrow state a).

Technically, ©; shifts the Gaussian-like peak around in Fock space, where ; = 0 is perfectly
centered. Due to the restrictions of {2 to lie within the two-mode approximation, only slight
shifts are possibleﬂ For large A, the groundstate becomes more narrow in Fock space e.g. more
Fock state-like, while for small A it becomes very broad and more similar to a coherent state,
as shown in[5.12] In the following, we present the wavefunctions for the unshifted groundstate
with A; = 5000 (which is very large to show clear trend) and A; = 0.5, which we then let
propagate with A = 2 and Q = 0.7.

Once the groundstate has been realized, we can suddenly change the parameter, which is re-
ferred to as a sudden quench, and watch the dynamics of the system while it propagates. A
sudden switch of the parameters is possible in the experiment due to the controllable setup.
After the quench, the previous groundstate is no longer an eigenstate of the system and we can
watch it evolve over time.

Due to the symmetry of the eigenstate in Fock space, no self-trapping occurs in either case.
However, caustics are observable in the center of Fock space depending on the contributing
trajectories, thus, initial phase differences. Since the eigenstates do not have a completely well-
defined initial population difference z;, not all initial phase differences might be possible. Even
though the narrow groundstate is not quite a delta function in Fock space yet, it seems to rea-
sonably match with all previously introduced phase differences, see figure[5.13]a). On the other
hand, the broad groundstate has a very widespread initial population difference. Therefore, the
choice of initial phase difference is more restricted and we lose some trajectories compared to
the Fock state, which had valuable contributions to the caustics. As shown in figure @ b),

only the plasma oscillations seem to contribute. Thus, removing all other trajectories from the

9See figure for shifted narrow groundstate with ; = 20, which is far outside the two-mode approximation.
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classical caseEl gives a better overlap with the broad groundstate wavefunction. To get an even
better idea of the actual classical trajectories corresponding to the groundstate propagation, one
could apply a different truncated Wigner approximation for the initial condition in the classical
case. Instead of a pseudo-Fock state, one would use the probability distribution from the initial

quantum groundstate as the initial conditions for the classical trajectories.

10F 10F

05 05F

Figure 5.13.: Quantum trajectories in Fock space over time with N = 60, A = 2, Q = 0.7, for
initial groundstate with a) A; = 5000 and b) A; = 0.5. The narrow groundstate
reasonably overlaps with the classical trajectories in with many different ¢;, while
the broader groundstate seems to only match with the plasma oscillations.

Next, we compare the quantum expectation values with the classical averageEL in figure
For neither of the two initial groundstates, they match perfectly. However, for the narrow
groundstate, the tendency agrees better. Since the classical trajectories were made from a

pseudo-Fock state, the narrow groundstate might be approximated by a Fock state.

z Z
1.0 1.0

05F 0.5

-0.5F 05

a) -1.0b b) -1.0-

Figure 5.14.: Comparison of the average over the classical trajectories (blue) with the expecta-
tion value (orange) of the quantum wavefunction and the SPDM prediction (green
dots), with N = 60, A = 0.5, z; = 0, Q = 0.7, for initial groundstate with a)
A; = 5000 (narrow groundstate) and b) A = 0.5 (broad groundstate).

19Similar to the adjustments we had to make for the classical trajectories to match the coherent state.
'1Both quantum predictions are the same, and due to the symmetry, the average over just the plasma oscillations
as the average over all trajectories.
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6. Conclusion

Using an atomic BEC model, we investigated the dynamical properties of many-body quantum

systems around instabilities and the concomitant bifurcation leading to phase transitions.

Within the many-body theory and two-mode approximation, we were able to map the BEC in
a toroidal trap onto a double-well system. We found a spontaneous phase transition to occur at
a critical value of |A.| = 1, which breaks Z, symmetry. Below the critical value, the system is
in the symmetric phase, where bosons strive to equally populate both the non-rotating and the
rotating modes, considering the angular velocity of the trap Q2 = 0.5 does not bias the system.
For a slower rotation, bosons prefer the non-rotating mode, while faster rotations excite more
bosons into the rotating mode. If |A.| exceeds the critical value, the system enters the symmetry
broken phase, where one mode is dominantly populated, depending on the initial conditions
of the system. If we start off with more bosons in either the non-rotating or rotating mode,
the same state is preferred in the symmetry broken phase. This is referred to as self-trapping.
In both phases, we identify cusp catastrophes appearing when the trajectories in the collective
dynamics attempt to refocus. This can be further analyzed using catastrophe theory. In the
symmetric phase, both the plasma and the m-oscillations independently create cusps, however,
facing opposite directions. The directions of the cusps for each of the oscillations entirely de-
pends on the sign of A, as shown in figure[A.3]b) for A = —0.5 and d) for A = 0.5. For negative
A, plasma oscillations form backward-facing cusps (blue trajectories), while the cusps formed
by m-oscillations face the opposite direction (red trajectories). For positive A, the directions are
switched. Entering the symmetry broken phase, the backward-facing cusps vanish. Here, some
trajectories only oscillate on one side of Fock space due to self-trapping, causing them to miss
the refocusing entirely. This can be considered a dynamical phase transition. Whether plasma
oscillations or 7-oscillations become self-trapped, thus, cease to form (backward-facing) cusps,
again depends on the sign of A. In chapter [5] we explicitly discussed the phase transition at
A = —1, where plasma oscillations (blue trajectories) become self-trapped and no longer form
backward-facing cusps, as shown in figure The phase transition at A = 1 is shown in figure
[A.4] with self-trapped 7-oscillations (red trajectories).

49



Denise Kamp M. Sc. Thesis 2022

One of the main theoretical tools we used in this thesis is the so-called truncated Wigner approx-
imation [[13]], [20[,[30],[34] where one uses many classical trajectories (each being a solution of
the mean-field equations of motion with initial conditions sampled from a quantum probability
distribution) to mimic the dynamics of the quantum (many-body) wavefunction. The case of
an initial Fock state is particularly simple because the number difference is completely defined
and so the phase difference is completely undefined (all phases are equally probable). The tra-
jectories generically undergo focusing to form caustics, especially fold and cusp caustics which
according to catastrophe theory are the only stable singularities in two dimensions (e.g. when
plotting number difference versus time). Depending on the choice of an initial quantum state,
the quantum wavefunctions match fairly well with the mean-field trajectories. A coherent state
living at the edge of Fock space is also a Fock state. Here, the refocusing of the trajectories
happens too close to the edge to witness clear cusp formation. To find a centered Fock state,
that is experimentally easy to create, we investigate the eigenstates of the system. Letting it
settle into the groundstate for very large A, leads to a rather narrow probability distribution
around the center of Fock space, where the population difference is rather well defined and we
can approximate the ground state as a Fock state, without having to sacrifice any trajectories

from the unrestricted phase differences.

6.1. Outlook

Following the results of this thesis, one can look further into the caustics we saw appearing in
the collective dynamics using catastrophe theory. Here, we can investigate the appearance and
behavior of vortices. On the other hand, one could follow up on the dynamical and energetic
instabilities found in the toroidal trap system. Here, one could investigate the decay rates of the
different instabilities. One can also make connections to hawking radiation in sonic black holes
from the depletion. To further deepen our understanding of BEC in a toroidal trap, one could

include a third mode and investigate its comparability to a triple well system.
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A. Appendix

A.1. Josephson Equations in the Toroidal Trap

In this chapter, we show more details on deriving the equations of motion for the two-mode
BEC in a toroidal trap. Starting from the rotating frame GPE, which also includes the disorder

potential

0,0 —[—18—2+'93+ W% +2 (9)}@ (A.1)
1OV, = 5 962 1 20 nW¥e U COS c- .

Using the two-mode condensate wavefunction |¥.) = /N [co (£)]0)+c1(1)] 1>] and the position
vector |r) = (R, 6) we can find the normalized non-interacting single-particle eigenstates V. =
<r|\Pc> = ﬁeijCQ to be

v, = \/% [co(t) + e (t)] (A.2)

Using equation [A.2]in the GPE[A.I] we find the following coupled equations [2]

iéo = v + [2 - \c0|2] c (A3)

1 .
ity = veg + [2 - \01]2] o+ [5 - Q} o (A.4)

Expressing the complex numbers as ¢; = |c;|e’% again allows us to switch to the parameter z
and ¢ from the definition later.

iléo] — leoldo = vler| [cos(9) — isin(9)] + N [2 = leol] e

iléa] — lerldr = vleol [ cos(e) + isin()] + 0N [2~ [r]?] feu] + [% ~0flal @)
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Now, we can separate equation [A.5]into real and imaginary parts. Let’s focus on the imaginary

equations first, which read as follows

iléo| = —iv|eq] sin() (A.6)
ilé1] = iv|co| sin(o). (A7)

If we multiply them with either |c| or |c;| respectively leads to

1d

|coll¢o| = 5@(100\2) = —v|co||c1] sin(e) (A.8)
. 1d )
eaflér] = 5= (leal”) = vlerlleo] sin(6). (A9)

Now, we can subtract the latter from the first and finally use the definition z = |co|? — |c1|?,
such that

1d
§d_j = —vV1 — 22sin(¢). (A.10)
Lastly, we have to rescale the time 7 = 2vt and arrive at
dz .
o= —V1 — 22sin(¢). (A.11)
-

This is the same as the equation of motion [3.40]as the double-well case.

Now, we will calculate the second equation of motion with a similar procedure using the real
equations from[A.5] which look like

~leoldo = vler] cos(6) +nN |2 = [eo] ol (A.12)

) 1 _
—lerlér = vieo| cos(6) + N |2 = |er*]er] + |5 = Q] . (A13)

Multiplying them with |cq| and |co| respectively and taking the difference lets us use z and ¢
from .18 again, which leads to
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@ _ 2v cos(¢)

- +nNz + [% -9, (A.14)

z
V11— 22

Now rescaling the time 7 = 2vt leads to

do 2 N [5-9
_ U | Al
o cos(9) — + 7% z+ 5 (A.15)
\A,./ S——

where we are using the definitions for € and A from agairﬂ Therefore, the second equation

of motion turns out the be

d¢

I + Az + €, (A.16)

=) A=

which again agrees with the equation of motion [3.39] from the double-well case.

'Remember, ¢ in the toroidal trap has a global negative sign compared to the one in the double-well.
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A.2. Classical Trajectories

Parameter

To deepen the understanding of the role each parameter (A, 2 and z;) plays for the classical tra-
jectories, we present some examples of tuning one parameter while holding the other parameters
constant with NV = 60.

0.5% 05}

-05 [ -05-

9) —1.0: d) -10f

Figure A.1.: Mean-field trajectories in Fock space z; = 0.6 and A = 1.5, for many different
initial phase differences ¢;. Here, we tune () to increase from a) to ¢) within the
valid two-mode approximation region a) Q = 0.25, b) Q = 0, ¢c) Q = 0.75 and
outside the valid two-mode approximation d) 2 = 1.

Looking at the initial state with most bosons in the non-rotating state z = 0.6 in the regime
A = 1.5, where self-trapping of the 7-oscilaltions occurs in the non-rotating mode, increasing
the angular velocity (ﬁgure leads to a decrease in the amount of self-trapped trajectories.
Here, bosons get more easily excited into the rotating mode. We present (2 outside the two-mode

approximation to show the exaggerated effect.
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For A = 2 and Q = 0.5 (no preferred mode), we can see how z; determines on which the side
of Fock space the m-oscillations get trapped (figure [A.2)). For z; = 0, no self-trapping occurs
since no new stable fixed points appear and all 7-oscillations disappear, as shown in figure[A.6
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Figure A.2.: Mean-field trajectories in Fock space Q2 = 0.5 and A = 2, for many different initial
phase differences ¢;. Here, we tune z; to increase from a) to e) with a) z; ~ —1,
b)z; = 0.6,¢)z; =0d) z; = 0.6, e) 2z ~ 1.
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Keeping z; = 0.6 and Q = 0.5 (no preferred mode), tunig A (figure determines whether
self-trapping occurs or not. The sign of A decides if plasma oscillations (blue linse) or -
oscillations (red lines) become self-trapped. If A > A., more trajectories become self-trapped.
For A = 0, the double cusps share the same focus point.
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Figure A.3.: Mean-field trajectories in Fock space Q@ = 0.5 and z; = 0.6, for many different
initial phase differences ¢;. Here, we tune A to increase from a) to f) with a)
A=—-15bA=-05c)A=0,d)A=05,e)A=15HA=5
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Self-trapping in 7-Oscillation

As discussed in chapter |5, the system undergoes a topological phase transition for |A| = 1.
Initially, we showed the plasma oscillations getting trapped on one side of Fock space for A <
—1, causing some of the cusps catastrophes in the collective dynamics to vanish. Here, we also
present the A > 1 case, where the 7-oscillations are self-trapped. The self-trapping is shown
in figure |A.4], where some of the red trajectories oscillate around a fixed value on one side of
Fock space, which is equivalent to trajectories remaining on one hemisphere in figure In
phase space, the red lines remain close to their initial value, indicating a very small oscillation.
In these plots, we only show the trajectories for the initial population difference z; = —0.7,

causing symmetry breaking. (See full symmetric case with z; = £0.7 in figure[A.5)).

Figure A.4.: Mean-field trajectories of the population difference (upper row) and phase differ-
ence (lower row) with Q = 0.5 and z; = —0.7, for many different initial phase
differences ¢;. Here, we tune the parameter A from A = 0.75 (left), to A = 1.25
(right) for which some 7-oscillations (red lines) become self-trapped.

In figure[A.7] we show the trajectories in a phase-space diagram. Here, we choose A = 0, where
plasma and m-oscillations have the same elliptical shape. A > 1 causes the previously stable
point at ¢ = 7 to become unstable and gives rise to two new stable fixed points, which lie in the
foci of the Cassini oval-shaped trajectories for the m-oscillations. For the special case z; = 0,

no new stable fixed points appear and all 7-oscillations disappear, as shown in figure [A.6]
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Figure A.5.: Mean-field trajectories in Fock space with Q = 0.5, A = 1.25 and z; = 0.7, for
many different intital phase differeces ¢;. Here, some 7-oscillations (red lines) are
self-trapped on their respective side of Fock space.

9

Figure A.6.: Mean-field phase space trajcetories with Q = 0.5 (thus € = 0), A = 2 and z; = 0.
The many initial phase differences ¢; are donoted by the colors. Here, A > 1, thus,
self-trapping should happen. However, for z; = 0 no new stable fixed points occur
and all 7-oscillations vanish.
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= \ \“

Figure A.7.: Mean-field phase space trajcetories derived from the Josephson equation
with Q = 0.5 (thus ¢ = 0) and z; = 40.7. The many initial phase differences
¢, are donoted by the colors, where yellow and pink trajectories form the flat phase
space (left) overalp in the Bloch sphere representation (right). Here, we tune the
parameter A from A = 0 (upper row) past the critical values A. = 1, for which
the stationary point at ¢ = 7 becomes unstable, to A = 1.25 (lower row). This
reproduces the essence of the bifurcation pictures 3.2|in the double-well system.
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A.3. Quantum Trajectories and SPDM

A.3.1. SPDM Eigenvalues and Eigenvectors

When calculating the Fock space predictions from the SPDM, we combine the information
from the time-dependent eigenvalues and eigenvectors. This is done as described in chapter
and presented here for completeness. Here, we present the eigenvalues over time and the
evolution of probabilities per component in the eigenstates. For that, we plot |a|? and |b |?
from equation [5.1] separately over time, we can see the time-evolution of the probability for the
BEC to be in either of the two original modes. This gives us insight into what kind of linear
combination of the two modes the eigenstate forms. Lastly, we also plot the eigenvectors as

spinors on a sphere [28]], with their trajectories over time. For this, we assume

U = cos(0+/2)[0) + e A% sin(h./2)[1), (A.17)

where the global phase has been shifted to ensure the weight of the non-rotating state to be real,
with 0 < A®, < 27. Therefore, we can compare this to equation[5.1]and say |a| = cos(64/2)
and |b+| = sin(fx/2), with the constraint 0 < 6, < 7 to ensure that |a| and |bL| are always

between 0 and 1. Now, we can find the angles for the spherical coordinates

0+ = 2arctan (E) (A.18)

|a|

Ady = arg(by). (A.19)
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9) d ; o 5

Figure A.8.: Eigensystem of SPDM when initial state is a Fock state with N = 60, A = 2,
Q) = 0.5 (thus € = 0) and z; = 0.5. For the eigenstates V. = a.|0) + b.|1) we
plot the evolution of |a|? (solid line) and |b|? (dashed line) over time separately
in a) U, and b) ¥_. In plot c) we show the eigenstates represented as spinors on
a sphere according to equation[A.T7] where the different colors represent the time
evolution. Plot d) shows the evolution of both eigenvalues over time, where the
blue line belongs to the eigenstate W, (plot a) and the red line to W_ (plot b).
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Figure A.9.: Eigensystem of SPDM when initial state is a Fock state with N = 60, A = 2,
Q = 0.7 (thus € # 0) and z; ~ 0. For the eigenstates Uy = a|0) + b.|1) we
plot the evolution of |a|? (solid line) and |b.|? (dashed line) over time separately
ina) ¥, and b) ¥_. In plot ¢) we show the eigenstates represented as spinors on
a sphere according to equation where the different colors represent the time
evolution. Plot d) shows the evolution of both eigenvalues over time, where the
blue line belongs to the eigenstate W, (plot a) and the red line to ¥_ (plot b).

66



Denise Kamp M. Sc. Thesis 2022

Fock state: full Overlap

When comparing the Fock state wavefunction to the classical trajectories, we reduced the num-
ber of trajectories and retained using the color code for the initial phases For completeness, we
show their overlap in figure One can see, that they match pretty well, however, the plots

are very busy. Therefore, we decided to reduce the colors in the main discussion.

1.0

Figure A.10.: Quantum trajectories in Fock space over time with N' = 60, A = 2, compared
to the classical trajectories frorP figure a) with z; = 0.5 and Q = 0.5 (thus
e = 0), and b) with z; ~ 0 and 2 = 0.7 (thus € # 0).
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A.3.2. Edge Fock State vs Coherent State

As mentioned in chapter an extreme Fock state with z ~ —1 (all bosons in the rotating
mode) is also considered an extreme coherent state with # ~ 0. Plotting the dynamics of the
system for both these initial states gives insight into their similarities. Unfortunately, we cannot
pick the exact extreme states in our code due to boundary issues. However, even for almost
extreme states, we can already identify their similar behavior. The Fock state trajectories match
better with the classical ones since they were achieved by using a pseudo-Fock state. Increasing
the number of particles even further might allow us to get closer to the edge states, however, we
already increased /N compared to other plots to ensure better visualization. Here, the Fock state

still splits into two branches, which would be combined for the actual extreme Fock state.

10k =l B e L S S B

05}

Figure A.11.: Quantum trajectories in Fock space over time with N = 141, A = 1.1, = 0.5,
for a) inital coherent state with & =~ 0, b) initial Fock state with z =~ —1, ¢)
Pseudo-Fock state with classical trajectories.
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A.3.3. Shifted Groundstate

As mentioned in chapter[5.2] the location of the ground state peak in Fock space depends on the
value of €);. However, since the choice is limited by the two-mode approximation. Therefore,
no relevant shift can be made for a narrow ground state. Here, we present an example of a
shifted ground state, with Q, = 20, which is far too large to be considered within this thesis. To
make this visible, we also had to use A; = 500, which is a factor 10 smaller compared to the

narrow state presented before.

prob

L | ] 1 z
-1.0 -0.5 0.5 1.0

Figure A.12.: Groundstates in Fock space with Q; = 20, for A; = 500.
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