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Williams, James Edgar (Ph.D., Physics)

The Preparation of Topological Modes in a Strongly-Coupled Two-Component Bose-Einstein
Condensate

Thesis directed by Prof. Murray Holland

In this thesis, we present a detailed theoretical study of a coupled two-component Bose-
Einstein condensate in a magnetic trap. We first present a quantum kinetic theory describ-
ing the Bose-condensed gas, that applies to general finite-temperature and nonequilibrium
situations. We then treat the coupled, two-component condensate at zero-temperature by
solving the Gross-Pitaevskii equation, in which the fluctuations are neglected. We show
that in the weak-coupling limit, the system behaves like a nonlinear Josephson-junction,
analogous to two condensates in a double-well potential that are coupled due to quantum
tunneling. In the opposite limit of strong coupling between internal states, we show that
the condensate can be prepared in a variety of new topological states. In particular, we
predict a scheme for generating a quantized vortex in this two-component system, where
one component sits in the center with a uniform phase while the other circulates around it.
Subsequent related experimental work at JILA by the group of Eric Cornell and Carl Wie-
man has demonstrated these predictions in the laboratory —this is the first observation of a
vortex in a dilute-gas Bose-Einstein condensate. Finally, we study the kinetic evolution of
a single-component gas above the critical temperature by solving the Boltzmann equation
and investigate the possibility of achieving a steady-state condensation, which can occur if
atoms are injected into the trap during evaporative cooling.
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Chapter 1

Introduction

Experimental observation of Bose-Einstein condensation

The first experimental observation of Bose-Einstein condensation (BEC) in a dilute atomic
gas occurred in the summer of 1995 at the University of Colorado by a team of scientists
at JILA, led by Professors Carl Wieman and Eric Cornell [1], and soon after by the group
of Professor Wolfgang Ketterle [2] at the Massachusetts Institute of Technology (MIT). In
a short span of four years, the number of experimental groups that have observed BEC
has increased from two in the United States to over twenty worldwide [3]. Because these
atomic systems are relatively easy to probe and manipulate in the laboratory, a wealth of
experimental data is becoming available for comparison to theory and many new questions
are being asked that are pushing the theory of low-temperature, many-particle physics in
exciting new directions. This cutting-edge research has opened up a thriving new field of
physics, as indicated by the assignment of its own section, entitled Matter Waves, in the
journal Physical Review A. It has caught the interest of some of the most talented scientists
from across a broad range of fields, such as atomic and molecular physics, quantum optics,
and condensed matter physics.

This experimental breakthrough has had such a tremendous impact on low-temperature
physics because these dilute atomic gases offer a long list of new properties that make
them very attractive to study in the lab and extremely interesting to consider theoretically.
The ability to control and probe these atomic systems with electromagnetic radiation has
played a key role throughout this exciting development. The internal structure of the alkali
atoms used in these experiments is very well known and a large array of transitions ranging
from optical to radio frequency can be accessed with inexpensive lasers and synthesizers.
Innovative new technologies, such as laser cooling and trapping, are based on a detailed
understanding of atom-light interaction and have provided physicists with the tools needed
to cool the atomic gas to the ultra-low temperatures required to reach BEC [4, 5, 6]. Laser
light is also used to image the gas sample to obtain either the density or the momentum
distribution of the gas, from which many useful properties of the condensate can be ascer-
tained. The condensate can also be probed by varying the magnetic fields of the confining
potential in a controlled manner in order to investigate the collective modes of the system,
for example.

With so many different ways to probe and excite the condensate, it is not surprising that
many new properties are being explored that had never been considered previously in the
vast literature on Bose-condensed systems. One such novel system is that of a driven, two-



Chapter 1 Introduction

component condensate, where an external electromagnetic field is applied that coherently
couples two internal states of the atoms. Recent experiments at JILA by the group of
Eric Cornell and Carl Wieman [7, 8, 9, 10, 11, 12, 13, 14] have explored many interesting
properties of this system; this experimental work provides the inspiration for several related
projects presented in Chapters 4 through 6 of this thesis. As a result of this productive
experiment-theory collaboration at JILA, a surprising new development has occurred that
is pushing our understanding of BEC in an exciting new direction: we have discovered
a way to coherently transfer atoms in the condensate from the usual mean-field ground
state of the trap to a variety of different macroscopic excited states, such as a vortex. This
technique exploits a rather non-intuitive effect arising from the subtle interplay between the
internal and motional dynamics of the condensate, which we describe in detail in Chapter 6.
This collaborative effort has lead to the first experimental observation of a vortex in a dilute
Bose-condensed gas [14].

What is Bose-Einstein condensation?

In order to appreciate the remarkable new developments in this growing field, one should
first understand the basic properties of BEC in a dilute atomic gas. The most striking fea-
ture of BEC is that the wave-like behavior of matter predicted by quantum mechanics is
exhibited on a macroscopic scale due to the condensation of, typically, millions of identical
atoms into the same quantum state. Just as a classical electromagnetic field is described by
an amplitude and a phase, so too is this quantum gas. One of the most visually stunning
observations of quantum coherence on a macroscopic scale was made by allowing two ini-
tially isolated condensates to overlap; the resulting density pattern displayed interference
fringes, analogous to the interference between coherent light waves emanating from a dou-
ble slit [15]. Another intriguing property of Bose-condensed systems is the unrestricted
flow of particles in the sample, such as persistent currents in super-fluid helium that flow
without observable viscosity, and electric currents in superconductors that flow without
observable resistance. These “super” properties of Bose-condensed systems occur because
the macroscopic occupation of a quantized mode, such as a vortex, can provide a stabilizing
mechanism that inhibits decay due to thermal relaxation [16]. The recent observation of a
vortex in the dilute Bose-condensed gas has opened the door to the study of super-fluidity
in these systems [14].

The idea of a macroscopic number of identical particles acting in unison to exhibit
wave-like behavior is counter-intuitive to our daily experience of the world, where objects
are distinguishable and behave like particles that follow classical trajectories described by
Newton’s laws of motion. In the BEC experiments, this classical description of the system
is initially valid when the atomic sample is loaded into a vacuum cell and laser cooling
begins, followed by evaporative cooling in a second stage of the experiment. Imagine this
gas of particles in the container at room temperature. Based on our intuition, we can label
a particle and track its motion in the gas: it travels the mean free path [ of the gas before
passing by another particle within some interaction radius a. This results in a momentum-
changing collision, and then it continues until the next collision and so on. This evolution
of the gas is given by the classical Boltzmann kinetic equation, which predicts that in
equilibrium the system is described by the Maxwell-Boltzmann distribution.

Quantum mechanics, however, predicts that as the temperature of the gas approaches
some critical value T, the wave-like nature of the particles becomes important to consider.
As the gas is cooled down, the particles become smeared out and each one can best be
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described as a wave-packet, with a characteristic wavelength A\qg = (27h% /mkgT)/2,
called the thermal de Broglie wavelength, where m is the mass of the atom and 7' is the
temperature. As the temperature is lowered close to T, the effect of smearing the position
of a single particle becomes so enhanced that the de Broglie wavelength becomes com-
parable to the mean-free path, A\qg =~ [ and the wave-packets begin to overlap. At this
point it becomes impossible to distinguish one particle from another. Due to this indis-
tinguishability, the particles become correlated in a particular way, depending on whether
they are bosons or fermions. For bosons, this correlation causes all of the particles to “con-
dense” into a single wave-packet with the longest wavelength permitted by the size of the
box. Since photons are bosons, they too exhibit this phase transition, which takes the form
of the ubiquitous laser, which produces a phase-coherent beam of light. One obvious ap-
plication of BEC, then, would be to produce a phase-coherent beam of atoms—an atom
laser [17, 18, 19].

Of course this description is overly simplified. In fact, one has to incorporate both of
the particle and wave concepts described above into a proper treatment of BEC. In other
words, one must unify the notion of collision-induced fluctuations with the idea of hav-
ing a single coherent wave packet. If the interactions between particles in the system are
very strong, then the strong correlations due to collisions will dominate the system and
obscure the coherence properties of the condensate, which typically had been the situa-
tion for Bose-condensed systems studied in condensed matter physics, such as super-fluid
helium. In sharp contrast, interactions between particles in a dilute atomic gas have a
weak effect, so that the wave-like condensate dominates the system and collisions can be
treated perturbatively. In this case, the interaction of all of the particles on a single parti-
cle can be summed to give an averaged effect, as a first approximation. This approach is
called mean-field theory and with suitable approximations gives rise to the Gross-Pitaevskii
equation that describes the time-evolution of the condensate, in which the effect of inter-
actions gives rise to a density dependent effective potential that makes the dynamics of
the condensate nonlinear. This simple description does not include the fluctuations due
to collisions, but just treats their averaged effect. This approximation is appropriate in the
T = 0 limit, which we consider in Chapter 3 for a single component BEC. How to properly
treat the collisional fluctuations in these dilute systems is an active area of research in this
field [20, 21, 22, 23, 24, 25, 26, 27]. In Chapter 2 we will present our own version of the
underlying theory for this system that describes the condensate and fluctuations about it
and includes the dissipative effect of collisions.

Overview of the thesis

This thesis is divided into three main parts, as illustrated schematically in the flow chart
shown in Figure 1.1. In Chapter 2 we present a quantum kinetic theory describing the di-
lute Bose-condensed gas at finite temperature. The results of this theory extend the standard
treatment of the system by including the dissipative effect of collisions. The main result of
the chapter is the closed, coupled set of kinetic equations Eq. (2.70) to Eq. (2.72) describ-
ing the mean-field, the normal fluctuations, and the anomalous fluctuations, respectively.
By dropping the collision terms from the kinetic equations in section 2.4.1, we recover the
usual Hartree-Fock-Bogoliubov result, and if we make the further simplification of neglect-
ing the fluctuations altogether, we recover the Gross-Pitaevskii (GP) equation. This will be
the starting point for Chapter 3. We also consider the high temperature limit in section 2.4.2
by completely neglecting the mean-field and anomalous fluctuations. There we derive the

3



Chapter 1 Introduction
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Figure 1.1: Flow chart of the chapters in the thesis. The structure of the thesis consists of
three main parts: the underlying theory of BEC, the coupled two-component condensate at
T = 0, and solutions of the kinetic equation at 7" > T..

quantum Boltzmann equation, which is the starting point for Chapter 7.

The first generation of experiments in BEC, and correspondingly most theoretical in-
vestigations, dealt with a single-component condensate, where only one atomic species is
present. In Chapter 3 we consider this basic system and outline some of the main con-
cepts, such as the condensate ground state, topological modes, and elementary excitations,
in order to get an overview of zero temperature mean-field theory for a single-component
system. In these systems, condensation occurs into the lowest-energy state of the trap.
In the absence of interactions, this would just be the Gaussian-shaped ground state of the
harmonic trapping potential. However, the condensate ground state is actually much big-
ger than this and is shaped like an inverted parabola due to the effect of interactions. In
section 3.3 we show results of numerical calculations of the condensate ground state and
discuss some of its basic properties.

A great deal of theoretical work has appeared in the literature over the last few years
investigating vortices in a single-component dilute-gas BEC. One proposed scheme for
preparing the condensate in a vortex mode is to distort the confining potential and mechan-
ically rotate the trap during the cooling process. In this way, the lowest energy mode may be
engineered to be circulating about the axis of symmetry. Such an approach is in direct anal-
ogy with experiments on vortices in super-fluid helium—the asymmetry of the harmonic
trap for the atomic gas plays the role of surface roughness of a rotating vessel. Although
conceptually this method appears promising for vortex generation in a trapped gas, so far
technical difficulties have precluded its successful implementation. In section 3.4 we out-
line some of the basic properties of vortices and we also consider other non-ground-state
condensates, such as a dipole-mode; we refer to these macroscopic excited states as topo-
logical modes' in order to distinguish them from the concept of an elementary excitation

I"This is somewhat of a misnomer, for we apply “topological” not only to vortex solutions, but also to noncir-



or linearized collective mode, which we discuss briefly in section 3.5. In an elementary
excitation, a small fraction of atoms are excited out of the condensate on average; the lin-
ear response of the condensate to a weak mechanical drive can be expressed in terms of
elementary excitations, for example. In contrast, in a topological mode a large fraction of
the atoms occupy the same excited state.

One of the most interesting new developments in this field is the creation of multi-
component condensates, where different atomic species are Bose-condensed in the same
system. The earliest work in this area occurred at JILA in 1996, where two different hyper-
fine internal states were populated in the condensate [7]. Later work at MIT studied atoms
trapped in an optical potential, where three different Zeeman sub-levels were populated
in the condensate [28]. These initial experiments on multi-component condensates, along
with many more that followed, have spawned a wealth of theoretical studies on these spinor
condensates. Early work on these systems was concerned with the ground state properties
and elementary excitations of multiple components trapped together [29, 30, 31, 32].

A natural extension of the work on mixtures of different internal states in a condensate
is to consider the application of an external electromagnetic field that couples different
internal states of the atoms in the condensate. Most of the recent BEC experiments deal
with this basic system in some form or another. A useful tool for coupling atoms out of the
condensate, which is a basic ingredient of an atom laser, is to apply an external field to the
condensate that drives transitions to an untrapped internal level [17, 18, 19]. Alternatively,
one can apply an external field to couple internal states that are both trapped. A series of
experiments at JILA have explored this situation [8, 9, 10, 11].

In Chapters 4 to 6 we investigate a driven two-component condensate, where two inter-
nal hyperfine states are trapped, though each state experiences a slightly different confining
potential. In Chapter 4, we derive the coupled two-component Gross-Pitaevskii equation
Eq. (4.11), which is a key result for the studies presented in Chapters 4 to 6. Our main fo-
cus in Chapter 4 is on the stationary solutions of the two-component system, both with and
without coupling. For the case of no coupling, we calculate ground states, and topological
modes, the results of which are needed in Chapter 5 and Chapter 6. We also consider the
lowest-energy stationary solution of the coupled system, which we call the dressed states.

In Chapter 5 we consider the case of weak coupling between internal states that are in
displaced traps, so that the two components are separated along the vertical axis with a finite
overlap. This system resembles a different system considered recently in the BEC litera-
ture: two condensates in a double well that can tunnel through the central barrier so that the
two condensates are weakly coupled, as in the standard Josephson junction in condensed
matter physics. Due to the mean-field interaction, the corresponding Josephson-junction
equations are nonlinear. We show results of numerical calculations, and give a closed-form
approximate solution as well. In Chapter 6 we treat the opposite limit of strong coupling
between internal states and show that the condensate can be prepared in a variety of new
topological states. In particular, we predict a scheme for generating a quantized vortex
in this two-component system, where one component sits in the center with a uniform
phase while the other circulates around it. Subsequent related experimental work at JILA
by the group of Eric Cornell and Carl Wieman has demonstrated these predictions in the
laboratory—this is the first observation of a vortex in a dilute-gas Bose-Einstein conden-
sate [14].

In Chapter 7 we shift our attention to the high temperature limit and study the quantum

culating modes, such as a dipole or quadrupole.



Chapter 1 Introduction

Boltzmann equation, which was derived in section 2.4.2. We first derive the quantum
version of the ergodic Boltzmann equation by assuming detailed balance in each degenerate
subspace. This results in a distribution function that depends only on energy. We then
present a simulation procedure for numerically solving the quantum Boltzmann equation,
which is based on the quantum trajectory methods first developed in quantum optics to
simulate master equations. We then present explicit calculations of finite number effects
on equilibrium, the dynamic build-up of the ground state, and simulations of evaporative
cooling.

In Chapter 8 we investigate the possibility of obtaining Bose-Einstein condensation
in a steady state by continuously loading atoms into a magnetic trap while keeping the
frequency of the RF field fixed. A steady state is obtained when the gain of atoms due
to loading is balanced with the three dominant loss mechanisms due to: elastic collisions
with hot atoms from the background gas, inelastic 3-body collisions, and evaporation. We
describe our model of this system and present results of calculations of the peak phase-
space density pg in order to investigate the conditions under which one can reach the regime
po > 2.612 and attain BEC in steady state.



Chapter 2

Underlying Theory

2.1 Introduction

In this thesis we are interested in the particular system of a dilute, finite Bose-Einstein con-
densed gas of trapped atoms. The theoretical study of this interesting system is motivated
by the recent experimental progress in Bose-Einstein condensation [33, 34]. Conceptually,
this system resides somewhere between the laser, which can be thought of as a steady-state
Bose-condensation of photons into a single cavity mode, and superfluid helium, which is a
Bose-condensed liquid. In these two limiting cases, the constituent particles are either un-
correlated in the case of the laser since practically there is no interaction between photons,
or highly correlated in the case of superfluid helium due to the strong interactions between
particles in such a dense system. The underlying theories of these two limiting cases are
well established, yet the approaches taken toward and the questions asked about each sys-
tem are very different. It is not surprising, then, that a standard theoretical framework for
the dilute Bose-Einstein condensed gas, which is somewhat of a conceptual hybrid of these
two cases, has not yet been established and is currently a very active area of research in this
field [20, 21, 22, 23, 24, 25, 26, 27]. Such a theory must embrace the notions of quantum
coherence and irreversible dynamics as envisioned in quantum optics, and the idea of the
collective behavior of a system of interacting particles familiar to the condensed matter
physicist.

In this chapter we develop a theory for the dilute Bose-condensed gas that describes
a coherent mean-field and the fluctuations about it. The main result of our theory is a
closed set of coupled equations describing the condensate and the normal and anomalous
fluctuations at finite temperature; these equations go beyond the standard Hartree-Fock-
Bogoliubov theories [35, 36] by including second-order collisional terms describing inco-
herent processes that lead to damping in the system. In the collisionless limit, our equations
go over to the Hartree-Fock-Bogoliubov equations, while in the large temperature limit, we
recover the quantum Boltzmann equation for the populations of a thermal cloud. We for-
mulate our kinetic equations for the condensate and fluctuations in a basis-independent,
operator form that allows us to extend the usual treatment of a single component system
to the case where the atoms have internal structure, so that multi-component systems with
internal coupling can be investigated.

We begin the chapter with an overview of our approach by discussing the main idea
of the attenuation of correlations that leads to a reduced description of the system in terms
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of a relevant set of observables. This approach is essentially the quantum version of the
classical Chapman-Enskog procedure [37, 38, 39, 40] that has been extended to treat a
Bose-condensed system (see also Kadanoff and Baym [41]). We then derive the kinetic
equations for the mean field and fluctuations in the next section, making a serious effort to
clarify the crucial physical assumptions made along the way. After presenting the kinetic
equations in section 2.3.7, we then consider the collisionless and high temperature limits
of our theory.

2.2 Conceptual ingredients

In general, an isolated macroscopic system of interacting particles will evolve irreversibly
to a steady state or equilibrium situation so as to maximize entropy. This is a profound
and universal fact of nature that has intrigued scientists and philosophers throughout the
twentieth century due to the following paradox: one is faced with the task of deriving
irreversible equations of motion for macroscopic observables starting from the reversible
microscopic description. One must inevitably address this question in order to construct
a theory of Bose-Einstein condensation. We take a rather pragmatic approach to solving
this problem by postulating a reduced description of the system, which is essentially a
coarse-graining of the quantum Liouville equation [38, 39].

2.2.1 Separation of timescales

In a dilute gas, the interaction radius a given by the scattering length of a two-particle
collision is assumed to be much smaller than the mean distance between particles,

na® < 1, (2.1)

where n is the average density. Based on this inequality, we can identify four distinct
timescales that allow for a simplified description. The shortest timescale is the duration
of a collision, 79 = a/v, where v is the average velocity. The time between collisions
7. = 1/(na®v) is much longer than 7y in a dilute gas, and gives us the second timescale. In
general, there will be a third timescale 7, during which the system relaxes to a state of local
equilibrium, which requires multiple collisions per atom. And finally, there is the time 7,
it takes the system to relax to global equilibrium. We summarize these timescales as

To K Te K Th K Teq- 2.2)

In other words, the system passes through three stages of evolution during its approach to
equilibrium.

Let us imagine that we have complete knowledge of the initial state of the system, given
by the N-particle density operator p(0). Suppose we allow the dilute gas of interacting
particles to evolve for some time interval A¢. During the first very short stage of evolution
At < 19, correlations between particles due to collisions have not had time to die out, so if
we want to track the evolution of the system on such a fine timescale, we have to include all
of the correlations between particles. This means that we must solve for the full NV-body
density matrix p(t), which is certainly an intractable problem.

The situation becomes much easier if we are not interested in tracking the system on
the very fine time-scale of the duration of a collision 7p. Instead, suppose we consider a
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Figure 2.1: One dimensional illustration of the kinetic stage of evolution for a trapped gas.
A particle oscillates freely in the harmonic trap between the collision events shown in red.

larger time interval 79 < At < 73. During this time, any pairs of atoms that were initially
undergoing a collision have separated along their asymptotic trajectories, which consist of
free oscillations within the external potential, before experiencing a second collision, as il-
lustrated schematically in Figure 2.1. In other words, the initial correlations between atoms
have died out and correlations between new pairs of atoms have formed. This timescale of
At =~ 7. is called the kinetic stage of evolution, and the rapid decay of correlations is often
referred to as molecular chaos or the attenuation of correlations.

The third stage of evolution occurs for the time interval 7, < At < T¢q and is called
the hydrodynamic stage of evolution, when the system has reached local equilibrium. For
an extremely dilute gas we have 7j, & T, so that the hydrodynamic stage loses its meaning.
In the opposite limit of a very dense system, for which the time between collisions is nearly
the same as the duration of a collision 7. & 7y, the kinetic stage loses its meaning. This
is often called the hydrodynamic regime and is typically applied to the study of superfluid
helium, for example. We will not consider this case in any detail.

2.2.2 Reduced description

An important consequence of the attenuation of correlations is that higher-order correla-
tions between atoms can be expressed in terms of lower-order correlations, which are de-
scribed by a physically relevant set of master variables {~y,(t)} = {7 (t),y2(t), -} that
are given by the trace over the N-body density operator

Y4 (t) = Tr{p(t) 34 }- (2.3)

Here 7, is the corresponding relevant operator. The particular choice of variables depends
on the specific properties of the system, such as how dilute it is and whether it is in the
quantum degenerate regime. An example of a relevant observable is the single-atom density

9
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matrix fz7(t) = Tr{ p(t)d;%&m}, where &Iﬁ and @, are creation and annihilation operators
for the single-particle state labeled by the index 7. In a classical system, the analogous
quantity is the single-atom phase-space density f(x, p).

This reduced description is equivalent to coarse-graining the quantum Liouville equa-
tion over a time interval 7p < At < 7.. As we will show in more detail below, this leads
to a coarse-grained form oy, (¢); of the N-body density operator that does not contain
explicit time dependence but is a functional of the master variables {~y,(¢)} i.e.

p(t) ~ U{Vq (t)}- (24)

Due to the attenuation of correlations, the information required to specify the state of the
system has been greatly reduced to the small set of variables {v,(t)}.

We can further simplify the problem by observing that the particular form of oy, ()}
is irrelevant, so long as the trace given by Eq. (2.3) gives the correct values of the observ-
ables {74(t)}. In fact, there is an infinite set of N-body density matrices that will satisfy
Eq. (2.3) for a particular choice of operators 4,; we can think of this set as forming an
ensemble. Using arguments familiar from the study of equilibrium statistical mechanics,
we can construct a representative form of oy, ()} that is the most probable in the ensemble
if we maximize the information entropy S(t), with the constraints given by Eq. (2.3). That
is, we seek an extremum of the functional

Slo’(t)] = =Tr{o'(t) In[o' (t)]} — Z YTr{o'(t)5,}, (2.5)

where Y7 are Lagrange multipliers, which are the conjugate thermodynamic coordinates
of the operators 4,. Varying S[o’ ()] with respect to ¢’ and then setting the first variation
to zero, S = 0, we obtain the following reference distribution

a?}y)} = exp (9, Y9). (2.6)

Here we have assumed the summation over repeated indices and we have simplified the
notation for the index by writing {7,(¢)} = {v}. The exponential form given in Eq. (2.6)
will allow us to simplify averages of products of operators using Wick’s theorem [42, 43].

It is important to realize the difference between the three density operators p, oy,y, and
o) we have introduced. The exact state of the N -body system is given by p. However,
due to the attenuation of correlations, it is not necessary to track the evolution of the system
with infinitesimally precise time resolution, so that we can obtain a coarse grained solution
o, that is governed by the set of relevant observables {~,(t)}. We do not need to know
the detailed form of O~} all that is required is for it to be a functional of the observables
and satisfy the self-consistency conditions

Ya(t) = Tr{p(t) 3¢} = Tr{o(yy Jq}- @7

Although it is not necessary to take a particular form for oy}, we have constructed a ref-

erence distribution a(g) for convenience that we obtained by maximizing the information
entropy. The reference distribution must also satisfy the following self-consistency condi-
tions

o) = Tr{oy) 3¢} = Tre{o ) 44 }- 2.38)
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2.2.3 Master variables {v,(t)}

We are interested in describing a dilute Bose-condensed gas over the range of tempera-
tures I' = 0 to T' > T¢, so it is useful to consider the theory for these two limiting cases;
our choice of relevant variables must be consistent with standard results in these two lim-
its. At high temperature, we should recover the standard kinetic theory as given by the
Boltzmann transport equation describing the irreversible evolution of the single-atom dis-
tribution of populations fy7(t). In equilibrium the populations are distributed according
to the Maxwell-Boltzmann distribution. As we lower the temperature close to T, our the-
ory should contain the Bose-enhancement factors [1 + fy,7(t)] for the output channels of
a collision, which give rise to the Bose-Einstein distribution of populations in equilibrium.
Furthermore, as the system cools even further, quantum coherences may play a role, so that
in general we must consider off-diagonal elements f,75(¢) of the single-atom density ma-
trix. It is clear, then, that our set of master variables must contain the single-atom density
matrix fz(t).

In the opposite limit of zero temperature 7' = 0, the most basic description of the
system is given by the time-dependent Gross-Pitaevskii (GP) equation for the single-atom
wave function ¢ (r, t). In this mean-field description, interactions are treated to first order
and give rise to the nonlinear term in the GP equation. The corresponding equilibrium
state of the system is one in which all of the atoms occupy the same lowest-energy single-
particle state ¢o(r). This state of equilibrium is drastically different than the Maxwell-
Boltzmann distribution at T > T, which allows only fractional populations (f7,7 << 1).
The most striking feature of the system at 7' = 0 is the spatial coherence, or off-diagonal
long range order, represented by the fact that the single atom density matrix f(¢) (r,x') =
¢o(r)dg(x") is non-zero for large values of |r — r'| ranging over the entire extent of the
condensate. Represented in an arbitrary single particle basis, the single-atom density matrix
of the condensate is written fﬁ%(t) = % ()1 (t), where 5 (t) is the mean-value given
by ¥z (t) = Tr{p(t) G, }'. In order to correctly describe the system in the 7' = 0 limit,
our set of master variables must also include the mean-field 1,3 (¢).

Based on theories that include higher-order corrections to the GP equation, anoma-
lous averages may be important and also must be included in our set of master variables.
The anomalous averages, also referred to as pair correlations, are given by mz7(t) =
Tr{p(t) a7} and nzz(t) = Tr{p(t) diﬁd%}. These quantities have a direct analogy
to the squeezing terms found in the description of squeezed states of light encountered
in quantum optics, which occur when appropriate coherent interactions are applied in a
nonlinear medium.

Based on the above considerations, we now specify the set of relevant operators to use
in our theory:

I'The index 17 refers to a single particle state |ri2). If [173) is chosen to be the position vector |r), then we use
the notational convention ©(7,t) = ¥y (t), and correspondingly, ¥(7) = ér.

11
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The corresponding expectation values of these operators give us the set of master variables
{Ym, U, fmﬁ, M, Ny . The indices M and 7 refer to a generic basis of single-
particle states, the particular choice of which we discuss below. Not shown but also in-
cluded in our set is the identity operator 1. Here we have defined the normal fluctuations
f+7 and the anomalous fluctuations 7,5 and 7,57 by subtracting off the mean values 1,3
in the averages.

With this set of independent variables, i.e., the mean field and the fluctuations around
it, we can parameterize the reference distribution as

0 2 z 2 2 *
Uit/))ﬂ/z*,f,%fﬁ} = exp (1 Q- fiy T2 — e A'2 — 715 A2 ) . 2.9)
Here, we use the implicit summation convention for repeated indices. The conjugate
thermo-dynamic coordinates {2, T, A} are implicitly defined by the quantum averages

- (0)
0 = Tr{ T fom, n}} 2.10)
where 0 represents a relevant operator. The average of any other multiple operator prod-
uct, occurring during the evaluation of the kinetic equations, is greatly simplified by the
Gaussian structure of the reference distribution for it allows us to utilize Wick’s theorem.
It is worth remarking that the set of relevant observables consists of single operators and
pairs of operators, which gives the reference distribution its Gaussian form. This implies
that the reference distribution given in Eq. (2.9) will not violate positive definiteness, that
is, it will not generate negative probabilities. This subtle, and perhaps pedantic, point is
based on the Marcinkiewicz theorem, or M-theorem, which states that the characteristic
function of a probability distribution function can not be an exponential of a polynomial of
degree larger than two, or it will violate its positive definitness [44]. In other words, if we
were to extend our relevant set of operators to include higher-order correlation functions
that involve, for example, a product of three or four operators, then the exponential form of
the reference distribution would not be satisfactory since it may be associated with negative
probabilities for the occupation of single particle states.

2.2.4 Single-particle basis

In the section that follows, we derive the quantum kinetic equations for the mean-field and
fluctuations independent of a particular single-particle basis. However, when we want to
carry out calculations, we must choose a specific basis in which to represent the equations.
Such a basis can include quantum numbers for both internal states of the atoms, such as the
hyperfine level® |F, M), as well as the external spatial quantum numbers determined by
the form of the confining potential. When we work in the 7' = 0 limit and ignore fluctua-
tions, for which our kinetic equations reduce to the GP equation describing the condensate
wavefunction, we will represent the external part of the system in the position representa-
tion.

However, when one considers finite temperature and includes the fluctuations about the
mean field, a particular eigenbasis should be chosen wherever possible that minimizes com-
putational effort and clarifies the basic dynamical structure of the solution. Typically for a

2The quantum number F’ represents the total angular momentum of the atom, given according to F=1L+
S + I, which i is a sum over the orbital angular momentum L, electronic spin S, and nuclear spin I. Mp is the
projection of F onto a chosen axis.
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Figure 2.2: Potentials for the isotropic harmonic oscillator. The black curve is the bare
harmonic trapping potential, the blue one is the potential seen by the condensate, and the
red one is the potential seen by the non-condensate, or fluctuations. Example eigenstates
of the non-condensate potential are shown in the inset.

homogeneous system, the most useful representation is the basis of plane wave solutions.
This is not the best basis for the system we consider, which is confined in a harmonic po-
tential. The eigenstates of the bare harmonic oscillator are also not very useful, since they
do not account for the effect of the mean-field interaction potential. A better choice is the
basis of eigenmodes of the potential seen by the fluctuations, as shown in Figure 2.2. The
mean-field interaction potential experienced by the fluctuations (red curve) is twice as large
as that felt by the condensate (blue curve) due to the bosonic enhancement of fluctuations.
Consequently, the eigenmodes of the red potential are not centered at the origin, but sit at
the edge of the condensate, as demonstrated by the eigenstates shown in the inset. Another
possibility is to expand the equations in the Hartree-Fock-Bogoliubov normal modes that
we discuss in section 2.4.

2.3 Derivation of the quantum Kkinetic equations

We now turn to the task of formulating the quantum kinetic theory for a dilute, Bose con-
densed gas using the basic ideas presented in the previous section. The approach we use is
well established for quantum gases above the critical temperature 7' > T, and the details of
the formalism can be found in the two well written accounts given by Zubarev et al. [39, 45]
and Akhiezer et al. [38], for example. Rather than reproduce all of the mathematical de-
tails, which have appeared in a recent publication by our group (see Walser et al. [27]), we
instead focus on the most important steps in the derivation in order to understand how the
concepts discussed in the previous section are incorporated into the theory. In this way, the
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new aspects of the theory that arise from extending it to a Bose-condensed gas will become
apparent.

2.3.1 Second quantized description

We are interested in describing the evolution in time of a system of N interacting bosonic
atoms confined in a harmonic potential. This system is described within the framework of
elementary quantum mechanics by a many-particle wavefunction ¥ (rq, 73, - - - 7n;t) that
evolves in time according to the Schrodinger equation

d
iha‘lf(ﬁ,rm coernst) = HU(ry,ra,- -7 1), (2.11)

where the many-body Hamiltonian H for the system is

n? 1

H:Z [—%V?+U(ri)] +§ZV(|T,-—7'J~|), (2.12)
i=1 i#£]

and m is the mass of the atom. The atoms are confined by the external potential U (r),

which is typically a harmonic potential for the systems considered throughout this thesis,

1 5 5 5
Ur) = Em(wj,mz +wiy? +wiz?), (2.13)

with trap oscillation frequencies w,, wy, and w. along each axis. We assume it is sufficient
to describe interactions between atoms by a two-body potential V'(|r; — r;|), although
in reality interactions between two particles are modified by the presence of a third parti-
cle due to their finite extent; such effects lead to three-body recombination, for example.
However, in the limit of Eq. (2.1), these effects should be negligible. The basic form of
V(|r; — rj|) is a short-ranged van der Waals type of interatomic potential, the detailed
structure of which depends on the particular type of atom being considered. Because we
are only interested in the very low temperatures at which Bose-Einstein condensation oc-
curs, the kinetic energy in a collision is very low, so that we need keep only the s-wave
term in a partial-wave expansion. Furthermore, a generic form for the interatomic potential
can be used that is independent of the details of the two-body potential, but depends only
on the s-wave scattering length a. A pseudo-potential, given by

V(r—7')=V8@r -1, (2.14)

can be used, which reproduces the correct s-wave scattering length for a collision [46]. The
parameter Vj is given as
4mh’
Vo = 204 (2.15)
m

So far we have not included the possibility that the atoms have internal structure. Later
on in the thesis, we will consider the case where the internal structure of the atoms can
be treated as a two-level system. In particular, we will be interested in the situation where
a harmonic electromagnetic field is applied to the system that coherently couples the two
internal states. For such a system, consisting of both internal and external degrees of free-
dom, it is more convenient to work directly with the state vector of the system |¥(t)),
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2.3 Derivation of the quantum kinetic equations

expanded in a single-particle product basis, for example,

@) =5{ X Cl, i, s ) ) AN}, (216)

o >
mi,mz, MmN

where C(1i1, M2, - My;t) is an expansion coefficient. The vector 17i; represents the
quantum numbers that uniquely specify the single-particle state of the ith atom, deter-
mined by some appropriately chosen complete set of commuting observables. For an atom
confined in the harmonic potential U (r) given by Eq. (2.13), an example of a possible set
of quantum numbers is |M) = |ng,ny,n., F, Mp), where n; are the quanta of excitation
in the harmonic trap along each Cartesian coordinate, F' designates a particular hyperfine
manifold, and M is a Zeeman magnetic sublevel. It is useful to keep track of the external
and internal degrees of freedom separately by writing |m) = |i, «), where ¢ denotes all
of the quantum numbers that specify the external degree of freedom, and « signifies the
internal state of the atom.

Due to the indistinguishability of identical particles, quantum spin statistics requires
that the state vector |¥(¢)) be symmetric under particle exchange for a system of bosons.
We therefore explicitly symmetrize the state vector in Eq. (2.16), as indicated by the op-
eration S{ }. Carrying out this operation can be a tedious procedure, making the single-
particle product basis rather cuambersome to use in the formulation of a many-particle the-
ory. We will instead use the second quantization formalism, also known as the occupation
number representation, because the quantum statistics are built in to the theory in a very
compact way via the commutation relations between the creation and annihilation opera-
tors.

For a system of bosons, the operators &I,a and a; o create or destroy an atom in the
single particle state |i, ), and satisfy the commutation relations, given by

[ai,0,0% 5] = 0ij0ap,  [Giar 6] = [a] % 5] = 0. (2.17)
In this new basis, we denote a general state by
[n1ns - neo), (2.18)

where n; is the number of atoms in the single-particle basis state |1). These states are
orthonormal, eg

(niny - nining - Neo) = dniny Ongny - On_ - (2.19)

The operators a; o and &;r ., have the following creation and annihilation properties when
acting on a state

&Iadiﬂ |nyng - Mo Noo) = Nia |n1ng - Nig " Noo ), (2.20)
&i,a|n1n2"'ni,a"‘noo> = \/7T,a|nln2"'(ni,a_1)"'noo>a
d17a|n1n2...ni7a-.-noo> = 1/77/1-7(1-{-1|n1n2...(ni7a+1)...noo>'

In this representation, the many-body Hamiltonian Eq. (2.12) describing our system
takes the form

B Ul a st A . s e
H = (i,a|Hylj, ) al ajﬂ-{—E(z,a;],ﬂ|V|k,a';l,ﬂ’>aT a;r.ﬁak,a,am/, (2.21)

i, i,
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Chapter 2 Underlying Theory

where summation over repeated indices is implied. The first term describes the free evo-
lution in the harmonic trap, and possibly an additional external field that couples the two
internal states. The matrix element can be written as

2
(a0l ) = [ @roir)| (= 5o + Ualr) + G + i H35(0] 640,
(2.22)
where ¢;(r) = (r|i) form a basis. The quantity €, is the internal energy of the state |a).
Here we include the possibility that the external trapping potential for each state can be
different U,. We have also included a time-dependent drive that couples the internal states
Hs(t).
The second term in Eq. (2.21) describes binary interactions between atoms with the
matrix element given by

(i,a;4,B|VIk,a'51,8) = /d3r &' ¢; ()65 (r")Va,giarp (Ir — ') dr(r") du(r).
(2.23)
This is of a general form that includes the possibility of internal-state changing collisions.
However, we will restrict ourselves to elastic collisions that do not allow the internal state
of an atom to change due to collisions. We generalize the pseudo-potential to allow for
different scattering lengths depending on the internal states of the colliding partners, so
that Eq. (2.23) can be written

(ia Oé;j, 6|V|k7 al; l7 /3,> = Vozﬁ 6&&’655’ /d37'¢): (r)(;ﬁ; (r)d)k (r)d)l (T’), (224)

where V, 5 = 47h%a,p/m and the scattering length a, s depends on the internal states of
the atoms. For example, for a two-level atom with internal states |1) and |2}, there are three
different collision processes: |1)|1) — |1}|1) described by a;1, |2)]2) — |2)|2) described
by as2, and |1)|2) — |1}|2) described by a12. The external part of the matrix element
Eq. (2.24) is simply the overlap of the wavefunctions for the “in” and “out” channels.

The state vector describing this many-particle system then evolves in time according to

. d -
im0 (1) = HT (1)), (2.25)

with H given by Eq.(2.21). In the occupation number representation for a given single-
particle basis, the general form of |¥(¢)) is

W)= D cln,na, e nait) [nans - noo), (2.26)

nin2 " Neo

where ¢(n1,ns, - -, neo; t) is an expansion coefficient. This is just Eq. (2.16) rewritten in
the occupation number representation. Since we are considering a fixed number of atoms,
the occupation numbers must add up to the total number of atoms ), n; = N.

2.3.2 Statistical description

Ultimately we are interested in observable quantities, that might be measurable in the lab-
oratory. Such observables O(¢) are found by taking the average of the corresponding oper-
ator O for the system in state | ¥ (¢))

O(t) = (¥(1)|0[W(t)). 2.27)
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2.3 Derivation of the quantum kinetic equations

Expanding | ¥ (t)) as in Eq. (2.26), we get

o) = Z ({n};t)e({n'};t) (nany - Noo| Ol nly -+ nl), (2.28)
{n}{n'}

where {n} stands for the set of occupation numbers {n, na, -, 1 }. For a system with
a large number of interacting particles, we can never measure the precise quantum state
|¥(t)). In a general situation, we can only give a statistical description of the state of the
system, in terms of classical probabilities w({n};t)

o) = Zw({n};t) (n1ng --- noo|(5|n1 M2+ Noo)- (2.29)
{n}

The most general description of the state of the system is given by the density operator
p(t), which can describe both mixed and pure quantum states. The observable O(¢) is found
by taking the trace of j(t) times the operator O

O(t) = Tr{p(t)0} (2.30)

If the system is in the pure state |¥(¢)}, the density operator simply takes the form p(t) =
| (¢))(¥(t)|. The dynamical evolution of the density operator is given according to

0p(t) 1. -
—— = —[H, p(t 2.31
o = L ), 231
which is true for both mixed and pure states. This is usually referred to as the quantum
Liouville equation, since it resembles the Liouville equation found in classical mechanics

describing the classical phase space density.

2.3.3 Coarse-grained density operator

The quantum Liouville equation can be solved formally as

p(t) = e =18 h(g), (2.32)

where L is a super-operator, which is defined as £LO = [ﬁ , O]/h. Starting from some initial
state p(to) for the many-particle system, the system evolves reversibly in time according to
Eq. (2.32). However, due to the attenuation of correlations discussed in section 2.2.2, the
system “forgets” the precise details of the initial state after some time At > 7y, and the
behavior of the system depends only on some reduced set of relevant observables {-y,(¢)}.
We can therefore describe the system by the reference distribution® (%) (¢,) at the initial
time to .

pt) = e 110 L50) (34, (2.33)

keeping in mind that we have chosen the particular form 6(*) given in Eq. (2.6) so that it
satisfies the self-consistency conditions

v,(t) = Tr{p(t) 5.} = Tr{6® 4,}. (2.34)

3We now drop the subscript on o} and UE(;)}, which was used to emphasize that these operators are func-

tionals of the master variables {~y,(t)}.
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Chapter 2 Underlying Theory

Within the assumption of the attenuation of correlations, the macroscopic observables
{74(t)} evolve on a much slower time-scale than the rapid decay and build-up of particle
correlations described by p(t). Therefore, we can coarse-grain over a time ¢t — ¢, that is long
compared to the duration of a collision, but short enough that we do not also coarse-grain
over the evolution of the macroscopic quantities {7,(t)},

1 t . nf
5(t) = — / e~ =L 5O (¢ gy’ (2.35)

Here we are making a distinction between the true solution p(t) and the coarse-grained
solution & (t). After some algebra, Eq. (2.35) can be brought to the equivalent form

o5(t) 1 a(t) — a0 (1)
B t—to

, (2.36)

which is the quantum Liouville equation with a source term that provides for the boundary
condition given in Eq. (2.35). A crucial point is that by course-graining in time to wash out
the rapid fluctuation of correlations in the system, we have introduced irreversibility into
the evolution of the system.

If we take the limiting case where the initial time is in the distant past {0 — —oo,
Eq. (2.36) can be brought to the more useful form

95(t)

t %[ﬁ’ 6(t)] = —efo(t) -6V (1)}, (2.37)

where € — 0 in the limit of ¢ — —oo. Here we have made use of Abel’s theorem, given
by [39]

0
lim — [ f(t)dt= lim / Ft)estdt. (2.38)

Physically, the idea that the system “forgets” the details of the initial state after a long
enough time is embodied in Eq. (2.37), for in the limit ¢ — 0, the source term goes away
and we simply recover the quantum Liouville equation. There are, however, some subtle
issues regarding taking this limit, which we defer to a discussion later in the chapter.

The integral equation form of Eq. (2.37) can be obtained and is given by

t 25O ()Y ~
PN PR 1 —e(t—t") (0) (4 ! NNt
5(t) = 50 (1) /_oodte U(tt){zh[ (), 2(t)) + =201, 1),
~ (2.39)
The propagator U (t,t") gives the full evolution from ¢’ to ¢ and is given by
U(t,#') = T exp { L H(r)dr}, (2.40)

t

where T signifies the time-ordering of the exponential. Here we are allowing for a time
dependent Hamiltonian H(t (t), which might arise if we are driving the system with an ex-
ternal harmonic force, for example. It is clear from Eq. (2.39) that 6(¢) is a functional of
the set of master variables {~y,(#)} through its dependence on &(°) (t), though in general a
very complicated one; for after a short time, 6(t) evolves away from the particular form of
the initial state () (£) we have chosen.
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2.3 Derivation of the quantum kinetic equations

2.3.4 Mean-field shifted energies

The total Hamiltonian operator H (t) that governs the evolution of a weakly-interacting,
dilute gas permits a partitioning of the energy into a free part H (%) (¢), that could include a
driving field, and a presumably “weak” interaction H ")

~

H = HO@) +HW. (2.41)

One could use the bare, single-particle energy that determines the free kinetic evolution of
the gas as a starting point of a series expansion of the coarse-grained density operator in
terms of the interaction strength. However, it is well known that the mean-field interaction
will significantly affect the single-particle energies. Anticipating this, we will shift the

expansion point HO (t) by an as yet undetermined single-particle energy @Eyl) to a dressed
energy prior to carrying out a perturbation expansion

77(0 _ 1 A (1
HO) = HO@) +QW. (2.42)
To conserve energy, we have to reduce the interaction energy by an equal amount
() ma A(1
gt = HY-QM. (2.43)

This partitioning of the Hamiltonian is reminiscent of the Bogoliubov transformation
that leads to a description of the system as consisting of fictitious, noninteracting quasi-
particles, in the first order approximation, with higher order corrections accounting for
the fluctuations due to the weak interactions between quasi-particles. The explicit form

of the single-particle renormalization energy Q\(Wl) will be determined in the course of this
calculation. The subscripts v signify a dependence on the master variables {7,(t)}.

2.3.5 Interaction representation of the integral equation

Based on this partitioning of the Hamiltonian into a free part 4. ﬁo) (t) and a weak interaction
H 9), we reorganize the terms in Eq. (2.37) as

(— + 5)6(1?) - %[ﬁ@, 5(1)] =0 (t) + [H“) & (t)] (2.44)

ih

It is straightforward to show that this can be rewritten as an equivalent integral equation of
the form

&( A(o) / dtl —e(t—t")
~ 26Oy 1 PN 1 t
0) (4 ¢ 150 ¢y 7O (¢ Bl (1) )
x U0 (8,0 { 5= + 6O ), P ()] + =), D1} O (8,¢).
(2.45)
There are two crucial differences compared to the equivalent integral equation in Eq. (2.39).

The propagator 177(0) (t,t") appearing in Eq. (2.45) evolves the system according to the free
Hamiltonian H§°) (t), which is given by

t
A (T)dT} . (2.46)

t

~ o A
U’(v )(t,t) —Texp{ - =
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Chapter 2 Underlying Theory

This is in contrast to Eq. (2.39), in which the full propagator is used. Also, the full coarse-
grained solution 6 (t) appears in the third term in the integral in Eq. (2.45); that is, 6(t')
appears on both sides of Eq. (2.45), in contrast to Eq. (2.39), where only () (t) appears
on the right-hand side.

This integral equation can be further simplified by finding the explicit form of 5% (t) /.
Due to its exponential functional form, it can be shown that 5(°) () satisfies a master equa-
tion of the form [39]

0O 10y 50 050)
where )
Ly(t) = = Tr{[3, HV16 (1)} (2.48)

In obtaining Eq. (2.47), use has been made of the Lie algebra of the relevant operators ¥
with the free Hamiltonian 7{*)

[H,5,] = A2 (7). (2.49)

The structure constants A% () are well-defined for our particular set of operators §,. In-
serting Eq. (2.47) into Eq. (2.45) gives us

6(t) = 6 (¢)
¢ AP 96O (t) 1 - = of
_ 1 ,—e(t—t")77(0) / / Ayl (1) (0) !
/_oodte 00 t,#)] oy L) + (). B 1} 00 1,0,
(2.50)

The commutator [o°(t'), H 9)] explicitly contains the interaction Hamiltonian A M which
is convenient for using a perturbation expansion in this weak interaction.

2.3.6 Generalized quantum Kkinetic equations

We now turn to the second stage of the derivation, of obtaining the generalized kinetic
equations for the set of master variables {~,(#)}. An observable ,(t) is found by taking
the statistical average over the state of the entire system & (¢), given by

Yq(t) = Tr {5 (t) Ay }- 2.51)

In the Schrodinger picture, the time dependence is in the density operator, so that to find
the time rate of change of the of the observable -y, () we have

O (t) - (06(t) .
9 _B{ t %}' (2:52)

Substituting 95 (t) /dt given in Eq. (2.37) into this equation gives us

() . L f1750) 414 Lo (o o
g T Ao 0} = - el (A0, 30)6 () | (2.53)
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2.3 Derivation of the quantum kinetic equations

The source term appearing in Eq. (2.37) drops out due to the self-consistency condition
Eq. (2.8). The second term on the left-hand side of Eq. (2.53) can be reduced using the
operator algebra properties Eq. (2.49) and the self-consistency condition Eq. (2.8). Finally,
inserting Eq. (2.50) into Eq. (2.53) on the right-hand side, we obtain

a t ]. s ]_ t ’
Yq(t) + —Tr{[H,%]&(O) (t)} _ E/ dt' e—c(t—t")

ot ih
~ 550 (') ~ 1 ~
(1) AN ! N S / a4 (1)
o {10,300 (GG Eale) + o). B)
(2.54)
where we have defined
O(t,t') = ﬁ,gO)T (t,t") O U™ (¢,1"). (2.55)

We note that the Hamiltonian H appearing on the left-hand side is the total Hamiltonian
independent of our partitioning.

The generalized kinetic equation Eq. (2.54) gives the full evolution of the master vari-
ables 7, (t); without making any further assumptions, Eq. (2.54) is exact. This may seem
surprising, given that we have “built-in” irreversibility from the start by coarse graining the
evolution of &(t), which gave rise to the regularizing function exp[e(¢t — t')] appearing in
the integral. However, as written, Eq. (2.54) still describes the rapid fluctuations due to the
decay and build-up of correlations in the system. In fact, at this stage we could still choose
an infinite set of {4, } that describe all of the correlations in the system. It is only when we
restrict our choice of {¥,} to single-particle operators—allowing us to use Wick’s theorem
for the resulting Gaussian averages—and make the Born and Markov assumptions that the
full coarse-graining procedure has been implemented. In conjunction with these further
assumptions, the limiting procedure € — 0 will take on a more definite physical meaning.

Perturbation expansion

In the case of a weakly interacting system, we can seek the solution of the integral equation
Eq. (2.54) in the form of a power series expansion of the density operator 6(¢). In the
extreme case where interactions can be neglected altogether, we have 6(t) = 6(°)(t) and
L,(t) = 0. To treat the weak interactions, we therefore make the expansions

at) = 6(0)(t)+i&(")(t),
Ly(t) = iLS”)(t)- (2.56)

Physically, we are assuming that the actual coarse-grained density operator ¢ (t) deviates
only slightly from the Gaussian form of the reference distribution 5(°) (¢) because the in-
teractions are so weak®. Substituting these successive approximations into Eq. (2.54) gives

4We will argue later that “weak” can apply to strong interactions which are well separated in time when we
make appropriate modification of the Born approximation.
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Chapter 2 Underlying Theory

us the generalized kinetic equations expanded in powers of the weak interaction H »(Yl). By
keeping just the first term in each expansion, eg.

6(t) ~ ¢O@),
Ly(t) ~ L) = 2 T{[5, A (), @57)

q

the kinetic equations are obtained to second order in the interaction 1?19). Inserting the
approximations Eq. (2.57) into Eq. (2.54) gives us the kinetic equations in the Born ap-
proximation

3’)/ (t) 1 =~ t 1 ¢ —e(t—t
Dull) 4 (18 A, :_?/_mdtfe (=)

~ ~ M, ¢ t ’
x<[HS),[Hé”(t,t'),%(t,t'nwp(maLaqvpgi)t)+<[ (¥ ’%“’t'”><o>)]> ’

(2.58)

where we have performed a partial differentiation of the first term in the integral from
Eq. (2.54). We have introduced the notation

(0}, = {060 ) } (2.59)

for the statistical average of an operator O with respect to the reference distribution 6(°) (¢).

Truncating the expansion Eq. (2.56) at first order has simplified the kinetic equations
in two ways. The assumption of weak interactions between particles in this dilute system
allows us to simultaneously 1) treat the interactions only to second order and 2) to assume
that the fluctuations of higher-order correlations are Gaussian, as dictated by the exponen-
tial form of the reference distribution (%) (¢). This allows us to use Wick’s theorem to
reduce multiple operator averages into a factorized form. Consequently, we now have a
closed set of kinetic equations for the master variables {7,(t)}.

Markov approximation

As written, Eq. (2.58) is the most general second-order kinetic equation for a weakly inter-
acting dilute system, which includes memory effects, since the relevant observables depend
on t' in the integral. In general, this non-Markovian form of the kinetic equations is dif-
ficult to solve. It can readily be simplified by observing that the correlated averages in
the collision kernel fluctuate on a rapid timescale compared to the assumed slow evolution
of the macroscopic observables {7,(t)}. The Markov approximation is made by taking
Yq(t") = ~,4(¢) in the collision integral, which gives us the Born-Markov form of the ki-
netic equations

a'Yq(t) 1,5 ot
ot +ﬁ<[H>'7q]>(o)

Lo _ N oM@  oBY b i\
- eT (1) (1) 2 I q Y 2
- h2 / dT€ <|:H’Y (T)7[H’Y 77‘1] +’YP (Zh 6’Yp(t) + <[avp(t)77q]>(0))] )

- (0)
(2.60)
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2.3 Derivation of the quantum kinetic equations

The collision kernel contains multiparticle correlations that can be factorized according to
Wick’s theorem. As we will show in the next section, these factorized multiparticle corre-
lations include the Bose-enhancement factors for scattering into populated output channels,
which are due to the correlations arising from quantum statistics.

The first term in the collision integral resembles the second-order term appearing in the
master equations found in quantum optics for a system in contact with a static reservoir.
In contrast, for the situation we are studying, the “reservoir” (eg. the N-body reference
distribution 6(?)(¢)) evolves in time according the the master variables, so that both the
“system” (eg. the master variables {7,(¢)}) and the “reservoir” depend on one another.
This makes our problem inherently nonlinear. One implication of this is that the factorized
multiparticle correlations appearing in the collision integral contain products of the master
variables, i.e. v, ()7, (t). Also, the last two terms appearing in the collision integral do not
appear in the master equation from quantum optics because they are due to this nonlinear
behavior. The middle term originated from the time-variation of our reference distribution
96 (t)/dt, while the third term appears because we have shifted the energies by the
mean-field interaction Q\(Wl), which depends on the variables {,(t)}.

The regularizing function exp(e7) appearing in Eq. (2.60) originated from our coarse
graining of the system’s evolution based on the assumption of the attenuation of corre-
lations. The full meaning of this point can now be understood. If we were to calculate
the correlation function in the collision integral of the full kinetic equation Eq. (2.54) (i.e.
before we make the Born approximation), we would find that it falls off with some char-
acteristic time, on the order of a collision time ~ 7p. Another way to say this is that
during a collision we can go off of the energy shell by an amount ~ 7 /7. However, be-
tween collisions, we have free evolution according to the commutator on the left-hand side
of Eq. (2.60), consequently the contribution of the far-off-the-energy-shell terms becomes
negligible. This would not be true if the requirement for the attenuation of correlations
was not met, that is, if the time between collisions was roughly the same as the duration
of a collision so that successive collision events could not be well separated in time. The
parameter €, then, must be chosen consistently with this physical interpretation. Since we
have made the Born approximation, taking the limit ¢ — 0 would be equivalent to staying
on the energy shell so that only energy conserving events are considered—this would give
rise to an energy conserving delta-function in Eq. (2.60). However, a careful analysis of
the collision kernel [47] in Eq. (2.54), which includes the full evolution during a collision
(before the Born and Markov approximations), would show that the appropriate correla-
tion time is the order of 7y, so that the most appropriate choice is € ~ 1/7. With this
choice the Born approximation result most closely approximates the full non-Markovian
collision kernel. In this manner by choosing € ~ 1/7, we allow the Born approximation
to more closely correspond to what, under some circumstances, would be the full off-the-
energy-hsell T-matrix. It also allows strong interactions that are well-separated in time to
be considered as “weak.”

It is worth remarking that there is an alternative approach, based on the BBGKY hi-
erarchy and cumulant expansion method, in which the two-particle interactions can more
readily be treated to all orders, while still truncating the hierarchy of correlations [39]. This
leads to essentially the same kinetic equations, but instead of treating interactions within
the Born approximation, the full two-body T-matrix is used. Of course, we could also treat
interactions to all orders in our approach, but this would require us to include many more
terms in our perturbation series, which is cumbersome. This is because our decorrelation
assumption is strongly tied to the notion of weak interactions. Such an assumption is not
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Chapter 2 Underlying Theory

necessary, for, as mentioned above, it is possible to have “strong” interactions that are well
separated in time, which also allows for a reduced description of correlations.

2.3.7 Kinetic equations for mean fields and fluctuations

The Born-Markov kinetic equations Eq. (2.60) have been derived for a general set of master
variables {~,(¢)}, which must be chosen appropriately for the particular physical situation
being described. For a dilute Bose gas above the critical temperature 7} for condensation,
there is only one master variable that is relevant, the single-particle density matrix f,77 (%),
defined as

i (1) = Tr{6(t)alan }. 2.61)

This choice is consistent with the Born and Markov approximations made in the derivation
of Eq. (2.60); there is no need to include the two-particle or higher reduced density matrices
describing multi-particle correlations since we have already assumed that these quantities
fluctuate rapidly on the timescale in which we are interested, so that their averages can be
factorized in terms of the single-particle density matrix f7(t). In some sense, then, we
were predisposed to choose f77(t), based on the physical assumptions made throughout
the development of Eq. (2.60), even though we have kept the derivation general for an
unspecified set {7(¢)}.

The situation is quite different for a Bose-condensed dilute gas at finite temperature,
when the macroscopic order parameter ¢)(r,t) for the condensate plays a dominant role.
As discussed in section 2.2.3, in this case the set of macroscopic relevant observables must
be expanded to include the coherent mean field 1,5 (), given by

¥ (t) = Tr{o(t)am}, (2.62)
as well as the possibility for the generation of squeezing terms, or anomalous averages,
Moz (t) and ngq(t),

mga(t) = Tr{o(t)amaz},
naa(t) = Tr{a(t)alal}. (2.63)

Si—+ 3

This choice of master variables does not conflict with our basic assumption of the factor-
ization of multiparticle correlations. Furthermore, the quadratic form of the set of operators
permits the use of Wick’s theorem, which is valid for the Gaussian form of the reference
distribution Eq. (2.9). The kinetic equations Eq. (2.60) for these variables form a closed,
coupled set of equations describing the irreversible evolution of a dilute Bose-condensed
gas at finite temperature and they conserve number and energy.

In the derivation of the kinetic equations Eq. (2.60), we partitioned the Hamiltonian
into a free part H SO) that included a mean-field shift Q\(Vl) , and a weak interaction part H S)
describing the fluctuations about the mean field. To complete this procedure, we now make
the corresponding transformation of the relevant observables by considering the mean field
1 (t) and the fluctuations about it. This gives us the normal fluctuations f,;(t)

faia(t) = Tr{o (t) [, — vz (0)] [am —va ()]}, (2.64)
and the anomalous fluctuations 7,77 (t) and 7,77 (t)
mga(t) = Te{o(t)[am — ¥m(t)] (a7 — va(t)]},
fa(t) = Tr{o(t)[af; — vm®)] [af - vi®]}- (2.65)
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2.3 Derivation of the quantum kinetic equations

We can now obtain a concrete set of kinetic equations for these master variables {1, f,m, n}
using the generalized kinetic equation Eq. (2.60) that was obtained for the generic set of
observables {y,(t)}.

So far we have not specified the renormalization potential Q\Eyl), the general form of
which must be specified before carrying out Wick’s theorem to obtain the kinetic equations
for our master variables. We assume it has the form

QY = c@mav|ikyal, QMa (2.66)
It turns out that the matrix elements Q’;‘l need not be specified, for the resulting kinetic
equations optained after carrying out the averages according to Wick’s rules are indepen-
dent of Qf;‘l for the single-particle, number-conserving form of @(Vl) chosen in Eq. (2.66).
One could, of course, choose a different form than that given in Eq. (2.66), which could
also include products of operators like a,; a5, in which case the collision terms would get
modified.

The kinetic equations for the mean field and fluctuations are obtained by first ap-
plying the generalized kinetic equations Eq. (2.60) to the chosen set of master variables
{v, f,m, 7}, and then making use of Wick’s theorem to carry out the averages over the
multiple operator products. The details of this procedure are outlined in Appendix (A). The
large number of individual algebraic transformations (=~ 10000) that were necessary to ob-
tain the final result prohibited attempts to evaluate the collision terms manually. Therefore,
a symbolic algebra package was developed by Reinhold Walser to perform the required cal-
culations. Here we do not provide the detailed analysis, but rather simply state the results.

The presentation of the final results of this calculation is greatly simplified by introduc-
ing the following single-particle Hilbert-space vectors (co-, contra-variant)

(@) = ) = M), (@) = (| =5 (m], (2.67)

normal operators [tensor rank (1,1)]
F=Faa \m) (@), ) = drim i) (7], (2.68)

pseudo operators [tensor rank (2,0)]
m = mga [m) |7), m = an @) |7), (2.69)

and their Hermitian conjugates 7 = m!, n(®) = m(C)T. With these definitions, we present
the kinetic equations, written in a compact, basis independent, operator form.

Mean field |¢))

L0+ 1 (Ho 41Uy +207) [6) + Vi £ (6] = L[ foi] @70)

Normal fluctuations f

=~ T
_f+ [H0+2Uf()+2Uf,f]+ V(m(c)%)z hm“/(m<c>+m>
= LY, f,] 271)
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Chapter 2 Underlying Theory

Anomalous fluctuations m

d_. 1 ~ b

i i SV
+ = Vm(c)Jr;;/L) / (1 + f) + ﬁ fZ ‘/'(m(c)Jr;;l) = L%)[wa f:m] (272)

ho(

The free Hamiltonian Hy is defined in Eq. (2.22). The mean-field potential is defined in
terms of the two-particle interaction matrix elements and a single-particle density operator
f that can be either £(°) or f

Up = (ma|V|Ik) fz; lm) (. (2.73)

Due to the Hermiticity of the two-particle interaction energy and the positivity of the single
particle density, it is also self-adjoint , i.e., Uy = U}. The anomalous coupling strength V-~
is given by

Vin = (ma|V|ITk) mg [im) |7) . (2.74)

In here, the subscript m in V,,, stands for any anomalous average, either m(®) or /. From
the definition of the anomalous coupling, it can be seen easily that V,,, = V! is symmet-
ric. This non-Hermitian coupling is in general mediated by an anomalous average m, and
involves a contraction /. In general, we obtain the contraction of two tensor fields A/ B,
from a basis representation of the two fields and a subsequent contraction of the last index
of A with the last index of B. For example, for the case of two tensor rank (2,0) pseudo
operators, the explicit contraction is

ALB' =3 g (Bl 2.75)
ijk

The collisional terms L(;) [, 1, m] on the right-hand side are rather involved and are given
explicitly in Appendix (B).

The overall structure of the kinetic equations for each of the master variables is the
same. The unitary evolution consists of a free part Hy, determined by the external trapping
potential and any other applied electro-magnetic fields, and collision-induced mean-field
potentials, denoted by Uy and Uf. While the first of these potentials is proportional
the mean-field density itself, the second potential U 7 reflects the influence of the normal
fluctuation upon the mean field. It is important to note the different weighting factors 1 and
2 multiplying the potentials. They arise from the different quantum statistical fluctuation
properties of a c-number mean field and a normal single particle density. Exactly the same
weighting factors are also found with the variational Hartree-Fock-Bogoliubov approach
[35].

Finally, appearing on the right-hand side of the kinetic equations are the second-order
collisional terms. The terms in the L(;) [, f, m] always appear in pairs where one term
corresponds to an in-process while the sign reversed companion describes a loss out of the
field. These terms allow for the exchange of norm between the master variables; that is,
atoms in the condensate can scatter into the noncondensate and vice versa. These colli-
sional terms generate damping and can also give rise to collisional energy shifts. Another
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2.4 Comparison to previous work

important point is that only the normal fluctuations f contain Bose-enhancement factors
for the out channels. This is not the case for the mean-field density f(¢) and the anoma-
lous densities m(¢) and 7. This behavior is analogous to atomic transition rates described
by the Einstein A- and B-coefficients which can be attributed to stimulated absorption and
emission, as well as spontaneous emission processes. The fact that the mean-field is never
bosonically enhanced supports the interpretation that the mean-field acts as a classical driv-
ing field.

2.4 Comparison to previous work

The master equations for the mean field Eq. (2.70), normal fluctuations Eq. (2.71), and
anomalous fluctuations Eq. (2.72) obtained in the previous section form a closed set of
equations describing the time evolution of a weakly interacting, Bose-condensed gas. The
full solution of these dynamical equations for a general nonequilibrium state of a Bose-
condensed gas at finite temperature is a monumental task that must be carried out on the
computer using advanced numerical techniques, but is certainly within the reach of current
technologies. Such a general description is necessary to describe nonequilibrium phenom-
ena, such as the proposed atom laser, where a dynamical steady-state situation occurs due
to a balance of the continuous output-coupling of condensate atoms with the replenishing
of thermal atoms from a supplied reservoir. Another example of a possible nonequilibrium
situation is a two-component condensate being driven by an external field that coherently
couples the two internal states. Another point is that the collisional terms are also needed
to obtain decay rates for excitations.

2.4.1 Low temperature limit

One can, of course, learn a great deal about the system by considering various limiting
cases. Most of the previous work on dilute Bose gases appearing in the literature is fo-
cussed on the static properties of BEC at finite temperature, where the collisional terms
can be neglected, or condensate dynamics at zero temperature, where, in addition to drop-
ping the collisional terms, the fluctuations about the mean field are set to zero. More
recent studies have begun to treat the coupled dynamics of the condensate and fluctua-
tions [20, 21, 22, 23, 24, 25, 26, 27]. For example, in [24], the authors derive a coupled
set of kinetic equations in the semiclassical approximation, where one can neglect the off-
diagonal distribution functions. Their resulting hydrodynamic equations include the colli-
sional exchange between the condensate and normal density and are equivalent to Eq. (2.70)
and Eq. (2.71) if the anomolous fluctuations in those two equations are neglected.

In order to draw a connection to results of earlier work in this field, it is useful to
represent the master equations Eq. (2.70) through Eq. (2.72) in the position representation.
Here we will not consider the internal atomic structure, but treat only a single component.
The case of a coupled two-component system will be dealt with in detail in Chapters 4 to
6. If we project Eq. (2.70) for the mean field |¢/) onto a position vector (r|, we obtain the
following kinetic equation for the wavefunction ¢ (7, t) = (r|(t))

in®D G ) v (e 0 + 2f(r,t>)} b(r,t) = Vor(r, " (r, )

= (r|LP[, f,m]. (2.76)
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Chapter 2 Underlying Theory

Here, f(r,t) = (r|f|r) is the local density of the normal fluctuations and m(r,t) =
(r|m|r) is the local density of the anomalous fluctuations. In the ensuing text, we do not
consider the collisional terms L,(f) [, f ,m], therefore we have not written their explicit
form in the position representation. One can obtain similar equations for the position rep-

resentation of Eq. (2.71) and Eq. (2.72) describing the normal and anomalous fluctuations.

The Gross-Pitaevskii equation

The simplest approximation for the description of the condensate is to completely neglect
the fluctuations about the mean field by setting f = 7 = 0, and thus also dropping the
collisional terms. Such an approximation is appropriate in the limiting case of 7' = 0.
The resulting dynamical equation describing the condensate is called the time-dependent
Gross-Pitaevskii (GP) equation, given by

dip(r,t)
dt

This is also referred to as the nonlinear Schrodinger equation, due to the dependence on the
local density |1(r, t)|? arising from treating interactions in an averaged way in the mean-
field approximation. In the absence of an external drive, the condensate will condense into
the lowest energy solution ¢ () of Eq. (2.77), given by

ih

_£2
- [%W +U(r) + Vol (r, )"} (r, ). 2.77)

2
(V2 4 U(r) + Volbo(r) Pl o) = 1 do(r), @78)
where p is the chemical potential of the system. This is termed the time-independent GP
equation.

Although the lowest temperatures achieved experimentally are not quite at 7' = 0, the
GP equation has proven to give a good description of many static and dynamic properties
of the system in many different situations at the coldest temperatures. In Chapter 2 we
will investigate the basic properties of the GP equation for a single component gas in more
detail.

Hartree-Fock-Bogoliubov treatment

There is a hierarchy of standard approximations appearing in the literature for extending
the mean-field theory from the zero temperature result of the GP equation, to finite temper-
atures [35]. In order to elucidate the connection between our work, embodied in the master
equations for the condensate and fluctuations in Eq. (2.70) through Eq. (2.72), it is useful to
outline an alternative approach based on the work of Bogoliubov, where the field operator

A

U (r,t) for a Bose-condensed system is written as
(r,t) = (r,t) +P(r,t). (2.79)

Here, (7, t) is the mean field 9 (r,t) = (¥(r,t)) obtained by tracing over the N-body
density operator p, and the operator ¢ (7, t) describes the fluctuations about the mean field

’I/NJ(T‘,t) = lil(rat) - 7/1(7"715)-

In the Heisenberg picture, the field operator obeys the following equation of motion
QW (r, t —h?

o = |3 VUM E(r ) + VU ) E () ¥(r, 1), (2.80)
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2.4 Comparison to previous work

where we have again used the pseudo-potential introduced in Eq. (2.14) to describe binary
interactions. Taking the trace of this with p gives us the following equation of motion for
the mean field ¢ (7, t)

L OY(r,t)
ih 5

= | 2hz V2 U)o, 6) + Vo (U (r, 0¥ (r, )0 (r,0).  (281)

This can be simplified by substituting the expression for ‘i!(r, t) from Eq. (2.79) into the
last term, to give

2 — [ S 4 Ul + i (j0(r O + 27(.0) [ v7,0) + Vot 007 (0,0
+ Vo (@' (r ) (r, (r,1)), (2.82)

where we recall that the averages over the fluctuations vanish, (i ) 0. Here we have
defined the normal and anomalous densities as f(r,t) = (¢ (r,t)(r, 1)) and (7, t) =
() (r, ) (r, t)) respectively.

This equation is nearly identical to the kinetic equation Eq. (2.76) describing the mean
field. The last term (@ZT@E@ in Eq. (2.82) describes correlations between atoms due to colli-
sions and must at equivalent levels of approximation ultimately reduce to the collision term
L,(f) [, 1 m] in our kinetic equation for the mean field. Within the present Bogoliubov
approach, one could get a handle on this term by ascending up the hierarchy of equations
analogously to the BBGKY approach. One would then obtain an equation of motion for
(1[171/;1/?) that would link up to higher-order correlations, and then one could truncate the
hierarchy according to the assumption of the attenuation of correlations. The advantage
of our kinetic approach is that these collisional terms have been calculated explicitly (see
Appendix (B)). In contrast, the standard approach is to make the so called self-consistent

mean-field approximation by writing [35, 48]

D, (e, )(r,t) m 20T (r, )9 (r, )y (r,8) + (P(r, ) (r, 1)) (1) (2.83)

Within this approximation, then, the last term in Eq. (2.82) goes to zero, giving us

_OY(r,t)
ih e

= [2"‘ V2 U(r) + Vo (ju(r, 1) +2f<r,t))]¢<r,t) + Vorn(r, " (r, 1),
(2.84)

Similarly, this approximation also leads to the following equation of motion for the fluctu-
ating field operator ¢(r, t) [35]

7 00, )
ot

[ U + 2% n(nt)]«/?(r,t) Vom(r,0dt (r,0),  (285)

where we have defined the total density as n(r,t) = [¢(r,t)]> + f(r,t) and the total
anomalous average as m(r,t) = 2(r,t) + m(r, t).

These two equations for the mean field (7, t) and the fluctuating field operator ¢ (r, t)
are equivalent to the kinetic equations Eq. (2.70) through Eq. (2.72) if we drop the colli-
sional terms LE,Z) [, f ,m] in those equations. This approximation is sometimes referred to
as treating the collisionless regime, which is assumed to be an adequate description close
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Chapter 2 Underlying Theory

to equilibrium where the collisional terms drop out due to detailed balance (in principle
one should also include the collisional energy shifts, since detailed balance will occur only
if these are included). This description, then, is useful in treating the system in equilibrium
at finite temperature, though recent work has been done that treats the coupled dynamics of
the system close to equilibrium [22, 23, 24, 26, 49].

If we are interested in the static properties of the system at finite temperature in this
approximation, then we must find the stationary solution of the mean field according to

v + v (e + 2f<r>)} B(r) + Vorn(r)g* (r) = p(r).  (2:86)

2m

In order to describe the system in equilibrium, we would like to know the excitation spec-
trum of the system, described by 1/?(7', t). To find the excitations about the mean field, we
subtract the chemical potential u from the left-hand side of Eq. (2.85). It can then be shown
that a general solution of Eq. (2.85), and its Hermitian conjugate, takes the form [35, 36]

P(r,t) = Z [u; (r)i)je—iEjt — v;(r)i)}e"Eﬂ],
J
Pty = 3 [ (mb]e™ — vj(r)be™ 1], 2.87)

J

where the creation and annihilation operators 13; and I;j for this transformation satisfy the
usual Bose commutation relations and effectively describe a Bose gas of noninteracting
“quasiparticles” that have an energy spectrum Ej;. Substituting these expressions into
Eq. (2.85) and its hermitian conjugate, it can be shown that the expansion coefficients u(7)
and v(r), or normal modes, and the corresponding energies E; must satisfy the equations

Fuj(r) = Vom(rjv;(r) = Ejuj(r),
Hoj(r) =Vom™(r)u;(r) = —Ejv;(r), (2.88)

where the operator H is defined as

2
I = —2h—mV2 + U(r) + 2Von(r) — p. (2.89)

The transformation defined by equations Eq. (2.87) through Eq. (2.89) generalizes the stan-
dard zero-temperature Bogoliubov treatment of the elementary excitations by including the
effect the normal and anomalous fluctuations have on the system. This generalization of
the Bogoliubov approximation is referred to as the Hartree-Fock-Bogoliubov (HFB) ap-
proximation [35].

The expansion of ¢ (r, t) into the normal modes Eq. (2.87) does not by itself solve the
problem, for we still need to solve for the normal f(r) and anomolous 77(r) fluctuations.
The fluctuations f(r) and 772(r) take the following form in this quasiparticle representation

Foy = S {2 + los (P B5os) + oy ()] |

mr) = =Y ui(r)o;(r)[2(b1b;) + 1], (2.90)
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2.4 Comparison to previous work

where (5;(%) is the population in the quasiparticle level j. An obvious first ansatz is to
assume that these modes are occupied thermally according to the Bose-Einstein distribution

P 1
(036 = 55— (2.91)
where 3 = 1/kgT. This assumption then closes the coupled set of equations for the
system, which must be solved self-consistently since the mean-field solution given by
Eq. (2.86) depends on the fluctuations f(r) and . (r), which in turn depend on the mean
field through the density n(r) and chemical potential i appearing in H given in Eq. (2.89).
This procedure is outlined by Griffin [35], for example.

We can now enumerate the various approximations made within this Hartree-Fock-

Bogoliubov description of the system at finite temperature.

1. Bogoliubov approximation. This corresponds to the zero temperature case discussed
earlier, where the fluctuations are set to zero f(r) = f(r) = 0, so that one simply
obtains the GP equation Eq. (2.77) describing the mean field. The excitations about
the mean field are obtained from the generalized Bogoliubov transformation by set-
ting the fluctuations to zero in Eq. (2.87) through Eq. (2.89), however in the ' = 0
limit, these excitations are not thermally occupied.

2. Popov approximation. In this approximation, the anomalous fluctuations are ne-
glected i (r) = 0, but the normal fluctuations f(r) are included. The static Popov
approximation corresponds to assuming the quasiparticle spectrum is thermally pop-
ulated according to Eq. (2.91) for a given total number and energy (or chemical
potential and temperature). The resulting coupled set of HFB-Popov equations must
then be solved self-consistently. On the other hand, one can still work in the colli-
sionless regime, but treat the mean field and the normal fluctuations dynamically if
one is interested in the excitations of the system. In this case one expands the mean
field and normal fluctuations about the equilibrium situation considered in the static
Popov approxmation by treating the linear response of the system to a weak drive.
Such an approach is called the dynamic Popov approximation and has recently been
treated by Bijlsma et al. [49], for example.

3. Hartree-Fock-Bogoliubov approximation. In this case, the normal f(r) and anoma-
lous 7(r) fluctuations are both included and the excitation spectrum is assumed to be
thermally occupied according to Eq. (2.91). One must then solve the HFB equations
self-consistently.

We have outlined here the main approximations for treating the dilute Bose-condensed
gas at finite temperature. An important point is that the kinetic equations reduce to these
various limits if the collisional terms LEYZ) [, f,m] in Eq. (2.70) through Eq. (2.72) are ne-
glected. Our approach, then, goes far beyond these three standard approaches, which treat
the collisionless regime, and is the most general second-order theory for a dilute weakly
interacting Bose gas—it describes the irreversible nonequilibrium evolution of the con-
densate and fluctuations in a dynamical, self-consistent fashion. Naturally, we can obtain
damping rates and collisional energy shifts from the kinetic equations.

Of course, such a full treatment is an extremely difficult computational task and is not
trivial to implement. A sensible approach is to look toward these standard approaches
for guidance in finding a reasonable starting point for including the collisional effects. One
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Chapter 2 Underlying Theory

could, for example, carry out the generalized Bogoliubov transformation Eq. (2.87) through
Eq. (2.89) in order to simplify the collisional terms; in this representation, the collisional
terms might have a much simpler structure. Another useful approach would be to neglect
the anomolous fluctuations in the kinetic equations, as considered recently by Zaremba et
al. [24].

2.4.2 High temperature limit

In the high temperature limit 7' > T, the mean field and anomalous averages can be
neglected. In this limit, the density matrix for the fluctuations f just becomes f, the single
atom density matrix. We can then write the kinetic equation Eq. (2.71) as

i

Sf 42 Ho, f1= P =0, £ =] 2.92)

The collisional term LEE) [v = 0, f,m = 0] specified in Appendix (B) takes the much
simpler form in this limit

2
LY =Tpaep —Tarpasns + he (2.93)

The free Hamiltonian Hy just describes the motion in the harmonic trap (we are not con-
sidering the internal structure of the atoms here). It is convenient to expand the operator
equation Eq. (2.92) into the eigenstates of this Hamiltonian, Hy |i) = ¢; |i). This gives us
the kinetic equations for the matrix elements f;;

fig + 5 (e =€) fij = GLLY13). (2.94)
where the collisional term is

GLP 1) = T3S by, Clm,nip, ) O(r, 551, 0) (2.95)

rstu mnpq

5uj [qufpr((stm + ftm)((sin + fm) - ftmfin((spr + fpr)((sqs + qu)]
+ hec

X

Here the transition amplitudes C(m, n; p, q) are given by

Cln,m;q,p) = Vo / @ ()67 (1) 8 (1) by (1), (2.96)

where (r|i) = ¢;(r) are the eigenstates of H.

Although we have included here the possibility that the coherences f;; might be impor-
tant, in the high temperature limit we expect these off-diagonal matrix elements to be negli-
gible. Setting f;; = f;;0;; in Eq. (2.94) gives us the Uehling-Uhlenbeck equation [38, 39]
for the populations f;

Ofi _

5 = 2 WE Bk DA+ )0+ F5) = [+ f) 0+ f)], 29D

ki
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where the transition rate W (i, j; k, ) appearing in Eq. (2.97) is essentially just Fermi’s
Golden Rule 5 5
.. 4T .. 2Veit€j,ete€r

Wi, j; k1) = - |C(3,4;k, )] hoo (2.98)
This is the quantum version of the classical Boltzmann kinetic equation; it includes the
Bose enhancement factors (1 + f3) for scattering into populated output channels of a colli-
sion. It gives a valid description above the critical temperature and may describe the initial
onset of condensation. Once the condensate has formed, though, it is no longer an accurate
description if the mean-field interaction is substantial. We will return to this equation in
Chapter 7 and Chapter 8, where we consider specific applications of nonequilibrium kinetic
theory in the high temperature limit.

2.5 Summary

In this chapter we have developed a quantum kinetic theory describing a dilute Bose-
condensed gas at finite temperature. We showed that in the simplest approximation for low
temperatures—obtained by neglecting the normal and anomalous fluctuations—we recover
the GP equation. We also showed that in the collisionless limit, we recover the Hartree-
Fock-Bogoliubov description. Finally, in the high temperature limit we set the mean field
and anomalous averages to zero to obtain the quantum Boltzmann equation for the single-
atom density matrix. In the rest of this thesis, we will only treat either the GP equation,
which is an approximation of the system at zero temperature, in Chapters 3 through 6, or
the high temperature limit above 7. where the the Boltzmann transport equation for the
populations is an appropriate description.
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Chapter 3

Mean-Field Theory of a Single
Component

3.1 Introduction

In this chapter we consider the basic properties of a trapped, single-component condensate
at zero temperature. By “single-component,” we simply mean that a single atomic species is
present, in contrast to chapters 4 though 6 where we consider a two-component condensate,
in which two different hyperfine levels are populated. This chapter serves a pedagogical
purpose of outlining the well-known solutions to the Gross-Pitaevskii equation for a single
component system. We begin with a discussion of the ground-state solution, and present
the full numerical solution along with the Thomas-Fermi approximate solution that is valid
in the limit of a large number of atoms. We next consider non-ground-state condensates,
or topological modes, such as a vortex. It is useful to introduce the notion of a topological
mode for the single component condensate, before considering it for the two-component
system in Chapters 4 and 6. In the last section we consider the response of the condensate
to a mechanical drive and show that for a weak harmonic drive, the linear response of the
condensate is a superposition of the collective modes discussed in the previous chapter.

3.2 The Gross-Pitaevskii equation

In Chapter 2 we derived the Gross-Pitaevskii equation within the framework of quantum
kinetic theory by neglecting the normal and anomalous fluctuations in the kinetic equation
for the condensate Eq. (2.76), which is an approximation for ' = 0. This leads to a
deceivingly simple looking equation describing the condensate wavefunction v (r, t) [50,
51]

., OU(r,t)
nPd = |
o
where m is the mass of the atom, U () is a trapping potential, and Vy = 4xfi’a/m is a
measure of the strength of binary interactions, proportional to the s-wave scattering length
a. Here we have normalized the condensate wavefunction to unity [ [¢(r,t)|?d®r = 1.
The system responds to itself through the density term in Eq. (3.1), which makes the equa-

2
- ;—mvz +U) + VoN [o(r, )] w(r,), 3.1)



Chapter 3 Mean-Field Theory of a Single Component

tion nonlinear. A remarkable aspect of BEC in a dilute atomic gas is that there are no
fitting parameters in the theory—the physical parameters m, a, and the spring constants of
the trap appearing in U (7) are all well-defined microscopic quantities.

Although Eq. (3.1) resembles the usual Schrédinger equation describing a single-particle
system, we must not forget that ¢)(r,t) characterizes a many-particle system. In Chap-
ter 2 we obtained the time-dependent GP equation within the statistical ensemble picture of
quantum kinetic theory, where we introduced the reduced description based on the assump-
tion that particle correlations can be factorized into products of single-particle quantities.
Within that framework, the wavefunction (7, t) is a macroscopic mean-field amplitude
Y(r,t) = (U(r,t)), where U (r,t) is a field operator and the brackets () represent a sta-
tistical average over the IN-body state of the system p.

An alternative approach that is useful in understanding the GP equation is to describe
the system by a many-particle wavefunction ¥ as in Eq. (2.11), instead of the many-particle
density matrix p used in the statistical approach presented in Chapter 2. In general, the
many-particle wavefunction is very complicated due to particle correlations caused by the
interactions between atoms. The problem is made tractable by first neglecting these particle
correlations and assuming that all of the atoms in the condensed system occupy the same
single-particle wavefunction ¢ (7, t)

U(ry, 72,73, ..., PN, ) = Y(r1,6)Y(ra, ) (rs, t)...0(r N, t). 3.2)

Physically, then we can interpret the GP equation as describing a system of N particles that
all act in unison according to Eq. (3.1)". The factorized form of Eq. (3.2) means that cor-
relations between particles are neglected. The static ground state of the condensate can be
found within this framework using the variational procedure, starting with the assumption
that all of the atoms occupy the same state ¢ (7")

T(T’l,’f‘g,’r‘g, ...,T‘N) = (1)0(7‘1)(1)0(7‘2)@250(7‘3)...(1)0(T’N). (33)

The state ¢o(7) is found by minimizing the total energy of the N-particle system with
respect to variations of ¢y, using the N-body Hamiltonian in Eq. (2.12). Carrying out this
variational ansatz leads to the time-independent GP equation Eq. (3.4) discussed in the next
section. This variational procedure can also be used to find the elementary excitations of
the condensate, to varying degrees of sophistication [52].

3.3 Ground state properties

The bosonic enhancement factors (1 4 f) appearing in the collisional terms of the kinetic
equations derived in Chapter 2 cause stimulated scattering into the lowest-energy state of
the system during condensation. In the limit of an ideal gas, where interactions can be
neglected, the state into which the atoms condense is simply the bare harmonic oscillator
ground state. However, for a dilute gas, the first-order effect of interactions is to modify
the effective external potential, so that in addition to the trapping potential U () the atoms
also experience a net force due to interactions, which is proportional to the local density.
The lowest-energy state ¢o(r) then is determined by the solution to the time-independent
Gross-Pitaevskii equation
- 2
[ = 52V +U) + Vol [go(r)]?] do(r) = pdo(r), (34)

'One must replace N by N — 1 in Eq. (3.1) in the strict case of fixed particle number
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3.3 Ground state properties

where p is the chemical potential. In general, this nonlinear equation must be solved self-
consistently using numerical techniques. It should be noted that throughout this thesis, we
will only consider the case of a positive scattering length a > 0.

3.3.1 Thomas-Fermi limit

Before giving examples of numerical solutions of Eq. (3.4), it is first useful to consider two
limiting cases of either very few or many atoms. In the limit that N — 1, the solution to
Eq. (3.4) is trivial—it is just the bare harmonic oscillator ground state. The opposite limit
of many atoms N — oo is referred to as the Thomas-Fermi limit. In this case, the kinetic
energy term in Eq. (3.4) becomes negligible. Upon setting the kinetic energy term to zero
and solving for ¢, the ground state solution in the Thomas-Fermi limit then becomes

orr(r) = \/NLVO [pre — U(r)]. (3.5)

It is useful to consider the specific case of the condensate in an isotropic harmonic
potential U(r) = mw3r? /2. The Thomas-Fermi radius is determined by solving for r in

the expression U (r) = urp, which gives

2
rre = 4| (3.6)
mw,

The chemical potential must be determined from the normalization condition

TTF . .
47r/ r? dr|orr|? = 1. 3.7
0

After carrying out the integral, we find that the chemical potential in the Thomas-Fermi
limit is " 2/s

pre = 2 [15N ()]

sho

where lsho = +/fi/muwy is the size of the harmonic oscillator ground state. This result
tells us that the chemical potential scales like the power of 2/5 with the population N
and the scattering length a. For typical values of parameters in current experiments, the
chemical potential is 10 — 100 times larger than the bare oscillator ground state energy.
Upon substituting Eq. (3.8) into Eq. (3.6), we find that the size of the condensate in the
Thomas-Fermi limit is given by

; (3.8)

15 N ay 1/5
> “) . (3.9)

TF = lsho (l—
sho

For typical values of the physical parameters, the condensate size is around a factor of 10
larger than the bare oscillator ground state.
In general the trapping potential is not isotropic, but has the form

1
Ur) = 5m(w§$2 +wiy? +wiz?). (3.10)

In this case, the Thomas-Fermi chemical potential is given by Eq. (3.8), with the sub-
stitutions wy — @ and lsno —> Isno, Where @ = (wywy,w.)'/? and lgo = /A/ma.
The extent of the condensate along each axis is given by Itp = /2u7r/mw?, where
l € {z,y,z} [53]. Most experiments have at least cylindrical symmetry, with w; = wy,
although a few experiments actually have used spherically symmetric traps [13].
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Chapter 3 Mean-Field Theory of a Single Component

3.3.2 Lower-dimensional modeling

In many cases, the system possesses a particular symmetry that allows the problem to be
modeled in fewer spatial dimensions. Throughout the remainder of this thesis, we will
often exploit such a simplification. It is important to understand what we mean by “lower-
dimensional modeling”. We do not mean that the actual physical system satisfies some
limit of aspect ratios of the confining potential. For example, imagine a trap with such
a tight confinement in the zy-plane that the system can be treated as a one-dimensional
system, which becomes a better approximation as the ratio w, /w, gets smaller, where
Wy = Wy = Wgy. This is not what we mean; we will not treat systems that satisfy such a
constraint. Instead, we consider systems that possess a particular symmetry, such that the
main dynamics of the system occur along the z-axis, or in the xy-plane. This point will
become clearer as we consider specific cases throughout this thesis.
For a two-dimensional model, the condensate ground state satisfies the GP equation

K2 8% 9?2 y Y A
{— %( + ) + %m(wiwz +wiy®) +a2dVoN|¢(:c,y)lz] Pz, y) = p(e,y),

0z " Oy?
(3.11)
while in the one dimensional model the time-independent GP equation is
(-2 L s ao N P 06 = wv). G2
5 5,2 T gmw:2 +aiaVo z z) = p(z). .

We choose the scaling factors ai;q and aaq so that the chemical potential, or equivalently,
the size, of the condensate is the same in the reduced-dimension model as in the three-
dimensional problem. This can be achieved by solving for the chemical potentials in the
one and two dimensional models in the Thomas-Fermi limit, equating them to the chemical
potential given in Eq. (3.8) for the three dimensional case, and solving for the scaling
factors a4 and aiaq. After a bit of algebra, we obtain the results

154/5 1 @ N2 -
= - /5 4 71/5
az =~ N (@d) (all,)~/3, (3.13)
and .
= i 5_ 1o -2/5 ﬂ 4716 \—1/10
ad = QW( 9 ) N (@Z)(a L) ", (3.14)

where woq = VWWy. Note that aogq has units of lengthf1 and a4 has units of lengthd,
as they must. These coefficients must compensate for the loss of one or two dimensions
from the problem, since the interaction parameter V;; was obtained by assuming s-wave
scattering in a three-dimensional space.

In later chapters, we model the dynamical evolution of the condensate using the time-
dependent versions of Eq. (3.11) and Eq. (3.12). This simplified description, in essence,
makes a factorization assumption about the different axes of the system. Due to the non-
linearity of the time-dependent GP equation, we know that the different axes are coupled.
For example, if the system possesses cylindrical symmetry and the condensate is being
driven by a force with spatial variation along the z-axis but no radial variation, then a
one-dimensional model can be implemented. However, due to the coupling between di-
mensions, radial structure can develop, which is unaccounted for in the one-dimensional
model. It is therefore useful to check the lower-dimensional model against the full solution.
We will address this issue later in the thesis.
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Figure 3.1: The density of the condensate ground state in the one-dimensional model for
increasing population. Going from left to right: N = 10, 103, 10%, and 10°. The blue
dashed line is the exact numerical solution. The top red solid line is the bare oscillator
ground state, while the bottom red solid line is the Thomas-Fermi solution. The position z
is in units of /.. The chemical potentials obtained from the exact solution in each case are
n = 0.56, 1.31, 3.01, and 18.59, while for the Thomas-Fermi solution yrr = 0.19, 1.17,
2.94, and 18.57. These are given in units of hw,. The trap frequencies were taken to be
v, = 65 Hz and v,,, = 24 Hz, and mass and scattering length were taken for "Rb.

3.3.3 Numerical solution

We now present results from numerical calculations in order to illustrate the character of the
ground state condensate and to demonstrate the two limiting cases of small and large pop-
ulation. We find the ground state solution by propagating the time-dependent GP equation
in imaginary time using a finite-difference, Crank-Nicholson method, which we describe
in Appendix (C).

One-dimensional case

We first consider the solution of the one-dimensional model given by Eq. (3.12). It is
useful to write Eq. (3.12) in dimensionless units, where we take Aw, for our unit of energy,
l. = \/h/mw, for our unit of position, and 1/w, for our unit of time (needed for the
time-dependent version of Eq. (3.12)). This rescaling of energy, position, and time can be
achieved by setting i = m = w, = 1, which yields

2
5o+ 22+ Nl PT(e) = no(), (3.15)
where A\jq = 47 Naya(a/l,), and @14 = azal?.

In Figure 3.1 we show results of a series of calculations of the condensate ground state
in which the number of atoms N is varied from N = 1to N = 105. For each case we
plot the density of the bare oscillator ground state, the Thomas-Fermi solution, and the
exact numerical solution. We also indicate the chemical potentials for the Thomas-Fermi
and exact solutions in the caption. For N < 10% the Thomas Fermi solution is a poor
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Chapter 3 Mean-Field Theory of a Single Component

approximation, while for N > 10* the agreement is very good, giving an error of only 2%
in the chemical potential for N = 10* and 0.1% for N = 106.

The Thomas-Fermi solution is a very good representation of the wave function in the
center of the trap, but is a poor description at the very edge of the condensate, where the
density is so low that the kinetic energy term in the GP equation can not be neglected [54].
This region at the boundary of the condensate where the density rolls off to zero is called
the surface thickness ds. The surface thickness can be found by setting the potential energy
at the surface equal to the kinetic energy associated with the bending of the wavefunction at
the surface (i.e. we approximate the Laplacian of 1 as 1/d? at the surface). For a spherical
trap, these energies take the form mwgra, and f”/(2md?), respectively. Setting them
equal and solving for d gives the ratio

4/3
s _ 2—1/3(@) , (3.16)
TP TTF

This ratio is small when the Thomas-Fermi approximation is valid.

Two-dimensional case

In a later chapter we consider a two-dimensional model system in which w, = wy = wgy.
As in the above one-dimensional model, it is useful to rewrite Eq. (3.11) in dimensionless
units by setting i = m = w,, = 1, which gives

1p9> 9%y 1,, . A
{— 3 (@ + a—yQ) + 5(:& +4%) + Xaalt(z, 9) | ¥(2,y) = p(z,y),  (B.17)

where Aog = 47N éaoa(a/l,), and G2q = ai4ql..

Three-dimensional case

Finally, we consider a three-dimensional solution of Eq. (3.4), where we assume axial
symmetry w, = Wy = Wgy. The dimensionless form of Eq. (3.4), obtained by setting
h =m = w. = 1 becomes

SV L (P 4 2) A v = pr), (3.18)
where ¥ = wgy/w, and A = 47N (a/l.). In Figure 3.2 we show the density of the conden-
sate ground state for this axially symmetric trap, where the population was N = 106.

In an experiment, it is the column integrated density profile that is measured, so it is
useful to represent the solution in this way for more direct comparison to experimental data.
In both cases of absorptive or dispersive imaging, the density along the line-of-sight gets
spatially averaged in the measurement process. We can take this into account by performing
an integration along the y-axis of the solution of Eq. (3.18), for example

i(z,z) = / dy [v(z,y,2)%. (3.19)

We will often represent the solution of either the time-dependent or time-independent GP
equation in this column-integrated form in order to compare with experiment. We show an
example in Figure 3.3, where we have integrated through the solution shown in Figure 3.2.
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Figure 3.2: The density of the condensate assuming an axially symmetric trap with v, = 65
Hz and v,, = 24 Hz and the population was N = 10° atoms. Position is given in units of
l,. The solution reflects the tight confinement along the z-axis, compared to the zy plane.

Figure 3.3: The column-integrated density profile for the solution of the condensate ground
state shown in Figure 3.2. This mimics how the density would appear on a CCD array in
an experiment. With the tighter confinement along the z-axis, the condensate appears as a
“pancake”.
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Chapter 3 Mean-Field Theory of a Single Component

3.4 Non-ground-state condensates

The time-independent GP equation has many stationary solutions in addition to the node-
less ground state, each of which corresponds to having all of the atoms in a state with an
alternative symmetry than that of the ground state. We refer to these states of the conden-
sate as topological modes. One example that is a popular topic of research in the recent
literature is a vortex solution, which has quantized angular momentum. Another possible
solution is a non-rotating state with odd parity phase behavior along the an axis of sym-
metry; such a dipole? mode has been termed a dark soliton solution. The intriguing aspect
of these macroscopically occupied excited modes is that they do not necessarily decay via
usual thermal relaxation processes, so that they can be very long-lived. For example, in
superfluid helium persistent currents flow unimpeded for as long as one cares to conduct
the experiment, while currents in normal liquid helium dissipate on a very short timescale
in comparison [16]. In this section we consider some of the basic properties of non-ground-
state condensates.

3.4.1 Vortex solution

Let us assume an alternative solution to the GP equation that has the form

P(r) = ¢(p, z)e™?, (3.20)

where ¢ is the azimuthal coordinate around the z-axis, x is an integer, and ¢, (p, z) is a
real-valued amplitude. This ansatz describes a condensate that has a phase wrap of 27k
around the z-axis, and thus has angular momentum per particle of xh. Substituting this
ansatz into the time-independent GP equation Eq. (3.18) yields the following nonlinear
Schrodinger equation for ¢y (p, z)
1, 1k* 1 5, 2 2

[— sV tgat 5 (7P +27) + Alp(r)] ] Pu(p,2) = pou(p,2).  (3.21)
The additional centrifugal term (1/2)(x?/p?) requires the solution to vanish at the origin
for k # 0.

There are two different possible methods for calculating the vortex solution. One way
is to solve the ground state of Eq. (3.21), which has the ansatz Eq. (3.20) built in. This gives
the amplitude of the solution ¢ (p, z), so that the full solution is 1(r) = ¢, (p, z)e*®. An
alternative method is to carry out imaginary time propagation on Eq. (3.17) while forcing
the solution to have the correct phase wrap as given by the ansatz Eq. (3.20). This technique
is the one we have used and is described in Appendix (C).

We show an example of a vortex solution for the case of one unit of circulation, where
we have used the two-dimensional model of the GP equation. In Figure 3.4 we plot the
density | ¢, (p, z)|* and in Figure 3.5 we show the phase. The core of the vortex sits at the
origin where the solution vanishes. The size of the vortex core is determined by the healing
length & (i.e. the scale length for significant density variation), which is set by the balance
of the kinetic energy h”/(2mé?) and the mean-field interaction energy 4mfi”an/m, where
n is the density. Upon setting these two terms equal and solving for &, one obtains for the
healing length

¢ = (8mna)~'/2. (3.22)

2Note that we are using the term dipole somewhat loosely here; we are not referring to any specific dipole
moment (eg. electric or magnetic), but rather use the term to signify the antisymmetric form of the wavefunction.
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Figure 3.4: A vortex solution to the two-dimensional GP equation, for the case of unit
angular momentum. The population is N = 10°, and the trap frequency in the zy plane is
Vgy = 24 Hz. Position is given in units of the harmonic oscillator length .. The size of
the core is very small, and is characterized by the healing length £, which is approximately
& = Iz, /8 for the solution shown here.
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Figure 3.5: The 27 phase wrap of the vortex solution displayed in Figure 4.
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Chapter 3 Mean-Field Theory of a Single Component

Within the Thomas-Fermi limit, an approximation of the healing length is [55]

£ (&)z (3.23)

r'TF r'TF

where the approximate Thomas-Fermi forms for the central density n(0) and radius rrg
were used for the case of a spherical trap.

If the atomic gas is being rotated during the cooling process, it is possible that the
energy of the vortex state becomes lower than the ground state energy. In this case, there
will be stimulated scattering into a circulating state, so that all of the atoms end up in the
vortex [56]. The energy of a system rotating at the angular velocity (2 is E,, — 2L.; that
is, this is the energy of the vortex mode with angular momentum L, = Nxh. When this
energy becomes lower than the energy of the non-rotating ground state, condensation can
occur in the vortex. This gives us the following value for the critical frequency needed to
produce condensation into the vortex

Q. = (hk) ' [(Ex/N) — (Eo/N)], (3.24)

where Ej is the energy of the ground state. This is just the difference in energies between
the vortex and ground state. In order for the vortex to occur, the rotation frequency must
satisfy 2 > .. An approximate expression for this quantity has been worked out in the
Thomas-Fermi limit for the case of an axially symmetric trap [57]

o 5h 1 |:0-671PTF:|
2mpiy § ,

where prr is the Thomas-Fermi radius in the zy plane. For typical values of parameters
in the JILA trap, we plot this approximate form of €2, as a function of population N in
Figure 3.6. As N increases, the splitting between the vortex and ground state decreases, so
for one million atoms, the critical frequency is a few hertz.

Q. (3.25)

3.4.2 Non-rotating states

An alternative class of solutions of the time-independent GP equation are those with no
circulation. A dipole is one example, which in the Thomas-Fermi limit is referred to as a
dark soliton. These solutions can be generated using the method described in Appendix (C)
for finding excited states using imaginary time propagation. For example, the first excited
state is found by subtracting out the ground state solution in each time step, starting from
some appropriately chosen initial guess. Higher excited states can also be found this way.
This is essentially the Graham-Schmidt orthogonalization procedure, carried out in each
time step during the imaginary time propagation. In the limit of a single atom N — 1, the
solutions just go over to the bare Harmonic oscillator eigenstates.

We show examples of these types of solution for the one-dimensional model of Eq. (3.18)
in Figure 3.7 for three different values of the principal quantum number n = 0, 1, 2 and
for N = 1, 10%, 10°. The top row correspond to the bare harmonic oscillator eigenstates.
As N increases, the mean-field interaction energy dominates the kinetic energy, so that in
regions where the density goes to zero, the size of the node is determined by the healing
length, just as in the case of a vortex.

In Figure 3.8 we plot the energy of each of the three states shown in Figure 3.7 as a
function the population N. As N — 1, the energies are spaced by hiw,, corresponding to
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Figure 3.6: The approximate value of the critical frequency (2. given by Eq. (3.25), in
units of the trap frequency w,. For one million atoms in a 24 Hz trap, this frequency is

approximately (2. ~ 3.5 Hz.
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Figure 3.7: The densities of the first three excited states, for increasing population going
down each column. In the Thomas-Fermi limit, dark-solitons form at the nodes of the

wavefunction, with a size determined by the healing length.
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25

20

Figure 3.8: The energies of the states plotted in Figure 3.7 vs the population. As NNV in-
creases, the energies grow due to the mean field interaction, while the spacing between
levels decreases, similar to the vortex solution.

the solutions of the harmonic oscillator. As IV increases, the energies grow according to
Eq. (3.8), and the spacing between levels decreases, just as in the case of the vortex.

In the case of the vortex, it is clear how one can create a situation in which the cooled
sample condenses into the rotating state. This could be done by slightly distorting the
trap and rotating it at the critical frequency (), during the cooling process, though so far
no reports have been made of the experimental observation of a vortex generated in this
fashion in a dilute Bose gas. There is no obvious analog for a similar scheme that leads to
condensation into a non-rotating excited state. This leads us to the following question: If
the condensate is allowed to condense into the nodeless ground state of the system, is there
a way to transfer all of the atoms in the condensate from this initial state to a topological
mode, such as a vortex or dark-soliton? In the next section we begin to investigate this
question by considering the response of the condensate to a harmonic mechanical drive.

3.5 Condensate response to a mechanical drive

The condensate response to an external driving force can be studied in a controlled way
in the present BEC experiments [58, 59, 60, 61]. Once a Bose gas has condensed into the
ground state, the confining potential can be manipulated by adjusting the magnetic trapping
fields, or by shining a laser on the sample to create an optical potential. We first consider the
case where a weak harmonic drive is applied and show that the response of the condensate
can be decomposed into a sum over the normal modes, which were introduced in Chapter 2.
In this way, the elementary excitation spectrum of the condensate can be studied. We also
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3.5 Condensate response to a mechanical drive

briefly discuss the nonlinear response of the condensate, and address the question of how
to generate a topological mode from an initial ground state condensate.

3.5.1 Linear response

Let us suppose that a weak mechanical drive is applied to the condensate that varies har-
monically in time. The condensate equation of motion then takes the form [62]

2
D)~ [ TR UG)+VoN [l O + £ (P)e o+ £ (e ] v, ),

ot 2m
(3.26)
where we have included the mechanical drive described by the amplitudes f () oscillating
at the frequency wy. The full numerical solution of this GP equation describing the driven
condensate can be calculated for arbitrary drive strengths. However, if we assume the drive
is weak, we can carry out a standard linear response analysis, where we make the ansatz
solution [62]

ih

Y(r, t) = e Ht/h [fo(r) + u(r)e ™ 4 v*(r)e™]. (3.27)

Substituting this into Eq. (3.26), keeping only linear terms in u(r), v(r), and f4 (r), and
equating like powers of e¥#¢¢_ we obtain the following three coupled equations [62]

[Ho + Volgo(r)[?]do(r) = ndo(r)  (3.28)
[Ho — (1 + hwa) + 2Vo|go (r)|*]u(r) + Vodg(r)o(r) = —fi(r) do(r)
[Ho — (1 — hwa) + 2Vo| o (r)|*]v(r) + Vo [¢3(7")]2U(7“) = —f_(r)do(r),

where Hy = p?/2m + U(r). The first line of Eq. (3.29) is simply the time-independent
GP equation for the condensate ground state. Upon setting the drive to zero fi = 0, the
other two lines in Eq. (3.29) reduce to the equations for the normal modes of the system

Foui(r) = Vo B (r)o;(r) = Tws us(r),
FCoj(r) — Vo [05(r)] "u;(r) = —hw;v;(r), (3.29)

where H is given by

R 72
H= —%VQ +U(r) + 2Vo|go (r)|* — p. (3.30)

These equations are identical to the equations Eq. (2.88) and Eq. (2.89) obtained in Chap-
ter 2 for the elementary excitations of the system in the Bogoliubov approximation, ob-
tained by setting the fluctuations f and m to zero. This is not a coincidence, since the Bo-
goliubov spectrum was also obtained by treating the fluctuations to first order. Of course,
higher order corrections, such as the collisional terms discussed in Chapter 2, can not be
obtained within the present analysis, since those higher order effects are due to particle
correlations unaccounted for in the 7' = 0 limit case approximated by the GP equation.

To complete the analysis, one expands the condensate wavefunction () and the drive
f(7) in the normal modes u(r) and v(r). For an arbitrary weak harmonic drive, the con-
densate solution in general will consist of many normal modes. However, the drive can be
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Chapter 3 Mean-Field Theory of a Single Component

chosen with a symmetry and drive frequency that preferably excite only one normal mode.
This suggests an experimental procedure in which one distorts and modulates the magnetic
trapping potential in such a way as to excite a normal mode. By varying the modulation fre-
quency wy and measuring the amplitude of oscillation of the condensate, a response curve
can be obtained that should be centered on the corresponding collective mode frequency.
Several such experiments have been conducted at JILA and MIT [58, 59, 60, 61]. In ex-
periment, damping processes not accounted for in the 7" = 0 Bogoliubov theory give rise
to a width of the response curve. These experiments, in which the lowest few collective
modes were studied over a range of temperatures, have generated a a large volume of work
recently on the study of the elementary excitation spectrum of a trapped Bose-condensed
gas (see, for example, the review by Dalfovo et al. [53] and references therein).

Conceptually, it is important to realize that the above analysis (and the related discus-
sion in Chapter 2) can also be applied to a vortex. That is, instead of studying a situation
where nearly all of the atoms are in the ground state and a small fraction are participating
in a collective excitation about it, one can instead consider having nearly all of the atoms in
a vortex solution and studing excitations about that. The corresponding Bogoliubov spec-
trum can be calculated within the same framework. A great deal of work has also been
published recently on this topic and the related issue of vortex stability (see, for example,
[63, 64, 65, 66, 67] and references therein).

3.5.2 Excitation of topological modes

Several recent studies have investigated the question raised earlier in section 3.4.2 on the
possibility to excite a ground state condensate into a topological mode, such as a vortex,
using a mechanical drive [67, 68, 69]. Unlike the case of collective excitations considered
above, where effectively very few atoms are excited, in order to produce a condensate in a
pure vortex all of the atoms must be excited into the same self-consistent mode. Based on
recent theoretical studies, as well as experimental efforts, a pure vortex seems difficult to
generate using a mechanical drive. In [69], for example, the authors investigated the use of a
far-blue-detuned Gaussian laser beam to stir the condensate by numerically solving the GP
equation. Typically, such a stirring of the condensate generates rather complex behavior.
However, the authors of [69] found a regime where a single vortex core oscillated in and out
of the condensate, so that at one point in the cycle, a pure vortex could be formed where
the average angular momentum per particle is unity. Related schemes of distorting and
rotating the magnetic trap, either with or without an optical potential acting as a pinning
mechanism, have been explored experimentally with no observations of a vortex [70, 34].
In trying to understand the process of exciting the condensate from a ground state to
a vortex using a mechanical drive, a natural starting point might be to consider the drive
as weak and study the linear response of the condensate. As a concrete example, consider
the stirring mechanism studied in [69]. The harmonic drive of the stirring beam could be
expanded in normal modes, and the condensate solution could also be obtained in terms
of the normal modes. Suppose the stirring drive preferentially excited a single normal
mode possessing angular momentum, due to its symmetry and rotation frequency. Is it
possible to transfer all of the atoms into this mode? An obvious problem is that for linear
response to be valid, only a small fraction of the atoms must be excited, since the effect of
excitations on the ground state is neglected. Therefore, it would seem that a full nonlinear
treatment of the problem is required, which includes the nonlinear terms left out of the
linear response analysis. Several research groups have investigated the nonlinear response
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of the condensate [71, 62, 72, 73], though not in the context of exciting a pure vortex.

3.6 Summary

In this chapter we have touched upon some of the major themes of zero temperature mean
field theory of a single-component Bose-condensate in a dilute trapped gas of atoms. The
basic concepts of the condensate ground state, topological excitations, and the elementary
excitations about the mean field have been studied extensively in the recent literature in this
field; several recent review articles explore these concepts in more detail (see, for example,
Dalfovo et al. [53] and references therein). Here we have given only a glimpse of these
popular topics, in order to provide a broader context in which to place the specific original
work of this thesis. Of particular relevance to this thesis is the question of how to transfer
an initial ground-state condensate to a topological mode. In Chapter 6 we will return to
this question and present a technique for preparing such a state in a strongly coupled, two-
component condensate—a technique that has recently been implemented experimentally at
JILA [70], resulting in the first observation of a vortex in a dilute gas BEC.
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Chapter 4

Mean-Field Theory of a Coupled
Two-Component System

4.1 Introduction

In this chapter we extend the mean-field theory discussed in Chapter 3 for a single com-
ponent condensate to treat a coupled two component system. We begin by deriving the
coupled, two-component GP equation for this system using the formalism developed in
Chapter 2. Our main interest in this chapter are the stationary solutions to these equations.
We first consider the case of no coupling and we numerically solve for the lowest energy
solution of the two-component system. The basic ground-state properties studied will help
prepare us for the study of two weakly coupled components presented in Chapter 5. We
then present non-ground-state solutions for this system, such as a vortex, as was done in
Chapter 3 for the single component system. This topic will resurface in Chapter 6 when we
investigate a strongly coupled system. In the last part of this chapter we discuss the lowest
energy stationary states of the coupled system, which we refer to as the dressed states.

4.2 The physical system

In the next three chapters we will focus on the basic system studied in experiments con-
ducted at JILA [8, 9, 10, 11, 12, 13] investigating a trapped, Bose-condensed dilute gas of
87TRb atoms, in which two internal hyperfine levels are populated. The atoms in the conden-
sate are in the ground state electronic state, with the hyperfine structure shown in Figure 1.
Typically, the |F' = 1, My = —1) = |1) is trapped and cooled in the usual manner to the
condensation point. Once the atoms in |1) have formed in the condensate ground state, a
two photon drive can be applied that couples the |1) state to the |F' = 2, Mp = 1) = |2)
state. That is, microwave and radio-frequency (RF) electro-magnetic fields are applied to
the sample. One can describe this two-photon process with as an effective coupling strength
Q = Q0,0 /(4d4p), where Q, and Q, are the Rabi frequencies for the individual transitions,
and d,p is the intermediate state detuning [74, 75, 76]. The frequency of the drive wy is
just the sum of the frequencies of the two photons. In principle both states could be cooled
simultaneously, so that a condensate forms in a mixture of states, however the typical life-
time of atoms in the |2) state is &~ 300 ms in a v, = 65 Hz, v, = 24 Hz trap due to inelastic
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Figure 4.1: Illustration of the ground-state hyperfine levels of 87Rb shown with Zeeman
splitting due to the presence of a magnetic field. The two-photon transition is driven be-
tween the |1, —1) and |2, 1) states.

spin-exchange collisions, which makes achieving runaway evaporation very difficult. In
contrast, atoms in the |1) state have a much longer lifetime.

The condensate is confined in a time-averaged orbiting potential (TOP) trap, that con-
sists of a static quadrupole magnetic field and a rotating uniform magnetic field, the com-
bined effect of which generates an approximately harmonic axially symmetric potential
with trap frequencies w, and wgy, [9]. Due to the slightly different magnetic moments
of the two states |1) and |2), as well as a state-dependent force arising from the rotating
field [9], the effective potentials for the two states are offset along the vertical axis, as il-
lustrated in 5.1. By varying the quadrupole gradient, and the intensity and frequency of
the rotating field, many different trap configurations can be achieved. There are three main
configurations we will consider, which consist of an axially symmetric trap with frequen-
cies w; /2m = 65 Hz, wy, /27 = 24 Hz with the vertical separation being either 0.4 ym or
zero, or a spherically symmetric trap with frequency w. /27 = wyy /27 = 7.8 Hz and no
separation.

The scattering lengths for binary collisions depend on the internal hyperfine level of
the atom. There are three different cases to consider, |1)|1) — |1)|1), |2)|2) — |2)|2), or
[1}|2) — |1)|2). We designate the s-wave scattering lengths for each case as a;, as, and
a12. For 87Rb it turns out that the values of these three quantities are nearly degenerate,
with the ratios {as : a12 : a1} = {0.97 : 1 : 1.03}[10]. The different scattering lengths
effect the condensate through the mean-field interaction potential, as we show below.
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4.3 Derivation of the coupled two-component GP equation

4.3 Derivation of the coupled two-component GP equa-
tion

In Chapter 2 we derived the quantum kinetic equations for the mean field and fluctua-

tions, Eq. (2.70) through Eq. (2.72), which are generally true for atoms possessing internal

structure. We now write out explicitly the generalization of the Gross-Pitaevskii equation

to treat the case of a coupled, two-component system, by setting the fluctuations to zero

f =m = 0in Eq. (2.70) and projecting |1 (¢)) onto the position vector |r) and an internal
state vector |a). Upon setting the fluctuations to zero, Eq. (2.70) becomes

i (6 = (Ho + 1Uz0) [6(8) @

We define the amplitude v, (7, t) = (7, a|t(t)), with & = 1,2. The matrix elements of
Hj can be found from Eq. (2.22) and are

2
(r,a|Ho|r', ) = [( - 2h_mv2 UL (r) + ea)aaﬁ + Hgﬁ(t)] Br—r). (42

We take the driving field H(t) to have the specific form
H(t) = Qeos(wat) (1) (2] + [2) (1]), “3)

where we have assumed {2 to be real. The matrix elements of the mean-field interaction
can be found from Eq. (2.24) and are

(r,a|Uso |7, B) = Vag [a(r)[* 6°(r — 1), (4.4)

with the interaction strength given as V53 = 47hi%a,g/m.
With these matrix elements defined, we project Eq. (4.1) on to (r, «| and expand the
operators in this basis to obtain the two coupled equations

2
ia(r,t) = [ 3=V U)o+ Vil (r, O + Viala(r, 0| a ()
+  Qcos(wat)ha(r,t)
2
ihaa(r,t) = [— 2h_mv2 +Us(r) + €2 + Valyu (r, 8)]” + V12|¢1(7“7t)|2}¢2(7',t)
+  Qcos(wgt) (r, t). 4.5)

Here, Vi = Vi1 and Vo = Vas. Since we are focussed on the experimental situation
described in references [8, 9, 10, 11, 12, 13], we take the following specific form for the
trapping potentials

=
=
3
N
I

%m [wgyp2 +w?(z - zo)z} ,
Us(r) = %m [wgyp2 +w?(z + 20)2} ) (4.6)

These describe cylindrically symmetric harmonic traps that are displaced by 2z along the
vertical axis.
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It is useful to write Eq. (4.5) in a more compact form as

Whf

iy = [HY + HWY — 7]1/11 + Q cos(wg )i,
iy = [HY + HMF 4 %] o + 2 cos(wa ), 4.7

which is written in dimensionless units from setting 72 = m = w, = 1. We have defined
the hyperfine splitting between the two levels as hwps = €2 — €1 and reset the zero-point
energy between the two states. Our notation has been made more compact by defining the
quantities H? and HMY as

1, 1., . ‘
H} = =3V 45" +(z+7i20)"]
HMY = Xalgl® + gl (4.8)
where v = —1, 72 = 1, and o = wyy/w; gives the aspect ratio of the trap. We have

defined the mean-field interaction strength now as A;; = 47N (a;;/1;) (with a;; = a; and
Aii = A;). This is consistent with the following normalization

/ (]2 + o) = 1. @9)

The coupled equations in Eq. (4.7) can be simplified somewhat by making a unitary
transformation given by

U= el (4.10)

where ¢, is a standard Pauli matrix. We make the rotating wave approximation by neglect-
ing counter rotating terms, which gives us the following coupled equations

() _ (HY+ HMY +6/2 Q/2 1 @10
) ~ /2 Hy + HYY = 0/2 )\ ¢z ) '

The detuning § is the difference in frequencies between the driving field and the hyperfine
transition 6 = wy — wpe. This is the main result of our derivation, which will serve as the
starting point as we consider the particular cases of weak and strong coupling in Chapters
5 and 6, respectively.

4.4 Uncoupled two-component system

We begin by considering the case where there is no field coupling the two states, but assume
that the system has been prepared with population in both states, given by N; and N, for
states |1) and |2) respectively, with N = N; + N,. The GP equations describing this
uncoupled two-component system is obtained from Eq. (4.11) by setting the driving field
parameters to zero, 2 = § = 0, to give

. 1 1
i = [—§V2 + 5(0202 + (2 = 20)%) + M| [ + Aaa 2] ] 91,
1

1
[—2V2 4+ 2(@20% + (24 20)%) + Aalto|? + A2t 2] 4he,  (4.12)

g 2 2
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4.4 Uncoupled two-component system

where we have suppressed the time and position variables in the wavefunctions. The offset
between the two traps along the vertical axis is given by 2z5. With two different states
present in the condensate, an additional mean-field interaction term appears in each equa-
tion proportional to the inter-species scattering length a;2 and the density of the other state.
This term provides a motional coupling between the two states.

4.4.1 Ground state properties

The time-independent GP equations describing the stationary state of the two-component
condensates are

1_. 1, . . . .
[_§vz + 5(0‘2/’2 + (2= 20)%) + Ml + A2 |2l 91 = i,
1_. 1, . . . .
(=3 V245070 + (2 4 20)°) + el + Mz [Pl s = patpz, (413)

where y; and p, are the chemical potentials of the two components. As already mentioned,
throughout this thesis we will focus on 87Rb, for which the scattering lengths are nearly
degenerate. In some cases, we will make the approximation a; = as = aj2. In this
case, the mean-field interaction terms become (\;|v:|* + Xij|¥j]1?) — Aijntot, Where
Not = ([Y1|? + |2|?) is the total density. In the case of concentric traps (zo = 0), the
time-independent GP equations Eq. (4.13) become identical for both states

1 1
[—§V2 + §(a2p2 + 2%) + M2ngot) Vi = p i, (4.14)

so that regardless of the population difference between states, the chemical potential, and
therefore the overall size, of each component is identical. In the opposite limit of traps
separated by a large distance zy > rrr, the two components act independently of one
another, and the two equations in Eq. (4.13) become spatially decoupled, with nyo, —
n; for each component. In the following section, we illustrate these points by solving
Eq. (4.13) directly for various cases and we will show the role played by the trap separation
zp and the population difference N1 — No.

In order to get a better understanding of these properties, we now show results of nu-
merical calculations of Eq. (4.13). Here we use the one-dimensional model of the system,
where we have used the interspecies scattering length a;5 and the total population N in the
scaling factors discussed in the Chapter 3. The one-dimensional model of Eq. (4.13) is

1 9?2 1 ~ ~
[—5@ + 5(2 —20)% + M| [P + Arz|v2*] 1 = ¢,
1 82 1 2 By 2 kY 2
[—5@ + 5(2 +20)7 + Aa|th2 | + A2 |1 [F] 2 = pathe, (4.15)

where we have put a tilde over the scattering length factors to remind us that these have
been rescaled according to /N\ij = 4mNaiq4(ai;/1-), as discussed in the previous chapter. In
what follows, we do not vary the scattering lengths, but fix them to the appropriate values
for 87Rb. One could, on the other hand, take these as free parameters and investigate how
the ground state properties depend on a4, a2, and a3 [30, 31, 32].
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Figure 4.2: The density of the ground state solution for the two component system for
zero trap displacement zy = 0. We vary the population difference while keeping the total
population fixed. The blue solid line is the density of the |2) atoms, the red dashed line is
that of the |1) atoms, and the black dot-dashed line is the total density. Position is in units
of the oscillator length .. The population is N = 10° atoms and the trap frequency is
v, = 65 Hz.

Varying N; — N2 withzg = 0

In Figure 4.2 we plot the ground state solution to the two-component GP equation for three
different values of the population difference for the case of zp = 0. The most obvious
feature of the solution is that the |2) atoms, which have the smaller scattering length, sit in
the center while the |1) atoms are pushed to the outside. This feature is a consequence of
the particular values of the scattering lengths for 87Rb: it is energetically favorable for the
|1) atoms to spread out due to their larger scattering length. Another feature is that the total
density is very nearly preserved as the population difference is varied.

Varying Zo with N1 = N2

In Figure 4.3 we plot the solution for four different values of the trap spacing. The key point
is that only a very small trap displacement is needed to completely change the character of
the solution. For the case of one million atoms considered here, the Thomas-Fermi radius
is approximately rtr/l, = 6. This means that a trap displacement less than 1/100 the
size of the condensate is enough to cause the components to separate along the z-axis. The
overlap of the two components decreases as zg is increased, until they no longer overlap at
all in the last plot where zo/l. = 5 is nearly equal to the Thomas-Fermi radius.

Varying N; — N with zg = 0.15

Another important property of the ground state solution of the two-component system is
that the overlap between the two components is nearly constant as the population difference
is varied, with fixed trap separation zy. In Figure 4.4 we demonstrate this by showing the
densities of the two components for three different values of the the relative population.
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Figure 4.3: The ground state solution of the two-component system as a function of trap
separation zg, which is given in units of the oscillator length [,. In this case the populations
are equal N; = N,. The blue solid line is the density of the |2) atoms and the red dashed

line is that of the |1) atoms.

The component with the larger population (the |1) atoms in this case) pushes the other
component away. The center of the region of overlap changes, but the overall area is nearly
constant. Also note that the total density is nearly preserved as the population difference is

varied.
We can demonstrate this behavior in a more quantitative manner by calculating the
overlap between components as a function of the population difference. We define the

overlap ( as

= / dz 1 (2)6n (2). 4.16)

In Figure 4.5 we plot the overlap ¢ vs the population fraction in the |1) state. The overlap
is nearly constant, with the largest variation occurring for larger values of the population

fraction Ny /N.

density

-10-5 0 5 10-10-5 0 5 10-10-5 O 5 10
Z position

Figure 4.4: The solution with the trap separation fixed at zyp = 0.15 while varying the
population difference.
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Figure 4.5: The wavefunction overlap ( of the two components in the ground state (top
graph) and the difference in chemical potentials, vs the population fraction in the |1) state
Ni/N. The blue solid lines are obtained from the one dimensional model, and the red
dashed lines are obtained from the full three dimensional solution. The trap separation is
fixed at zg = 0.15.

In the bottom graph of Figure 4.5 we plot the difference in chemical potentials 11 — po
vs N1/N. The difference u; — po is approximately a linear function of the population
fraction. Also note that for equal populations, ;3 — s > 0, which is due to the larger
scattering length of |1). We will return to these observations in the next chapter, where we
consider the case of two coherently coupled components.

It is useful to compare our one-dimensional model to the three-dimensional solution
of Eq. (4.13). In Figure 4.6 we show the column-integrated density of the full three-
dimensional solution for the case of equal populations and a trap separation of zo/l, =
0.15. In Figure 4.5 we plot the overlap

(= / & u (o, 2 (p, 2), @.17)

and the difference in chemical potentials 11 — po, vs the population fraction Ny /N. The
overlap ( calculated for the one-dimensional model gives very good agreement, while the
difference in chemical potentials has an overall offset compared to the three-dimensional
solution. However, the slopes of the lines are nearly the same.

4.4.2 Non-ground-state two-component condensates

It is useful now to consider the situation where one of the components is not in a ground
state, but possesses an alternative symmetry, like the vortex and dark-soliton solutions con-
sidered in Chapter 3 for the single component system. As one might expect, these solutions
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-18 -9 0 9 18 -18 -9 0 9 18

Figure 4.6: The column-integrated densities of each component for the full three-
dimensional ground state solution of the two-component system, assuming axial symmetry
with v, = 65 Hz and v, = 24 Hz for one million atoms and equal populations in each
component. The trap separation is z9/l, = 0.15, which corresponds to the case shown in
the last graph of Figure 4.4.

have markedly different properties than their single-component counterpart related to the
additional mean-field interaction term between the two components.

Vortex solution

We begin by considering the case where one component v; is in a vortex while the other
1; remains in the nodeless ground state. We therefore make the ansatz

Yi(r) = ¢olp,2),
bi(r) = éulp,2)e™™?, (4.18)

where ¢ is the azimuthal coordinate around the z-axis, x is an integer, and ¢, (p, z) is a
real-valued amplitude. This ansatz describes one component that has a phase wrap of 27«
around the z-axis, and thus has angular momentum per particle of ki, while the other is a
nodeless ground state. With this ansatz we find the lowest energy two-component state of
the system using the imaginary-time propagation technique described in Appendix (C).

In Figure 4.7 we show the solution of this case using the two-dimensional model. We
have set the scattering lengths equal in this calculation. We will consider the effect of
different scattering lengths in the next section for the case of a dipole solution. The vortex
shown in Figure 4.7 has a much larger core than that shown in Chapter 3 in Figure 3.4. For
the case of two-components, the repulsive mean-field interaction between components has
a dramatic effect on the shape of each component: the vortex core is much larger than the
healing length of a single component condensate and the ground state is “pinched” by the
vortex.

In Figure 4.8 we plot the chemical potentials of each component as a function of the
population fraction in the ground state. Remarkably, the splitting between the vortex and
ground state remains roughly constant for quite a range of Ny /N, and increases sharply as
No/N goes to zero. The splitting is a mere fraction of / wy, due to the large spatial scale
of the excitation in terms of the size of the harmonic oscillator ground state.
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Figure 4.7: The solution to the time-independent GP equation for the case where one of
the components is in a vortex with unit angular momentum per atom, while the other com-
ponent is in the nodeless ground state. Here we have set the scattering lengths all equal to
a12, and taken concentric traps zp = 0. The components have equal population with the
total population being N' = 10°. Position is in units of the oscillator length I, and the trap
frequency was v,, = 8 Hz.
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Figure 4.8: The chemical potentials of each component as a function of the population
fraction in the ground state. Energy is in units of 7 w,,. We have set the scattering lengths
all equal in this calculation.
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Figure 4.9: The solution of the case where one component is in the ground state, while the
other has a dipole symmetry. For this calculation we took equal scattering lengths. The
trap frequency was v, = 65 Hz and the total population was N = 1065.

Non-rotating states

We now consider the possibility of having one of the components 1; in a dipole mode,
while the other v; is in a ground state, which is described by the ansatz

Yi(r) = ¢olp,2),

¢j(7') - _¢1(pvz)v (4.19)

E

In this ansatz we are forcing the component );(7) to be an antisymmetric function along
the z-axis by multiplying the solution times z/|z|; for z < 0 the wavefunction has a phase
of 7 and for z > 0 the phase is 0. The other component 1);(r) is just a nodeless ground
state. With this ansatz we find the lowest energy two-component state of the system using
the imaginary-time propagation technique described in Appendix (C).

In Figure 4.9 we show the solution of the one-dimensional model for three different
values of the population fraction in the ground state Ny/N. Just as in the case of the
vortex, the mean-field interaction between components has a large effect on the shape of
the densities. This effect depends on the relative population: as No/N decreases, the size
of the core shrinks, as it must in the limit that all of the atoms are in the dipole.

We plot the chemical potentials of each component as a function of the population
fraction in the ground state Ny /N in Figure 4.10. We show three different cases of equal
scattering lengths, or unequal scattering lengths with the |1) or |2) atoms in the ground
state. For equal scattering lengths, the chemical potentials behave similarly as in Figure 4.8
for the vortex solution, however in this case the splitting decreases much more rapidly as
No/N is decreased. The second plot corresponds to the case where the |1) atoms are
in the ground state. Due the the larger scattering length of the |1) atoms a; > as, this
configuration becomes unstable, as indicated by the level crossing. In the third plot, it is
the |2) atoms that are in the ground state; this situation is energetically stable.
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Figure 4.10: The chemical potentials of the two components vs. the population fraction
Ny/N for three different cases: equal scattering lengths or unequal scattering lengths with
the |1) atoms in the ground state or the |2) atoms in the ground state. Energy is given in
units of Aw,. The blue solid line is the ground state and the red dashed line is the dipole
mode.

4.5 Coupled two-component system

We now consider the case where an external field is applied that couples the two internal
states of the atoms. In this section we calculate the eigenstates of the coupled system, often
referred to as the dressed states. We classify the behavior of this system into two classes,
based on the strength of the coupling 2 and we will consider in detail the separate cases of
weak and strong coupling in the next two chapters. We consider the coupling to be weak
if the Rabi frequency is much less than the frequency of the harmonic trapping potential
) << w;, so that the spatial dynamics occur on a faster time scale than the internal dynam-
ics in this case. In other words, the densities and currents of the two components adjust
instantly to the transfer of atoms on the time scale of the Rabi oscillations. In the next
chapter we will consider this limit, which resembles the Josephson junction in condensed
matter physics. In the opposite limit of strong coupling 2 >> w,, the Rabi oscillations of
the internal levels occur on a much shorter time than the motional dynamics. This separa-
tion of time scales will allow us to simplify the description and consider some very novel
behavior in Chapter 6.

4.5.1 External ® internal representation

The coupled mean-field equations Eq. (4.11) can be rewritten in a more illuminating form
by making a clear separation of the external and internal degrees of freedom. The sys-
tem exists in a direct-product Hilbert space H = Hex ® Hj,, where Hex is the infinite-
dimensional Hilbert space describing the motional state of the system in the trap and H;,
is the two-dimensional Hilbert space describing the spin of the system. A general operator
in ‘H can be written as a sum over the direct-product of operators from Heyx and Hi,. We
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rewrite Eq. (4.11) in this representation as

6o+ =0.) + H, @ 6,]|(t)) (4.20)

| D
| S

G, PR
in ) =[Ho@l+1e(

where {6, 5,5} are the standard Pauli spin matrices and 1 is the identity operator. The
state of the system [¢(¢)) in general has a nonzero projection on the internal states |1) and
|2), represented by ¢;(r,t) = (r|(i|1)(t)), where i = {1,2}. The position representations
of Hy and H., are local, i.e. (r|Ho|r') = Ho(r) 6(r — r') and (r|H.|r') = H.(r) d(r —
r'), where Hy(r) and H,(r) are given by

Hy(r) = —3V7 4+ 5o + 27 + ()] Pr @ Aslo0)
H.(r) = —z0z+ )| Pr @ A_[h(2)) . @21

The operator Py is the projector onto the position eigenstates P = |r)(r|, and the matrix
representations of A and A_ are given as

5\ _ 1 AL+ A2 0
T2 0 A2 + A1 ’
o L = 0
o= g ( 0 e ) (4.22)

Note that the harmonic potential in Hy is centered at the origin. The mean-field interaction
has been broken into two parts, a part that acts identically on both components (¢|I:’r ®
A4 |1) ® 1, and a part that acts with the opposite sign on each state (| Pr © A_|¢)) @ 6.

The first two terms in Eq. (4.20) separately describe the external and internal dynamics
of the system, respectively. The third term in Eq. (4.20), however, couples the internal
state evolution to the condensate dynamics in the trap and can lead to interesting behavior.
If the term H. were identically zero, then the problem would be completely separable in
terms of the external and internal degrees-of-freedom. The term H. would be zero if the
trap separation zy were zero and if the scattering lengths were all exactly equal. In fact,
for 87Rb the three scattering lengths are nearly degenerate, so the main effect of H. comes
from the term —zyz, which is the difference in the shifted traps. It causes there to be a
spatially varying detuning across the condensate. In the strong coupling case considered in
Chapter 6, we will investigate this effect in more detail.

4.5.2 Dressed states

For the driven two-level atom in quantum optics the “dressed states” are a useful way to rep-
resent the system [75]. They are simply the eigenstates of the coupled Hamiltonian. For the
coupled two-component condensate described by Eq. (4.11), there exist analogous states,
however, because we not only have the internal structure but also the external motion in
the trap, the dressed states consist of an infinite manifold. We will only consider the lowest
energy dressed states in this section. Due to the entanglement of the internal and external
degrees of freedom and the nonlinear mean-field interaction term, these dressed states ex-
hibit a much richer behavior than their counterparts in the simple two-level atom [77]. We
now present results of numerical calculations of these states and investigate the weak and
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Figure 4.11: The condensate lower dressed state amplitudes in the weak and strong cou-
pling limits. Here, ¢1_(z) = (z|(1]¢_) and ¢2_(z) = (z|(2|¢—). The trap frequency is
v, = 65 Hz, the population is N = 108 and the trap separation is 2o /l, = 0.15m. The
coupling strength was 2 = 6.5 Hz in the weak-coupling limit and Q = 650 Hz in the
strong-coupling limit. The detuning is zero and the scattering lengths were all equal.
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strong coupling limits. We make use of the one dimensional model, which is sufficient to
demonstrate the main features.
We are looking for stationary solutions of the coupled mean-field equations of the form

N PO Q
[H0®1+1®(§ &z+ &z)"' :®6'Z]|¢i> :Hi|¢i>- (4-23)

| S

where p_ is the energy of the ground dressed state and p is that of the excited dressed
state. These states can be found numerically via the method of imaginary-time propagation
described in Appendix (C). An alternative method, which is more closely tied to recent
experiments at JILA, is based on the technique of adiabatic passage where the system is
taken from the uncoupled ground state to the lower dressed state by ramping the detuning
0 from minus infinity to zero. Ramping the detuning from plus infinity to zero takes the
excited uncoupled state to the upper dressed state.

In Figure 4.11 we show the lower dressed state for both weak and strong coupling
limits for zero detuning and with a trap separation of zo/l, = 0.15. The two cases yield
dramatically different results. In the weak coupling limit 2/w, < 1, the two components
are pushed apart, while in the strong coupling case they overlap nearly completely. This
property of the dressed states has been observed experimentally at JILA [13, 70].

This behavior can be understood by considering each case separately. In the weak
coupling limit, we break up the Hamiltonian as H = H? + H! with

H° = Hy®l+H,®6.
~  Q
H' = 1® 5 G (4.24)
The Hamiltonian H° is diagonal in the internal-state space. The lowest energy eigenstates
of HY then are simply |+/1)|1) and |1)2)|2), where the states ¢»; = (z|¢;) correspond to

the ground state solutions of the time-independent GP equation, plotted in the last graph of
Figure 4.4. The dressed states are then simply

L
V2

In the strong coupling limit 2/w, > 1, we break up the Hamiltonianas H = H° + H!
with

|9+) = —=([v1)[1) + |12)[2)). (4.25)

PO 0}
HY = H0®1+1®5A
H' = H. ®6.. (4.26)

If the size of the trap separation is small z9/l, < 1, then H* can be treated as a perturba-
tion. The zeroth order solution for the dressed states is then simply

1
%|¢o>(|1> +12), (4.27)

where ¢ = (z|¢p) is the ground-state solution to

lp+) =

=552 t3% + e |60(2)]*] do(2) = po(2), (4.28)
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Chapter 4 Mean-Field Theory of a Coupled Two-Component System

This can be the starting point for a perturbative treatment of H!. For the dressed state given
here in the strong coupling limit, the internal and external degrees are approximately de-
coupled, with both components having the same spatial structure, as shown in Figure 4.11.
This is in sharp contrast to the solution given in Eq. (4.25) for the weak coupling limit,
where the density profiles of the two components are very distinct, being separated along
the z-axis.

Here we have only given a qualitative discussion in order to gain some insight into the
behavior of the dressed states shown in Figure 4.11. A more thorough investigation could
be made including the effect of different scattering lengths and extending to cases with
nonzero detuning [77].

4.6 Summary

In this chapter we have studied the stationary states of a two-component condensate, with
the two components sitting in harmonic traps that are separated along the z-axis. After de-
riving the coupled, two-component GP equation, we then studied various properties of the
ground state of the uncoupled system, 2 = 0. An important property is that as the relative
population changes between the two components, the overlap ( is nearly constant and the
difference in chemical potentials varies almost linearly with the relative population. This
behavior will allow us to make a close connection to the double-well tunneling problem
when we consider the case of weak coupling in Chapter 5.

We then introduced the notion of a topological excitation in the two component system,
showing several examples of rotating and non-rotating solutions. Of particular interest is
the case shown in Figure 4.7, where one of the components is in a vortex wrapped around
the other component in the center. In Chapter 6 we will describe a method of dynamically
preparing such novel solutions of the GP equation in a strongly coupled two-component
condensate. An important property is that the energies of the two components change very
little as population is transfered between components, as shown in Figure 4.8.

We concluded the chapter by presenting a more useful representation of the coupled GP
equations, which makes a clean separation of the internal and external degrees of freedom.
We will make use of this in Chapter 6 when we consider the strong coupling case. Finally,
we discussed the stationary states of the coupled system—the dressed states—and saw that
the behavior is drastically different in the two limiting cases of strong and weak coupling.
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Chapter 5

Weak Coupling—Nonlinear
Josephson-Type Oscillations

5.1 Introduction

In this chapter we consider in detail the weak coupling limit of Eq. (4.11). We begin
by reviewing the standard Josephson junction from condensed matter physics and discuss
the analogous situation of a double-well BEC. Based on the weak coupling assumption,
we then show that Eq. (4.11) can be rewritten as two nonlinear coupled equations for the
relative phase and relative population. These have nearly the same form as those describing
the double-well tunneling system. Next, we show results of numerical calculations of these
equations for a one-dimensional model of the system, which gives qualitative agreement to
the full solution of the three dimensional problem. Finally, we use results from the previous
chapter to obtain a set of equations that is identical in form to those of the double-well
system, and we obtain a closed form solution.

5.2 The standard Josephson junction

A hallmark experiment contributing to the conceptual development of low temperature
physics is the well known Josephson junction experiment [78, 79, 80, 81, 82], in which
a thin insulator is wedged between two superconductors, as illustrated in Figure 5.1. The
insulator provides a weak-link between the two superconductors, allowing electron-pairs to
tunnel through the barrier to the other side. A remarkable feature of this low-temperature
system is that a finite current of electron-pairs flows across the barrier in the absence of
a voltage drop across the link. This interesting behavior is rooted in the presence of a
macroscopic condensate wavefuction ¢ (r), which has an amplitude and a phase, describing
the many-particle state of the electron pairs. As the system is brought to a temperature
below T, a condensate forms in each superconductor, with a well defined, but random,
relative phase. This phase gradient sets up a current that flows across the weak-link as
electron-pairs tunnel through the barrier.

Let ¢; = ng/ 2€i.¢i denote the wavefunction for each superconductor, with ni/ 2 being
the amplitude and e??i the phase. This system can be described by the simple coupled set
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Figure 5.1: Illustration of the Josephson junction. On the left we show an illustration
of the standard Josephson junction, with the top image representing the physical device,
and the bottom image showing the overlap of the condensate wavefunctions due to tun-
neling through the barrier. On the right we show an illustration of the weakly-coupled,
two-component condensate system, where the centers of the traps for each component are
separated by 2zp.

of equations

lhwl = E1'¢J1 + Klﬁg
ihpy = Eatpe + Ky, (5.1

where E; is the ground-state energy of the i’th superconductor and K is a coupling constant,
which depends on the geometry and material of the barrier. If we substitute ¢); given above
into Eq. (5.1) and solve for the relative phase ¢,, = ¢ — ¢ and the current J = n; = —ris,
we get the standard Josephson junction equations

J = Jysin(¢,)
: E, — E»
Or o (5.2)
where Jyo = 2K /hn and E; — E» is proportional to the voltage drop across the barrier.
These equations predict that, even in the absence of a voltage drop, the existence of an
initial relative phase ¢, (0) between the superconductors results in the flow of current. This
case is known as the dc Josephson effect. If a finite voltage is applied across the barrier, the
current will oscillate and this is referred to as the ac Josephson effect. The linear geometry
chosen here can be replaced with a circular one, which leads to a vortex solution with

current flowing around a ring.

Several authors have proposed an analogous experiment for the case of a trapped atomic
Bose-Einstein condensate[83, 84, 85, 86, 87, 88, 89, 90]. The basic idea is to allow the
atoms to condense in a double-well potential, consisting of two regions separated by a cen-
tral barrier, the height of which can be varied. This trap configuration can be achieved
using the optical dipole force, for example, by shining a far-blue-detuned laser sheet of
light that divides the trap into to separate wells. If the barrier height were initially infinite,
the two condensates form independently in the separated wells. Once the condensates have
formed, lowering the barrier height to a smaller constant value allows the atoms tunnel
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through the barrier, so that the condensates become coupled. Characteristic equations sim-
ilar to Eq. (5.2) have been obtained for this system [89, 90, 91]. Due to the the mean-field
interaction for each condensate, the Josephson equations take on a nonlinear form, given
by [89]

1 —(1—7*)"?sin¢
¢ = AE+An+n(1—n)"Y%cosé, (5.3)

where n = (Ny — Np)/N is the relative population and ¢ = ¢» — ¢ is the relative
phase between condensates. The quantity AF is the difference in ground-state energies
of the two wells, and X is proportional to the mean-field interaction. In obtaining these
equations, the authors have assumed the densities in the barrier region are so low the mean-
field interaction between the condensates can be neglected.

In this chapter we investigate the case of weak coupling in the driven two-component
condensate [92, 93] introduced in the previous chapter. We illustrate this system schemati-
cally in Figure 5.1. The two components sit in spatially offset traps along the vertical axis.
The weak link in this system is not due to the tunneling of atoms through a barrier, but is
provided by the low intensity electromagnetic field that couples the internal states of the
atoms. As we will show, this system obeys nearly the same set of nonlinear Josephson
equations as given in Eq. (5.3) for the double-well system.

5.3 Nonlinear Josephson-like equations

In order to make a connection to the standard Josephson effect, we must make some ap-
proximations in order to put Eq. (4.11) in a simpler form. For a very weak coupling
N/w, << 1, where w, is the trap frequency, we can make the ansatz v;(z,p,t) =
V/Ni(t) €% &;(z, p). Here we put the explicit time dependence into the population N;
and the phase ¢; of each component while putting the spatial dependence into an adiabatic
solution ®;(z, p) to the time-independent uncoupled GP equations Eq (4.8)

(H) + HM") ®i(z,p) = pi i(2, p) - 54

The chemical potentials u; and functions ®;(z, p) vary slowly in time, being “slaved” by
the populations.

If we substitute this ansatz into Eq. (4.11), we obtain the following equations of motion
for the relative population 7 = (N3 — Np)/N and the relative phase ¢ = (¢2 — ¢1)

n = —k(1—n*)"?sin¢
¢ = —[(p2—m)+0+knl—n*)"coss, (5.5)

where k = Q [ d®r ®(z, p)®1(z, p) is proportional to the overlap of the condensates and
so also varies slowly in time. These are non-linear versions of the usual Josephson-junction
equations and are nearly identical in form to those obtained in Eq. (5.3) describing the
double-well tunneling problem. The major difference is that in the double-well trap, the
condensates are well separated, allowing the authors in [89] to neglect the mean field in
the interaction region of the barrier. In contrast, the interaction between condensates due
to their significant overlap plays an important role in the evolution of the system described
here, as we will show.
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The coupling constant & is simply the Rabi frequency () times the overlap between
states ¢ = [ d®r ®»(z, p)®1 (2, p), which is analogous to a Frank-Condon overlap factor.
As we saw in the previous chapter, ( is nearly a constant function of the relative population
1. Furthermore, we also showed in the previous chapter that the difference in chemical
potentials ps — pp for the two-component ground state depends linearly on the relative
population 1 over a reasonable range of 7. In the section 5.7 we will use these facts to
construct a simplified, close-form solution of Eq. (5.5).

5.4 Hydrodynamic-like Bloch equations

By assuming a weak coupling, we have been able to reduce Eq. (4.11) to a form that
resembles the Josephson equations describing the double-well tunneling problem. We can
also write Eq. (4.11) in a form that links up with the Bloch equations describing a driven
two level atom [75]. Conceptually, this is very nice, that we are able to draw analogies
between two standard problems from different fields of physics. The coupled equations
Eq. (4.11) can be written in an equivalent form that resembles the Bloch equations for
a simple driven two-level atom. We can obtain a generalized set of Bloch equations for
the densities n;(r,t) = 9;(r,t)*¢;(r,t) and coherences n;;(r,t) = 1;(r,t)*¢;(r,t) by
taking the time derivatives of these quantities and substituting in Eq. (4.11) to give

’1.7,1 (I‘,t) + V 'jl(l‘,t) = —i%[nlz(l‘,t) — No1 (I‘,t))]
9 (I‘, t) +V 'jQ(I', t) = i%[nlg(r, t) — 77,21(1', t))]
nia(r,t) + V- jio(r,t) = iA(r)nia(r,t) + i%[nz(r, t) —ni(r,t)].  (5.6)

The quantities j;(r, t) are current densities for each component given by j; (r, t) = 1/2i(¢p; Vb, —
¥;Vip?) while the quantity ji2(r,t) is a coherence current density given by ji2(r,t) =
1/2i(FVapy — 1o Vip?). The quantity A(r) = § — 220z + (HMF — HMF) is a spatially
dependent detuning. These equations are not a closed set, but rather must be augmented by

the corresponding equations of motion for the current terms j;(r, t) and j;; (r, ).

In the absence of the current terms j;(r,t) and j;;(r,t) these equations would more
closely resemble the usual Bloch equations. Neglecting the current terms is the same as
ignoring kinetic energy, which is also equivalent to taking the infinite mass limit so as to
fix the positions of the atoms. In doing this one just obtains position-dependent Bloch
equations. The position-dependent detuning A(r) causes the Rabi oscillations of the pop-
ulation at each position to dephase across the condensate. In the weak coupling limit, this
dephasing happens so slowly that the current has time to adjust, so that no damping-like
behavior is observed. However, in the strong coupling limit, the dephasing happens very
rapidly, so that an initial decay occurs, followed by a revival due to the fact that current will
flow in response to the phase winding across the condensate. We will study this effect in
more detail in Chapter 6.

This form also resembles the zero-temperature hydrodynamic-like description of the
condensate found in the literature (see, for example, [24]). For a single component these
equations simply reduce to the continuity equation n(r,t) + V - j(r,t) = 0. However,
due to the coherent drive that couples the two states, the feeding term —Im{Qn5(r,t)}
appears, which depends on the coherence 712 (r, t) between internal states.
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To make an even closer connection to the Bloch equations, we can integrate over the
spatial degree of freedom in Eq. (5.6) and obtain equations for the populations N; and the
coherences N;; = [ dz 1} (2)1;(z), which gives us

. Y
N, = _15 (N12 — Nap)
. K?)
N2 = +Z§ (N12 _N21)
. Q
Niz = 00N +iA(t) +i5 (N2 = Ny), (G}

where we define the time-dependent term A(t) as

A) = —22 / dr 203 (2, p)in (2, )
+ / dr (HM' — Hy"™) 5 (2, p)ih1 (2, p) - (5.8)

The equations in Eq. (5.7) resemble the Bloch equations describing an undamped, driven
two-level atom. However, because the spatial degree of freedom is correlated to the internal
states of the atom, the extra term A(t) appears, which includes the difference in external
potentials between the two states.

The first term in Eq. (5.8) arises from the difference in the shifted harmonic traps, which
is just linear in z. This term acts as a time-dependent detuning. As population is transferred
from one condensate to the other, the position of the overlap region changes due to the
mean-field repulsion. This will cause the system to move in and out of resonance resulting
in a suppression of the transfer of atoms. The second term comes from the difference
in mean-field interactions and would vanish if all three scattering lengths were exactly
degenerate, which can be seen from

HY' = HYY = (2 = Aa) 2 = (x = Al (5.9)

5.5 Preparation of the initial state

The initial state that we have assumed in writing down Eq. (5.5) is related to the dressed
states we considered in the previous chapter. For the simple case of zero detuning § = 0 the
dressed states correspond to equal populations 7(0) = 0 and the relative phase being either
¢(0) = 0 or m. The case of $(0) = 7 can be prepared by using the method of adiabatic
passage; the condensate is initially in the lower internal state |1) and a strong drive is turned
on, which is initially red detuned far off resonance. The magnitude of the detuning is then
decreased slowly to zero. This prepares the system in the dressed state shown in the right
plot of Figure 4.11. One can then adiabatically decrease the strength of the drive in order to
satisfy the weak coupling criterion, which takes us to the dressed state shown in the left plot
of Figure 4.11. This procedure prepares the condensate in a dressed state with 1(0) = 0
and ¢(0) = 7, which is a stationary solution to Eq. (5.5). We show an example of this in
Figure 5.2, where we have solved numerically the time-dependent coupled two-component
GP equation. At ¢ = 100 ms we jump the phase so that the system is no longer stationary
and population begins to flow back and forth between components.
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Figure 5.2: An example of using adiabatic passage to prepare the initial state for the
Josephson-like equations. The top plot shows the detuning in blue and the Rabi frequency
in red. The bottom plot shows the population in the |1) state. The phase is jumped to 37 /16
at t = 100 ms. Therefore, ¢ = 100 ms corresponds to the origin of time in Eq. (5.5).

This technique has been implemented in experiments at JILA and can, in principle,
produce initial states with arbitrary relative population 1(0) and relative phase ¢(0). For
example, instead of ramping the detuning to zero, one could instead stop at a finite value,
S0 as to prepare an initial state with unequal populations.

5.6 Numerical solution

We now show results of numerical calculations of both the exact solution, found by inte-
grating the time-dependent coupled GP equation Eq. (4.11), and the approximate solution
given by the Josephson-like equations Eq. (5.5). To prepare the initial state, we simply
find the ground state of the two-component system for a given relative population, and then
modify the relative phase. We do not generate the initial state using the more elaborate
scheme shown in Figure 5.2. To integrate Eq. (5.5), the chemical potentials and the overlap
factor ¢ must be found self-consistently in each time step by solving the time-independent
GP equation for ®;, given n(t). We circumvent this elaborate procedure in the section 5.7,
where we make further approximations to obtain a closed-form solution.
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Figure 5.3: The time evolution of the relative population 7(t) for several different cases.
The black dot-dashed line corresponds to the case where the mean-field interaction has
been set to zero, the initial relative phase is ¢(0) = 0, and § = 0. The red dashed line
is for the same initial relative phase of 7/2, but with the mean-field interaction turned on
and 0 = 0.49 in units of the trap frequency. The blue solid line is for ¢(0) = 37/16 and
0 = 0.49. The three lines described are solutions of Eq. (5.5), whereas the purple dotted
line corresponds to the exact solution of Eq. (4.11). In all cases v, = 65 Hz, 2o = 0.2 um
and N = 8 x 10°.

5.6.1 One-dimensional model

We first consider the one-dimensional model first introduced in Chapter 3. In Figure 5.3 we
show four curves that are described in the caption. As a point of reference, we plot the so-
lution of Eq. (5.5) with the mean-field terms set to zero. This is the standard Rabi solution
for a driven two-level atom, but here the Rabi frequency is given by Q [ dz ®»(2)®,(2),
which includes the Frank-Condon-type overlap of the condensate wavefunctions. However,
when we turn on the mean-field interaction and set 0 = 0.49 so that the system is initially
being driven resonantly with (us — p1 + 0) = 0, the amplitude is suppressed and the fre-
quency has increased (the red dashed line). As ¢(0) is decreased, the amplitude increases,
as illustrated by the solid blue curve where ¢(0) = 37/16. Also, as ¢(0) is decreased, the
presence of higher harmonics becomes stronger, as one can see in the shape of the solid
line.

For comparison, we also plot the exact solution given by Eq. (4.11) for the case ¢(0) =
37 /16 (the purple dotted line). In this case the adiabatic solution (blue solid) agrees quite
well with the exact solution given by Eq. (4.11). The validity of the adiabatic solution
depends on the structure of the evolving spectrum of this nonlinear system. In particular,
one must compare the time rate of change of the Hamiltonian to the spacing between the
instantaneous eigenmodes of the dressed basis. These quantities will depend on the size of
the mean-field interaction, the strength of the coupling, given by Q [ dz ®5(z)®1(z), and
also on the detuning 6.

We plot a snapshot evolution of the densities of the system in Figure 5.4 in order to
show that the effect of the mean field is to push the system out of resonance as population
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Figure 5.4: A snapshot evolution of the densities of the components. The x-axis is the
position z, and the time ¢ of each snapshot is shown in ms. This case corresponds to the
purple dotted line plotted in Figure 5.3. The detuning is § = 0.49, chosen so that the system
is initially being driven on resonance. As the system evolves, the |1) component pushes the
|2) component out of the center of the trap so that the region of overlap becomes displaced
from the origin and the system is no longer being driven on resonance.

is transferred between components. The case considered in Figure 5.4 corresponds to the
purple dotted line in Figure 5.3. The detuning was chosen so as to compensate for the initial
value of the term A(0) in Eq. (5.7), which represents the difference in external potentials,
so that initially the system is being driven on resonance. However, as the system evolves,
the first term in Eq. (5.8) gets larger since the |1) component is pushing the |2) component
away from the center of the trap. This causes the region of overlap to be displaced from
the origin so that the system is no longer being driven on resonance. This reduces the
effectiveness of the drive and accounts for the suppression of the amplitude of oscillation
in the relative population plotted in Figure 5.3.

In Figure 5.5 we show some examples of different initial conditions. As a reference,
we plot the solution with the mean-field interaction set to zero, with n(0) = —0.5, ¢(0) =
0, and 6 = 0 in units of the trap frequency (red dashed line). This just corresponds to
the standard Rabi solution for the driven two level atom. When we turn the mean-field
interaction back on and set 6 = 0.97, we see again that the amplitude is reduced, but also
the shape of the oscillation changes dramatically. If we let the initial phase be ¢(0) = 7/4
we get the black dot-dashed line, which looks more like the solutions shown in Figure 5.3.

5.6.2 Comparison to the three-dimensional case

It is instructive to double check our one dimensional model solution against the three di-
mensional solution. In Figure 5.6 we compare the one and three dimensional exact numer-
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Figure 5.5: Time evolution of 7(t) for additional cases. This plot is similar to Figure 5.3,
but here we have n(0) = —.5. We set the mean-field interaction term to zero for the red

dashed line, with ¢(0) = 0 and § = 0. For the solid blue line we included the mean-
field interaction, keeping ¢(0) = 0 and setting § = .97 so as to initially drive the system on
resonance. In the black dot-dashed line we have set the initial relative phase to ¢(0) = 7 /4.
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Figure 5.6: A comparison between the exact solutions of Eq. (4.11) for the one dimensional
model and the full three dimensional problem. The solid lines are the three dimensional
solution and the dashed correspond to the one dimensional model. The red and green
lines are for an initial relative phase of ¢(0) = 37/16, while the blue and black are for

#(0) =m/2.
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ical solutions of Eq. (4.11). The solutions agree very well, with small differences in the
amplitudes and periods of oscillations. This agreement is not surprising, if we look back
at Figure 4.5 in Chapter 4. There we found that the overlap ( for both cases was nearly
identical. A more significant, though small, deviation was found for the the difference in
chemical potentials, where the one dimensional model has a slightly larger slope, which
will give the differences shown in Figure 5.6. The one dimensional model appears to yield
fairly good agreement with the three dimensional problem.

5.7 Closed-form solution

We can obtain a closed-form solution of Eq. (5.5) if we make use of the observation from
Chapter 4 that the overlap ( is approximately a constant function of 1 and that the differ-
ence o — py varies linearly with 7, as shown in Figure 4.5. This allows us to make the
approximation

pe—p = an+p,
— (5.10)

where the parameters «, 3, and v must be determined numerically for a set of physical
parameters (IV, 2y, etc.). Substituting these into Eq. (5.5) we obtain

o= —(1—7")*sin¢
¢ = A+Tn+n1—n*)"Ycosé, (5.11)
where we have made the change of variable ¢ — kt, and taken T = —a/k and A =

—(0 + 3)/k. These equations are now identical in form to Eq. (5.3) describing the double-
well tunneling problem.

It was shown by the authors of [89, 90, 91] for the double-well problem that a very nice
mechanical analog of the problem can be constructed that admits a closed form solution, if
we treat ) and ¢ as conjugate variables, whose motion is governed by the Hamiltonian

1. . 0.1/
H = 5Tvy2+An— (1 —n*)2 cos(¢), (5.12)
This has the physical analog of describing a nonrigid pendulum of tilt angle ¢ and length

proportional to y/1 — n? that decreases with angular momentum 7 [89, 90, 91]. The equa-
tions Eq. (5.11) are equivalent to

. _0H
T’ - 8¢) 9
. H
b = oA (5.13)
on
We consider the special case where A = 0, which is achieved by setting the detuning
to & = —[3. We then rewrite the equations of motion as an integral equation
vt [ d
— = / 1 > (5.14)
2 oo [(b+n2)(a—n2)]

76
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where the constants a and b are
2

o = [0 —2HT + 1) + (HY - 1),
2 . .
b= (X =2HY +1)Y* = (HoY - 1)]. (5.15)

Here H) is the energy at ¢ = 0, which is a constant of motion
1
Ho = 507(0) + An(0) — (1 = 7(0)*)!/* cos(6(0))- (5.16)

The solution to the integral equation Eq. (5.14) is found in the literature [94, 95, 96] and is
written in terms of the Jacobian elliptic function sn(u | m), where m is the elliptic modulus
(usually denoted by k)

n(t) = —a'?sn(u(t) | m). (5.17)

Here m = —a/band u(t) = —b'/2Y(t + to)/2, where

to [sin™*(n(0)/a/?) | m]. (5.18)

2
= eyt
Here F(z|m) = fom dz[1 — m?sin®(x)]~'/? is the incomplete elliptic integral of the first
kind.

The elliptic functions and integrals are standard quantities that are implemented in com-
mon math packages, such as Mathematica. Given the parameters a, 3, and - in Eq. (5.10),
we can easily generate plots of the amplitude, which is given by a!/2, and the period T' of
oscillation, given by Q
br/2Y
where K (m) = F(n/2|m) is the complete elliptic integral of the first kind. We show
plots of the period and amplitude as functions of the initial relative phase in Figures 5.7
and 5.8. We see that as the initial relative phase decreases from ¢(0) = =, both the period
and amplitudes increase. For ¢(0) — 0, we see the period increase to infinity, which
signifies that this is a stationary state. Likewise, if ¢(0) — 7, the amplitude goes to zero
because this is also a stationary state. These two cases just correspond to the dressed states
considered in the previous chapter.

Within the nonrigid pendulum analogy, the case of 7(0) = 0 and ¢(0) = 7 corresponds
to the pendulum hanging at rest. For values of ¢(0) close to m, this corresponds to just
slightly displacing the pendulum, so that it undergoes simple sinusoidal oscillations. As the
tilt angle is displaced further from 7, the pendulum exhibits nonlinear behavior, because
the length depends on the angular momentum. The authors of [89, 90, 91] have explored
the different regions of phase space of the nonrigid pendulum in detail for the case of the
double-well system.

Another interesting behavior of the solution is that the presence of higher harmonics
becomes more pronounced as ¢(0) is decreased, as already alluded to in the previous sec-
tion. In Figure 5.9 we show two cases of ¢(0) = /2 and 7/16. We plot the amplitude
of the frequency component vs the frequency in units of the fundamental frequency wy,
which is just the inverse of the period T'. We see that for ¢(0) = m/2, the amplitude of
the fundamental frequency is nearly unity, with the third harmonic being the next largest
with an amplitude of 0.2%. Compare this to the case of ¢(0) = /16, where the amplitude
of the fundamental frequency is only 90% and the third multiple is almost 10%, with the
amplitudes of the other odd multiple frequency components trailing off.

T = K(m), (5.19)

77



Chapter 5 Weak Coupling—Nonlinear Josephson-Type Oscillations

200 ¢
180
160 |
140 ¢
120 ¢
100 |
80
60 |
40 ¢

Period (ms)

20 r

o ~» L 37 x 57 3m X 27
4 2 4 4 2 4

initial phase ¢,

Figure 5.7: The period of oscillations as a function of the initial relative phase ¢(0) using
expression Eq. (5.19). The parameters o = 1.05, 3 = —0.482, and v = 0.375 were found
by obtaining the solution to the time-independent GP equation as a function of the relative
population. The detuning was § = 0.482, chosen to make A = 0.
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Figure 5.8: The amplitude of oscillation as a function of the initial relative phase ¢(0).
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Figure 5.9: Amplitude of the frequency components obtained from a discrete FFT of n(t)
for two different cases of ¢(0) = /2 and 7/16. The frequency is plotted in units of the
fundamental frequency wy. Note that some of the frequency components at the bottom of
the graphs are not exactly multiples of the fundamental frequency—this is most likely due
to numerical error.

5.8 Summary

In this chapter we have investigated the weakly coupled two-component system at zero
temperature. Our main result is that this system effectively obeys the same set of nonlinear
Josephson equations as the double-well tunneling system [89, 90, 91] due to the fact that
the overlap between components is approximately constant, and the difference in chemical
potentials is roughly a linear function of the relative population ). This gives more credence
to our interpretation that the system can be thought of as a Josephson junction type of
system. This also allowed us to obtain a closed form solution for the system, whose general
behavior can be understood in terms of the nonrigid pendulum.

An interesting extension of this study would be to treat the system at finite tempera-
ture. In [91], the authors introduce a phenomenological damping term in Eq. (5.3), and
thus model the system at finite temperatures. Starting with the quantum kinetic equations
obtained in Chapter 2, we could derive an effective damping term from the collision terms
in the kinetic equations, instead of postulating the term based on physical intuition.
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Chapter 6

Strong Coupling—Quantum
State Engineering

6.1 Introduction

The work presented in this chapter is closely tied to recent experiments at JILA lead by Eric
Cornell and Carl Wieman [7, 8, 9, 10, 11, 12, 13, 14]. It is useful to give a brief history of
how our present understanding of the strongly coupled two-component condensate emerged
as we struggled to fully comprehend the interesting behavior observed in experiments. The
most striking result of these joint experimental and theory investigations is the prediction of
a vortex and the subsequent observation of it in the laboratory. It is worthwhile to describe
the various stages of research leading up to this important result. This will help motivate
the main results presented in this chapter.

The first work on a two component system in a dilute Bose condensed gas was done
by Myatt et al. [7] at JILA, who were able to sympathetically cool atoms in two different
hyperfine levels below the critical temperature and create a mixture of condensates in the
(1,—1) and (2, 2) states, which had an unexpectedly long lifetime. This was an important
result, for it demonstrated that the spin-exchange scattering rate is suppressed for 8"Rb.
This was not known at the time, and allowed theorists to place tight bounds on the singlet
scattering length, assigning it a value that is nearly degenerate with the triplet scattering
length [97, 98, 99]. This near coincidence of the singlet and triplet scattering lengths is
very fortuitous for 8”Rb and is not the case in other alkali atoms, such as “Li and 2*Na.
As a result, the spin exchange rate for "Li and ?*Na is much larger than that of 87Rb.
A spin exchange collision can flip the atoms into untrapped states, so that they are lost
from the trap. This makes it very difficult to study magnetically trapped multicomponent
condensates of “Li and 23Na atoms. However, this problem can be overcome for these
atoms by loading the condensate into a purely optical trap [28, 100].

The knowledge that magnetically trapped, multicomponent condensates could be stud-
ied in 8’ Rb lead to the next experiment, in which a mixture of (1,—1) and (2,1) atoms
were studied [8]. In this case, sympathetic cooling was not used, but instead, the mixture
was prepared by first cooling the (1, —1) atoms below the condensation point, and then
transferring atoms suddenly into the (2, 1) by applying a two photon pulse. In the previous
experiment, the mixture consisted of (1, —1) and (2, 2) states, which experience different
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trapping potentials due to their different magnetic moments. The advantage of using the
(1,—1) and (2, 1) states is that their magnetic moments are nearly the same. The trapping
fields can be adjusted in such a way to cancel the effect of gravity, so that the atoms sit in
concentric harmonic potentials with the same spring constants [9]. The first study of this
system investigated the dynamical response of the condensate to a sudden change in the
internal state by applying a very short 7 pulse to the (1, —1) atoms that transfered them to
the (2, 1) state. Due to the slightly different scattering lengths of the two states, the ground
state of the (2, 1) atoms is slightly smaller in size than that of the (1, —1) atoms, so that the
sudden change in state resulted in a breathing of the condensate that could be characterized
in terms of its collective excitations [8].

If a /2 pulse is applied to the (1,—1) atoms instead of a 7 pulse, a mixture can be
prepared. A number of interesting properties of this system were studied at JILA [10, 11].
One interesting feature of this system that was observed is that it is energetically favorable
for the atoms with the larger scattering length, (1, —1) to form a lower-density shell around
the (2, 1) atoms, which move inward [32, 101]. This behavior was studied in Chapter 4
(see Figure 4.2) for the case of concentric traps. However, if the traps are displaced only
very slightly, it is energetically favorable for the two components to separate, with a finite
overlap, as shown in Figure 4.3. In the experiment reported in [10], the magnetic trap-
ping fields were adjusted so that the potentials for the two states were slightly displaced
along the vertical axis. After applying a 7/2 pulse to the (1, —1) atoms, the system is in a
highly excited state; the two components push each other apart and slosh back and forth,
while undergoing breathing excitations as well. After a duration of several trap periods, the
relative motion between the two components damps away with the two components sepa-
rated along the vertical axis. Although some damping of the relative motion is exhibited
in a numerical solution of the two-component GP equations [102], the condensates in the
experiment damp more strongly. This discrepancy is most likely due to finite temperature
effects not contained in the GP equation.

In an interesting extension of this experiment, the relative phase between conden-
sates was measured using a technique based on Ramsey’s method of separated oscillating
fields [103]. A mixture of condensates was prepared as described in the preceding para-
graph, and after waiting a time 7y long enough to allow the components to separate and
settle down, a second /2 pulse was applied to read out the phase difference accumulated
between the two condensates [11, 104]. By varying the time 7x when the second pulse was
applied, an interference pattern was obtained. Remarkably, even after undergoing damping
processes, the visibility of the fringes was reasonably sharp, at around 50% or so.

In the experiments described so far, the coupling drive was only applied in very short
pulses, much shorter than the period of the trap. However, one can imagine applying the
coupling drive continuously; we showed in the previous chapter that in the limit of a very
weak coupling, the system resembles a weak-link Josephson junction, which would be a
feasible experiment to do. In the summer and fall of 1998, experiments at JILA were
moving in this direction. A number of technical issues had to be resolved first, however,
like implementing a phase-contrast imaging system, and stabilizing mechanical sloshing
of the condensate. Just as the experimenters were gearing up to study the weak coupling
limit, some very intriguing behavior of the condensate was observed that warranted (a great
deal) of further attention. Consequently, the weak coupling case has yet to be investigated
experimentally.

We now describe the intriguing data: It was found in experiments that if the strong-
coupling field is applied for a long time, instead of in short pulses, the Rabi oscillations
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Figure 6.1: Modulation of the fractional population in the (1,-1) state. The top line is
experimental data [13] while the bottom line is the result of a numerical calculation of the
three-dimensional, two-component Gross-Pitaevskii equation. The coupling strength and
detuning were chosen for the calculation to be 2 = 350 Hz and 6 = —188 Hz, respectively,
while the detuning in the experiment was shifted from this.
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Figure 6.2: The revival time vs. the detuning. This shows the trend of the revival time to
increase with decreasing detuning. The red dots are experimental data points, shown with
error bars; they have been shifted along the x-axis by an overall detuning offset. The blue
line corresponds to the two-mode model described in section 6.3.1. Experimental data is
courtesy of M. Matthews, D. Hall, and P. Haljan.

between the two components appear to collapse and revive over a time long compared to
the trap period. We show an example of this behavior in Figure 6.1. We find that the
solution of the coupled GP equation also exhibits modulations of the Rabi oscillations.
In both experiment and calculations of the GP equation, it is found that the revival time,
or period of modulation, increases as the detuning is decreased about some central value,
as shown in Figure 6.2. The most serious discrepancy between numerical solution of the
GP equation and experiment was that the center of the peak in the revival time of the
experimental data was not centered at the same detuning as predicted by the coupled GP
equation but was shifted by about 50 Hz. We later realized this was most likely due to
the spatially-dependent energy shift of the untrapped intermediate state in the two-photon
transition, an effect that gives rise to a spatially dependent bare Rabi frequency’ 2(z). The
displacement 2z, between the traps also plays a crucial role in the collapse and revival
behavior; when zy = 0 is set to zero, so that the two components sit in concentric traps,
this effect goes away so that the Rabi oscillations are no longer modulated.

Another striking property of the system was that the densities exhibit a double-peaked

I"This can be seen from Q(2) = Q4 /4(5(’“) (#), where the intermediate-state detuning 6(’11) (2) & dgp—mygz.
Here, m is the mass of the atom and g is the gravitational acceleration. With d,;, >> mgz, a Taylor expansion
gives Q(z) & Q + xz, where x = Qmg/d4p.
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Figure 6.3: Double-peaked structures in the column-integrated density of the (2, 1) atoms.
In each plot we show one full Rabi cycle divided into six shots. Plot (a) shows the very
first Rabi cycle, where the shape of the (2, 1) component is the same as the ground state. In
Plot (b) we show the density during a Rabi cycle taken during the collapse of the Rabi os-
cillations. The density cycles between the single- and double-peaked shapes. The (1, —1)
component exhibit the same behavior, though it is shifted by 1/2 a Rabi cycle. Experimen-
tal data is courtesy of M. Matthews, D. Hall, and P. Haljan.

structure that appeared gradually, becoming most apparent during the collapse of the Rabi
oscillations, and then gradually disappeared as the Rabi oscillations revived. An example is
shown in Figure 5.4. During the first Rabi cycle after the drive is turned on, the densities of
each component are identical, and have the shape of the ground state (plot (a)). However,
a double peaked structure gradually forms in the densities of both components. In plot (b)
we show an example of the density of the (2, 1) component taken from the region around
25 ms, where the collapse occurs. During one Rabi cycle, the density of the (2, 1) atoms
goes from the double-peaked structure in frame 1 to being single-peaked in frame 4 and
then back again to the double-peaked structure in frame 6. By the time the Rabi oscillations
revive, the shape of the density also revives to their initial shapes shown in plot (a). This
behavior was very reproducible in experiments. Also, numerical solutions of the coupled
GP equations exhibit the same behavior.

Two different approaches emerged in our collaborative efforts to understand this unex-
pected behavior, which, at first glance, seem to have very little in common. One approach
is motivated by previous work done in condensed matter physics on the A-phase of super-
fluid *He [105]. The other approach, which will be the focus in this chapter, is based on
ideas familiar from quantum optics.

The first approach is useful in gaining an intuitive understanding of the phenomenon.
We can describe the coupled two-component system in terms of the hydrodynamic-like
Bloch equations Eq. (5.6) presented in section 5.4. There we saw that in the unphysi-
cal infinite-mass limit, where the atoms are “frozen” in place at each position, the current
terms j;(r,t) and j;;(r,t) can be neglected, leaving us with a set of position dependent
Bloch equations; atoms at each position undergo Rabi oscillations independently of their
neighbors. Due to the spatially dependent detuning A(z) caused by the displaced traps, the
Rabi oscillations at each position dephase across the condensate. If we wait long enough
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Figure 6.4: Dipole topological mode for a two-component condensate. The ground state
(left) and first excited state (right) have equal macroscopic populations and must be found
self-consistently (see Appendix (C)). The mean-field interaction between the states causes
the ground state to be “pinched”, so that it is much narrower than it would be if all of the
atoms were in the ground state. The peculiar two-peaked structure in plot (b) of Figure 6.3
corresponds to the dipole topological mode plotted here.

we will see a decay in the integrated population of either state. In order to get a revival,
however, we must account for the spatial coherence in the condensate described by the
current terms. Due to the interplay of the spatial coherence and the coherent internal dy-
namics, the condensate can untwist its winding phase, so as to get back to its original state.
This twisting and untwisting of the condensate phase is an example of a more general phe-
nomenon found in any system where the U(1) gauge transformation? is mixed up with
some other continuous symmetry, in this case the SU(2) symmetry of the spin [105]. We
will not discuss this approach in any detail, but refer to the rigorous development presented
in the work of Ho [105].
In the second approach, the system is described by the following “two-mode” model

[p(8) = (er(t)co(t) [do) + a2 (t)da (t) [41))|1)
+ (aa()co(t) [Po) + ai (B)di(E) [$1))]2)- (6.1)

The states |1) and |2) are the internal hyperfine states, while the states |¢o) and |¢;) are
spatial states; |¢o) is the ground state, while |¢;) is a dipole topological mode, which we
introduced in Chapter 4. In Figure 4.9 we considered such a topological excitation for the
one-dimensional solution. In Figure 6.4, we show the corresponding states for the three
dimensional problem, for the case of equal populations in each state. The coefficients «;
describe the rapid Rabi cycling, while the coefficients ¢y and d; describe a slow cycling
between the ground state |¢o) and the dipole mode |¢;). If we project Eq. (6.1) onto
an internal state |i), we find that each component cycles rapidly between the two modes
|¢o) and |¢1). For short times, the coefficient d; is very small, so that its contribution to
the density is negligible. However, as d; grows in magnitude due to an effective dipole
coupling z caused by the displaced traps, the two-peaked structure of the dipole becomes

2The Gross-Pitaevskii equation is invarient with respect to a change in the global phase of the condensate.
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prominent. The two mode model accounts for all of the major features of system observed
experimentally in a very quantitative manner. We will derive this model and discuss it in
detail throughout the chapter.

Once we had developed a detailed model to describe the system, it was clear that the
behavior observed in the experiment was only one specific case of a more general behavior
and we soon realized that other situations could be implemented. The displacement of the
traps along the vertical axis acts as a kind of drive that couples the initial ground state con-
densate to a dipole mode. We generalized this driving mechanism in order to excite other
modes with alternative symmetries. In particular, we considered the hypothetical situation
of displacing the traps and then rotating them about the origin, as shown in Figure 6.12.
Our two-mode model was easily extended to treat this situation, and we found that one
of the components could be prepared in a vortex with one unit of angular momentum per
atom if the trap rotation frequency was taken to be approximately equal to the effective
Rabi frequency. We have encountered such a state in Figure 4.7 of Chapter 4. With the
two-mode model providing some guidance, an experimental implementation of the idea
was soon realized at JILA in the laboratory of Eric Cornell, and the first observations of a
vortex in a dilute gas BEC were made.

In the following section, we present a derivation of our model for arbitrary driving
symmetries. We then consider the specific case of static, offset traps in section 6.3 where
a dipole mode is excited. We present results of calculations that help further clarify the
behavior of the system. In section 6.4 we present a technique for preparing somewhat ar-
bitrary topological modes and show results of calculations for various examples, including
a vortex.

6.2 Derivation of the model

We now develop a simplified model based on a series of approximations that will lead
us to the rather elegant two-mode description. For this problem, the external ® internal
representation presented in section 4.5 is most useful. We start with a more general GP
equation than Eq. (4.20) by replacing the linear offset zpz of the traps by a more general
time-dependent term H, (r,t) and we will include the possibility that the bare Rabi fre-
quency varies linearly with z—as mentioned earlier, this is due to the spatially dependent
detuning from the intermediate state in the two photon transition.. The most general form
of the GP equation describing our system, then, is

i) = | Bl io (5 .+ 5. + (B0)+ o) 90+ Ha . lw(0). 62

The term Hy ® 1 acts on each internal state identically, with Hy(r) given by
1, 1.,. ‘ PN
Hy(r) = —Evz +5 [@®p® + 2] + (Y(t)|Pe @ AL |h(2)) (6.3)

The first term is the kinetic energy, and the second is a harmonic potential centered at
the origin. The last term is a mean-field interaction term, with the matrix A4 given in
Eq. (4.22) in Chapter 4. The term (H (t) + H,) ® 6, can be thought of as a time dependent
and spatially varying detuning. The term H, (t) ® 6, acts with opposite sign on each state.
In general, Hy (7, t) is time-dependent and spatially varying with the form

Hi(r,t) = 6[f(r) cos(w,t) + g(r) sin(wyt)]. (6.4)
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We will consider specific forms for H;(r,t) throughout the chapter and specify «, f, and
g in particular cases. The term H, ® &, also acts on each state with opposite sign and
originates in the mean-field interaction with the form

Ha(r) = ((0) B © A_|(1)). ©.5)

The matrix A_ is given in Eq. (4.22) in Chapter 4. Finally, the term H; ® 6, couples
the internal states, with H3(z) being a static term varying linearly with position along the
vertical axis

Hy(2) = %z (6.6)
This term arises due to a subtle effect related to intermediate state in the two-photon transi-
tion not being trapped, which causes an effective linear variation in the bare Rabi frequency,

where  is the slope of this variation (see footnote 1 above).

6.2.1 Simplifying the mean-field terms

Throughout the chapter, we will present numerical calculations of Eq. (6.2). However, in
order to gain an intuitive understanding of the behavior described by Eq. (6.2), we now
make a series of approximations that will lead us to a rather simple model, which provides
us with a great deal of predictive insight. The first simplification we make is to observe that
for 87RbD, the term H- can be rewritten as
Ha(r) = 22 n(r, ¢ 6.7

2(1) = S n(r, 1), ©7)
where? A\p = A1 — Ai2 = A2 — Ao, and n(r, ) is the total density. We have found in
most of our calculations that the total density is very nearly invariant in time. We therefore
assume here that n(r) is static, and, in addition, we approximate it by the Thomas-Fermi
limiting form. This allows us finally to write H, as

(1) = 2 4 fun(r), (68
where dmr = Ap prr/A12 is an overall mean-field shift of the internal hyperfine lev-
els, prr is the chemical potential for the total population in the Thomas-Fermi limit, and
fvr(r) = Ap(a?p? + 22)/(4)12) is the Thomas-Fermi form of the density. Typically, for
populations in the range N = 8 x 10° to 10% atoms, we find this shift is dyr = 30 Hz to
35 Hz in a trap with v, = 65 Hz and v, = 24 Hz.

The mean field term in Eq. (6.3) can also be simplified if we make the approximations
that (A12 + A1)/2 = A12 and (A2 + A2)/2 & Ai2. Within this approximation we write
Hy — H6 as

1_. 1. . . . . .
Hy(r) = —§Vz + 5[042P2 + 2]+ Az (|1 (v, )P + [0 (x, 1) ?). (6.9)

Note that for this term we do not take the total density to be static, but allow it to evolve in
time.

3This simplification can be made for 87Rb, and is only approximately true (i.e. within the error of the deter-
mination of the singlet and triplet scattering lengths).
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Incorporating these two approximations into Eq. (6.2) gives us

!

i%WJ(t)) = {ﬁ5®i+i®(% &z-l-%&z)-l—(ﬁfl(t)—f—fMF)@&Z—l—I:Ig@&m (1)), (6.10)

where we have rewritten the detuning to include the mean-field shift ' = §+dyr. Looking
at Eq. (6.10), we can see that in the absence of the last three terms (eg. H; = fyp = Hs =
0), the spatial and spin degrees of freedom are uncoupled, so that the internal states simply
undergo the usual Rabi cycling independently of the motion of the condensate. It is useful
to think of H; as a driving term that excites a topological mode in the system. We will
consider specific examples in later sections. For the purposes of exciting a topological
mode, the term fyr due to the mean-field interaction acts as a contamination. We will
show that the physical parameters can be chosen to suppress its effect on the system. We
will show that the term H3 helps explain an overall shift in the peak of the revival time
(shown in Figure 6.2) for the case of offset traps.

6.2.2 Interaction picture representation

In this chapter we are concentrating on the situation where the coupling is strong, so that
the frequency of the Rabi oscillations (2 is significantly larger than the trap frequency v, .
In this case, the internal spin dynamics and the motion of the condensate in the trap occur
on two different time scales. Therefore, it is useful to go to a rotating frame that elimi-
nates the second term in Eq. (6.10) describing the fast Rabi oscillations between the two
internal states. In the rotating frame, we will be able to understand more clearly how the
terms Hy(t), fmr, and Hs in Eq. (6.10), which couple the motional and spin dynamics
of the condensate, effect the system on a time scale much longer than the period of Rabi
oscillation.

We go to the rotating frame, or interaction picture, by making a unitary transformation
using the operator

Up(t) = e—i18 ($6at552)t, 6.11)
This can be rewritten in the equivalent form
i
Qeff

Ui =10 (cos(neﬁ/z Hi—

sin(Qer/21) [Q6, + 66 ) (6.12)

where Qe = V/Q2 + /2. The state vector |t)(!)(t)) in the rotating frame is related to the
state vector in the lab frame [¢)(t)) by

WO @) = UF [(2)) - (6.13)
In the rotating frame, the system evolves according to
.0 -
i W) = 2D WO W), (6.14)

where H () (t) is the interaction Hamiltonian

HO(@t) = Hyol+ (Hi(t)+ fur) © (ax()dx + ay (8)6y + a,(t)5,)
+ Hy® (Be(t)ox + By (1) + B.(t)5.). (6.15)
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Note that flé, H, (1), fMF, and Hs are unaffected by the unitary transformation to the
rotating frame. The time-varying coefficients a (t), ay (t), and o, (t) are

Q 9

a(t) = 0 O [1— cos(Qest)]
Q
ay(t) = O sin(Qert)
(5’2 Q2
a,(t) = =5 + =5 cos(Qegt), (6.16)
e W
while the coefficients (i (t), By (t), and 3, (t) are
QZ 5'2
ﬂx(t) = —— 4+ —— cos(Qet
0z, * oz cert)
6/
By(t) = 0 sin(Qegt)
eff
Q 4
B,(t) = O O [1— cos(Qest)], (6.17)

6.2.3 Coarse graining approximation

At first sight it appears that we have actually made the problem more complicated by going
to the interaction picture representation due to the appearance of the extra time-varying
terms proportional to «;(t) and ;(t). However, in this rotating frame, we expect the
system |(1)(£)) to evolve on a much slower time scale than the period of Rabi oscillation.
We therefore time average over the rapidly oscillating terms, which is equivalent to coarse-
graining Eq (6.14). The time averaging depends on the frequency w, of Hi(t), so we
consider two cases separately, a slow or static drive w, & w,, and a fast drive w, & Qg
(remember we are considering the strong coupling limit so that w, << Qeg).

Slow or static drive w, ~ w. and small detuning §' < Q

If the drive varies slowly on the time scale of the period of Rabi oscillation, then we can
assume H, (t) is approximately constant over one Rabi cycle. In this case, coarse graining
Eq (6.14) allows us to reduce the coefficients ;(t) and 3;(t) to o = B, = §' Q/Q2,
ay = By =0, a, = §?/Q%;, and 8, = Q?/Q%;. This leads to the simplified form of
Eq (6.15)

R R R R R 5/9 (5’2
HD@) = HYo1+ (Hi(t) + fur) © (= 0x + =02
sl )@ (o, * 12,%)
N 02 50
+ Hs® (=—0x + —0 (6.18)
(77 + 2,%%)

The interaction Hamiltonian can be brought to an even simpler form if we assume the
detuning is small §' < Q. In this case, we can drop the term proportional to §'% /QZ%;. We
also assume that H3 is much smaller in magnitude than H;, which allows us to also drop
the term Hz ® &' /026, This finally leaves us with

(S
! 2

Z(Hy () + fur) + =
2, )+ oz,

I?I(I>(t):ﬁ3®i+[ ﬁg] ® Ox. (6.19)
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6.3 Static drive due to offset traps

In the sections that follow, we will investigate this regime—of a slow or static drive and a
small detuning—in detail for specific choices of H; (¢).

Fast drive w, ~ Q¢ and large detuning ¢’ >

In the case of a fast drive we must time average the product of H; (¢) and the coefficients
«;(t) and B;(t). These products can be written in terms of cosines and sines of the sum
(Qegr + w,-) and difference (Qegr — w;-). If we make the assumption that w, = Qeg, then we
can drop all of the counter-rotating terms oscillating at the frequency (Qeg + w;.), but keep
the terms rotating at (e — w,) when we time average. As for the static terms proportional
to fur and Hj, the same time averaging we did in the previous subsection applies. The
result is the following approximate form of the interaction Hamiltonian

) ’ ~ 2 40 o2 R 02 5 Q
H(I)(t) - H, ®1+fMF® —6X+—&Z +H3® —6'x+—6'z
0 <szf 02 ) (Qgﬁ 02, )
+ ol Q { o' [gg sin(At) — fcos(At)]a + [ggcos(At) + fsin(At)]g
2 Qeﬂ‘ Qeﬁ‘ T y
+ i [f cos(At) —og sin(At)] O'Z}, (6.20)
Qeff

where A = Qe — w,- and p = w,./|w,| gives the direction of rotation.

This looks like a rather complicated result, however, it can be further simplified by
assuming a very large detuning &' > (). This allows us to neglect terms of order (2/Qegr)?.
If we further take |0'| & Qe then we can write H () () as

. . PO Q . Q
HD@) = Hjol+ MF®(&Z+—&X)+H3® G,
Qeff Qeﬁ"
Q0 . .
_ g a (dla.+elAt + &s&_e—lAt)7 (621)
eff
for 6 > 0, and
. . JUN Q N Q
HO@) = Biol+fure (6, - 5—ox) ~Hs® 50,
Qeff Qeff
Q0 . .
+ gQ— (asme"“ +al6_ emt), (6.22)
eff

for § < 0. Here we have defined a5 = f —igandal = f+ i g, and we have taken ¢ = 1.
Also, the matrices ¢ and 6_ are defined as 6 = (6, +1i6y)/2 and 6_ = (6, — i) /2.
We will investigate these results in more detail later in this chapter when we consider this
regime of a fast drive and a large detuning.

6.3 Static drive due to offset traps

As described in Chapter 4, a typical situation for a condensate of 87Rb atoms in a TOP
trap is for there to be a static offset between the traps for the two hyperfine states |1) and
|2). This offset was a primary ingredient in drawing an analogy to the Josephson junction
in the weak-coupling limit described in the previous chapter. By adjusting the quadrupole
gradient and the intensity and frequency of the rotating field, various trap configurations
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can be attained. In this section, we consider the case where v, = 65, v, = 24 Hz, and the
traps for each state are separated by 22y = 0.4 pm along the vertical axis (see Figure 5.1).
This corresponds to setting the drive term to H; (t) = —zpz in Eq. (6.19), so that H(¢)
can be written as

HD@) = Hy 01+ [ Ciz + Ca(v%p” + 22)] ® 65, (6.23)

where C1 = (200" — x02/2)(Q/Q%;) and Co> = [Ap/(4X12)](6'Q2/Q2;). The parameter
C, varies linearly with detuning &', with an overall offset given by (x/2)Q?/02;. For
now, we will neglect this offset in the development that follows, by taking x — 0, so that
C1 — z0'Q/Q2;. Later in this section we will return to this issue and briefly discuss
how this offset modifies our results. For typical values of the physical parameters, the third
term in Eq. (6.23) arising from the mean-field interaction due to the difference in scattering
lengths is small, with C5 &~ 0.002, compared to C; ~ 0.04. Therefore, we also neglect this
term by taking Cy — 0.
With the approximations x ~ 0 and C> = 0, Eq. (6.23) becomes

HOD M) = Hy 91— C12 ® 6y, (6.24)
We refer to this result Eq. (6.23) as the coarse-grained, small detuning (CGSD) model to
distinguish it from the two-mode model presented below, which makes further assumptions.

6.3.1 Two-mode model

It is useful to define a basis of motional states with which to describe the system in the
rotating frame. A natural choice is the set of instantaneous eigenstates of H{), which satisfy

— SV L (P4 2) Al )] 6 = oulr)
[ h ¢i(r) ¢j(x)d’r = &, (6.25)

where the index ¢ refers to all of the relevant quantum numbers that uniquely specify each
eigenstate, i = {n.,n,,ne}, given the cylindrical symmetry of the system. In general,
many modes can be occupied and the state vector is written

EO®) =Y [e®ledn) +di®lo)2)] . (6.26)
where ¢;(r) = (r|¢;). The density appearing in Eq. (6.25) is then

2

i) = [ S o] + | dioie) (627)

It is clear that the set of coupled eigenvalue equations given in Eq. (6.25) is nonlinear and
requires a numerical procedure that will converge upon the solution in a self-consistent
manner. The eigenstates ¢;(r) and eigenenergies ¢; depend on time implicitly through
the coefficients ¢;(t) and d;(t), however we do not show this time dependence in order
to simplify the notation. We assume that the eigenbasis evolves slowly in time so that
the adiabatic condition is satisfied [106]. These topological modes ¢;(r) are similar to the
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6.3 Static drive due to offset traps

states plotted in Figure 3.7 for the single component and in Figure 4.9 in the two-component
case.

Based on the experiment reported in [13] the initial motional state of the system is
¢§I) (r,0) = ¢o(r — zo2); the system is in the ground state of H,, but displaced from the
origin along the vertical axis by zg. This displacement is small compared to the width w,
of the condensate zp/w, = 0.01. We therefore approximate the initial state of the system
as [ (1)) = |¢o)[1).

The system in the rotating frame evolves according to the Hamiltonian described by
Eq. (6.24). The term —C}z ® 6% couples the internal states |1) and |2) via . It also
drives transitions between motional states via the dipole operator 2. The dipole matrix
element (2);; = (¢;]2|¢;) is the largest between neighboring states and falls off quickly
as |i — j| increases. For a small coupling parameter C, we expect the coupling to the
first excited state |¢; ) to dominate the other transitions, making the evolution of the system
predominantly a two state evolution. We therefore make the approximation that the system
occupies only two modes

[0 (1)) = co(t) [¢o)[1) + di (B) [61)]2) , (6.28)

where |¢g) is the ground state s = {0,0, 0} and |41 ) is the first excited state with odd parity
along the z-axis ¢ = {1, 0, 0}.

If we substitute this ansatz into Eq. (6.14), using the Hamiltonian described by Eq. (6.24),
we get the equation of motion for the coefficients co(t) and d; ()

z(fi‘i) = (—Cf?@m _Clefz>°1 )(22) : (6.29)

where we have neglected the time rate-of-change of the slowly-varying adiabatic eigenba-
sis. This coupled pair of equations must be solved numerically by updating the energies
¢; and the dipole matrix element (z)o; from solving Eq. (6.25) at each time step. How-
ever, in order to see how the behavior depends on the various physical parameters, one
can obtain a simple estimate of the solution by fixing €; and (z)o; to their initial values.
In this case the solution of Eq. (6.29) is trivial and is given by co(t) = cos(Qo1/2t) —
i(AEOl/Q()l) SiH(QOl/Q t) and d1 (t) = —i(QCl <Z>/Q()1) SiH(QOl/Q t), where A(—Z()l =
€1 — € and Qo1 = /4C?(2)? + Ae€?,. In the rotating frame, the system oscillates be-
tween the two states at a frequency of (g1, which is much slower than the effective Rabi
frequency Qefr.

The oscillation frequency o1 increases with increasing detuning ¢’ and increasing trap
separation zq through the coupling parameter C;. The amplitude of oscillation depends
on the energy spacing between modes Aeg;. This splitting is a fraction of fiw, due to
the effect of the mean-field interaction: Aeg; decreases with increasing population N. In
addition, the dipole matrix element (z) increases with increasing IV, since the width of the
condensate increases with increasing population. The effect of the mean-field, then, is to
enhance the coupling between the ground and dipole modes.

The solution in the lab frame can be obtained by applying Uy(t) from Eq (6.12) to [¢(")
in Eq. (6.28) to yield

+ (aa(t)co(t) [Po) + i (t)di(t) ¢1))[2) , (6.30)
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Figure 6.5: Modulation of the Rabi oscillations. The fractional population in state |1) is
plotted as a function of time, obtained from a numerical solution of the one dimensional
version of Eq. (6.10). The values of the various parameters are given in the text. In Fig-
ure 6.6, the densities for both states are shown for three different Rabi cycles designated by
the circled numbers in this plot.

where the rapidly varying coefficients are a; (t) = cos(Qegr/2t) — (0" /Qesr) sin(Qeq /2 1)
and as(t) = —i(Q/Qegr) sin(Qesr /2 t). Eq. (6.30) is the main result of this section, with
which we can explain the essential properties of the system. During the first few Rabi
cycles t ~ 1/Qeg, the coefficient d; (t) = 0, so that the solution for short times is
[¥(t)) = (a1(t)|1) + a2(¢)|2)) |¢o). That is, for short times, the internal and external
degrees of freedom appear to be decoupled and the system simply oscillates rapidly be-
tween internal states. However, for longer times, the coefficient d; (t) grows in magnitude
as co(t) correspondingly decreases. This results in a modulation of the Rabi oscillations.
Furthermore, a two-peaked structure in the density appears, associated with the first-excited
state |¢1).

6.3.2 Results of calculations

The main goal of this section is to illustrate the behavior of the system by showing results
of numerical calculations. For this purpose, it is useful to treat the system in only one
dimension—along the vertical axis. Values of most of the physical parameters are given in
Table 6.3.2. Values of the remaining parameters are stated for each case considered in the
text.
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Figure 6.6: Snapshots of the density of each state for three different Rabi cycles corre-
sponding to the three circled numbers in Figure 6.5. The first two strips resemble the two
strips of snapshots taken from experimental data shown in Figure 6.3. The solid line is the
density of the |1) state, while the dashed line is that of the |2) state. Each snapshot within
a set is numbered in sequential order. The first set starts at ¢ = 0 ms, and runs for a full
Rabi cycle 1.41 ms. The second and third sets begin at ¢ = 45.2 ms and £ = 90.3 ms,
respectively. The time increment between snapshots is At = 0.28 ms for all three sets.

Understanding the dual dynamics

In Figure 6.5 we plot the fractional population of state |1), given by N1 (¢) = [ [(z|(1]¢(¢))]?dz,
for the case of = 700 Hz and 6’ = 100 Hz. This is a numerical solution of Eq. (6.10)
with the terms fyr and Hj set to zero. The population is cycling rapidly at the effective
Rabi frequency Qe = 707 Hz, while simultaneously being modulated at a much lower
frequency of about 11 Hz.

In order to visualize how the spin and motional dynamics become entangled over a
time long compared to the Rabi period, we show snapshots of the density of each state in
Figure 6.6. Three different sets of snapshots are shown, corresponding to the three circled
numbers in Figure 6.5. A full Rabi cycle is shown for each set. The first two strips resemble
the two strips of snapshots taken from experimental data shown in Figure 6.3. The first set
begins at ¢ = 0 with all of the atoms in the |1) internal state and in the mean-field ground
state of the trap |¢o). During this first Rabi cycle, the shape of the density profile for
each internal state does not change much—only the height changes. That is, the motional
state remains the ground state while population cycles rapidly between internal states, as
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Figure 6.7: The fractional population of the |1} state in the rotating frame. The solid line
is the solution given by the CGSD model, while the dot-dashed line corresponds to the
solution of the two-mode model. If the two-mode model is extended to include coupling
to the first even-parity excited mode, then we get better agreement to the CGSD model, as
shown by the dashed line.

discussed below Eq. (6.30).

The second set of snapshots in Figure 6.6 is taken at around ¢ = 45 ms, which is halfway
through the modulation. The density profiles for each spin state cycle rapidly between a
single-peaked and a double-peaked structure. For example, in the first snapshot, the |1)
state is in the single-peaked structure, while the |2) state is in the double-peaked structure,
but halfway through the Rabi cycle the situation is reversed, as shown in the third and
fourth snapshots. Finally, at about ¢ = 90 ms when the amplitude of the Rabi oscillations
has revived, the third set shows that the motional and spin degrees of freedom appear to be
decoupled again, with the density profile of each spin state appearing as it did during the
first Rabi cycle.

This peculiar behavior is most easily understood by going to the rotating frame. In
Figure 6.7, we plot the fractional population in the |1) state in the rotating frame NNV 1( D (t) =
[ 1{z(1]\ D) (£))|?dz. The solid line corresponds to the CGSD model. In the rotating
frame, population is slowly transferred out of the |1) state due to the coupling from H ® 6,
in Eq. (6.18).

In the rotating frame, the system is being excited out of the ground state |¢o) due to the
dipole coupling H_. This can be seen in the top strip of snapshots in Figure 6.8, where the
density of each spin state in the rotating frame is shown, corresponding to the solid line in
Figure 6.7. Initially, all of the atoms are in the |1) internal state and the mean-field ground
state of the trap |@o ). Due to the dipole coupling, population is transferred out of the ground
state. The strongest coupling is between the ground |¢g) and the first excited |¢;) modes.
These eigenmodes are shown in the bottom strip of Figure 6.8. They evolve slowly in time
as the coefficients ¢ (t) and d; (¢) change. For example, initially the ground state is just
the Thomas-Fermi-like ground state, since all of the population is in that state. However, at
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Figure 6.8: Ground and dipole states. The top strip of this plot shows snapshots of the den-
sity of each state corresponding to the solution of the CGSD model given by the solid line
in Figure 6.7. The bottom strip shows the corresponding two self-consistent eigenmodes
given by the solution of Eq. (6.25). The times of each snapshot are shown in the region
between the two strips, in units of milliseconds. The solid line corresponds to the density
of the |1) state, while the dashed is that of the |2) state.

t = 45 ms, about one-third of the population is in the first excited mode, which pinches the
ground state due to the mean-field interaction term. That is why the self-consistent ground
state at t = 45 ms is narrower than at ¢ = 0.

It is clear from Figure 6.7 that the low-frequency modulation of the rapid Rabi oscilla-
tions in the lab frame is just the frequency of oscillation in the rotating frame between the
states |@o)|1) and |¢1)|2). This is reflected in the two-mode solution given by Eq. (6.30),
which also helps explain the peculiar behavior of the densities shown in Figure 6.6. In
the lab frame the system is cycling rapidly between the two modes shown in Figure 6.8.
The initial values of the energies are ¢ = 13.6 fiw, and €; = 13.7 fw,, which makes
Ap; = 0.1 7w,. This small energy splitting is due to the effect of the mean field, since in
the limit N — 1 these energies move apart by a factor of ten, which greatly reduces the
coupling between the modes and thus greatly reduces the modulation effect.

If we make the two-mode ansatz and solve Eq. (6.29), we get the dot-dashed line in
Figure 6.7. The discrepancy from the solid line arises due to a weak coupling between the
first |¢1) and second |¢2) excited modes. If we extend our two-state model to include this
third mode, we get the dashed line in Figure 6.7, which nearly sits on top of the solid line.
In this case, the second excited mode |#-) gains less than 5% of the total population.

Dependence on detuning

In Figure 6.9, we show how the behavior of the system depends on the detuning ¢'. The
Rabi frequency (2} = 700 Hz was held fixed for each plot while the detuning was varied
from zero at the top §' = 0 to ¢’ = 200 Hz in the bottom plot. As predicted by the coupling
parameter C; = zg ¢’ ©2/QZ%; in the CGSD model, no coupling between motional states
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Figure 6.9: The fractional population in the |1} state for four different values of the detun-
ing, obtained from a numerical solution of Eq (6.10). Starting from the top, the detuning is
0' =0,0" =50 Hz, 0’ = 100 Hz, and &' = 200 Hz. The values of the other parameters are
given in the text.
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Figure 6.10: The period of modulation as a function of detuning ¢'. The dashed line cor-
responds to the numerical solution of the one-dimensional version of Eq. (6.10), while the
solid line was obtained from a numerical solution of the two-mode model Eq. (6.29). The
Rabi frequency was 2 = 700 Hz.

occurs if ' = 0, and thus the Rabi oscillations experience no modulation. As ¢’ is increased
the motional-state coupling becomes stronger and we expect the modulation frequency to
increase. The amplitude of modulation also increases as the detuning is increased.

We show the dependence of the period of modulation on detuning more explicitly
in Figure 6.10. The dashed line is the numerical solution of the full problem given by
Eq. (6.10), while the solid line is the numerical solution of the two-mode model given by
Eq. (6.29). Here we would like to point out that, had we included the spatial variation of
the bare Rabi frequency described by Hs, the peak of the curve in Figure 6.9 would not sit
at zero detuning, but would be shifted by (x/2)?/Q2;, where  is the slope of the spatial
variation of the bare Rabi frequency. (see Eq. (6.23)). In the experiments at JILA, a shift
was also seen, and we attribute it to this effect.

Dependence on trap displacement

In Figure 6.11, we show how the behavior of the system depends on the trap displacement
z0. The Rabi frequency €2 = 700 Hz and the detuning §' = 100 Hz were held fixed, while
the trap displacement was varied from zero zp = 0 in the top plot to zp = 1 um in the
bottom plot. Again, the coupling parameter C; predicts no modulation if zo = 0. As 2 is
increased, the frequency of modulation increases as the system is driven harder. However,
for the large separation in the bottom plot, the modulation becomes highly irregular and the
two-mode model most certainly breaks down. This behavior may be chaotic and warrants
further investigation.
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Figure 6.11: The fractional population in the |1) state for four different values of the trap
displacement zj, obtained from a numerical solution of Eq (6.10). Starting from the top,
the displacement is zp = 0, zop = 0.1 um, zp = 0.4 um, and 2o = 1.0 pm. The values of
the other parameters are given in the text.

Table 6.1: Values used for the various physical parameters appearing in our calculations.
The scattering lengths are taken from [10].

N 8 x 10° v, 65 Hz
as 5.5(3) nm v, 24Hz
a2z 0.97 as, Zsho 1.3 pm
aiy 1.03 as1 20 0.2 pm
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Figure 6.12: State preparation scheme. (a) If the two traps are rotated in the zy-plane about
the z axis at a frequency w,., (b) while simultaneously driving transitions between the two
internal states at the effective Rabi frequency {eg, a vortex mode possessing one unit of
angular momentum can be prepared if w, & Q.

6.4 Harmonic drive: A refined state preparation scheme

In the previous section we considered the case of a static drive H; = —zyz that resulted
in the excitation of a dipole mode due to the symmetry of the dipole operator Z. Suppose
we want to excite a vortex mode; what particular form for Hy(r,t) should we take? A
reasonable hypothesis is to displace the traps by some distance rq in the z — y plane and
then rotate the traps around the origin at some frequency w,., as illustrated in Figure 6.12.
This corresponds to taking f(r) = =, g(r) =y, and k = mw?, 1o for the drive H, (r, t) in
Eq. (6.4). So, the centers of the two traps rotate about the origin, while at the same time the
internal states of the atoms undergo Rabi oscillations. We will show that this configuration
does indeed excite a unit vortex in one of the components in a very controlled way.

To achieve this experimentally , one can shine a laser beam along the z axis into the
trap, so that the cloud sits in the middle of the Gaussian beam waist where the gradient of
the beam intensity is approximately linear; this gives rise to a constant force on the atoms.
If the frequency of the laser is tuned between the two hyperfine states, the optical dipole
force acts in opposite directions for each state—this gives the form &, for the internal part,
and the linear potential for the external part. If the beam is then rotated continuously, we
obtain the desired result shown in Figure 6.12. There is one drawback, however: there will
be heating due to spontaneous emission, which can limit the lifetime of the trap. For our
system, however, this turns out not to be a limiting factor.

Now that we have the basic form of the drive H;, we must decide on a frequency w,
at which to rotate the traps. Looking back to section 6.2, we see there are basically two
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choices, corresponding to the two main frequencies in the problem: we can either rotate
the traps slowly at a frequency close to the trap frequency w, & wgyy, Or we can rotate
them close to the effective Rabi frequency w, = Qeg. We have considered both cases, and
although both work, the fast drive is much more effective. The main problem with the slow
drive is that the time scale for coupling to the vortex is very long, on the order of seconds
in a v, = 10 Hz trap. In sharp contrast, for a fast rotation w, =~ Qeq, a vortex can be
prepared in less than 100 ms. If we wanted to show the details for the slow drive, we would
start with Eq. (6.19) and derive a two-mode model, just as we did in the previous section
for the static drive. Instead, we will focus on the fast drive case.

6.4.1 Two-mode model

A two-mode model can be derived, similarly to the case of static offset traps that we con-
sidered in section 6.3. We start with the coarse-grained, large detuning model derived in
section 6.2.3 for the case of a fast drive

AD() = iy wi- 52 (aloset +a,6 emiat), 6.31)
2 Qegr

where we have dropped the terms proportional to H3 and fyr from Eq. (6.21), assuming
they are so small they can be neglected. This equation corresponds to a positive detuning
0" > 0; we will later discuss the effect the sign of the detuning has on the behavior of
the system. This is the Hamiltonian in the interaction picture. The term ﬁé ® 1 acts
identically on both states, with H, 4 given in Eq. (6.3) describing a harmonic trap centered at
the origin with a mean-field potential proportional to the total density. The operator {6
simultaneously raises the spin and creates a motional excitation according to af = f +1ig.
For the drive shown in Figure 6.12, this is af = x + iy. Instead of coupling to a dipole
mode as in the previous section, the symmetry of the drive shown in Figure 6.12 couples to
a state with one unit of angular momentum.

We therefore make the two-mode ansatz as in section 6.3.1 by assuming that the state
vector in the interaction picture has the simple form

[0 (1)) = co(t) [90)I1) + calt) [60)12) (6.32)

where the coefficients evolve in time according to

m<%> _ ( € | %M%U+M%Mm><%>
en LB(olf — iglon)eiDt . .
(6.33)

Here 3 = k€2/|d'| is the coupling coefficient, and € and €, are the energy eigenvalues of
|0} and |y, ), respectively. For the case of a unit vortex (n=1), these states ¢ (7) and ¢; (1)
are plotted in Figure 4.7 of Chapter 4 and the corresponding eigenenergies ep and €; are
plotted in Figure 4.8. As shown in Figure 4.8, the splitting between these energies is very
small (a fraction of fw,,) and is nearly constant as a function of the relative population,
except for when most of the atoms are in the vortex. If we make a unitary transformation
according to

U= eit[Aﬁ'Z 7(60+En)]/2, (6.34)

Eq. (6.33) can be brought to the form

, Co _ 1 —(en—eo—A) B(dnlf +igldo) Co
() = 5 (s Sy MR Y () e
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This is the main result; we now summarize the crucial information contained in it:
1. In order to get this result, we had to make the following assumptions
Qe > wy, wr ~ Qegg, 0> O (6.36)

We also made the further approximation ¢’ & Qeg, which follows from the last
inequality. The first inequality Qeg > wo allowed us to separate out the internal
and external evolution by going to the interaction picture and coarse-graining over
rapidly oscillating terms, which also required the second inequality w,. & Qeg. The
third inequality allowed us to drop extra terms that would otherwise contaminate the
pure coupling given by a.

2. Eq. (6.35) tells us the timescale for coupling to the vortex, given by 8 = xQ/|J|.
For the drive shown in Figure 6.12, k = mw, o, so that 3 = mw,roQ/|8'|. This
tells us that we can couple more strongly to the vortex by increasing the displacement
70, or by increasing the ratio /|d’|—which is constrained by the third inequality in
Eq. (6.36).

3. We can also see from Eq. (6.35) that if A is chosen to be A = ¢, — €g, we can drive
the system on resonance. For a fixed Qog, this means that the trap rotation frequency
w, should be adjusted to compensate for the splitting €,, — €p. However, this is almost
a moot point, since the splitting €,, — € is so small, as shown in in Figure 4.8. In
other words, in practice we can take w, ~ {2 as the resonance.

4. In obtaining Eq. (6.35), we have neglected the mean-field term fy;p arising from
the scattering lengths a1, as,a;> being different. We are very fortunate that for
87Rb these scattering lengths are nearly degenerate, so that the size of the terms
in Eq. (6.21) proportional to fyr are small. By making & large, the relative impor-
tance of the fyp terms diminish. If the scattering lengths were drastically different,
then the mean-field terms would dominate and generating a pure vortex would be
very difficult.

Equation 6.35 is valid only for positive detuning, for we based our two-mode model on
Eq. (6.21); for negative detuning, we should use Eq. (6.22). It is straightforward to show
that in the case of negative detuning §' < 0, we get essentially the same results, but a} =
f—tg, instead of f+ig. In other words, changing the sign of the detuning, with the direction
of rotation of the trap centers fixed, causes the vortex to rotate in the opposite direction.
This is a very intriguing property of our state preparation scheme because the direction of
circulation of the vortex can be opposite to that of the rotating trap centers. This emphasizes
the fact that we are not simply stirring angular momentum into the condensate, as was
considered by the authors of [69] for the case of a stirring beam in a single component, for
example. A further remarkable feature is that a vortex containing a large fraction of the
atoms can be generated when w, is much larger than the trap oscillation frequency wy, so
that in our scheme only a fraction of a trap period is required to generate a macroscopic
population of the vortex state.

The solution in the lab frame can be obtained by applying Uy(t) from Eq (6.12) to [¢(")
in Eq. (6.32) to yield

+ (aa(®)co(t) [Po) + ai(t)en(t) [9n))[2) (6.37)
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where the rapidly varying coefficients are a; (t) = cos(Qegr/2t) — (0" /Qesr) sin(Qeqr /2 1)
and as(t) = —i(2/Qegr) sin(Qeg /2 ). This resembles the analogous equation Eq. (6.30)
in section 6.3.1. However, in the present situation, we have the limit of a large detuning
0" > (, so that the Rabi oscillations will look quite distinct from the case of the static
drive, where a small detuning was assumed. In the large detuning limit, the coefficients a;
become

a1(t) = cos(Qeg/2t) — isin(Qeg/21t)
ax(t) =~ 0, (6.38)

so that Eq. (6.37) can be written

[(0) ~ e B2 (0 (8)[60) 1) + ea(B)64) 12) ). (6.39)

This is rather spectacular: even though we are driving the system off resonance ¢’ > €,
it is possible to transfer a significant fraction of the population from the |1) state to the
|2) state due to the subtle interplay between the external drive H;(r,t) and the internal
Rabi coupling. We also see that the cycling between spatial modes for each internal state
is minimal, so that there is little contamination from the other mode during the evolution;
that is, on average the |1) state is almost purely in the ground state |¢) and the |2) state is
almost purely in the excited mode |¢,, ).

Intuitively, we can see why our scheme couples a non-rotating condensate to a vortex
state if we consider the frame co-rotating with the trap centers at angular frequency w, so
that H, becomes time-independent. The free Hamiltonian in the co-rotating frame is given
by Hy — w,L.. The energy of the vortex with one unit of angular momentum is therefore
shifted by hw, in the rotating frame relative to its value in the lab frame. When this energy
shift compensates for both the energy mismatch /¢ of the internal coupling field and the
small chemical potential difference between the vortex and non-rotating condensate, res-
onant transfer of population may take place. Within this picture, we can also understand
intuitively how changing the sign of the detuning while keeping the trap rotation direction
fixed couples to a vortex with opposite circulation. Vortices with opposite circulations ex-
perience opposite energy shifts in transforming to the rotating frame and therefore require
opposite signs of detuning in order to achieve resonant coupling.

6.4.2 Results of calculations

We now show results of numerical calculations of the coupled GP equation. In our calcu-
lations, we are solving a two-dimensional version of Eq. (6.10), with fy;p and Hj set to
zero; we are not solving the two-mode model Eq. (6.35). We found in section 6.3 that the
two-mode model for that system gave good agreement to the full solution. Here, we also
find that all of the predictions embedded in the two-mode model are exhibited in the full
solution of Eq. (6.10). The two-mode model was indispensable in pinpointing the specific
region in parameter space where a pure vortex could be generated.

In Figures 6.13 and 6.14 we show an example of the dynamical state preparation of a
unit vortex. Initially all of the atoms are in the |1) internal level and the mean-field ground
state |¢o). The two traps are displaced by 19 = 1.7pm and rotated around at w, = 205.4
Hz, so that we have taken f = = and g = y. The two internal levels are being driven, with
the bare Rabi frequency 2 = 50 Hz, and the detuning is 6’ = 200 Hz. The trap frequency
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Figure 6.13: Dynamical evolution to a vortex. The top graph shows the fractional popu-
lation of atoms in the |2) internal state. The bottom graph shows the angular momentum
of the |2) state, in units of Planck’s constant /. The inset shows the maximum amplitude

of population transfer to the |2) state as a function of the trap rotation frequency w,., with
A= Qeff — Wy.

is wyy = 10 Hz and the number of atoms is N = 8 x 10° atoms. Both internal and external
drives are turned off at ¢t = t;, i.e. {2 = 0 and (=0, after which the system evolves freely.

In Figure 6.13 we plot the fractional population (top) and the angular momentum per
atom (bottom) of the |2) state as a function of time. The small-amplitude rapid oscillations
of the top line correspond to the cycling between internal levels due to the off-resonant
coupling. The gradual rise of this line is due to coupling from the ground state to the vortex
mode caused by the drive H; in Eq. (6.4). This is just what we expect from the two-mode
model. The rise and fall of the angular momentum in the bottom curve corresponds to a
rapid cycling of the |2) atoms between the non-rotating condensate and the vortex. Once
during each Rabi cycle, the angular momentum approaches unity and at that time the |2)
state wave function approaches a pure vortex mode.

The maximum population transfer between the two states obeys a Lorentzian response
curve as w;,. is varied near Qe exhibiting a narrow resonance. This is shown in the inset of
Figure 6.13, where A = Qg — w,. The peak of this curve sits at A = €; — €y, which is
around 0.057w,, which corresponds to the splitting shown in Figure 4.8. We find that the
maximum population that can be transferred to the vortex is around 80%. This makes sense
from looking at Figure 4.7, since the energy splitting €; — €q is roughly constant until most
of the atoms are in the vortex, when the energy splitting starts to increase rapidly. With
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Figure 6.14: Densities and phases of the two states |1) and |2), at time ¢ = 200ms. At this
time, one third of the atoms are in the |2) state, which is in a pure vortex mode with unit
angular momentum. A characteristic feature of a vortex mode is the 2n7 phase wrap about
the core, where n is an integer that is equal to unity in this case.
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phase

density

Figure 6.15: Double and triple vortex preparation. Shown are the densities and phases
modulo 27 of the |2} state after a dynamical evolution similar to that shown in Figure 6.13,
but with different symmetries of the drive H;. In the case of L, = 2h, f = 2% — 3% and
g = 2xy, while for L. = 3Ah, f = 23 — 3zy? and g = 322y — y>. In both cases, the
system was evolved from the same initial condition as that for the calculation described in
Figure 6.13, with one third of the atoms in the |2) state at the time ¢5;. The values taken
for the various parameters were the same, except for the trap rotation frequency, which was
w, = 204.3 Hz for the L, = 2h case, and w,, = 200.2 Hz for the L, = 3h case.

w, fixed, this means that the system pushes itself out of resonance, a behavior also seen in
Chapter 5 in the weak-coupling case.

Our key idea is that by turning off the coupling at a precise time, ¢, on a given Rabi
cycle, the |2) state can be prepared to have unit angular momentum. In Figure 6.14 we
show a snapshot of the numerically calculated densities and phases of the two components
at time 200 ms. The snapshot illustrates the preparation of a high-quality vortex in state |2)
state, with the |1) state providing a natural “pinning” mechanism that stabilizes the vortex
core due to a repulsive mean-field barrier along the symmetry axis.

The symmetry of the coupling is determined by f + ig, which has the form x + iy as
previously stated for the case of the unit vortex. In order to produce a vortex with n units
of angular momentum (i.e. (L.) = nh), f + ig should take on the form (z + iy)™. So for
n = 2, we must construct a H; in which f = 2% —y? and g = 2xy, corresponding to a
rotating saddle potential. In Figure 6.15, we illustrate vortex generation with two and three
units of angular momentum.

The generalization of our scheme for the preparation of new states in a trapped Bose
condensed gas with arbitrary symmetry is straightforward. For example, to generate a
mode with a dipole symmetry one superimposes a left and right circulating vortex so that
f =Re{z+iy}and g = 0. A quadrapole symmetry would be generated by f = Im{(z +
iy)?} and g = 0. The dynamical state preparation of these two examples is illustrated in
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quadrupole

phase

Figure 6.16: Dipole and quadrupole preparation. Different symmetries were constructed
using specific forms for the drive H; in order to prepare the |2) state in non-circulating
modes. Instead of having a 2n7 phase wrap corresponding to a current flowing around a
central core, these modes have regions of constant phase separated by a discontinuous jump
of m where the wave function changes sign. To generate the dipole mode, we used f = z
and g = 0 with w,, = 205.4 Hz; while for the quadrupole, we used f = zy and g = 0 with
w, = 204.3 Hz.

Figure 6.16.

6.5 Experimental observation of a vortex

The proposed scheme for generating a vortex presented in section 6.4 has been imple-
mented in the laboratory of Eric Cornell and Carl Wieman here at JILA, resulting in the
first experimental report of a vortex in a dilute Bose-condensed gas [14]. The experimental
data is remarkably clean with excellent shot-to-shot reproducibility, showing clearly that
the prepared state has the required vortex topology. The basic experimental scheme de-
scribed earlier on page 101 was implemented; the details of the experimental apparatus are
given in [14].

In Figure 6.17 we show the dynamical evolution of a vortex over a 80 ms time period.
Shown are phase contrast images for the |2) atoms, with each frame corresponding to a
time-averaging of the signal for 9 ms. The evolution shown in Figure 6.17 corresponds to
the first 80 ms of the evolution of the similar case considered in Figure 6.13. The time
averaging washes out the spatial structure from the interference between the ground |¢o)
and vortex |¢1) states that occurs during the rapid Rabi cycling. In Figure 6.18 we show a
single snapshot of the |2) atoms, taken approximately when az(t) = 0 in Eq. (6.37) during
a Rabi cycle, so that the |2) atoms are nearly in a pure vortex mode.
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Figure 6.17: Experimental production of a vortex. Shown are phase contrast images of
the |2) atoms, with dark regions corresponding to higher density in the cloud. Each frame
corresponds to a 9 ms signal integration and 10 ms between frames, so that by the end
of the sequence 80 ms have elapsed. Initially, all of the atoms are in the |1) state and
gradually population is built up into the |2) state into a vortex, similar to the case shown in
Figure 6.13. Experimental data is courtesy of M. Matthews, B. Anderson, and P. Haljan.

In order to show that the prepared state is a vortex that has a 2w phase wrap, and
is not simply a uniform-phase ring, an interference of the two states |1) and |2) can be
measured and the sine of the phase of the vortex can be calculated. In Figure 6.19 we
show experimental data taken for this case. A vortex is prepared in the |2) atoms, shown
in the first frame. A 7 pulse is applied (the two-photon drive is applied for half of a Rabi
cycle), which transfers the atoms to the |1) state, which is in the ground state |¢g). Halfway
through the pulse, the two states interfere, with the distinctive density pattern shown that
indicates a spatially-nonuniform relative phase. The data from the three plots was used to
calculate the cosine of the phase, which matched the expectations for a vortex solution [14].

6.6 Summary

In this chapter we have studied a strongly-coupled two-component condensate and have
found that topological modes can be excited if the traps of the two states are spatially
offset. We have presented a novel state-preparation scheme based on this mechanism that
allows for the generation of pure vortices in this two-component system, as well as other
types of non-ground-state modes, such as dipole and quadrupole modes. Our approach
grew out of a collaborative effort at JILA, between our group and the laboratory of Eric
Cornell and Carl Wieman, to understand the initially unexplained data (examples shown in
Figures 6.1 through 6.3.) of the first observations of this system. The culmination of these
efforts is the first observation of a vortex in a dilute Bose-condensed gas [14].

It should be mentioned that prior to our work, there had been several similar proposals
for the dynamical production of a vortex through the use of the internal structure of the
atoms [107, 108, 74]. For example, Dum et al. [74] discuss the preparation of dark solitons
and vortices using a Raman coupling scheme in which the light beams have a particular
spatial intensity pattern chosen with the right symmetry for coupling to the desired mode.
As discussed in [107] and [108], such an intensity pattern could be attained through the use
of a laser beam with a higher-order Laguerre-Gaussian mode profile. The spirit of the basic
approach described in [74], for example, is much the same as in our work, however, the
specific underlying mechanism for coupling to a vortex that we consider is quite distinct
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Figure 6.18: Snapshot of a vortex. Shown is the density profile of atoms in the |2) state for
a single snapshot taken during the dynamical evolution shown in Figure 6.17. The snapshot
was taken approximately when the |2) atoms were in a pure vortex. Experimental data is
courtesy of M. Matthews, B. Anderson, and P. Haljan.

from these earlier works. In our system it is the combined effect of spatially homogeneous
coupling fields and time-varying spatially offset traps that gives rise to the required symme-
try for coupling to a topological mode. This effect is rather nonintuitive and only occurred
to us while trying to interpret the experimental data described in section 6.1.

The experimental realization of the state-preparation scheme presented in this thesis
has opened the door to a whole new class of problems related to topological modes in a
two-component system. This is an extremely rich system that has been almost untapped in
the the literature, since most of the recent efforts have been on the study of vortices in sin-
gle component systems. Issues like vortex stability, the role of different scattering lengths,
collective modes of the system, and the relation to the phenomenon of superfluidity are es-
sentially open problems waiting to be investigated, both theoretically and experimentally.
Similar properties can be investigated for the dipole and quadrupole modes as well. One
could also study the preparation scheme in more detail to find the optimal path for generat-
ing a pure vortex with no remaining |1) atoms. This might entail chirping the trap rotation
frequency w, in a specified time-dependent way so as to adiabatically follow the mean-field
shifted energies between the two modes [74]. A further extension would be to treat finite
temperature effects by including the collision terms in the kinetic equation for the mean
field and fluctuations, given in Chapter 2.
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Pif2

Figure 6.19: Interference between the ground state and vortex. Shown are phase contrast
images with darker regions corresponding to higher density. Initially all of the vortex atoms
are in the |2) internal state. A 7 pulse is applied that transfers the atoms into the |1) state.
The middle frame is taken halfway through the pulse, and shows the interference between
the vortex and ground states. The third frame shows the atoms at the end of the 7 pulse,
when they are in the ground state. The top frame and bottom frame correspond to the two
states shown in Figure 6.14. Experimental data is courtesy of M. Matthews, B. Anderson,
and P. Haljan.
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Chapter 7

Trajectory Simulation of the
Quantum Boltzmann Equation

7.1 Introduction

In experiments producing Bose-Einstein condensation of a dilute alkali vapor, the tempera-
ture of a gas is reduced by several orders of magnitude using the crucial technique of evapo-
rative cooling [33, 34]. The theoretical study of this important technique and the description
of condensate formation requires a kinetic theory that treats non-equilibrium, open systems
in both the classical and quantum degenerate regimes. It is also necessary to consider a
system of finite size as determined by the form of the confining potential [109, 110].

We present a novel approach to describing quantum kinetics which is motivated by the
quantum trajectory methods developed in quantum optics to describe the dissipative evo-
lution of open systems [111, 112, 113, 114, 115, 116, 117]. The basic principle on which
these models are built is that the evolution of the open system, described by a density op-
erator master equation, can be obtained by accumulating an infinite number of stochastic
realizations of a wave-function trajectory. A simple example of an open system is an ex-
cited atom coupled to the radiation vacuum reservoir. A trajectory in this case consists
of the interruption of the continuous evolution of the atomic wave function by a quantum
jump to the ground state when a spontaneous photon is emitted.

We have applied this trajectory method to a fundamentally different problem. In our
case, we wish to describe the evolution of a gas of atoms which are not coupled to a reser-
voir at all. The jumps which occur in the single-atom trajectory that lead to the irreversible
evolution of the system are caused by atomic collisions with other atoms in the gas. Thus,
the role of the reservoir in our problem is played by the system itself. This inherent nonlin-
earity is illustrated by the kinetic equation we are trying to simulate. We have previously
applied this approach to treat the classical Boltzmann equation in order to describe the evap-
orative cooling process [118]. In this chapter, we extend the theory to treat Bose-Einstein
condensation.

This chapter is divided into three parts. We first present the theory for kinetic evolution
in section7.2. In section7.3, we describe our trajectory approach and outline in detail the
corresponding simulation procedure. Finally, in section7.4, we present applications of the
method for thermodynamics, condensate growth, and evaporative cooling.
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7.2 Ergodic quantum Boltzmann equation

In this section, we outline our mathematical description of kinetic theory and highlight the
physical assumptions made in its derivation. We present the quantum Boltzmann equation
(QBE), which is the starting point for our treatment. An ergodic assumption is made,
which simplifies the problem by assuming that the population of a state only depends on its
energy. We show how the ergodic QBE goes to the ergodic classical Boltzmann equation in
the appropriate limit, a result which greatly simplifies the trajectory simulation presented
in section 7.3.

7.2.1 Quantum Boltzmann equation

We consider a dilute system of atoms confined in an isotropic harmonic oscillator of fre-
quency w. The Hamiltonian H = Hy + Hj consists of a free part Hy, and an interaction
term H; due to binary collisions

HO = ZEﬁaI-iaﬁ,

o = LN g matat

= 52 (7,m; 4, P) azazazap (7.1)
nmq

where Ep = (g+ny+n.+ g)hw is the energy eigenvalue of Hy with quantum number
i = (ng,ny,n;). Here az is the annihilation operator which removes an atom from the
single-particle eigenstate ¢;. The transition amplitude is

O, 1 4, )= / B 65 (2)6% () (7, ) 6g(@) b5(@), (72)

where V(Z,Z") is a two-particle potential. In the temperature range of interest, s-wave
scattering predominates and collisions are characterized by a contact potential

_ Arh%a

V(E#) = =

B (E-1), (7.3)

where a is the scattering length. This gives the quantum mechanical cross section for the
collision o = 8ma?.

The correlation time arising from the duration of a collision in Bose-Einstein condensa-
tion experiments is typically much shorter than the time scale on which the system relaxes
to equilibrium. The time scale for pair correlations is given by 7¢or = a/0, where ¥ is the
mean velocity . The relaxation time is determined by the time between elastic collisions
Teol 10 the gas . For example, in the experiments described in Ref. [1], at the critical temper-
ature 7¢or & 1 s, compared to 7., & 0.1s. In this regime, Wick’s theorem [119, 120, 38]
may be applied to give the evolution under the Born and Markov approximations of the
atomic population

fi = Tr{pataz} , (7.4)

where p is the N-particle density matrix for the system. In the representation of the bare
harmonic oscillator states, off-diagonal elements f;7 = Tr{pa;%aﬁr}, n # 7', [38] are
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negligible when wt.,; > 1. This gives the QBE [38, 39], derived in Chapter 2 in sec-
tion 2.4.2

Ofn _

= S W, ) [fafs L+ )L+ fa) = Fafa(L+ f)(L+ £p)], (1.9)

mgp

- -

where the transition rate W (7, m; ¢, p) appearing in Eq. (7.5) is obtained from Fermi’s

Golden Rule

OB tby Bt
hw ’

and ¢ is the Kronecker delta function giving energy conservation. The total number of

particles in the system N determines the normalization of f; by > fi = V.

e 2T\ i o
W (it 1 .9) = - |C (it i 4, )| (7.6)

7.2.2 Ergodic assumption

A practical problem for simulating the QBE is that the degeneracy of states increases
rapidly with increasing energy. The degeneracy of a level for the isotropic harmonic oscil-
lator is proportional to the square of the energy so that even for very low temperatures, the
number of states whose populations must be calculated may be very large. For example,
if kgT = 10Aw, we would have to consider approximately 10° states. This is a severe
limitation on the computation speed.

We resolve this difficulty by assuming that the population within a degenerate subspace
is uniformly distributed among the degenerate states. In other words, in the spherical basis
we assume that the population f; depends only on the principle quantum number 7 and not
on the angular momentum quantum numbers / and m. This assumption is true at equilib-
rium since then the distribution function is purely a function of the Hamiltonian. In many
cases of interest, the system remains close to equilibrium and we expect the approximation
to be valid. In Ref. [121], it was shown that, for a homogeneous system originally in equi-
librium, if one of the three degenerate states in the first excited level is depleted, and the
system is allowed to evolve back to equilibrium, the population gets redistributed equally
among the three degenerate states in a time on the order of the mean collision time in the
gas. Essentially, the ergodic approximation corresponds to detailed balance amongst the
angular momentum levels, i.e. [-changing collisions are rapid compared to rates in and out
of n.

This ergodic assumption is defined as

f’r_i = Z 65n,Eﬁf5n - (77)

Each state ¢ in the degenerate subspace has the same population f. . Therefore, a sum
over all of the degenerate states is just

Genfen =D berm:fr (7.8)
where g, is the degeneracy of energy level €,,, which is given by
1
Je,, = i(n +1)(n+2). (7.9)
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With the ergodic assumption, Eq. (7.5) can be reduced to

9o e = S Wlen, e ) e Sen () (4 i) = e e (4 Fo) (4 £,

EmEq€p

(7.10)
The collision kernel W (€,,, €15 €4, €p) is now a sum over all of the rates corresponding to
the possible degenerate states which could participate in the collision

2m 6en €m €qtep o oo
W (en, ems g, €) = 5 -2t Z(|c(n,m;q,m|2ﬂaejﬂ;), (7.11)
J

where j € {n,m,q,p} in the product. The normalization of the distribution becomes
Zen gEnfen =N.

We have made a great simplification by reducing the QBE to Eq. (7.10). Considering
our previous example of kT = 10hw, the number of levels occupied is approximately
100, which is much less than the corresponding number of states 10°.

7.2.3 Classical limit

Although the ergodic assumption presented in section 7.2.2 greatly simplifies the problem
of simulating the QBE, it is desirable to reduce the problem further in order to describe the
evaporative cooling technique used to reach the critical density for Bose-Einstein conden-
sation. During the evaporation process, the temperature of the gas is reduced by several
orders of magnitude. Even with the ergodic assumption, a very large number of energy
levels must be considered to describe the system in this entire range. The process can be
described by the classical Boltzmann equation for most of this range, down to some point
close to the critical temperature when quantum statistics becomes important. In this critical
region, the QBE must be used.

The problem may be simplified if a smooth transition connecting these two regions
can be found, which would allow energy levels above some cutoff to be treated classically.
Taking the classical limit of Eq. (7.10) corresponds to taking €,, — oo, and assuming that
T > T, so that the (1 + f,, ) Bose-enhancement factors go to unity.

Eq. (7.10) can be written in dimensionless form

Z 6en+em,eq+ep g(en: €m; €q, ep) (7.12)

eme€qep

[feofer L+ fe )L+ fer) = feo form (L4 fe, )1+ fe,)]

X

. . . 2
where time and energy are in the natural units of the problem, 7 = ”;“;“ri tande, = €,/hw.

The collision kernel given in Eq. (7.11) is now dimensionless and given by

4 ‘
g(en, em;eq,€p) = 2 Z (| HNniNmiNQiNPiInimiQiPi|z H(sej,E;) ) (7.13)
; :

Amgp J

where i € {x,y, 2} in the first product and N,,, = (2" n;!)~'/? is the normalization factor
for component ¢ of the state ¢5. The overlap integral of the four Hermite polynomials
Hni (ui) is

Lnimigips = / du;Hp, Hy Hy, Hy e 2 (7.14)
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Figure 7.1: Plot of g(emin,em;e€q,€p) VS. (eq,ep) for the minimum energy being in the
ground state enin = eg, where ey, is determined by energy conservation. It is a very flat
function, differing from its asymptotic form, ¢g., = 1, only when A, is very small.

In taking the limit e,, — 00, fe,, is replaced by a continuous function of energy f(ey,),
each sum over e,, is replaced by an integral, and the Kronecker delta dc,, ye,, e, +c,/hw is
replaced by a Dirac delta function d(e,, + €, — €; — €p). For temperatures well above
T., the Bose-enhancement factors (1 + f. ) can be put to unity. The collision kernel
g(en, em; €4, €p) has a rather simple limiting form which may be found by computing nu-
merically the quantity on the RHS of Eq. (7.13). We use the following expression for the
overlap integral [122]

min(m,n)

m!n! 2t 1 1 1 1
I =" k=3P (k—p+=)D(k—m—n+2t+ =)0 (k—qg+=
e =T 2 i prg)tkemen ik )l katy)

(7.15)
where 2k = ¢, — 2t and 0, = n + m + p + g must be even. The integral is zero if ¢, is
odd.

We calculated the kernel g(ey,, €m,; eq, €p) numerically for ey < e; < ey, where e; €
{en,em, ey, €p}, and obtained a remarkable result. This collision kernel converges very
quickly to the degeneracy g.,, given by Eq. (7.9), as the differences A, = €; — emin
between the minimum energy and the other three energies increase

A,
9(Emins €m; €qr€p) T Gerin (7.16)

where epin, = min{ey, €y, €4, €p} is the minimum energy. Figure 7.1 shows a plot of
g(Emin, €m; €q, €p) V8. (€p, €¢) for emin = €g, with e, determined by energy conservation.
It is a very flat function differing from its asymptotic form only when A, is very small.
From our calculations, we found that the convergence in Eq. (7.16) becomes faster as emin
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increases. Furthermore, as e; increases, the degeneracy factor g, converges to the density

of states p(e;) = $e3

ge; 37 pley) - (7.17)
In our simulation procedure described below, we use the limiting form Eq. (7.16) for
g(en,em;eq,ep) when any one of the energies is greater than the tenth level e;o, and use
the limiting form Eq. (7.17) when all of the energies are greater than a cutoff energy e,
chosen such that (1 + f,.) ~ 1.
The comparison with the ergodic classical Boltzmann equation can now be made. The
classical limit of Eq. (7.12) is

plen) L) = [ e deys(enten—co—enplenin) (Sea) (o) = Flen)en))
(7.18)

where the same natural units given below Eq. (7.12) are used here. This agrees with the
classical Boltzmann equation given by Eq. (14) in Ref. [109].

7.3 Trajectory simulation

In this section, we explain our novel approach to simulating the QBE using simulated
single-particle trajectories. We first show that the time evolution of f. given by Eq. (7.12)
can be described by a sum over all possible single-particle trajectories. We then outline the
specific simulation procedure.

7.3.1 Trajectory decomposition of the QBE

We can now incorporate quantum statistics into the trajectory method using the results of
section 7.2. We can not expect the simulation to be valid far below the critical temperature
when a large proportion of atoms are in the ground state since we neglect the effect of the
mean field on the system and work in the representation of the bare harmonic oscillator
basis. However, in the regime where w7.,; > 1 holds, the buildup of the condensate can
still be investigated. This simulation method is now ideal for describing the evaporative
cooling of atoms all the way down to temperatures below 7.

The trajectory decomposition of the ergodic QBE closely resembles that given in Ref. [118]
for the classical case. Still working in the natural units of time and energy given below
Eq. (7.12), we begin by defining a trajectory function f(en, | ty;,ey,...,t1,€1), which de-
scribes a specific collision history with energy e,, at time ¢: The trajectory is labeled by its
history of 7 collisions occurring at times %1, ...,t,, with ¢ > ¢, > ... > ¢;, and with the
energy before each collision given by ey, ..., e;.

Our task is to correctly describe the time evolution of this trajectory function so that
upon accumulating all possible realizations of trajectories, f., (t) is attained with the cor-
rect time evolution governed by Eq. (7.12). To obtain f,, (¢) from the accumulated trajec-
tories, we form a distribution of the energies collected from M trajectories at the particular
time ¢. Then in the limit M — oo, the distribution should converge upon f. (t). Realisti-
cally, the number of trajectories we accumulate is in the range 10* — 10°. Of course, the
trajectories must be weighted so that the final distribution obtained from the accumulated
trajectories is normalized to V.
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This sum over trajectories can be written explicitly as

tﬂ
G =3 > / dt/ dty / Qb f(enst by eqs- s tiser) , (1.19)

n=0ey,.

where we sum over the number 1 of possible collisions, sum over all possible energies
occurring before each collision, and integrate over the possible times at which each colli-
sion can occur. Each trajectory has a weight given by N/M, where M goes to infinity in
Eq. (7.19).

The time evolution of f. (t) in terms of the trajectory decomposition is found by dif-
ferentiating Eq. (7.19)

0 2 f(en,t|tn, en,...
!]enfe" ZZ{ dt1 flen |a: n )
n=0¢ey...e1
2
+ dtn_l--- dtlf(en,t|t,en,...)}. (7.20)
to to
We must find the correct time evolution of the trajectory function f (e, t | ¢y, ey, ..., t1,€1)

so that the time evolution given by this decomposition is equivalent to the QBE. The first
term on the RHS of Eq. (7.20) gives the time evolution of the trajectory between collisions,
while the second term is related to the instantaneous change in the trajectory’s energy when
a collision occurs.

Between collisions, the trajectory’s norm will decay due to the probability for a colli-
sion to occur with an atom from the rest of the gas

Of (en,t|ty,en,-.-)
ot

The rate of decay (e, t) is equal to the collision rate. A particle in the system with energy
en, has a rate of colliding with any other particle in the system given by

= _7(enat)f(en:t|tnaen:---) . (7.21)

et = 3 8o gre, DL f )14, )1+ £, 0) . (722

emegep

Because of Bose statistics, some of the collisions will be enhanced by the factors (1 +
fe, (t)) if the populations in those output channels are large. This dependence on the popu-
lation in summing over the output channels is absent in the trajectory method presented for
the classical Boltzmann equation in Ref. [118]. In that case, the integrals over the output
channels can be done analytically, which makes the problem scale linearly with the number
of energy bins used to store f(e). We can not make that simplification here.

The function f(e,,t|t, ey, .. .) indicates that a collision has occurred at time ¢, chang-
ing the energy from e,, to e,,. We interpret the function f(e,,t|t,e,,...) as the rate that
a particle with energy e,, will collide with any atom in the system and attain the energy e,,
afterwards. Thus, f(en,t|t,ey,...) can be obtained by omitting the sum over the output
channel e, in Eq. (7.22) and weighting the rate by the norm of the trajectory before the
collision

€p,€Ep;En, €
flentlten, ) = > 66,,+ep,en+emw (7.23)

= 9e,

X fep )L+ fe, (1)) (1 + fe, (1)) flen, t[ty—1,€q-1--) -
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With the above description of the time evolution of a trajectory, one can easily verify
that the decomposition in Eq. (7.20) is equivalent to Eq. (7.12) by substituting Eq. (7.21),
Eq. (7.22), and Eq. (7.24) into Eq. (7.20) and using Eq. (7.19) to reduce the expression.

One crucial point, however, has not been addressed in our proof. Because the rates
given in Eq. (7.22) and Eq. (7.24) depend on f,, (t), which is the quantity being calculated,
the problem is nonlinear and must be solved self-consistently. A self-consistent solution
can be found if we make the incremental time of evolution d¢ much smaller than the mean
collision time 7, so that f. (¢) does not change appreciably during the coarse-grained
time steps.

7.3.2 Simulation procedure

We now describe the procedure for simulating the QBE using the trajectory method. One
begins by creating the initial distribution f._(to), the time evolution of which is desired
over a chosen time interval. This distribution is evolved incrementally, by adding up M
trajectories over a time interval d¢ that must be chosen smaller than the average single-
particle collision time 7,,;. Then, the simulated distribution at the end of the time ¢y + dt
is used as the starting distribution for the next time step, and so on, until the desired time is
reached. In more detail, this procedure is as follows:

1. Create an empty distribution function f,, (to + dt) with zero population throughout
the levels.

2. Choose an initial energy e; for the trajectory from the initial distribution g, f., (to).

3. Calculate the initial collision rate y(ey, to) using fe., (to) for the distribution

ylento) = 6el+em7eq+epwjgm (to) (1+ f, (t0)) (1 fo, (to)) -

€meqep

(7.24)

4. Simulate a realization of a uniform random variable R; € [0, 1] and find the time the
particle will next collide given by t. = tg — In(Ry)/v(e1, to)-

5. If t. > tp + dt, record the atom in f. (o + dt) by incrementing the level corre-
sponding to its energy by the amount N /M.

6. If t < to + dt, a collision occurs. Simulate a second random variable R, € [0, 1].
The energy after the collision is found from the solution of egj;, in

€sim

3 Y dersepren BB ) L () (14, (1) = Rer(ers o)

€n €meép

(7.25)

7. Continue steps 3 - 6 until the end of the interval ¢y + dt is reached. Because dt must
be much smaller than 7.,;, multiple collisions should be rare.

8. Calculate the next trajectory by choosing another initial energy in step 2 and carrying
out steps 3 - 7. Continue the process for M trajectories.
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Figure 7.2: An illustration of the distribution of populations f. over the discrete and con-
tinuous regions. Above the cutoff e.., we drop the (1 + f.,) factors and the levels are put
in bins as though they formed a continuous spectrum.

9. When all of the trajectories have been accumulated, a good approximationto f,, (to+
dt) has been determined. One can then move on to the next time step, and repeat steps
1 - 8 by using fe, (to + dt) as the initial distribution. This coarse-grained time evo-
lution can be continued until f._ (¢) has been obtained for the desired time duration.

This trajectory simulation scales quadratically with the number of levels whose popula-
tions must be stored, which is an improvement over the cubic scaling of a direct numerical
integration of Eq. (7.12). However, as already pointed out, the trajectory simulation of the
classical Boltzmann equation scales linearly with the number of bins used to store f(e). It
is now very clear that making the ergodic assumption and using the classical, limiting form
of the ergodic, QBE will increase the speed of the simulation enormously by decreasing the
number of discrete energy levels whose populations must be simulated. By treating most
of the levels above some cutoff e, classically according to Eq. (7.18), the linear scaling of
the method described in Ref. [118] can almost be restored.

In order to speed up the simulation by using the smooth transition to the ergodic, clas-
sical Boltzmann equation described in section 7.2.3, we use a distribution that has discrete
levels below a cutoff energy e. and a continuous spectrum of energies above this point, as
shown in Figure 7.2. Below e, we retain the (1+ f. ) factors. We also use g(e,, em; €4, €p)
if all four energies are less than or equal to e;q, and use its limiting form g._,_ if any of
the four energies is greater than ejo. Above e., we drop the (1 + f., ) factors, and use the
density of states p(e) as the limiting form of the degeneracy factor. When all four ener-
gies are above e, the simplifications made on the integrals in the collision rate, shown in
Ref. [118], can be used.
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Figure 7.3: The system evolves to equilibrium from the distribution shown in the sub-plot,
where a single trajectory has on average 100 collisions. The final, stationary distribution
(circles) agrees with the Bose-Einstein equilibrium distribution (dashes).

7.4 Simulation results

In this section, we carry out the simulation procedure described in section 7.3 to investi-
gate physical properties of a condensing gas of atoms trapped in an isotropic, harmonic
potential. We show results demonstrating the equilibrium properties of a finite system,
the build-up of the ground state population starting from zero, and evaporative cooling of
atoms in the trap.

A simple test of the trajectory simulation is to start the distribution f. (to) in a non-
equilibrium state and allow it to evolve to equilibrium. In the sub-plot of Figure 7.3, the
initial non-equilibrium distribution is shown for N = 102, and a mean energy of 20.5 fww.
It is allowed to evolve to the stationary state shown in Figure 7.3, where each trajectory
had, on average, 100 collisions. The simulation data is compared with the Bose-Einstein

equilibrium distribution
1

fen = eﬂ(enfu) _ 1 ’ (726)

where # = 1/kgT and p is the chemical potential. Both 8 and p are chosen in the plot
so that g, fe, is normalized to N and the mean energy matches that of the simulated
distribution. As Figure 7.3 shows, the trajectory simulation evolves f._(to) to the correct
equilibrium distribution for a finite number of atoms without a mean field interaction.

7.4.1 Finite number effects on equilibrium

Finite number effects can be studied by allowing the distribution f, (t) to evolve to equi-
librium. In Figure 7.4, the ground state fraction is plotted vs. the temperature for the case
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Figure 7.4: Ground state fraction versus temperature for 500 atoms. Each point is obtained
by allowing a system of 500 atoms with a known mean energy to evolve to equilibrium.
Once equilibrium is obtained, the fraction in the ground state is recorded. The plot shows
our data, data from Ref. [121], and the thermodynamic limit.

of N = 500. The graph shows three different sets of data: the trajectory simulation, results
from Ref. [121], and the thermodynamic limit. The trajectory data agrees with the results
of Ref. [121], where a different approach to simulating the QBE is used. The line for a
finite number of atoms has the same qualitative shape as in the thermodynamic limit, but it
is shifted toward lower temperatures [121, 123, 124]. In Figure 7.5, the same plot is shown
for the case of 2 x 10* atoms. As expected, the line is shifted less from the thermodynamic
limit. The effect of finite size on the mean energy of the system can also be studied. In
Figure 7.6, the mean energy is plotted vs. temperature for the case of N = 500. Again,
the trajectory simulation agrees with the results of Ref. [121]. The same plot is shown in
Figure 7.7 for the case of 2 x 10* atoms. The mean energy for a finite number of atoms
is larger than that in the thermodynamic limit below 7%. In the thermodynamic limit, the
number and volume are taken to infinity, with the local density held fixed. For the case of
atoms in a trap, taking the volume to infinity is achieved by allowing w to go to zero. For
a finite system, the effect of the potential remains, thus giving the system a higher mean
energy than it would in the limit of w — 0.

7.4.2 Dynamic buildup of the condensate

The buildup of the condensate can be investigated by starting in a non-equilibrium dis-
tribution f., with no atoms in the ground state initially, and allowing the distribution to
evolve to equilibrium. One can monitor the occupation of the ground state over time. As
Figure 7.8 shows, the time dependence of the population in the ground state is given by
No(t) = No(00)(1 — e t/7™), where the time constant 7y is determined by fitting the data.
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Figure 7.5: Same procedure as in Figure 7.4, but with 2 x 10* atoms.
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Figure 7.6: Mean energy versus temperature for 500 atoms. Each point is obtained by
allowing a system of 500 atoms with a known mean energy to evolve to equilibrium. The
plot shows our data, data from Ref. [121], and the thermodynamic limit.
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Figure 7.9: The final number in the ground state Ny (¢) as a function of the cut rate eyt
with (circled-cross) and without (circled-dot) background loss. The cut rate must be slower
than the initial single particle collision rate 7., (t;) and faster than the background loss rate
vp1 for the evaporation to be successful.

This result also agrees with that given in Ref. [121]. The initial distribution, shown in the
sub-plot in Figure 7.8, had 100 atoms with 10% in the ground state after it had reached
equilibrium.

It was found that 79 depends slightly on the initial distribution: With the mean energy
and total number fixed, the further the atoms are from ey, the longer it will take to reach
the ground state. This is also why the time constant 7y decreases as Ny (co) increases while
keeping NN fixed, since the mean energy decreases, requiring atoms to reside in levels closer
to eg. As N gets large, more energy levels will be occupied and one might expect there to
be a delay time for the atoms to begin filling the ground state [121]. Finally, it was found
that 79 /7. increases with increasing N, while keeping No(oco0)/N fixed [125]. For the
case of 100 atoms shown in Figure 7.8, 79/ Tco1 & 25, compared to a separate case for 50
atoms, where 7o /7.1 & 10.

7.4.3 Evaporative cooling simulation

A practical use of our simulation method is to study the evaporative cooling of a gas of
atoms in an isotropic harmonic trap. Evaporative cooling may be described by allowing
trajectories with an energy above a time-dependent energy threshold e, (¢) to be lost from
the trap. We can also allow there to be a finite probability for trajectories to be lost due to
collisions with background atoms, which occur at a rate ;.

In Figure 7.9, we show data points collected from simulations of a particular evapora-
tive cooling scenario. We began with N' = 10* atoms in thermal equilibrium at a tempera-
ture ' = 157T,. We then allowed the system to evolve while lowering the energy threshold
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ecut(t) exponentially in time at a rate 7., with no background losses. As the temperature
approached 77, when there was one atom in the ground state with 500 atoms left in the trap,
we stopped the simulation. We then proceeded cutting exponentially to ecyt(t7) = e2, the
second energy level, at varying rates 7cut, as well as with and without background loss.
Figure 7.9 shows a semi-log plot of the final number in the ground state No(t7) VS. Yeut.

The result is intuitive: With no background loss, Ny(ts) decreases as the cut rate in-
creases. If we cut faster than the collision rate 7., then the evaporation completely fails
because the gas does not have time to equilibrate as the threshold is lowered. When back-
ground loss is included, one can see that the lower limit on v, is determined by the
background loss rate . If we cut slower than the background loss rate, all of the atoms
are lost from the trap before the evaporation process is finished. Thus, there is an optimum
cut rate 7.y bracketed by these two physical properties.

7.5 Summary

We have presented a novel approach to treating quantum kinetics which is based on a
decomposition of the ergodic QBE into single-particle trajectories. We presented the un-
derlying physical theory, explained our trajectory approach to simulating quantum kinetics,
and displayed results of our method applied to some contemporary problems concerning
Bose-Einstein condensation. As a test of the validity of our method, it agrees well with
independent studies on the processes studied in section 7.4 [121]. Our approach gives an
efficient simulation of quantum kinetics and is valid for the entire range of phase-space
densities, excluding at this stage the region close to 7' = 0 when the mean field effect on
the system must be considered.

The trajectory approach of quantum kinetics described in this chapter is applicable
to many problems of interest. One such problem is that of finding the optimum way to
lower ey (t) during the evaporative cooling process, while taking into account all of the
various loss mechanisms, such as loss due to collisions with background atoms and heating
due to two-body and three-body inelastic collisions. Another interesting problem is that of
including the mean field effect on the system during the kinetic evolution close to 7' = 0. To
address this problem using the QBE, we will have to work in the representation of the mean-
field states, which requires finding the mean field eigenstates self-consistently after each
time-step in the simulation. Finally, it may also be interesting to use the trajectory approach
to treat Fermi-Dirac statistics and describe the time-evolution of a gas of fermions.
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Chapter 8

Achieving Steady-State
Bose-Einstein Condensation

8.1 Introduction

In the usual method of evaporative cooling used so far in BEC experiments [109, 110,
118, 126, 127, 128], a finite number of atoms are collected in a magnetic trap after being
laser cooled to a phase space density at least five orders of magnitude below the critical
density needed for BEC. The frequency of an external RF radiation field, which spin-flips
the atoms to an un-trapped state, is then lowered continuously. This further cools the gas
by removing high energy atoms from the tail of the distribution. This evaporative cooling
procedure increases the phase space density above the critical point needed to reach BEC.
The success of this method is well established experimentally, allowing many fundamental
properties of Bose-Einstein condensation to be investigated [33, 34].

This standard method of achieving BEC has one critical drawback: once a condensate
has been obtained, it has a finite lifetime in the trap determined by various loss mechanisms,
such as collisions with hot atoms from the background gas, and inelastic collisions between
the trapped atoms. Although the finite lifetime of the condensate does not prevent many
crucial properties of the system to be studied, it is still very desirable to achieve a steady
state situation so that a condensate can be sustained for an indefinite period of time. Such
a situation is essential for the continuous output of a coherent beam of atoms in an atom
laser [17, 129, 130, 131, 132, 133]. To date, no experiment has demonstrated a steady state
condensation.

We address this problem by constructing an intuitive model describing the two aspects
to such an experiment: The continuous loading of atoms into the magnetic trap and the
classical kinetic evolution of the trapped atoms toward a steady state during the evaporation.
Our description of the loading procedure is based on the experimental setup described
in [134], where the authors loaded a magnetic trap with atoms which had been cooled in a
separate MOT. This allows us to estimate the rate ¢ that atoms enter the trap below the RF
cut, as well as the mean energy e; of the injected atoms.

To model the classical kinetic evolution, we assume a truncated Boltzmann distribution
for the trapped atoms and obtain rate equations for the total number N (¢) and energy E(t)
of the system [109, 118, 126, 127, 128]. These rate equations include the loss of atoms
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due to elastic collisions with the background-gas atoms, inelastic 3-body collisions, and
evaporation, as well as the gain of atoms due to loading. We then numerically calculate the
steady state solution of these equations and show plots of the peak phase space density po
as a function of the various physical parameters of the system. We show that the critical
regime pp > 2.612 may be reached in order to obtain BEC in steady state.

8.2 Description of the model

In constructing a model of steady state evaporative cooling, there are several experimental
schemes one could consider for describing the loading of atoms into the magnetic trap, as
well as several layers of approximation in describing the kinetic evolution of the trapped gas
toward steady state. However, we consider only one realization of the loading procedure,
assuming the atoms are first trapped and cooled in a MOT and then transferred to a separate
magnetic trap [134, 135, 7]. Furthermore, we consider a simplified model of evaporative
cooling that assumes classical statistics, and is therefore valid only for phase space densities
below the critical point pg = 2.612; one would have to include quantum statistics in order
to properly model the system above this point. These two parts to our model are described
in the following subsections.

8.2.1 Description of the loading procedure

In a real experiment, irreversibility is introduced at each step of the transfer of the atoms
from the MOT to the magnetic trap; the atoms are first pushed out of the MOT, they then
travel through a magnetically-confining tube, and finally must be caught in the magnetic
trap and optically pumped into a trapped hyperfine state. In order not to get lost in the
details of modeling all of these heating and loss mechanisms, we consider two extreme
idealizations of the transfer: an adiabatic transfer which preserves the phase space density
po and a sudden, irreversible transfer which decreases pyg.

We assume the atoms feel an isotropic, linear restoring force in both the MOT and the
magnetic trap, neglecting the possibility of a radiation pressure in the MOT, which would
distort the effective harmonic trapping potential [136]. Then the free Hamiltonian of an
atom in either trap can be written

2
Hi(r,p) = 2p_m + %mw?rz , 8.1)
where m is the mass of the atom, and w; is the effective radial frequency of the trapping
potential. The index ¢ = 1 indicates the MOT, while ¢ = 2 indicates the magnetic trap.

We model the transfer of atoms in order to obtain a reasonable estimate of the feed rate
~¢ and the mean energy ey of atoms injected into the trap below the RF cut. We treat this
transfer process as a succession of discrete transfers each consisting of a finite number of
atoms. We only need to consider a snapshot of this transfer process: a finite number of
atoms [V, are collected in the MOT at a temperature 7} in equilibrium, they are then either
adiabatically or suddenly transfered to the magnetic trap. In our model, we allow these N;
atoms to come to an equilibrium in the magnetic trap, characterized by a new temperature
T5. We then place the RF cut e, and calculate the fraction of atoms oy which remain in
the magnetic trap below ey, as well as the mean energy per atom ey of these atoms
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magnetic trap

Figure 8.1: Illustration of the transfer process described in section 8.2.1. A finite number
of atoms are cooled in the MOT to a temperature 7} in equilibrium. We approximate the
potential in the MOT as an isotropic harmonic oscillator at frequency w;. They are then
transferred to the magnetic trap, either suddenly, or adiabatically. We also approximate
the magnetic trap as forming an isotropic harmonic oscillator potential, with a different
frequency w». In equilibrium, the atoms have a temperature 75 in the magnetic trap. Then,
the RF energy threshold e is applied and only a portion of the original atoms from the
MOT remain. This transfer can be repeated many times in order to obtain a piecewise
continuous transfer of atoms.

foecuL e2e¢/BT2 (e
oo — ’ (82)
Jy e?e=¢/krT2de

€cu —
fo tede—e/keT e
€cu « .
fo te2e¢e/ksT2 (e

The e? factor appears due to the density of states for an isotropic harmonic oscillator po-
tential. A schematic diagram in Figure 8.1 illustrates the transfer process.

This process can be repeated many times each second so that atoms are transfered to
the magnetic trap at a rate ;. The rate that atoms enter below the RF threshold e is then
given by vt = ar ;. We estimate an upper limit on the number of these transfers each
second to be on the order of 100.

The equilibrium temperature 75 which the atoms attain after a sudden transfer can be
obtained by considering the sudden change in the energy of the atoms after the instanta-
neous change in trapping frequencies w; — ws. Then for a sudden transfer, the temperature
T5 is related to the temperature 77 in the MOT according to

T

2
Ty =2(1+-2) (sudden) . (8.4)
2 wi

af =

(8.3)

er =
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The adiabatic case can be treated as a succession of infinitesimal steps w; — wj + dw, each
treated as a sudden transfer. This yields the relationship

T, =T 2 (adiabatic) . (8.5)
w1

Note that both cases give T = 17 when ws = w; as they must. With the peak phase space
density po = ngA3 of the trapped atoms given by

po = Ny( )2, (8.6)

kpT;

it is clear that pg is invariant through an adiabatic transfer, while it decreases after a sudden
transfer. Here, A is the deBroigle wavelength and ny is the peak spatial density.

The two quantities ¢ and e¢ depend on the frequency in the lower trap w2, as well as
the RF field threshold e.,; as the trap is made looser, more atoms will make it into the trap
below the cut so that ~y; increases. The feed rate is also increased as e, is raised, however
the mean energy ey of those atoms increases as well.

8.2.2 Description of evaporative cooling

With the feeding rate 7y and mean energy per atom er of the injected atoms given by
the above model of the loading procedure, it remains to describe the kinetic evolution
of the atoms in the magnetic trap during evaporation. Our model can be constructed on
phenomenological considerations, with the goal of characterizing the steady state of the
system.

We characterize the trapped atoms by a single-particle distribution over energy p(e) f (e, t)
instead of retaining the more detailed description in phase space using f(&,7,t) [109].
Here p(e) is the density of states for an isotropic harmonic potential. We also make an
assumption that the non-equilibrium distribution f (e, t) of the system can be well approx-
imated by a truncated Boltzmann distribution [109, 118, 126, 127, 128]

t)e—Bt)e < eey
ﬂaﬂ:{goe c < e 8.7)

where 7(t) and 3(t) = 1/k,T'(t) are functions of time. They are related to the total number
N(t) and total energy E/(t) of the atoms according to

vo = " dep(e) flent) (8.8)
E() = Amﬁw@nﬂ@ﬂ. 8.9)

With the assumption of the truncated Boltzmann form for f(e,t), the description of the
system can be reduced to finding the equations of motion for the total number and energy.

The equations of motion for N(¢) and E(t) will be written in terms of the various
gain and loss processes which occur. There are four competing processes which take place
during the evaporation: the constant feeding of atoms into the trap at a rate v with a mean
energy per atom ey, the loss of atoms from the trap due to collisions with the atoms from the
hot background gas, characterized by a constant rate -y, the loss of atoms and heating due
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to 3-body inelastic collisions, given by the rate 4, and the rethermalization due to elastic
collisions which will eject atoms from the trap which obtain an energy above ey after a
collision. We can include all of these effects in the kinetic equation for f (e, t)

ple) afé? D — ot ge(e) — ma ple) fleyt) — v (p(e)f(e,)® + Tear(t) ,  (8.10)

where the distribution of atoms injected into the trap is gr(e) and the density of states is
pe) = 2€?/(hws)?. Teor(t) is the collision integral given by [109]

l_‘col(t) =7 / derde'de{ﬁ(e +e—e — e;)p(emin)[f(e')f(e;) - f(e)f(er)] , (8.11)

where 79 = mo /(7? h3) and epin = min{e, e, €', e} } is the minimum energy.
By substituting Eq. (8.7) into Eq. (8.10), and using Eq. (8.8) and Eq. (8.9), we obtain
the following equations of motion for the total number and total energy

N = -y N-yN°-Ty, (8.12)
- 2 .
E = vfef—vblE(t)—gvgNzE—FE, (8.13)

where the 3-body loss rate for the total number is y3 = 3'°K3(mw3 /2nksT)%. Kj is
an experimentally determined constant to be specified [137]. In obtaining the 3-body loss
terms, an approximation has been made that e., > kg7 (t) in order to simplify the terms.
Initially during the evolution, this assumption may not hold, but the density is low enough
initially that the 3-body loss terms are negligible in any case. By the time the density
has increased enough so that 3-body losses are significant, the assumption does hold. The
factor of 2/3 in Eq. (8.13) signifies that the energy will decrease at a slower rate than the
number due to 3-body losses, which gives rise to an effective heating.

The two terms I'y and I'g, represent the loss of number and energy due to evaporation
and are given by

€cut [fEcut eter— ecut

I'n = 70/ / der/ dey p(er) f(e,t)f(er,t) , (8.14)
€cut CeL:ut e+er_ecut

I'e = ’70/ / der/ (e,t)f(er,t) . (8.15)

The fourth atom in these equations is lost from the trap since its energy is always greater
than the RF cut e’ > e.,¢. Due to energy conservation and the truncated form of f(e), this
means that e,,;, = e, as indicated in Eq. (8.14) and Eq. (8.15). Also, the energy which
appears in the term I'g (¢) is that of the escaping atom e’ = e + e, — el.

8.3 Results

In order to carry out explicit calculations, we choose realistic values of the various physical
parameters needed in our model. These are listed in Table 8.1 for a gas of 8"Rb atoms.
The parameters w, and ecy; are not listed in the table but are variables to be specified in
the following calculations. We have specified a reference point for the MOT parameters
which yields a phase space density in the MOT of pg = 6.9 x 1075, if one assumes that
N1 = 5 x 10° at 20 transfers per second [136].
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ORb 7.5 x 10716m?
Thl = ]-/’Ybl 200 s

K3 4.9 x 1072%cm®/s
e 20 uK

W j27 100 Hz

~(ref) 107 atoms/s

Table 8.1: Values used for the various physical parameters needed in the model. ogy, is
the s-wave scattering cross section for 87Rb. The explanations for the other parameters are
given in the text.

8.3.1 Time evolution

We first consider the dynamical evolution of the system toward steady state. In Figure 8.2
we show results of a numerical integration of the rate equations in Eq. (8.12) and Eq. (8.13)
for the total number N (t) and energy E(t). Since the magnetic trap frequency ws is
matched to the MOT frequency w; in this calculation, the adiabatic and sudden transfers
are equivalent. For case 1 in the figure, we chose the optimum value of e to yield the
highest phase space density pg, while in case 2 the value chosen for e, is ten times higher
than that in case 1. There are some interesting features to consider from this plot.

It is instructive to take a simple limiting case of Eq. (8.12) and Eq. (8.13) in order to
learn something about the build-up time for steady state to occur. If we let e,y — 0o and
~v3 = 0, then the solution to the rate equations for N (¢) and E(t) is given by

N(t) = @—emi),
bl

E(t) = Loep(1—emty. (8.16)
Vbl

The time-scale for steady state to occur in this simple case is just the lifetime of the trap
as determined by background losses, 7). In the case where the RF cut is present and
evaporation is occurring, while still neglecting 3-body losses, the build-up time for steady
state will be on the order of magnitude of 7y, although it will be shorter, based on results
of numerical calculations. We define this build-up time to be the time at which N (t) =
(1 — e71)Ng. When 3-body losses are included, the build up time can be very short
compared to 7y, if the density is high enough for 3-body losses to dominate. So this gives
us an upper limit of the build-up time to be 73,1, and if steady state occurs on a much
shorter time scale than this, it indicates that 3-body losses are dominating the other loss
mechanisms.

In Figure 8.2, the build-up time in case 1 is slightly less than 7,;, which is 200 seconds.
This indicates that the choice of ec, in case 1 minimizes 3-body losses. In case 2, on the
other hand, where ey is ten times larger than that in case 1, the build-up time is much
shorter at roughly 25 seconds. This is because in case 2, ¢ is larger, causing the density
to build-up more quickly which allows 3-body losses to dominate. This also stops the
evaporative cooling quickly and so one does not obtain as high of a phase space density py
as in case 1. It should be noted that when we calculated case 2 with y3 = 0, the build-up
time was approximately equal to 7], and the steady state value of the phase space density
was close to being optimized at that value of e¢,t, with pg = 3.9 in steady state.
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Figure 8.2: Time evolution of the total number N (¢) and total energy E(t) for the values
of the parameters listed in Table 8.1. The magnetic trap frequency is equal to the MOT
frequency w2 = wj in this calculation. Two values of e.,; were chosen: 1.1 uK, labeled by
1, and 11 K, labeled by 2. Each of the curves is normalized by its final steady state value.
The solid curve is the total number and reaches a steady state value of N, = 2.0 x 10* for
case 1, and Ny = 2.8 x 10° for case 2. The dashed curve is the total energy and reaches a
steady state value of Egs = 0.33 uK x N for case 1 (case 2 is not shown). The evolution
of the peak phase space density pg is shown in the inset for the two cases.
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Chapter 8 Achieving Steady-State Bose-Einstein Condensation

Figure 8.3: Two overlaying contours of the steady state value of the phase space density
and the total number vs. the ratio of trap frequencies and RF cut threshold for an adiabatic
transfer. The shaded contours represent the steady state value of pg, with the gray-scale bar
shown to the right. The numbered lines represent log; Vs (i.e. a value of 6 for the line in
the center corresponds to Ngs = 10°). It is w» which is varied in the ratio, while w is fixed
at 27 100 Hz. The values used for the other parameters are displayed in Table 8.1.

8.3.2 Steady state solution

Now that we have characterized the time scale for steady state to occur, it is useful to solve
Eq. (8.12) and Eq. (8.13) directly for the steady state values of Ny and Eg by setting the
left-hand sides equal to zero. We were not able to solve the resulting coupled algebraic
equations analytically, since they are transcendental in form. However, they are straight-
forward to solve numerically. In the following sections, we present calculations of the
steady state value of py while varying some of the physical parameters in order to discern
what values of the parameters yield pp = 2.612 so that BEC can be achieved in steady
state.

Varying e, and w,

In trying to understand what it takes to reach a steady state BEC, it is useful to look at how
po varies with ws and e.y;. In Figure 8.3 and Figure 8.4, we show shaded contour plots
of the steady state value of pg, for both an adiabatic and a sudden transfer. Also shown
are contours of the total number N overlaying the shaded contours. Again, we use the
reference point of parameters displayed in Table 8.1. The two different idealizations of the
transfer process yield quite distinct shapes for the surfaces of pg and Ngs.

For the adiabatic case shown in Figure 8.3, py increases with increasing ws, keeping
ecut fixed. However, it levels off quite quickly, varying from 1.1 to 1.5 with an order of
magnitude increase in wo/wy from 0.1 to 1.0 at eqyy = 1 pK. Also, with wo fixed, the
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Figure 8.4: Same as described in the caption of Figure 8.3 except for a sudden transfer of
atoms from the MOT to the magnetic trap, instead of an adiabatic one.

optimum value of e.,; which yields the highest py does not depend much on w-, but is
roughly a straight line at e.,; = 1 K. Perhaps the most interesting and crucial feature
exhibited in the plot is that Ny, decreases very rapidly as ws is increased, going from 107
down to 10* as wo/w; goes from 0.1 to 1.0. This is because 3-body losses increase as the
trap is tightened, since the density increases. Therefore, one will gain a lot in number by
keeping the magnetic trap shallow, while losing only a small amount in phase space density.

The results of a sudden transfer are shown in Figure 8.4. The most striking difference
between this and the plot shown in Figure 8.3 for an adiabatic transfer is a strong peak
which occurs at wy /w; = 1. This can be attributed to the fact that the phase space density
always decreases in a sudden transfer, with a peak occurring at ws = w; where the sudden
and adiabatic transfers are equivalent. Notice also that py drops off much more rapidly as
wa/wy is varied from unity, compared to the adiabatic case. Another difference between
the two cases is that the optimum value for ey, increases as wo /wy is varied from unity.
Finally, it can be seen also that one does not gain that much in number as w» is decreased,
in sharp contrast to the adiabatic case.

Varying 7} and -y,

We now have an understanding of how the steady state values of py and Ny vary with
ecut and wo. Another useful calculation is to see how py depends on the MOT temperature
T3 and the transfer rate ;. In the plots below, ec,t is chosen so as to maximize pg, for
a given 11, ¢, and wy. Then, given v and w», 17 is chosen so as to reach pg = 2.612.
This is done for 106 < 7, < 108, as well as three values of the trap frequency ratio
wa/wy € {0.1, 0.5, 1}, with w; = 27 100 Hz.

The results of an adiabatic transfer are shown in Figure 8.5. Along each of the three
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Figure 8.5: Values of 7% and wy one must achieve in order to reach pp = 2.612 in the case of
an adiabatic transfer. Three different values of wy/w; are shown: wo/wy € {0.1, 0.5, 1},
with w; = 27 100 Hz. For each line, e.yy was chosen so as to maximize pg. The reference

ref
e — 107

values are T\"*") = 20 uK and atoms/s.

lines pp = 2.612. The most important feature of this plot is that the three lines lie nearly
on top of each other. This agrees with Figure 8.3 in that py decreases vary little as w, is
lowered. The plot also shows that py depends more critically on 7} than on 7. Starting
from the reference point in the center, one has to either decrease 17 by 20%, or increase
by 100% in order to get to the py = 2.612 line.

The sudden transfer is shown in Figure 8.6. In contrast to the adiabatic case, the three
lines are separated, so that as w» is decreased, one has to try much harder to reach py =
2.612, which is also consistent with Figure 8.4.

The total number Ng curves corresponding to the pg = 2.612 lines in Figure 8.5
and Figure 8.6 are shown in Figure 8.7. The results are the same in both the sudden and
adiabatic cases (thus there are only three lines instead of six). For the adiabatic case, by
loosening the magnetic trap, one does not have to vary 77 and -, much at all in order to
stay at pp = 2.612 while increasing the number Ngg by orders of magnitude. On the other
hand, for the sudden transfer, one has to decrease 77 and increase y; a lot in order to stay
at po = 2.612 as w» is decreased. However, one will achieve the same increase in number
as in the adiabatic case.

Finally, in Figure 8.8 we show a plot of the ratio ec,/7> corresponding to the py =
2.612 lines shown in Figures 8.5-8.7. This ratio of the optimum cut to the temperature 75
of atoms being injected into the trap is the same in both the adiabatic and sudden transfers.
As wy is decreased, one does not have to exclude as much of the distribution from the trap.
Also, as ; is increased, one has to cut further into the injected distribution in order to
prevent 3-body losses from dominating.
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10

Figure 8.6: Same as described in the caption of Figure 8.5 but for the case of a sudden
transfer.
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Figure 8.7: Corresponds to the three lines in both Figure 8.5 and Figure 8.6, showing the
total number of atoms in steady state Ngg as a function of the transfer rate ;. Along each
of these curves, pp = 2.612. The legend in Figure 8.5 and Figure 8.6 applies to this plot
also.
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Figure 8.8: Curves correspond to those in Figures 8.5-8.7, showing the ratio of the RF cut
to the temperature of atoms injected into the trap, ecy /7> as a function of the transfer rate
v¢. Along each of these curves, pp = 2.612.

8.4 Summary

In this chapter we have addressed the problem of achieving a steady state condensation
by continuously feeding atoms into the magnetic trap below a fixed RF threshold. We
have included losses due to elastic collisions with atoms from the background gas, as well
as inelastic 3-body collisions. Our model of the loading of atoms into the magnetic trap
treats two idealizations of transferring atoms from a separate MOT; either an adiabatic or a
sudden transfer. The description of the kinetic evolution to steady state assumes a truncated
Boltzmann form for the non-equilibrium distribution f (e, t), reducing the problem to that
of solving coupled rate equations for the total number N (¢) and total energy E(t) of the
gas. Our calculations show that it is possible to achieve a steady state condensation using
optimistic values of the relevant physical parameters.

We have shown several results of numerical solutions of the rate equations in Eq. (8.12)
and Eq. (8.13). First, we addressed the build-up time for steady state to occur and deter-
mined that an upper limit on the build-up time is given by the background loss lifetime 7y,.
If 3-body losses are dominating due to a high density, then the build-up time will be much
shorter than this. We next looked at how the steady state value of the peak phase space
density pg depends on the magnetic trap frequency w, and the RF cut e.,;. We found that
in the adiabatic case, one can gain a large increase in the total number in steady state Ny by
loosening the magnetic trap, while only losing a small amount in pg. This is not true for a
sudden transfer. Finally, we looked at how one must vary the transfer rate ¢ and the MOT
temperature 77 in order to reach py = 2.612. We found that py depends more critically on
T, than ~;. Also, it was shown that one must try much harder to reach the critical point
while achieving a large Vg in the sudden case compared to the adiabatic case.

There are several shortcomings of our model which might be improved, however, we
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believe that the present calculations are qualitatively correct and are sufficient for exper-
imental guidance. An obvious extension to our model would be to include the effect of
the growth of the condensate which will make the evaporation more efficient but at the
same time increasing 3-body losses due to the increase in density in the center of the
trap. [126, 121, 138, 21] Another improvement would be to construct a more accurate
model of the transfer process by understanding the relationship between 77, w; and 7,
since these can not be varied independently in an experiment. Alternatively, one could con-
struct a model of the loading procedure based on an entirely different experimental method
than that described in [134, 135, 7].
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Appendix A

Wick’s Theorem

The quantum kinetic equations in Chapter 2 for the mean field Eq. (2.70) and fluctuations
Eq. (2.71) and Eq. (2.72) were derived from the Born-Markov form of the generalized
kinetic equation Eq. (2.60) for a general relevant observable ,. We do not provide the
details in getting from Eq. (2.60) to Eq. (2.70) through Eq. (2.72), however it is important
to understand the main steps, which involve evaluating the averages of multiple operator
products. Due to the Gaussian structure of our reference distribution o(9) (¢) in Eq. (2.9),
we can utilize Wick’s theorem to simplify the calculation [42].
We are interested in calculating the average of a product of s operators

(Aidy - Aoy = Tr{oP () A4z - A,}, (A1)

where we are denoting A; to represent either a raising d;r or a lowering operator a;. These
averages arise in the kinetic equations. For example, in the kinetic equation for the normal
fluctuations, the second order collisional terms involve a product of ten operators due to
terms of the form ~ (V2 f) IO)’ since the interaction V' contains a product of four operators

V ~ &I&;dk a; and the normal fluctuations have the form f ~ &;di.

Wick’s theorem is valid for averages taken over a Gaussian distribution that can involve
both normal d;r. a; and anomalous pairs G;a; in the exponent, as our reference distribution
does in Eq. (2.9). We do not derive Wick’s theorem here, but simply state the results. The
interested reader can find derivations of Wick’s theorem in Louisell [119] (p. 182) for the
case of bosons, and in Zubarev [39] (p. 172) for fermions. Both of these derivations assume
a Gaussian form with only normal pairs &;r- a; in the exponent; one can find a more general
derivation including anomalous pairs (for a squeezed vacuum) in Vaglica [43]. To include
the anomalous pairs in the proof, one can simply make a canonical transformation of the
operators a; and &I so that only normal pairs appear in the exponent for the new set of
operators; doing this allows one to use the standard proof, which treats only normal pairs.

Wick’s theorem states that the average value of a product of creation and annihilation
operators is equal to the sum of all complete systems of pairings, which can be stated more
formally as

(A1Ay - Ag)lgy =D (ArAs) g (AsAn)y) - (As1 A, (A2)

Py

where the sum runs over all Py distinct permutations of the s indices. An alternative way
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to write Eq. (A.2) is
(A1 dy - Al = (Aido)(o)(AsAs -+ Ay)o) + (A1 As){g) (Ax Ay - - Ayl

+ (A Ao (AxAs - Aoy, (A3)

and then applying this relation recursively to all of the multiple operator averages until only
pairs of operators remain. If the number of operators s is odd, Wick’s theorem reduces to
the simple result

(AL Ay --- AS>§0) =0 if sisodd. (A.4)

Wick’s theorem is augmented by the further rules for averages of pairs of operators, which
hold for bosons

(@1a3) (o) 812 + (alas){),
(@as)ig) = (a2a1)(g),
@ah)ty, = (ala)). (A5)

As an example, we consider the product of four operators (/11 /121213 A4>f0), which can be
reduced according to Wick’s theorem to

</11/12A3A4>f0) = (A1A2>f0) (143144)%0) + (1‘11143>f0) <A2A4>fo) + <Al/i4>fo) <A2A3>f0)
(A.6)

The application of Wick’s theorem to the kinetic equation Eq. (2.60) for our set of
relevant operators is complicated by the fact that the operators a; are shifted by the c-
number mean-field v;. The evaluation of the average of a product of ten shifted operators
involves 2'° terms, each of which must be reduced according to Wick’s theorem. Even a
demonstration on the example in Eq. (A.6) for the case four operators would involve on
the order of ~ 3 - 2% = 48 terms. A symbolic algebra package using Mathematica was
developed by Reinhold Walser in our group to carry out all of these steps.
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Collisional Terms

In Chapter 2 we derived the quantum kinetic equations for the mean field and fluctuations,
which lead to Eq. (2.70) through Eq. (2.72), however we did not display the explicit forms
of the second order collisional terms since they are rather involved, and furthermore are
never used in the calculations of this thesis. However, it is the full inclusion of collisional
effects embodied in these terms that gives our theory its real power. Future studies of
the coupled, two-component system, which we treated at zero temperature in this thesis,
will involve extending the calculations to finite temperature, an endeavor that will benefit
greatly from having derived the full quantum kinetic equations.

On page 146 we write the second-order collision terms: LE/;Z) [, f, m] for the mean

field, L?) [+, f,m] for the normal fluctuations, and Lg) [+, f,m] for the anomalous fluc-
tuations.
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In these expressions we have defined the following collision operators and pseudo op-
erators

Cyrr C(1,2;3',4") C.(1",2";3",4") faun faran fara [1) (3"[,  (B.4)
iy = C(1, 2,34 ') 05(1", 2" 3" 4”) farunmaizn fanor |1) |2”> , (B.S)
Cpmn = 2C(1,23,4")C.(1",2";3",4") farnnmargnnany |1) (47|, (B.6)
Fomn = C(1, 2':3' 4 I)CE( "o 3”,4”) T34 Myr3 Mg |1) |1”> . (B.7)

The transition amplitudes C'(1, 2; 3, 4) are given by

C(1,2:3,4) = Vp / A (1) 65 (1) s (1) (). (B.8)

The amplitude C. (1, 2; 3,4) arose from evaluating the time-integral over the free propaga-
tor. The details of obtaining this term can be found in [27]; here we give the result

05(1,2;3,4) = 0(1,2;3,4) (71'(5 (A1234) +iPe 1 > (B.9)
A1234

This is non-zero only if the energy difference Ajozs = €1(t) + €2(t) — €e3(t) — €4 (t) is
smaller than £, where we define

1
£ —1iA

= ME(A)HP%. (B.10)

Here we have expanded in terms of the mean-field states |1) and their energies, defined by

(Ho+ Q) 1) = er(8) ]1). (B.11)
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Appendix C

Numerical solution of the GP
equation

In this appendix we give the details of the numerical procedure used to solve the Gross-
Pitaevskii equation. In the first part, we consider evolving the wavefunction in time, starting
with some initial condition ¢(0), which we do by using the Crank-Nicholson procedure.
We describe this procedure for the case of one spatial dimension, v(z, t), and then briefly
discuss the extension of the Crank-Nicholson method to two spatial dimensions, ¥ (z, y, t)
or 1(p, z,t), which is called the alternating-direction implicit (ADI) method. We also
describe the numerical procedure for treating the coupled, two-component system using
the split-operator approximation.

In the second part, we describe the technique of propagating the wavefunciton in imag-
inary time in order to find the ground state of the system, and we discuss the extension
of this to also obtain excited eigenstates. One can also use imaginary-time propagation
(ITP) to obtain topological solutions of the GP equation, which we discuss. Finally, we
briefly describe the application of this method to find the dressed states for a coupled, two-
component system.

C.1 Time evolution using the Crank-Nicholson method

C.1.1 One spatial dimension

We are interested in propagating the wavefunction ¢(z,t) forward in time, starting with
some initial state ¢)(z,0). The GP equation in dimensionless units (i.e. taking i = w, =
m = 1) is written

et 18
! ot b 2022

1. .
+ 5727+ Ma 92,19 (=,8), (C.1)

where Ajq4 is proportional to the s-wave scattering length and is given explicitly below
Eq. (3.15) in Chapter 3. We represent this equation numerically as a difference equation,
with position z broken up into a grid of points z; space by a distance h, and time ¢ as
discrete steps of length 7. The wavefunction is defined on this grid as as vector of length
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M

;’1 = @b (2]7 tn)7

Zj = (.] - l)hv

t, = (n—-1T, (C.2)
where j = 1,2, M is an integer, and n is an integer. The GP equation can be written

in this discrete representation as

O o 1 - e
T 2 h?

1 . .
+[50 -0 + alefPlur, €3

where we have represented the time derivative as a forward difference, and the Laplacian
as a central difference [139]. It is convenient to write this as the matrix equation

p! = (1 irH" )y, (C.4)
where I is the identity matrix and the matrix elements of H" are
n 1 1 - 2712 n|2
Hi; = —2—,12(5i,j+1 — 205+ 055-1) + [5(2 —1)%h% + Aa|Y"? | 64 (C.5)

The result Eq. (C.4) is called the explicit form of the discrete representation of Eq. (C.1).
It is numerically unstable if the time step 7 is too large [139, 140]. We can obtain an
alternative form if we notice that Eq. (C.4) is the expansion of the unitary matrix U =
exp[—iTH"), keeping only the first two terms. That is, the exact solution %" is given
by

¢n+1 — e*iTH",%bn‘ (C6)

If 7 is small enough, then Eq. (C.4) is a reasonably good approximation to Eq. (C.6).
However, a better solution can be obtained by writing Eq. (C.6) as

e+i7‘H"¢n+l — w’n (C7)

Here, we are propagating the, as yet unknown, solution 9" backward in time to t".
Expanding U to first order in 7, this can be rewritten as [139, 140]

Pl = (I + Z'THn)il’(/Jn. (C.8)

This is known as the implicit discrete representation of Eq. (C.1). Although it seems like
a subtle change from Eq. (C.4), it is actually unconditionally stable, whereas Eq. (C.4) is
unstable.

There is a problem with both the explicit and implicit methods, in that they do not
preserve the norm of 1. That is, the approximate forms of the unitary operator used in
Eq. (C.4) and Eq. (C.8) are not unitary. This can be remedied if we use the Cayley form
of U, which is essentially an average between the explicit and implicit forms, so as to
construct an approximation that is unitary [140, 141, 139]

o) () e
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C.1 Time evolution using the Crank-Nicholson method

This result is known as the Crank-Nicholson form of the discrete representation of Eq. (C.1).
It is stable, unitary, and accurate to second order in space and time [141].

We have not discussed the fact that H™ is a nonlinear Hamiltonian that depends on the
state v through the mean-field interaction (this is the source of the superscript n, which
indicates that H™ depends on time). Strictly speaking, one would have to use the gener-
alization of U = T exp|[—i f; H(t)dt] to account for the time dependence in H", which
involves a time-ordered integration from ¢t = 0 to t = 7. However, if v is slowly varying,
then we can take it as constant over the short time interval 7 and approximate U as given
inEq. (C.9).

In order to implement the Crank-Nicholson scheme, it is useful to rewrite Eq. (C.9) as

Pt =y — " (C.10)
The vector x is found by solving the matrix equation
Qx=1v", (C.11)

with Q@ = [I + (iTH"™/2)]/2. Writing Eq. (C.9) in this way let us avoid taking the matrix
inverse. The matrix @ is a tridiagonal matrix, so that equation Eq. (C.11) can be solved
using a simple Gaussian elimination algorithm tailored for a tridiagonal system [139].

C.1.2 Two spatial dimensions—the ADI method

We now consider the case of having two spatial dimensions in Cartesian coordinates, with
the GP equation given by

O (z,y,t) 1, 62 0? 1
i = g g )+ 3@ ) Al g, OV .0, (C12)

where A2q is given below Eq. (3.17) in Chapter 3. The discrete form of ¢ (z,y, t) is now
an M, by M, matrix instead of a vector, given as

1/133 = w(xiayjatn)a

z; = (i—1)h,
Yi = (.] - l)hv
t, = (n—1T, (C.13)

where i = 1,2,---,M,, j = 1,2,---, My, and n are integers. We have taken the grid
spacing h to be the same along each axis. The discrete form of the GP equation now takes
the form

Z-Wfl — Vi 1V, T 200 T VG 1 T 200 H Gy
T 2 h? 2 h?

* (é [(i — 1R+ (= 1)°R°| + >\2d|¢§fjl2> o (C.14)

As written, the Laplacian is a fourth rank tensor operating on the second rank tensor repre-
sentation of ¢. This is difficult to represent numerically, so we instead introduce a vector
representation of 1/1% as [142]

R =P, with = (i — 1)M, + j. (C.15)
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Appendix C Numerical solution of the GP equation

Conversely, i = int[(r — 1)/M,] + 1 and j = [(r — 1)mod(}M,)] + 1. We have simply
linked together the rows of ¢;’; to form a vector of length M, x M. In this representation,
the GP equation takes the form [142]
n+l _ n vl vl — 4ot ol vl
U S T Do P T v, (€a6)
where V" corresponds to the harmonic and mean-field potentials. The Laplacian in this
representation is a pentadiagonal M, x M, by M, x M, matrix.

At this stage we could simply carry out the Crank-Nicholson procedure to propagate
the vector v from our initial condition. However, we would have to solve a pentadiagonal
matrix equation instead of a tridiagonal one. There is a more efficient method that breaks
the Laplacian up into two tridiagonal matrices, and then makes use of the split operator
approximation. To do this, we first define an alternative vector representation of the matrix
;'; by stacking the columns up, instead of linking the rows, to obtain w;" defined as [142]

wl = YL, with r = (j — 1) M, +i. (C.17)

Conversely, i = int[(r — 1)/M,] + 1 and j = [(r — 1)mod(M,)] + 1. The vector w}
contains the same information as v;*, both of which contain the same information as 1/1%.
With this definition of w}*, Eq. (C.16) can be written in the simpler form [142]
optl —pp 1oy, =200+, 1wl — 2w +w}, oo
=—— - = V. C.18
S 2 B 2 02 Ve (C18)

It is convenient to write this in the matrix form

,UnJrl = [I — ZT(D(Z) + D(Z)Mre + V)]vna (C19)

where V' corresponds to the harmonic and mean-field potentials and we have defined the
matrix D®) as

1
D£,2s) = _W (57‘,s+1 - 267“,3 + 67“,3—1)- (C.20)

The matrix M . defines the reordering transformation that takes us from the vector v to
the vector w, w = M - v.
In order to make use of the split operator approximation, we rewrite Eq. (C.19) as

—i (2) (2)
,UnJrl —e zT(Dx +Dy +V) 'Un, (C21)

where we have made the simple definitions Dsf) = D® and D;z) = DYMm re. FOr a
given pair of operators F and F5, the exponential can be written as [143]

eT It F2) — o7 /27 R oTI2 4 (9(73), (C.22)

This is known as the split-operator approximation and is accurate to second order in 7,
which is consistent with the Crank-Nicholson procedure. This can be extended to the case
of three or more operators in the sum [144], so that applied to Eq. (C.21) we obtain

ot — efier@) /267irDy(2) /ZefiTVefi‘rDy(z) /264er(2) /2y (C.23)

This amounts to propagating the solution in increments of 7/2, alternating between the z
and y axes. Each segment can be propagated according to the Crank-Nicholson procedure
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C.1 Time evolution using the Crank-Nicholson method

by using the Cayley approximation for the exponential operator, allowing us to simply carry
over the results of the previous section, where we discussed the one-dimensional case.

In the case of a cylindrical geometry, ¥(p, z, t), we must be careful with the singularity
at the origin, where the radial terms in the kinetic energy diverge. In Ref. [145], Holland et
al. describe a discrete representation of the radial part of the Laplacian that carefully avoids
these difficulties through an adaptive differencing scheme: at p = 0, forward differencing is
used, and as p is increased, a combination of forward and central differencing is used such
that for large p a pure central difference is used. This does not change the ADI procedure
described above, for we are simply redefining the discrete representation of the Laplacian
to avoid numerical instability near the origin p = 0.

C.1.3 Treating the internal-state dynamics

In Chapters 4 to 6 we treat a two-component condensate. The basic Crank-Nicholson
and ADI procedures described above can easily be extended to treat the case of having
two internal states. For concreteness, let us consider the system defined in one spatial
dimension z. We define a vector representation of the wavefunction as w;fa, where, as
before, n denotes the time index and j denotes the spatial index. The index o = 1,2

. . . -n . .
denotes the internal state. The explicit vector form 1) is written

LR
(%)

n

$ = ML (C.24)

n
1,2

:
(G

Vi
which can be written in the more compact form
-n n
P = ( d’% ) . (C.25)
2

The explicit discrete representation of the two-component GP equation Eq. (4.11) from

Chapter 4 is
I 0 . H}? Q)2 Pl
(o 7)-(ar H)]( L) o

n+1
1 _
2
The quantities I, H,, and Q are M by M matrices. Here, H, is the discrete representation
of the spatial part of the Hamiltonian for state ¢

1 92

Hy = —-2_
@ 2072

1 0
50+ 700" 4 Ao Va2, OF +Xas [9a(2, 01| = a3, (€27)
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where 7; = —1 and 72 = 1. The matrix €2 is diagonal, given by 2 = Q I.
If we define the 20 by 2M matrices o1, o2, and 04 as

I 0
o1 = ( 0 0 ), (C.28)
0 0
oy = < o I >, (C.29)
Op = ( 2 g > , (C.30)
we can write Eq. (C.26) in the more compact form
,{5”“ _ efir(H10'1+H2az+ﬂ O'w/2){b’”‘ €31

We now invoke the split operator approximate form of Eq. (C.31) using Eq. (C.22), so that
we can write

AR Y O'E/4efi‘r(H10'1+H20'2)efi‘rQO'w/ll,{b'n‘ (C.32)

This allows us to solve the internal and spatial parts of the evolution separately. The spatial
part of the evolution can be solved for each component in separate sequential steps using
the Crank-Nicholson or ADI method described above. The internal evolution can be solved
exactly, since the unitary operator can be written explicitly

Qo _  cosQr/H)T  —isin(Qr/4) T
e Og/d _— ( —isin(Qr/4)I  cos(Qr/4) I > (C.33)

C.1.4 Diagnostics of numerical stability

In order to check for numerical stability, there are a few diagnostic tools at our disposal.
The norm of the wavefunction should always be preserved, so that N = (¢, 1) is a constant
in time. In the case of a single component in one dimension, for example, the discretized
form of the inner product is just

N =" ") =hY ¥y, (C.34)
J
which should be constant as the time step n increases. For a two component system this is
-n -n * %
N = (@"§") = h Y [0frwn + 65 (C.35)
J

If the two components are coupled, population can cycle between the two states, but the
total NV is a constant in time. We monitor [V in our calculations.

If the Hamiltonian does not have any explicit time dependence, then we can check the
total energy of the system, which should be a constant in time. In the case of a single
component in one dimension, for example, the matrix elements of the energy operator E
are given as

1

i =513

1. A
(0ijr1 — 2005 +0ij1) + [5(1 —1)°h% + %dmm?]&ij. (C.36)
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The total energy is then given by E = (¢", E4"™). Note that the energy differs from
the Hamiltonian by the factor of 1/2 in the mean-field potential energy term [53]. The
total energy E is a constant in time and serves as a very useful diagnostic for testing for
numerical instability. This can be extended also to the two-component system.

One final technique for testing for instability is to simply halve the time step 7 and/or
the spatial grid size h to see if the solution changes. The criterion 7 < 2h? should always
be met [141], so that as the spatial grid resolution increases, the time resolution must also
increase. We find the Crank-Nicholson and ADI methods to be stable, so long as this
criterion is met. However, in some cases, when very fine spatial structure begins to develop,
the Crank-Nicholson method becomes very ineffective, for in order to resolve such fine-
scale features, one must crank up the number of grid points and the number of time steps,
making the algorithm very slow in these extreme cases.

C.2 Stationary state solutions using the ITP method

C.2.1 Ground state solution

In order to find the self-consistent ground state solution of the GP equation, we propagate
the wavefunction in imaginary time, starting from some initial state that is a first guess of

the solution. To see how this works, we set 7 = —i7 in the unitary evolution operator so
that the solution in imaginary time is given by
Y(r,7) = e THy(r,0). (C.37)
If we expand ¢ (r, 0) in the eigenbasis of H as
o0
p(r,0) =Y citi(r), (C.38)
i=0

then the solution in Eq. (C.37) becomes [146]
Y(r,7) =D cie T gi(r). (C.39)
=0

The coefficients ¢; = (gb,-, w(O)) and ¢; are the eigenenergies of H, i.e. Hp; = €;¢;. In
imaginary time, the norm of the solution decays away exponentially. The crucial point,
however, is that the lowest energy state of the decomposition Eq. (C.39) has the smallest
decay constant, so that it decays away the slowest. Our initial guess (7, 0) for the ground
state ¢ () will contain some finite contribution from excited states in the decomposition.
This “contamination” in our initial guess will decay away faster than the ground state part
of the decomposition. After a sufficiently long time interval 7}, the solution is then

V(r, To) ~ coe” 00 gy (7). (C.40)

The ITP method is also referred to as the method of steepest descents.

In general, when one carries out this procedure, it is a good idea to re-normalize the
wavefunction (7, 7) periodically in time to avoid trouble with round-off errors due to
the decaying norm of the solution. In the case of solving the nonlinear GP equation, one
must re-normalize the solution incrementally, since the Hamiltonian depends on the density
|¥(7, t)|? of the solution. The basic steps for carrying out the ITP procedure are as follows
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Appendix C Numerical solution of the GP equation

1. Choose an initial guess ¢ (r,0). If the system is in the Thomas-Fermi regime, an
effective guess is to take the Thomas-Fermi approximate solution, given by Eq. (3.5)
in Chapter 3.

2. Propagate the solution for a short time interval 7 in imaginary time. The Crank-
Nicholson or ADI method described above can be used.

3. Re-normalize the solution to the value of the norm it had before the time evolution

om0 00)
v )_\/(w(r,%),w(r,%))w’"’ ) (4D

4. Calculate the chemical potential as

w(t) = (w'(r,%),Hw’(r,%)). (C42)

As the solution converges onto the proper ground state, the chemical potential should
converge to a constant value—it serves as a useful quantitative measure of conver-
gence.

5. Repeat steps 2 through 4, using ¢/’ as the initial state.

6. When the chemical potential converges to a constant value within the desired accu-
racy, the procedure can be stopped.

As a double check on the final solution, one can perform an additional integration by prop-
agating the solution in real time to make sure that it is a stationary solution of H. That is,
if allowed to propagate in real time, the density should be constant in time, while the phase
should vary as exp(—iut). We find the ITP method to be robust and to work remarkably
well in solving for the condensate ground state ¢ (7). The procedure described here for
a single-component system can easily be extended to treat an uncoupled, two-component
system, as well as a coupled system to find the dressed states.

C.2.2 Solution of topological modes

Throughout Chapters 3 through 6 we discussed what we called “topological” solutions to
the Gross-Pitaevskii equation, for both single and double component condensates. This is
somewhat of a misnomer, for we apply it not only to vortex solutions, but also to noncircu-
lating modes, such as a dipole or quadrupole. We use the term “topological” in this general
way in order to distinguish between macroscopically occupied excited modes (what we are
calling topological modes) and the elementary excitations (or equivalently collective modes
for a Bose-consensed system), which only involve a small fraction of atoms being excited.

Symmetry ansatz

In the text, we have defined the topological modes in two distinct ways. In the first ap-
proach, we force the solution to have the desired symmetry through an appropriate ansatz
solution, as was done in Chapter 3 for a single component where we made the ansatz
P(r) = ¢y (p, z)e'? for the vortex in section 3.4.1. This method was also used in Chap-
ter 4 for the two-component system in both cases of a vortex and a dipole mode in sec-
tion 4.4.2. For the case of the dipole, we forced the solution of one of the components to
have a phase of 7 for z < 0 and a phase of 0 for z > 0.
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C.2 Stationary state solutions using the ITP method

The numerical implementation of this approach can be carried out using the ITP method,
discussed in section C.2.1 for the solution of the ground state; one need only modify steps
(1) and (3) in the procedure above. In step (1), obviously a different choice of initial
guess is required. For example, in the case of the unit vortex, an appropriate guess is
P(r,0) = ¢rr(p, 2)e'®, where ¢ (p, 2) is the Thomas-Fermi ground state solution. Sec-
ondly, in addition to renormalizing the solution in step (3), one must also “imprint” the
desired symmetry onto the solution. In the case of the vortex, this extra step simply in-
volves multiplying the solution by e?*¢. This was the method used to solve for the vortex
shown in Figure 3.4 on page 43.

Eigenbasis solution

In the second approach, one solves for the eigenbasis of the Hamiltonian of the GP equa-
tion. In the limit of a single atom N — 1, this is a well defined and trivial problem: one
is simply finding the eigenbasis of the simple harmonic oscillator. However, in general,
the problem of solving for the eigenbasis of the GP Hamiltonian is ill-defined due to the
nonlinear term |¢)|2. One can overcome this difficulty by specifying the decomposition of
1) in the, as yet undetermined, eigenbasis

)y =" cilgi)- (C.43)

(3

In section 3.4.2, we calculated the eigenstates and energies of the ground and first two
excited eigenmodes, shown in Figure 3.7, for the one-dimensional version of the GP equa-
tion. In each case, we assumed all of the atoms in the system occupied the state shown.
So, for example, in the case of the dipole mode, we took ¢; = 1 and ¢; = 0, fori # 1
in Eq. (C.43). To clarify, the modes shown in Figure 3.7 are not considered to be part
of the same eigenbasis; there are three different eigenbases, one for each choice of the
decomposition Eq. (C.43).

In general, a macroscopic number of atoms in the condensate can occupy multiple
modes, rather than simply one. In section 6.3.1, we discussed a two-mode model, in which
there is a macroscopic population in two modes. Of course, for a two-component system,
the decomposition Eq. (C.43) was generalized to

) =3 [eilda) 1) + diloi)12)] - (C.44)

(3

In the two-mode problem presented in section 6.3.1, we assumed that ¢y and d; were the
only nonzero coefficients in the expansion, so that both the ground state |¢o) and the dipole
|¢1) states were macroscopically occupied.

The numerical implementation of this method can also be carried out using the ITP
method. The basic idea is to supplement the ITP method with a Gram-Schmidt orthog-
onalization of eigenstates [147] in each time increment; one must do an imaginary-time
propagation for all of the eigenstates being considered. The modifications to the ITP pro-
cedure (steps (1) through (6) above) are most easily understood by considering a specific
example. Consider the case of a single component in the one dimensional model of the
GP equation. Suppose we want to calculate the first excited, or dipole mode shown in Fig-
ure 3.7. In this case, we set ¢» = ¢ in the nonlinear Hamiltonian and add the following
steps to the ITP procedure
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e Since we are interested in the first excited state, we must solve for both the ground

1o and dipole v states simultaneously, by propagating both solutions in imaginary
time. In general, if we were looking for the nth excited mode, we would have to
do an ITP on the first n states. In the simple limiting case of N — 1, for which
the nonlinear term in the Hamiltonian drops out, one would not have to solve for all
of the states self-consistently, but could apply the ITP in sequence, starting with the
ground state and progressing up to higher states after having found the solutions to
all of the lower states.

In step (1), we must now specify an initial guess for the ground state ¢y(r) and an
initial guess for the first excited mode 1 ().

In addition to renormalizing the solutions in step (3), we must now also orthogonalize
the two states ¢y and v, using the Gram-Schmidt procedure (see, for example,
section 9.3 of Arfken [147]).

This generalization of the ITP procedure to the solution of excited states can be under-
stood by expanding each each function )y (r,0) and ¢, (7,0) in the eigenstates ¢;(r) of
the Hamiltonian

Yo(r,0) = Zci@'(r),
Pi(r,0) = D digi(r). (C45)

A “good” initial guess means that hopefully the coefficients in the expansions are such
that |cg|? ~ 1 and |d;|? ~ 1, with the contribution from the other modes being minimal.
Propagating these states in imaginary time by some small increment 7 gives us

Yo(r, 7) Zcieﬁﬁ@(r),

> die™ T (). (C.46)

¢1 (’I", 7’:)

We then perform the Gram-Schmidt orthogonalization, which amounts to subtracting out
the ground-state contribution to the expansion of ¢ (7, 7), so that the lowest energy state
in the expansion of ¥ (r, 7) becomes ¢ (7). As a result of this, ¢; (r) becomes the lowest
energy state in the expansion and will have the slowest decay constant. For long times, it
will be the only remaining term.
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