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Motivated by experiments on cold alkali atoms, I present a theoretical study of weakly
interacting quantum degenerate particles. These experiments observe a wide range
of phenomena and consequently this thesis has a broad scope, involving issues of
coherence, stability, superfluidity, and kinetics. I explore six topics which exemplify
the rich and exciting physics of cold alkali atoms: first, the effect of interactions on the
transition temperature of a dilute Bose gas; second, the connection between broken
non-gauge symmetries and the appearance of multiple condensates in a Bose gas;
third, the role of thermally activated “phase slip” events in destroying superfluidity
near the critical temperature of a Bose gas; fourth, mechanical instabilities in clouds
of attractive bosons; fifth, the kinetics of a gas of partially condensed atoms; and

sixth, the nonlinear optical properties of an atomic gases.

il



Acknowledgments

This Ph.D. thesis was a five year project, and it is rather daunting to enumerate all of
the people who played important roles in its production. I should begin by thanking
my wife Sue, with whom I am looking forward to a wonderful life, and her family
who have been very welcoming. I also want to thank my parents for their continued
support.

I have had several important mentors here at UIUC. Gordon Baym, my advisor,
who has infinite patience, and who has tried his best to show me how physics is
done; Paul Goldbart, who walked me through my first research project, provided
much encouragement, and who runs a truly unique and wonderful seminar series, the
“meso meetings”; Tony Leggett, a keen mind, who has always given me kindly and
well thought out advice.

I have also benefited from the expert guidance of many physicists from all areas
of the world. Most of these people I met at one of three institutions. First, the
Institute for Theoretical Physics in Santa Barbara, directed by David Gross, where
in 1998 there was a program devoted to the study of Bose-Einstein Condensation. I
truly thank the organizers, Keith Burnett, Ata¢ Imamoglu, and Tony Leggett, who
generously allowed me to spend over a month in Santa Barbara, and who contributed
some financial support. Second, the Laboratoire Kastler Brossel at the Ecole Normale
Supérieure in Paris, where I spent six months in 1999. The trip, and the research
performed there, was facilitated by a cooperative agreement between the University of
[linois at Urbana-Champaign and the Centre National de la Recherche Scientifique.
The third institution is the idyllic Aspen Center for Physics which has hosted two
workshops on Bose condensation; one in 1999, and the other in 2001. I would like
to thank Jane Kelly and the other staff members at Aspen, as well as the organizers
of the workshops, Gordon Baym, Sandy Fetter, Jason Ho, Murray Holland, Randy
Hulet, Chris Pethick, Mark Kasevich, and Andre Ruckenstein

Of these researchers that I met while abroad, I would like to make a list of a
few who made a particular impression on me: James Anglin, Bernard Bernu, Eric

Braaten, lacoppo Carusotto, Yvan Castin, Jean Dalibard, David Guery-Odelin, Allan

v



Griffin, Brian Kennedy, Franck Laloé, Andre Ruckenstein, Alice Sinatra, Henk Stoof,
Gora Shlyapnikov, Fernando Sols, Masahito Ueda, Li You, Eugene Zaremba, and W.
Zurek.

Next I would like to acknowledge all of the students and postdoctoral fellows at
UIUC who have played an important role in my education. Many have been dear
friends, and it makes me sad to think that in the coming years I will see most of
them infrequently. These include: Sahel Ashhab, Johann Beda, Mark Dewing, Erik
Draeger, Peter Fleck, Nir Gov, Justin Gullingsrud, Kei Iida, Stmon Kosh, Carlos
Lobo, Yuli Lyana-Geller, Markus Holzmann, Anna Minguzzi, Burkhard Millitzer,
Sorin Paraoanu, Jim Popp, Dan Sheehy, John Shumway, Joerg Schmalian, Greg Sny-
der, Ivo Souza, Benoit Vanderheyden, Tim Wilkens, Rachel Wortis, Bob White, and
Ivar Zapata.

I would like to congratulate the experimentalists working with cold alkalis for the
ground breakikng work they have done. Even with all of the media attention they
have received, I think the true impact of what they have achieved is far in the future,
and has not even been hinted at. I have particularly enjoyed discussions with Randy
Hulet and Lene Hau.

Finally, I would like to thank the sources of my funding. For four years of my
Ph.D., I held a fellowship from Canada’s Natural Sciences and Engineering Research
Council, and from the University of Illinois. I have received support from the National
Science Foundation through grants NSF PHY94-21309, NSF PHY98-00978, and NSF
PHY00-98353. I am grateful for the financial aid provided by many of the conferences
and workshops which I have attended.

I apologize to the many people who I forgot to mention. Please blame my negli-

gence on the stress of writing a thesis, and not on any malice.



Contents

Chapter
1 General Introduction............ciiiiiiiiiii ittt 1
1.1 Overview . . . . . . . . e 1
1.1.1 Phase transition . . . . . . . ... ... oL 1
1.1.2  Fragmentation. . . . . . . . ... ... Lo o 2
1.1.3 Persistent currents . . . . . ... ... oL 2
1.1.4 Attractive interactions . . . . . . . .. .. ... 2
1.1.5 Kinetic theory . . . . . . . ... 3
1.1.6  Electromagnetically induced transparency . . .. .. ... .. 3
1.2 Experiments . . . . . . . ... 3
1.2.1  Cooling and trapping . . . . . . . . . ... 4
1.2.2 Measurement procedures . . . . . . . . . ... ... 9
1.2.3 Fermions . . . . . . . . .. 11
1.2.4 Coherence experiments . . . . . . . . . . .. .. ... ..... 12
1.2.5 Collapse of an attractive gas . . . . . . . . ... ... ... .. 12
1.2.6 Spin relaxation . . . . .. .. ..o 16
1.2.7  Electromagnetically induced transparency . . . ... ... .. 16
1.2.8 Feshbach resonance . . . . . . . . ... ... ... ... ... 16
2 Theory of the BEC Phase Transition ................. ..o, 18
2.1 Elementary description . . . . . . . ... ... oL 20
2.1.1 Uniformgas . . . . . . ..o 21
2.1.2 Harmonically trapped gas . . . . . . ... ... ... ... .. 23
2.2 Finitesize effects . . . . . . . ... 23
2.2.1 Scaling in theideal gas . . . . . . . . ... ... .. ... ... 25
2.2.2  Scaling in the canonical ensemble . . . . . . .. ... ... .. 28
2.3 Perturbative calculation of AT. . . . . . .. .. ... ... .. .. .. 31
2.3.1 Perturbation theory . . . . . . . ... ... 31

vi



2.3.2 Calculation of AT . . . . . . ... 32

2.3.3 Connection with other approaches . . . . . . .. . .. ... .. 33
2.4 AT in a harmonic trap . . . . . . . . . . . ... 36
Fragmentation............oiiuiiiiiiiiiiiiiiiiniiiiiiinnenennnnn. 39
3.1 Introduction . . . . . . . . ... . 39
3.1.1 Bose-Einstein condensation and fragmentation . . . . . . . . . 40
3.1.2  An illustrative example . . . . . . . ... 42
3.2 Discussion and generalization . . . . .. ... ... ... ... .. .. 45
3.2.1 Spontaneous symmetry breaking . . . . . . ... ... ... .. 45
3.2.2 Measurement . . . . . ... ... 46
3.2.3 Commensurability . . . ... ... ... ... ... ... ... 48
3.3 Othermodels . . .. .. . ... ... ... 49
3.3.1 Spinl . ... 49
3.3.2 Rotating attractivecloud . . . . . . . ... ..o 52
3.3.3 Toroidal clouds . . . . . .. ... ... ... ... 54
3.3.4 Multiple wells . . . . . . .. .o 56
3.4 Further examples . . . . . . . . . . . ... ... 58
3.4.1 Phase separation . . . . ... ... 58
3.4.2 Vortex structures . . . . . . . ... 59
3.5 Finite temperature . . . . . . . ... ... 59
3.6 Summarizing remarks . . . . .. ..o 61
3.7 Mathematical details . . . . . . .. ... o L 61
3.7.1 Josephson junctions . . . . . . . ... ... 61
3.7.2 Distinguishing singly and multiply condensed states. . . . . . 65
Persistent Currents. ....... ..ottt ittt 69
4.1 Introduction . . . . . . . . . ... 69
4.2  Gross Pitaevskii functional . . . . . . .. .00 70
4.3 Thermally activated processes . . . . . . . . .. . ... ... ... .. 72
4.3.1 Metastable states . . . . . .. ... L 73
4.3.2 Transition states . . . . . .. ..o 76
4.4 Decayrates . . . . . ... 7
4.5 Detection and creation . . . . . ... ... 78
4.6 Coherent vs. incoherent pathways . . . . . . . . . .. ... ... ... 79

vil



5 Finite Temperature Collapse of a Gas with Attractive Interactions 80

5.1 Introduction . . . . . . . . . ... 80

5.1.1 The system of interest . . . . . . .. ... ... ..., ... 80

5.1.2 Results. . . . . . .. 81

5.1.3 Method . . .. .. ... ... 83

5.2 Simple limits . . . . . ..o 84

5.2.1 Zero temperature . . . . . . . ... 84

5.2.2  High temperature (7> T.) . . . . . ... ... ... 84

5.3 Density response function . . . . . . ... ... 85

5.4 Modeling the harmonic trap . . . . . . . . .. ... ... ... 89

5.5 Pairing . . . . .. 91

5.6 Domain formation in spinor condensates . . . . . .. . ... ... .. 93

6 Kinetic Theory ......couniiiiiiiiiii ittt ittt ii i 96

6.1 Overview . . . . . . . . . e 96

6.2 Condensed system . . . . . .. .. 102

6.2.1 Basic problems . . . .. .. ... .00 102

6.3 Bogoliubov theory . . . . . . ... ... 103

6.4 Response to a sudden change of interaction strength . . . . . . . . .. 105

6.4.1 Thescenario. . . . . . . . . .. ... 105

6.4.2 Elementary approach . . . . . ... .. ... ... 106

6.4.3 Further analysis . . . . . . .. ... ... L. 108

6.4.4 Kinetic approach . . . . .. ... ... ... L. 110

7 Electromagnetically Induced Transparency................c.c.. 112

7.1 Introduction: the basic picture . . . . . . . .. ... 112

7.2 A mathematical description of the system . . . . . .. ... ... .. 114

7.3 Mean field theory . . . . . . . ... 115

7.4 Equilibrium Green’s functions . . . . . . .. .. ... ... ... ... 119

74.1 Twolevel atoms. . . . . . . . . ... ... ... ... 120

7.4.2 Threelevel atoms . . . . . . ... .. ... .. ... ... ... 122

7.5 Non-equilibrium Green’s functions . . . . . . . . ... ... ... ... 124

8 SUMMATY .ottt i e e ittt it ittt e 125
Appendix

A Mathematical Functions............coiiiiiiiiiiiiiiininrnennnns 126

A.1 The polylogarithm functions . . . . . .. ... ... ... ... .... 126



The 1 — 0 asymptotics of F for a noninteracting Bose gas......... 129

B.0.1 Mathematical structure of the expansion . . . . . .. .. ... 129
B.0.2 The Mellin-Barnes Transform . . . . ... ... ... ... .. 130
B.0.3 ParticlesinaBox . . . . .. ... ... 0. 131
B.0.4 Harmonic Well . . . .. .. ... .. ... ... ....... 132
Review of response functions............ ... i, 137
C.1 Introduction . . . . . . . . . . . . . .. 137
C.2 Linear response theory . . . . . . . ... ... L. 137
C.3 Sumrules . . . ... 141
C.4 Green’s functions . . . . . . . ... .. 142
C.4.1 Anomalous Green’s functions . . . . .. ... ... ... ... 143
Conserving (P-derivable) approximations..................oovot. 145
D.1 Basic structure . . . . . . . ... 145
D.2 Conservation laws . . . . . . . . . ... 146
D.2.1 Components . . . . . . . . . .. 147
D.3 Self-energies . . . . . . . 148
Collisionless Excitations of a Weakly Interacting Gas ............. 153
E.1 Introduction . . . . . . . . . . ... 153
E.2 The collisionless Boltzmann equation . . . . . . ... ... ... ... 153
E.3 Random phase approximation . . . . .. . ... ... . ... ..... 156
E.3.1 The RPA with exchange . . . . . .. ... ... ... ..... 160
E.4 Analytic Structure of xf . . . . . ... oo 160
E.4.1 SKexpression . . . . .. . .. ... ... o 162
E42 w—oostructureof xg. . . ... ... oo 162
E.4.3 Long wavelength response . . . . .. .. ... ... ... ... 163
E.4.4 The classical limit revisited . . . . . . .. ... ... ... .. 165
Low Energy Scattering ..........cooiiiiiiiiiiiiiiiiiirnnennnnns 166
F.1 The Scattering amplitude . . . . . . . ... ... ... ... .. ... 166
F.1.1 Definition . . . . . . . ... ... ... 166
F.1.2 T-matrix. . . . . ... ... 167
F.1.3 Phaseshifts . . . . . .. ... ... ... ... 170

F.1.4 Meaning of the scattering amplitude and the phase shift . . . 171
F.2 Relationship of the scattering problem with the standing wave problem 171
F.2.1 Energy shifts . . . ... .. ... ... 0 172

X



F.3 Sample phase shifts . . . . . . .. . ... ... ... ... ... ... 175

F.3.1 Hardwall . . ... . ... ... .. ... ... ... .. ... 175

F.3.2 Attractive well . . . . . .. .. ... ... 175

F.3.3 Resonant barrier . . . . . .. ... ... L. 177

F.4 The pseudopotential . . . . . ... .. ... oL 178
F.4.1 The pseudo-potential for an attractive spherical well . . . . . . 180

F.5 Zero range potentials . . . . . . . . ... ... L L 180
F.5.1 A structureless point scatterer . . . . . . . ... .. ... ... 181

F.5.2 Scattering from a zero-range bound state . . . . . . . . . . .. 182

F.6 Feshbach resonances . . . . .. .. ... . ... ... ... ..., 183
F.7 Multiple scattering . . . . . . . ... 183
F.7.1 Elementary approach . . . . . .. ... .. ... ... ... .. 184

F.7.2 T-matrix approach . . . . . ... ... ... ... ... ... . 186

F.7.3 Two scatterers . . . . . . . . . . ... ... ... ... 187

F.7.4 Low density limit . . . . . . . .. ... ... ... ... 188

F.8 Scattering in the many body problem . . . . . . ... ... ... ... 188
References . ... ..ottt ittt it 189
IndeX .ot e e ettt et 197
7 TP 199



List of Tables

7.1

Al

B.1
B.2
B.3
B.4
B.5

Experimental parameters . . . . . . . .. ... 115
Bernoulli numbers. . . . . . ..o 127
The lattice sum Cy(s). . . . . . . .. o o 133
The lattice sum Cy(s). . . . . . o 133
Stirling numbers [;ﬂ ........................... 135
The lattice sum Qq(s). . . . . . . .. L 135
The lattice sum Q/(0) . . . . . . ... L 136

x1



List of Figures

1.1
1.2
1.3
14
1.5
1.6
1.7
1.8

2.1
2.2
2.3
24
2.5
2.6

3.1
3.2
3.3
3.4
3.5

4.1
4.2
4.3
4.4
4.5

5.1
5.2

Optical molasses . . . . . . . . . . . ... 5
Quadrupole trap . . . . . . ... 7
loffe-Pritchard trap . . . . . . . . . . .. .o 8
Density profile of trapped atoms . . . . . . . ... ... ... ... 9
Optical absorption imaging . . . . . . . . ... ... ... ... ... 10
Interference experiment . . . . . . ... ..o 13
Interference between atomic clouds . . . . ... ... ... ... ... 14
Metastability of an attractive condensate . . . . . . . .. .. ... .. 15
Change of critical temperature with interaction strength . . . . . . . 19
Flow diagram for a Bosegas . . . . . .. ... ... .. ... .. ... 25
F(z), relating x and n in a non-interacting Bose gas . . . . . . . . .. 27
Scaling of the condensate fraction No/N with N . . . . . ... .. .. 28
Distribution P(Ny) at T, for an ideal canonical gas . . . . . .. . .. 30
Condensate number vs. temperature from experiment . . . . . . . . . 38
Two level models. . . . . .. . ... .. o 43
Interference pattern . . . . . . . ... 47
Schematic of an atomic Josephson junction array . . . ... ... .. 56
Eigenvalues of a finite temperature reduced density matrix. . . . . . . 60
Density matrix of an asymmetric Josephson junction . . .. . . . .. 66
Toroidal trap . . . . . . . . ... 70
A two species multiply connected trap . . . .. ... ... ... ... 71
Phaseslipevent . . . . . . . . . .. ... 74
Free energy landscape . . . . . . . . .. ... ... ... 75
Transition state . . . . . . .. ... 7
Phase diagram of an attractive Bose gas. . . . . . . .. ... ... .. 82
Scaling of the instability threshold with system size. . . . . . . . . .. 88

xii



5.3 Maximum number of condensed particles as a function of temperature 90
5.4 Phase diagram for harmonically trapped attractive bosons. . . . . . . 92
6.1 Contour in complex time. . . . . . . . . . ... ... ... ... ... 98
6.2 Non-condensed density as a function of time . . . . . . . .. ... .. 108
7.1 A threelevel atom . . . . .. ... .. ... ... .. ... ... . 113
7.2 Transferring light into a dark polariton . . . . . . . . ... ... ... 113
7.3 Relationship between probe and coupling beam intensity. . . . . . . . 117
7.4 Resonant frequencies of the mean-field equations . . . . . . . . .. .. 119
7.5 Comparison of a Lorentzian and a Gaussian . . . . . . ... ... .. 122
D.1 Second order expansion of 7 . . . . . . ... 149
D.2 Second order expansion of X5 . . . . .. ... 150
D.3 Second order expansionof ® . . . . ... ... 152
E.1 Zeros of Im[xo(k,w)] in the complex energy plane. . . . .. ... .. 157
E.2 Diagrammatic description of the approximation used. . . . . . . . .. 161
F.1 Generic scattering geometry . . . . . . . . ... ... 167
F.2 Diagrammatic representation of the T-matrix equation. . . . . . .. 169
F.3 Connecting phase shifts and energy shifts. . . .. ... ... .. ... 173
F.4 Energy states for a spherical bump ina box. . . ... .. ... ... 174
F.5 Density of states for a spherical bump inabox. . . .. ... .. ... 174
F.6 Phase shift for a spherical bump inabox. . . ... .. ... .. ... 174
F.7 Phase shifts for a spherical well potential. . . . . ... ... .. ... 176
F.8 Energy levels for an attractive well . . . . . . ... ... ... .... 177
F.9 Resonant barrier potential. . . . . . .. .. .. ... 178
F.10 Phase Shifts §(k)/m for a resonant barrier potential. . . ... .. .. 179
F.11 Scattering length for a spherical well. . . . . . .. .. .. ... ... 180
F.12 Effective range for a spherical well. . . . . . ... ... ... ... .. 181

xiil



Guide to Notation

Ak, w) The spectral density for single-particle excitations.
as An s-wave scattering length.
B A magnetic field.
I6; The inverse temperature, § = 1/kgT.
Cals) Lattice sums tabulated in table B.1.
Ca(s) Lattice sums tabulated in table B.2.
) A scattering phase shift.
dij A Kronecker delta function.
d(z) A Dirac delta function.
E An energy.
E. An energy cut-off.
g A single particle energy level.
F A free energy in the canonical ensemble.
Fox The free energy of the non-condensed particles within the

canonical ensemble.
F A free energy in the grand canonical ensemble.

Fox The free energy of the non-condensed particles within the

grand canonical ensemble.
fr Coefficients of the expansion of Fe, in powers of Gu (cf. B.3).

f(k, R, t) A phase space distribution function.

Xiv



9.(2)

I(k,w)

oH

n;

A single particle Green’s function.
A coupling constant, also gr and g;.

The polylogarithm function g,(z) = Z 2 /5.
J

A decay rate.

Spectral density for the self-energy, $(k,w) = [ wd_zzl“(z).
A many-body Hamiltonian.

A perturbation of the Hamiltonian.

Planck’s Constant; A = 1.054 - 10734Js.

A collision integral.

A momentum.

Boltzmann’s Constant; kg = 1.38 - 10723J /K.
The characteristic size of a system.

The thermal wavelength; A\ = \/WTBT.
A mass. Typically the mass of an atom.

The number of particles in a system.

The number density of particles.

The occupation of the ¢’th energy level.

The order of. The statement f(z) = O(2") as © — oo

(x — 0) means that f(x)/x™ is bounded as r — oo (z — 0).
The frequency of a harmonic trap.

A momentum.

Lattice sums tabulated in table B.4.

Lattice sums tabulated in table B.5.

A momentum.

XV



AT

A density of states.

A self-energy evaluated at momentum k and energy w.
A scattering cross-section.

The temperature, or the kinetic energy.

The Bose-Einstein condensation phase transition tempera-

ture.
A cross-over temperature discussed in Sec. 2.3.3.

The interaction induced shift in the phase transition tem-

perature.
Potential energy.

A scaled measure of the number of condensed particles de-
fined in Eq. (2.34).

A chemical potential.

Potential energy.

A velocity.

The coherence length governing the fall-off of G.
The healing length of the condensate.

A partition function in the canonical ensemble. Also Zy,

where N denotes the number of particles.
A partition function in the grand canonical ensemble.

The Riemann zeta function, defined as the analytic continu-
ation of ((v) =>_,77".

Poisson brackets (see equation (6.10))

xvi



Chapter 1

General Introduction

1.1 Overview

In 1995 three groups of atomic physicists announced that they had observed Bose-
Einstein condensation in clouds of trapped alkali atoms [1, 2, 3]. These initial ex-
periments spawned a new field of study which combines atomic, laser and condensed
matter physics to explore the quantum mechanical behavior of matter. In this thesis
I present a series of theoretical studies motivated by these experiments. This intro-
ductory Chapter briefly describes each of these studies and provide an introduction

to the relevant experiments.

1.1.1 Phase transition

At sufficiently low temperatures, a Bose gas undergoes a phase transition to a state
in which a single mode (in free space the £ = 0 mode) is macroscopically occupied.
Although this phase transition is well understood in a uniform non-interacting cloud
[4], it is much more difficult to understand the transition in atomic clouds where in-
homogeneities and interactions complicate the picture. In Chapter 2, I systematically
address these complications; first exploring the phase transition in a non-interacting,
but finite system, and then use perturbation theory to extend these results to an
interacting system.

As with all second order phase transitions, the Bose-Einstein condensation transi-
tion is associated with a diverging coherence length &, implying that long wavelength
modes determine the behavior of a system near the transition. Consequently, in
the thermodynamic limit perturbation theory is infrared divergent and breaks down,
making it prima facia impossible to use perturbation theory to understand the role of

interactions in the phase transition. I use finite size scaling to overcome this difficulty,



and calculate the interaction shift of 7T..

1.1.2 Fragmentation

Quite surprisingly, several models of Bose gases have produced ground states with
more than one condensate [5, 6, 7]. In Chapter 3, I explain the origin of this “fragmen-
tation” of the condensate, demonstrating that it is related to degeneracies in the single
particle spectrum and that it only occurs in mesoscopic, not macroscopic, systems;
the necessary degeneracies arise from the presence of a strictly conserved symmetry
which is spontaneously broken in the thermodynamic limit. This Chapter describes
the experimental signatures of fragmentation, showing that with enough control of

initial conditions one can distinguish fragmented and singly-condensed states.

1.1.3 Persistent currents

Like “He below the )\ temperature, the condensed phase of a Bose gas is superfluid.
A consequence of superfluidity is that current set in motion in an annular trap would
have an extremely long lifetime. This lifetime is limited by rare “phase slip” events
triggered by quantum or thermal fluctuations. In Chapter 4, I calculate the rate of
dissipation due to thermal phase slips, showing that near the critical temperature

they can destroy superfluidity.

1.1.4 Attractive interactions

Attractive interactions in a gas of particles drive an instability towards “clumping up.”
Such instabilities are well studied in astrophysical contexts where they lead to the
formation of stars and galaxies [8]. In Chapter 5, I study the competition between such
attractive interactions and the stabilizing effects of quantum and thermal pressure
within a cloud of bosons. The central result of this Chapter is a finite temperature
phase diagram of an attractive gas, containing three phases; a normal phase, a Bose-
condensed phase, and an unstable region in which the cloud physically collapses to a
small volume. Using the techniques developed for this study of mechanical instabilities
I also examine the possibility of BCS-type “pairing” in the attractive Bose gas, finding
that the mechanical instability prevents any pairing.

The mechanical instability in a cloud with attractive interactions is very similar to
the instability towards phase separation in a mixture of two immiscible gases. Using
this analogy, I discuss the formation of domains in spinor condensate experiments at
MIT [9].



1.1.5 Kinetic theory

In Chapter 6, I derive a kinetic theory for describing trapped alkali atoms at finite
temperature. Such a kinetic theory is needed to model non-equilibrium finite temper-
ature experiments where both quantum coherence and classical thermal fluctuations
are important. For example, one would like to understand experiments [10] where
a vortex is found to have a finite lifetime. Current theories suggest that the vortex
decays by transferring its angular momentum to the cloud of non-condensed atoms
which surround the condensate. Modeling this scenario requires a non-equilibrium
theory which simultaneously describes the coherent motion of the condensate and the
incoherent motion of non-condensed particles.

The kinetic theory derived here is quite complicated. I elucidate the essential
structure by applying this formalism to investigate a toy problem in which a uniform
gas experiences a sudden change of interaction strength. Looking at the excitations
formed during this process helps clarify the distinction between quasiparticles and
collective excitations. This distinction is unusual in a condensed gas since the con-

densate nominally hybridizes the two types of excitations.

1.1.6 Electromagnetically induced transparency

In Chapter 7, I give a detailed analysis of experiments that use a cold atomic gas
as a tunable non-linear media to control the behavior of light [11, 12]. By coupling
photons to a dark-state polarization wave, these experimentalists are able to slow
light, and even stop it. I analyze these experiments with two approaches, mean field

theory and equilibrium Green’s functions.

1.2 Experiments

Having outlined the main topics, I now give a brief review of the experiments which
have motivated this thesis. For further details I highly recommend several recent
reviews [13, 14, 15, 16], as well as an excellent elementary introduction by Carl
Wieman [17]. I limit my descriptions to the experiments referred to in the rest of this

thesis.



1.2.1 Cooling and trapping

Quantum mechanics limits the precision with which one can know both the position
and momentum of a particle. This restriction is encapsulated in the Heisenberg un-
certainty principle, dx - dp > h, which states that the product of the uncertainties
in position and momentum are bounded below by the constant A ~ 1.054 - 10734Js.
At finite temperature, random thermal motion leads to a large uncertainty in mo-
mentum, and consequently there is very little uncertainty in the positions of the
atoms. For example, a room temperature a sodium atom has a root mean square
velocity of 500m/s, about 1.5 times the speed of sound in air, leading to a spread,
0z ~ 6 -107?m, much smaller than the size of a sodium atom. Thus room temper-
ature atoms behave as classical particles. As they are cooled to lower temperatures,
T, the atoms slow down, and the thermal wavelength A\ = \/W , which
measures the uncertainty in the position of an atom of mass m, decreases. For Bose
Einstein condensation to occur, the particles must be cooled until A is of order the
interparticle spacing (precisely, nA\* = ((3/2) = 2.61...). At this point the particles
lose their individual identity, and behave collectively.

The great experimental challenge of achieving Bose condensation with an atomic
vapor lies in the difficulty of cooling and compressing the vapor to the point where
nA? is of order unity. Liquid helium, with a number density comparable to water
n ~ 2-102cm™3 and a very low mass, Bose condenses at 2.17 K. Alkali gases have
densities comparable to a good vacuum n ~ 102cm™3, and need to be cooled to
temperatures of order 100nK. The 1997 Nobel prize was awarded to Steven Chu,
Claude Cohen-Tannoudji, and Bill Phillips for developing laser cooling techniques,
which are necessary to cool to such unbelievably low temperatures.

Cooling is performed in several stages. The atoms, initially loaded into the appa-
ratus by boiling them off of a metallic filament, are first cooled by a series of optical
means, the most ingenious of which is the “optical molasses” consisting of six laser
beams focussed on a small point. This geometry is illustrated in Fig. 1.1. These
lasers are red detuned relative to an atomic transition. If an atom is moving towards
one of the six lasers, the light is blue-shifted into resonance and the atom absorbs a
photon. The recoil from absorbing the photon slows the atom down. This mechanism
can cool a gas to the recoil temperature, found by equating the thermal energy of an
atom with its recoil energy. For typical parameters, the recoil temperature is of order
10pK.

Further cooling relies on trapping the particles in a magnetic trap. The basic

principle is that alkali atoms, with one valence electron, have a magnetic moment
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Figure 1.1: Schematic drawing of the laser beam configuration for an optical mo-
lasses. Lasers are incident from all directions. These lasers are red-detuned relative to
an atomic transition so that light will only be absorbed from a beam which is doppler
shifted into residence. Consequently the atoms experience a drag which tends to slow
them down.



and will therefore feel a force when placed in a magnetic field gradient. A magnetic
trap consists of a set of magnets which produce a field with a local minimum at
some point in space. Atoms are trapped near this minimum. Magnetic trapping is
demonstrated by the quadrupole trap illustrated in Fig. 1.2, which simply consists of
two magnets with their north poles facing each other. The resulting magnetic field
configuration has B = 0 at the center, and | B| increasing linearly as one departs from
that point. Simple quadrupole traps are rarely used in current experiments, as these
traps are “leaky.” Atomic spins can flip where B = 0, resulting in lost atoms. Adding
an extra “loffe” magnet to the quadrupole configuration produces a trap where the
field does not vanish at the minimum, thus eliminating these losses. A typical Toffe
trap is illustrated in Fig. 1.3. In such traps | B| varies quadratically as one moves from
the center, and the particles feel a harmonic potential Vi, (1) &~ mQ?r?/2, where m
is the atomic mass, and € is the frequency of oscillation in the trap. Typically €2 is
of order 100H z.

The trap serves two important purposes. First, it compresses the atomic cloud,
increasing the density. Second, it allows for efficient evaporative cooling. Evaporative
cooling works by removing the most energetic atoms from the cloud. Upon rether-
malizing, the gas is at a lower temperature. In the magnetic trap, the most energetic
atoms are farthest away from the center of the trap. One selectively removes these
atoms to cool the cloud. To exclusively remove these atoms, one relies upon the fact
that they experience a larger magnetic field than the other atoms, and therefore the
Zeeman splitting between different hyperfine spin states is greatest in these atoms.
By tuning a radio-frequency field to the splitting of these energetic atoms, one can se-
lectively excite them, flipping their magnetic moment and causing them to be ejected
from the trap.

When the phase space density is sufficiently large (nA3 > 2.61), quantum statis-
tical mechanics predicts that the lowest energy state in the harmonic trap will be
macroscopically occupied. In typical experiments, there are 10° atoms in this con-
densate. In the absence of interactions, the characteristic size of the condensate, L,
is set by a competition between the kinetic zero-point energy for confining the atoms
T =~ h?/mL? and the trapping energy V ~ mQL?. For typical traps, this length is
L~d= \/m ~ 1pm. If 10% atoms were placed in such a small space, the number
density would be 10'®cm™ (just one order of magnitude less than the density of air at
standard temperature and pressure). In practice, the repulsive interactions between
atoms restrict this density to a much lower value, and one finds L by comparing

three energies; T, V and the interaction energy U ~ h*Na,/mL?. The scattering



Figure 1.2: Schematic drawing of a quadrupole trap. Two magnets with their poles
facing each other create a quadrupolar field in the region between them. The small
ovoid represents an atomic cloud trapped at the minimum of the magnetic field.



Ioffe Bars

Figure 1.3: Ioffe-Pritchard trap, as used in current BEC experiments. All lines
represent wires carrying electric currents in the directions indicated by the arrows.
The Ioffe bars create an in-plane quadrupole field. The pinch coils turn this into a
3D quadrupole field, and the bias coils (or compensation coils) generate a non-zero
magnetic field at the center of the trap.



length a, parameterizes the interactions' and, with a few notable exceptions, a, is
positive and of order 5 nm, implying that U > T, and that the size of the condensate
is determined by a competition between U and V. Comparing these energies gives
L =~ (Nas/m?Q2)Y/5 which is of order 10um, resulting in a density n ~ 103cm™
[18]. This density is much greater than the density of atoms above the condensation
temperature n = 10cm ™3, and the phase transition therefore coincides with the
appearance of a large spike in the density of atoms at the center of the trap. An
example of the experimental density profile is shown in Fig. 1.4. The density spike is

clearly visible at temperatures below T..

Figure 1.4: Density profile of trapped atoms above and below T, reproduced with
permission from the MIT group’s web site http://cua.mit.edu/ketterle_group/
Projects_1995/Three_peaks/3peaks’20grayl. jpg. These pictures are absorption
images of the cloud after ~ 100ms of free expansion, the height representing the
optical depth (see Section 1.2.2).

1.2.2 Measurement procedures

In order to interpret the experimental data, one needs to understand the principle
techniques used to probe atomic clouds. These techniques have enabled experimental-
ists to produce pictures which beautifully illustrate the quantum mechanical nature
of atoms. All of the methods that I discuss can be used in two ways; either as in
situ measurements, in which the trapped atoms are directly probed, or as expansion
measurements, in which the trap is turned off and the cloud expands before the mea-
surement is made. The main advantage of in situ measurements is that one directly

measures the properties of the trapped gas. However, due to the small size of the

'For a detailed discussion of atomic scattering, see appendix F
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Figure 1.5: Illustration of optical absorption imaging. Resonant light is incident on
a cloud of atoms. The light is absorbed in proportion to the column density of the
cloud. The light that gets through is imaged on a CCD camera.

condensate, L ~ 1um, it is impossible to observe the internal structure using this sort
of measurement. In expansion experiments, such fine details are magnified and can

be investigated. Most data that I discuss is from expansion measurements.

Optical absorption imaging

Optical absorption imaging provides one of the simplest probes of an atomic gas.
The basic idea is that the attenuation of light resonant with an atomic transition is
proportional to the integrated atomic density along the path of the light. Therefore
if one positions a laser on one side of the cloud, and a piece of film on the other side
of the cloud, one will record a shadow which measures the column density of the gas
(see Fig. 1.5). In practice a CCD (video camera) is used rather than conventional
film.

The signal from optical absorption is proportional to the column density of the
cloud. The resolution of the image is primarily limited by the wavelength of light
A ~ 0.5pum. Since many photons are absorbed by the cloud, the measurement heats
the cloud and destroys the condensate. Absorption imaging is therefore a destructive

technique.

Phase contrast imaging

Phase contrast imaging is similar to absorption imaging, except that the light is
detuned from an atomic transition so that no absorption occurs. To this off-resonant
light the atomic cloud has an index of refraction which varies linearly with the atomic
density. By placing a wave plate in the Fourier plane of the imaging optics, the density
profile of the atomic cloud can be imaged. Since photons are not absorbed there is

very little heating from this form of imaging, making this a non-destructive method
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suitable for making “movies” of a single cloud.

RF spectroscopy

As an alternative to imaging the cloud, one can use spectroscopic probes to study an
atomic gas. One spectroscopic approach, currently restricted to hydrogen experiments
[19], takes advantage of the pressure shift of an atomic transition. The 1s-2s two-
photon transition in hydrogen is red shifted under increased pressure. The microscopic
basis for this shift is that atoms in the 2s state interact less strongly with 1s atoms
than 1s atoms interact with themselves. Thus the energy of the 2s state relative to the
1s state is reduced as the atomic density in increased. By measuring the frequency of
the 1s-2s transition one can determine the density of a uniform atomic cloud. More
importantly, in an inhomogeneous cloud, the 1s-2s line will be broadened, the line

shape giving a histogram of the density of the cloud.

Atom detection

Experiments on gases of excited He atoms have made use of yet another measurement
scheme. Ground state He atoms cannot be magnetically trapped as they do not have
a magnetic moment. Using a long lived excited state, two groups of experimentalists
have successfully trapped a gas He atoms, and cooled them below the BEC transition
temperature [20, 21]. In the latter experiment [21], the system is probed by releasing
the atoms from the atomic trap and letting them fall onto a microchannel plate. At
the plate, the excited atoms drop into their ground state, each releasing an easily
measurable 20 eV of energy. A plot of the signal voltage versus time gives the density

profile of the cloud.

1.2.3 Fermions

Alkali gas experiments are performed with both bosonic and fermionic isotopes. Most
of this thesis is concerned with bosonic atoms, but experiments on fermions are quite
exciting [22] and much of the material in Chapters 5 and 6 is readily extended to
include fermions. Quantum degeneracy does not correspond to a phase transition
in a Fermi gas, just a cross-over from classical behavior to quantum behavior as
the Fermi surface becomes sharper. Fermionic atoms are cooled and imaged in the
same manner as bosons, with the caveat that evaporative cooling works poorly. The
problem is that in evaporative cooling, after the most energetic atoms are removed,

the remaining atoms must thermalize. As a Fermi surface develops the phase space
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available for collisions becomes small, and the thermalization time becomes very long.
This difficulty is compounded by the absence of s-wave collisions between identical
fermions in the same spin state. These collisions are forbidden because the Fermi
wavefunction is antisymmetric.

To help circumvent these problems, some fermion experiments rely upon sympa-
thetic cooling, where a mixture of Fermi and Bose atoms are loaded into the magnetic
trap. The Bose atoms are easier to cool, and can be used as a buffer gas which absorbs
the heat from the fermions. In this manner temperatures as low as one third of the
Fermi temperature have been achieved. A major goal of these fermion experiments

is to achieve BCS pairing in a gas of alkali atoms.

1.2.4 Coherence experiments

A Bose condensate is to a normal gas as a laser is to a thermal light source. A
condensate has a high degree of coherence. This coherence can be seen in various
sorts of interference experiments. The simplest of these is an analogy of a double-slit
experiment [23], in which investigators create an atomic trap with two distinct minima
and an insurmountable barrier between them. They cool a cloud in this double-well
trap, forming two condensates. When the trap is turned off, the clouds expand and
overlap, as sketched in Fig. 1.6. Absorption images, reproduced in Fig. 1.7, revealed
a distinct interference pattern, reminiscent of the pattern seen in a classic two-slit
diffraction experiment. This interference pattern shows a form of coherence, and
would not occur in a non-condensed gas.

This experiment raises some very subtle issues. Suppose the two clouds were
formed completely independently. Bose condensation implies that there should be
coherence between any two points in the same cloud, such that if you split one of the
clouds it would interfere with itself. It is not clear, however, that the two independent
clouds would interfere with each other. A detailed analysis of why interference is seen

will be given in Section 3.2.2 (page 46).

1.2.5 Collapse of an attractive gas

Although most alkali atoms interact with repulsive interactions, there exist several
atoms with attractive interactions, most notably "Li and ®Rb [24, 25]. A Bose gas
with attractive interactions is unstable towards a mechanical collapse. At zero tem-
perature stability can be understood through a simple dimensional argument where

one explores how the energy of a cloud varies as one changes the size of the system L.
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Figure 1.6: Diagram to illustrate an atom wave interference experiment. a) Two
condensates are created in a double-well trap. b) The trap is turned off and the clouds
expand. c¢) The overlapping clouds interfere with one another to form a modulated
density pattern.

b)

c)
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Absorption

Figure 1.7: Absorption image from an experiment where two atomic condensates are
allowed to overlap and interfere. Darker colors correspond to larger column densities.
Data reproduced from [23].
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As previously discussed, these three contributions to the energy are: kinetic energy
T ~ h*/mL? trapping energy V ~ mQ*L? and interaction energy U ~ h?a,n/m.
Typical scattering lengths are a, = —1.45nm for "Li and a, = —20nm for ®Rb. In
Fig. 1.8, I plot the total energy £ = K +U 4V as a function of L for different values
of Nplas|. In the absence of interactions, £ has an absolute minimum at L = d, where
d = (h/mw)/? is the characteristic length scale of the harmonic trap. Adding weak
interactions causes the global minimum of £ to move to L = 0 but a local minimum
remains near L = d. This local minimum signifies that a metastable condensate can
exist. The barrier separating the two minima has a maximum near L = |a;Np|. When
lasNo| is of order d the local minimum disappears and the cloud becomes strictly un-
stable. Thus for a given ag and d there is a maximum number of particles which can
be in the condensate. More sophisticated calculations [26, 27| show that the point of
instability is given by

No = Nuax = 0.575d/|as|. (1.1)

In Li experiments [24], where d &~ 1pm this maximum is of order Ny, ~ 1000.

E

,’I o5 1 15 2
|
|

Figure 1.8: Energy E of a condensate of size L (measured in units of the trap
size d = (h/mw)Y/?) with attractive interactions a, < 0. Solid — noninteracting
(Nlas|/d = 0), long dashes — Nlas| ~ d/5, short dashes — N|as| > d. These curves
are based upon the simple dimensional estimates described in section 1.2.5.

Experimentally, this instability is observed in one of two ways. First, images of

clouds of Li atoms never show more than N, ~ 1000 particles in the condensate
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[24]. Second, by using Feshbach resonances,? the scattering length a, of ¥Rb atoms
can be tuned from positive to negative. With a, > 0, a stable condensate is formed.
The scattering length is then gradually reduced until collapse occurs [25], and one
finds, as expected, that Nyay o< 1/|ag].

1.2.6 Spin relaxation

A very rich class of phenomena involve the hyperfine spin of a gas of alkali atoms.
The spin degree of freedom is frozen in magnetic traps, but can be accessed in optical
traps. In Section 5.6 I give a theoretical explanation of one experiment on spinor
condensates [9]. In this experiment a spinor cloud with ferromagnetic interactions is
placed in a state in which the magnetization is everywhere zero. This is an excited
state of the system and it relaxes to a state which is locally magnetized. Since
magnetization is conserved during the dynamics, a domain structure is formed where
each region is polarized in a different direction. In Section 5.6 I only discuss the
stability of the initial state. The formalism of Chapter 6 can be used to describe the

actual dynamics of the domain formation.

1.2.7 Electromagnetically induced transparency

In experiments at Rowland Institute [11] and at Harvard [12], experimentalists have
used a cold atomic gas as a nonlinear media to manipulate light. Their most striking
achievements have involved actually freezing a beam of light for several milliseconds.
I discuss the theory in Chapter 7. The basic idea is that light couples polarization
waves in an atomic gas. The small velocities of these polarization waves are inherited
by the hybridized excitations, and the light therefore propagates very slowly through
the media. Stopping the light involves adiabatically transforming the photons into

polarons, then reversing the process several milliseconds later.

1.2.8 Feshbach resonance

In recent experiments, experimentalists demonstrated the ability to tune the interac-
tion strength of a dilute gas [28]. This technique is used to explore the collapse of
attractive gases (see section 1.2.5). The interactions are controlled by using magnetic

fields to adjust the energy of a scattering resonance, bringing it near threshold. Scat-

2Feshbach resonances are magnetically induced scattering resonances, and are discussed in ap-

pendix F on page 183

16



tering resonances are discussed in detail in appendix F, where the general theory of
atomic scattering is reviewed.

It would be extremely exciting to use this technique to study the highly correlated
state of matter that would be formed when the interactions are made very strong.
In particular one could study a regime where there is a distinct separation of length
scales, with the scattering length a, much larger than the interparticle spacing n="/3,
which in turn is much larger than the physical size of the atom. In such a limit one
expects both the scattering length and the size of the atom to drop out of the problem,
and a gas of such atoms should behave in some universal manor. Experiments in this

regime have been hampered by large inelastic losses which are not fully understood.
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Chapter 2

Theory of the BEC Phase

Transition

The dominant feature in the thermodynamics of cold Bose gases is the presence of
a phase transition to a Bose condensed state where a single-particle level is macro-
scopically occupied. Although Bose-Einstein condensation was predicted in 1925 [29],
some aspects of the phase transition have only recently been understood. In partic-
ular, it was not until the path integral Monte-Carlo calculations of Griiter, Ceperley
and Laloé [30] that the influence of interactions on the phase transition of a uniform
Bose gas was systematically explored.! Their results, plotted in Fig. 2.1, show that
for small interaction strength the critical temperature increases with interactions,
while for larger interactions the opposite behavior occurs. The drop in T, can be
qualitatively understood as an effective mass effect. An atom moving through the
fluid must drag other atoms with it, giving it a larger effective mass. Since T, oc m™!,
the critical temperature is reduced.

The weakly interacting case has only recently been understood analytically [32,
33]. An intuitive argument is that repulsive interactions reduce density fluctuations
and therefore increase the occupation of the £ = 0 mode, raising T,.. Quantifying this
argument is difficult, and the calculations of T, [32, 33] rely upon very mathematical
arguments whose physical interpretations are not directly evident.

Here I use a novel approach to calculating the change in T, based upon pertur-
bation theory in powers of the interaction. Omne cannot directly use perturbation

theory to calculate T, since the perturbation series suffers from infrared divergences

! As the phase transition temperature is of fundamental importance, many earlier works discussed
this topic [31], but the first systematic and authoritative review of the subject was due to Griiter,

Ceperley, and Laloé.
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Figure 2.1: Change of Critical temperaglalre with interaction strength, reproduced
with permission from [30]. For na® < 0.01 the transition temperature increases
with interaction strength, while for larger na® the opposite occurs. The apparent
discontinuity of the slope at na® ~ 0.1 is an artifact of using a different scale for
AT > 0 and AT < 0. The dashed line is a power-law fit to the small na® data,
and the dotted line is a guide to the eye. In this chapter I discuss the regime where
na® < 1.
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at the critical point. These divergences are a common feature of second order phase
transitions where long wavelength properties dominate the behavior of the system.
I avoid these singularities by working in small systems where the finite system size
provides a low energy cutoff. Studying the scaling properties of these small systems
reveals the phase transition temperature.

Although this discussion of the phase transition of a uniform system is of extreme
fundamental importance, it is not particularly relevant to experiments on trapped
atoms. In a harmonic trap the dominant shift in the transition temperature is due to
the way in which interactions change the shape of the cloud. This shift is describable
within mean field theory, and has been experimentally verified [34].

This Chapter is organized as follows. First I review the elementary text-book level
description of Bose-Einstein condensation. Next I look at finite size effects, and inves-
tigate scaling in small systems. I then combine these results with perturbation theory
to calculate the first order shift in the critical temperature AT. Finally I give a brief
calculation of the shift in a harmonically trapped cloud. The work presented in this
Chapter was performed in collaboration with Gordon Baym and Markus Holzmann,

and has been accepted for publication [35].

2.1 Elementary description

To preface my discussion of the phase transition, I give an elementary review of Bose
condensation in an ideal gas [4] in the grand canonical ensemble. I begin by consider-
ing a cloud of non-interacting Bosons in an external potential. Special consideration is
given to the case where the particles are in a box of volume V' with periodic boundary
conditions, and the case of a harmonic trap.

All thermodynamic quantities are determined by the grand free energy F, defined

in terms of the grand partition function,
Z =BT = Tre AH-1N), (2.1)

where = 1/kgT, H is the Hamiltonian operator, p is the chemical potential, N
is the number operator, and the trace is taken over all possible states of the system
with any possible number of particles. I will use units where Boltzmann’s constant
kg, is equal to unity. As we are dealing with non-interacting particles, the states are

defined by occupation numbers n;, corresponding to the single particle energy levels
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g;. The trace is explicitly written as

z = Ze—ﬁzi(fi—u)ni’ (2.2a)
{ni}
1
i (2.2b)

i

which implies that the free energy has the form
F o= =T log(1—eEmm). (2.3)
To extract the structure of this free energy, I introduce the density of states

p(E) = Z(XE — &) (2.4)

Near the phase transition, infrared modes dominate the sum (2.3). Looking at this
low energy sector of Eq. (2.3), one can approximate log(1 —e ?F=1) ~ log(BE — (1),

yielding a free energy

F a~ T /0 "dE p(E) [log(BE) + log(1 — u/E)]. (2.5)

The cutoff, ., eliminates the high energy modes which are not correctly accounted
for by this approximation. In the exact expression (2.3), the temperature plays the
role of this cutoff;, thus E, should be of order kgT. The phase transition occurs at
i = 0, where either F, or one of its derivatives is singular. Assuming a power law
density states, p(E) ~ E* as E — 0, the k’th derivative 9% F /0u* is singular for all
k > a. Since N = 0F /Oy, there exists a phase transition at finite density if and only
if > 1.

For example, particles in d-dimensional free space have a power-law density of
states satisfying & = d/2 — 1, and Bose condensation occurs in all dimensions greater
than 2. For harmonically trapped particles, « = d — 1, and Bose condensation occurs
in all dimensions greater than 1. In the following two subsections I explicitly calculate

the transition temperature in each of these examples.

2.1.1 Uniform gas

Most elementary textbooks, e.g. [4], describe the Bose condensation transition of
particles in a box of size L with periodic boundary conditions, where the single-

particles energies are ¢ = (27°h*/mL?)(n2 + nj 4+ n2), with n, = 0,4+1,%2,..., and
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m is the particle mass. To calculate the free energy it is convenient to expand the

logarithm in (2.3) and write the free energy as

F = Tf: ‘% Z 6—5]'(&‘—#). (26)
=1

Ignoring the discrete nature of the spectrum at hand, one finds

o _TZZJ (/dne (2 )2 )3, (2.72)

= —T— — (2.7b)

Here I have introduced the fugacity z = e’* and the thermal wavelength A =
(27rh2/6/m)1/2. The series g,(2) = >_.27/j" is known as either a “Bose” function,
or a polylogarithm. The latter name reflects the fact that g;(z) = —log(l — z).
These functions are discussed at length in Appendix A.1. Replacing the sum over n
with an integral is equivalent to replacing the discrete density of states with a smooth
function p(E) oc E'/2,

To calculate the number of particles one differentiates (2.7b) to find

= —@ = Fgg/z(fz)a (2-8)

which is bounded above by N, = V/A3((3/2), where ((3/2) = g3/2(1) ~ 2.61... is
the Riemann zeta function. Thus this semiclassical approximation is incapable of

describing a Bose gas at a temperature below

= (<<;2>)2/3' (29)

This approximation breaks down because the lowest energy state becomes macro-

scopically occupied below T,.. By removing this one state from the integral one avoids

this problem, finding
F o= Tlog(l—2)-T Z 7 (2.10)

Unless |Bu] < A3/V, the first term in negligible compared to the latter. Within this
extended theory,

z Vv

N = 11—~ +F93/2(2). (211)
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We now take the thermodynamic limit N — oo, and V' — oo, with n = N/V fixed.
If n < ((3/2)/)A3 the thermodynamic limit is reached at fixed z, and the density is
given by Eq. (2.8). If n > ((3/2)/\%, one must scale z with the system volume such
that Bu ~ V! as V — oo, giving for T < T,

n =g+ ((3/2)/2?, (2.12)

where 7ig = Ny/V = (—puV)~! is the density of condensed particles.

2.1.2 Harmonically trapped gas

As discussed in Section 1.2, in recent experiments the particles are trapped in har-
monic potentials V(r) = mQ?r?/2. The energy levels in a harmonic trap are of the
form ¢; = hQ(n, + ny + n, + 3/2), where n, = 0,1,2,.... The zero point energy
(3/2)RS) plays no role in the following arguments and I will neglect it. The free en-
ergy of the harmonically trapped gas has the same structure as the gas in free space,

and I jump to the equivalent of Eq. (2.10),

j o0 A
F = Tlog(l—z)—TZ?—,(/ dne_ﬁm’”) , (2.13a)
- 0
J

T 2
= Tlog(l—2) — —— — 2.13b
o8(1 =) = G 2 5 (213b)
giving a mean number of particles,
. z 1
N = . 2.14
1— » + (ﬂﬁQ)?’gs(Z) ( )

In the trap, the thermodynamic limit is approached by letting N — oo and 2 — 0
such that Q3N is constant, which keeps constant the density at the center of the
trap. As in the analysis of Eq. (2.11), at fixed z the number of particles is bounded
by N < ((3)/(Bh2)3, equality representing the Bose-Einstein condensation phase
transition. If one treats the p — 0 limit in a similar fashion to Section 2.1.1 one finds

for T < T,,
¢(3)
(BAS2)3

N =N+ (2.15)

2.2 Finite size effects

Although statistical mechanics tells us that there are no phase transitions in finite
systems, we apparently see phase transitions all around us. Conventionally, this con-

tradiction is resolved by stating that the finite system possesses a crossover between
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two distinct behaviors. As the system size increases, the crossover becomes sharper
and mimics a phase transition.

A rather sophisticated understanding of finite size effects comes from studying the
renormalization group [36]. In these studies, one imagines an abstract space param-
eterized by all the possible couplings which could exist in the model being studied
— for instance temperature, interaction strength, and system size. The renormaliza-
tion group (RG) is a mapping of this space onto itself where each model is coarse
grained and reduced in scale. Under this mapping, systems will flow to various fixed
points. Each stable fixed point represents a different phase of matter. Critical points
are associated with unstable fixed points — the system flows in different directions
depending upon which side of the critical point it starts on. A schematic depiction
of the RG flow for a Bose gas is portrayed in Fig. 2.2, where two of the couplings,
the temperature and the system size, are shown. Two fixed points are depicted, the
critical fixed point and a low temperature fixed point corresponding the the Bose
condensed phase. A few sample flow lines are drawn as well as two regions, a critical
region and a finite size scaling region, both of which are discussed below.

In this thesis I do not calculate any RG flows, however I will use one of the
generic results; namely that if a system is in the critical region near a fixed point, its
behavior is dominated by that fixed point, and physical quantities obey a set of scaling
relationships. In particular, the finite size scaling hypothesis holds. This hypothesis
states that all physical quantities scale as functions of the ratio of the correlation
length £ to the system size L. The correlation length ¢ is a measure of the fall off of
the two-point function ((r)1(0)), and diverges at the critical point. An example of

this scaling is the prediction that the number of condensed particles should scale as

<N70> ~ L7YO(L/E), (2.16)
where y = /v = 1 is the ratio of the critical exponents for Ny/V and the correlation
length, and & is a scaling function. As L/{ — oo, this function must diverge as
O(L/E) ~ (L/€)Y, while as L/§ — 0, & approaches a constant. The region where
L << £ is the finite size scaling regime, and the scaling law (2.16) can be used to
systematically find the critical point (£ — oo) by looking solely at the properties of
a finite system.

As an example of using Eq. (2.16) to find the critical point, consider the numerical
calculations of Griiter et al. [30] discussed in the introduction of this Chapter. In that
calculation, the authors used a Monte-Carlo technique to find the superfluid density

ps (which on dimensional grounds scales as Ny/V') as a function of temperature and
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Figure 2.2: Schematic renormalization group flow diagram for a Bose gas. Points
on this graph represent Bose gases of a given temperature 7" and system size L.
The dashed arrows show how a system changes under the renormalization group — a
coarse graining and rescaling procedure. Two fixed points of this operation are shown
as large dots; the critical point and the BEC fixed point. A critical regime, where
physical quantities obey power law scaling relationships is shown. Also depicted is the
finite-size scaling regime where the coherence length is large compared to the system
size, £ > L. In this regime the finite size scaling laws apply.

system size for various small systems. Curves of LYp, as a function of temperature
for different L all crossed at a temperature T.. According to Eq. (2.16) this is the
temperature at which the coherence length diverges, which is by definition the critical
temperature.

In the following sections I use elementary means to explicitly verify the scaling
relation (2.16) for the non-interacting gas. I then use this relationship to calculate

the phase transition temperature of an interacting gas.

2.2.1 Scaling in the ideal gas

Here I identify the BEC phase transition in a non-interacting gas from the scaling
of the number of condensed particles. This simple example illustrates the technique
which I use to calculate T, for the interacting system. I first perform this calculation in
the grand canonical ensemble, and then in the canonical ensemble. In the presence of
a condensate the thermodynamics of an ideal gas are sensitive to the ensemble used.
This sensitivity is demonstrated by looking at the distribution function P(Ny) for

the number of condensed particles. Within the grand canonical ensemble, P(Ny) o
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e Bleo—mNo is exponentially decaying at all temperatures. On the other hand, at zero
temperature in the canonical ensemble, P(Ny) = dy n, is a delta function, as all of
the particles are in the condensate. Thus P(Ny), a macroscopic observable, behaves
qualitatively differently depending on the ensemble. Any observable which depends
on fluctuations in the number of condensed particles (like the compressibility) will
likewise be sensitive to the ensemble.

Despite these differences, the phase transition temperature is expected to be in-
dependent of the ensemble. It turns out that it is easier to perturbatively calculate

AT within the canonical ensemble than within the grand canonical ensemble.

Grand canonical results

Here I calculate the phase transition temperature of the ideal gas within the grand
canonical ensemble. My general strategy is to fix the average density n = N/V and
the temperature 7', and look at how the number of condensed particles Ny varies
with the system size L. To carry out this approach one needs an expression for the
chemical potential p as a function of n, T, and L; requiring that one inverts Eq.
(2.11). The inversion is performed by expanding (2.11) in powers of Su. Using the
expansion of the polylogarithm given in Appendix A.1, one finds

n = % [g(s/z) +% GW ) —wﬁ,uLQ/)\?) . } ; (2.17)

the neglected terms are of higher order in [u, and are negligible near the transi-
tion temperature as long as N > 1. The terms proportional to 1/8u and /—Gu
are respectively the contributions from the condensed and non-condensed particles.
Finding (u as a function of n, T', and L, requires solving a cubic equation. I define

the function F'(z), plotted in Fig. 2.3, as the solution to

1
—2\/7F(x) —x = 2.1
F) mF(z) —x =0, (2.18)
so that the chemical potential can be expressed as,
A2 L
Bu = ~5F (X (Mn — c(3/2))) : (2.19)
The positive, monotonic F'(x) has the properties
F0) = (4m)7 /3 (2.20)
Flz) —  a*/4r (2.21)
F(z) - 1/x. (2.22)
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Thus, as L — 00, the order parameter Ny ~ —1/(u, has three distinct behaviors, cor-
responding to non-condensed, critical, and condensed regimes, depending on whether

n is less than, equal to, or greater than ((3/2)/A3. In the non-condensed regime, Ny is

microscopic, in the condensed regime, Ny is extensive, and at the critical temperature,
Ny scales as L2, i.e.,

n < C(3/2)/X% Ny ~ L° (2.23)
n=C(3/2)/X%, Ny ~ L? (2.24)
n > ((3/2)/X\3 Ny ~ L. (2.25)
F(X)
: o
\\\ 4 7|:
3!
\\\ 2 *l‘l
\\\\ 1 L ‘\\\
s A ‘\\‘§-‘—_ R ———— = =V
-5 5 10 15 20

Figure 2.3: The function F(x), defined as the solution to Eq. (2.18), which relates

the chemical potential and density of a non-interacting Bose gas via Eq. (2.19). The
asymptotic expressions (2.21) and (2.22) are plotted as dashed lines.

This scaling behavior is illustrated by Fig. 2.4, which shows the condensate fraction
No/N as a function of N for different values of the reduced temperature t = T'/T..
The various power laws can be read directly from the graph. Note that for small N,
the critical regime where Ny ~ N?/? has a finite width. This width is estimated by
linearizing the chemical potential (2.19) about the point n = ((3/2)/A* to find

2 3 2 2
Ny = %(4@1/3 + %%(A?’n —¢3/2) + %0 (é(m - g(g/z))) L (2.26)
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The number of condensed particles scales as L? over a temperature range 6T/T, ~
A/L, and then crosses over to the asymptotic behavior described in Egs. (2.23) and
(2.25).

No.
N

10° t =0

t=0.9

t=0.99

104

10°¢ t-1.01

108 |

‘t:2

N

102 10* 10° 108 10%°
Figure 2.4: Condensate fraction Ny/N versus N for various values of the reduced
temperature ¢ = T/T,. The three scaling regimes for t < 1, ¢ = 1, and ¢ > 1,

correspond to the condensed, critical, and non-condensed regimes, in which Ny ~ N,
N(] ~ N2/3, and N(] ~ NO.

2.2.2 Scaling in the canonical ensemble

I now repeat the calculation of Section (2.2.1) in the canonical ensemble. As previ-
ously mentioned, in the presence of the condensate, thermodynamic properties of an
ideal Bose gas are sensitive to the ensemble used.

In this section I look at scaling in P(Np) rather than just at Ny, as was done
in Section (2.2.1). Generalizing Eq. (2.16), one expects that at T, the probability
distribution function can be written as

22
P(No) = ﬁ¢(N0A2/L2)a (2.27)
with some scaling function 1. As I demonstrate here, this relationship holds for the

non-interacting gas.
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The canonical distribution function can be expressed as

1 1
— —-BH _ —BF(N,Ny)
P(NO) ZN N,]\%‘Il;ixed6 ZNe ’ (228)

where the trace is taken at fixed N and Ny, and [ is the inverse temperature. This
equation defines the free energy F'(IN, Ny), and uses the partition function, Zy =
>N, € PPN 0 normalize the probability distribution. In the non-interacting gas,
F(N, Ny) is only a function of Ngx = N — Ny and is identifiable as the free energy of

the non-condensed particles,
F(N, Ny) = Fex(Nex)- (2.29)

Although the condensate’s behavior depends crucially on the ensemble, one expects
that the properties of the non-condensed particles will be insensitive to the ensemble,
and one should be able to calculate I, via a Legendre transformation of the grand

free energy,
FCX(NCX) = fox(M(Nox>> + M(NOX>NCX7 (230>

where j1(Ne) = OF.x/ONe is a chemical potential which represents the free-energy
cost of exchanging particles between the condensate and the non-condensed particles.
Intuitively, the condensate acts as a particle bath for the non-condensed system. The
chemical potential varies with N, since as one depletes the condensate the cost of
removing particles from the condensate changes.

As in Section 2.2.1, I need to relate N, and p. The approximation of Eq. (2.17)
is not sufficient, since I will need to take the limit y — 0. The relevant asymptotics

are evaluated in Appendix B, where according to Eq. (B.13), u and N are related

N = f— (%)3«3/2) + (%)2}1 (5’;52) Lo, (231)
M) = S Lkt 1), (2.32)

The coefficients C3(k + 1) are tabulated in Table. B.1. Inverting the series, and
replacing N, with N — Ny gives

S 1 Cs(3)
v = 5 (am - weer ) .
M= N0%+03(1)—%<N—% (3/2)), (2.34)
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from which the free energy is

BF(N,Ny) = — /dNowu) (2.35)
- ﬁF(NH_20;(2)M2+6(22E2;)2M3+”' (2.36)
= BE(N) + g(M), (2.37)

where F(N) is an extensive function which is independent of Ny, and g(M) is defined
by Egs. (2.36,2.37). If n = N/V = ((3/2)/A3, then M depends on L only through
the variable NgA\?/L?, implying that P(Ny) is of the form
)2

P(No) = 75 (NoA*/L?), (2.38)
where the scaling function v is found by exponentiating (2.35). For any other value
of the density, M has additional L dependence, and P(Ny) does not scale like (2.38),
implying that the scaling holds only at 7.. In Fig. 2.5 I plot P(Ny) at the critical
point. The Gaussian approximation, where only the term proportional to M? is kept,

is also plotted, and agrees quite well with the full result.

L2
A2

0.3

P(No)

0.25
0.2
0.15
0.1

0. 05,

1 2 3 4 5 & 7 M@
Figure 2.5: Probability distribution P(Ny) for the number of condensed particles at
the critical temperature in a non-interacting Bose gas within the canonical ensemble.

Dashed line is a Gaussian approximation. At the critical point, P has the scaling
form (2.38).
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2.3 Perturbative calculation of AT.

In this section I use first order perturbation theory to calculate the critical temper-
ature of a weakly interacting Bose gas. In Section 2.3.1 I present the structure of
perturbation theory, demonstrating that due to infrared divergences it breaks down
in the thermodynamic limit. In Section 2.3.2 T use the techniques of Section 2.2.2 to
circumvent these difficulties and calculate the transition temperature.

Here I work in the canonical ensemble. Within the grand canonical ensemble, first
order perturbation theory changes the energy of each momentum state by the same
amount. This shift can therefore be absorbed into the chemical potential, leaving the
transition temperature unchanged. The first effects start at higher order; exploring
how higher order perturbation theory in conjunction with finite size scaling can be
used to calculate the shift of T, in the grand canonical ensemble is beyond the scope
of this thesis.

2.3.1 Perturbation theory

A cloud of bosons that interact through a short range potential is described by a

Hamiltonian o
H = Z bTb +H1nta (239)
where o 12
Tha,
Hip = = > " bibiby—kbpk, (2.40)
pkq

and as is the scattering length, b0, is the annihilation operator for particles with
momentum ¢, m is the particle mass, and V = L3 is the volume of the system.

As in Section 2.2.2, the function of interest is the probability distribution for the
number of condensed atoms. P(Ny) oc e #F VM) - Expanding F(N, Np) to first order
in the interaction,

F(N, Ny) = Fo(N, No) + (Hint) N,No» (2.41)

where the expectation value is in the free ensemble, and Fy = F(a = 0) is the free
energy of the non-interacting system.
It is straightforward to calculate (Hi,) using the approximation of Section 2.2.2.

The expectation value involves the sum

D (Obb, by k) = 2N =D (N, (N, + 1)), (2.42)

pak p
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where N, = b;bp. Using the assumption that for a fixed Ny the non-condensed

particles are grand-canonically distributed,

> (NN, + 1)) = No(No + 1) + g]:e". (2.43)

p

At T,, each of these terms scale as (L/\)%. The first order correction to F(N, Ny)
therefore scales as
AF(N,Ny) ~ kT a,L/\* = kT, (2.44)

which defines 1. Higher order terms in the expansion of the free energy involve addi-
tional powers of 3Hi,,. Successive terms are of relative size ((8Hin)™)/((8Hin )™ 1) ~
7. Thus the perturbation expansion is valid only for sufficiently small n. Since 7 in-

volves the product ags X L, the limits a; — 0 and L — oo are not interchangeable.

2.3.2 Calculation of AT

Here I calculate AT, the interaction induced change in T,. My strategy is to find the
temperature at which the first order expression (2.41) has the scaling form (2.27).
This temperature should be close to the transition temperature of the ideal gas T; C(O),
so [ write, T' = 79+ AT, and expand to first order in AT. The resulting expression
is

BF(N,Ny, T) = BF(TY)+ AT % + AF(TY), (2.45)

where for clarity I have omitted the arguments N and Ny on the right hand side. The
first order correction AF is given in Eq. (2.41). If one substitutes Eq. (2.36) for Fp,

this free energy can be expressed as

) AT X
BF(N,No,T) = BFy+ g(My) — TﬁNOQ (Mo) (2.46)
3ATL , ori2ay [,
+§7xC(3/2)9 (Mo) — VT (No + QkZ#)Nk(Nk + 1)) ;

where the argument My = Ny(A?/L?) + C5(1) is the scaled condensate number mea-
sured from the peak of the distribution. The first two terms are the free energy of
the non-interacting gas at TC(O), while the remaining terms give the first order correc-
tions in AT and a,. These corrections are only small if n = a,L/\?> < 1. The sum
> k20 Ne(Ni + 1) can be identified with ONex/9(Bpo), and expressed as a series in
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BuoL?/A? via Eq. (2.31). Equation (2.33) can be used to eliminate u, yielding,

F) = R - S22 N (1) (2.47)
+§ {34(2/2) ATT (031(2)M0 + QSzgzMg I )
_27:;7;2; (03(1)2 +205(2) — 2 (Og(l) + gjg’;) M,
gy, ]

Scaling of the form in Eq. (2.27) holds if and only if the factor multiplied by L/
is independent of M,. Eliminating the coefficient of the first power of M, enforces

scaling near the peak of P(Np), in which case

AT 8mwha,
= = _m(03<1)03(2>+03(3>> (2.48)
~ 1.6asn1/3. (2.49)

The coefficient 1.6 should be compared with the numerical value 2.3 calculated by
Holzmann and Krauth [37]. The discrepancy lies within the accuracy expected of my
approximations. The important point to note is that the coefficient is positive and of
order unity:.

The neglect of terms of higher order in a; during the calculation is based on the
assumption that they do not change the structure of the scaling function. (Note that
recent calculations of ¢? theory on a lattice [39, 40] may indicate that this assumption
is not valid.) A more involved study, where these higher order terms are explicitly
calculated would help verify whether perturbation theory is valid within finite size

scaling.

2.3.3 Connection with other approaches

The calculation of the phase transition temperature in Section 2.3.2 was motivated
by a perturbative calculation performed by Wilkens, Illuminati, and Krédmer [38].
Unlike my calculation, these authors did not use finite size scaling to extrapolate
to the thermodynamic limit, and derived an incorrect result; namely that the tran-
sition temperature decreases with interaction strength. This result contradicts not
only Eq. (2.49), but also the results of [32, 33]. It is instructive to reproduce their
calculation and see where their method breaks down.

Wilkens et al. found T, by looking for the temperature, T,, at which the distri-
bution function P(Ny) becomes flat at Ny = 0. As seen by Fig. 2.5 in an ideal gas at
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T., P(Ny) has a positive slope at Ny = 0, and consequently T, > T.. These authors
neglect the difference T, — T, noting that it vanishes in the thermodynamic limit.
For the rest of this section, I will likewise ignore this difference.

In terms of F(N, Ny), Wilkens et al.’s criterion for T, gives an implicit equation

for the critical temperature of the interacting system Tc(a),

aF(N> NO)

= 0. 2.50
ONo | Ny=o,r=1® (2:30)

As in Fermi liquid theory, 0F/ONy is the energy of a k = 0 quasiparticle measured
from the chemical potential [41], and can therefore be expressed as

08—]5; =Xk=0,w=0)—p, (2.51)
where X(k, w) is the self-energy at momentum & and energy w (cf. Appendix C). Thus
this criterion for the critical temperature is essentially that used by Baym et al. [33] in
the grand canonical ensemble. An important difference between the two approaches
is that in the present calculation only quantities at Ny = 0 are involved. As seen
in Section 2.2.2, the fluctuations in Ny are very large at the critical temperature,
(NZ) — (Ng)? ~ N*3 [42]. The criterion (2.50) yields a qualitatively different shift in
the transition temperature if the derivative is evaluated at the expectation value of
Ny rather than at Ny = 0.

I now expand the criterion (2.50) for T, in powers of a, to calculate perturbatively
the transition temperature, Tc(a), of the interacting system. Since 0F /0N, is evaluated
at T'= Tc(a), we must consider not only the explicit variation of F' with a, but also the
implicit contribution due to the dependence of T' on a. It is convenient to decompose
the free energy as F(a) = Fy + AF(a), where Fy is the free energy of the non-
interacting gas and AF'(a) is the correction due to interactions. In the free system,
the condensate only contributes to the free energy by reducing the occupation of other

modes, i.e.,

OFy(N,No)  OFy(N, No)
ONy ON
which defines the free chemical potential yg, a function of N, Ny and T'. By construc-

= — 1o, (2.52)

tion, when Ny = 0 this chemical potential vanishes at the transition temperature of
the non-interacting gas, TC(O), and to first order in the interaction,
OF
—2 = —po(No=0,T = T'9) (2.53)
INo | Ny—o. =1

_ar, A +O(a?). (2.54)

C
OT' | Ny—o.7=1
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The derivative is taken at fixed N and Ny, and AT, = 7' — T is the shift in the
transition temperature for scattering length a. Thus, to first order in a, the left hand
side of Eq. (2.50) becomes O(AF)/ONy — AT, Ouy /0T, evaluated at T = T and
Ny = 0. Solving for AT, we have

(O(AF)/ON,)
(Opo/0T) No=0,7=T" .

Aside from the use of continuous derivatives in place of Wilkens et al.’s discrete

AT, = (2.55)

derivatives, this is the result of [38]. Correctly evaluating these functions for a finite
sized system is challenging. I estimate their magnitude by using the approximations
of Section 2.2.2; i.e. replacing the canonical expectation values in Eq. (2.42) by the
grand canonical result (Ni(Ny + 1)) = 2(Nk)((Ng) + 1), and approximately write
(Ny) =~ (efles=ro) — 1)~1. This assumption provides a simple relationship between

N = No+ > (Ng) and p19, and yields an expression,

O(AF) IAF) (8(AF)) ( Opo ) (2.56)

ONy  ON. Dtio ONex

_ (8(5?)) (88/;3)%( (5\2{)”0 | (2.57)

Since all quantities are evaluated in the free ensemble, the derivatives are straightfor-

wardly evaluated, leading to

AT Sthia
Cn— N3 2.58
T. 3SmNV kT ;ﬁf k) (2.58)

where (N) is evaluated at pg = 0. The sum is infrared divergent, scaling as V2,
and yielding a finite temperature shift proportional to —an'/?, where n = N/V. The
constant of proportionality is of the same order of magnitude as the one calculated in
[38] using a sophisticated series of asymptotic expansions; its exact numerical value
is unimportant here. The key observation is that contrary to the expected behavior,
the temperature shift predicted by this argument is negative.

This negative temperature shift depends crucially upon the constraint Ny = 0.
At finite Ny, the numerator of Eq. (2.55) has an additional contribution due to the
derivative of the first term of Eq. (2.43). This contribution has the opposite sign,
and dominates when N, ~ N?/3, yielding a positive temperature shift. As already

emphasized, at the critical temperature, the expectation value of Ny is of order N2/3.
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2.4 AT in a harmonic trap

In free space, interactions change T, by reducing density fluctuations, encouraging
occupation of the low £ modes. In a harmonic trap, interactions not only reduce dy-
namical density fluctuations, but also change the shape of the cloud, making it flatter
and more homogeneous. This flatter density profile implies that at a given tempera-
ture more particles must be added to reach the same central density. Condensation
occurs when the central density n(0) equals ¢(3/2)/A3. Thus at fixed particle num-
ber the transition temperature of a harmonically trapped gas is reduced by repulsive
interactions.

Following Giorgini et al. [43], one can estimate this temperature shift via a

Hartree-Fock approximation to the density,

d3p 1
n(r) = / (27)3 <66(5p+V(r)+2gn(r)—u) — 1) ’ (2.59)

where g = 4nh%a,/m parameterizes the interactions, €, = p?/2m is the free parti-

cle dispersion, and V(r) = mQ?r?/2 is the trapping potential. At T, the chemical
potential equals 2gn(0), so that modes at the center of the trap start becoming macro-

scopically occupied. In the absence of interactions, the density is

1

n(r) = ﬁgg/g(e_ﬁv(r)). (2.60)
The first order shift is
2
An(r) = Z(C(3/2) — gupale ™)), (2.61)
Integrating over all space gives the shift in the number of particles at T,
29¢(3/2)¢(2)
_ 3 _ _
AN = /d rAn(r) = N (BRQ)? (1-25), (2.62)
where ) )
S = RO Jzk TR TR 0.281. (2.63)

Since N oc T3, the shift in the transition temperature at fixed N is

AT 1AN  NYa, (4¢(3/2)¢(2) B
T 3N d <3\/2wc(3)7/6)( %) (264
asN'1/6
= —1.33 Sd : (2.65)

where d = /h/mS) is the characteristic size of the trap. The slow N dependence is

a consequence of the slow dependence of the shape of the interacting cloud on the
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number of particles. In 1996, the experimental group at JILA attempted to measure
this shift [34]. Using 40000 rubidium atoms (a, = 5nm) in a trap with Q = 1200s™!,
their trap had a characteristic trap size of d = 560nm, for which equation (2.65)
predicts a 5% shift.

With such a small number of particles one finds a comparable shift from corrections
to the semiclassical approximation used in Eq. (2.13a). These corrections are easily

calculated by writing

J

F= TZZ]—,(JEJ-)?’, (2.66)

J

where
Fpo= ) e donon (2.67)
n=0
ey
BRY]

~ 5he) (1+08RQY/24--+). (2.69)

Keeping the first term gives Eq. (2.13a), while keeping the first two terms gives,

f:T<mg4(z)+gmg3(z)+~~). (2.70)

Calculating the number of particles shows that the critical temperature is shifted by

AT )

T = TSNP (2.71)

For the Ensher experiment [34] this is a 2% shift. The experimental data is shown in
Fig. 2.6. The solid and dashed lines are the ideal gas predictions with and without
the finite size correction (2.71). The difference between the non-interacting theory
(2.71) and experiment is consistent with interactions (2.65). Recently, Arnold and

Tomasik [44] calculated the shift in the transition temperature to second order in as.
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Figure 2.6: Total number N (inset) and ground-state fraction Ny/N as a func-
tion of scaled temperature T/Ty. The presence of fewer particles at lower temper-
atures is a consequence of evaporative cooling. The scale temperature To(N) =
hQ/kp(N/C(3))'/3 is the predicted critical temperature, in the thermodynamic limit,
for an ideal gas in a harmonic potential [cf. Eq. (2.15)]. The solid (dotted) line
shows the infinite (finite) N theory curves. At the transition, the cloud consists
of 40 000 Rb atoms at 280 nK. The dashed line is a least squares fit to the form
Nyg/N =1 — (T/T.)® which gives T. = 0.94(5)T,. Each point represents the average
of three separate images. Figure reprinted with permission from [34]. Copyright 1997
American Association for the Advancement of Science.
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Chapter 3

Fragmentation

3.1 Introduction

In the standard paradigm of Bose-Einstein condensation a single particle mode is
macroscopically occupied [45, 46]. Here I address Boson systems where more than
one such mode is macroscopically occupied. These multiply condensed, or fragmented,
systems are rather novel and there is great interest in experimentally producing one of

these states. In this Chapter I explain the origin and consequences of fragmentation.

By definition, fragmentation occurs when two or more single-particle modes are
macroscopically occupied with no coherence between the separate condensates. Here
[ am interested in fragmentation in an equilibrium setting. Distinct issues are raised
by non-equilibrium fragmented systems where the bosons are carefully manipulated
to produce the desired state. These issues go beyond the scope of this thesis and will
be discussed in future work. As a simple example of creating a non-equilibrium con-
densate, one could condense atomic clouds in two separate traps, trivially producing
two condensates with no phase coherence between them.

In a weakly interacting setting, equilibrium fragmentation requires that the im-
portant modes are nearly degenerate, for otherwise a condensate would simply form
in the lowest energy modes. Interactions soften this degeneracy requirement, as in-
teraction energy may be saved by occupying the higher energy state. (Furthermore,
for sufficiently strong interactions this single particle picture breaks down.) This re-
liance on degeneracies makes fragmentation extremely delicate, as an arbitrarily small
perturbation will lift the degeneracy.

Degeneracies are often related to symmetries of the Hamiltonian. For example,

in a spherically symmetric potential the eigenfunctions, labeled by quantum numbers
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n,{, m, are degenerate if they share the same n and /. An arbitrarily small symme-
try breaking perturbation will lift these degeneracies and destroy the possibility of
equilibrium fragmentation. It is important to note that if one destroys a fragmented
state by adding a symmetry breaking perturbation, then the singly-condensed state
which is formed will break the symmetry. These observations can be summed up by
saying that fragmentation occurs in the symmetry unbroken state of a system with a
spontaneously broken symmetry.

Although I focus on atomic gases, fragmentation can occur in more general meso-
scopic superfluids and superconductors. Fragmentation is unlikely to be observed
in macroscopic systems where stray couplings inevitably lead to a singly condensed
state. For example, early studies of fragmentation [47, 48, 49] focussed on bulk ‘He
and found that fragmentation never occurs. Alkali gases, with their small number of
particles (103 to 107), and highly controllable environments make the ideal setting for
experimental studies fragmentation.

In this Chapter I develop a coherent framework for understanding fragmented
systems, and in the context of alkali gases discuss the detection and creation of such
states. To extract the generic features of fragmentation I give a detailed discussion
of the properties of a simple two level model. I then apply these concepts to present
unified descriptions of a series of other physically relevant models. Much of the work
presented in this Chapter was performed in collaboration with Gordon Baym, Jason
Ho, and Masahito Ueda, and will be submitted for publication [50].

3.1.1 Bose-Einstein condensation and fragmentation

Bose-Einstein condensation is characterized in terms of the single particle density ma-

trix pr(r,r’) = W) Y(r)) =3, nu@i(r') ¢, (r), where n, and ¢,(r) are respectively
the eigenvalues and eigenfunctions of this matrix, and 1 (r) is the annihilation operator

|2_

for a particle at position r. The eigenfunctions are normalized by [d®r |¢(r)|? = 1,
and the eigenvalues sum to the number of particles ) n, = N. Physically, each
eigenfunction ¢, (r) is a single-particle mode occupied by n, particles. In terms of the
many-body wave function ¢(ry,...,r,), where r; represents the position of the i'th
particle, the single particle density matrix is found by tracing over all but one of the

particles,
pr(r,r') = /drg cedrp 0 (rrey ) ( ey ). (3.1)

In a non-condensed state, each of the eigenvalues n, are of order unity. In a singly

condensed state, one eigenvalue ng is of order N, while in a fragmented state, several
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eigenvalues are of order N. Since these characterizations involve large N asymptotics,
they are only precisely defined in the limit N — oo. Furthermore, some systems do
not fit neatly into this framework, for example, a one dimensional gas of hard core
bosons has a density matrix which is diagonal in momentum space, and has a power
law distribution of occupation numbers: n; ~ (n/k)"/? as k — 0, where n = N/L
is the linear density [51]. In a finite size system the lowest accessible £ modes have
k ~ 1/L, implying that these modes have occupation of order N'/2, which lies between
the values found in condensed and non-condensed systems.

Although throughout this Chapter I only consider the above definition of Bose-
Einstein condensation, it is useful to connect this description to the idea of spon-
taneously broken gauge symmetry, as often used in condensed matter physics [52].
In this latter formalism the field operator is coupled to a fictitious field, n(r), via
a Hamiltonian H, = [ &Ern(r)y*(r) + n*(r)(r)]. If () = lim, (), # 0, the
system is said to be condensed, with order parameter (¢). If in the absence of 7
the single particle density matrix has a single large eigenvalue ng with eigenfunc-
tion ¢g, this procedure yields () = \/no¢o. If, instead, the single particle density
matrix has m large eigenvalues, \q,...,\,,, eigenfunctions ¢, ..., ¢,,, then the re-
sult is slightly different. The coupling field can be written in terms of the modes
n= (37" Inile?¢;), with phases ;. In the limit where each of the 7; — 0, one should
find () = 37" \/nie%i¢;, which is a linear combination of all the modes in which the
relative phases between the various condensates are set by the phases in 7. When
the modes ¢, ..., ¢,, have disparate symmetries, choosing the phases ¢; breaks those
symmetries. For example, if one of these states is an s wave state and another a p
wave state, the combination breaks rotational symmetry.

The n construction produces a single condensate because the phases between all
of the states are specified. If these phases were averaged over, the resulting state
would be fragmented. This will be illustrated later.

A concept closely related to fragmentation is the notion of a quasicondensate,
where the correlation function (7 (r)y(r')) falls off as a power law as |r — 1’| becomes
large. Such quasicondensation occurs in lower dimensions [53, 54] or when a Bose gas
is rapidly cooled below the BEC temperature [55]. In Section 3.5 I give an example
of a finite temperature vortex lattice which also has this quasicondensate structure,
where thermal fluctuation of vortex lines destroy long range ordering of the phase. In
a quasicondensate one generally has a power law distribution of occupation numbers

ng.
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3.1.2 An illustrative example

To illustrate the nature of fragmentation I review a simple model, proposed by
Nozieres [6], consisting of N bosons which can be in one of two single particle modes.
Depending upon the couplings between the modes, the ground state can be frag-
mented or singly condensed. This model generically describes systems that can frag-
ment into two condensates. Nozieres model is readily generalized to systems with
more condensed modes.

This model is most easily described in second quantization where the operators
a and b annihilate bosons in the two modes. As a concrete example to motivate the

model, suppose, as in Fig. 3.1a, that the two modes are momentum eigenstates e’*”"

—i7 and that the particles interact via a short range interaction. In the two

and e
mode approximation, the field operator is ¥(r) = (ae™" + be=*7)/+/V. Assuming

local interactions of strength ¢, this system is described by a Hamiltonian

H = (gV)2) [Erotitvy 52
= (g/2)N(N = 1) + ga'b'ba.

As defined, g has dimensions of energy and scales as the inverse of the system vol-
ume. Translational invariance implies that momentum is conserved, and therefore the
occupation numbers n, = (a'a) and n, = (b'b) are constants of motion. Attractive
interactions encourage particles to clump, giving the gas a tendency to break transla-
tional invariance. As I demonstrate below, this clumping implies that the symmetry
unbroken state is fragmented. Adding a local impurity that breaks translational in-
variance adds a term —t(a'b + b'a) to the Hamiltonian, and will result in a singly
condensed ground state.

A second concrete example of the two state model is a “Josephson junction”
formed by a gas of bosons in a double well potential (see Fig. 3.1). If only a single

mode in each of the two wells is occupied, the Hamiltonian is

H = —t(a'b+b'a) + (g/2)(a'a’aa + b'bbb) (3.3)
= (9s/2)N(N — 1) — t(a'b + bla) — g;a'b'ba,

where a and b annihilate bosons in the individual wells, and where ¢ parameterize the
tunneling and ¢; the interactions. For a very large barrier ¢ vanishes, and by iden-
tifying g; with —g from (3.2), one sees that aside from an inconsequential constant,
Eq. (3.3) with ¢ = 0 is the same as Eq. (3.2). For ¢t = 0 and repulsive interactions I

will show that it is energetically favorable to incoherently occupy each of these two
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Figure 3.1: Schematic picture of systems which can be truncated to a two state
model with a fragmented ground state. In a) I model an attractive gas in free space
by considering two momentum states ¢*” and e~*7. In b) I model particles in a
double-well potential by considering the lowest energy modes in the left and right
wells.

modes. The tunneling is analogous to a local impurity in the last model, and for ¢ # 0
a singly-condensed state is favored. The immediate discussion focuses on t = 0.

The two level model has qualitatively different behavior depending on whether
g > 0or g <0 (equivalently, g; < 0 or g; > 0). When g > 0 the ground state of N
particles is singly condensed, with all of the particles in the a state or in the b state.

For g < 0 the ground state is
Ing = N/2,n, = N/2) = (a")N2(6)N?|vac), (3.4)
where |vac) is the vacuum containing no particles, leading to a single particle density
f b N/2 0
(ata) {att) \ _ [ N/ .
(b'a) (b'b) 0 NJ/2

which clearly has two large eigenvalues, and is by definition fragmented.

matrix,

The state (3.4) is a condensate of pairs, (a'b)"/2|vac), and has off-diagonal order
in the 2-particle density matrix, but not in the 1-particle density matrix. As discussed
by Yang [56], and later by Kohn and Sherrington [57], order in the n-particle density
matrix implies order in the (n + 1)-particle density matrix, but the converse is false.
When the two states involved are momentum eigenstates, the implications of this
result are particularly transparent. The pair created by the operator a'b! has a wave-
function ¥ (ry,ry) o< cosk(ry — ry), in which the two particles are bunched up, but
their center of mass is spread uniformly throughout space.

Further insight into this fragmented ground state is gained by studying Eq. (3.2)

within mean field theory. For a Bose gas, mean field theory is conveniently imple-
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mented as a variational method using singly condensed wavefunctions; here the most
general singly-condensed wavefunction takes the form |a, 8) = (aa’ + 307N |vac).
For g < 0 the energy is minimized by setting |a|*> = |8|> = 1/2, with the phases
0o = Arg(a) and ¢g = Arg(a) completely arbitrary, resulting in a huge degeneracy.
Again considering the case where a and b correspond to momentum eigenstates,
each of the states with |a|?> = |3]? = 1/2 has a density (T(7)y(r)) = (IN/2V) cos?(k -
7+ (o — ¢p)/2) which is inhomogeneous. Averaging over the position of the density

peak restores the ground state,
/dgﬁ(cﬁe_i‘z’/2 +be/2)N vac) o (afbh)N?|vac). (3.6)

Generically one finds that fragmented ground states are expressible through averaging
over a family of degenerate singly-condensed states.

As already emphasized, adding a symmetry breaking term to the Hamiltonian will
favor single condensation over fragmentation. In fact, only an infinitesimal pertur-
bation is needed to break the symmetry, making this an example of a spontaneously
broken symmetry. One understands the strong susceptibility to the perturbation as
due to the continuous degeneracy of the states with different ¢.

In this simple two level model one can explicitly calculate the crossover between
singly condensed and fragmented ground states when a symmetry breaking pertur-
bation is added. The mathematical details are discussed in Section 3.7.1, here I
just review the major results and sketch the crossover. This crossover is typically
discussed in the context of a Josephson junction, Eq. (3.3), where three regimes are
identified [16]. For t < g;/N one is in the Fock regime, where tunneling rarely occurs,
and the ground state is fragmented. For g;/N <« t < Ng; one is in the Josephson
regime, where tunneling occurs at a rate governed by the Josephson plasma frequency
w? = 2tg;N, and the ground state is singly condensed with sub-Poissonian fluctua-
tions in the number of particles in each well. For Ng; < t one is in the Rabi regime,
where the system behaves as a collection of non-interacting particles undergoing Rabi
oscillations between the two wells, and the ground state is singly condensed with
Poissonian fluctuations in the number of particles in each well.

The key observation is that a tunneling of strength ¢ ~ ¢;/N is large enough
to break the relative phase symmetry between wells. Note that a crude energet-
ics argument of comparing the mean-field states |a, 3) with the fragmented state
(atb')V/2|vac), incorrectly predicts a crossover at much stronger tunneling, t ~ g;.

I conclude this Section with a few remarks about experimental realizations of this

model. First, as presented in Eq. (3.2), Nozieres’ model can be applied to a uniform
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Bose gas. Although it is a crude model and cannot be used to make quantitative pre-
dictions, it provides a qualitative picture which does stand up to more sophisticated
analysis. Namely, the ground state of an attractive gas is localized, and averaging
over all possible positions for the localized gas results in a fragmented state [59].
When applied to spatially separated modes, as in Eq. (3.3), this model can make
quantitative predictions. By theoretically studying clouds of atoms in double-well
traps, Zapata, Sols and Leggett [58] found that the parameters g and ¢ should scale

as

g o N7%5(a,/d)* hw (3.7a)

B B exp(—Sp)

t o« N~*3(ay/d) 2/3hwm, (3.7b)
where ay is the scattering length, w is the frequency of each of the traps, d = \/m,
and Sy is the classical action for the path joining the two wells. Within a WKB
approximation, and assuming a quartic barrier V(r) = V,(1 — (r/r¢)?)? of height Vj
and width 79 = mw?/8V}, the action is Sy o< (Vo — p)/hw, where p is the chemical
potential. Thus ¢ is exponentially sensitive to the barrier height, and experimentalists
should be able to tune from the singly condensed regime ¢ > g/N to the fragmented
regime t < g/N.

3.2 Discussion and generalization

In this Section I extract the general features of the two level model previously in-
troduced. These features are generic, as all systems with fragmented ground states
can be mapped onto models similar to (3.2). In Section 3.3 I present a large num-
ber of systems with fragmented ground states and explicitly demonstrate the wide

applicability of this analysis.

3.2.1 Spontaneous symmetry breaking

As already emphasized, in addition to the spontaneously broken global gauge symme-
try which singly condensed systems possess, the Hamiltonians (3.2) and (3.3), have
an additional broken symmetry corresponding to the relative phase of the two states.
This is a generic feature of fragmentation, and this broken symmetry can take on
many forms. In Section 3.3, I present models where fragmentation is associated with

translational, rotational, and parity symmetries. These models also share the feature
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that the fragmented ground state can be recovered from symmetry broken states by

averaging over all values of the broken symmetry [cf. Eq. (3.6)].

3.2.2 Measurement

Here I ask the question “Can fragmented states be distinguished from singly con-
densed ones?”. The answer is “yes”, but in many cases, such an investigation is
difficult. Our discussion focuses on the two level system, but our conclusions are

more general.

Measuring the Broken Symmetry

In the two level system, the definitive difference between a condensed and a frag-
mented state is that in the fragmented state the expectation value (a'b) vanishes,
while in the singly condensed state (afb) = (IN/2)e?, for some phase angle ¢ (for the
choice of tunneling given in equation (3.3) this phase is ¢ = 0). That is, the relative
phase symmetry is broken in the singly condensed state. Clearly one can distinguish
the fragmented and singly condensed states by measuring (a'b).

An impediment to detecting this broken symmetry is that (a'b) can not be mea-
sured by making successive single particle measurements on a given state. As shown
by Javanainen and Yoo [60] and by Castin and Dalibard [61], sequential single particle
measurements project the system into a singly condensed state (this result is anal-
ogous to how measuring the momentum of a particle projects it into a momentum
eigenstate). Consequently, in order to measure (a'b), multiple copies of the quantum
state must be created and a single particle measurement must be made on each of
them.

For concreteness, consider the MIT interference experiment [23] described on page
12 of the Introduction. In this experiment two spatially separated clouds (modes a

and b), are allowed to expand towards each other, overlapping in some region. In

the overlap region, the two modes are momentum eigenstates, e** and e~*? and
the density (f(r)(r)) is proportional to (a'a) + (b'b) + (aTb)e=** + (bla)e?*. By
measuring the Fourier transform of the density one can therefore measure (a'b). In
these experiments photographs were taken of the overlapping clouds, and beautiful
interference fringes were seen (Fig. 1.7). Counter-intuitively, these pictures do not
imply that (ab) is non-zero since the photography process involves a sequence of
single particle measurements on a single realization of the state. To measure (a'b)

one would need to repeat the experiment on multiple copies of the state, averaging
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over the density pattern seen. If the initial state was fragmented, each run of the
experiment would feature a different position for the density fringes. Averaging over
multiple runs would result in a featureless density pattern. This phenomenon is

schematically depicted in Fig. 3.2.

2) % Buvel 20

Figure 3.2: Schematic picture of interference pattern formed when the fragmented
state (3.4) is imaged. Figures a and b, represent individual runs of the experiment,
each dot represents the position of a single atom. Interference fringes are clearly
visible, though the phase of the interference pattern shifts between runs. Figure c
illustrates the pattern formed when several individual runs of the experiment are
superimposed, and a uniform distribution of particles is observed.

The presence of fringes in a single run of the experiment can be understood without
relying on measurement theory. The central observation is that although the expec-
tation value of the density is uniform in the fragmented state, the density-density
correlation function (p(r)p(r’)) is modulated at wave-vector k. This modulation of
the density-density correlation function means that if a particle is detected at posi-
tion r, one is more likely to find another particle at a position r + 27n/k, for any
integer n. Consequently, when particles are sequentially detected (i.e. the cloud is
photographed) fringes are seen. The position of the fringes will be random from run
to run.

The requirement of averaging over several runs of an experiment brings up a sec-
ond caveat. Suppose one is in the regime where stray fields break the symmetry
and the ground state is condensed. If these fields are systemic, and do not change
from run to run, then one will find that the ensemble average (a'b) is non-zero and
correctly reflects the singly condensed nature of the state. Conversely, if the fields
fluctuate, then the ensemble average (a'b) will vanish, as if the system had a frag-

mented condensate. Generalizing this observation, one expects that a fragmented
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state is indistinguishable from an appropriate ensemble of singly condensed states.
This statement can be made mathematically precise: in Section 3.7.2 I prove that up
to terms of order n/(NN — n), the n-particle reduced density matrix of an N particle
system, is identical for an ensemble of singly condensed states and for a fragmented
state. The only property that this proof requires is that the fragmented state can be
expressed as a sum over the symmetry-broken condensed states which make up the

ensemble.

Other Measurement strategies

Given the experimental difficulty of using the broken symmetry to distinguish frag-
mented and singly condensed states, it is useful to ask if there are any other possible
ways to distinguish these states. Omne very useful, though indirect, approach is to
infer the state of the system by its dynamics. In the Fock regime, where the ground
state is fragmented, it takes an energy ¢ to excite the system. In the Josephson
regime, where the ground state is singly condensed, an analogous excitation has en-
ergy wy = v/2tNg. Measuring the excitation energy tells you which regime you are
in.

A third possibility for detecting fragmentation is to look at the number fluctua-
tion in each of the states a and b. In the fragmented state, these fluctuations vanish.
Unfortunately, in the Josephson regime there exist condensed states with arbitrar-
ily small number fluctuations JN? ~ O(N?), making it impossible to distinguish
fragmented and singly condensed states on this basis. These “squeezed” states are

explicitly constructed in Section 3.7.1.

3.2.3 Commensurability

The arguments of Section 3.1.2 require an even number of particles. For an odd
number of particles N = 2m + 1, the ground state of Eq. (3.2) is degenerate, of the
form (cal+ Bb") (a'b)™|vac), for arbitrary o and 3. Adding an infinitesimal tunneling
of the form H; = —t(a'b+b'a), breaks this degeneracy, leading to a ground state with
o = = 1/4/2. This state has two eigenvalues of size 3N/4 4+ 1/4 and N/4 —1/4. Tt
is remarkable that a single particle tunneling between the two wells can increase the
coherence to such a great extent.

Many other models have the property that the degree of fragmentation is depen-
dent on the value of N. This result is intuitive, and is best illustrated by a model

of bosons restricted to a lattice. This model is discussed at length in Section 3.3.4.
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Suppose one has N particles on M lattice sites with very strong repulsion between
particles on the same site. If N/M is integral, the particles will be localized in the
wells, the energy cost of a density fluctuation outweighing the kinetic energy cost of
localizing the particles. With an incommensurate number of particles, there is no
energy cost for moving the excess particles around and therefore some particles will
be delocalized, reducing the extent of the fragmentation.

Similar behavior is seen in an asymmetric Josephson junction discussed in Ap-
pendix 3.7.1, where instead of changing the number of particles one changes the
asymmetry between the two wells. Consider an even number of particles. When the
wells are degenerate and the tunneling is weak the ground state is (a")¥/2(b")V/?|vac).
Gradually lowering the energy of state a relative to state b the ground state will even-
tually become (a)N/2+1(b")N/2=1|vac), where one particle has jumped from the b well
into the a well. At some intermediate value of the asymmetry these two states will
become degenerate. An infinitesimal tunneling will at that point allow a single par-
ticle to tunnel back and forth, greatly increasing the size of the largest eigenvalue of
the single particle density matrix.

Such sensitivity to the parameters of the Hamiltonian and to the exact number of

particles in the system further demonstrates the fragility of fragmented states.

3.3 Other models

To demonstrate that the physics of the two level model occurs in more general cir-
cumstances I give a list of various systems which have fragmented ground states. I

verify that all of these models have the generic characteristics discussed in Section 3.2.

3.3.1 Spin 1

After the Josephson Junction, the simplest Bose-gas model with a fragmented ground
state is a gas of spin-1 atoms. Such a gas is realized in experiments at MIT [62],
and has received a great deal of theoretical attention. Notably, theoretical studies
of the spin 1 system have demonstrated that the ground state of the system with
antiferromagnetic interactions is fragmented [7, 63, 64]. As demonstrated here, this
fragmentation is a associated with a spontaneously broken rotational symmetry.
Looking only at the spin degree of freedom, the Hamiltonian for a gas of atoms,
each with spin s; is
H=JS-8S, (3.8)

49



where S = ) . s; is the total spin of the system. For J < 0 the interaction is ferro-
magnetic and the ground state is singly condensed. I will concentrate on antiferro-
magnetic interactions, J > 0. The exact ground state of this Hamiltonian is a singlet
(S = 0). For systems with an even number of particles, the simplest way to create
a singlet is to form a condensate of singlet pairs. To this end, I introduce operators
{a;,i = —1,0,1}, which annihilate particles with spin projection i along the z axis.
From these operators one produces Cartesian creation operators {A,,v = x,y, z} de-
fined by ax; = (A, F iAy)/\/§ and a, = A.. I use the symbol A for the vector with
components A,. The operator which annihilates a singlet pair is A - A = a2 —2a;a_;.

One constructs a singlet state by placing pairs of particles into singlet states,

S=0)= (AT ANV ac). (3.9)
(N +1)!
For spin 1 particles, this state is the unique S = 0 state (uniqueness is demonstrated
in [64] via a state counting argument). On symmetry grounds, the single particle
density matrix {(AlA;);4,j = x,y, 2} is N/3 times the identity matrix, and has 3
large eigenvalues. This ground state is fragmented. As the particles are all paired,
this state has order in the two particle density matrix.

For comparison, consider the lowest energy mean field state of the form [65]

V) = (Z gja;) lvac), (3.10)

j=—1

which has a single condensate for all choices of the coefficients ;. The expecta-
tion value of the Hamiltonian in this state is (H) = JN(N — 1)(s)? + 2N J, where
(s) = (v|S|v)/N is the magnetization per particle. The states with lowest energy
are therefore those with (s) = 0. The states with this property are rotations of
lv) = al|vac) /v/NI. These rotated states are conveniently parameterized by a unit

vector i which represents the axis along which the spin and all its moments vanish,

(A - ADY
VNI

The mean field states |fi) principally differ from the singlet state |S = 0) in that

) Ivac). (3.11)

a particular direction in space is selected; i.e. they break rotational symmetry. In
analogy to Eq. (3.6), one constructs the exact ground state from these mean-field

states by averaging over the broken symmetry. Representing an element of solid
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angle by d) and integrating, one finds that the symmetry restored state, |[SR), is

|ISR) /%hﬁ), (3.12a)
(" dcost (VAT - Afcosd)N
= /_1 5 Vi |vac), (3.12b)
= (AT ADN2|vac) /(N + 1)V N, (3.12¢)

which is the singlet state. In the intermediate step I formally treated A as a c-number
vector, and 6 is the angle between this vector and .
By choosing an appropriate weight factor in Eq. (3.12a) one constructs states with

finite magnetization,

Im) /d@dcos¢Yn’;m(9, o)) (3.13a)

N—m)/2

x (al)™- (AT A1) Ivac). (3.13b)

The spherical harmonic Y,,,, = (sin ¢ e'®)™ projects out a state with total angular

momentum +/m(m + 1), and projection m.

Like the phase symmetry in the two well example, the rotational symmetry of
the spin-1 antiferromagnet can be broken by an infinitesimal field ¢. Including the

symmetry breaking field, the Hamiltonian is
H=JS-S—t(m-Af) (- A) (3.14)

where m is a unit vector which explicitly breaks rotational symmetry. In the lab-
oratory, the term proportional to ¢ will be produced by unavoidable magnetic field
gradients [7], and can also be engineered using atomic techniques. Without loss of

generality, I take m to point in the z direction. In terms of the operators a;,

H = —tagao + J[aia{alal + aT_laT_la_la_l (3.15)
—QaIa_lala_l + QaIaT_Iaoao + QaEaEala_l
+2alag(ala; + aT_la_l)].
For large enough ¢, the state with m = 0 will be macroscopically occupied. Fol-

lowing Bogoliubov [66] I replace ag and ag with the c-number ,/ng, and expand the

Hamiltonian to quadratic order in the fluctuations,

H = —tN+(t+2JN)(ala; +a'ja ;) (3.16)
+2JN(alal | + ara_y) + - - -,
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where the neglected terms are of higher order in the depletion. A Bogoliubov trans-
formation diagonalizes the Hamiltonian, and, in the limit of larger /N, the number of

excited particles is
No/N = (J/Nt)Y/2, (3.17)

Thus if ¢ > J/N, the depletion is small, and the ground state is singly condensed. If
t < J/N the standard Bogoliubov theory breaks down. In this regime perturbation
theory about the state |S = 0) converges, and the ground state is fragmented. A
modified version of the Bogoliubov approach can be used in this latter regime [67].
There has been recent interest in distinguishing the mean field state |fi) from
the singlet state |S = 0) [68]. As only the latter of these is rotationally invariant,
any experiment which is capable of measuring anisotropies (such as a series of Stern
Gerlach experiments with different axes) would suffice to distinguish these states. As
pointed out in Section 3.2.2, distinguishing the state |S = 0) from an ensemble of

mean field states |i1) with random A’s is impossible.

3.3.2 Rotating attractive cloud

There have been several recent papers investigating the eigenstate of a rotating har-
monically trapped Bose gas with infinitesimal interactions (see [5, 69] and references
therein). As a superfluid, the flow within a Bose condensate is strictly irrotational.
A condensed gas can therefore only carry angular momentum if either it contains
quantized vortices or it deforms its shape, breaking rotational invariance. The latter
occurs for attractive interactions, and results in a fragmented ground state. For weak
enough interactions, the most favorable deformation is a translation of the cloud from
the rotation axis.

Consider a cloud of atoms in a harmonic trap with weak attractive interactions.
The exact form of the interaction is unimportant and commonly either a point in-
teraction or a harmonic interaction is used (for example Wilkin et al. [5] consider
both of these, while Huang [69] gives general arguments about the equivalence of any
rotationally invariant interaction). Although unphysical, the harmonic interactions
are easier to handle, and I will consider them here.

This model consists of N bosons with positions r; and momenta p;, trapped in
a harmonic well with frequency w. These particles interact harmonically with a

frequency /k, resulting in a Hamiltonian

2 2,.2
o D; mw-r; me 2
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I take attractive interactions x > 0. Since the Hamiltonian (3.18) is harmonic, it can
be diagonalized exactly. The center of mass mode is unaffected by the interactions
and remains at frequency w. All other modes are shifted to a higher frequency ) =
Vw2 + kN. This result is seen by explicitly constructing the canonical transformation
that diagonalizes (3.18).

This transformation is described by a change from coordinates 7,79, ...7x, toO
71,72, ...TN, Via a mapping 7; = X;;r;, with X;; Xj; = d;,. The only restriction placed
on X is that Xy; = 1/v/N, which forces 7y = > r:/V/N to be proportional to the
position of the center of mass. One applies the same transformation to the momenta of
the particles, producing new momenta ;. The commutation relationships are clearly

maintained by this canonical transformation, and the transformed Hamiltonian is

% mw?i3 w2 O
H — —N N L d 1
<2mjL 2 )+Z<2m+ 2 )’ (319)

yielding, as expected, one mode with frequency w (the center of mass mode) and
N — 1 modes with frequency Q = hv/w? + kN, which is greater than the energy of
the center of mass mode. The transformation X is not unique, one (arbitrary) choice

is,

0
-3
0 0 . (3.20)

S-sl-sl-
S-sl- sl
sl =

1 1

1 1 1
The lowest energy state with LA units of angular momentum has all of the angular

%‘H

momentum carried by the center of mass co-ordinate, and in dimensionless units is

U = WJ]VVL! (zv)" exp (—Zrm). (3.21a)

(2

— J% <Z z) exp <—Zr§/2) : (3.21Db)

where the symbol z; = x; + 1y; represents the position of the particle in the z — y
plane. For L ~ N, the single particle density matrix has /L/N large eigenvalues of
size N/N/L, and is therefore fragmented.

This fragmented state can be understood in terms of singly condensed states which

break rotational invariance. A particularly simple demonstration of this connection
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involves writing

N L ot
1 . .
Sia) oon [ doe [ explac 22
(i:1z> x 27T/0 pe i exp(ae'®z;), (3.22)

for any real number «. Using this decomposition, the lowest energy state with L

units of angular momentum can be expressed as a sum of condensed states,
U /dgb Hexp(aei‘z’zi)e_rg/z. (3.23)

The integrand is a Gaussian shaped condensate displaced a distance « from the origin
along a ray which makes an angle ¢ to the x axis. This state also has momentum
« per particle in the direction perpendicular to its displacement, and therefore has
angular momentum No?. Setting oo = \/W , yields a state with angular momentum
L. A similar analysis was carried out by Pethick and Pitaevskii [70].

3.3.3 Toroidal clouds

Like the attractive condensate in a harmonic trap, an attractive condensate in a
toroidal trap will spontaneously break rotational symmetry when given sufficient an-
gular momentum. For sufficiently strong confinement an atomic cloud in a toroidal
trap of radius R can be modeled by a one dimensional Hamiltonian,
22
H= %a}az + % Z a}lazza@a& (3.24)
¢ G+lo=C3+04

The annihilation operator a, acts on a particle in the state which has ¢h units of
angular momentum. Once again g parameterizes the interactions. The characteristic
length associated with the interactions is L, = m/h%g.

Before proceeding I should caution that one dimensional systems can act in pe-
culiar ways. For instance, unlike three dimensions, where a gas with attractive in-
teractions collapses to a point, the one dimensional gas forms a stable soliton. This
behavior can be understood from energetic arguments. Consider an attractive con-
densate (g < 0) in d dimensions with a characteristic length L. The kinetic energy
per particle associated with confining the cloud is of order h?/mL?. The interactions
provide a potential energy per particle of —|g|(N/L?). For d > 2, the energy is min-
imized by making L as small as possible, while for d = 1, the minimum energy is at
finite L given by L = Ly ~ L,/N ~ 1/|g|N. My analysis will start from the extremely
dilute limit, where the soliton length scale L is larger than the system size. In such

a situation the ground state of Eq. (3.24) is uniform.
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One dimensional systems also have a density of states which is very large at low
energies, making the system particularly susceptible to both thermal and quantum
mechanical fluctuations. Consequently there is no long-range order in one dimension
[71]. Such considerations are only important in the thermodynamic limit, and are
not a concern here.

Under rotation at frequency 2 the Hamiltonian in Eq. (3.24) transforms as H —
H—QY,(h)a}as. In the absence of interactions the ground state is then (a})"|vac),
where £ is the closest integer to €/, with Qy = h*/mR?. Weak interactions will
principally mix the two lowest energy states. It is therefore reasonable to truncate
Eq. (3.24) to two levels. Without any loss of generality I will limit the discussion to
0 < Q < Qp, where these two states have / = 0 and ¢ = 1, so that

Hyg = Q)2 —Qalay (3.25)

+%( ga(T)@o@o + GICLICMCH + 4a$a1a1a0)_

Angular momentum is conserved, so within this truncated model both ny = agao

and ny; = aial are conserved, implying that the eigenstates are of the form |ng) =

(al)™(al)»="0|vac), with energies
E(ng) = gn*/2 + (gno + k% — hQ)(n — ny). (3.26)

For repulsive interactions F is concave down, and the ground state is always ng =0
or ng = n, depending on whether  is greater or less than /2. Note that for
|2 — Q/2| < 2g/h there is an energy barrier separating ny = 0 and ny = n, leading
to metastable persistent currents, the topic of Chapter 4.

For attractive interactions, E is concave up, and when |2 — Qq/2| < 2|g|/h the
ground state is fragmented. In terms of symmetry breaking, one can understand the
fragmented state as the result of the formation of a large soliton at some particular
place along the ring. Averaging over all possible locations of the soliton gives rise to
the fragmented state. As I have reduced the system to a two well model, all of the
previous discussion of two level systems is directly applicable.

A more sophisticated analysis of this model for weak interactions has been per-
formed by Ueda and Leggett [72]. Additionally, for arbitrary interactions one can
solve for the ground state of a one dimensional Bose gas with periodic boundary
conditions using the Bethe ansatz [59], and one finds that this symmetry breaking
picture remains accurate for strong interactions.

If the toroidally trapped Bosons have an internal degree of freedom, a spin texture

can play the role of rotation, producing similar results [73].
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3.3.4 Multiple wells

The obvious generalization of a two well Josephson junction is a Josephson array,
featuring multiple wells with weak tunneling between neighbors. Such a system is
realized in experiments involving atoms trapped in optical lattices [74], and is depicted
in Fig. 3.3.

t
0N

Figure 3.3: Schematic of an atomic Josephson junction array. The atoms are trapped
in a standing-wave light field, and can hop from one minima to another. The hopping
is controlled by a parameter ¢.

This system boasts a localization-delocalization transition, where for weak enough
tunneling the atoms in each well are localized. In this regime the condensate is
fragmented into M pieces, where M is the number of wells. For stronger tunneling
the system is singly condensed and superfluid. The model used to describe this system
is the boson Hubbard model,

— i : Tt
H=—-t (E '> cicj + 5 E cleieic. (3.27)
] )

The operator ¢; annihilates a particle in the i*" well, and (ij) denotes a sum over
nearest neighbors only. The parameter ¢ controls the tunneling, while U > 0 controls
the interaction strength. In the absence of tunneling the ground state simply consists
of a separate condensate in each of the M wells, (I, ¢|)™™|vac). This state has M
condensates and is fragmented. Within standard mean field theory one breaks the
phase symmetry between each pair of wells. In the absence of tunneling these phases

¢; are arbitrary, and all wavefunctions of the form

—L L clei®i Nvac
@b—m(\/ﬂgz ¢) [vac), (3.28)

are degenerate. The tunneling term locks these phases.
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An ingenious method of finding the phase boundary between localized and delo-
calized regimes was introduced by Fisher et al. [75] and recently revisited by Oosten
et al. [76]. This phase boundary also separates the fragmented and singly condensed
regimes. Fisher’s approach is based upon the observation is that in the localized
regime the interactions dominate over tunneling, and one cannot used approxima-

tions where the interactions are treated as small. In this approach, one instead
T

approximates the hopping term c;c;, expanding the field operators in this term as
¢ = ¥ + d¢;, where b = (¢;) is the superfluid order parameter, which I take to be
real. In the localized state ¢ = 0, while in the superfluid state |1)|> approximates the

density of particles. To first order in the fluctuation the kinetic term is
cle; ~ 2 + ap(deltac; + ocl) = ¥(c; + ¢f) — ¢ (3.29)
Introducing a chemical potential u the effective mean-field Hamiltonian reads

H = Z [—2td¢(ci + ) = pcle; + (U/2)clcjcici] (3.30)

+2dtp* M

where d is the number of nearest neighbors, and M is the number of sites. Note that
the different sites are decoupled. Self-consistency requires that ¢ = (¢;).

This approximate Hamiltonian can be analyzed much like the asymmetric Joseph-
son junction in Section 3.7.1. Each site ¢ decouples, and the wavefunction of the #'th
site is [f) = >, f (ch7|vac) /+/71. The coefficients f; obey a difference equation with

constraints,

(E+pj—Uj(G—1)/2)f; + 2tdiy/j+1fin (3.31a)
+ 2tdY\/jfja =0
ML =1 (3.31b)
J
= N/M (3.31c)

Zj|fj|2
Z(f;fj-l-l\/j‘l'l) = 9. (3.31d)

J

Within this approximation the single particle density matrix is
(cle;) = 0,5(N/M) + (1 = 65) ), (3.32)

which has one eigenvalue of size N/M + (M — 1)[1|?, and M — 1 eigenvalues of size
N/M — ||%. As expected, the state is singly condensed when |t)|*> ~ N/M.
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For U > 4tdN/M the tunneling is exponentially suppressed and at most two f;’s
are non-zero. Writing N/M as n + y where n is integral and 0 < y < 1, the non-zero
fi’s are f, = /T—y and f,+1 =y, yielding |[¢|> = y(1 —y)(n+1). Assuming n > 1
the largest eigenvalue of the single particle density matrix is N[y(y — 1) + O(1/M)].
Thus with even an infinitesimal tunneling, there will be a single condensate if the
number of particles is incommensurate (y # 0, 1).

For U <« 4tdN/M the difference equation, Eq. (3.31a) can be replaced by a
differential equation, and the ground state is always singly condensed. One advantage
of a multiple well system over a single Josephson junction is that the symmetry
breaking is readily detected here. This point is illustrated by considering bosons in
an optical lattice. An experimentalist can look for the symmetry breaking by turning
off the lattice and observing the density pattern formed when the clouds overlap.
In the singly condensed regime all of the wells have the same phase, so the density
pattern will be characteristic of multi-slit diffraction. That is it will be a periodic
array of very narrow spikes, the width of the spikes scaling as 1/M. The fragmented
state will also yield a periodic density pattern, but within each period there will be

no definite structure. Such behavior was seen by Anderson and Kasevich [74].

3.4 Further examples

In addition to the examples given in Section 3.3, there are a large number of Bose
systems which, within mean field theory, are found to break a symmetry. Although
the exact ground states are not known for these systems, from our general arguments

I expect that the ground states are fragmented. Here I give two such examples.

3.4.1 Phase separation

Depending upon the interaction parameters, mixtures of bosons in a trap can be mis-
cible or immiscible. The various particles could be different hyperfine states of a single
atom [77], different isotopes, or even different chemical species. Immiscible species
will phase separate, generically breaking some spatial symmetry. The ground state
here will be fragmented, and the symmetry broken states will be singly condensed.
A particular simple example of this phenomenon was discussed by Esry [78], who
considered a cigar-shaped trap containing ®Rb and 8"Rb. Atomic %Rb has an ex-
tremely large negative scattering length, implying an attractive interaction. Con-

versely the interaction between 8”Rb atoms is repulsive, as is the interspecies scatter-
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ing. Thus it is energetically favorable for the two atoms to phase separate, maximizing
the scattering between ®°Rb atoms, and minimizing the interspecies scattering.

By solving the Gross-Pitaevskii equation, Esry was able to show that for suffi-
ciently large number of 8’Rb atoms, the mean field ground state broke parity sym-
metry, with all of the 8’ Rb atoms at one end of the cigar and all of the ®Rb atoms
at the other. The true ground state involves a linear superposition of both symmetry
breaking states. More detailed discussion of this phenomena can be found in [79] and

references within.

3.4.2 Vortex structures

As observed experimentally, a rotating Bose condensate may contain vortices [10, 80].
Except in the case of a single straight vortex line, rotational invariance is broken by
the presence of these vortices, and the true ground state will be fragmented. The

fragmentation of finite temperature vortex arrays is discussed in Section 3.5

3.5 Finite temperature

Fragmentation is more prevalent at finite temperature than at zero temperature. The
basic reason is that when the temperature is larger than the tunneling energy, the
phases between different condensates are randomized by thermal fluctuations. This
notion is easily demonstrated by a non-interacting Josephson junction, governed by

the Hamiltonian
H = —t(a'b+ bla). (3.33)

This Hamiltonian is diagonal in the basis of symmetric and asymmetric states, for
which the creation operators are (af 4 b')/v/2, and (af —bf)/+/2, so the single particle
density matrix will be diagonal in this basis. At zero temperature only the symmet-
ric state is occupied, and there is a single condensate. At very large temperature
each of these states will be equally occupied so the system will be fragmented. For

intermediate temperatures, the occupation of each of these states is

SNV (N2 £ m)ethm

m=—N/2
ne — 12 - (3.34)
Zm/:—N/2 eP
N N+1 1
= 57 ( + coth(Bt(N + 1)) — 5 coth(ﬁt)) : (3.35)

The upper and lower signs are used for the symmetric and antisymmetric states.

There is a smooth crossover between a singly condensed state at T = 0, and a
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Figure 3.4: FEigenvalues of non-interacting Josephson junction at finite temperature.

The temperature is scaled by the tunneling t. At zero temperature there is one large
eigenvalue, while at high temperature both eigenvalues are of the same size.

fragmented state at T > Nt/kp. These eigenvalues are plotted in Fig. 3.4.

A qualitatively different example of how finite temperature effects fragment a
condensate is a vortex lattice. Imagine a bucket of ‘He rotating at frequency 2. The
ground state of the system will contain a triangular array of vortices with n, vortices
per unit area. At finite temperature the vortex lattice will be thermally excited,
giving rise to a decay in the phase correlations across the sample. Let ¢(r) be the
superfluid order parameter coarse grained on a scale large compared to the vortex
spacing. According to [81], for large separations |r — 7’|, the correlation function
(p*(r")ap(r")) decays as |r —r'|7", where n = 1/(372pr,A?) is proportional to the ratio
of the distance between particles to the distance between vortices. This expression is
correct as |r — 7’| becomes large. Here the particle number density is p, the thermal
wavelength is A = /27 /mk;, T and the distance between vortices is r,. This algebraic
decay of correlations in real space corresponds to an algebraic decay in momentum
space. For n < 3, the occupation of the & = 0 mode scale as Ny ~ L3>, and as as
k — 0 the k # 0 modes scale as Ny ~ k"3, Thus the number of macroscopically
occupied modes scale as L".

For a typical helium experiment, n < 1078, and the depletion caused by this effect
is negligible. Experiments on alkali gases at MIT [82] create a vortex lattice with
ry, ~ bum and a particle density p ~ 10em™3, giving a rough estimate of 7 ~ 1073,

which is also a minor correction. Experiments with smaller vortex lattices in Paris
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[10] have a similar vortex spacing 7, ~ 2um, and density p ~ 104cm™3, yielding
a comparable value for n. Although vortex lattices in current experiments are not
thermally fragmented, there does not appear to be any fundamental impediment to

making 7 larger.

3.6 Summarizing remarks

Bose condensation is a very robust phenomenon. The fragmentation of a singly con-
densate into many condensates is therefore a surprising and unexpected phenomenon.
In all cases that I have explored, the root cause of fragmentation is the presence of
a symmetry which can be broken by an infinitesimal perturbation. Consequently,

fragmentation is ubiquitous, but also very fragile and difficult to detect.

3.7 Mathematical details

3.7.1 Josephson junctions

In this Section I present an analysis of both symmetric and asymmetric Josephson
junctions. Many of these results can be found elsewhere (for example, [16, 83, 84]),

but it is useful to revisit them in a manner which is tied into the present discussion.

Symmetric junctions

Here I analyze the crossover of a symmetric Josephson Junction from a singly con-

densed to a fragmented ground state. The Hamiltonian of an ideal junction is
H = —t(a'b 4 b'a) — ga'blba, (3.36)

where a and b are annihilation operators for two spatially separated wells, t is a
tunneling matrix element, and g parameterizes the interactions. I focus on repulsive
interactions, g > 0.

As discussed by Leggett [16], the system described by Eq. (3.36), has three distinct
behaviors. For t < g/N, the Fock regime, no tunneling occurs. For g/N < t < Ng,
the Josephson regime, tunneling occurs at a rate governed by the Josephson plasma
frequency w? = 2tgN. For Ng < t, the Rabi regime, the system behaves as a
collection of non-interacting particles undergoing Rabi oscillations between the two

wells.
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I now derive this structure and investigate the single particle density matrix using

two methods. First I explicitly calculate the ground state wavefunction in the form,

where the state |ng, np) contains n, particles in well a and n;, particles in well b. The

eigenvalue equation H|f) = E|f) is a matrix equation

[g(N?/4 —m?) + E]fn. + t[(N/2—=m)(N/2+m+ 1)]Y2frs1 (3.38)
+ t[(N/24m)(N/2 —m + D] f,_1 = 0.

In both the Fock and Josephson regimes, f,, is sharply peaked at m = 0 with width

dm < N2 and this equation may be approximated as
[9(N?/4 —m®) + E] fo + [tN/2] frns1 + [EN/2] frn1 = 0. (3.39)

This assumption about the width of f,, is readily verified a posteriori. In the Fock
regime, t < g/N, perturbation theory converges, and the ground state has f,, =
dmo+O(tN/g). The single particle density matrix is fragmented with two eigenvalues
of size (N/2)(1+ O(tN/g)). In the Josephson limit, a semiclassical approximation is
valid and the discrete eigenvalue equation can be replaced by a differential equation
(E 4+ gN?/4)f(m) = —(tN/2)d2 f(m) + gm?f(m), whose ground state is f(m) o<
exp(—m?/2¢?), with &' = tN/2g. In the Josephson limit the off-diagonal matrix
element is given by (a'b) = (N/2)exp(—1/4£?), implying that up to exponentially
small corrections, the single particle density matrix has a single large eigenvalue
of size N, and the state is singly condensed. Note that the number fluctuations
{((ng — np)?) — {(ny — mp))? are sub-Poissonian, and this regime corresponds to a
squeezed state in number-phase space. Finally, in the Rabi regime, perturbation
theory about the state (af + b")V|vac)/N12V/2 converges, and once again the state is
singly condensed.

This same structure can be understood from within Bogoliubov theory, where the
field operators a and b are expressed as a mean field plus fluctuations, a = \/W +a,
b= m +b. Adding a chemical potential 1 to the Hamiltonian, and expanding to

second order in the fluctuations,

H = (g(N/2)* = (u+t)N) +/N/2(N/2 — (u+ ) (@a+a' +b+b")  (3.40)
+(gN — p)(a'a +b'b) + (gN/4)(aa + a'a’ + bb + bTbT) — t(abt + b'a).

Setting p1 = N/2 — t eliminates the linear terms, and the quadratic terms are diago-

nalized via a Bogoliubov transformation. The resulting depletion is Ny = (e—E)/2E,
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where € = 2t + gN/2, and E? = €2 — (¢gN/2)2. For t > Ng the depletion is negligible,
N4 < 1. This vanishing depletion characterizes the Rabi regime. For Ng >t > g/N
the depletion is Ny = 1/gN/32t+0O((t/gN)°), which is much greater than 1 but much
less than N, as one expects in the Josephson regime. For g/N > ¢ the depletion is of
order 1, signalling a breakdown of the Bogoliubov theory, and the system enters the

Fock regime.

Asymmetric junctions

In Section 3.7.1 I briefly describe how fragmentation appears in a double well system.
A crucial point in that example is that the two levels are degenerate. Here I extend
the model to that of an asymmetric double well, finding that as long as the energy
difference between the two states is less than the interaction energy ¢V, then the
asymmetry plays a minor role, and the system possesses the same three regimes:
Rabi, Josephson, and Fock. When the energy difference between the two states is
greater than gV, the system is always singly condensed. The Fock regime of the
asymmetric well shows additional structures as one changes the bias.

The asymmetric double-well system is described by a Hamiltonian

H = —t(a'b+b'a)+e(a’a—b'b)
+(g/2)(a’a’aa + b'b'bb). (3.41)

The wells are split by an energy 2¢ and there is a tunneling of strength ¢ between
them. I will assume repulsive interactions g > 0, and with no loss of generality take
e > 0.

For small asymmetries, € < ¢g/N, the analysis performed for the symmetric system
works without modification, and one has three regimes: Rabi, Josephson, and Fock,
their boundaries unaffected by e. Larger asymmetries are more complicated; one
has the same three regimes, but their boundaries are shifted, and the Fock regime
contains extra structure. I will first address this extra structure, and then consider
the boundaries of these regimes.

Writing the wavefunction as Eq. (3.37), the f’s obey the discrete eigenvalue equa-

tion

[g(N/2 = N?/4 —m?) = 2em + E]fn, + t[(N/2—=m)(N/2+m+ 1)]*?fni1
+ t[(N/2+m)(N/2—=m+ 1)) f.y = 0.
(3.42)
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The extreme limit of the Fock regime is when ¢ = 0. In this limit, the eigen-
states are of the form f,, = 9,,5, for any integer m, corresponding to the state
(af)N/2+m (pH)N/2= vac). When e < gN/2, the ground state has m equal to the clos-
est integer to —e/g. This state is degenerate when —e/g is half integral.

Adding a sufficiently small ¢ will only change this structure near the degeneracy
points. To find the implications of ¢ # 0, I take € = (n+1/2+ §)g, where n < N/2 is
an integer, and ¢ is a small number with |§| < 0.5. In this case the only non-zero f’s

will be f_,, and f_,_1, and in this restricted space the eigenvalue equation becomes

(E_g5 A )( fon >:0, (3.432)
A E—I—g5 f—n—l

A=1t/(N/2—-n)(N/2+n+1), (3.43Db)

where E = E + gn + gn® + gN/2 — gN?/4 + g0 + 2gnd. The ground state energy
is given by E? = (90)? + t*(N/2 — n)(N/2 +n + 1). This state has the form ¢ =
a|N/2+n,N/2—n)+[|N/2+n+1, N/2—n—1), with single-particle density matrix

elements

(a'a) = N/2+4+n+|3] (3.44a)
(a'd) = Bar/(N/2—-n)(N/2+n+1) (3.44b)
(bla) = Bar/(N/2—-n)(N/2+n+1) (3.44c¢)
(b'Y) = N/2—n—|8)% (3.44d)

The system has its greatest level of coherence when § = 0, where the coefficients a

and ( are equal and the two eigenvalues are

EV = N/2 + (1/4)VN2? + 2N + 12n% + 12n + 4. (3.45)

For large N and small n this leads to an eigenvalue of size 3N/4 and another of N/4.
It is startling that the tunneling of a single particle leads to such a large increase in
the coherence of the single particle density matrix.

The system has its lowest level of coherence when 6 = —1/2, where the coefficient

[ vanishes, and the two eigenvalues are
EV =N/2+n. (3.46)

The structure discussed here is clearly seen in Fig. 3.5 where I plot the size of the
largest eigenvalue of the single particle density matrix as a function of ¢t and e. In

this plot, N = 10 particles are used, and the energy scale is set by taking g = 1.
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Darker colors correspond to a smaller eigenvalue. This figure was constructed by
numerically diagonalizing the Hamiltonian in the 11 x 11 dimensional space of all 10
particle wavefunctions.

The boundary of the Fock regime corresponds to the breakdown of perturbation
theory in powers of t. To zeroth order in t, the ground state is f,, = pm, With
m = —e/g (the discreteness of the variables is irrelevant for an order of magnitude

estimate). To first order in ¢, f741 are non-zero; for example

fmr1 = (t/9)V/ (N/2 +m + 1)(N/2 — m). (3.47)

As long as f;11 < 1 the original calculation is consistent. Thus in order to be in the
Fock regime one needs ¢ < g/+/N2/4 — €2/g>.

Similarly, the boundary of the Rabi regime is characterized by the breakdown of
perturbation theory in powers of g. An order of magnitude estimate of this boundary
is found by comparing the interaction energy g/N with a typical excitation energy,
E = (12+€*)'/2. When these energies are comparable, one is at the boundary between

the Rabi and Josephson regime.

3.7.2 Proof of indistinguishability of an ensemble of singly

condensed states and a fragmented state

I conclude this Chapter by showing that up to terms of order n/(N —n), the n-particle
reduced density matrix of an N particle system is identical for an ensemble of singly
condensed states and for a fragmented state. The required assumption is that the
fragmented state can be expressed as a sum over the symmetry-broken condensed
states which make up the ensemble. The consequence of this result is that it is very
difficult to distinguish condensed and fragmented states.

To emphasize these consequences, consider a particularly simple fragmented state
consisting of a coherent superposition of N particles in state a, and N particles in

state b;
1

) = o

This state is a “Schrodinger Cat” state, consisting of a quantum superposition of two

((a")N + (b")) |vac). (3.48)

macroscopically distinct wavefunctions, and the single particle density matrix has two
large eigenvalues. If one takes n < NN particles out of this state, they will either all be
a atoms, or all be b atoms. So as far as any n particle measurements are concerned,
one can imagine that instead of having a highly correlated state, one has an ensemble

of singly condensed states, half of the states consist of N particles in state a, and
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Figure 3.5: Density plot of the largest eigenvalue A, of the single particle density
matrix of a system of N = 10 particles in an asymmetric double well where the
interactions are characterized by g = 1, the tunneling by ¢ and the asymmetry by
€ [see Eq. (3.41)]. Black corresponds to the minimum value A\yax = 5, while white
corresponds to the maximum value Ay, = 10. There are three distinct regimes,
the Fock regime (darker area) where ¢ is perturbative, the Rabi regime where g is
perturbative, and an intermediate Josephson regime. The boundary between the
Josephson and Rabi regime lies within the white area of the plot. The plateaus in
the Fock regime are understood by setting ¢ = 0, in which case there are a fixed
integral number of particles in each well. As one tilts the wells it becomes favorable
to increase the number of particles in the lower well. At the boundaries between the
plateaus there is a marked increase in the size of the largest eigenvalue coincident
with an avoided crossing of energy levels.
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the other half of N particles in state b. One must perform a huge conceptual leap to

replace Eq. (3.48) with a classical ensemble of condensed states. Such a replacement

means that as far as any individual run of our experiment is concerned, the state is

condensed into either (a")"|vac) or (b")"|vac).

In a more generic situation one begins with a fragmented state of the form
RESNE (3.49)
gead

The states |g) are singly condensed, and are labeled by elements of the symmetry

group G. For example, Eq. (3.6) is a fragmented state of this form. The normalization

of |f) is not important. The (many particle) density matrix corresponding to this

state is

pr=11)(fl o Z\g (3.50)

The n-particle reduced density matrices pgc ") are formed when all but n of the particles

are traced over. All n particle properties of the system are encoded in p™. These
reduced density matrices are most familiar in a position basis, where they are given
by

B0 ) m (550

o<29|w* () - () g

In this equation, ¥ (r) is the field operator, which annihilates a particle at position 7.
I have neglected the normalization of this density matrix, as it can be simply restored
by equating the trace of p™ to n!.

I now compare this fragmented state to an ensemble of condensed states, with a

density matrix

oo Y Lol (3.52)

geG
The index 7 is chosen to indicate that this is an incoherent (classical) sum of condensed

states. Analogous to Eq. (3.51), the reduced density matrices are

pl(-") (P, P,y 1)) X (3.53)

n

D (gl () - o (r)i () - () lg)-

g

Depletion plays no role in my argument, so for simplicity I take

g) = (V)2 ( /d?’rw(rm(r)) vac) (3.51a)
= (N!)—1/2(¢;)N|vac>, (3.54b)
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where ¢,4(r) is the wavefunction for the single particle state which is macroscopically

occupied, and @Z); is the operator which creates a particle in this state. Using this

ansatz,
PP o N7 (vacl () Vet (r) T () (3.550)
o (1) - (ra) (4], )N [vac)
o Y (@h(ra) - g5(r) (3.55h)
9 X Gy (r1) - by (rn)) [Dggr]" "

Generically the overlap Dgy = [[ d®r¢}(r)dq(r)] is peaked about g = ¢, and for
N > n, the factor (D)™™ can be replaced by a Gaussian of width O(1/v/N — n).
Consequently, I can expand the rest of the sum, [@7(ry) - -+ &5(r1)dg (r1) - - - dgr (1)],

to quadratic order about ¢ = ¢’. This quadratic term is at most of order n, yielding

A o Y (Gy(ra) - @)y () - By (1) (3.56)
+O (n/(N = n)),

which to leading order equals pE"’.
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Chapter 4
Persistent Currents

The ability to support metastable current carrying states in multiply connected
settings is one of the prime signatures of superfluidity. In this Chapter I calculate
the stability of these currents against decay via thermal fluctuations, finding that the
lifetimes of metastable currents can be tuned from much longer to much shorter than
experimental time scales. The research presented in this Chapter was performed in
collaboration with Paul Goldbart and Yuli Lyanda-Geller, and is published in Physical
Review A [85].

4.1 Introduction

Multiply connected superfluid and superconducting systems can support states in
which a persistent macroscopic particle current flows. While not truly eternal, these
states can have extraordinarily long life times, their decay requiring the occurrence
of certain relatively infrequent but nevertheless topologically accessible (quantum or
thermal) collective fluctuations [86, 87, 88, 89]. The purpose of this Chapter is to
address, theoretically, the ability of BEC alkali gas systems in multiply connected
settings to support metastable current carrying states, and to address the stability
and decay of such states via thermal fluctuations.

From a theoretical perspective, superfluidity is naturally addressed in a multiply
connected setting, particularly that of a thin torus where the fluid can be treated in
a quasi one dimensional manner. Thus there are a fairly large number of theoretical
works looking at Bose gases in a toroidal trap [72, 73, 90, 91]. Several proposals
for experimental multiply connected structures have been suggested. Figure 4.1 il-
lustrates the toroidal geometry which I study here. A similar geometry has been

realized at JILA, in a disk magnetic trapped filled with two hyperfine states of ru-
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Figure 4.1: Envisaged geometry of a trap supporting metastable current carrying
BEC states. The condensate healing length &y is regarded as being small, compared
with the circumference of the torus L (= 277), but larger than its thickness R.

bidium [92]. One of the species migrates to the center of the trap, leaving a toroidal
volume for the other species, as depicted in Fig. 4.2. Another mechanism for creating
a toroidal trap is to take a conventional simply connected trap, and shine a narrow
laser beam through its center. When blue detuned from an atomic transition, such
a laser beam presents a repulsive dipole force which restricts the atoms to a toroidal
region. Microfabricated toroidal traps [94] and all optical toroidal traps [93] have also
been suggested.

4.2 Gross Pitaevskii functional

I adopt a phenomenological description in which the state of the BEC system is
characterized by a macroscopic wavefunction W(r,t), in terms of which the condensate

density n and current density j are given by

n(r) = |¥(r)f, (4.1a)
jr) = %(\D*V\P—\IIV\D*). (4.1b)
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Figure 4.2: A multiply connected trap realized at JILA [92]. In a) a standard
disk shaped harmonic trap is shown. In b) one sees the trap filled with two atomic
hyperfine states. Due to their relative buoyancies, one state migrates to the center
leaving a toroidal volume for the second species.
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The energy F of the state is given by the Gross Pitaevskii form
3 h’ 2 2, Jq4
F=[dr %|V\If| + (V(r) — p) || +§|\If| : (4.2)

where m is the mass of an individual atom, V(r) is an effective external potential
describing the magnetic and optical confinement of the atoms, p is the chemical po-
tential, and g (= 4wh%a/m) represents the interatomic interaction, with a being an
effective scattering length. Equation (4.2) can be derived from the microscopic equa-
tions of motion by making the variational ansatz that all of the condensed particles
are in a state with wavefunction W(r,¢) (see Appendix C.4.1). This equation ignores
the presence of noncondensed particles, which play the important role of a bath of
energy and angular momentum that will enable the persistent currents to decay. The
techniques of Chapter 6 provide kinetic equations to describe these noncondensed
particles, but the problem at hand is dominated by energetics and not kinetics, so
these detailed equations are not needed.

I consider trap potentials V(r) that confine the gas to a cylindrically symmetric
toroidal region (Fig. 4.1). Hence, V depends only on r and z, where {r,¢,z} are
the usual cylindrical polar coordinates. Moreover, I restrict my attention to systems
in which the circumference of the torus L (= 277) is considerably greater than the
condensate healing length &yp [~ (A2/mgn)'/2, where 7 is related to the maximum
particle-density|, and the thickness of the torus R is comparable to or smaller than
&ur. This corresponds to a regime of low condensate-density. There are two main
reasons for considering this setting: (i) there would be no locally-stable current-
carrying states if L were comparable to or smaller than &y; (ii) for thicker samples
(i.,e. R > &ur), the relevant dissipative processes by which the persistent current
decays become significantly more complicated (ultimately involving the nucleation of

vortex rings) [95].

4.3 Thermally activated processes

This Chapter is concerned with events in which the system decays from some metastable
current-carrying state W,, (which is a local minimum of F) to a lower-energy (and
typically more stable) state via a thermal fluctuation.! The current decays through a

dissipative process during which the condensate density shrinks in magnitude over a

! In the temperature regime considered here (i.e. T' ~ T.), quantum fluctuations contribute less

significantly than thermal fluctuations, and will therefore be disregarded.
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region whose length is comparable to &yr. Dynamically, one can envisage this process
as occurring via the passage of a vortex across the sample (Fig. 4.3): a free-energy
barrier must be overcome for this event to occur. The height of this barrier § F' is given
by the difference between the free energy of (the metastable state) ¥,, and that of the
transition state W, i.e. the lowest possible free-energy high point en-route through
configuration space between the initial and final metastable states. A schematic draw-
ing of the free energy landscape is shown in Fig. 4.4. This thermally activated process

—0F7/kT where, as shall be discussed later, the attempt fre-

should occur at a rate wye
quency wy does not contribute significantly to the temperature-dependence of the

rate.

4.3.1 Metastable states

In order to calculate the barrier heights, I first identify the collection of metastable
current carrying states {¥,,} and the intervening saddle point states {W;}. Both
families of states are stationary points of F, and therefore satisfy the time independent
Gross Pitaevskii equation

2
;ék = —;—mvw + (V(r) — p) ¥ + g|¥|*¥ =0, (4.3)
subject to periodic boundary conditions in the coordinate ¢.

Near T,, where the thermal fluctuations are most important, the number of con-
densed particles is small, and it is reasonable to assume that the interaction energy
is small compared to the transverse level spacing. This is the quasi 1D limit where

the wavefunction may be written as

V(r, ¢,2) = F(¢) R(r, z). (4.4)
The transverse wavefunction R is the lowest energy solution of the eigenproblem,
R,
™ (r 10,10, +02) R+ V(r,z) R, = AR. (4.5)

Inserting the ansatz (4.4) into (4.3) gives a one dimensional Gross Pitaevskii equation

for the wavefunction F(¢),
F" +aF — BT|F|*F = 0, (4.6)

where primes denote derivatives with respect to ¢, and the coefficients are

a 2mi? (1 — ) /B2, (4.7a)

2mi’g/h?, (4.7b)

/dz/r dr |R|*. (4.7¢)
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Figure 4.3: The phase slip event can be thought of as occurring when a “virtual”
vortex crosses through the toroidal condensate. In a) one sees a toroidal cloud with
two units of circulation per particle. This circulation can be thought of as due to the
presence of two vortices in the center of the ring. In b) one of the vortices attempts
to cross the condensate. This phase slip event reduces the angular momentum of each
particle by h. There is a barrier to this process because the density has to vanish at

the point where the vortex crosses, requiring a larger density elsewhere. This density
buildup costs energy.
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N
7

“Reaction Coordinate”

Figure 4.4: Schematic drawing of free energy landscape. The vertical axis shows the
energy of a state. The horizontal axis is a relevant reaction coordinate (for example,
the mean angular momentum per particle). Phase slip events take the system from one
minima to another. The extrema are labeled by pictures which depict the positions of
the “virtual vortices.” The number of such vortices gives the circulation each particle
in the toroidal trap carries. In the transition states, a vortex is escaping.
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Corrections to this simple approximation are discussed in [85].
The uniform current carrying states are described by (4.4) with F(¢) = fn,e®™,

with f, constant, and Sj; winding uniformly,

2 = Nuf2m = (a—n2)/AT, (4.80)
Sm = nm¢a (48b)

with integral n,. In these expressions, N, is the number of condensed particles.
Physically, '™ is R?L, the volume occupied by the condensate. By considering the
second variation of F it can be readily shown that these states are local minima (and
hence metastable) provided n¢,, < 1, where ¢, = (47/BTNp)"/? ~ 27&yrp/L is the
dimensionless coherence length. (This limit on the maximum stable value of n,, is

the same as one would find using Landau’s criterion for the critical velocity.)

4.3.2 Transition states

As is readily verified [85], the transition states ¥, = f; ¢"*R are given by

e = (Ny/2m) (1 — A’sech®(A¢ /() , (4.9a)
20,5 = (N,/27)ny. (4.9b)

Far from a region of length &y, the amplitude f; is constant (fZ ~ N;/27) and the
phase S; winds uniformly (S; ~ ny®). The coefficients in Eq. (4.9) appear simplest

when expressed in terms of the dimensionless coherence length ¢, = (47 /8T N;)'/?:
Ny/2xr = (a—n?)/8T, (4.10a)
ng = n—m ‘cos t(ng (), (4.10Db)
A = 11— (nyG)> (4.10c)

As Ny, and N; differ only by quantities of order &y /L, either of them may be used to
characterize the number of condensed particles. A typical transition state is depicted
in Fig. 4.5. The transition states must have the property that they are saddle points
of F with only one direction of negative curvature. (This unstable direction is the
relevant reaction coordinate.) Within the quasi 1D approximation this condition is
always true. In [85] I consider corrections to this approximation and show that this
condition remains true as long as &yp > R.

Having found the relevant states, I now calculate the free energy barrier for dis-

sipative fluctuations. Straightforward substitution shows that states, ¥ = fe*R,
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Figure 4.5: The real and imaginary parts of Uy, plotted versus the angle ¢. The
length of the dip in the density is roughly the coherence length &yp, which is exag-
gerated to bring out the structure of the phase slip. In reality, this length is always
shorter than the distance over which the phase changes by 27.

satisfying Eq. (4.3) have a free energy
F=-2 [alsn (4.11)
Using this expression, along with Eq. (4.8) and Eq. (4.9), one finds that
0F = %5]—"0 [A (2 + (n (t)z) — 3n; G cos™H(ny Ct)] , (4.12)

where d.Fj is the long wavelength (i.e. ny — 0) value of 6.F, i.e.,

B2 [/ 32N3a\ 2
6Fo=— <9R223> . (4.13)

4.4 Decay rates

I now develop order of magnitude estimates for the decay rates of metastable states via
thermal fluctuations in realistic atomic traps. Consider 8”Rb, for which the scattering
length a, is 5.8nm. I take a harmonic trapping potential V(r) = (1/2)mw?[(r —
7)? + 2], whose ground state width /h/mw can be identified with the width of the
condensate R. To estimate 7T, I consider N noninteracting atoms in the potential
V(r). By virtue of the geometry (i.e. R < L) one can ignore the curvature of the
torus, giving a density of states p(E) = (4/3)(1/hw)?(mL?/27%h?)Y/2 E3/2. Integrating
this with the Bose occupation factor reveals that T, ~ 1.28(h?/m)(N/R*L)?®. For
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example, if one assumes that N ~ 10°, N, ~ 2.5 x 10*, R ~ 1um, and L ~ 100um
then 0Fy /kg = 3.2uK, and T, = 0.28uK. The barrier height is sensitive to changes
in N, and can therefore be manipulated by heating or cooling the sample.

The Arrhenius formula for the decay rate in terms of the barrier height is I' ~
woe O7/¥T " The attempt frequency wy can be estimated by using the value of the
microscopic relaxation time 7, together with the assumption that each coherence
volume in the sample fluctuates independently [86]. A realistic estimate for 7 is the
classical collision time for a dilute gas [i.e. 77! ~ onv ~ a*(N/V)(kgT/m)'/? ~
5 x 10* Hz], giving lifetimes for the metastable states on the order of seconds. Even
beyond the limits of validity of this calculation, one expects dF to be a monotonically
increasing function of the density. Hence, the barriers can be extremely large at low
temperatures, allowing a continuous tuning of the metastable state lifetime from

microseconds to times longer than the lifetime of the condensate.

4.5 Detection and creation

I now discuss two of the issues necessary for the experimental testing of the predictions
presented in this Chapter. First, how does one create a current carrying state? The
most promising techniques for creating persistent currents are those that have been
used to create vortices [10, 80, 82]. The simplest approach is to stir the condensate
by deforming and rotating the trap that contains the atoms. The other method is to
use a phase imprinting technique. Since the superfluid velocity is proportional to the
gradient of the phase, by changing the phase one can give angular momentum to the
condensate. The phase is shifted by illuminating the condensate with off resonant light
through an appropriate mask. Detailed numerical simulations of creating persistent
currents with this technique are found in [96].

The second important experimental matter is how to detect a current carrying
state. Perhaps the least difficult scheme would make use of present phonon imag-
ing techniques [97]. The experimental configuration could be as follows: A pulse of
laser light generates a local rarefaction of the condensate, which then travels as two
waves, one moving clockwise, the other counterclockwise. By nondestructive imaging
techniques one might then observe where the two waves meet, which gives the veloc-
ity of the metastable supercurrent. This is only feasible if the speed of sound c is
comparable to the velocity v with which the condensate moves around the annulus.
Linearizing Eq. (4.6) gives ¢ = (gI'N,/27m)"/? ~ 1.2mm/s, which is only 30 times
greater than v = i/m7r ~ 46pm/s.
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As an alternative scheme, one can perform an interference experiment where a
nonrotating condensate is overlapped with the toroidal cloud [92]. If the toroidal
cloud is rotating, the spatially varying phase will be visible in the resulting interference

pattern.

4.6 Coherent vs. incoherent pathways

Throughout this calculation I have assumed that a single condensate always exists.
More generally, the transition state could have a fragmented condensate (see Chapter
3) or even a more complicated structure with no condensation at all. Based upon the
intuition that I have gained from the study in Chapter 3, I expect that the energy of
the transition state would change much if one broadens the allowable class of states.
It should also be noted that any single measurement that tried to catch the phase slip

on film would undoubtedly see a single condensate at all times (see Section 3.2.2).
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Chapter 5

Finite Temperature Collapse of a

Gas with Attractive Interactions

In this Chapter I present a study of the mechanical stability of the weakly interacting
Bose gas with attractive interactions. My major concern here is the role of finite
temperature, and I show that the non-condensed particles play a crucial role in de-
termining the region of stability, including providing a mechanism for collapse in the
non-condensed cloud. Furthermore, I demonstrate that the mechanical instability
prevents BCS-type “pairing” in the attractive Bose gas. I extend these results to
describe domain formation in spinor condensates. The research in this chapter was

performed with Gordon Baym, and has been published in Physical Review A [98].

5.1 Introduction

5.1.1 The system of interest

At high densities, attractive interactions drive a mechanical instability in atomic
clouds. At low densities these clouds are stabilized by quantum mechanical and
entropic effects. The presence of both these stabilizing mechanisms makes attractive
Bose gases unique. For comparison, interstellar hydrogen has a similar instability,
the Jeans instability, in which gravity competes with thermal pressure [8]; however
quantum mechanics plays no role in the stability of hydrogen clouds, and the collapse
is therefore much less rich.

Experimentally, stability and collapse has been observed in clouds of degenerate
"Li [24] and ®Rb [25], both of which have attractive interactions. Previous theoretical
studies of the attractive Bose gas, typically numerical, have been limited to zero [99] or

very low [100] temperature. Here I give a simple analytic description of the region of

80



stability and threshold for collapse valid from zero temperature to well above the Bose
condensation transition, and thus provide a consistent global picture of the instability.
Contrary to previous predictions, at finite temperature the non-condensed particles
can play a significant role in the collapse.(A very recent variational calculation by
Tempere et al. [101] is capable of describing the collapse over a range of temperatures

comparable to the approach presented here.)

5.1.2 Results

My results are summarized in the phase diagram in Fig. 5.1 which shows three regions:
normal, Bose condensed, and collapsed. This third region is not readily accessible
experimentally; the system becomes unstable at the boundary (the solid line in the
figure). The gross features of the phase diagram can be understood qualitatively
with dimensional arguments similar to those in section 1.2.5. At low temperatures
the only stabilizing force is the zero-point motion of the atoms. This “quantum
pressure” (which should not be confused with the Fermi pressure which stabilizes
neutron stars) has a characteristic energy per particle, Eg ~ h?V~=2/3/m, where h
is Planck’s constant, V' is the volume in which the cloud is confined, and m is the
mass of an atom. The attractive interactions which drive the collapse are associated
with an energy U = h%*asn/m, where n is the density, and as (= —1.45nm for "Li
and —20nm for ®*Rb) is the s-wave scattering length. Comparison of U with Eq
indicates that for low temperatures the density n at collapse should be n ~ (V?/3q,)~1,
independent of temperature. At high temperatures, the stabilizing force is thermal
pressure, P = —T0S/0V, which is characterized by the thermal energy Er ~ kpgT.
Here comparison of U with Fr indicates that at high temperatures the density of
collapse should be n ~ mkgT/h%a,, linear in temperature. The crossover between
the quantum and classical behaviors (n o< T and n oc T') occurs near T,.. The collapse,
as described here, is a phenomena in which the cloud as a whole participates, not just
the condensate.

In this Chapter, I calculate the last point of metastability against collapse. As
one approaches this point, the system will generally undergo an earlier dynamical
collapse, driven by thermally activated processes [102], as in a first order Van der
Waals transition, or quantum tunneling [103], both of which destabilize the cloud.
The actual dynamics of collapse are, however, beyond the scope of this Chapter. The

dynamics can be described by the tools of Chapter 6.
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Figure 5.1: Phase diagram, density n [cm™] versus temperature T, for a cloud of
attractive bosons. a) For a cloud of "Li with spatial extent L = 3.15um and scattering
length as = —1.45nm, corresponding to the experiments in Ref. [1], performed at T’
near 300 nK. b) For a cloud of ¥Rb with scattering length a, = —20nm and spatial
extent L = 3um, corresponding to the recent experiments in Ref. [2], performed at T
near 15 nK. Note the logarithmic scales. The solid line separates the unstable (shaded)
region from the stable region. The dashed line, representing the Bose condensation
transition has been continued into the collapsed region to illustrate that the two lines
intersect. This diagram is drawn for a uniform but finite cloud, but can be applied
to harmonically trapped gases by taking n to be the central density in the trap.
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5.1.3 Method

My basic approach is to identify the collapse with an instability in the lowest energy
mode of the system (the breathing mode in a spherically symmetric cloud). As the
system goes from stable to unstable, the frequency of this mode goes from real to com-
plex, passing through zero when the instability sets in. The density response function,
X(k,w), which measures the response of the cloud to a probe at wavevector k and
frequency w, diverges at the resonant frequencies of the cloud. Therefore, by virtue

of the vanishing frequency of the lowest energy mode, the collapse is characterized by

x(k=2n/L,w=0)"=0. (5.1)

Here k = 27/L is the wavevector of the unstable mode, whose wavelength L should
be of order the size of the system. Equation (5.1) implicitly determines the line of
collapse in the temperature-density plane.

To evaluate the response function analytically, I use a local-density approximation,
replacing the response function y(k,w) of the inhomogeneous cloud by that of a gas
with uniform density n. The response of the uniform gas is evaluated at the same
frequency and wavevector as for the inhomogeneous system, and n is given by the
central density of the atomic cloud. The local-density approximation should be valid
for temperatures large enough that the thermal wavelength, Ay = (27h? /mkgT)"/?, is
much smaller than the size of the trap, in particular that kAr/4+/7 be small (see the
expansion in Appendix E.4.3 on page 164). In all experiments to date, this condition
is satisfied, and I treat kA7 /4./7 as a small parameter in this calculation.! With this
approximation, I calculate the line of collapse using the theory of x(k,w) of a uniform
gas (reviewed in appendix E).

In the experiments on "Li, the atoms are held in a magnetic trap? with a har-
monic confining potential V(r) = smw?r?, with w ~ 27 x 1455~ . This potential
gives the cloud a roughly Gaussian density profile (see Section 5.4). The tem-
perature T is typically 50 times the trap energy hw = 7nkK, so the parameter
kA7 /47, ~ /hw/2kpT =~ 0.10, is small. The experiments on **Rb use softer
traps, hw =~ 0.6nK, and colder temperatures T' ~ 15nk, so that kAr/4\/7 ~ 0.14.

The local density approximation used here provides a framework for investigating

L My derivation of the condensate’s response is valid at arbitrarily low temperatures, as it does
not rely upon an expansion in powers of kAr/4,/7. In regimes where the noncondensate fraction is

small, my analysis of the system’s stability can likewise be continued to T' = 0.
2 The traps used are slightly asymmetric, and the frequencies quoted here are the geometric mean

of the three frequencies along each principal axis; see [24, 25].
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the interplay of condensation and collapse. Although the results are not as accurate
as can be obtained through numerical simulations (comparing with previous numeri-
cal work [100], I find that my results are always well within a factor of two of those
calculated using more sophisticated models), the conceptual and computational ad-
vantages of working with a uniform geometry far outway any loss in accuracy. Due to
their simplicity, the arguments used here provide an essential tool in choosing which
parameter ranges to investigate in future experiments and computations.

The tools introduced to discuss the collapse of an attractive gas can also be used
to describe other instabilities in trapped Bose gases. In Section 5.5 and 5.6, I apply
these methods to the problem of BCS type pairing between bosons, and towards

domain formation in spinor condensates.

5.2 Simple limits

5.2.1 Zero temperature

To illustrate my approach, I first consider the stability of a zero temperature Bose

condensate. The excitation spectrum of a uniform gas is [105]:
RPwi = &1 + 2gney = EY, (5.2)

where e, = h?k*/2m and g = 4mh?a,/m. In the attractive case, g < 0, all long
wavelength modes with €, < 2|g|n have imaginary frequencies and are unstable. A
system of finite size L only has modes with k& > 27 /L, and for larger k£ has an
excitation spectrum similar to Eq. (5.2). If |g|n < h%n?/mL?, the unstable modes are
inaccessible and the attractive Bose gas is stable.

This information is included in the density response function y(k,w) of the dilute
zero-temperature gas [104], which gives the change in density n induced by an external

potential U, of wavevector k and frequency w, coupled to the density:

n nk?
X(k’,W) = W = m(w2 — Eg/h?) (53)

The poles of y are at the excitation energies, £Fj. In particular, x(k = 27/L,w = 0)

diverges when |g|n = h*r?/mL?.

5.2.2 High temperature (7> T,)

To illustrate the procedure further I calculate the stability of an attractive Bose gas

at temperatures much larger than 7., where thermal pressure is the predominant
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stabilizing force. Quantum effects are negligible in this limit, and the line of collapse
is simply the spinodal line of the classical liquid-gas phase transition,* as characterized
by Mermin [106]. One can neglect finite size effects, and look for an instability in the
uniform gas at zero wavevector, k = 0, corresponding to finding where x(k = 0,w = 0)
diverges. The susceptibility x(0,0) = —0n/0u (where u is the chemical potential),
is proportional to the compressibility of the system, which diverges when the gas
becomes unstable.

At high temperature one can work in the Hartree Fock approximation, where the

density is given by the self consistent solution of

d®p 1
" / (2mh)3 efler=m) — 17 (54)

with Hartree Fock quasiparticle energies €, = ¢, + 2gn; here § = 1/kgT. In the
classical limit (B < —1), n = 529" /A3 The response x(0,0) has the structure

of the random phase approximation (RPA),

Xo(k,w)

A T )
where x((0,0) = — (On/0n), (where the € are held fixed) is the “bare” response. In
the classical limit x¢(0,0) = —fn. Since xo(0,0) is negative, the repulsive system
(g > 0) is stable. For attractive interactions however (g < 0), the denominator of Eq.
(5.5) vanishes when 2gxo = 1, which in the classical limit occurs when 2|g|n = kgT.

The above calculation is only valid well above T,. When |u| < h?/mL?, finite size
effects start to become important, and a more sophisticated approach is needed. If one
blindly used the above result near T, one would erroneously find that the instability
towards collapse prevents Bose condensation from occurring. This difficulty can be
avoided by working with the finite wavevector response x(k = 27/L,w = 0), to which

we now turn.

5.3 Density response function

I calculate the response y in the RPA, with the approximation that the bare re-
sponses of the condensate and non-condensed particles are taken to be those of a

non-interacting system (see appendix E). This approach, employed by Szépfalusy

3 In the theory of liquid-gas phase transitions, the spinodal line is the curve on the phase diagram
where OP/0V = 0, which represents the edge of the co-existence region, beyond which supercooled

vapor cannot exist.
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and Kondor [107] in studying the critical behavior of collective modes of a Bose gas,
and later modified by Minguzzi and Tosi [108] to include exchange, is simple to eval-
uate analytically, and is valid both above and below T.. It generates an excitation
spectrum which is conserving [109] and gapless [104]. At zero temperature it yields
the Bogoliubov spectrum, Eq. (5.2), and above T, it becomes the standard RPA with
exchange.
The susceptibility in this approximation has the form,
Xo + Xo + 9XoXo

X9 = 00 (1 - 20x8) — 49

where x§ and xg are the condensate and non-condensed particle contributions to the

(5.6)

response of the non-interacting cloud,

n &Pq flq—k/2) — flq+k/2)
Glkw) = [ Gl e (5.72)
Xkw) = o (5.7b)

hw— e, hw+ep
Here ng is the condensate density, the g, = k?/2m are the free particle kinetic
energies, and the Bose factors f(k) are given by (e=#+=# — 1)~1. In appendix E I
derive this response function. A general discussion of quantum mechanical response
functions appears in appendix C. At zero temperature x{ = 0 and the susceptibility
reduces to that in Eq. (5.3), while above T,, x§ = 0, and x reduces to Eq. (5.5).
Figure E.2, on page 161, shows the class of diagrams summed in this approximation.

Expanding x§ in the small parameter kAr (see details in appendix E.4.3), one
finds for T' > T,

as | 4w
g3 (k,0) = 27> | = avetam [ex/4p]'/? + gy o (e™) — |/ Bl + o(m] ,
T T (5 8)

where g,(z) = >, 27 /47 is the polylogarithm function. For chemical potential p
much larger in magnitude than kg7, the system is classical, and Eq. (5.8) reduces to
gxg = —fBgn, as in the Hartree-Fock approach, Section 5.2.2. Below T, the chemical

potential of the non-interacting system vanishes and the response functions are:

Ar2a,
9x3(k,0) = ———5 + O((kAr)"), (5.9a)
kA2
. asn
gx¢(k,0) = —167 k2° (5.9b)

Using these expressions one calculates the spinodal line separating the stable and

unstable regions of Fig. 5.1 by setting k = 27w /L and solving the equation

1

ol —g(xG 4 2x0) — 29°x5x0 =0, (5.10)
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which gives the line of collapse as a function of p and T" (for T > T..), or as a function
of ng and T (for T' < T.). I use the following relations to plot the instability on the

n — T phase diagram,

A3 &z T >T.
n — { T g3/2(€ )7 (511>

no +A73C(3/2), T <T,,

with the Riemann Zeta function ((3/2) = g3/2(1) ~ 2.6. The line of condensation
n = A;((3/2) separates the condensed and non-condensed regions.

Equations (5.9a) and (5.9b) indicate that below 7, the noncondensate response x{
scales as k~! ~ L, while the condensate response x§ scales as k=2 ~ L?. For realistic
parameters, L is the largest length in the problem, so that the condensate dominates
the instability except when ng is much smaller than n. Since the condensate is very
localized, even a few particles in the lowest mode make ng locally much greater than
the density of noncondensed particles. In Fig. 5.2 I show how the line of instability
depends on the size of the system, L.

Substituting Eq. (5.9) into Eq. (5.10) one calculates the maximum stable value of

the condensate density ny,

s L T =T
max — 5 T T*, 5.12
o= 775 (jag) (757) - 7= 512

where T* = h%/2mkgL|a,| is the temperature at which the line of collapse crosses
the line of condensation. For all greater temperatures, (ng)max = 0, and there is no
condensation.

From Eq. (5.12) one sees that (ng)max decreases monotonically with temper-
ature, from its maximum value (ng)i= = 7/4L?|a,|, to zero at T = T*. Us-
ing parameters from experiments [24, 25|, one finds for the lithium trap at Rice,
(No)I=0 = [3(ng)I=Y = 1700, and T* = 7.5 pK, and for the JILA rubidium-85 trap,

(No)i=0 =120, and T* = 46 nK .

One can verify the accuracy of the expansion in kA7 by including the next order
term of Eq. (5.9a) in the calculation of (n¢)max. While this next term has a negligible
effect for lithium, there is a small change in the shape of (ng)max for rubidium. Most
notably, the curve is rounded near 7' = 0, and 7™ is increased to 53nK. The maximum
number of condensed particles vs. temperature for the two experiments are plotted
in Fig. 5.3; these results are consistent with the experiments, and agree quite well
with numerical mean-field calculations [100]. In particular, my curve (Np)max(7") for
lithium has a slope of —1/2.2 nK at 7" = 0, which lies between the calculated slopes of

Davis et al. and Houbiers et al. [100]. Although (70)max decreases with temperature,
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Figure 5.2: Scaling of the instability threshold with system size. Solid lines show the
maximum stable density n,., for a given temperature. From the top, the system size
is L =0.3, 3, 30 um. The other parameters are the same as in Fig. 5.1. The dashed line
indicates the Bose-Einstein condensation transition. Note the three scaling regimes;
at low temperature, nm. ~ L2, near the critical temperature nmy. ~ L~%2, and at
high temperatures n,,., is independent of L
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the non-condensed density n’ increases (n’ = A=3((3/2)). Thus the total density at
collapse need not be monotonic with temperature (cf. the low temperature region of
Fig. 5.1b).

Future condensate experiments at higher temperatures and densities should be
able to study the structure in Eq. (5.12), and map out the phase diagram in Fig. 5.1.
The rubidium experiments are performed at temperatures near 7™, where the spinodal
line intersects T, and in principle should be able to explore the crossover between the
quantum mechanical and classical behavior of the instability. The lithium experiments
are much further away from exploring this regime, and in the current geometry,
inelastic processes make such an investigation impractical.* Since T is proportional
to 1/L, a softer trap could be used to bring this crossover down to lower temperatures
where these difficulties are less severe (see Fig. 5.2). More precise numerical studies

at higher temperatures are needed to guide these experiments.

5.4 Modeling the harmonic trap

Most experimental and theoretical results are reported in terms of numbers of par-
ticles instead of density. By appropriately modeling the density distribution of a
harmonically trapped gas, one can present my conclusions in such a form. Once the
interactions are strong enough to modify the density distribution significantly, the
system undergoes collapse; thus one can take the density distribution to be that of

non-interacting particles. For kgT > hw, the density profile is well-approximated by

d3p 1 2 /42
— —r?/d
n(r) = / (2r) PV — 1 T (5.13)

where V(r) = mw?r?/2 is the confining potential, with characteristic length d =
(h/mw)*/?. The density of condensed particles at the center of the trap is ng. Above

T. ng =0, and below T,, u = 0. Integrating over space,

{ (kT /hw)? gs(ePm), T>T,

(5.14)

(kgT /hw)® C(3) + (wh/mw)** ny, T <T,.

The instability occurs in the lowest energy mode of the system, the breathing

mode, whose wavevector is proportional to 1/d. In a zero temperature non-interacting

4 At a temperature of 5uK, a 3.15um cloud of “Li collapses at a density of n = 1.39 x 10"4cm™3.

At such a high density the dominant decay mechanism is three-body collisions, giving a lifetime
7 = (G3n?)~1, where G3 is a constant determined from three-body scattering. Using the theoretical
estimate [110], G3 = 2.6 x 10728, 1 find that 7 = 200ms. At T = 10uK the lifetime is only 7 = 40ms.

89



a)  (Nomax

1500 r
1250 =
1000 T
750 =
500 =

250 =

Temperature [ pK]

b ) (N O)max

120
100
80
60
40

20

10 20 30 40 50

Temperature [ nk]

Figure 5.3: Maximum number of condensed particles as a function of temperature,
for the a) "Li and b) ®Rb experiments. The (kA7)? terms in Eq. 5.9a have been
included in producing these plots, giving a slightly different shape than that quoted
in Eq. (5.12).
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gas the breathing mode has a density profile dp o< (2r?/d? — 3) exp (—r?/d?), where r
is the radial coordinate. In momentum space this distribution is peaked at wavevector
k = 2/d. At finite temperature thermal pressure increases the radius of the cloud and
the wavevector of the breathing mode becomes smaller. Since the response of the non-
condensed cloud is relatively insensitive to the wavevector, I look for an instability at
k=2/d.

The resulting phase diagram, Fig. 5.4, is similar to that in Fig. 5.1. The most
significant difference is that the line of collapse follows the condensation line (on the
scale of the figure they appear to coincide over a significant temperature range). This
behavior can be understood by noting that for trapped particles, condensation results

in a huge increase in the central density of the cloud (a standard diagnostic of BEC).

5.5 Pairing

With minor changes the formalism presented here can be used to investigate the insta-
bility towards forming loosely bound dimers, or “pairs,” the Evans-Rashid transition.
Such an instability occurs in an electron gas at the superconducting BCS transition
[111], and has been predicted by Houbiers and Stoof [100, 112] to occur in the trapped
alkalis. The pairing is signalled by an instability in the T-matrix of the normal phase
[113], which plays the role that the density response function plays in the collapse.
Again, I simulate the finite size of the cloud by looking for an instability at k = 27/ L,
compared with £ = 0 in a bulk sample. In analogy to Eq. (5.5), the T-matrix can be

written as a ladder sum,
g

1—g=(k,w)

In this equation, k is the relative momentum of the pair. The instability towards

T(k,w) = (5.15)

pairing is signalled by 7' — oo, when g= = 1. To the same level of approximation as

Eq. (5.7a), the medium-dependent part of the “pair bubble” = is

=boy— [ Fa fla=Fk/2) + fla+k/2)
=k, w) = / (27)3 hw — (eqer/2 + Eq—kj2)

(5.16)

Setting w = 0, and expanding in small kA7 (see appendix E.4.3), one finds

4 Ap|'?
T arctan <M> (5.17)

Qs
g2(k,w=0) = —4-=
kAr L+ e /A

A

(™) — | Bul? + O(kAg) } .
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Figure 5.4: Phase diagram, number N versus temperature 7', for harmonically
trapped bosons with attractive interactions; a) “Li, b) ®Rb. The parameters used
correspond to Fig. 1. The open circle marks where the spinodal line meets with the
BEC phase transition.
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Except for the argument of the arctangent, this expression is identical to twice gxg as
given in Eq. (5.8). Since arctangent is a monotonic function, and its argument here is
smaller than in Eq. (5.8), one sees that g= < 2¢x{, which implies that the instability
towards collapse occurs at a lower density than the pairing instability. Thus I conclude
that the pairing transition does not occur in an attractive Bose gas. Interestingly, in

the classical limit, the instabilities towards pairing and collapse coincide.

5.6 Domain formation in spinor condensates

The approach used here to discuss the collapse of a gas with attractive interactions
also describes domain formation in spinor condensates, and gives a qualitative un-
derstanding of experiments at MIT [9] in which optically trapped ?*Na is placed in
a superposition of two spin states. Although all interactions in this system are re-
pulsive, the two different spin states repel each other more strongly than they repel
themselves, resulting in an effective attractive interaction. The collapse discussed
earlier becomes, in this case, an instability towards phase separation and domain for-
mation. The equilibrium domain structure is described in [114]. Here I focus on the
formation of metastable domains [115].

The ground state of sodium has hyperfine spin F' = 1. In the experiments the
system is prepared so that only the states |1) = |F' = 1,mp = 1) and [0) = |F =

1,mpr = 0) enter the dynamics. The effective Hamiltonian is then

T, .
o [ VOV
2m

Gij
(rylvs + Ll (5.18)
where 1; (i = 0,1) is the particle destruction operator for the state |i); summation
over repeated indices is assumed. The effective interactions, g;; = 4wh?a;;/m, are

related to the scattering amplitudes ap—g and ap—o, corresponding to scattering in
the singlet (F} 4+ F» = 0) and quintuplet (F; + F» = 2) channel, by [9, 114, 116]:

a = a11 = Ap1 = Q10 — AF=2, (519&)

da = a11 — Qoo — (aF:2 - CLF:0)/3. (519b>

Note that the |1) + |0) channel is purely F' = 2 for identical bosons, since the F' = 1
state is anti-symmetric and the scattering is purely s-wave. Numerically, a = 2.75nm
and da = 0.19nm. In the equations of motion, these lengths appear as § = 4wh?a/m
and 6g = 4wh?da/m. Initially the condensate is static with density n = 10cm ™3,

and all particles in state |1). A radio-frequency pulse places half the atoms in the
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|0) state without changing the density profile. Subsequently the two states phase
separate and form 40 4+ 15 pm thick domains. The trap plays no role here, so I
neglect V'(r) in Eq. (5.18) and consider a uniform cloud.

Within a mean field approximation, one writes ¢; = \/Meid’i, and the equa-
tions of motion for ¢; and n,,—; are derived by making stationary the action S =
[dt [ dr (1/2i)(0p* — *O) — H], leading to a set of “hydrodynamic equa-

tions”,

Onm=i + V- (nym=iVe;) = 0 (5.20a)
8t¢i - (V2\/nm22)/2m\/nm:Z —+ GijNm=; = 0, (520b>

the first of which is a continuity equation, and the second is analogous to Euler’s
equation for an ideal fluid. The initial stages of domain formation can be understood
by linearizing these equations about n,,—9 = n,=1 = n/2. After eliminating the phase

variables, and Fourier transforming with respect to space and time,

—gney, w? — eg(ex + gn) oy —

Here dn,—; = n,—; — n/2 is the fluctuation of the density of each species, and as
before g, = k?/2m. When dg is set to zero, the two solutions of these equations
represent a pure spin wave, where 0n,,—9 + 0n,—1 = 0, or a pure density wave
where 0n,,—g = 0n,,—;. For arbitrary dg, the spectrum of these modes become
w? =¢ (e+gn—dgn/2+[(gn)* + (6gn/2)?)"/?), which for small dg is

R\ h2k?
2 2 _ ~
Rrw,, = < T ) +gn - + O(dg), (5.22a)
R2k2\ h2k?
Wl o= | =—) —dgn—o ?). 22
h*wy, <2m) dgn p + O((0g)7) (5.22b)

Similar excitation spectra were found in [117]. The subscripts ph or sp refer to the
phonon or spin-wave character of the excitations. Since dg > 0, the long-wavelength
spin excitations have imaginary frequencies. The mode with the largest imaginary
frequency grows most rapidly, and the width of the domains formed should be com-
parable to the wavelength A of this mode. By minimizing Eq. (5.22b) one finds
A= \/m ~ 20pm, in rough agreement with the observed domain size.

To connect these unstable modes to our previous discussion of the collapse more
explicitly, I note that in the mean field approximation, the interaction in Eq. (5.18)

is only a function of n,,—¢ and n, the density of particles in the state |0) and the total
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density, respectively:

(H) = [ (gn - %gnm) | (5.23)

which shows explicitly the effective attractive interaction.
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Chapter 6
Kinetic Theory

This Chapter develops the kinetic theory needed to describe a finite temperature gas
of Bose condensed atoms. The approach used here was developed in the 1960’s by
a series of authors, most notably Kadanoff and Baym [113] and Kadanoff and Kane
[118]. Recently several authors have applied these, or similar, ideas to trapped atomic
gases [119, 120, 121, 122, 123]. The underlying theory is complex, and the main goal
of most of these studies is to produce approximations that allow a real problem to be
solved.

In writing this Chapter I have three goals. First, and foremost, I want to develop
a formalism which can be applied to understanding a series of experimentally rele-
vant problems where both the coherent motion of the condensate and the incoherent
motion of the non-condensed particles play equal roles. These problems include the
dynamics of vortex decay, and the dynamics of domain formation in a spinor con-
densate. Second, with the aid of a small toy model, I would like to clarify how a
Bogoliubov quasiparticle differs from the collective condensate excitations with the
same dispersion. Finally, I would like to present a very compact derivation of the
kinetic equations which is of general interest.

The kinetic theory developed here is highly nontrivial. Readers may wish to
familiarize themselves with the material in Appendix E where a simpler linearized
theory is presented, and the material in Appendix C where response functions are

discussed.

6.1 Overview

In classical mechanics one describes the kinetics of a gas/liquid via a phase-space

distribution function f(R,p,T'), which measures the probability of having a particle of
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momentum p at position R and time 7T'. This distribution function obeys a Boltzmann

equation, typically of the form
(Or + (p/m) - Ve — (VU) - V,,) f = I[f]. (6.1)

The left hand side of the Boltzmann equation describes the motion of the gas particles
if they were non-interacting; U is an arbitrary external field, m is the particle mass,
and Vy and V, are gradients with respect to position and momentum variables.
The right hand side, the collision integral, describes the interactions between the
particles, and is a nonlinear function of f. The collision integral drives the system

towards equilibrium, and has the structure,

I[fI(R,p,T) = Z(Rq—m — Rp—a) (6.2)
q
where R,_, is the total rate of particles scattering from momentum p to momentum
q. Classically, R,_., is proportional to the number of particles in the state p, and so
one usually writes R, = I',—,f(q).

In a quantum theory one can derive a similar equation. The key is to recognize
that the single particle Green’s function G< = (f(ry/, 1) (r1,t;)) behaves like a
phase space distribution. After writing G<(ry, 1,71/, t1/) in terms of the center of
mass coordinates R = (r; +ry/)/2 and T = (t; + t1/)/2, and the relative coordinates
r = (ri—ry) and r = (t; —ty/), one can Fourier transform with respect to the relative

coordinates,
G<(p,w,R,T) = /d37’ dt e =PTG<(r,t; R,T). (6.3)

If one integrates the resulting function over p, one gets the density of occupied states
in real space. Integrating over r, gives the density of occupied states in momentum
space. Thus G<(p,w, R, T) holds all of the physics that is contained in the classical
f(R,p,T). In quantum mechanics, the energy of a particle w is not independent of
its momentum p, requiring one to carry around an extra variable. When there is a
well-defined dispersion relationship, one can produce a quantum mechanical phase
space distribution function that is only a function of R, p, T

Although I am interested in G<, it is a instructive to first understand the time
ordered Green’s function G = (T(1)")). In a nonequilibrium (Schwinger-Keldysh)
formalism, the time ordering operator 7T, orders operators along a contour in the
complex time plane. This contour, illustrated in Fig. 6.1 begins at time t = —o0,
follows the real axis to t = +o00, returning to t = —oo — 3. Periodic boundary

conditions on this path ensure that the system is in thermal equilibrium at time
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t=—o00—1if

Figure 6.1: Contour in complex time used in the Schwinger-Keldysh formalism.

t = —oo. In all subsequent integrals, time integrals will implicitly follow this contour,
and space integrals will be over three dimensions. The equations for G take the form

of a convolution,

/di GH1,2)G(2,1") = 6(1 - 1). (6.4)

Here I have introduced the notational shorthand of using numbers to represent coor-
dinates, such as 1 represents {rq,¢;}. In a normal system, after converting to relative

and center of mass (COM) coordinates, G~! obeys the equation
G_l(p> W, R> T) =W = p2/2m - V(Rv T) - Z(R> T7p> (.4)), (65)

which defines the self-energy . Unfortunately the convolution in Eq. (6.4) is not
simple in term of the variables R, p,T,w that describe the distribution function.
The Boltzmann equation only describes the evolution of the system close to equi-
librium in the presence of slowly varying disturbances. One can use this assumption
of slow variation to derive a “semi-classical” scheme for approximating the convolu-
tion. For pedagogical purposes I first show how this semiclassical method works in

an abstract setting. Let F' be the convolution of two arbitrary functions A and B,
F(X,2) = A% B = /da: A, 1) B(F, 217). (6.6)

where 1 = X — /2 and z1y = X + /2. By replacing & with the relative coordinate

r, one finds,
F(X,z)= /drA(RA =X+r/2;ra=x—1)B(Rg=X+(r—x)/2,rg=71). (6.7)

In analogy to the expected behavior of the Green’s functions, suppose A and B are

peaked near r, = 0, and rg = 0, each falling off on a length scale £&. Suppose
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further that A and B vary only slowly as a function of their COM coordinates, with
a length scale L. Up to corrections of relative order /L, the functions A and B can

be expanded to give

F(X,z) = /dr AX,x — ) B(X,r) + Ox A(X, 7 — r)gB(X, " (6.8)

L 5 T)A(X, x—1)0xB(X,7) +- -

This expresses F' as a series of terms, each of which is a convolution in the variable

x. The Fourier transform of F' with respect to the relative coordinate is then
F(X,p) = /dl’ e PF(X, ) = A(X, p)B(X, p) + %QXA@I,B . %QDA&CB. (6.9)

This convolution identity is the key to my derivation of the quantum Boltzmann
equation.

Turning back to the Green’s functions, the length scale over which the center of
mass of G changes is set by the external potential. This length is L. The rate of
change of the relative coordinate is set by the temperature and interactions. This
length scale, denoted &, is the coherence length. One builds ¥ from G’s, and the
same length scales govern its behavior. Thus, as long as £ < L one can expand
the convolution for the equations of motion of G. (Similar arguments follow for the
convolution in the time domain.)

At this point it is convenient to introduce further notation. I define the Poisson
brackets {A, B} by

{A,B} = (VRA-VpB —VpA-VgB)— (0rAJ,B — 0,A0rB). (6.10)
Then the convolution identity (6.9) is compactly written
Ax B = AB+ (i/2){A, B}. (6.11)

Stepping back for a moment, the classical Boltzmann equation, Eq. (6.1), is described
by
{w—p*/2m = V(R,T), f(R,p,T)} = I[f]. (6.12)

Applying the convolution identity (6.11) to the equation for G,
(G« Q) (pw, R T)=1=(G3' — )G + %{(Ggl ~¥,GY. (6.13)

Looking at a frequency w — w =4 in, for small 7, one can write this equation in terms

of its real and imaginary parts

Glw+in) = Re|G(w)] FiA/2 (6.14a)
Y(wxin) = Re[S(w)]Fil'/2. (6.14b)
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This leaves four equations

(G — Re[X])(Re[G]) + (I'/2)(A/2) (6.15a)
+ ({I/4 Re[G]} = {(Gy " — Re[X]), A/4}) =1

(Go' — Re[X])(A/2) — (I/2)(Re[G]) (6.15b)
+ ({I'/4, Re[G]} = {(Go~ — Re[%]), A/4}) = 0.

These are most transparent in the following form

( G:' — Rels] _1r/2 ) < RelG] ) _ ( 1 ) (6.162)
~T/2 Gy' — RelX)] A2 0
{T, Re[G]} — {(Gy' — Re[%)]), A} = 0. (6.16b)

The matrix is easily inverted to give the well-known results [113]

Re[G] = (Gg' — Re[2]) /(G5 — Re[Z])? + (T/2)*) (6.17a)
A=T/((Gy" = Re[X])* + (T'/2)?). (6.17b)

When I' vanishes one must interpret the Lorentzian as a Dirac delta function.
We now have enough tools to investigate G<. The equations of motion for G<

can be derived from the equations for GG, taking t; < ty/, in which case
[ & (G'a.y -6
_ _ _ b q _ _
= /d2 GyH(1,2)G=(2,1) — / d2 —,2>(1, 2)G<(2,1')

_/t d2 = 2<(1 2)G<(2,1) — /d2 ~¥<(1,2)G7(2,1") (6.18a)

- /d; [Ggl(l,Q)G<(§,1’) - C@t(l -2)[£7(1,2) - £<(1 ?)]) G=(2,1)
+55(1,9) G@(lf _)E 1) - G, 1’)])} , (6.18h)

where ©(x), the Heaviside step function, is zero for negative arguments and otherwise
equals 1. Since G is strictly local in time one does not have to worry about breaking
the G* integrals up. Eq. (6.18b) is simple expressed in terms of retarded/advanced

response functions,

GA12) = _—,1@(2 —1D[GZ(1,2) — G=(1,2)] (6.19a)

1

NR(12) — %@(1—2)[?(1,2)—2<(1,2)], (6.19D)
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in terms of which the equations of motion read,
(Ge' =2+« G< —2<x G4 =0. (6.20)
Following the same procedure for ¢; > ¢/, one finds
(Go' =2 +xG” =¥+ G4 =0. (6.21)
I now switch to center-of mass and relative coordinates, assuming L > &,
(G5! ~EMGT 556+ L({(Ge' M, G}~ {556 =0 (622)

As with the equations of motion for GG, one can break this equation up into a real

and imaginary parts. Using the relations

GAw) = Gw+in) = ReG(w) +iA(w)/2 (6.23a)
YEw) = Y(w+in) = ReX(w) — il(w)/2; (6.23b)
one finds
{I'/4,G=} = {¥%,4/4} = (Gy' — ReX)G< — ¥~ReG (6.24a)
{(Gg' — ReX),G<} — {¥<,ReG} = —(I'G<—X~A) (6.24b)

= —(¥G< - T<G7). (6.24c)

The last relationship appears as Eq. (9-30) in Kadanoff and Baym [113], and has the
structure of a Boltzmann equation [cf. (6.12)]; the left hand side contains streaming
terms, while the right is a collision integral. The functions ¥~ and X< are the rates
of scattering out of and into a given chunk of phase space. The functions G< and G~
are the number of particles and the number of holes available in that chunk of phase
space.

When A is strongly peaked about a few discrete points, one can label those points
by a quantum number v, and write A = ) A”. One then splits G< into a product
f,A”. The Poisson bracket obeys the Leibniz “product” rule, which for scalars reads
{A,BC} ={A,B}C + {A,C}B, and along with Eq. (6.16b), gives us,

{(Gg" — ReX), f,} A" +{I" f"=%<, ReG}+{ReG, f*}I" = —(I" f,—£%) A", (6.25)

where 'V is defined analogously to A”. In equilibrium, ¥< = IV f¥. Equation (6.24a)
forces A to be strongly peaked. See [113] for concrete examples that clarify this

structure.
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6.2 Condensed system

6.2.1 Basic problems

In the condensed system, the Green’s function G< is a two-by-two matrix (cf. ap-
pendix C.4.1). However, for the weakly interacting system, the elementary excitations
are still quasiparticles, for which one should be able to find a Boltzmann equation.
There does not exist a one to one correspondence between particles and quasiparticles,
so the constraints imposed by number conservation have a different form in a con-
densed and noncondensed system. Matrix Green’s functions also appear in systems of
particles with internal degrees of freedom. The matrix structure arising from internal
degrees of freedom is simpler to deal with than the one arising from the presence of
a condensate.

In the last Section, all formulae which did not explicitly refer to real and imaginary
parts of functions are correct for more general matrix propegators (I was careful with
operator ordering). However one needs to take Hermitian and anti-Hermitian parts
of equations instead of real and imaginary. This is complicated by the fact that the
Hermitian and anti-Hermitian parts of the various matrices do not commute.

Since the different components do not commute, it is very hard to solve the re-
sulting equations. One might hope that one could formally manipulate the matrix
equations in the same manner as one does the scalar equations. Unfortunately the
basic assumptions underlying these manipulations only hold for scalar Green’s func-
tions. For example, the decomposition of G< into the product fA relies upon the
relationship {A, f(A)} = 0. This relationship is an obvious corollary of the chain rule
{A, f(B)} = {A, B}f'(B), along with {A, A} = 0. Unfortunately, neither the chain
rule, nor the latter identity are true for matrices. For example, consider the two by
two matrix A = wry + t7y, for which the Poisson bracket reads {A, A} = 2i3 # 0.

The most promising scheme to deal with these difficulties is to project the equa-
tions of motion onto Pauli matrices. This approach seems manageable, at least at the
mean field level. Instead of the two equations one has for the scalar case (one real,
one imaginary), one ends up with eight equations (four Pauli matrices, both real and
imaginary). In the next Section I investigate Bogoliubov theory in the context of this
formalism.

Alternatively one can make approximations which simplify the structure of the
matrix equations of motion. For example the Hartree-Fock approximation of Stoof et
al. [123], and the Popov approximation of Griffin et al. [120], each omit off-diagonal

terms in G '. For many problems such an approximation is appropriate.
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6.3 Bogoliubov theory

In simple mean-field theories of the Bose gas (see appendix C.4.1), the inverse Green’s

function is of the form
Gilr =Gyl — Zyr =wr — e — ATy, (6.26)

where 7, is a Pauli matrix, and the coefficients are generically calculated in some self-
consistent manner. In the simplest of these theories, the Bogoliubov approximation,
e(R, P, T) = p?/2m + gno(R,T), and A(R, P,T) = gno(R,T). For the remainder of
this Section I neglect the subscripts M F. In a uniform, time independent system,

the spectral density is

A = 2716(GY) =21[6(w—FE) - d(w+ E)) [%7‘3 + % - %7‘1} , (6.27)
= 2m0(w? — E?) [wrs + € — A7) (6.28)

which can also be thought of as

A:27r5(w—E)<Z><u* v*)—2w5(w+E)<Zi>(v u) (6.29)

where the Bogoliubov factors are

e+ F

u = 57 (6.30a)
e—F

vo= — 5 (6.30Db)

This representation of A is useful, along with the representation

G—lz(w—E)<_uv)<u* _U*)_(w+E)<_U;*)(U —u). (6.31)

For our purposes the representation in terms of Pauli matrices, Eq. (6.27) is easiest
to work with.
Now consider a slowly varying ng(R,T). By construction G™'A = 0, but the

Poisson bracket is
(G A} = {WV—E+ A% 2 +n({e, Af} = {Aef}) (6.32)
—l—'iTg({A,(Uf} - {wa A.f}) + ’7'3({(4}, E.f} - {67 Wf}),

with f = 276(w? — E?). The first term, proportional to the identity, is zero, but the
others are generically finite. Thus this spectral density does not obey the semiclassical

equations of motion.
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The physical reason why this spectral density does not work is that it violates
number conservation. This violation occurs because as the spectrum changes, the
relationship between the number of quasiparticles and the number of real particles
changes. The collisionless Boltzmann equation conserves the number of quasiparticles,
so the spectral density has to be modified to take into account fluctuations in the
number of condensed particles.

To find the correct spectral density, I consider an arbitrary matrix of the form
A=ayg+), a,7,. The equation

{G™', A} = 2iG7A, (6.33)

can then be broken up into eight components,

{w,as} —{e,a0} — {A,a1} = 0 (6.34a)
{e,a1} + {A a0} = —2way (6.34Db)

{e,a2} = 2wa; + 2Aa; (6.34c¢)

{e,a3} —{w,a0} = —2Aay (6.34d)

0 = was—eay — Aay (6.34e)

{w,a2} = 2Aag + 2eay (6.34f)

{A az} +{w,a1} = —2eay (6.34g)

{A)a} = 2eaz — 2way.. (6.34h)

Solving so many simultaneous partial differential equations is difficult. By combining
Egs. (6.34f,6.34¢,6.34h), one finds that as satisfies

{w? — e+ A% ay} =0. (6.35)

Thus as is a function of w? — E2.

The matrix element as is closely related to the
change in the number of quasiparticles. In equilibrium it vanishes.

These equations are amenable to a perturbative analysis where one formally treats
the Poisson brackets in (6.33) as small, which amounts to an expansion in powers of

¢/L. Writing A =" A® | this analysis yields a hierarchy,

G1A® = 0 (6.36)
G1AW = —j/2{G A} (6.37)
G1A® = —j/2{G~t, AW}, (6.38)

and so on. As previously discussed, A®) = 276(w? — E?)[wrs + € — A7y]. Iterating
these equations, and using the identity 26 (x) = —d(x), one finds AV = —27§ (W? —
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E)(e{A,w} + w{e, A} + A{w,€}). These first order corrections have little effect

except to enforces particle conservation.

6.4 Response to a sudden change of interaction

strength

As a simple example to illustrate some of the issues raised by the kinetic approach
presented in this Chapter, I explore a uniform gas subjected to a sudden change
of interaction strength. In principle this situation could be experimentally realized
through the use of Feshbach resonances which allow the tuning of atomic interactions
[124]. T first study this problem using elementary means. I then use the machinery

developed in the preceding Sections to rederive these results.

6.4.1 The scenario

Before time ¢t = 0 a uniform cloud of non-interacting bosons is in equilibrium. At
t = 0 interactions are suddenly turned on. The system is no longer in equilibrium,
and various excitations are generated. These excitations are generated on a timescale
of order the inverse mean field energy myr ~ h/gn, where g = 4wh%a,/m. These
excitations equilibrate on the collision time 7. ~ 1/(nov). The times scale as different
powers of the scattering length; myp ~ 1/a,, while 7. ~ 1/a?. Thus one expects a
clear separation of timescales with nyp < 7.. Introducing typical parameters of Bose
gas experiments, myr ~ 0.6ms, and 7. ~ 17ms.

Due to this separation of timescales one can look at the two processes separately,
the generation of excitations and their equilibration. The former is described by a
collisionless (mean field) kinetic theory. There is a very interesting technical issue
here, in that within a collisionless kinetic theory, entropy is conserved and there
is no generation of quasiparticles. Thus these excitations are collective in nature
and represent an unusual oscillation of the condensate. Due to the presence of the
condensate, the spectrum of these collective oscillations is the same as the spectrum

of quasiparticle excitations.
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6.4.2 Elementary approach

The mean field theory describing this situation can be derived from the Heisenberg

equations for the field operator W,
v2
(i@t + —) U = gUT v, (6.39)
2m

One writes ¥ = ¢ + 1; where ¢ = (V) is a c-number which represents the condensate,
and 1) is the operator that annihilates a non-condensed atom. Taking the expectation
value of Eq. (6.39) and keeping terms to quadratic order in the excitations, one arrives

at a non-linear Schrodinger equation

2 ~ ~ ~ ~
(100+ 5 ) 0 = 9000 + 2010100 + 9050 (6.40)
Varying 1 in Eq. (6.40) gives
2 ~ ~ ~
(101-+ 5= ) & = 20070+ vt (6.41)

where higher order terms have been ignored.

This approximation, a variant on the Bogoliubov approximation, obeys all of the
standard conservation laws (energy, mass, and current). These laws are easily verified
by noting that we could have derived the equations from functional differentiation of
a functional ® (see Appendix D). In particular, multiplying Eq. (6.40) and (6.41)
by ¢* and ¢!, and subtracting the complex conjugate, gives dng = —0&@%) =
2¢Im(1*)2 (1), and verifies number conservation. Note that the standard Bogoliubov
theory, where the term g(qﬁqﬁ)qﬁ* is ignored, does not conserve particle number.

In this formalism, a time and space dependent chemical potential is introduced as

the derivative of the condensates phase. One writes 1) = /ngexp(i¢), and defines

vs = (Vo)/m (6.42)
p = —0p—mvi/2. (6.43)

Using these definitions, one rewrites Eq. (6.40) as a set of equations,

o+ V - (ngvy) = 2gneIm((Pi))e%9) (6.44)

va\/\/Z:i +g(n —no) + gRe((¥h)e ). (6.45)

Equation (6.44) has the structure of a continuity equation. The right hand side repre-

I

sents the transfer of particles between the condensate and normal cloud. The second
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line (6.45) is analogous to Euler’s equation for an ideal fluid. The term proportional
to V2,/n, is the “quantum pressure” term which played such an important role in
Chapter 5.

The equation for the non-condensed atoms is simplified by performing a Bogoli-

ubov transformation,
b=e*y [eik""uk(t)i)k O ] , (6.46)
k

with c-number functions v and v and time independent boson operators by and ZA)T_k
Since Eq. (6.41) is linear in 1;, this ansatz involves no further approximation. To
ensure the proper commutation relationships, one must enforce |uy|? —|vgx|* = 1. The

resulting equation for uy and vy is

<Zaf Tk T ) < U ) —0. (6.47)
—gng  —1i0; — € Uk

To the extent that one can ignore terms proportional to the depletion, the chemical
potential is u = g(2n — ng), and € = k?/2m + gny. In an inhomogeneous condensate
one would also need a term corresponding to spatial gradients, and also allow for the
presence of the superfluid velocity vj.

+iBt - where

The stationary solutions to Eq. (6.47) correspond to (ug,vg) ~ e
E? = €2 — (gno)?. The physical, positive frequency solutions, are best characterized

by the bilinears (cf. 6.30),

2
= A4

uf? = < (6.45)
— 6.49

ol = < (6.49)

« _ —4no

URUk = (6.50)

More generically, Eq. (6.47) can be formally integrated,

ur(t) o | [ T 90 ug(t = 0)
() ol Cn )] Cz) e

In this expression I have ignored the time dependence of ng and vy, both assumed
to be slow and small. The exponential is simplified by noting that the square of its

argument is proportional to the identity, yielding,

up(t) | cos isin(Ext) [ —ex —gno ur(t =0)
( k(1) ) N i)+ 1 ( gno €k )] ( vR(t = 0) ) ' (652
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Figure 6.2: Non-condensed density as a function of time after interactions are sud-

denly turned on. The density is measured relative to its long-time value, and time is
measured in terms of the mean field time.

It is readily verified that the constraint |ug|?> — |vx|* = 1 is maintained by these
dynamics.

Focusing on the case at hand, at ¢ < 0, the system is in equilibrium with all of the
particles in the condensate. This implies that nyg = n and that @W) = 0. Using the
ansatz in Eq. (6.46), (1) = 37, (v2 + (u} + v2)(bLby), which implies that b,|¥) =0
and that vy = 0. The normalization condition u? — v} =1 then gives u; = 1.

From Eq. (6.52) the factor vy evolves as vi(t) = i(gno/FEy)sin(Ext). Thus the
number of excited particles 7 = (pfeh) = VIS |ug)? = V=1 (gno/ Ey)? sin?( Ext).
At long times, the phase of the sine wave is essentially random, and one can replace
sin®(Eyt) with 1/2, giving i = V1Y, (gno)?/2E? = 272 /&3, where & = h/gnm
is the condensate healing length. The time required to reach this asymptotic value is

of order myr = h/(gng). The general integral analytically evaluates to
i(t) = 27 /&p (1 — cosh(4t/mur) + sinh(4¢/7ur)). (6.53)

This curve is shown in Fig. 6.2.

6.4.3 Further analysis

This model calculation seems quite simple, but the physics is actually quite strange.

For example, as anticipated, the number of quasiparticles, <b£bk>, is conserved. Thus
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these oscillations of particles into and out of the condensate are somehow just a more
complicated oscillation of the condensate.

One gets further clues about this system by looking at the Green’s function,

G(1,2) =+ <T ( Zi ) (] %)] > (6.54)

)
and the functions G< and G-, corresponding to the specific time orderings t; < ty

and t; > t5. To make contact to the material in the early part of this Chapter, I write
these functions in terms of the central coordinate T' = (¢; + t3)/2 and the relative
coordinate t = t; — to.

In the example at hand, (b'b) = 0, thus

G(1,2) = (“E?)(m(z) v*(2)) (6.552)

G<(1,2) = (Z:E1;>(”(2) u(2)). (6.55b)

Using the expressions for u and v in Eq. (6.52),

—gncos(2E,T) €cos(2E,T)—iE) sin(2E,T)
G>(Twk) = 2mi(w) Ly (6.56a)
€cos(2E,T)—iEy sin(2E,T) —gncos(2E,T)
e+E _gn e—FE _gn
2E 2F _ 2F 2E
+278(w—Ey) L2 - +278(wt By ) 52
_gn e E _gn  et+E
2E 2B 2E  2E
—gncos(2E,T) €cos(2E,T)—iEy sin(2E,T)
G (Twk) = 2mi(w) Ly (6.56b)
€cos(2E,T)—iEy sin(2E,T) —gncos(2E,T)
e+E _gn e—FE _gn
remd(w—Ep)SE | 2P o pons(wrE)SEE [ 2P o
_gn e—FE _gn e+ FE
2E  2F 2E  2F

All of the dynamics occurs in the w = 0 sector. This is a sign that these excitations

are actually deformations of the condensate. Subtracting the Green’s functions gives

etBE _gn £ _gn
A=G"-G* =2m0(w—F) _25_” 2B | 2o (wtE) _25_” 2B ], (6.57)

2F = 2E 2F 2F

just as one finds in equilibrium. The spectral density A determines the dispersion and
wavefunctions of the quasiparticles. Since A is independent of time, the quasiparticles
are also unchanged in time. Because of the w = 0 structure, G< and G~ are not simply

proportional to A.
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6.4.4 Kinetic approach

I now look at this problem in the language of the kinetic theory presented earlier in

this Chapter. In the absence of collisions, the fundamental equation is
—2
{Go' =%,G7} = —(Gy' = 2)G, (6.58)

where {4, B} = (0,A07B — 9r A0, B) — (V,AV B — VR AVpB).

Within this approximation,
(Gyt =) (k,T,w) = 73w — € — gnoTi, (6.59)

where €, = k?/2m + gng, and ng is taken to be independent of time. Since G< is

Hermitian, it can be decomposed in terms of Pauli matrices,
G =g+ g, (6.60)

where all of the ¢’s are real. Blindly substituting this decomposition into Eq. (6.58),

and using the relationship 7,7, = 0,5 + i€,,17x, one finds the following six equations:

orgs = 0 (6.61a)
orgs = 2(€)g1 + 2(gno)go (6.61D)
org1 = —2egs (6.61c)
Irgo = 2(gno)gs (6.61d)
0 = wgs—€go— (9n0)o (6.61e)
0 = wg (6.61f)
0 = wgi+ (910)9s (6.61g)
0 = wgo— €gs, (6.61h)

which correspond to (6.34) specialized to the present case. The algebraic equations

can only be solved if the determinant vanishes,

w —gng —€
“ = W2(W? — &+ (gno)?) = 0, (6.62)
anyo w
—€ w

requiring w = 0, £ F. The distribution function will therefore have terms proportional
to 6(w),d(w— E), and d(w+ E). Considering each of these cases in turn, the Green’s
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functions must have the general form,

- E — E —
G = Asw—E)| € 9 ) | Bsw+E) 7T T (6.63)
—gng €+ FE —gng €+ FE

—gnofi(t)  efi(t) +ifa(t)
+6(w) . :
efi(t) —if2(t)  —gnofi(t)
where A and B are constants, and f; and f, are functions of time. One also has

initial conditions

M =0)= 1)/ (6.64)

which tells us that A — B = 27/2E, f5(0) = 0, and f;(0) = (A + B)gno/e =
(A + B)e/gng — 27 /gno. Thus f1(0) = 2w(gno/E?), A = 2mw(e + E)/2E? and B =
o (e — E)/2E?,

The differential equations in Eq. (6.61) reduce to two equations,

orfs = 2E*f (6.65)
orfi = —2fs, (6.66)

which are trivially integrated. As expected one recovers Eq. (6.56b).
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Chapter 7

Electromagnetically Induced

Transparency.

In this Chapter I describe the theory of electromagnetically induced transparency in
a gaseous medium, and show how this effect is used to stop light. Two formalisms
are discussed at length, a mean field theory, and an equilibrium Green’s function cal-
culation. I also say a few words about performing a non-equilibrium Green’s function
calculation, though a full analysis of such a theory goes beyond the scope of this

thesis.

7.1 Introduction: the basic picture

The New York Times writes “Scientists bring light to full stop” [125]. A light beam
is frozen in space. Is this the ultimate in delay lines? Will it be used for quantum
computing? Most importantly, how does it work?

The premise is simple. Light, which is a harmonic vibration of the electromagnetic
field, couples to polarons, harmonic vibrations of the polarization of a media — the
coupled excitation is referred to as a polariton. If one finds a scheme where one can
control the strength of the coupling, then one can adiabatically transform light into
a polarization wave. Polarons have very little dispersion, so the excitation is then
effectively stopped. At some later time one can transform the polaron back into a
photon, and light continues on its way.

It is useful to ask what is the simplest system in which one can perform this trick.
A first guess would be that one could use a cloud of two-level atoms. Unfortunately,
such a system is too simple, since there is no way to control the strength with which

light couples to the transition. Without being able to control the coupling strength,
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one cannot adiabatically transfer the photon into a polaron. An even bigger problem
with two-level atoms is that since one has no control of the coupling to the electro-
magnetic field, one has to contend with spontaneous emission, and the polaron will
consequently have a very short lifetime.

The next level of sophistication is to use three-level atoms. Typically one considers
a A configuration, as portrayed in Fig. 7.1. The levels 1 and 2 represent different
hyperfine states of an atom, and there are no allowed transitions between them. The
state 3 is an excited electronic state, which couples to both 1 and 2, through different
polarizations of light, denoted o and 3. There are three distinct polarization waves in
this system, depending upon which of the two states are coupled. The various cases
will be labeled by the symbols, Pi3, Pis, Po3. The goal will be to convert o photons
into Py polarization waves. The switch which will turn on the coupling between the

photon and the polarization wave is a laser of § photons.

VS_\E

Figure 7.1: Electronic structure of a 3-level atom in the A configuration. Levels 1
and 3 are coupled by photons of polarization «, while levels 2 and 3 are coupled by
photons of polarization /3

Suppose one has an intense laser of § photons. An atom in the 1 state, could
then absorb an a photon, jumping into the 3 state. Then the atom can be stimulated
to emit a § photon, dropping into the 2 state. Thus, when the laser is on, Py is
coupled to the o photons. When the laser is off there is no coupling. This system

can therefore be used to stop light. This process is schematically shown in Fig. 7.2.

Figure 7.2: Schematic view of the transfer of a a photon into a P polarization
wave. An « photon comes along and excites an atom from the 1 state to the 3
state, generating a P;3 polaron. The excited atom emits a  photon, and changes the
polaron into a Pj5 polarization wave.

One caveat is needed. At no point in the procedure can the atom ever have a
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probability of occupying the 3 state. The 3 state is highly excited and couples strongly
both « and [ photons, consequently it has a relatively short lifetime. Any occupation
of this state will result in an absorption of photons. It is the lack of absorption which
gives this effect the name “electromagnetically induced transparency.”

It is also useful to say a few words about momentum conservation. If the initial
light beam has momentum £k, and the coupling laser has momentum ¢, then the
polaron will have momentum k£ — ¢. An interesting twist on the experiment is to
convert the polaron back into a photon using a coupling beam of momentum ¢’ # q.
In this case the outcoming light will have momentum k — ¢ 4+ ¢’. This system could
then be used as a very efficient router, where light can be stored and the out-coupled

in an arbitrary direction.

7.2 A mathematical description of the system

The low energy physics of the light-atom system is given by the Hamiltonian,

H = > [ck(azaﬁ BB+ > (ek+Eu)¢Ikwuk] (7.1)

k v=1,2,3

+A Z [Oéq¢3k+q¢1k + o ¢1k¢3k+q + 6qw3k+qw2k + ﬁ ¢2k¢3k+q

27rh as

Z Z wyk¢up¢up q¢uk+q

kgp pv

The first line gives the energies of the uncoupled modes. The photons of the two
polarizations are annihilated by the operators «aj and ;. Atoms in the electronic
state v with momentum k are annihilated by the operator 1,,. The atomic energy is
written as €, + E,,, where ¢, = k2/2m, and FE, is the energy of the electronic state v.

The second line of this Hamiltonian gives the coupling between the photon modes
and the atomic transitions. The coupling constant A is proportional to the dipole

matrix element for the electronic transition, explicitly

by — By

A= —e{lfel3)\/ =5

(7.2)

Where (1|x|3) is the dipole matrix element, e is the electron charge, ¢, is the permi-
tivity of space, and V' is the volume of space. I assume that the same A\ can be used
for coupling states 3 and 2, as are used for 3 and 1. This approximation works well

for the current experiments, but generically two such constants are needed. One sees
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in the Hamiltonian that the photons couple to polarization operators
Pij(q) = Z ¢Jk+qwjk- (7.3)
k

Finally, the last line of the Hamiltonian gives the interaction between the atoms.
This interaction will only be important in that it will lead to some collisional broaden-
ing/decoherence. The collision cross-section is o = 4wa?. Some typical experimental

parameters are given in table 7.1.

Table 7.1: Experimental Parameters: temperature 7', density n, collision rate 1/7,
natural width of state 3 I's, coupling constant A, recoil energy F,ecoi = k2 /2m, and a
rate I'y associated with Doppler broadening (see Section 7.4)

8TRb (Phillips et al. [12]) | *Na (Liu et al. [11])
(Es — Ey)/2mh 3.8-10" Hz 5.1-10"Hz
(Ey — E1)/27h ~ 10° Hz 1.8 -10° Hz
kgT/2mh 360K=7.5 - 10'? Hz 1075 K=2-10* Hz
n 10" em ™3 10" ¢cm™3
Qg 5.8nm 4.9nm

1/, 8.8-10% 571 1.2-10%!

I3 3.4-107s7t 6.1-107s™!

NV /K2 256 m? /s 253 m? /s?
Ercconn/21h 3.6 - 10*Hz 210" Hz
Iy = VEwcotksT /R 5-10% Hz 2-10*Hz
VNN h 5.1-10° 57! 5.1-10%0s71

7.3 Mean field theory

There are two experiments which use an atomic gas to stop light. The group at
the Rowland Institute [11] uses a cloud of **Na just above the BEC transition tem-
perature. The group at Harvard [12] uses a hot (360K) cloud of ¥ Rb. The former
experiment is almost in the regime where all components of the experiment are coher-
ent. The atoms are almost condensed, and all photon fields are generated by lasers.
The system can therefore be adequately described by a zero-temperature mean field
theory. Finite temperature effects are discussed in the following section.

First I restrict my attention to a single mode in each field, and ignore all incoherent

processes such as spontaneous emission and atomic collisions (these can be put back
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in phenomenologically). Second, as the experiments are performed in very dilute
gases, | ignore the interactions between the atoms. Third, I ignore the dynamics of
the ( field — this is assumed to be controlled by the experimenter by turning a dial.
With these assumptions, I write down the Heisenberg equations of motion for the

field operators, treating the operators as c-numbers,

0y = Ej + Aa™s (7.4a)
10y = Eythy + A3 3 (7.4b)
103 = Esbs + Aaahy + NG (7.4¢)

O = cka+ A\piis. (7.4d)

The recoil energies have been absorbed into E,. Two constants of motion are readily

verified,

T (7.52)
ne = |al®+ [vs)* + v, (7.5b)

which are respectively the total density of atoms and the total density of “excitations.”
I now look for equilibrium solutions to these equations. Itake 3 to be on resonance,
B(t) = Be " Fs=E2)t "and rescale the frequencies of all the fields

i — ey, (7.6a)
a. (7.6b)

a — e—zwota — e—Z(E3—E1)t

0y = Aa'is (7.7a)
0y = N33 (7.7b)
103 = Aahy + APy (7.7¢)

i = (ck —wp)a + A\pies. (7.7d)

On resonance, ck = wy; these equations are solved by ai; + BYs = 0 = 13, which
can be conveniently written as |a|*> = |3|*|12]?/|¢1]?. This state is known as a dark
polariton, since it does not undergo spontaneous emission. Utilizing the conservation

laws, one can relate |a|? and |3]? in this dark state via the equation,

»_ |82, — |a?)

n—n,+|al?’

|

(7.8)
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Figure 7.3: Relationship between probe and coupling beam intensity. The density
of probe photons |a|? vs. the density of coupling photons |3|?, under the constraint
that the total number of excitations is held constant. As |8]> — oo the density
of probe photons equals the total density of excitations n,. If the coupling beam is
adiabatically reduced, the probe photons are converted into polarons. When |3|? — 0
no probe photons remain. Asymptotically, |a|? = (n./n)|3]* as |3]* — 0.

which is easily solved for |a|?,

laf? = /T =7 + B + 43P, — (n = . + [5P) (7.9

In particular, 8 — oo, implies |a|*> — n,, and the excitation is a photon. When
B — 0, the magnitude |a|*> — 0, and the excitation is a Py polaron. At no point is
state 3 ever occupied. By adiabatically changing § one can tune from the photon to

the polaron. If n, < n, one has a much more convenient expression

aft = el

= (7.10)

The full expression (7.9) is plotted in Fig. 7.3.

Experimentally, light is stopped by adiabatically ramping the strength of the
coupling laser. The experimentalist starts with a very strong g field. A laser of «
photons is incident on the atomic cloud. While the light is inside the cloud, the
laser is slowly turned off, transforming the photons to polarons.

To understand the group velocity of the excitation one must look at the dispersion
w(k). Technically, this starts to become tricky, since one has to solve Eq. (7.7) for

ck # wy. To produce analytic results one has to expand in small parameters. For
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example, the speed of light is calculated by expanding (7.7) in small (ck — wp). This
procedure results in a velocity of v = ¢/(1+n3?/(a*+ 3%)?), which as & — 0 becomes
v=c/(1+n/5?%).

A more straightforward approach is to expand in small a. Physically this expan-
sion corresponds to assuming that the probe beam is weak (which is the experimen-
tally relevant regime). To this end, I change from the particle operators v; to the

polarization operators Pj; = @DZ-T Vj,

10y — ck —A «
—)\(nl — 7’L3) z@t — Wo —)\ﬁ P13
Ao 0, — (B2 — E3 P.
“ i = ( ) 2/ (711)
0
B 0
0 )
AB*(ng — na)

where n; —wj ;. If one assumes « is small, one can ignore the coupling to Ps,, finding

a linear theory,

10, — ck —A «Q
—\n Zat — Wo —)\ﬁ P13 = 0 . (712)
—\B*  i0, — (E2 — E1) Py

I have approximated n; —ng by the total density of particles, n. One can phenomeno-
logically introduce the spontaneous decay of state 3, by transforming wy — wy — i’

in Eq. (7.12). Taking (5 to be on resonance, the eigenfrequencies solve
(w — ck)[(w —wp)? — N?B% —il'(w — wp)] — A*n(w — wp) = 0. (7.13)

The general solution to this cubic is not particularly enlightening. One can write this
equation in a way which is conducive to solving iteratively for w near ck,

W — Wo
(W—wp)? = N3 —il(w—wp)

w—ck=\n (7.14)

In particular, to first order one finds v = ¢(1 — n/3?%). In Fig. 7.4, I plot the roots of
Eq. (7.13) as a function of k.

On resonance, (i.e. when wy = ck) the eigenfrequencies are

w =0 (7.15)

w = FA/n+ [ (7.16)
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Figure 7.4: Resonant frequencies of the mean-field equations. The dashed line shows

the frequencies when the coupling between the photons and the polarons are turned
off.

On dimensional grounds, the adabaticity condition is that the rate of change of the

laser intensity is much less than the minimum energy spacing between the modes, i.e.

o3  MWN
7 < T

For alkali atoms, this ratio is of order 108 — 1019H 2.

(7.17)

Transparency

An important point here is that even in the presence of spontaneous emission from
state 3, the frequencies (7.15) and (7.16) are real, implying that there is no absorption.
In contrast, in the absence of the coupling beam, the a photons would be quickly
absorbed by the gas. This absorption results from generation of P35 excitations,

which have a very short lifetime.

7.4 Equilibrium Green’s functions

I now go beyond the mean field treatment by including various incoherent processes.
I use the standard finite temperature equilibrium Green’s functions as discussed in
Appendix C. The formalism can be conveniently built up starting from the equations
of motions for the field operators shown in Eq. (7.11). (This equation was presented
as a mean-field equation, but as long as one keeps the operators normal ordered
it is also true for the fields themselves.) I will however take a more intuitive, but

equivalent, approach of diagrammatically building up the self-energies for the photon
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and polaron Green’s functions.

7.4.1 Two level atoms

A useful exercise to get used to this approach is to first consider a gas of two-level
atoms interacting with light. This is equivalent to setting # = 0 and looking at the
Green’s function for . The photon couples to the polarization by exciting atoms

from state 1 to state 3,

1
> (7.18)
3
In this case the self-energy is
1
Sak,w) = NI (k,w) = > (7.19)
3
2 dz d3q [dv
_ N - 2
2n Jw—z /(27?)3 27 (7.20)

[G§(k_Q>Z_V)Gf(q7V)_Gi’f(k—qv'z_y)Gf(%V)]'

There is a gap of order 10000 K between the 1-states and the 3-states, so in equilibrium
there should be no occupation of the 3-states. Therefore the Green’s functions have
the simple form, G5 = 0 and G5 = A3 = 2ImG3, where Aj is the spectral density
(see Appendix C.4). In the absence of any « photons, G; will be the free Green’s

function,
1
= . 21
Gl(k) W — El _ k2/2m (7 )
One is then lead to the simple result
2 [ dq 2
Yok w) = A (2w)3f(€q)G3(k — ¢ w+ Er+q7/2m), (7.22)

where f(e,) is the equilibrium occupation of a mode with energy ¢,. Taking into

account spontaneous emission processes, one can approximate the propegator Gs as

1
w— (Ey+ k%2/2m —il'3/2)’

Gs(k,w) = (7.23)

which yields a self-energy,

12 d*q f(eq)
Falk,w) = A /(2%)3w—wo+k‘-q/m+if/2' (7.24)
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The resonant frequency is wy = Fs — Ei + Frecoil, Where Epecon = k2 /2m.
There are two cases in which the integral is trivial to perform. First, at zero
temperature only the mode ¢ = 0 is occupied, and
\n

Yalbw) = ————7,
(k) w— wy+1['/2

(7.25)
where n is the atomic density. The other simple case is when thermal broadening
dominates over the natural width I'. Thermal broadening only dominates at quite
high temperatures, in which case one can take f to be a Boltzmann distribution, and
neglect T' in Eq. (7.24). Using the identity (z —a)™! = P(z —a)™' £ imd(z — a), one

can read off the imaginary part of 3,

Nnopomo \ Y2 m
Im¥, (k,w) = —5 (27?/{:2T) exp <_2k2T(w - w0)2> . (7.26)

The resonance clearly has a width 'y = \/4kgTe;,. The crossover between the zero
temperature behavior and the high temperature behavior occurs when I'y = I'; which
is equivalent to kgT = I'?/ Eyeco-

For a Gaussian distribution one can perform the integral for all temperatures
without taking I' — 0. The resulting line shape extrapolates between a Lorentzian
and a Gaussian (these two shapes are compared in Fig. 7.5). The basic trick involves
first integrating out the momenta perpendicular to k, the resulting one-dimensional

integral is of the form

1 et
1
(r) = NG dtt —

Not surprisingly, this same integral plays an important role in the random phase

(7.27)

approximation to the density excitations of a gas of atoms discussed in Appendix E.

1

To evaluate the integral, one expresses (¢t — z)~' as a Fourier integral

I(x) = / ds / dtexp (—t* — is(t — z)) (7.28)
= *(1 + erfix), (7.29)

where erf(z) is the error function. The end result is

S (kw) = AZ (%rgl)m exp <—(°" - “’Org ZT/Q)Q) fierf (i(w — wo — iT/2)/T) — il
(7.30)

For further discussion of polaritons in gases of two level atoms, see [126].
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Figure 7.5: Comparison of a Lorentzian and a Gaussian

7.4.2 Three level atoms

With the simple polariton problem under our belts, it is quite straightforward to
understand electromagnetically induced transparency. Adding the 3 photons mixes
Gg and GQ,

Gs(k,w) = =€=:—>—+—>—f—>—l—>—+--- (7.31)

3 3 2 3

1
= SRR , (7.32)
w—(ek+E3—z'F/2)—w_(€k g
—qc c

where ¢, is the momentum of the coupling laser. The self-energy of the o photons is
found by substituting (7.32) into (7.22). Thus one needs to evaluate G3(k — q,w +
€, + E1) where k is the momentum of the o photon, and ¢ is a momentum which is
integrated over. In the experiments, Doppler broadening is minimized by taking the
probe beam of a photons to be colinear with the control beam of 3 photons. In this
case k and q. point in the same direction. For all practical purposes, these momenta
are equal, |k| =|q.|, and G is

W — wp

k— k) =
Galk —qwte+ ) (W —wi)(w—wo+k-q/m+il'/2) — N*|B[*’

(7.33)

where w; = (Ey — E4) + ¢q.. 1 will consider only the resonant case, w; = wy. Even

with k parallel to g., The expression (7.33) has some ¢ dependence, which leads to

Doppler broadening. Physically, this broadening arises from the coupling to state 3.
The integral in Eq. (7.22) again has two simple limits. At low temperature
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(T < 1—12/E/1recoil>7

A2n(w — wp)

Za(Q>w) = ((U _ w0)2 _ )\262 + (w — wo)iF/T

(7.34)

while at high temperature

_ mAp m [(w—wg)? — N2p3?)?
ImY, (k,w) = —\*n o OXP <_2k:2T @ — ) ) : (7.35)

For arbitrary temperatures (treating f using Boltzmann statistics),

Salk,w) = —An (mz—f) exp(—a2) (ierf(iz) — 1) (7.36)
m\ /2 w—wp)? = N3% —il(w—wp
v - (%) (w =) Af_ — Pw = wo)/2 (7.37)

The statement of transparency is that Im(X,) = 0, which is true when ck = wy.

I focus on zero temperature for a moment, where the photon propegator is

(w—wp)? = N3 —il(w — wy)/2
(w—ck)[(w—wp)? = N2 —il'(w — wp) /2] — Nn(w — wp)’

Gy = (7.38)

The denominator is familiar from the mean field theory in Section 7.3. The residues
at each of the poles tell how much of the excitation is a photon. The residue at
w = ck =uwy is

R=3%/(n+5%). (7.39)
In the language of Section 7.3 this residue is the ratio |a|?/n. discussed in Eq. (7.10).
At finite temperature, the residue is

R=lim (1 —%/(w—wpy))™}, (7.40)

w—wo

where ¥ is given in Eq. (7.36). As z — oo, the error function asymptotically behaves

erf(iz) ~ exp(2?)/V/7z, (7.41)

which yields the same residue. One could have guessed that the residue is temperature
independent. The only way that temperature could affect this state is through the
Doppler shift of the atomic transitions. These shifts exactly cancel on resonance,

resulting in a temperature independent residue.
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7.5 Non-equilibrium Green’s functions

For completeness, here I make a few notes about going beyond the equilibrium theory
discussed in Section 7.4. This non-equilibrium theory is a topic I would like to address
in the future.

The full kinetic theory can be discussed in terms of the matrix Green’s function,

X Xata  APLa  APla
G=-| AalPy APL,Ps APLPy |- (7.42)
)\OéTplg )\P{rgplg )\P1T2P12

The equations of motion for the Green’s function is formally written as G~!G = 1.

At zero temperature, where 1) is a c-number,

10, — ck —A 0
G'= —A (i0, —wy +iL/2) /0 —=AB/n (7.43)
0 —AG*/n (i0y —wo)/n

I have explicitly taken 3 to be on resonance, and have neglected the dispersion of the
polarons. This expression is nothing but the equations of motion in Eq. (7.12). For
time independent (3, these equations are easily integrated to reproduce the results of
the equilibrium theory. To describe a non-equilibrium theory, one can perform the
Wigner transform outlined in Chapter 6. In general, the resulting equations need to

be solved numerically, and its analysis is a topic of further research.
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Chapter 8
Summary

Experiments on cold atomic clouds have demonstrated a diverse and extremely in-
teresting set of phenomena. In this thesis I provided a theoretical description of a
subset of these phenomena. I derived the effect of interactions on the phase tran-
sition temperature of a Bose gas. I calculated the lifetime of persistent currents in
toroidal traps. I produced a phase diagram which describes the stability of a cloud of
bosons with attractive interactions. I presented a kinetic theory for describing finite
temperature clouds of degenerate particles. I explored the interaction of light with
atomic clouds, providing a theoretical basis for experiments in which light is brought
to a halt.
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Appendix A

Mathematical Functions

A.1 The polylogarithm functions

This appendix is intended as a reference for the properties of the polylogarithm func-
tions. Further details can be found in [127, 128, 129, 130].

The polylogarithm functions are defined by the series

gw(z)=) . (A1)
=17

Analytically, they possess a singularity at z = 1, typically a logarithmic branch point.
For v > 1 the limit z — 1 of g,(z) is well defined and is equal to {(v).

The polylogarithm functions obey the relationship

d d
—qy = —qy = (gy,— . A2
S05) = () = 0o () (42)
This relationship, plus the closed form
z
o = s A.
Gol) = T (A3)

allows one to calculate many of the properties of the polylogarithm functions for
integral v. In particular one can use this relationship to calculate an asymptotic
expansion of g,(e~*) for small z. For this expansion I introduce the Bernoulli numbers
B,,, defined by the generating function
B,z" T _1,
Z = =T go(e ). (A.4)

n! er — 1

n

These numbers are tabulated in table A.1, and can be related to the Riemann zeta

function via
B,

(=1)"n¢(1—n) n=12... (A.5)
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Integrating (A.4) one finds

+ i g(y—k)(_x)k. v=1,2,3...

|
m=1 k=0 k
k#v—1
(A.6)
The equivalent expression for non-integral v is
(™) =T —-v)a" "t + i C(v—k) (=2)f v#1,2,3 (A7)
gl/ - k ]{:! Y Y ) PR *
=0

One derives this latter expression by taking the Mellin-Barnes transform of g, (e~%)
[131]. A form of Laplace transform, the Mellin transform of a function f(z) is a

function F'(s), related to the original by

F(s) = /dxa:s_lf(x) (A.8a)
1 c+1i00

flx) = — dsz* 1 F(s), (A.8b)

271

c—100

where the contour in the inverse transform must be taken to the right of all the
singularities of F'(s). In practice the latter integral is performed via the residue
theorem.

The Mellin transform of g, is

Gy(s) = / gu(e™ )" dw = ((v + s)[(s). (A.9)
0
G,(s) is well defined for large enough s. One inverts the transform via a contour
integral
B 1 c+100 B
g(e7") = %/c—ioo G, (s)z™%ds, (A.10)

where the contour is to the right of all singularities of G,(s). This integral is then

evaluated using the residue theorem along with the following facts. 1) The function

t
Table A.1: Bernoulli numbers B,,, as defined by the generating function =

t" et —1
ZB,@H




((s) is regular, except at s = 1 where it has a pole with residue 1. 2) The function
['(s) is regular except when s is a non-positive integer. The residue of I'(s) at s = —n

is (—1)"/n!. Summing over the residues gives equation (A.7).
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Appendix B

The 1 — 0 asymptotics of F for a

noninteracting Bose gas.

Here I calculate the 4 — 0 behavior of the grand canonical free energy of a non-

interacting Bose gas. This result is used extensively in Chapter 2.

B.0.1 Mathematical structure of the expansion

I begin by developing some mathematical machinery. As in Section 2.1, I consider
a generic system of non-interacting bosons with energy levels ;. Measuring the
chemical potential x from the ground state energy e,, The grand free energy is (cf.
Eq. (2.6))

F = —TZZ—_ " (B.1a)

) J
= =T gi(ePermeomm) (B.1b)
= —Tgl(eﬁ")jtfex, (B.1c)

where ¢1(z) = —log(1 — z). The contribution of the excited particles, F, is regular
at p = 0, so this function can be expanded in a series in Su. Using the properties of

the polylogarithm functions (see Appendix A.1),

IOO k
Foo = =T Z(ﬁkﬁ) grg(e PEn=e0)), (B.2)
n k=0 ’

The prime indicates that the ground state is omitted from the sum. Equation (B.2)

is the starting point for this analysis. The radius of convergence of (B.2) is limited
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by the pole at y = &1 — €,. The coefficients of fu in Eq. (B.2),
/
fo = ) giogleEnme), (B.3)

are thermodynamic derivatives of the free energy with respect to the chemical poten-
tial, evaluated at p = 0. Hence they give the moments (in fact the cumulants) of the

number of excited particles at temperatures below 7T.. In particular:

< Nep > = fi (B.4a)
<ON2, > = (N2)—(Ny)? = fo. (B.4b)

I proceed by expanding f; in powers of the inverse temperature 3. The structure

of the expansion is understood by writing

fo = / AE pox(E) g1-1(e7) (B.50)
peX(E) k—1
/dE 0. (B.5b)

where pex(F) is the density of excited states. For low enough energies the density
of states has the form p(E) ~ E*/y**! where v has the dimension of energy. If
k < o+ 1 the integral converges and f, ~ (kgT/v)*™. Otherwise, the sum is
infrared divergent, and will be dominated by the first term. On dimensional grounds
the lowest energy state has energy e, ~ v, so in this latter case f, ~ (kgT/v)".

To make these results more concrete, briefly consider point particles in a three
dimensional box, where a = 1/2 and v ~ h*/mL?. According to this argument, the
number of excited particles is extensive, Ny = fi ~ L3, while the fluctuations are
anomalously large ({N2) = f, ~ L*. These large fluctuations in the number of non-
condensed particles are related to the large fluctuations in the number of condensed
particles (2.25).

B.0.2 The Mellin-Barnes Transform

To go beyond these order-of-magnitude estimates of fj, one performs a Mellin-Barnes
transform defined in equation (A.9). This transform allows one to express fj as a
sum of power-laws.

To produce an expansion of fj in powers of (3, one should take the Mellin transform
of (B.3) with respect to . This approach is inconvenient, since (3 is a dimensional

quantity. Instead I introduce a dummy variable x multiplying (3, then in the end one
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can set x = 1. Thus I define

/
Fy(s) = /dms—lz g1 (e TPEn=e0)) (B.6a)
! 1 s—1_—xzBj(en—co)
= ZZF drx® e (B.6Db)
noj

RO (ﬁ) , (B.6c)

n— o
n

The rightmost pole of Fj(s) gives the leading order behavior of fj as 5 — 0. The
zeta-function has a pole at pole at s = k with residue 1. the Gamma function has
poles at s = —m (m=0,1,2,...) with residue (—1)™/m!. The remainder, designated

the spectral zeta function
/ 1 §
79=% (5er=z) (B2

contains all the information about the details of the system.

We now have a simple algorithm for finding the expansion of F. First one finds
the poles of Z(s), giving all of the singularities of Fj(s). Assuming one only have to
deal with isolated singularities (as is the case), it is a simple matter to directly write

down f, since f is identically equal to the sum of the residues of Fj(s),

fo="Y_ Res{Fi(s),s}. (B.8)

poles S;

In the following two Sections I specialize first to particles in a d-dimensional box,

then to particles in a harmonic well.

B.0.3 Particles in a Box

The spectral zeta function for particles in a box, with dispersion
e = (R?/2ml)(nl +n, +---), (B.9)

is discussed by Ziff et al. [127]. Following those authors, I introduce sums Cy(s) given
by

C’d(s):F(S) Z/ (ng+n§1+~-~)8’ (B.10)

Ny Ty yeee

in terms of which the spectral zeta function is

D(s)2(s) = (é) Cals). B.11)



Some sample values of the sums Cy(s) are given in Table B.1. The function Cy(s) is
regular except for poles at s = d/2 and s = 0, where the residues are respectively 1
and —1. These singularities can be removed to produce an analytic function
C =C - — B.12
als) als) + s s—d/2 dJ2 ( )
It will only be necessary to evaluate this function at s = 0 or s = d/2, where it is
equal to the regular part of Cy(s). The function Cy(s) is tabulated in Table B.2.

Putting together the poles from Z(s) and from the zeta function in (B.6c), one
finds that for & # 0,d/2,

fo = (%)dga _d2— k) + (%)% Calk) = C(1 — k), (B.13a)

while for even d,

faja = (%)d (2 log% +7+@d(d/2)), (B.13D)

and for k =0,

14 -
fo = —2log - — v+ Ca(0). (B.13c)

In the latter two equations v ~ 0.577216 is Euler’'s gamma, which appears here
because ((s) = =5 +7+ O(s — 1).

B.0.4 Harmonic Well

The harmonic well, with € = AQ2(ny + - - - +nq+d/2) is slightly easier to analyze than
the uniform gas since the energy levels are evenly spaced. The spectral zeta function

for a harmonically trapped gas is

Z(s) = (Bhw)™ > (#) (B.14a)

N, My,

= (Bhw)"*Qua(s), (B.14b)

where the sum is taken over all non-negative n, where not all of the n’s are zero. The

sum @Q4(s) can be written as

(d)
Qu(s) = & (B.15)
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r 1
Table B.1: Values for the lattice sum Cy(s) = (5) Z/ SR
s = (nx_'_ny_'_ )s
d=1 d=2 d=3
s=1 [ 1.047197 oo -2.8374

0.219324 0.610644 1.6752
0.131243 0.300514 0.5419
0.123694 0.263718 0.4278
0.157008 0.324039 0.5039
0.249700 0.507268 0.7741

S O W N

Table B.2: Values for the lattice sum Cy(s) = Cy(s) + — — ——— — =.
$

d=1 d=2 d=3
s=0 | -1.95381 -0.89912 -0.4996
s=d/2 | -1.95381 -0.89912 -0.4996
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where gﬁd) is the number of ways of adding d non-negative numbers together to form
the number n. Calculating gT(Ld) is a famous boson counting problem,' and gf(Ld) can be

written in terms of a binomial coefficient,
@ _ (" d-1 B.16
In ( d—1 ) (B-16)

The binomial coefficients (:1), read “n choose m,” give the number of ways of taking

m objects out of a set of n, disregarding order. I now expand this in powers of n as

g\ = ﬁ zk: m nkt, (B.17)

The Stirling numbers of the second kind [:L], read “n cycle m”, give the number of
ways of making m cycles of n objects. Table B.3 lists some of Stirling numbers. Note
that 7] = 1.

Q4(s) can now be written as

Qa(s) = i gL (B.18a)
n=1

ns

1 d
= — 1—d+j B.18b
;nd)[d_]}““ ) (B.150)
with poles at s = d,d — 1,...,1. I tabulate Q4(s) in Table B.4. Since there are so
many poles, the full expression for f; is rather daunting. The leading order behavior

18

(Bhw) ¢ (d 41— k), k<d
fi= 4 (Bhw) ™ (Liso [£)C(1+ 0+ T(@) (~log(Bhw) =7+ Ha)) . k=d
(Bhw) T (k)Qa(k), k>d,

(B.19)

where H, = >" _, % is the partial sum of reciprocals. Including higher order terms

I The standard counting argument goes as follows. The number of ways of writing n as a sum of
d non-negative numbers is the same as the number of ways of writing n + d as a sum on d positive
numbers. The latter is calculated by writing down n tick marks, and asking how many ways are

there to put d — 1 barriers in the n 4+ d — 1 spaces between the tick marks. This gives
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Table B.3: Stirling numbers of the second kind [ }

n
m.

m=0 1 2 3 4 5
n=0 | 1
110 1
210 1
310 2 3
410 6 11 6 1
510 24 50 35 10 1
610 120 274 225 85 15

1 S
Table B.4: Values for the lattice sum Qu(s) = Z <—+> :

Ny + Ty

Nz, Ny,

d=1 d=2 d=3 d=4 d=5

1.03693 2.11925 3.26144 4.4974 oo
1.01734 2.05427 3.1139  4.20104 5.32539

s=1 | o0 00 o0 o0 00
2| 1.64493 oo o0 00 00
31 1.20206 2.84699 o0 00 00
41 1.08232 2.28438 3.70788 o0 00
5t
6
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gives

S ap gald=5)[ d ‘
fu = ;0: (Bhw) dw {d_]}ﬁ(djtl —k—7j)
jFd—k
+(Bhw) F T + Z(ﬁhw)"((—n —k+1) (_nll)nQd(—n).
Where the contribution Y is given by
Qq(0) — Qa(0) log fhw k=0
= CO/TE) Sy LR F1=d D)
+I'(k) (= log(Bhw) — v + Hy-1) N
L F(k)Qd(k> ) k>d

I tabulate Q;(0), the derivative of Qq4(s), in Table B.5.

(B.20)

(B.21)

Table B.5: Derivative of (the analytic continuation of) the lattice sum @,(0).

@1(0) Q50)  @0)  Q4(0)  Q5(0)
-0.918939 -1.08436 -1.18229 -1.25176 -1.3054
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Appendix C

Review of response functions

C.1 Introduction

Green’s functions, and more general response functions, play an important role in
this thesis. In this Appendix I review the concepts and techniques which are used in

the rest of the thesis. In general my notation follows Kadanoff and Baym [113].

C.2 Linear response theory

Linear response theory is the general study of the response of a system to a weak
probe. Because the probe is weak, it does not perturb the system. As a concrete
example, let us consider the response of a resistor to an applied current. The re-
sponse is quantified by measuring the voltage across the resistor. For weak enough
currents, the voltage is proportional to the current. The impedance, Z = 0V/JI, is
the coefficient of proportionality.

The general framework in which one introduces linear response theory is to write

the perturbation in the form
Hoet(t) = a(t) A, (C.1)

where A is the operator that the perturbation couples to (in our example A would
be the voltage across the sample, since the energy is IV), and «(t) is a c-number
describing the time dependence of the perturbation. Omne then looks at the time

dependence of some other operator, B, which within the interaction picture is
B(t) = (T (eiffoodTW)) BT (e—iffoodTWﬂ)). (C.2)
In the interaction picture, the perturbation Hpet(t) appears in the form

V() = 00 Hy oy (£ o0, (C.3)

137



To find the linear response, one expands the exponentials to first order in «,

SB() — / " dr () (B, A(). (C.4)

1

— [ dratmpgat-1), (©5)
which defines the retarded response function
1
Xpal(t) =0(t)-([B(t), A(0)])- (C.6)

1

In the frequency domain, the response is particularly simple

0B(w) = a(w)xpa(w). (C.7)

Thus our whole task is to calculate x4 (w).

The easiest route to calculating x';, leads one through the complex frequency
plane. This detour is not surprising, since one often uses complex analysis to calculate
Fourier transforms. One needs two expressions to continue. First, one needs the well

known convolution identity
. . dl/ . dl// -1
wt _ wt -7 -t o it /
/dte f(t)g(t) = /dte /27r6 /27r6 fw)g(V) (C.8)
dv

=[5 f)glw—v). (C.9)

The second expression one needs is the Fourier transform of a theta function

/dteiwte(t)e—"t I (C.10)

w—n w4+
/ dte™'9(—t)e™ =

r =
iw+n  w—in

(C.11)

To ensure convergence of the integrals, I have introduced an exponential that decays
on a timescale 1/n. At the end of the calculation I will take 1 to zero.

Using these simple expressions one finds

xh(@z/ﬁ—i%, (C.12)

where
) = [ate (B0 A0) (C.13)
= —2Imyga(w). (C.14)
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The last equality is seen by using the identity

1 1
— =P —imd(w — W) (C.15)
w—w +1in w—w

which is easily proven by contour integration. Equation (C.14) only holds when w is
real.
There are very efficient techniques to calculate x(p 4j(w). These make use of the

time ordered response function

1

xpa(t) = (T (A(0)B(?))), (C.16)

which is closely associated with
X5at) = (B(t)A(0)), (C.17)
Xza(t) = (A(0)B(t)). (C.18)

In the frequency plane, the time ordered response function is

Xaalw) = [dte ! 00 + O(-0p(0) (C19)
_ A XiBa (W)
= / o w—w (C.20)

The retarded and time-ordered response functions are simply related,

Xpa(w) = xBa(w +in). (C.21)

Most manipulations of the time-ordered functions take advantage of the fact that
they are periodic in imaginary time. The basic argument is that this periodicity

follows from the cyclical invariance of the trace,

(B)A(0)) = Tr{e PH=N) [ B(0)e~ 1] A(0)} (C.22)
- Tr {6—5(H—MN) [66(H_MN)e_thA(O)ethe_ﬁ(H_MN)} B(O)}( )
= (A(=(+10))B(0)) (C.24)
= (A(0)B(t +if)). (C.25)

The end expression will look slightly different if A does not commute with N. Further
complications arise when one is dealing with Fermi operators, but for our purposes
these can be ignored. By convention one defines time ordering so that ¢t = —if3 is
later than t = 0. Thus

xBA(t =0) = xpa(t = —if). (C.26)
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Hence xpa can be expanded as a Fourier series,

1 )
XBa(t) = =7 ; e xpalwy). (C.27)
The Matsubara frequencies w, are restricted to multiples of (27/—if3),
2
wy = 2 041,42, . (C.28)
—ig
The periodicity also leads to the equality,
Xpa(w) = QBWXEA(W)a (C.29)
which combined with
X(B,A] = XA — XBa> (C.30)
gives
S 1
XBa = XmBa |l+ ey (C.31)
< = ! (C.32)

One recognizes the thermal occupation of a boson mode in the last expression. Phys-
ically x(p,aj(k,w) represents the spectral density, which counts the number of modes
at wave number k and energy w. The functions x5, and x5 4 represent the density
of occupied and unoccupied states. The relations (C.31) and (C.32) are only true in
an equilibrium ensemble, though (C.30) holds generically.

I now invert the Fourier series in (C.27),

/0 _iﬁdtew”tXBA(t) = xpa(wy) (_%6) /0 _Zﬂdt (C.33)
= Xxpa(wy). (C.34)

Equation (C.33) may be written as an integral over all w,

-6 LA |
| et = [ are g, (C.35)
0 0
dw 7% . 1
— et (wp—w)t [ = >
/27r/0 dte <iXBA(w)) (C.36)
dol—e P
= %HXBA(W)' (C.37)

Using (C.31) one sees that

dw Aw
XBaA(wy) = %%, (C.38)
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thus proving that the series coefficients xpa(w,) are equal to the Fourier transform
along the real axis ypa(w = w,). Thus one can use the Matsubara Green’s functions
and the real-time Green functions interchangeably.

The real time Green’s functions because have obvious physical meaning, however
the imaginary time functions are easier to calculate. In the retarded real time func-
tions, temperature information is carried by the state of the system at time ¢t = —oc.
In the time-ordered imaginary-time functions, temperature information is carried by
the cyclic boundary conditions. In both of these cases, it is only the unperturbed
system that is in thermodynamic equilibrium and the perturbation will in general

give a non-equilibrium state.

C.3 Sum rules

Often in working with this formalism that one has use for certain “sum rules.” These
involve taking various moments of Xz aj(w). The first rule is a statement that the

total spectral weight is given by the commutator of A and B,
dw

%X[B,A](W) = X(B.4(t =0) = [B, A]. (C.39)

The second rule, known as the f-sum rule is

) dw 0
lim w?ypa(w) = S-wX(Ba) (W) = i X(B,4)(t) = [[B, H], A]. (C.40)
w—>00 2w at =0
The third rule is that
dw X[B A (w)
i 2= s . 4]_
/ P— XBa(w = 0) (C.41)

The function xpa(w = 0) is the static response of the system. It represents the

response of the system to very slowly turning on the perturbation. By definition, this

is the adiabatic, or isoentropic, response. One is also interested in the isothermal

response of the system, where the temperature of the system is held fixed while the

perturbation is turned on. Given specific quantities A and B one can use Maxwell

relationships to connect the two responses. In the general case it is simpler to use

the microscopics.

One defines the static isothermal response of B to a perturbation of the form

0H = oA, by writing
0B Tre 1B
X = 5q T Trewn (
= —B[AB) - {A)(B)]. (C.43)
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By redefining A and B to be A = A— < A > and B = B— < B >, one can always
set (A)(B) = 0. Thus without loss of generality,

Xy = —0Bxpat=0) (C.44)
_ 3 /d“’X;A (C.45)
= -f gf(W)X[B,A}(W)- (C.46)

Now if the spectral weight is concentrated at energies much less that 7', then one can

replace f(w) with (fw)~!, telling us x(r) = xpa-

C.4 Green’s functions

This Appendix would not be complete without mentioning the most important re-
sponse function, the single particle Green’s function, which is the response of the
system to adding or removing a particle. As with more general response functions,

there is a whole zoo of Green’s functions, defined by

G(12) = %<T(\11(1)\1ﬁ(2))> (C.47)
G<(12) = (¥(1)¥(2)) (C.48)
G>(12) = (Ui(2)¥(1)) (C.49)
GR(12) = %9(1—2)(G>(12)—G<(12)) (C.50)
GA(12) = _—,19(2—1)(G>(12)—G<(12)) (C.51)
A(12) = GZ>(12)—G<(12). (C.52)

Here a short hand notation is used where a number, such as 1, represents the time
and space coordinates ¢; and r;. The Fourier transforms G<(w) and G~ (w) are
particularly important as they give the density of available single-particle states and
the density of occupied single-particle states.

A convenient approach to calculating these Green’s functions is to approximate
and solve the partial differential equations that these functions obey. These equations
are derived from the equations of motion for the field operators. For concreteness,
considers a set of particles interacting through a point interaction of strength g, with

Hamiltonian

VUIvY
m

d3r R AR g\w\lﬂ\p\y. (C.53)
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Including the chemical potential x4 in the Hamiltonian has no effect on the dynamics,
but makes thermodynamic relationships simpler. With this Hamiltonian, the field
operators obey an equation of motion

2

10V (r,t) = [V, H] = —;; (r,t) — pW(r,t) + gUi(r, )W (r, )0 (r,t). (C.54)

Multiplying on the right by WT(r’,#'), time ordering and taking the expectation value,

(z’@t + % + u) G(rt,r't') — g(TU (r, ) U (r, ) U (r, ) UT (+', ¢') = 6(£)8*(r — 7).
(C.55)
The delta function on the right results from the time derivative of the time ordering
operator. Conventionally the interaction term is expressed in terms of a self-energy
Y(rt,r't"). The self-energy is most easily defined by expanding (C.55) in terms of the

Matsubara frequencies, and Fourier transforming with respect to r — r/;
(w, — E*/2m + p — S(k,w,))G(k,w,) = 1. (C.56)

The self-energy is typically calculated perturbatively. Some manipulations of these

equations are discussed in Chapter 6.

C.4.1 Anomalous Green’s functions

In the presence of a condensate the Green’s functions develop a matrix structure.
Here I briefly discuss the origin of this structure.

Since there are a macroscopic number of particles in a condensate, removing a
single particle from the condensed mode makes no difference to the system. This
property is captured by stating that the field operator W has a non-zero expectation
value ¢ = (¥). The function ¥ (r) = v/Nyp(r) corresponds to the square root of the
number of condensed particles times the wavefunction of the condensate. Thus the
field operator can be decomposed into a mean field part and fluctuations, ¥ = 1) +1).

Taking the expectation value of (C.54),

(10, + V2 /2m + p — gl 2)y = 290 (DT + gy () + g{pTnp). (C.57)

When the right hand side is neglected this equation is the Gross Pitaevskii equation,
which is accurate when the number of non-condensed particles is small. Many alkali
gas experiments are very well described by this “nonlinear Schrodinger equation.”
For a uniform condensate this equation is readily satisfied by setting u equal to the

mean field energy, © = gnyg.
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By considering the right hand side of (C.57) one sees that in addition to ordinary
Green’s functions of the form (1)f¢)), one also has to consider anomalous Green’s
functions, @ﬁ) The regular and anomalous functions are conveniently described by

a matrix

Gy < L[ T (000000 T (36050".0) (C.58)
S T (D e ) (@ (b)) ) |

Analogous to (C.55), this matrix Green’s function obeys an equation of motion
(wWTs — k2/2mTo — S(k,w))G(k,w) = To. (C.59)

The matrix 73 is a Pauli matrix and 7 is the identity. A large class of approximations
for the self-energy are discussed in Appendix D. Where no confusion is likely to arise

I omit the ‘=’ symbol on tensors and ‘—’ on vectors.
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Appendix D

Conserving ($-derivable)

approximations

In this Appendix I review the structure of ®-derivable Green’s function approxima-
tions, verifying that they obey the standard conservation laws (number, energy, and
momentum) [109]. These conservation laws are critical for correctly describing the
behavior of an atomic gas. A simple ®-derivable approximation is used in Chapter
6.4. After a short discussion of conservation laws, I perturbatively develop ® to sec-
ond order in the interactions. This second order functional in conjunction with the
kinetic theory of Chapter 6, provides a very accurate non-equilibrium theory of a

degenerate Bose gas.

D.1 Basic structure

As discussed in Section C.4.1, a condensed system is described by breaking up the
field operator ¥ into a mean field part 1) = (V) and a fluctuation @E One is naturally

lead to a matrix formulation of the equation of motion where,

J = (ZJ (D.1)

_ (Gn G12>:l (W*) () ) D.2)

Al

e Wity ($1)
The equations of motion for these functions are schematically written as

1

)

QA <y
SRS

<_)_

0

«—> «—>
-2

(Gy!
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In these equations 55 U = i730, + V?/2m7,, where T3 is a Pauli matrix, 7 is the
two-by-two identity matrix, and adjacent operators are convoluted. The symbol § =
5(t —t")63(r — )7 is the identity. The source term, 77, and the self-energy, ¥, are

complicated functionals of 15 and ¥.

D.2 Conservation laws

One can guarantee conservation laws are satisfied if Y and 17 are related to a functional
of ¢ and G via the relations [109],

0P
2n = D.
v (D.5)
, 0P
inj = @, (D6)

where 77 = (n,7*). The symmetries of ® give rise to conservation laws. For example,
conservation of particle number is related to the U(1) gauge symmetry of ®. This

number conservation is easily demonstrated, starting with the identity

0P = / 25 /dldl’ [Z G q)ll/)éGw(n)] (D.7)
_ /dl 2 (" (1)64(1) + n(1)5u*(1)) + /dl a3 i, (11)5G,:(1). (D.8)

]
Here a notational short-hand is used where the symbol 1 is used in place of time and

space co-ordinates t1,t;. I now consider a local gauge change of the form

b = €T (D.9)
G — eiA?Sae_iA?S, (D.10)
which gives to lowest order
0 = Ay (D.11)
5G = i(AT3G — GT3A). (D.12)
Thus the variation in ® is
s = [arAq) @i (u() - 2im(Vw (1) (D13

+ /dl 1 iS(11) (A1) 7G (1) — iA(1)G(1')7s)
= Jara@ [aior e - e (0.12)
—/dmi, (TSI — SA1)G()] .
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Since ® is invariant under this gauge change, one must have 6® = 0, for an arbitrary

choice of A, implying the expression in square brackets must vanish.

I now show that local number conservation is a consequence of this term vanishing.

From Eq. (D.1), ¢ obeys the equation of motion

V2
(i@t + —) b=
2m

Multiplying by ¥* and subtracting the complex conjugate yields
O(no) +V - (novs) = —i(P™n —n*).
Similarly, Eq. (D.2), reads
% -
<i738t + %) G(11") = 6(11") + X(12)G(21").

The adjoint equation to (D.17) reads

12

. , \Y
—z@t/G(ll )7‘3 + om

G(11') = 6(11") + G(12)%(21).
Multiplying by 73, subtracting the two equations, and setting 1’ = 1 yields
1

oG, 1)+ V- [%(VngiG(l, 1) = ViiG(1,1)13)

1=1/

- /di #Y(12)GEY) — G(12)S(31)r.
Thus
0,(2n) = 0,(2no + TriG)
= 2i(n" — ) + /d? Tr 5(2(12)G(21) — G(12)2(21))

which vanishes by virtue of Eq. (D.14).

D.2.1 Components

(D.15)

(D.16)

(D.17)

(D.18)

(D.19)

In some circumstances it is more convenient to work with the components G,;, rather

than the tensor G. The components are not independent. For example, G11(1,1") =

Gao(1,1). In computing the functional derivatives in (D.5), one needs to take the

interdependencies into account. To ensure that one does not double-count any terms,

it is convenient to take ®, which is a functional of the matrix G(1,1’), and substitute

G11(1,1") + Gao(1',1)

Gq1(1,1) 5
, Gi1(1,1) + Gao(1, 1
Ga(1',1) uil, 1) 5 2(1h1),
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Call this new functional ®’. The derivatives of ' with respect to G2, Ga1, ¥, and
YT, are all trivially equal to the derivatives of ®. To show that §®'/6Gy; = §®/0G,

one writes

5" 1 1 8
_ 1 1 D.24
5L 1) 20Gn(1L1) | 20Gn(L,1) (D.24)
! /
B 211(1,1)2222(1,1) D.25)
== 211(1,1/>. (D26)

In the rest of this Appendix, I make no distinction between ® and ®'. Equations
written in matrix notation will refer to ®, while equations written in components will

refer to ®’.

D.3 Self-energies

By definition, the self-energy is the sum of all irreducible diagrams which have one
incoming line and one outgoing line. (A diagram is irreducible if it cannot be split
into two by cutting a single propegator.) Figure D.1 shows all diagrams of ¥; up to
second order in the interaction. All of the diagrams on each row are equal. Figure D.2
shows the diagrams for ;5 to the same order. Algebraically, the diagonal elements
are
—Xn (1) = 6(1, 1)2(—ig)(¢"¢ + iG)
+2(—ig)*iG11 (1) (iG11 (11")iG 1 (117) —
i(Go)11(11)i(Go)1 (11))
+4(=ig)%iG11(11")iG12(11)iGoy (11)
+4(—ig) (1Y (1)iG12(11')iGa (11)
+2(—ig)* " (D (1) (iGn (11)iGn (1) - (D.27)
i(Go)11(11")i(Go)1 (117))
+4(—ig)* (L)Y (1)iGn (11)iGa (11)
+4(—ig)2*(1)*(1)iG11 (11")iG 1o (117)
+4(—ig)* (1) (1)iG1 (11)iGr1 (1'1)
_|_ SN
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Figure D.1: Terms in >;; up to second order in the interaction. Propegators, G,

G12, and Gy, are respectively represented by diagrams ™, ™%  and ™ . In

the right hand columns the interaction is represented by a dashed line. For a point
interaction, each of the diagrams on the right reduces to the diagram on the left in
which the interaction is represented by a vertex with a dot. Short lines emanating
from vertices represent condensate contributions (1) and ().

Y
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Figure D.2: Terms in X5 which are up to second order in the interaction. Unlike
figure D.1, only the diagrams with point interactions are drawn, with the multiplicity
listed in parenthesis.

while the off-diagonal ones are

—iX12(11") = 6(1, V') (—ig)(¥¢ + iG12)

+2(—1ig)%iG12(11")iG12(11")iGo (117)
+4(—ig)%iG11(11")iG11(1'1)iGo (117)

+2(—ig)*¢ ()Y (1)iG1(11)iG1(11)

+4(—ig)*W (1) (1)iG19(11")iGy (117) (D.28)
+4(—1g)* (1) (1)iG11 (11)iGy1 (1'1)

+4(—ig)** (1)1 (1)iG1 (11)iG12(11)
+4(—ig)*(1)*(1)iG11 (1'1)iG1(11")

+..

Here ¥ is self-consistent; the expressions above use G and not Gy. The interaction
g = 4mh%a,/m is not the bare interaction, but rather comes from a repeated summing
of binary interactions (the T-matrix), and to avoid double counting one must subtract

the Gy’s which appear in the above equations.
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The source term in the condensate’s equation of motion 7 is given by

n o= g{¥uw)
= gY*PY + 29v1G1 + gYtiGa

_z_/d3 /lﬁdT [44*(1)iGo1 (11')iG11 (11')iG1y (117)
+49)(1)iG 11 (1'1)( iG11(11)iGy (11)— (D.29)
i(Go)11(11)i(Go)11(11))
F8*(1)iGh (117)iG (1'1)iGH2(11)
+8¢(1)iG11(1'1)iG12(11")1G2 (117)]
T

These expressions are summed up by writing down ®. To ease notation, we will
use G_, as a short form of (Gq1 + Ga2)/2.

d = g / dl [W‘ + 402G + (¥*)%iG1a + (¥)*iGay + 2iG_iG_

2
—i% d1dl’ { 3iG_(11)iG_ (11")iG_ (1'1)iG_(1'1)

+3iG12(11)iGa1 (11')iG1a(1'1)iGay (1'1)
+12iG_ (11")iG 12 (11)iG _ (1'1)iGay (1'1)
F12¢ (1) (1)iG_ (11")iG_. (1'1)iG_ (1'1) (D.30)
(1)iG12(11")iG1a(1'1)iGay (111)

)

)

)
+6¢(1)y
64 (1)0* (17)iGar (11')iGay (1'1)iG1a(1'1)
+12¢*(1)*(1))iG_ (11")iGay (1'1)iG_ (1'1)
+12¢(1)(1)iG_ (117)iG12(1'1)iG_.(1'1)
Y

+ 244h(1 *(1’)@'G_>(11')2'G12(1'1)2'G21(1'1)] .

® differs from the free energy in that the second order terms have an extra factor of

1/3. The relevant diagrams are shown in Fig. D.3.
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Figure D.3: Second order expansion of ® in powers of V. Only the diagrams with
point interactions are drawn, but the multiplicity is listed in parenthesis.
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Appendix E

Collisionless Excitations of a
Spatially Uniform Weakly

Interacting Gas

E.1 Introduction

In this Appendix I calculate the linear response of a gas of degenerate atoms in the
collisionless regime. These results were used in Chapter 5 to calculate the stability
of a gas of attractive atoms, and are the building blocks for the more sophisticated
kinetic theory described in Chapter 6.

I begin by discussing a simple classical kinetic theory, the collisionless Boltzmann
equation. I linearize this equation about equilibrium to find the elementary excita-
tions of a classical gas. I show that a classical gas has a collisionless “zero-sound”
mode that has the same dispersion relationship as the Bogoliubov spectrum of a
zero temperature Bose gas. I then go through the equivalent procedure in a quan-
tum mechanical system, producing the random phase approximation, and finding the
excitation spectrum of a uniform Bose gas at arbitrary temperature. Those unfa-
miliar with the general theory of linear response functions may wish to glance at

Appendix C, where I give a brief review of the subject.

E.2 The collisionless Boltzmann equation

I begin with a discussion of the collisionless Boltzmann equation, which describes
a classical gas of particles with a mean-field treatment of their interactions. This

equation is used in plasma physics, where its known as the Vlasov equation. Treating
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the interactions via a mean-field, and introducing a weak perturbing field U(z, t), the

particles see a potential
V(w,1) = gnla,t) + Uz, 1), (£1)

where g parameterizes the interaction. In the absence of U, the density n is uniform.
Denoting the distribution of particles with momentum p, and position z, at time

t, by f(p,x,t), the collisionless Boltzmann equation reads
O f(p,z,t)+v-Vof(p,a,t)+ F-V,f(p,x,t) =0. (E.2)

This equation simply states Newton’s laws. The particles drift with velocity v = p/m,
and accelerate according to the force F' = —V,V (z,t). Note that the density in (E.1)
is

n(x,t) = /(QCZTP)?) f(p,z,t). (E.3)

In the absence of the perturbation U(x,t), the Boltzmann equation is solved by

the Maxwellian velocity distribution
folp, . t) = e~ Pw*/2mtan=u), (E4)

The density n is uniform and solves the equation n = e%~9" /A3 where A=2 =

mkpT/27h? is the thermal wavelength. Linearizing (E.2) about this solution gives
Of +v-Viof +Bfov- V(U4 gon) =0, (E.5)

where ¢ f and dn are respectively the variation of f and n.
It is convenient to Fourier transform (E.5) with respect to space and time, using

the convention
g(k,w) = /dx /dt e~k ativt g (1 1), (E.6)

Note, there are two momenta in the resulting equations; p = muv is the physical
momentum of the particles, and Ak is the momentum associated with the Fourier

transform of z. The transformed equation reads
—wof +v-kéf + Bfov- k(U + gon) = 0. (E.7)

If g =0, then 0f = Gfo(v-k/(v- -k —w)). Integrating over p, the response of the

noninteracting gas is
on

_on| _ [dp Bfov-k
oU

= . E.8
4=0 2m3 w—wv-k (E8)

X0
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In the complex frequency plane, this function contains a branch cut along the real
frequency axis. In most circumstances one is interested in the retarded response,
which is the analytic continuation from the upper half plane. One selects out this
branch by taking w — w + in in (E.8). Equation (E.7) is no more difficult to solve
when g # 0. Solving for § f and integrating over p gives

dn = xo(U + gon). (E.9)

This equation is interpreted as saying that the cloud responds not only to the external
potential, but also to the mean field generated when its profile is distorted. The full

response function is written as

5_”_ Xo
5U—1—9X0'

X = (E.10)

This expression involves all powers of the interaction.
To understand the response (E.10) one first needs to understand the structure of

Xo- In Eq. (E.8), the integral over the directions transverse to k is trivial, leaving

tet?

1

All the k-dependence in this expression is buried in the characteristic energy scale

vV = 2\/ EkT. (E12)

For ease of reference, I denote the integral as

XO(k>w) = (Ell)

1 te
I .
(z) = NG dt P

I(x) can be written in terms of standard functions by expanding the ratio t/(t —z)

(E.13)

as a Fourier integral,
2ix —t2 —2zst+22:cs
I(x)=1 + —= dte (E.14)

The t integral is Gaussian, as is the subsequent s integral. In terms of the error
function erf(z) = (2/y/7) [; exp(—2?), the integral is

I(z) = 1+ ivmze ™ (1 — erf(—ix)). (E.15)

The singularities of I(z) all reside at x = —ioo, signifying that any collective modes

of the system are strongly overdamped. As I now show, in the interacting gas, these
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singularities move towards the real axis, and for sufficiently strong interactions a
collective “zero-sound” mode develops.

A useful trick for understanding the poles of the interacting system is to find the
curves in the complex plane where Im(yg) = 0, as shown in Fig. E.1. The poles of x
lie along these lines. The zeroes of xo appear as the intersection of two of these lines.
In the context of attractive interactions, the most important line of Im(xo) = 0 lies
on the imaginary axis, where as w — —ioo the function I(w) diverges to +oo, but as
w — 100, the function I(w) — 0. For attractive interactions g < 0, the pole on this
line starts at w = —ioco, but as interactions increase, the pole moves upwards. When
Bgn = —1, the pole reaches the real axis. For larger interactions, the pole crosses onto
the physical sheet — signaling a breakdown of our approach. As described by Mermin
[132], the pole crossing the real axis represents the spinodal line of a liquid-gas phase
transition.

There is no instability for repulsive interactions. Instead there is a collective mode,
whose frequency is given by the location of the pole on the line Im(yo) = 0 which
asymptotically approaches the real axis. One finds the dispersion of this excitation
by looking at the large z expansion, I(x) = —1/22% + O(z™*). Using (E.10), the
formula for y, one arrives at

2ney,

= — E.16
X= 2 _ 2ngey, ( )

Thus there is a mode with linear dispersion w = ck, where the speed of sound is
c= \/W For consistency of the large x expansion, one must have w? > v = ¢,T,
which translates into ng > T'. In other words, this mode exists as long as the mean-
field interactions dominate the temperature. It is no coincidence that this mode has

the same dispersion as the zero-temperature Bogoliubov sound mode.

E.3 Random phase approximation

In this Section I perform the same calculation in the quantum regime. Much of the
hard work has already been done in 1974 by Szépfalusy and Kondor [107], who were
interested in how the modes below T, match up with the modes above T,.. This
investigation lead them to calculate the response of an interacting gas within the
random phase approximation (RPA). They considered only the repulsive case, but it
is not difficult to extend their work into the the more general setting.

The starting point, as before, is to calculate the density response function y =
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Re [w/vk]

Figure E.1: Zeros of the imaginary part of the free response function xo(k,w) as a
function of complex w. The sign of y( alternates on adjacent contours. In particular,
the line on the imaginary axis has xyo < 0, and the one to its right has y, > 0.
Within a mean-field approximation, these lines represent the paths which the poles of
X follow as one increases the strength of the interactions. For attractive interactions,
the singularities follow the xo < 0 lines, while for repulsive interactions, they follow
the xo > 0 lines. In all cases the poles reside at w = —ioco when the interactions
vanish. In the case of attractive interactions, a pole can cross the z axis, representing a
mechanical instability. In the case of repulsive interactions, a pole can asymptotically
approach the real axis, representing a collective “zero sound” mode.
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dn/dU. The simplest approximation, the RPA, consists of a sum over bubbles,

X0
X = . E.17
I —gxo ( )

The physics here is the same as in the classical case. The density response is the direct
response, plus the response to the mean field generated by the distorted density profile.
The approximation comes in treating the direct response as yq, the susceptibility of
the non-interacting system.

The most elementary approach to calculating yo is to simply write down the

response function in the time domain (cf. Appendix C)

Yo = ?Z% = [T ()2 0)))0 — RN lpa(0)0] (E.18)

where p, is the Fourier transform of the density operator,
po= [ e @) = Y al. st (E.19)
k

The real-space operator 1 (r) annihilates a particle at position r, while the momentum
space operator a; annihilates a particle with momentum k. Although I write n for the
mean density, I use pi, rather than n; for the Fourier component of the density. The
symbol n; denotes the number of particles in a mode with momentum k; n; = azak.
For the non-interacting system, the product of the two density operators in (E.18)

factors, leaving a simple bubble,

X0 =+ ST (ol om0 ))olT (aneqpa(tlal,o(0)) Do (E.20)

i
Since the field operators evolve as

ap(t) = e "ka;,(0), (E.21)
one can trivially perform the Fourier transform to arrive at

Ng—g/2 — Mk+q/2
q,w) = . E.22
ol ) Z W = (€k+q/2 - Ek—q/2) ( )

A more sophisticated yet computationally simpler (and more instructive) way to

arrive at the same formula is to write (cf. Eq. (C.12)

(T (o)) ) = [ T02) (B.23)
where
H(Q>w) = _2lmX0 = <[Pjp pq}>(w) (E24)
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As the imaginary part of y, II represents a decay rate — the rate at which particles
scatter from momentum k — ¢/2 to momentum k + ¢/2.

Looking at the two terms in the commutator, one sees that there are two processes
in I1. In the first process, a particle comes along with momentum k — ¢/2 and scatters
into a state with momentum &+ ¢/2, gaining an energy w. The second process (which
has a minus sign) has a particle with momentum & + ¢/2 scattering into a state with

momentum k — ¢/2, losing energy w. Thus the spectral density is

I(q,w) =Y [(nk—g/a(1+ irg2) = Nigra(1 + ni—gy2)) (270 (Egrz — €n—grz — w)]
k
(E.25)

which when substituted into (E.23) gives the same result as (E.22).

I now replace the sum over k with an integral. This is allowed as long as I treat the
condensate separately (cf. the discussion in Chapter 2). Thus, following Szepfalusy
and Kondor, I break the response function up into a regular part due to the non-
condensed particles, and a singular part due to the condensate, xo = xg + x5- The

regular part is

4’k Nk—q/2 — Nk+q/2
olq,w) = , E.26
Xo (q ) /(271')3 W — (€k+q/2 . Ek—q/2) ( )

and the singular part is

N )

5 = — . E.27
o) = S0 - (.27)

At zero temperature, only the singular part contributes, xo = x{. Thus the response

function of the interacting system is

_ X0 _ 2nOEq
L—gxo w?—e2—2npge,

X (E.28)

Clearly, one has well defined excitations with energies given by the Bogoliubov ex-

w = /€2 + 2gnoe,. (E.29)

As discussed in Section 5.2.2, for attractive interactions one finds an instability when

pression

the level spacing h?/2mL? is equal to —2gng. In the opposite limit of T'>> T, only the
regular part contributes, xo = x{, and the distribution functions n, become classical
n, = e A€~ Linearizing both the numerator and denominator of (E.26) in ¢ allows

us to recover the result of Section .2,

(X0) classicar = —Bn I (w/vy). (E.30)
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To discuss the intermediate regime (between zero T and classical) one has to study
the analytic structure of x(. First, however, I introduce a more sophisticated version
of the RPA, first used by Minguzzi and Tosi [108]. This improved approximation

includes exchange forces, which are important for short range interactions.

E.3.1 The RPA with exchange

Equation (E.17) was based upon the assumption that the response to a perturbation
OU is given by the classical result dn = xo(6U + gon). This expression ignores
exchange processes where the identical particles exchange momenta. By including
this exchange term one produces Hartree-Fock approximation, dn = xo(0U + 2gin).
Unfortunately, this last expression cannot be applied to a condensed gas. The problem
is that this factor of two only occurs if the coliding particles are in different states.
Thus a scheme must be devised to account for the exchange interaction between
non-condensed particles, but not between condensed ones.

Such a scheme was developed by Minguzzi and Tosi [108]. One looks separately at
the change in the density of condensed and non-condensed atoms, dng and on. The

factors of two are easily incorporated in a matrix expression,

Mo ) [ X0 )y [ X626 ) [ 90m (E.31)
o X3 2 26 )\ gon )

which gives the relationship

_ g O Xo t Xo + 9XoXo (E.32)

S 0U T OU (1= gx)(1 - 29x5) — 49Px6X5
An alternative view of this same approximation is to use Eq. E.17, but include the

X

exchange interaction in yo. For example, for a non-condensed gas in the Hartree-Fock

approximation, one would write

xo' =x5 (1+gxgn+ (gxgn)* +---), (E.33)

where successive exchange collisions are accounted for. Diagrammatic expressions for

these different approximations are shown in Fig. E.2.

E.4 Analytic Structure of x;

In this Section I investigate the analytic structure of x{. Section E.4.1 will be devoted

to deriving the following expression [107]

(wter) /v
m T 1
okw)=—= d d , E.34
Xo (k) kA2, (w—er)/ vk - / e 1 ( )
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Figure E.2: Diagrammatic description of the approximation used for the response
function. Lines with arrows represent propegators of the non-interacting system.
Jagged lines represent the contact interaction between particles. a) Generically the
response function can be expressed in terms of a polarization bubble (the bubble with
shaded interior). b) In the Hartree approximation (RPA), the polarization bubble is
taken to be the response of the non-interacting gas. ¢) In the Hartree-Fock approxi-
mation, the polarization bubble involves a sum over repeated exchange interactions.
d) In a condensed system, the polarization bubble for the Hartree approximation must
include terms where one of the particles is in the condensate. e) The Hartree-Fock
approximation for the condensed gas requires writing all exchange graphs, noting that
there is no exchange interaction between condensed atoms. The vertices in these fig-
ures with only a single solid line implicitly include an interaction with the condensate.
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where once again v, = 2/T¢;. Following this derivation I will give the asymptotic
behavior of x{ in various limits.

The x integral in (E.34) is the quantum mechanical version of the integral I(t)
introduced in Section E.2, and it shares many of the same analytic structures (for
example it is a meromorphic function). The response function Y, is not meromorphic,

as it contains logarithmic singularities in the complex frequency plane.

E.4.1 SK expression

In this section I derive Eq. (E.34). Starting with the general expression,

g Ngrj2 — Mgtk
k,w) = / g g , E.35
x5 (k) (2m)3 w — (€g4k/2 — €4—k/2) (E.35)

one splits the integrand into two terms, one containing n4_x/2 and the other n, /2.
After shifting ¢ by +k/2, one finds

O (7] b moveeree erw) R

The energies in the denominator can be expanded as €,4; = (¢* + k? £ 2kq cos 0) /2m,

where cos  is the angle between q and k. The angular integrals are easily performed,

leading to

Vo (k,w) = =2 (E.37)

- /0°° [(p+k/2—q)(p—k/2+q>}7

dgg®*n, 1
TN G k2 + ) (p— k/2—q)

with p = mw/k. One extracts the important structure by rewriting the logarithm
as an integral of the form [ dz/x. Scaling all lengths by a multiple of the thermal

wavelength gives

m [t

Xo(k,w) = AL dz1(z,Bpu) (E.38)
T Jz_
& T 1

M) = [ ot (E.39)

where zy = w/2y/e,T + kArp/4y/7. In the limit Bu — oo, I(z, Bu) agrees with the
function I(z) defined on p. 155.

E.4.2 w — oo structure of yj.

Here I investigate the high frequency response of the noninteracting system. This is

a useful check on our analysis as the exact structure is a consequence of the f-sum
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rule. As w — oo, the limits z1 in the integral in (E.38) become very large, and one

can expand (E.39) in powers of 1/z,

1 1
1 , )
= -5 Zeﬁw / daz?e 9" (E.41)
j
I'(3/2) elir
- T2 Z 7372 (E.42)
J
VT gs3/2(e”H)
Thus if w > ¢, the response function is
(wte)/vi
m T 1
o (k = — dz |d E.44
XO( ’w) kaA%« (w—ex)/vi : / xl’ —Z €x2_ﬁﬂ -1 ( )
m 2€k
— — )1 E.45
e (32 o (5.45)
2ekn
= — (E.46)

where I've used that n = g3/2(e’u)/A%. This is the result expected from the f-sum

rule.

E.4.3 Long wavelength response

According to Eq. (E.38), at fixed w, the & — 0 limit of x{ is equivalent to the w — oo
limit. Further analysis is needed to understand the k& — 0 structure as w — 0.
Analytic structure of .

The first step to understanding the low frequency, long wavelength response is to write
I in terms of its poles in the complex z plane. This is accomplished by expanding

the distribution function in terms of Matsubara frequencies,

1 1
_ — E.47
ex?=Pn — 1 ZV: 22 — Bu — 2miv’ ( )

so that

1 ) 1 1
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The first integral is a Bose function \/7g;/2(e”*). The second integral is evaluated

with the residue theorem,

' 1 1
1o = roate) - Torin S (o L) )

v

The branches of the square roots are chosen so that they poses negative imaginary
parts. This agrees with formula (A.3) of Szepfalusy and Kondor, even though their
expression is much more complicated looking. At degeneracy, Su — 0, and (E.49)

becomes

. . . )
[=x2c1/2) = 2 L i ( + ) E.50
¢1/2) 2 z 2 —\2miv  \2miv ( )

The k& — 0 limit of x(w = 0)
Integration of the leading terms and setting w = 0 yields Eq. (5.8),

as | 4w
9xo (k. 0) = 2= | -——arctan ler/ 40" + grja(e®) — |m/Bul"? + (’)(k:AT)} .
T T
(E.51)

The expansion parameter is z, = kA /4/T.

Asymptotics of the T-matrix

This is an appropriate place to discuss the asymptotics of the function =, defined by
(5.16). This function is analogous to x{, except it corresponds to a response in the
particle-particle channel. Following the procedure of sec. E.4.1 to integrate out the

angular variables, one writes = as

—2m [*

+
dz 1 E.52
WkA%w = < (Z)7 ( 5 )

E(k,w) =

with zL = (kA/4y/7)[i\/1 + 2w/ej, £ 1]. Using the expansion in Eq. (E.49) gives Eq.
(5.17),

T arctan M‘l/z (E.53)
FAr 1+ e/ A

(™) — | Bl + O(kAr) } .
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E.4.4 The classical limit revisited

I now re-examine the classical limit discussed in Section E.2. My procedure there
amounted to using a linearized dispersion, effectively confining the result to w > €.
It is possible to calculate the exact result, in order to separate the quantum effects

in (E.34) from the non-linear effects. I start with

(wter)/vk 1
X6 (k,w) = m dz /dz ‘ , (E.54)

_W]CA% (w—ex) /v r—z emz—ﬁﬂ —1

then take the classical limit 1/(e”” % —1) — e~ ("= and use the identity m/27k =
1/Arvg/m, in order to get

v 1 (wter) /v / ze
xo(k,w)e = —fn——— dz [dx , E.55
0( ) 2€k ﬁ (w—ex)/ vk r— =z ( )

where, as usual, n = ¢”#/A3.. Turning back to Section E.4.1, one sees that the last

integral is
v [lre/m .
Xo (k,w). = —ﬂn—/ dz [1 +iy/Tre ™™ (1 — erf(—ia:))] . (E.56)
2€k Jw—ei) /i
Integrating by parts leaves us with the final expression

) t=(w+ek)/v
ik, w)o = B VT [e—t2(1 + erf(it))] o (E.57)
26, 2 t=(w—eg)/vk

Note that even when w = 0, this expression epends on ¢,

Ve~ /v erf (iey, /1)

o(k,w=0).=—p0n E.58
XO( ) ﬂ Q(Ek/l/k;) ( )
For ¢, < T one can expand (E.58) in powers of € /v,
2 2y !
ik w=0e=8n[1-2(%) + = (%) +0(e) ). (E.59)
3 UV} 15 Vi
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Appendix F

Low Energy Scattering

In this Appendix I review the theory of low energy scattering. This subject is par-
ticularly important for understanding Feshbach resonances, where the interactions

between atoms are tuned by changing the magnetic field.

F.1 The Scattering amplitude

F.1.1 Definition

The basic picture of potential scattering is illustrated in Fig. F.1. One has an incoming
wave ¢'** that is incident on a small impurity of size r (positioned at the origin), and
one asks what the far field wavefunction looks like. Generically
ikr

blr) = ™ 4 f k) —, (F.1)
which has the form of the incoming wave plus a scattered wave. In the far field r > r,
the scattering amplitude f can only be a function of the incident wave vector k, and
on the direction 7. (In this equation f is also implicitly a function of the direction
of the incoming wave, generically denoted k and here set to 2. For a spherically
symmetric potential f is independent of k.)

In the long wavelength limit kry < 1 one expects that the scattering will become
isotropic — the wave is too large to “see” the structure of the impurity. Thus one can
drop the 7 dependences and only consider f(k), referred to as the s-wave scattering
amplitude. All of our discussions will be limited to this s-wave limit. The same
argument implies that f does not have much momentum dependence. For the most
part this statement is true and f can be replaced by f(k = 0); however in the presence
of a scattering resonance, f depends strongly on k. These resonances are of immense

experimental importance.
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Incoming Wave Outgoing Wave

Figure F.1: Generic Scattering Geometry. An incoming plane wave e’** reflects off
a small impurity.

It is worth mentioning that resonant scattering in higher momentum channels
(“shape resonances”), can lead to angular dependence of f in the long wavelength

limit. These resonances play no roles in current alkali gas experiments.

F.1.2 T-matrix

There are two problems in scattering theory. First, relating the scattering amplitude
to the scattering potential, and second, relating the properties of the system to the
scattering amplitude. The first problem amounts to solving the Schrodinger equation
in the presence of the impurity, with the boundary condition that the incoming wave is
e’** . Generically solving this equation requires the use of computers, but in principle
is solvable to arbitrary precision.

As an alternative to computers, one can also use perturbation theory to solve
the Schrodinger equation. For realistic atomic potentials perturbation theory is not
going to work well. Nevertheless it is still useful to formally develop the scattering
amplitude as a sum of terms, each one containing higher powers of V. One can
then think of the scattered wavefunction as coming from multiple scattering from the
impurity.

The standard approach to developing the perturbation series is to write the

Schrodinger equation in integral form. Formally I write

1
Hy—-FE

Y=0¢- Vi, (F.2)

where ¢ = ¢** is the incident wave function, V is the scattering potential, £ =

k%/2m is the energy of the state, and (H — E)~! is the Green’s function for the free
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Schrodinger equation. Applying Hy — E to Eq. (F.2), one arrives at
(Ho — E) = —Vb, (F.3)

which is the conventional Schrodinger equation.
As can be verified directly, in momentum space and in real space, the Green’s

functions are given by

g glt) = e (F.1)
tlgeg) = =t (F.5)

where E = k%/2m. On physical grounds, I have chosen outgoing boundary conditions
in Eq. (F.5). This latter result is only true in three dimensions. Getting away from

my schematic notation, one writes Eq. (F.2) in one of two forms,

/ _ 71_33 5 — A m d3q V(k,_Q)
V) = ot -1 -2 [ T, (9
) m eik\r—r’\
Y(r) = e — o d>r’ Fy— V(r)(r'), (F.7)

The first equation is in momentum space, the second in real space. In this Section
I only consider the real space equation (F.7), though later I will focus on (F.6). For
simplicity I assume that V' (r) falls off over a lengthscale ry. Longer range potentials
can be treated, but such analysis is not particularly important for discussing neutral
atoms.

In the far field, r > r(, one can expand the difference |r — r’| in the integral, to

arrive at the equation

W(r) = ek — L e /d3r’ eFETV (K ) (1) (F.8)
27 1 ' '
Comparison with Eq. (F.1) gives an expression for the scattering amplitude,
k) = —2ﬁ & RV (Y (). (F.9)
i

One generates a perturbative solution to Eq. (F.7) by a simple iterative scheme.
One starts by setting 1 (r) = e** on the right hand side of (F.7). This first order
result is known as the Born approximation to scattering. This procedure is iterated
by substituting the new value of ¥ into the right hand side. In a schematic notation,

one has

1 1 1 1 1 1
=(1- 1% 1% 1% 1% 1% Vo
v ( Ho—E' " H-E Hy—E ' Hy—E Ho—E Ho—E )¢
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Figure F.2: Diagrammatic representation of the T-matrix equation. The T-matrix,
designated by a dark dashed line connected to an “X”, comes from multiple scattering
off the potential. The soft dashed lines represent bare potential scattering.

This expression is compactly written as
1

=)y — T F.11
U=t~ T, (F.11)
where the T-matrix is defined by
1 1 1
T = —_— F.12
ViV =gV Vg gV g =g’ (F.12)
1
= T. F.1
V+Va—g (F.13)

A diagrammatic representation of Eq. (F.12) is shown in Fig. F.2. The scattering

amplitude is then related to the on-shell T-matrix, by the expression
—m

Fk) =573

For the many-body problem, or for the problem of scattering off many impurities,

T(k). (F.14)

one in principle needs the off shell T-matrix.

To fully appreciate the structure of the T-matrix, one must go beyond s-wave
scattering, and consider the generic scattering amplitude f (/%,f, k) defined by the
asymptotic form .

b(r) = e + f(k, k,f)er . (F.15)

The scattering amplitude is a function of the direction of the incoming wave k, the
direction of the outgoing wave 7, and the energy of the scattering particle, k%/2m.

The T-matrix similarly is a function of three variables,
Tk K,q) = (KIT(E=q/2m)|k) (F.16)
= (K|V|k)+ (K'|V T\k). (F.17)

Hy—F
The variables are the incoming momentum k, the outgoing momentum k’, and the

energy E = ¢*/2m. If one sets |k| = |k’| = ¢, one finds
Fk, k) = —;T(k:l%, ki, k). (F.18)
s
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The off mass shell terms of T' give information about the non-asymptotic behavior
of the scattering. If one throws away all this information, such as one does in the
pseudo-potential approximation, one finds that the T-matrix is independent of the

momenta k and k’, and is only a function of the energy ¢

—27

Tk K,q)=T(q) = Wf(q)- (F.19)

This approximation will clearly break down when the momenta are of atomic dimen-

sions.

F.1.3 Phase shifts

In the limit of s-wave scattering, the impurity only sees the part of the incoming
wave that is spherically symmetric. One finds the spherically symmetric part of the

incoming wave by integrating over the solid angle,

s 1 .
Ee’kz = 5/_1dcos96“”’°°se (F.20)
sin(kr)
= . F.21
. (F.21)

This wave has components which are propagating towards and away from the impu-

rity, as is seen by representing the wavefunction as

sin(kr) —le ™ 1 eihr
= — — . F.22
kr 2t kr + 21 kr ( )

The scattering can only affect the outgoing wave. Since particles are conserved, the
only possible change it can make to the outgoing wave (in the asymptotic region) is

to provide a phase shift, 9,
etk s @ilhr+20) — otk 4 940tk 6 gin 6. (F.23)

Thus, in complete generality, one can write the scattered wavefunction as

e sin § ethr

k r

P(r) =™+ (F.24)

Comparing with Eq. (F.1) one arrives at an expression for the scattering amplitude
in terms of the phase shift.
f(k) =e®sind/k. (F.25)
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F.1.4 Meaning of the scattering amplitude and the phase
shift

On a microscopic level, § has a clear meaning. It is the phase shift of the scattered
wave, relative to what it would be without the impurity. In the following section I
will show how this phase shift can be simply related to the density of states in the
presence of the impurity. The scattering amplitude, f, is the amplitude that the
particles are scattered. That is, o = 4x|f|? is the number of scattered particles per
unit flux of incoming particles. The cross section ¢ is the area that a classical target
would have to have for the scattering probability to be the same.

An equivalent way to understand f is to look at the equation

ikr
b = ek f€7. (F.26)

The length f gives the distance from the impurity at which the flux of scattered
particles equals the flux of incoming particles.

For small 0 Eq. (F.25) can be expanded, and one finds that f ~ §/k.

F.2 Relationship of the scattering problem with

the standing wave problem

In elementary quantum mechanics, the first problem one learns to solve is the “particle
in a box.” One takes the Hamiltonian —h*V?/2m, diagonalizes it via a Fourier series,
and finds the complete spectrum. Later one learns how to do scattering problems,
where one is not interested in the spectrum (which is continuous), but rather on
transmission and reflection amplitudes. The relationship between these two problems
is rarely completely clear.

One can connect the scattering problem and the standing wave problem by look-
ing at scattering in a finite size box. The three dimensional case (when limited to the
s-wave channel) is actually simpler than the one dimensional problem, so I will con-
centrate on it. I first “solve” the standing wave problem. Consider a small impurity
with a potential V(r) in the middle of a big spherical box of radius R. I wish to find

the eigenvalues of the Schrodinger equation,

2m
with the boundary condition that ¥ (R) = 0. I take A = 1, and restrict myself to

spherically symmetric states. By substituting ¢ (r) = u(r)/r, one can write s-wave

[_W + V(r)] U(r) = Ey(r), (F.27)
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sector of the Schrodinger equation as
{—— + V(r)] u(r) = Eu(r), (F.28)

with the boundary condition «(0) = w(R) = 0. For r larger than the range of
the potential, one can ignore V(r), and this equation is just a free one dimensional
Schrodinger equation. Thus in the asymptotic regime there is some 0 such that the
solution to (F.28) is u(r) = sin(kr + 0). To satisfy the boundary conditions the
momentum k must obey kR + 0 = nm, for some integer n.

Now imagine one performs a scattering experiment on the same potential. One
—ir and looks at what comes out. Thus one must solve
Eq. (F.28) with the condition that the incoming part of u is (—1/2i)e~*". Well, we

know one solution of Eq. (F.28), which asymptotically is u(r) = sin(kr + §). Multi-
ikr

sends in a wave u(r) ~ e

plying by —2ie, one gets u(r) = e~ — e¥*"e2¥  Since solutions to the Schrodinger
equation with a given boundary condition are unique, this u must be the scattered
wavefunction. Comparing with Eq. (F.23), one sees that the § which arises in solving
the standing wave problem is the same as the § which appears in the scattering prob-
lem. With this relationship one can solve the scattering problem by using the powerful
computational techniques which have been developed for ground-state problems (see

for example [134]).

F.2.1 Energy shifts

The relationship between scattered states and standing waves gives rise to a very nice
graphical construction which allows one to relate the density of states to the phase
shifts. Imagine one knows the phase shifts d(k) (for example, see Fig. F.3). If one
places the system in a box, the only states which obey the boundary conditions have
kR + 0 = n7 for some integer n. Thus the allowed states have a wave vector given
by the intersection of the lines kR + 6 = nm and (k).

In the absence of an impurity the wave vectors allowed have kR = nm. Thus
the shift in wave vector is 0k = —J/R, and the change in the energy of a state is
OFE = kdk/m = —6 k/mR, which is proportional to . As a historical note, this result
was a point of confusion in the 1950’s in the context of the many-body problem [133].

In the limit of large box, it is more convenient to talk about a density of states,
rather than the energy of any particular state. Starting from the relation kR+4 = nm,

one finds that the density of s-wave states in k-space is

0 R §(k
n_R 0

ok n T

(F.29)
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kR

Figure F.3: Connecting phase shifts and energy shifts. The thick line represents the
phase shift (k). In a box, sin(kR+9) = 0, so the allowed states lie at the intersection
of the thick line and the oblique lines kR + 6 = 0. As the box is made larger, the
spacing between the oblique lines becomes smaller, and (on an absolute scale) they
become more perpendicular to the k axis.

where §'(k) is the derivative of 6 with respect to k. The first term is the standard
density of states in a 1-dimensional box, while the second term is the change in the
density of states due to the impurity. Thus one interprets 6 /7 as the number of extra
states with momentum less than k& due to the impurity.

If one knows the density of states, then one can calculate For example, consider
a spherical “bump” potential as depicted in Fig. F.4. The bump has radius ry and
height ¢?/2m. For k < ¢, the bump appears to be an infinite barrier, and the density
of states should be On = (R — r¢)/m Ok, which is less than the density of states in
the absence of the bump. The missing states have to go somewhere, and they are
pushed to momenta near k = g. For k > ¢, the bump is irrelevant, and the density of
states should be that of a free gas, On = R/m 0k. One should therefore see a density
of states like the one in Fig. F.5. After integrating this curve, one arrives at a phase
shift ¢ like the one depicted in Fig. F.6.

As a corollary to the theorem that d(k)/m is the number of extra states, one has
the general result that for a sufficiently well-behaved potential the £ = 0 the phase
shift is equal to 7 times the number of bound states. Generically §(k — oo) = 0, and

the bound states are missing from the continuum.
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V(r)

2m

r

Figure F.4: Energy states for a spherical bump in a box. States are pushed up by
the bump

|
!

q k

Figure F.5: Density of states for a spherical bump in a box (schematic). The
potential has a height of Vi = ¢?/2m, and width r.

Figure F.6: Phase shift for a spherical bump in a box (schematic). The height of
the potential is ¢*/2m.
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F.3 Sample phase shifts

In this section I plot a few illustrative phase shifts.

F.3.1 Hard wall

The simplest scattering potential is a hard wall:

V(r) = { S (F.30)
0 r>rg.

The wavefunction must vanish at the edge of the wall, so u(r) = sin(k(r — r9)) and

0 = —kry. This example is pathological in that 6 — oo as k — oc.

F.3.2 Attractive well

A slightly more complicated simple potential is the attractive spherical well,

-V
V(r) = { oorEm (F.31)
0 T >T7.

This potential is not realistic but it possesses many of the features of more sophis-
ticated atomic potentials. In particular there are low energy resonances whenever a

new bound state enters the well. To find the phase shifts I write the wavefunction as

u(r) = { Asin(k'r) r <o

. (F.32)
Bsin(kr +9) > o,

where (k)2/2m — Vi = k*/2m. Continuity of the wavefunction and its derivative are

guaranteed by matching the logarithmic derivative at ry, which gives
k' cot(k'ro) = kcot(krg + 9). (F.33)

Solving for ¢ gives

ksin k'rg cos krg — k' sin krq cos K'rg
tanod =

. F.34
k' cos k'rg cos krg + k sin krg sin k'rg ( )

For different values of V4 I plot 6(k) in Fig. F.7. For simplicity I introduce the
momentum ¢, satisfying Vi = ¢?/2m, which marks the depth of the well. The most
striking feature of these graphs is that when cos(qrg) = 0, the phase shift at £ = 0

jumps. This happens because a new bound state enters the well at this point.
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0.5 1 1.5 2 2.5 3

Figure F.7: Phase shifts for a spherical well potential. The depth of the well is
Vo = ¢*/2m and its radius is ro. All momenta are measured in terms of ry. The

various lines show different values of ¢, each differing by 0.17/ry. Resonances occur
at qgro = (n+1/2)7.
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005 1 1.5 2 2.5 3

(ro/7m) q

Figure F.8: Energy levels for an attractive well of radius ry and depth V, = ¢*/2m
within a box of size R. The energy is measured in terms of the quantization energy
of the large box, 72/mR?. The horizontal axis shows qry/7, a measure of the depth
of the well. Resonances occur whenever gro = (n + 1/2)m, and one of the continuum
energy states drops into the well. For this plot R = 50ry. Increasing Ry makes the
jumps sharper.

It is instructive to put this system in a box of size R, and calculate the energy of
the first few levels as a function of q. As seen in Fig. F.8, whenever one passes through
a resonance, the lowest energy state becomes bound, and the next level replaces it.
What is happening is that each line has a fixed number of nodes, and at the resonance
one of the nodes moves from outside the well to inside the well, drastically reducing

the energy.

F.3.3 Resonant barrier

I next consider a resonant barrier potential, as shown in Fig. F.9,

0 r <7
V(r)=1< ¢*/2m  ry<r < 2rg (F.35)
0 r > 2rq.

As opposed to the attractive well which possesses zero energy resonances, the resonant

barrier has finite energy resonances resulting from the quasi-bound states which are
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I 2r,

Figure F.9: Resonant barrier potential.

found at momenta where sin(krg) ~ 0. At these resonances, one finds an extra state.
From our understanding of ¢’/7 as the density of states, we should have a phase

change of 7 near this momentum. As seen in Fig. F.10, this is indeed the case.

F.4 The pseudopotential

Here I discuss an expansion of the scattering amplitude in powers of kry, where rq is
the length scale of the potential. This expansion takes the form

1 1

kcotd = —— + 57"61{;2 + O((rok)"). (F.36)

Qg
The parameters a; and r. are known as the scattering length and the effective range. I
emphasize that (F.36) is an expansion in rok, and even when a, is large, the remaining
terms can be small. The pseudopotential approximation amounts to taking only the
first term in this expansion.

One derives Eq. (F.36) via a matching argument. The Schrodinger equation
obeyed by u(r) = ri(r) is

2m

(’“2 0 vm) w=0. (F.37)

For r < 1o, V(r) dominates over k?, and one writes
u(r) = x(r) + O(k*), <, (F.38)

where x(r) is independent of k. For r > ry, the potential V' (r) vanishes and u takes

on its asymptotic form
u(r) = Asin(kr 4 9), T > Ty. (F.39)
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k/ 1T

Figure F.10: Phase Shifts §(k)/7 for a resonant barrier potential. The momentum
k is measured in units of 7 /rq. Each line corresponds to a different barrier height.

I match the logarithmic derivatives at ry, finding
kcot(kro + ) = X'/ x + O(k?),
which gives the desired expansion of kcot d in powers of k2.

In terms of cot § the scattering amplitude is

e sin § 1

L e BT

So in the pseudo-potential approximation, the scattering amplitude is

—a

f =TTk

(F.40)

(F.41)

(F.42)

For small ak, this looks like a point interaction. For large values of ak, this looks like

a long-ranged 1/k potential.
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Figure F.11: Scattering length a for a spherical well of radius r and depth V{ =
2
q*/2m.

F.4.1 The pseudo-potential for an attractive spherical well

As an example, one can expand Eq. (F.34) in powers of &, finding

-1 r.k?

keotd = F.43
CO a —+ 9 ( )
¢
ay = ry— 100 (F.44)
1 2,3 a2 3
re = (= —13q) cosqr, + rosingro + — 4o oS qro/ : (F.45)
q SN grg — qro COSgry

The effective range vanishes when a4 diverges. These quantities are plotted in Fig. F.11
and F.12.

F.5 Zero range potentials

For analytic calculations, the simplest potentials one can consider are zero-range
potentials. These play an important role in many theoretical works, so it is worth
considering them here. Zero range potentials are, by construction, singular. Thus,

despite their analytic simplicity, these potentials require taking careful limits.
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Figure F.12: Effective range re for a spherical well of radius r and depth V = ¢*/2m.

F.5.1 A structureless point scatterer

Consider a point scatterer with a potential V' (r) = Vpd(r — 7’). In momentum space,

Vi, = Vi. Scattering off this potential is described by the T-matrix equation (F.17),

T (w) = Viwr(w + Y VigGol(q) Ty (). (F.46)

Since Vi is independent of the momentum indices, T" will also be independent of

momentum. Using this result, the T-matrix is

Vo

Tw =15 e’ (F.47)
where © is given by
1
0= G = _. F.48
Zk: O(qvw) zq:w_qg/Qm ( )
Replacing the sum with an integral,
1% d3q
= F.4
© = G ) =g (49
V dqg ¢?

= — | ———— F.
272 | w—q%/2m’ (F:50)
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one notices that the sum is ultraviolet divergent. This divergence is a consequence
of the short range of the potential, and reflects the fact that a point interaction is
unphysical. Any real potential will have a finite range, which will introduce a large ¢

cutoff, A in this integral. The integral is readily evaluated to be

imV/2mw

O = 0)-— F.51
0 2T ( )
VmA
Oy = — o (F.52)
The T-matrix is then of the form
2 s
SN — (F.53)
m1+ia,vV2mw
where the scattering length is
m W
=0 F.b4
%= 91— 1,0, (F-54)

Note that if one takes the cutoff A to infinity at fixed 1}, then the scattering length
vanishes. In this sense, there is no scattering off a delta-function potential in three
dimensions. Only by scaling Vy with A can a non-zero ay be produced. This scaling
of Vi with A is the simplest example of renormalization which can be discussed. As

previously discussed, a T-matrix of the form (F.53) gives a phase shift

0 = arg(T) = — arctan(ask). (F.55)

F.5.2 Scattering from a zero-range bound state

A simple generalization of the structureless point scatterer is to associate a bound
state with the impurity. In such a case, the scattering is energy dependent, and

2
%:%+\M7 (F.56)

W — €

where V} is a static potential at the origin, « is an amplitude for entering the bound
state, and € is the energy of the bound state. To illustrate the role of the bound state

I set Vo = 0, in which case

jo?
T = : F.57
w—E +i(m/27)|a|*V2mw (¥:57)
The energy E is
E = e+ |a]*O. (F.58)
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For E to be finite as A — oo one must scale ¢ with ©y.
The T-matrix (F.57) leads to a phase shift of the form

1
cot(d) = —— + regk?/2, (F.59)
ask
where
—m|al®
L= F.60
¢ omE (F.60)
-2
of = ————. F.61
feft m?|a|? (£.61)

A resonance occurs when E = 0.
The Green’s function for the bound state is T'//|a|?. Thus E is the energy of the
bound. When E > 0, this state has a finite lifetime

1
- 2ﬁ|a\2\/2mE, (F.62)
T T

which is the result one would expect from Fermi’s golden rule.

F.6 Feshbach resonances

As is clear from the above examples, tuning a resonance near zero energy has dramatic
consequences for atomic scattering properties. Experimentally such tuning is carried
out by applying magnetic fields. The field induced resonance is known as a Feshbach
resonance.

The underlying principle is that due to the hyperfine interaction, two colliding
atoms can form a bound state whose magnetic moment is not equal to the sum of the
magnetic moments of the incoming atoms (total angular momentum is conserved, not
total magnetic moment). Consequently, when a magnetic field is applied, the Zeeman
shift of the bound state can be different from the shift of the scattering states. Thus
the energy of the bound state is tunable. When its energy is set to zero one is at
the resonance. The scattering properties near the resonance are described well by the
model of Section F.5.2.

F.7 Multiple scattering

I now turn to the question of scattering off several small impurities which are much

farther apart than the range of their potentials. As detailed in Section F.4, low energy
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scattering off an individual impurity is described by the scattering length a,. Letting

3

n denote the density of scatterers, I am particularly interested in the limit where na;

is of order 1. In this limit one encounters localization effects, and the scattering off

of one impurity depends on the presence of all others.

F.7.1 Elementary approach

In this Section I frame the problem in terms of elementary quantum mechanics.
Imagine that one has static impurities at positions ry,rs,...,r,. The phase shifts
for scattering off any of these impurities is do(k). In a scattering experiment, the
asymptotic wavefunction will be

ik|r—r;|

¢Oﬁ=em”+§:ﬁ%f——, (F.63)

— 1]

where the f;’s will be independent of space. This wavefunction should be good, except
on atomic distances close to individual impurities. Comparing with Eq. (F.1), the

scattering amplitude for scattering from the collection of impurities is
fll,7) =" fierit, (F.64)

The s-wave component of this scattering amplitude is

sin kr;

k’?"i

R = [Crm =35 (7.65)

In particular, when kr; < 1 then
flk) =" fi (F.66)

My goal is to calculate the phase shift ¢ given by

i6'5
ﬂ:ein. (F.67)

I now determine the f;’s via the restriction that at each impurity, the phase shift
is 6. Once we know f; we know f. Near the i'* impurity, the spherically symmetric
part of ¥ is defined by
asy

) (o o]}
W=l = [

P =1"+r;), (F.68)
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where d€) is a solid angle with respect to the variable ', which is centered at the

impurity. The integration is straight forward and one finds

s . etklri=ril \ sin klr — r; tklr=ril
O (r— 1) = (ek +> ” | Ly I . (F.69)

=~ — 7] klr —r; r—r

I will use the symbol A; for the term in large parentheses. We know that this term

must have the form
_ sin(k|r —ri| 4 do)

(OF -~ F.70
,lvbz (T TZ) k’|7" _ Ti| ( : )
Equating these two expressions, one arrives at
i50 3 6
fi= A— (F.71)

Using this expression in the definition of A; one finds that A; satisfies the following

matrix equation,

. ik|ri—r;] ,
(61'3' — 6150 sin (5067) Aj = €Zkzj. (F72)

klri — ;]
I denote the matrix on the left hand side of this equation by 1 —g. Formally inverting

this matrix gives

Al 6ik21
1
: = : ) F.73
—| (7.73)
An 62kzn
The total scattering amplitude f is then
eikf(-rl
~ 0 sin 6 - - 1
f(k‘, k,f’) _ € 81 0g < e—zkr~r1 . e—zkr-rn ) (1.‘.\74)
k 1—g .
eikkrn

€™ sin . 1
_ ik(k-r;—t-r;) ) F.75
k Z ‘ <1 - g)ij ( )

]
Formally we are now done. If kr; < 1 we neglect the e**"i’s and get
. . 1
e sin § = €' sin 4 Z <—) : (F.76)

— \1—g

1] )

In this same approximation

€%%0 sin &y i .
9ij = { Klri=rj] %‘7, : (F.77)
0 1=7.
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In the pseudo-potential approximation,

. —ak
o sin 6() = ]__l_am (F78)

e

It is useful to study the structure of (1 —g)~!. The matrix g has the property that
gi; is a function only of the distance |r; — r;|, and is essentially a scattering ampli-
tude times a propegator. One graphically thinks of g;; as a directed line connecting
impurity ¢ to impurity j. Then ((1 —g)™');; is the sum over all paths connecting 7 to

J.

F.7.2 T-matrix approach

With less work (but using more machinery) one can derive the results as the last
Section by directly calculating the T-matrix, defined by
1
Hy—-F

In the present case, V = ). V; is the sum of the potentials for each scatterer. If one

T=V+V T. (F.79)

defines T; as the sum of scattering off an individual impurity,
1
T, =V, +Vi——=T; F.80
then T is given by a sum over all paths between scatters of T;’s with propegators

between them,

T = ZT+ZTH L+ (F.81)

i#]
1
= T; T:(1— —=1T; - F.82
2T =S g T (F.82)
I introduce a matrix G;; by
1
Gij = (1 - 5@')')7}[0 — 1 (F.83)

so that the T-matrix is formally
1
T = T, {——) . F.84
Z-Zj (1 - G) ij ( )

To go any farther one needs to choose a basis. The most convenient basis for
the current problem is in momentum space. If we treat the 7}’s within the pseudo-

potential approximation, then
. , 27 .
Ti(k, K, q) = (K'|Ty(E = ¢*/2m)|k) = =+ (—”el% sin 50) : (F.85)
mq
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For notational simplicity, I use the symbol = for the parentheses. The operator

T:(Hy — E)~'T;} is evaluated by inserting a resolution of the identity

A3k - om -
i — =1 = _ !
(K'|T;(Ho — E)™ T |k) /(27T)3T(k‘> k,q) [ qu(kv K, q) (F.86)

iqlri—r;]
26i(k7’j—k’ri)ﬁ e
27 qlr; — 1y

(F.87)

= T

In Eq. (F.81) all of the eikrivg cancel, except for the one at the end and the one at the
beginning. Thus T is given by

T(k,K,q) ==Y N (g), (F.88)
j
where M;;(q) is the sum of all paths going from ¢ to j, each segment of the path going

from impurity p to impurity v contributing x(m/2m)e!"=="+/(q|r, — r,|), which is

readily seen to be identical to (F.75).

F.7.3 Two scatterers

Given the positions rq,rs,...,r, of the scatterers we can now calculate J in terms

of dp. The simplest example of this procedure uses two scatterers. The matrix g;; is

g = (2 55) (F.89)

given by

T i e F.90

r = m S1n 0p€e ( . )
—as(1+ikr)/r

F.91

14 ikas ( )

where r = |r; — 15| and ay is the scattering length for scattering off a single impurity.

2

Since g is proportional to a Pauli matrix, ¢g> = 2? is proportional to the identity.

Thus (1 —g)~'is (1 —2?)7'(1 + g). The scattering amplitude is then

eiég i
f = %&)Z(L) (F.92)

- 1—g)/..

ij
edging, 1
= 242 F.
. 1—9:2( +21) (F.93)

2a

(w7) . (F.94)
1 _'_7' <1f([11§/r) k
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The last line follows from some simple algebraic rearrangements. The end result is
that the scattering from two impurities looks like scattering from a single one with

an effective scattering length
2a,

" 1+ta, Jr
For ay, < r the scattering is just additive. For as > r the effective scattering length

(F.95)

a2

is cut off by the distance between the two impurities, and a; — 2r.
It should be clear from this result that when particles are packed closer than their

scattering lengths one cannot consider the scattering from each particle independently.

F.7.4 Low density limit

In the low density limit, na? < 1, the matrix elements g;; are small, and the single
scattering dominates. The phase shift for scattering off the collection of impurities is
then additive, 6 = NJ.

F.8 Scattering in the many body problem

This thesis is concerned with clouds of interacting atoms, described via a density n and
scattering length as. In the dilute limit na® < 1, multiple scattering is suppressed,
and the interaction can be treated perturbatively (see Chapter 2 and Appendix E).
Most alkali gas experiments are in this regime. By using Feshbach resonances one
should be able to tune the scattering length so that na® is no longer small. Un-
derstanding this strongly interacting regime is a major challenge facing the cold gas

community.
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