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Abstract

In this thesis, the functional integral approach of many-body theory is employed to investi-
gate the thermodynamic properties of both homogeneous and harmonically trapped F' =1
spinor Bose-Einstein condensates. Special emphasis is given to the systems dependence on
the total magnetization, which is preserved in spinor Bose-Einstein condensates. The treat-
ment is divided into three parts.

The first part provides the physical and mathematical basis of this thesis. The main-emphasis
is given to the derivation of the functional integral representation of the grand-canonical par-
tition function and the introduction of the background method.

The second part treats an interaction-free F' = 1 spinor gas, where the system exhibits
most of its quantum mechanical nature. Due to the combination of spin degrees of freedom
and the conservation of the total magnetization, the F' = 1 spinor system possesses three
different phases: a gas, a ferromagnetic, and an antiferromagnetic phase. The latter phase
is distinct because of the occurrence of a double condensation. Within the framework of the
grand-canonical ensemble, we calculate the critical temperatures of the phase transitions and
their dependence on the total magnetization. Moreover, the finite-size scaling is studied. A
further characterization of the phases is given by determining the occupation number of the
three different Zeeman states of both the excited and the Bose-Einstein condensed particles.
The treatment of the ideal spinor gas is completed by the calculation of the heat capacity
as a function of temperature and magnetization.

In the third part the treatment is generalized to the case of a weakly interacting F' = 1
spinor gas. Due to the high dilution of the quantum gas, we restrict our study to a two-
particle delta potential, which is characterized by two s-wave scattering lengths, and discuss
the associated Gross-Pitaevskii equations. Within first-order perturbation theory, we de-
rive an analytical expression for the shift of the first critical temperature of a harmonically
trapped F' = 1 spinor gas as a function of magnetization. Our results agree well with a
numerical solution of the Hartree-Fock-Popov approximation [65].






Contents

1 Introduction
1.1 History . . . . . . o
1.2 Experiment . . . . . . . . ..
1.2.1 Cooling Techniques . . . . . . . . . .. .. ... ...
1.2.2 Imaging Technique . . . . . . . . . ... . ... ... ... ......
1.2.3 Spinor Bose-Einstein Condensates . . . . . . . . .. .. .. ... ...
1.3 Outline. . . . . . . .

I Mathematical and Physical Preliminaries

2 Field Theoretic Description of Quantum Statistics
2.1 Second Quantization . . . . .. .. ..o
2.2 Coherent States . . . . . . . ..
2.3 Partition Function . . . . . . ... oL
2.4 Functional Integral . . . . . . . . . . ...
2.5 Generating Grand-Canonical Partition Function . . . . . . . . ... ... ..

3 Background Method

II Ideal Spinor Gas

4 Effective Action
4.1 General Case . . . . . . ..
4.2 Homogeneous Spinor Gas. . . . . . . . . ...
4.3 Harmonically Trapped Spinor Gas . . . . . . .. .. ... ... ... .....

5 Gross-Pitaevskii Equations
5.1 Motivation . . . . . ..o
5.2 Derivation of Gross-Pitaevskii Equations . . . . .. .. ... ... ... ...
5.3 Solution of Gross-Pitaevskii Equations . . . . . .. .. ... ... ... ...

I1I

[ SO JUR NS

12
13
14
17

21

25

27
27
29
31



v CONTENTS
6 Critical Temperatures 43
6.1 First Critical Temperature . . . . . . . . .. ... ... ... ... 43
6.1.1 Full Polarized Spinor Gas . . . . . . . ... ... ... ... ... 43

6.2 Second Critical Temperature . . . . . . . . . . ... ... ... 45
6.3 Discussion . . . . . . . 46

7 Particle Numbers 49
7.1 Identification of Zeeman States . . . . .. .. .. ... ... L. 49
7.2 Particles in Gas Phase . . . . . ... ... Lo 51
7.3 High-Temperature Limit . . . . . . . . ... ... ... ... ... ... 52
7.3.1 First Order . . . . . . . .. 54

7.3.2 Second Order . . . . . . . . ... 54

7.4 Particles in Ferro- and Antiferromagnetic Phase . . . . . .. ... ... ... 55

8 Heat Capacity 59
8.1 General Procedure . . . . . .. ..o 59
8.2 GasPhase . . . . . . . 60
8.2.1 Derivation . . . . . . .. 60

8.2.2 High-Temperature Limit . . . . . .. ... ... .. ... .. ..... 61

8.2.3 First Critical Temperature . . . . . . .. .. .. ... .. ... .... 62

8.3 Ferromagnetic Phase . . . . . . .. . ... L 63
8.4 Antiferromagnetic Phase . . . . . . .. ... oL 64
IIT Weakly Interacting Spinor Gas 67
9 Interaction Potential 69
9.1 Experimental Environment . . . . . . .. ..o 69
9.2 Pseudopotential . . . . . . ... 69

10 Gross-Pitaevskii Equations 73
10.1 Action of Interacting Spinor Gas . . . . . . . . . . ... ... ... 73
10.2 Derivation of Gross-Pitaevskii Equations . . . . . . . .. .. ... ... ... 74
10.3 Solution of Gross-Pitaevskii Equations . . . . . . .. .. .. ... ... ... 75
10.3.1 Investigation of Different Cases . . . . . . . .. .. .. .. ... ... 76

10.3.2 Discussion of Solutions . . . . . . . .. ... 79

10.3.3 System without Conservation of Magnetization . . . ... ... ... 80

11 First Critical Temperature in Perturbation Theory 85
11.1 Grand-Canonical Partition Function. . . . . . . .. ... .. ... ... ... 85
11.2 Grand-Canonical Free Energy . . . . . . . . . .. ... ... 88
11.2.1 General Interaction Potential . . . . . . ... ... ... ... ... .. 88

11.2.2 Feynman Rules . . . . .. .. .. ... . o 89

11.2.3 Delta Interaction Potential . . . . . . . . . . . .. ..



CONTENTS Vv
11.3 Particle Number / Magnetization . . . . . .. ... ... ... ... ..... 91
11.4 Criterion for Phase Transition . . . . . . . . . . . . ... .. ... .. .... 94
11.5 Self-Energy . . . . . . . . 97
11.6 First Critical Temperature . . . . . . . . . . . .. .. .. ... ... 99

11.6.1 Fully Polarized Spinor Gas . . . . . . . ... ... ... ... ..... 101
11.6.2 Non-Polarized Spinor Gas . . . . . . . . . .. ... ... ... ... 102
11.7 Examples: Rubidium and Sodium . . . . . . . . . . ... ... .. .. ... 102

Summary 107

IV Appendix 109

A Coherent States 111
A.1 Coherent States . . . . . . . . . .. 111
A.2 Scalar Product . . . . . .. ... 112
A.3 Closure Relationship . . . . . . . ... .. ... ... ... 112

B Useful Formulas 115
B.1 Poisson Summation Formula . . . . . . . ... ... 115
B.2 Schwinger Formula . . . . . . .. ... .o 116
B.3 Sum Computation . . . . . .. .. . 116

C Green’s Function 119
C.1 Applying Poisson Summation Formula . . . . . . . ... ... ... ... .. 119
C.2 Semiclassical Approximation . . . . . . . . .. ... L 121
C.3 Imtegral . . . . . . . . 123

D Angular Momentum 125
D.1 Addition of Angular Momentum . . . . . . . .. ... 125

D.1.1 Distinguishable Particles . . . . . . . . ... .. ... ... ... ... 125
D.1.2 Identical Particles . . . . . . . . . . ... ... 126
D.2 Operator Transformation . . . . . . . . . . ... ... 0L 127
D.2.1 Distinguishable Particles . . . . . . .. ... .. ... 0. 127
D.2.2 Identical Particles . . . . . . . . . . ... .. 128

List of Figures 131

Bibliography 133

Danksagung 139






Chapter 1

Introduction

1.1 History

In 1924 S.N. Bose [1] and A. Einstein [2,3] made the prediction that a phase transition occurs
at a finite critical temperature where bosonic particles with a non-vanishing rest mass would
macroscopically occupy the same quantum state. This phenomenon, called Bose-Einstein
condensation (BEC), happens when the quantum wave functions of the particles start to
overlap. In 1995 — more than 70 years after its theoretical prediction — BEC was realized
experimentally for dilute atomic gases of rubidium [4], lithium [5], and sodium [6]. The
experimental success was made possible by combining the techniques of laser cooling [7-9]
and evaporative cooling [10] in a magnetic trap. Both the laser cooling and the experimental
realization of BEC were rewarded with the Nobel prize in 1997 and 2001, respectively.

Since its experimental realization, the field of BEC has grown rapidly to one of the most
active fields in both experimental and theoretical physics. Its attraction originates from the
fact that Bose-Einstein condensates provide a unique model system for studying quantum
phenomena from scratch. Furthermore, it has developed to a highly interdisciplinary field.
For example, the experimental success of controlling the interaction strength between par-
ticles via a so-called Feshbach resonance [11,12], opened the way to a comprehensive study
of two-particle interactions such as reversible atom—molecule formation for both bosonic
and fermionic atoms [13-15], which essentially belongs to the field of atomic and molecular
physics. Furthermore, it offered the possibility to study the crossover from a Bose-Einstein
condensate to a Bardeen-Cooper-Schrieffer superfluid [16]. Another highly notable example
is the confinement of Bose-Einstein condensed particles in an optical lattice [17-19], which
is basically an artificial crystal of light and therefore an ideal model system for studying
solid-state physics phenomena under controllable conditions.

Among a considerable number of other intriguing aspects of BEC like the construction of
an atomic laser [20] or the realization of an array of Josephson junctions with a BEC [21],
the subject of Bose-Einstein condensates with atomic spin degrees of freedom, the so-called
spinor condensates [22-24], are experiencing an enormously growing attention today. Its
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emergence dates back to the year 1997, where a Bose-Einstein condensate was confined by
optical means for the first time [25]. So far, spinor condensates with spin 1 have been
realized in 2*Na [25] and in 8Rb [26,27]. The more complex spin 2 state has also been pre-
pared for 8'Rb [27], whereas a promising candidate for a spin 3 spinor condensate is ®2Cr [28].

Spinor condensates can be considered as multi-component systems, which are described by a
vector order parameter. In contrast to scalar BECs and mixtures of bosonic particles [29,30]
the Zeeman components of spinor condensates are not subjected to the conservation of
the number of particles. On the contrary, they show rich dynamic by exchanging parti-
cles among themselves. Therefore, spinor condensates exhibit a large number of quantum
phenomena that do not occur in single-component or mixtures of single-component Bose-
Einstein condensates. For instance, they allow the study of quantum magnetism such as
spin dynamics [26,27,31], spin waves [32,33], or spin mixing [34,35]. Mostly, these effects
are caused by coherent collisional processes between two atoms where the spin of each par-
ticle is changed while the total magnetization is preserved. This and its dependence on the
quadratic Zeeman effect caused by a weak external magnetic field has been shown for both
a spinor condensate with a macroscopic number of particles [36,37] and an effective two-
particle spinor condensate [38]. The latter was realized by embedding a macroscopic spinor
condensate in an optical lattice, where each lattice site was on average occupied by only two
particles.

1.2 Experiment

To realize Bose-Einstein condensation, the thermal de Broglie wavelength

[ 2mh?

where M denotes the mass of the bosonic atoms, has to become comparable to the mean
interatomic distances in the degenerate quantum gas. Therefore, the experimental setup has
to be arranged in such a way that either the density of the quantum gas is sufficiently high
or, accordingly, the temperature very low. The former possibility is ruled out due to the
interaction between the atoms, which at high densities causes the formation of molecules or
the transition to a liquid or even to a solid. On the contrary, to avoid the latter effects, the
particle density has to be of the order of around 10** — 10'® cm =3, which is 4-5 magnitudes
lower than the density of air under standard conditions. On the other hand, keeping the
density of the gas as low as just stated yields a critical temperature of around 100 nK, which
is far below the temperatures that are achieved by using conventional cooling techniques
which are mainly based on the Joule-Thomson effect. Therefore, atoms have to be cooled
differently.
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Figure 1.1: Evaporative cooling. The atoms are confined in an harmonic magnetic poten-
tial. With the help of radio-frequency radiation, the potential is practically cut at a certain
trap depth and particles with higher energies than this depth leave the trap. Elastic colli-
sional processes cause restoring the equilibrium state and a net cooling is achieved. During
the evaporation time, the trap depth is lowered little by little causing a further decrease of
temperature. With this method, one reaches temperatures down to 500 pK [39].

1.2.1 Cooling Techniques

Essentially, there are two cooling steps for reaching BEC. In the first step the cooling is
performed using laser beams whose wavelengths are adjusted in such a way that, based on
the Doppler effect, only atoms moving towards the laser absorb a photon and consequently
slow down in this direction. This is because of the conservation of total momentum. After
re-emitting the photon in a random direction a net cooling is achieved. Using this method
one achieves temperatures of around 100 uK, which is still three magnitudes above the crit-
ical temperature of BEC.

To overcome this temperature difference, another cooling method, the so-called evaporative
cooling, is applied. The idea of evaporative cooling is as simple as cooling a cup of coffee
by blowing on it. Already this example indicates, that a kind of ”cup” is needed to confine
the degenerate quantum gas. This is achieved by applying a strong harmonic magnetic field
that causes a trapping of magnetic atoms in a particular atomic Zeeman state. The cooling
is then achieved by applying a radio-frequency radiation that induces a Zeeman spin flip of
atoms with higher kinetic energy. Due to the fact that the trap is sensitive to the spin state
of the atoms, the spin flipped atoms drop out of the trap. To ensure that only high energetic
particles perform a spin flip, one takes advantage that the energy spacing of the Zeeman
states depends on the external harmonic magnetic field and therefore on the position of the
atoms in the trap. The radio frequency is tuned in such a way, that only particles in a
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given distance to the center of the magnetic field, are in resonance and therefore leave the
trap, i.e., the radio frequency field acts like cutting the magnetic potential at given height.
The particular loss of high energetic atoms finally leads to Bose-Einstein condensation. A
schematic picture of evaporative cooling is given in Figure 1.1.

Today, one can reach temperatures down to 500 pK [39] using a combination of these meth-
ods. However, the cooling techniques demand atoms with quite particular properties. First of
all, in order to be cooled by laser light, the atoms must have an appropriate electronic transi-
tion. Furthermore, the employment of magnetic traps requires atoms with a strong magnetic
dipole moment. The evaporative cooling is also only possible if the particles exchange their
energy by elastic collisions, whereas inelastic collisions lead to molecule formation and to
trap losses. Thus, the ratio between elastic and inelastic interaction plays a crucial role.
The atoms which turned out best to match these conditions, are the alkali atoms. With the
exception of francium all of them have been Bose-Einstein condensed. In their ground state
of alkali atoms all electrons but one occupy closed shells and therefore do not contribute to
the total electronic spin. The remaining electron is situated in the s-orbital of the atom and
consequently does not have an orbital angular momentum, but an intrinsic spin of S = 1/2.
On the other hand, the nucleus of the atom also carries a spin I that couples with the
total electronic spin J. Thus, in case of an alkali atom the total atomic spin is given by
F = |I +1/2| which is 2F + 1 times degenerated. In most experiments the alkali atoms
have a nuclear spin of I = 3/2 and therefore the ground state is split into the hyperfine
states F' =1 and F' = 2, where the former has the lower energy. In Figure 1.2 the hyperfine
splitting of the electronic ground state of 8"Rb is schematically shown, which is typical for
alkali atoms with I = 3/2.

1.2.2 Imaging Technique

The proper experiment starts with the achievement of Bose-Einstein condensation. With
the help of electromagnetic radiation sources the experimentalist directly manipulates the
atoms in the confining trap. During the experiment, the Bose-Einstein condensed cloud
cannot be seen directly. However, imaging pictures are obtained by switching off the trap and
measuring the spatial density distribution of the atomic cloud after free ballistic expansion.
This is done by illuminating the atomic cloud by resonant light. The atoms absorb light and
cast a shadow on a measurement device. Even though the resulting picture is the spatial
density profile of the expanding cloud, it reflects the momentum density distribution of the
trapped quantum gas. This is because particles with high momenta expand faster than
particles with low momenta. Therefore, they are rather found at the edge of the expanded
cloud whereas particles with low momenta are rather situated in the center.

1.2.3 Spinor Bose-Einstein Condensates

Due to the Zeeman splitting, the ground state of a magnetically trapped atom is not de-
generate anymore. On the contrary, only particles in Zeeman states with negative magnetic
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Figure 1.2: Hyperfine splitting of the electronic ground state of 3’ Rb, which is exemplary for
alkali atoms with nuclear spin I = 3/2. The three times degenerated F' = 1 state represents
the lowest energy state. An external magnetic field breaks the degeneracy and causes a
Zeeman splitting. The Landé gr factors denote the Zeeman splitting of the respective states.
The green dots indicate states, which can be trapped magnetically. Experimental values are
taken from Ref. [40].

dipole moment can be trapped experimentally. This is caused of the fact that a magnetic
field with a local maximum cannot be created in a current-free region. Differently speak-
ing, the spin degree of freedom is practically frozen out by the magnetic trap. The Zeeman
states, which are magnetically trappable are shown in Figure 1.2 and denoted by a green dot.
As a consequence of this Zeeman selection, magnetically trapped Bose-Einstein condensates
behave exactly like spinless condensates would behave. In order to preserve the spin degrees
of freedom and to create spinor Bose-Einstein condensates, the atoms have to be trapped
independent from their Zeeman states. This is done with a so-called optical trap [41], which
consists of laser beams that induce a dipole moment to the atoms. The atoms with the
induced dipole moments in turn interact with the intensity gradient of the light field lead-
ing to their trapping. The optical trap can even confine atoms with a vanishing magnetic
dipole moment. However, usually BEC is first evaporatively created in a magnetic trap and
then loaded into an optical trap. Experimentally, the population of the different Zeeman
states can arbitrarily be adjusted. After carrying out the respective manipulations of the
atoms, the optical trap is switched off and the condensate falls freely. In order to distinguish
between the different Zeeman components a Stern-Gerlach configuration, i.e., a strong inho-
mogeneous magnetic field is applied that spatially separates the Zeeman components. The
probing of the atomic cloud is then again performed by the absorption imaging method as
already described above.
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1.3 Outline

This thesis is divided into three parts.

In the first part we give a summary of the necessary mathematical and physical content this
thesis is based on. In Chapter 2, we briefly derive the grand-canonical partition function
in its functional integral representation. Moreover, we explicitly calculate the generating
grand-canonical partition function for an ideal F' = 1 spinor system. The first part finishes
in Chapter 3 by introducing the background method, which provides the mathematical
tool for studying phase transitions in BECs.

In the second part of this thesis, we treat the case of an ideal F' = 1 spinor gas. We
start in Chapter 4 with deriving the effective action of a homogeneous and harmonically
trapped spinor gas. For the case of the harmonically trapped system, we also elaborate the
finite-size scaling. On the basis of the latter and of the background method, we then derive
in Chapter 5 the Gross-Pitaevskii equations of a F' = 1 spinor system and discuss the
respective solutions. Based on this, we calculate the first and the second critical tempera-
ture in Chapter 6 as a function of total magnetization. In order to characterize the three
occurring phases, we determine in Chapter 7 the occupation number of the three Zeeman
states for both the excited and the Bose-Einstein condensed particles. We finish this part
with Chapter 8, which contains the calculation of the heat capacity with emphasis on the
behavior at the points of phase transitions.

In Part three we extend our study to the case of a weakly interacting F' = 1 spinor
gas. We start with Chapter 9 by introducing the two-particle interaction potential, which
is described by two scalar quantities only. In Chapter 10, we treat the Gross-Pitaevskii
equations of the interacting spinor system and adopt a Thomas-Fermi approximation to cal-
culate their solutions. In Chapter 11, the main emphasis is given to the determination of
an analytical expression for the first critical temperature. We use first-order perturbation
theory and compare our result with the Hartree-Fock-Popov approximation carried out by
others.



Part 1

Mathematical and Physical
Preliminaries






Chapter 2

Field Theoretic Description of
Quantum Statistics

In this chapter we give a brief introduction into the methods and notations that are used
throughout this thesis.

2.1 Second Quantization

Time-independent, non-relativistic, one-particle systems are described by the Schrodinger
equation
h2
78+ V00| a3 = Bugnl) 2.)
where V'(x) is an external potential and ¢, (x) the one-particle wave function with the energy

E,. The eigenfunctions may be chosen in such a way that they fulfill the orthonormality
condition

[ P euhow(x) = b (2:2)

Moreover, because the Schrodinger Hamiltonian is Hermitian, its eigenfunctions obey a com-
pleteness relation (see Ref. [42])

Y Ph)en(x) = 6(x —x). (2.3)

The above formulation of quantum mechanics can be generalized to an arbitrary number
of particles. We simply have to replace on the left-hand side of Eq. (2.1) the one-particle
Hamiltonian by the sum of all one-particle Hamilton functions and additional terms due to
the two, three, or higher particle interactions. However, for a larger number of particles
it is very inconvenient to use the latter formulation of quantum mechanics. Many-particle
physics is most conveniently described in terms of the so-called second quantization, which is
basically a compact formulation of the first quantized Schrodinger quantum mechanics. In
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the so-called Fock space of a many-particle system the Hamilton operator is given by! [43]

o= [erdie]-g5a+ Ve b

~

+ [ [ 00860V (x. X000 (), (2.4)

where Va(gsfg, (x,x’) denotes the two-particle interaction potential?, which fulfills the symmetry
conditions

Vi (5,%) = Vagaiy (%) = Vi () (25)

a aba

The first equal sign is due to Newton’s law actio=reactio, whereas the second one arises
from the indistinguishability of identical particles. In Eq. (2.4) we have introduced the field

operators R
= Z PnaPn(X), Z Phan (X (2.6)

Here, the annihilation operator ng with

¢na| Nuay--) =vV/Nna |-, Nna — 1,..) (2.7)

and the creation operator lem with

¢ | naa...)z\/Nna‘l—l|...,Nna+1,...> (28)

annihilate or create a particle in the state |n,a), respectively. From Eq. (2.6) it follows,
that Egs. (2.7) and (2.8) also hold for the field operators ¢} (x), ¢q(x) and therefore they
create and annihilate particles at the place x in the state |a). In Egs. (2.7) and (2.8), the
ket vectors | ..., Npqa,...) denote a state in occupation number representation, which fulfills
the orthonormality condition

(... Nngs---|...,N',..0) HHaNm, N7 (2.9)

a=—1 n

The annihilation and creation operators obey the commutator relationship®

~

[énaagbiﬂb]— = 5ab5nn’a (210)
[anaaqgn’b]— = [¢na7¢n’b] (211)

'For indices referring to the spin degree of freedom, we use in the whole thesis Einstein’s summation
convention, i.e., repeated indices are understood to be summed over —1, 0, 1. We do not perform the sum if
at least one index appears in brackets. Any exception from this rule will explicitly be mentioned in the text.

2Based on the experimental realization of Bose-Einstein condensates, we neglect any interaction between
more than two particles.

3We remark that, strictly speaking, (2.7) and (2.8) follow from commutator relationships of the annihi-
lation and creation operators.
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Correspondingly, using the latter commutation relationships and Eqgs. (2.3), (2.6) yields the
commutators of the field operators

[0a(x), SHX))- = G d(x =), (2.12)
[6u(x), BN = [61(x),B(x, )] =0. (2.13)

Now, we write down the operator of the total number of particles
N =N, + N+ N_y, (2.14)

where we have defined the operator of the total number of particles in the Zeeman state |a)
by

N, = /dgx O (X)da(x)  (n0 sum). (2.15)
We also define the dimensionless total magnetization
M = [ 6 (0Fn(), (2.16)
where F = (F*, Y, F'*)T is the matrix representation of the operator of angular momentum
. 010 . 0 -1 0 10
Fz:ﬁ 10171, Fy:% 1 0 -1 1|, F*=100 0 . (217)
010 0 00 —1

The matrices F*, FY, and F* fulfill the fundamental commutation relationship of angular
momentum

+1 for (4,7, k) even permutation of (1,2,3),
[F', F'] = i€ Fr, €k = § —1 for (i,7,k) odd permutation of (1,2,3), (2.18)

0 for otherwise.

Consequently, pairwise different spin matrices, do not have a complete eigensystem in com-
mon. Physically this means, that only one of them can be measured independently. It is
therefore sufficient to choose one particular axis as the quantization axis. Most conveniently,
we choose the z-axis as quantization axis and define the operator of total magnetization as

M=DM, = / d*x F (%) F2,dp(x). (2.19)
Using (2.15), (2.17) and (2.19) yields
M =N, — N_, (2.20)

From the latter we observe that the magnetization is dimensionless. This is done for conve-
nience. In this notation, if all particles occupy the Zeeman state |1) or [—1), then we have
according to Egs. (2.14) and (2.20) the identity M = N or M = —N, respectively.
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2.2 Coherent States

In the last section we have introduced the complete and orthonormal basis {| ..., Nya, .. )}
Now, we will present another convenient complete basis, the so-called basis of coherent states,
which turn out to be crucial for the derivation of the functional integral representation
of quantum statistics. A state [¢) is called coherent state, if it is an eigenvector of the
annihilation operator, i.e.,

Ona [V) = Yna [0, (W] Dl = (W] ¥}, (2.21)

where 1y, is an ordinary, complex number and the vector (1| the adjoint of |¢). In analogy
to Eq. (2.6) we define the complex functions

Ya(X) = Y tnapn(X),  ULX) =D Vnpn(x): (2.22)

Note that 1,(x) can be a completely arbitrary function, because the functions ¢, (x) fulfill
the completeness relation (2.3) and may therefore represent any function. From Egs. (2.6)
and (2.21) we deduce

ba(x) [¥) = va(X) W), (¥0L(x) = (V]V} (x). (2.23)

Therefore, a coherent state |¢)) to the annihilation operator ggna is also a coherent state to
the respective field annihilation operator ¢,(x).

Explicitly, a coherent state is given by (see Ref. [44])

0 = e { [ @evab0ileo o), (2.24)

where |0) is the vacuum state of the system in the occupation number representation. To
show that (2.24) is a coherent state, we multiply the annihilation field operator ¢,(x) from the
left side, perform a Taylor expansion of the exponential function and make use of Egs. (2.12),
(2.13), (2.23). Another proof is given in Appendix A.1. Note that according to (2.24) it is
possible to create an infinite number of coherent states to the annihilation operator ggna.

The coherent states do not fulfill the orthogonality condition. As proven in Appendix A.2,
their scalar product is given by

(Wly') = e, (2.25)
where we have defined

) = [ Paviv . 220

We immediately deduce from Eqgs. (2.22), (2.23), and (2.25) that any functional operator
O[¢!, ¢4] in its normal ordered form, i.e., all creation operators ¢! (x) are on the left side
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and all annihilation operators qga(x) are correspondingly on the right side, have the following
matrix elements

(W] O[97, ] [v') = O*,4)et"). (2.27)

Instead of O[@!, ¢, &' |, b1, do, d_1] we wrote more conveniently O[pf, ¢]. For functional ex-
pressions, we will use this notation throughout this thesis. We emphasize that the functional
O[y*, 1] on the right-hand side of (2.27) is not an operator anymore.

The most important property of the coherent states is that they obey a closure relation,
which is proved in Appendix A.3 to be

[H /D@/) /Dw] “W ) (y] = 1, (2.28)

where 1 denotes the unity operator of the Fock space. The measure in the latter equation

is defined as
H H d@/)na
a_l/IDw /D’l/}a — /\/ﬂ (229)

Efficiently, the new measure denotes, that we have to sum up any arbitrary function v, (x),
which is seen from Egs. (2.22), (2.24), and (2.26). Therefore, the definition in (2.29) is not
only a convenient abbreviation, but it offers a new perspective to the coherent states.

The trace of an operator O is defined as

O = (Z Z ) (Ng,...,Nq,...|O|Ng, ..., Ny,...). (2.30)
Nn=0
With the help of the complete relation (2.28) this reads in the coherent state representation

I [ oo | Dw] ) (4] O |y (2.31)

a=-—1

TrO =

2.3 Partition Function

The central quantity to describe the equilibrium properties of a quantum mechanical system
is the grand-canonical partition function [45]

Z = T e PUH-RN- "M>] , (2.32)
where § = 1/(kgT), u is the chemical potential, and 1 denotes the magnetic chemical po-

tential that is introduced in order to fix the magnetization of the system. We emphasize
that n is not a magnetic field, but a Lagrangian, which, like the Lagrangian p, is a function
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of temperature. Both p and n have to be adjusted in such a way that the total number of
particles and the total magnetization is kept fixed.

In quantum statistics, the mean-value of a physical observable associated with the oper-
ator O is given by

Tr [O e_ﬁ(ﬁ_uN_nM)}
0) = 4 s
Tr |:€_5(H_MN_7IM):|

(2.33)

Furthermore, the grand-canonical free energy is defined with the help of the partition function
(2.32) as

1
F= -3 log Z. (2.34)
Using Eqs. (2.32)—(2.34) yields the total number of particles
N=(N)= _9F (2.35)
o
and the total magnetization®
M= <M> _ 9 (2.36)
I

At this point we define the normalized total number of particles in the Zeeman state |a) and
the normalized total magnetization

N, = %, = %, N = % = 1. (2.37)

The notation A is introduced for clearness and will sometimes be used for explicitly impli-
cating that the respective value is due to the total number of particles.

2.4 Functional Integral

In the last sections we have briefly introduced the physical framework of this thesis. With the
help of the coherent states, discussed in Section 2.2, we will do now the step from the operator
formulation of many-particle quantum statistics to the field theoretical functional integral
formulation [44,46]. This is a generalization of Feynman’s path integral approach to quantum
mechanics [47]. We start our discussion by applying the coherent state representation of the
tract (2.31) to the partition function in (2.32):

Z -

a=-1

1
11 / Dy; / Dwa] eI (g =AH-uN=0MD) |y (2.38)

4The symbol for magnetization must not be mixed up with the one for mass of the atom, which is also
denoted by M.
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The latter equation indicates that we have to calculate the matrix elements of the kind
(p| e BU=LN=0M) l4h0y *where we have set |1p) = |1) = |[¢). Note that relation (2.27)
cannot be applied to the latter matrix elements, because, due to the exponential expression,
the normal ordering condition is not fulfilled. At this point we recognize that the Boltz-
mann factor efﬁ(hf ’“]\f M) corresponds to the quantum mechanical time evolution operator
U(t,0) = e~ H-#N=nM)i/h eyaluated at t = —ihG. This motivates the definition of the imag-
inary time T = it. The transition from real to imaginary time is called Wick rotation. Since
in the whole thesis we only treat thermodynamic properties with no further time depen-
dence, we will sometimes refer the imaginary time simply as time.

To calculate the matrix elements we use that H , N , and M commute among each other.
This allows us to split the (imaginary) time interval [0, A3] into P pieces with AT = h3/P

<wP| efﬁ(ﬁfuanM) |w0> _ <wP| efAT(I:If,u]\A/an)/h efAT(I:If,u]\A/an)/h . efAT(ﬂfuanM)/h |77Z)0> )
(2.39)

Substituting between two time steps, respectively, the closure relation (2.28) leads to

(Vp| ¢~ OUH—nN=nll) o) =

P—-1 1 P . . .
[H 1T / DYy, / Dipay e‘“”m’] [T (| ez, ) (2.40)

p=1 a=-1 p'=1

The reason for splitting the original matrix element in Eq. (2.38) into P matrix elements is
the following. In order to get rid of the creation and annihilation operators in (2.38), we
like to use the identity (2.27), which is only valid for operators, where all creation operators
¢! (x) are on the left side and all annihilation operators ¢,(x) are situated on the right side.
This is the case for the Hamiltonian (2.4), the particle number operators (2.14), (2.15), and
the operator of total magnetization (2.19), but this is not true for the Boltzmann factor
occurring in (2.38), because its Taylor expansion contains terms of the order H? and higher.
However, we expand the Boltzmann factor into a Taylor series yielding

L AT . R . 1(AT)? . R R
e AT(H=pN-—M)/h _ |1 _ %(H — uN —nM) + 5( hz) (H—uN —nM)*+...| (241)

and observe that in the P — oo limit, terms of the order (A7)? are negligible. Therefore,
according to (2.41), Eq. (2.27) can be applied on the right-hand sided matrix element of
Eq. (2.40). Using Eqgs. (2.4), (2.14), (2.19), (2.23), and (2.27) we get in first order of A7

(| e AT, 1) = exp { (Wlp1) = ATHRE Uyl b}, (242)
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with the functional expression

Hly bya] = H[y, Yya] = nN[y, -] = My, 1] (2.43)

= /d3x Vi (x) { {—h—QA +V(x) — } Oab — 77Fazb} Un(pr—1) (X)

o [ [, )y 6OV (5 X 00 (),

where we are not supposed to sum over p’. Note that no operator appears in the latter
functional expression anymore.

Substituting (2.42) in (2.40) yields after some manipulations

<wP‘€ B(H—pN— nM)‘w — o¥rl¥P) [H H /Dwap/,Dwap] (2.44)

p=1a=-1

P
X exp {_% Z AT |:h/d3x wz;p,(x> wap’(X) _Azia(lf—l) (X) -+ F[[’l/};/,’l/}pll]:| } .
p'=1

We set ,(x,7,) = Yap(x) with 7, = phf/P and take in Eq. (2.44) the continuum limit
P — o0 yielding

(1pp| e~ PH=EN=nID) |3y

4 ()= b(hB)=pp )
w(h)|w(n)) H / D@/); / D, | e AU (2.45)
$(0)=1bo

a=—1

where we have introduced the Euclidean action

Al ) = AD[p* ] + AT [y 4p). (2.46)

The first contribution corresponds to a non-interacting F' = 1 spinor gas

h2
Oy, =/0 /dw X, 7 Hh_r — oA V) - } Sap —nF;b}wb<x, 7)
(2.47)
and the second is due to the interaction of the particles:

AW ) / r [ [ @V e X T 7 (T ).
(2.48)

In Eq. (2.45) the functional integration has to be carried out over all fields ¥, (x, 7), ¥ (x, T)
with the boundary conditions

¢Q(X’ O) = QﬁaO (X)> wa (Xa hﬁ) = QﬁaP(X) (249)
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and the corresponding one for the complex conjugated.

Note that strictly speaking, we have to add to the imaginary time dependency of the com-
plex conjugated fields ¢*(x, 7) in Eq. (2.47), (2.48) an infinitesimal positive quantity o. This
arises from the fact that ¢* in the time-sliced version is always one time step in advance
to 1, which can be seen from (2.43), (2.44). This is because the operators H, N, M are
always time-ordered, i.e., the creation operators are always on the left side and the anni-
hilation operator on the right side. However, in most cases we can neglect this additional
infinitesimal constant and we therefore omit writing this additional constant, but we keep this
in mind for Appendix C.1, where we calculate the Green’s function for equal imaginary time.

Setting 1,0(x) = ¥,p(x) and substituting Eq. (2.45) in (2.38) finally yields the field theo-
retical grand-canonical partition function

fm) }I{Dw] AT vl/h (2.50)

where the loop at the integral sign denotes that we have to functional integrate all fields,
which are periodic in 7 such that

%(X’ O) = iﬁa(X’ hﬁ)a w;(x7 O) = 1/}2<X7 hﬁ)7 a = 17 Oa —1 (251)
is fulfilled.

a=-—1

2.5 Generating Grand-Canonical Partition Function

In this section we explicitly calculate the generating grand-canonical partition function of
an ideal F' = 1 spinor gas. In this particular case, the functional (2.50) can be solved ana-
lytically. The solution of the generating functional will be used throughout the thesis and is
therefore very important.

In analogy to the result (2.50) of the last section, we write the generating grand-canonical
partition function as the functional integral

[ 11 j{ Dy; f Dwa] —AOWT /R (2.52)
a=-—1
where the generating action functional is given by
h3
O vl = A% - [Car [ el nnen) + v b 259
0

Here, we have introduced arbitrary current fields j!(x,7), ja.(x,7), which couple linearly
to the Bose fields 1,(x, 7) and ¥ (x, 7), respectively. The action functional A®[¢*, ] is
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the same as in (2.47). For vanishing current fields, the generating grand-canonical partition
function coincides with (2.50) for vanishing two-particle interaction.

In order to calculate the functional integral (2.52) we perform a Fourier-Matsubara de-
composition of the fields

YaX,7) = DD Yuma a(x)f(7) (2.54)

m=—0c0 1

V1) = D) () (7). (2.55)

m=—0o0 1

Here, {¢n(x)} is the complete orthonormal set of functions that fulfills the eigenvalue equa-
tion (2.1). Furthermore, we have introduced the Matsubara functions

f(m) (7_) _ e—iwm’r’ f*(m)(T) _ eime (256)

with the Matsubara frequencies
—m, m=0,+1,£2,... . (2.57)

The set of Matsubara functions { f™ (7)} provide a complete, orthogonal basis in the space
of hfB-periodic function. In other words, any function of 7 with the period A3, can be
represented as a linear combination of Matsubara functions. Note that according to the
periodicity condition in (2.51) all in here considered fields are periodic in 7 and therefore
have a Fourier-Matsubara representation (2.54), (2.55).

Using Egs. (2.56) and (2.57) it is easily shown that the Matsubara functions are orthog-
onal:

n , I
/ dr f (7) fm) (1) = / dr " “m=m)T = B3 . (2.58)
0 0
Now, we prove the completeness relation for the Matsubara functions. Explicitly substituting
the Matsubara frequencies (2.57) in (2.56) and performing the sum over m yields

o0

i f(m) (T)f*(m) (7_/) _ Z €—i27rm(7'—7")/(hﬂ). (259)

m=—00 m=—00

With the help of the Poisson summation formula (B.1) the latter equation reads

ST M) = 8 D> S(r—7 —nhp), (2.60)

m=—oo n=—oo

which shows that the Matsubara functions are complete in the hfS-periodic space. In this
thesis, we restrict ourself to the limits 7,7 € [0, h3) and therefore the right-hand side of
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Eq. (2.60) reduces to hGo(T — 7').

Substituting the Fourier-Matsubara transformed fields (2.54), (2.55) in Eqs. (2.47), (2.53)
and considering the orthogonality properties (2.2), (2.58) and the spin matrix F* in (2.17)
yields for the generating action

o] 1
AR il =h Y Y > (ﬁw;imaEnmmm+wmc:m+wzmcnm) (2.61)

m=—o0 n a=-—1

where we have used the short-hand notation

h3
= /0 dr / 3 (%, 7)0% () ) (1) /. (2.62)

kG
o = —Ach/fxﬁﬁﬁwdﬂﬂmﬁﬂh (2.63)

and the eigenvalue

Eyvme = —thw, + Ey, — p —na, a=1,0—1 (2.64)
of the eigenvalue problem
2
nl T A V0 i ma| a0 ) = B a0, (2:65)
87_ 2M n nma n

Due to the change of the functional variables in (2.54), (2.55), the measure of the functional
integral over all periodic fields reads

H ]{ DY} ]{ Dy, = H 11 H / W dw“m“ (2.66)

a=—1 m=—o00 n a=-—1 7T

where the factor (27)~! originates from the closure relation of the coherent states (2.28),
(2.29). Inserting (2.61), (2.66) in the functional expression for the generating grand-canonical
partition function (2.52) leads to

20 [ 11 H /cwm /d¢nma

m=—o0 n a=-—1

00 1
X €Xp {_ Z Z Z (ﬁw;maEnmawnma + wnmacima + w;klmacnma) } 5
m=—oc0 n a=-—1

which reads more conveniently

200 j] = H HH /d:i;_r;a dji;_:@ (2.68)

(2.67)

X exp { - ﬁw;maEnmawnma - wnmaczma - w;macnma}-
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The latter integrals are of the following type

dw* * * *
] = e~ (W AY+der+ye) 2.69
V2T 2V 27T ( )

Introducing the substitutions

) = + 1o, ¢ = c1 + icy, 1,9, 1,0 €R (2.70)

equation (2.69) transforms to the product of two integrals of ordinary Gaussian form:

[ — l /Oo d’l/]l e*(A¢f+2c1¢1) /Oo dw2 e*(A’L/J%‘FQCQ’L/JQ)
m

— 00 —00

ec*A_lc
Comparing (2.69) with (2.68) leads to the identifications A = SEnma, ¢ = Cama, € = Cipna-
Using the latter and Egs. (2.62)—(2.64), (2.68), and (2.71) yields the generating partition

function of the F' = 1 spinor gas

20575 = 2% e { 1 / / o[ [ a6l ok i)

(2.72)

with the partition function for vanishing current fields

1
0)_HHHﬁ—zhw gy a—_ Ey—p—an>0 (2.73)

m=—o00 n a=-—1
and the Green’s function of the ideal F' = 1 spinor system

> —iwm (T—7")
0) ) )en(x)e
: = . 2.74
Gy (x,7;x',7) 3 E —zhw Y o——— dab (2.74)

n m=—oo

Here, we have explicitly inserted the Matsubara functions (2.56). Note that the Green’s
function (2.74) satisfies the equation

0 h? z (0) o~ / /
th_mmw ) - }%—nFM}Gcb (x,7:%,7) = By d(x — x) 8(r—7"), (275)

which is shown with the help of the completeness relations (2.3), (2.60) and Eqs. (2.64),
(2.65). Therefore, Gg%) is, indeed, the Green’s function.



Chapter 3
Background Method

Bose-Einstein condensation belongs to the field of critical phenomena [45,48]. There, the
thermodynamic properties are investigated close to a critical temperature, where a phase
transition occurs. The different phases involved in a phase transition, usually differ in
their symmetry properties. A famous example is the ferromagnetic phase transition in
metals. There, below a certain critical temperature, called the Curie temperature, the
system spontaneously magnetizes, whereas above the Curie temperature the system is not
magnetized at all. The magnetization defines a preferred direction in space and therefore
the rotational invariance is destroyed. The loss of the symmetry has to be accounted for
introducing another describing parameter, the so-called order parameter. In a ferromagnetic
system the order parameter is given by the expectation value of the magnetization. In the
case of spinor Bose-Einstein condensation, the order parameter is given by the expectation
value of the fields

U, (x,7) = (Ya(x,7)), a=1,0,—1. (3.1)

Note that the order parameter has a vectorial form with three components. For spinor Bose-
Einstein condensates, the modulus square |¥,(x,7)|* describes the particle density of the
condensed particles in the Zeeman state |a).

In order to take account the critical properties of spinor Bose-Einstein condensates, we in-
troduce a convenient method, called background method [47-50], to treat the spinor system
below and above the critical temperature. The starting point of the background method
is the decomposition of the fields into a background field ¥,(x,7) and a fluctuation field

0y (x,T)
¢:(X> T) = \II:(X> T) + 5¢Z (X> T)’
Uo(x,7) = Wu(x,7)+ dtba(x,7), a=1,0—1. (3.2)

The fluctuation fields 01, (x,7) denote all fields that are spatially orthogonal to the back-
ground fields, i.e., they fulfill the condition [51]

/dgx U (x, 7)0t,(x,7) = 0. (3.3)

21
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Substituting the decomposition of the fields (3.2) into the Euclidean action (2.46)—(2.48)
yields

A[T* 4+ 5%, U + 6] = A[T*, 0] + AV [59*, 5] + AP 69", 5] + A5, 6], (3.4)

where the first term on the right-hand side is the Euclidean action evaluated at the back-
ground fields

= /OhﬁdT/dg:E U (x,7) { {h% — %A + V(x )} Sab — nF;b} Uy(x,7)  (3.5)

1 h3 in
+3 /0 dr / P / B’ VIS (x, VW (x, )Wy (x, 7) W (X, 7) Uy (X, 7).
The the linear contribution to the action reads

X, T)

0 h?
(1) * — 3 * T _ z
AW[6)*, 0v)] /0 /dx\Il X, T {[haT 2MA+V( )}5% nk

ab} oy (
+ 0k (x,T) { {h— — h—QA + V(x )} Oab — nFZb} Wy (x, 7) + /hﬁdr/d%/d%’
“ or  2M “ 0

XVl (6, X)W 6, 7) W (x, 7) [0 (%, 7) 00y (X, 7) + Wy (K, 7) s, 7)| . (3.6)

using (2.5) the quadratic contribution is
2 " o
( )[5w*’ (5’1/}] :\/0 dT/dg,I' (S’I/JZ(X, T) { |:h$ - WA + V( ):| (sab - nFaZb} (S’l/Jb(X, 7')

hp3 .
+3 /0 ar / & / EAGWICES {2\112(x, YWy (x, 700 (K, 7) 0 (%, 7)
_'_ 2@:(X7 7->\I[b/ (X/’ T)aw;/ (X/’ T)éwb(x’ 7—) _'_ \I[Z(X’ T)\I]:/ (X/’ T)(Sz/}b(x’ T)(S'l/}b, (X/’ 7_)

0y 7)Wy ( 75 5, 7)) <x’m>} (3.7)

and, finally, the cubic and quartic contributions are given by
AN 5%, 5] = / / &z / B’ VI (x, x’){2(5w;, (x', )60y (X, 7) (3.8)
X [\I]:(X7 T)(SQ/Jb(X, T) + \I[b(x7 T>5w; (Xa T>i| + 51/12 (Xa T>5wb(x7 7')51/12/ (X/7 T)(SQ/}b/ (Xla T) }7

where we have used the symmetry condition (2.5) of the interaction potential. The back-
ground method now consists in neglecting terms of linear order in the fluctuation fields d1),,
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oYy, i.e., the functional AW is set to zero. By virtue of the background method the action
reads

A" 4 69 U + 5] = A[T*, U] + AP 50, 61p] + AL [5*, 5¢]. (3.9)

Substituting (3.9) in (2.50) and performing a change of the functional integration variables

L1 ]f Dy, 7{ Dy, — H ]f Do ]f Do, (3.10)

a=—1
yields the partition function

H y{m@z) 7{2)5@@] AT +0yT T3yl /R (3.11)

a=-—1

Note that the functional integral in Eq. (3.11) has to be carried out over all fluctuating fields,
i.e., over all periodic fields which fulfills the orthogonality condition (3.3).

As the Euclidean action A[¥*, U] does not depend on the fluctuation fields, we write for
Eq. (3.11)

Z = e—A[lIJ*,\If]/h

\%D(Sw f’D(ﬁ/} ] (2)[5¢* 5w]+_A(cor)[6,¢* &M)/ (312)
a=-—1

Instead of working directly with the partition function, one uses in field theory the so-called
effective action!

[0, 0] — —%logZ, (3.13)
which can be decomposed as
L[0*, U] = TOW*, 0] + IO ¥] + T [0 ¥]. (3.14)
Here, the zeroth order term of the effective action in the fluctuation fields reads
A[U* U]
h3
the second order contribution of the fluctuation fields

11 7{7)5@& 7{7’5%] e, (3.16)

a=—1

rOWw v = (3.15)

rOw* o] = —= log [

and the higher order term is given by

|: a=— .1 :wa i Z(S’l/}a (& A()é’d} ,&ﬁ/i

(3.17)

IFor a constant background field ¥ the effective action is also called effective potential.
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The contributions @ T and T® are of zeroth, first, and second order in A [50]. It is
shown in Ref. [49,50], that a non-vanishing expectation values of the fields, i.e., (¢q(x, 7)) #
0, requires that the effective action T'[U* W] extremizes with respect to the background
fields ¥, W,. Considering, only the lowest order, this corresponds to the extremization of
the zeroth-order effective action I'® given in Eq. (3.15), which is equivalent to extremizing
the Euclidean action (3.5):

U=Wextr
=0, a=10-1, (3.18)
\P*:\I};xtr

SA[V*, U]
OV (x,T)

V=Vet 5 AU, U]

\I,*:\I,;m_ oW, (x,7)

which yields the following equation

0 h? -
O = {|:ha— — mA —|— V(X) - IU/:| 5ab _— nF;b +/d3x/ ‘/;(;Zf[))/(x, X/)\I/:;/(X/, T)qlb/(xl, 7')} \I]b(x, T)
T
(3.19)

and correspondingly

3 h2 in
0= {{—ha— — mA +V(x)— ,u} dab — NF7, —I—/dgxl Vbsm,t,)),(x, XU (%, )Wy (X, 7')} Ui (x, 7).
T
(3.20)

These are the Gross-Pitaevskii equations of F' = 1 spinor Bose gas, which originally have
been derived for a scalar Bose gas in Ref. [54,55]. We will discuss them in detail later for both
a non-interacting spinor gas in Chapter 5 and a weakly interacting spinor gas in Chapter 10.



Part 11

Ideal Spinor Gas
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Chapter 4

Effective Action

In this section we calculate the effective action of an ideal F' = 1 spinor gas. The effective
action provides the basis for studying the thermodynamic properties of a physical system
and is therefore of special importance. We consider two cases. In the first case we treat
a homogeneous system, i.e., no external potential is applied. In the second case we calcu-
late the effective action for a system, where an arbitrary harmonic trap is used. The first
case is mainly of theoretical interest, as a homogeneous spinor gas cannot yet be created
experimentally. However, there have been attempts to realize a homogeneous Bose-Einstein
condensate in lower dimensions [52]. In most present-day experiments the harmonic trap is
of special interest. Therefore, the treatment of a harmonically trapped spinor gas makes it
in principle possible to verify our results experimentally. On the other hand, both systems
exhibit to some extent quite different physics, which makes it worthwhile to compare them
with one another.

4.1 General Case

We first calculate the general expression of the effective action. Using Egs. (2.46)—(2.48)
yields for the action of a non-interacting spinor gas

h2
A= [ar [ @rioen {n - a s veo - u] b - ura e, @
0 or 2M
where the matrix of angular momentum F* was defined in (2.17).
Substituting Eq. (4.1) in Eqgs. (3.14)—(3.17) leads to the effective action
[, 0] = TOWw* ¥] + 1O, (4.2)

where the tree-level effective action I'®[U* W] is given in (3.15) and the first-order contri-
bution of the effective action reads

I = log [

11 ]{ Do} ]{ D(w] AOY5Y1/R (4.3)

a=—1

27
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Note that the latter does not depend on the background fields anymore, which follows from
Egs. (3.7), (3.15). Furthermore, the action A®[§y*, 5] in (3.16) coincides with (4.1) eval-
uated on the fluctuation fields d¢*, d1).

As current fields are not present, the functional integral (4.3) is nearly identical to the
analytically solved functional integral (2.52). The only difference is that (2.52) is performed
over all periodic fields, whereas (4.3) has to be performed over all periodic fluctuation fields,
i.e., over all period fields, which are orthogonal to the background fields U*, ¥ due to (3.3).
Note, we will show in the next chapter that the background field is proportional to the
ground state wave function pg(x) that solves the one-particle Schrodinger equation (2.1). In
complete analogy to (2.54) and (2.55) the fluctuation fields are given as

a(x,7) = D> Y Stnma Pu(X)e T (4.4)
m=—o00 n;‘éo

SN T) = > Y S en(x)emT, (4.5)

m=—0oQ

n#0

*

where ¢y, is a solution of the Schrédinger equation (2.1), 6}, . is a complex coefficient, and
wm the Matsubara frequency (2.57). Note that the fluctuations, as defined above, fulfill the
condition (3.3), where we have used W,(x) = const X @g(x) and the orthogonality relation
(2.2).

Accordingly, the measure of the functional integral over all periodically fluctuating fields

reads
- , - o (A0, [ A0nma
11 f DY f Dov = 1] Hﬂl/ V2 orl (4.6)

a=—1 m=—oo 1

n#0

Therefore, performing the replacements
M1 S—¥ 7
n n;léo n n;léo

the calculation of the functional integral (4.3) turns out to be completely the same as the
one performed in Section 2.5 for vanishing current fields.

Using Egs. (2.52), (2.73), (4.3), and the latter replacement yields the fluctuation correc-
tion .
1 o0
==z log [ﬁ —thwy, + By — p—an) |, 4.8

where E,, denote the eigenvalues determined by Eq. (2.1). Note that the convergence of the
Gaussian integral leads to the condition

Eyn—p—an>0 forall n,a. (4.9)
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We perform the m sum in (4.8) by using Appendix B.3 that finally leads to

™ = % > Y tog {1 - B, (4.10)

Using Eqgs. (3.15), (4.1), (4.2), and (4.10) we obtain for the total effective action

“ 1
[0, 0] = A[\I;Liﬁ’q/] + % > log {1 - e*ﬁ’(En*H*“")}. (4.11)
a=-—1 n;O

Note that Eq. (4.11) is valid for an arbitrary trap configuration which enters the effective
action in form of the one-particle energy eigenvalues F,.

In order to further evaluate the latter for a given trap configuration, we have to determine
the one-particle energy eigenvalues Ej,, i.e., we have to solve the one-particle Schrodinger
equation (2.1).

4.2 Homogeneous Spinor (as

We explicitly calculate the effective action (4.11) for a vanishing trap, i.e., V(x) = 0. In this
case, the eigenvalue equation (2.1) is solved by a plane wave with an appropriate normaliza-
tion 1
ikx

V(x) \/ve , (4.12)
where V' denotes the volume, which the particles occupy. The wave vector k is a function of
the quantum number n, whose explicit form is given below. We impose to the eigenfunctions
@1 (x) periodic boundary conditions!

ka(x + Lez) = ka(x)7 1= x,Y,z, (413)

where e; denote the unit vectors and L = +/V the edge-length of the confining volume, which
is taken to be a cubic box. The energy eigenvalues then read

h?k?
Exy = —— 4.14
k IN ( )
where the wave vector k is given by
2
k=—-"n, (n)i=n=0,+1,+2 ... (4.15)

3/_V )
IThe choice of the boundary condition to let vanish ¢ at the border of the box, i.e., assuming a box with
V(x) = oo for x € 9V, where OV denotes the border of the box, would give rise to a non-uniform behavior of

the condensates ground state. The uniformity is restored by including two-body interactions as is discussed
in Ref. [69].
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In the thermodynamic limit, i.e., for V' — oo while keeping the particle density N/V con-
stant, the spacing between neighboring energy eigenvalues F,, becomes infinitesimally small.
Therefore, we perform the replacement

A3k
Z / T (4.16)
k;to

Substituting (4.14) and (4.16) into (4.10) yields

1_ fnﬁe —a
o ﬁzz/ (4.7

a=—1 n=1

where we have used the Taylor series of the logarithmic function

= 2"
log(1 — — 4.18
1= = -3 (119
Furthermore, in Eq. (4.17) the free-particle dispersion relation is given by
h2k?
k)= . 4.19
()= (419
The integral (4.17) is of a Gaussian type and is immediately evaluated:
v
o - B(u+an)
BT T a; Gopae7150). (4.20)
Here, we have used the thermal de Broglie wave length (1.1) and the polylogarithmic function
oo Zn
Wz)=) —. (4.21)
n
n=1
We define the fugacity as
z = ePlu=Eo) (4.22)

where Fqy denotes the ground state energy of the system, which vanishes for the homogeneous
case. Analogously we define the magnetic fugacity

zy = €M1, (4.23)

Using Eqs. (4.11) and (4.20)—(4.23), the effective action of the homogeneous spinor gas finally
reads

A[U* ¥ 1%
[hﬁ ] _ DX Gsy2(22n) + C52(2) + G52(2/2) | 5 (4.24)

where the tree-level action A[U*, U] is given in Eq. (4.1). Note that all information of
interest about this system summarized in the effective action. It will be the starting point
for deriving all thermodynamic properties of the homogeneous ideal spinor gas.

I[U*, 0] =
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4.3 Harmonically Trapped Spinor Gas

In the last section we have derived the effective action of a homogeneous spinor gas. Now, we
discuss in a similar way the harmonically trapped spinor gas. The potential of an arbitrary

harmonic trap is given by

M
V(x) = 7% 3, (4.25)

where wq, wy, w3 denote the trap frequencies in different spatial directions. Using this poten-
tial, the solution of the Schrédinger equation (2.1) is well known from quantum mechanics
(see Ref. [53]). The energy eigenvalues are given by

3
En = 571@"—7:%0@”@, ni,Ng, N3 = 0;172;"' ) (426)

where we use for the arithmetic mean of the trap frequencies the short-hand notation
W= (w1 “+ Wy + wg)/?). (427)

Note that according to (4.26), the ground-state energy of the harmonically trapped spinor
gas is given by Eo = 3hw/2.

Substituting the energy eigenvalues (4.26) into the fluctuation contribution of the effective
action (4.10) gives

L > ) N
a=—1n ni,n2,n3=

The second term on the right-hand of the latter equation is introduced, because I'™) does
not contain terms originating from the ground state.

The n;—sums are of the geometric type and can be performed analytically:

enButan—FEo)

1 o0
w__1 1 )
0= ﬁ Z ; n [(1 — e_”ﬂhwl)(l — e—nﬁhwg)(]_ . e—nﬁﬁwg) 1. (429)

However, it is not necessary to take the exact form of I'™). We will always work in the regime
where we can adopt the semiclassical approximation, i.e., we assume the thermal energy to
be much smaller than the level spacing between the one-particle energy eigenvalues:

Bhw; <1, i=1,2,3. (4.30)

Substituting the Taylor expansion of the exponential function

1
e~ = 1 — nBhw; + 5(nﬁhwi)Q + ... i=1,2,3 (4.31)
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in (4.29) yields in first order of Bhw;

2 enB(utan—Eo)

r® = ﬁhw L Z Z {1 + gnﬁhw + (9(5%%3)}. (4.32)

where we have introduced the geometric mean frequency
w = (w1w2w3)1/3. (433)

We note that the ground-state correction on the right-hand side of Eqgs. (4.28) and (4.29) is
of the order (Bhw;)?.

With the help of the polylogarithmic function (4.21) and the abbreviations (4.22) we obtain
for the first order of the semiclassical approximation

) _ _m{w%) FG(2) + Gl 20) + 2P0 Gala2) + (o) + ol )] . (439

so that the effective action (4.11) reads in first order

v, o] = A[\I;L;, v W;i@)?’ {Gilz2) + Gal2) + Calz/2)
+ SBMBGoa2,) + Go(2) + G/ )] }- (1.35)

In analogy to Eq. (4.24) this equation provides the basis for studying the harmonically
trapped ideal spinor condensate up to the first order in Shw.

In the further chapters we will always discuss both the homogeneous F' = 1 spinor gas
and the harmonically trapped spinor gas. As we will see in the following chapters, the treat-
ment of both cases are quite similar. In order to have a compact notation, we summarize
Eqgs. (4.24) and (4.35) as

I, 0] = “4[\1;7;’\1/] —%{Cy+1(zzn)+@+1(2)+Cu+1(2/zn)
+§5wﬁM{@@a»+<ﬂa+wk@#m}}7 (4.36)

where the different traps are characterized by

3/2 Not
y:{ 2 No uap, (4.37)

3 Harmonic trap.
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The coefficient Cs/, belonging to the homogeneous spinor gas reads

v
03/2 = F, (438)
whereas the coefficient belonging to the harmonically trapped spinor gas is
Oy (4.39)
t (B |

Note that according to its definition C,, is not a constant, but a function of temperature 7'

Physically, the first term on the right-hand side of Eq. (4.36) is the contribution due to
the macroscopic occupation of the ground-state, whereas the second term represents the
contribution of particles being in excited states.






Chapter 5

Gross-Pitaevskii Equations

In the last section we have derived for two different trap configurations the effective action of
an ideal F' = 1 spinor gas. As mentioned before, extremizing the effective action with respect
to the background fields ¥(x, 7) and U*(x,7) yields the grand-canonical free energy of the
system. This is the most important global quantity of a thermodynamical system, as it al-
lows to calculate all interesting quantities like heat capacity, entropy, magnetic susceptibility,
etc. In this section we discuss the explicit form of the background fields ¥(x, 7) and ¥*(x, 7)
and their physical meaning. As we will see below, the background fields only become im-
portant below the transition temperature to the Bose-Einstein phase. The equations, which
determine the background fields, are known as Gross-Pitaevskii equations [54,55] and have
already been derived for the general case in Chapter 3.

5.1 Motivation

We start by motivating the physical meaning of the background fields.

According to Eq. (2.35) the total number of particles N in the spinor gas is given by the
partial derivative of the grand-canonical free energy with respect to the chemical potential.
Analogously, if we work with the effective action (3.13), the total number of particles is given
by

AT [T, W) |V Vestr

o gy

extr

N=-— (5.1)

Note that in the effective action approach, we first have to perform the partial derivative
and then substitute the extremized background fields.

Substituting the general result of the effective action (4.11) in (5.1) yields with the Eu-
clidean action (4.1)

1 hﬂ 3 % V=Wextr ! 1
N = h_ﬁ/o dT/d AN A N azlzn: T (5.2)
— n#0

35
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The second term on the right-hand side of (5.2) is the Bose-Einstein distribution, whereas the
first term on the right-hand side is the total number of particles in the condensate fraction.
This can directly be seen by taking the limit 7" — 0, i.e. 3 — o0, and considering the
condition Ey — p — an:

ﬁ*)oo P =\p*

extr

U=Wextr
= lim —/ /dgx U (x, 7)Wa(x, 7) . (5.3)

Neglecting the dependence on the imaginary time corresponds to the case of a time-independent
system. In this thesis we exclusively consider stationary solutions of the order parameter,
i.e., solutions with vanishing time dependence. We then get for the total number of particles

N= [drui(x e 5.4
x (x|, : (5.4)

—J*

extr

Clearly, |W¥,(x)|? is the condensates particle density in the a'™ Zeeman state. According to
thermodynamics the occupied state at 7' = 0 is the ground state.

5.2 Derivation of Gross-Pitaevskii Equations

As mentioned before the Gross-Pitaevskii equations are obtained by extremizing the effective
action with respect to the background fields. However, according to Eq. (4.11), this is
equivalent to extremizing the action of the system, hence

V=Wextr
— 0. (5.5)
P*=w*

extr

SA[U*, U]
OV (x,T)

Substituting Eq. (4.1) in (5.5) yields the Gross-Pitaevskii equations

o R .
{[h@ — mA‘f‘V( ) :|5ab_nFab}\Ilb(X>T) _Oa a = _]-aoa]-' (56)

For convenience we have neglected the notation W ¢, and used instead simply ;. We will
use this notation throughout the work.

As discussed above, we consider only time-independent background fields. Furthermore,
we have motivated in the last section that the background fields have to be identified with
the ground-state wave function, i.e., they fulfill the one-particle Schrodinger equation

l—;—MA +Vi(x )} W, (x) = Eo¥,4(x) (5.7)

with the ground-state energy eigenvalue Fy.
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Using the latter equation and the fact that the matrix on the left-hand side of (5.6) is
diagonal, we obtain three independent Gross-Pitaevskii equations

<E0—u—a77>\lfa(x) =0, a=10—-1. (5.8)
We choose the background field to be real and set
g’a(X) = Nc? 900(X)7 a = 17 07 —1 (59)

with g (x) defined in (2.1)—(2.3). Moreover, the real number N represents the total num-
ber of particles in the electronic quantum ground Zeeman state |a).

We deduce from (5.9) that in a spinor Bose-Einstein condensate the spatial particle dis-
tribution of every Zeeman state differs only by a normalization factor. Finally, substituting
(5.9) in (5.8) gives us the Gross-Pitaevskii equations in an algebraic form

(EO —,u—cm)Nf =0, a=-1,0,1. (5.10)

Together with the effective action (4.36), the Gross-Pitaevskii equations (5.10) provide the
fundamental basis for studying phase transitions of a spinor gas to a spinor Bose-Einstein
condensate. As we will see in the next section, different solutions of (5.10) correspond for a
given magnetization to different phases at different temperatures.

5.3 Solution of Gross-Pitaevskii Equations

In the last section we have derived the algebraic Gross-Pitaevskii equations

(EO — - 77) NE = 0, (5.11)
<E0 - u) NS = 0, (5.12)
<E0 — -+ 77) N¢ = 0. (5.13)

This set of equations has to be fulfilled for all temperatures at any given magnetization
M. The dependence on the temperature and magnetization of Eqs. (5.11)—(5.13) enters via
the chemical potential 1 and the magnetic chemical potential 7, which have to be adjusted
in such a way, that the conservation of the total number of particles (5.1) and the total
magnetization

U=Wextr

OT[U*, ]

M= —
on

(5.14)

U*=U

*
extr
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is fulfilled.

Using Egs. (4.1), (4.36), (5.6), and (5.9) we obtain for (5.1) and (5.14)
N = N+ 0 om) + 60+ Gef) + 5 Bl [Gam) + G2+ Glafz)] | 515)
M = NC— NS + cy{gy(zzn) — (2] m) + gégyﬁm [Cg(zzn) . Cg(z/zn)] } (5.16)

where C), is a function of temperature defined in (4.38), (4.39). Furthermore, we have
introduced the total number of particles being in the condensed state

N® = N + Ny + NC,. (5.17)

We emphasize that Egs. (5.11)—(5.13), (5.15), and (5.16) have always to be fulfilled. In or-
der to solve these five equation simultaneously, we need five free quantities which enter the
latter equations. Our free quantities are given by the condensates densities NI, N§, N,
and both fugacities z and z,.

The convenient structure of the algebraic Gross-Pitaevskii equations Eqs. (5.11)—(5.13) sug-
gests taking the most obvious solution, namely,

NP = N§ =N€ =o. (5.18)

Physically, this solution corresponds to the case, that no particles are Bose-Einstein con-
densed, i.e., this corresponds to a gas phase. Substituting (5.18) into (5.15), (5.16) yields
the total number of particles

N = Q)+ 00 + Glafz) + Suna[lza) + Gl + Glefz)] | (619

and the total magnetization

M = cy{gy(zzn) (2 + gégyﬁm [Ga(z2) — Gale/2)] } (5.20)

in the gas phase. From the definition of the magnetic fugacity (4.23) and the monotony of
the polylogarithmic function (4.21), which is depicted in Figure 5.1, we can deduce from
Eq. (5.20) for the gas phase

M>0 < n>0,
M=0 < 75=0, (5.21)
M<0 < n<NO.

For convenience, we restrict ourselves in this thesis to the case M > 0, where we have > 0
according to (5.21). The case of a negative magnetization is treated by simply redefining the
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Figure 5.1: Behavior of the polylogarithmic function (4.21) which is continuous in its
domain. For z > 1 it diverges for any v. Moreover, for v > 1 it has a well defined value at
z=1.

arbitrarily chosen z-axis in the opposite direction. The magnetization is then again positive.

We search now solutions, which differ from (5.18), namely, we work out the first phase
transition of the system. Therefore, we consider Eq. (4.9), which states

Eo—pu—n>0. (5.22)

Here, Fjy is the ground state energy of the system. The phase transition occurs if one of the
order parameters N© in Eqgs. (5.11)—(5.13) changes from zero to a finite value. Considering
a positive magnetization, we get with (5.21) and (5.22) as the only possible solution of the
Gross-Pitaevskii equations (5.11)—(5.13):

=

N§ =N€ = (5.23)
Eo—p—n = 0. (5.24)

As seen from the latter equations, the number of particles N, which denotes the particles in
the BEC state |a = 1), is not restricted anymore by the Gross-Pitaevskii equations, whereas
the remaining BEC states |0) and |—1) are not occupied at all. Therefore, the condensate
fraction is fully polarized and we call the temperature/magnetization domain, where (5.23),
(5.24) is fulfilled, ferromagnetic phase. Furthermore, we refer to the critical temperature,
where the phase transition from the gas phase to the ferromagnetic phase occurs, as the first
critical temperature T.,. The ferromagnetic phase has interesting physical properties. For
example, particles in the Bose-Einstein condensed state may have a magnetization, which is
quite different from the magnetization of the thermal cloud.

In order to determine the unknown particle number NU and the remaining fugacity, we
substitute the condition of the ferromagnetic phase (5.23), (5.24) in (5.15), (5.16) yielding
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the total number of particles

vextrafim e e S me@a@ el 62

and the total magnetization
M = NE + 0 {00) - 62+  ba i [002) - )] . (5.26)

Here, we have zz, = 1, which follows from (4.22), (4.23), and (5.24). Moreover, we have
introduced the Riemann zeta function {(v) = (,(1).

So far, we have discussed two solutions of the algebraic Gross-Pitaevskii equations (5.11)—
(5.13). Now, we search for an additional phase. Substituting (5.24) in (5.12), (5.13) yields
the following Gross-Pitaevskii equations

nNg = 0, (5.27)
nN® = 0, (5.28)

As discussed above, in the ferromagnetic phase the latter equations are fulfilled with Eq. (5.23).
To enter a new phase, one of the components of the order parameter in Eqs. (5.27) and (5.28)
has to take a non-zero value. This is only possible if the condition

n =20 (5.29)
is fulfilled, so that we obtain from (5.24)
Eo—p=0. (5.30)

At this point, we strongly emphasize that n is not a magnetic field, but a Lagrangian param-
eter, which was introduced in order to fix the total magnetization of the system. Therefore,
it is possible to set 1 equal zero as done in (5.29).

From (5.27)—(5.29) we see that for n = 0 both the |a = 0) and the |a = —1) Zeeman state of
the condensed fraction may take a non-zero value. Under the given conditions, none of the
latter states is preferred, so that we assume that both Zeeman ground states get occupied

at the same critical temperature, i.e., it occurs a double condensation [56]. Substituting the
conditions (5.29) and (5.30) in Egs. (5.15), (5.16) yields for the total number of particles

2
N = NS+ N§ + N€ +3C,¢(3) [1+ gégyﬁ ,¢2) (5.31)

¢(3)

and for the total magnetization
M = NP — N€,. (5.32)
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The latter equation clearly indicates that the total magnetization is only due to Bose-Einstein
condensed particles. Conversely speaking, the thermal cloud is not magnetized at all and
therefore we call this phase antiferromagnetic phase. Moreover, we refer the transition tem-
perature, where the second phase transition occurs, the second critical temperature T.,.

In Figure 5.2 we have schematically summarized the phases with the respective solutions
of the Gross-Pitaevskii equations.
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Gas Phase

Nf =N§ =N% =0

T.,— Condition

> | NC=NE=NC =

Eo—u—’l]zo

Ferromagnetic Phase
Eo—p—n=0

T.,— Condition

NOC:NS]_:
Eo—M:T]:O

Antiferromagnetic Phase
EO — U= 0
n=70

Figure 5.2: The ideal F' = 1 spinor gas exhibits three different phases. The phases and the
corresponding conditions to the order parameters and the fugacities are summarized in the
boxes. The transition point between two phases, both of the respective conditions have to
be fulfilled simultaneously, which is indicated in the circle.



Chapter 6

Critical Temperatures

In the last chapter we have derived the solutions of the Gross-Pitaevskii equations (5.11)-
(5.13). We have shown that they correspond to three phases: a gas phase, a ferromagnetic
phase, and an antiferromagnetic phase, which are summarized schematically in Figure 5.2.
The occurrence of the corresponding transition temperatures have only been discussed qual-
itatively. In this chapter, we will calculate the first and the second critical temperature,
which turn out to be dependent on the total magnetization of the F' = 1 spinor gas.

6.1 First Critical Temperature

We start with the calculation of the first critical temperature. In order to have a dimension-
less temperature scaling, we first calculate the critical temperature of a full polarized spinor
gas where we neglect any finite-size effects.

6.1.1 Full Polarized Spinor Gas

According to (5.19) and (5.20) we get in zeroth order of the semiclassical approximation for
the total number of particles in the gas phase

N = C,,[C,,(zzn)+C,,(z)+§,,(z/zn)] (6.1)
and the total magnetization
M = C[G(z2) = Glz/z)]. (6.2)
Subtracting (6.2) from (6.1) yields
N-M = C6() +26(3/2)]. (6.3)

In case of a full polarized spinor gas we have M — N. Therefore, assuming a constant
temperature, we get with Egs. (4.38) and (4.39) the condition that the bracket on the right-
hand side of (6.3) vanishes. Moreover, using the monotony of the polylogarithmic function

43
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and Eq. (6.2) we deduce that for positive M we have the condition z, > 1. Using the latter
arguments, we obtain from (6.1) for the case of a full polarized spinor gas the relation

N =0C,((22). (6.4)

If we reach the first critical temperature T, we have to fulfill the 7, —condition 2z, = 1
given in Figure 5.2. According to (6.4) we then have

N =C, . 6.5
o, (65
Note that C, as defined in Eqgs. (4.38), (4.39) is a function of temperature. Substituting
Egs. (4.38) and (4.39) into Eq. (6.5) we obtain in zeroth order for the full polarized spinor
gas for the homogeneous case

oah2 [ N 1%
Ty =" (6.6)
kgM |V ((3/2)
and for the harmonically trapped system
ho [ NV
To=— | —= : 6.7
=1 ] o0

In the further work we always will scale temperatures with respect to (6.6) and (6.7) and
denote this as

T,
T.= —. 6.8
I (6:5)

So far, we have only calculated the first critical temperature of a full polarized spinor gas,
which was rather for formal reasons. Now, we turn to the calculation of the first critical

temperature for an arbitrary magnetization. Substituting from Figure 5.2 the 7, —condition,
ie., No=N_ =0, 2z, =1in Egs. (5.15) and (5.16) yields

= - v §(5LQ @ v z 2
N o= 22 dom e o)+ QTwD[N] e a)) 6o
= CT v)— 2’2 § ig C_ 1/3 2;2
M= C(v) {C( ) =)+ 3 T.&o| N } )} }a (6.10)
where we have divided Egs. (5.15) and (5.16 q. (6.5) and adopted the notation (2.37).

Furthermore, we have used Eqs. (6.7) and ( ) to rewrlte the second order term (hw as

_ 1/3
Bl = By hw% - g {“3)} % (6.11)

N

From the latter we deduce that the first-order correction represents a finite-size scaling. Note
that the first-order correction also vanishes in the high-temperature limit as clearly can be
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seen from (6.11). Let us return to the calculation. In order to get an expression for the first
critical temperature 7;,, we rewrite (6.9) as

~1/3

B ((v) v 305 ® [C3)]7°¢2) + G2) + G(z)
Z“qu+ma+maﬂ %*QZJ[N} CB3) + G(2) + G(22)

(6.12)
Iterating the latter and expanding it into a Taylor series up to the first order in N=/2 yields
the first critical temperature

_ ((v) e 1 2+ G(2) + G
77:1 - |:C(I/)—|—CV(Z) +Cu(22):| {1 2 o N3 [C(3)+C3(Z)—|—C3(22)]2/3} . (6.13)

In order to obtain the first critical temperature (6.13) as a function of the magnetization
M, we perform the same manipulation as done above with Eq. (6.10). With the help of
Eq. (6.13) we then get up to the first order in N~/3

M = C(v) = ¢ (2?) 3w 03 ((2) — G(2?)
CW) +G(2) +G(22) 20 NY2 ) [¢(3) + CGa(2) + Go(22))°
_mw—@wnmm+@@+@@m}_ (6.14)
[€(3) + G(2) + G (2P

Here, we again emphasize that the magnetization M is a constant. In principle, using
Eq. (6.14), one could explicitly calculate z as a function of M and substitute in (6.13).
However, the determination of the fugacity is analytically not possible. Therefore, we will
consider the fugacity z as a parameter which ranges from 0 to 1, corresponding to a full
polarized and non-polarized spinor gas, respectively, and plot the critical temperature para-
metrically. This is shown in Figure 6.1 for both the homogeneous trapped spinor gas and
the harmonically trapped spinor gas. In case of the harmonically trapped spinor gas we have
chosen the particle number 10.000 and co and have set w = @.

6.2 Second Critical Temperature

The second critical temperature is calculated in complete analogy as done above. Substitut-
ing from Figure 5.2 the T.,~conditions, i.e. N§ = N =0 and z = 2, = 1, into (5.25) and
(5.26) yields

v

N = N$+3€7(;;){g(u)+ 5%% {%}1/2(2)}, (6.15)

M = NF. (6.16)

| W



46 Critical Temperatures

The latter has been divided by Eq. (6.5) and we have used the abbreviation (2.37). We
observe again the property of the antiferromagnetic phase that the whole polarization is in
the condensate fraction as can be seen from (6.16).

From (6.15) and (6.16) we can explicitly calculate 7., as a function of M. We subtract
(6.16) from (6.15) and solve for the second critical temperature

7.~ Y] RETRVIE {au) ri2 | Ugc(z)}l/y. (6.17)

Iterating the latter and performing a Taylor series up to the order N~1/3 leads to the following
expression for the second critical temperature

T, - (1 —3M)1/v_ 83 _g (2 {@} 1/3. (6.18)

Note that for the case of a harmonically trapped spinor gas the latter is only valid where

23R

(1— M) > (6.19)

is fulfilled. Otherwise, T, would becomes negative, which is obviously wrong. Note that
this is not the case if we directly use Eq. (6.17). However, as the typical experimental values
for the total number of particles are 105 — 107 particles, Eq. (6.18) is a good approximation
for a wide range of magnetizations M.

In Figure 6.1 (b) we plot the critical temperatures for a finite number of particles. In
the following we discuss our results for the first and the second critical temperature. To this
end we observe that for a vanishing magnetization the first and the second critical tend to
the same value, i.e.,

/\1}[210(7;1 - 7732) =0. (620)
This can also directly be seen from the Gross-Pitaevskii equations (5.11)—(5.13). According
to Eq. (5.21) the magnetic chemical potential takes in the gas phase at zero magnetization
the value n = 0. Substituting this into the Gross-Pitaevskii equations leads to the occurrence
of a triple condensation, which is due to the degeneracy of all Zeeman states.

6.3 Discussion

We discuss the critical temperatures of the homogeneous and harmonically trapped spinor
system. For both trapping configurations, we see from Figure 6.1 that the critical tem-
peratures depend strongly on the total magnetization of the spinor gas. The first critical
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Figure 6.1: Critical temperatures of (a) homogeneous and (b) harmonically trapped spinor
gas with w = @.

temperature depends approximatively linear on the magnetization. By definition the first
critical temperature reaches unity temperature for the full polarized case. Consequently, the
first critical temperature decreases for lower magnetization. Furthermore, we see that 7., of
the homogeneous spinor gas is much more sensitive to a change of the magnetization than
the one of the harmonically trapped system.

As mentioned above, for zero magnetization the first critical temperature (6.13) and the
second critical temperature (6.18) coincide. Therefore, the non-polarized spinor gas has
only two phases and the ferromagnetic phase does not show up. Investigating further the
characteristic properties of the 7., curve, we recognize that, in contrast to the behavior of
7T.,, the second critical temperature decreases for a larger magnetization. For the case of
a full polarized spinor system 7., takes the value zero. In other words, for a full polarized
spinor gas the antiferromagnetic phase is missing, whereas for magnetizations ranging be-
tween one and zero we always have three phases.

We discuss the effect of a finite number of particles for the case w = © which is realized,
for instance, in an isotropic trap. In Figure 6.1 (b) we plot the critical temperatures for
N = 10.000 and N — oo particles, where we have set @ = @. From Figure 6.1 (b) we see
that for a smaller amount of particles those critical temperatures are decreased.






Chapter 7

Particle Numbers

In the last chapter we have derived the critical temperatures of a F' = 1 spinor gas. In
contrast to a scalar Bose gas, where we have only one critical temperature and two phases,
the I/ = 1 spinor gas system has two critical temperatures and therefore three phases. In
this chapter we derive the particle occupation number of the different Zeeman states as a
function of the temperature for a given total magnetization. From this we will get a deeper
physical understanding of the F' = 1 spinor properties below 7.

7.1 Identification of Zeeman States

In order to determine the occupation number of each Zeeman state, we first have to identify
the underlying equations. We start with considering a spinor gas in the gas phase, i.e., for
temperatures above 7.,. Dividing Egs. (5.19) and (5.20) by Eq. (6.5) and using (6.11) leads
to

14

T 3
N = r{ et rm)

Sau
T

[% } 1/3 [gz(zzn)+C2(z)+§2(z/zn)] } (7.1)

& &

and
7" 383, w [C(3)]Y*
w= ) - el + 522 42 [ata - aerm)] | @)
Note that according to (2.37) we have N' = 1. However, we use this notation to emphasize
that physically the left-hand side of Eq. (7.1) corresponds to the total number of particles.
In the high-temperature limit 7 — oo the factor 7% in Egs. (7.1) and (7.2) tends to infinity.
In order to keep the left-hand side of Eqgs. (7.1) and (7.2) constant, the second factors on the
right-hand side of the latter equations have to tend to zero for high temperatures. According
to Egs. (4.22) and (4.23) we always have 2(7 ), z,(7) > 0. Furthermore, taking into account,
that the zeta function is a monotonously increasing function (see Figure 5.1), we get with
Egs. (7.1) and (7.2) the following behavior of the fugacities in the high-temperature limit:
lim 2(7) — 0, (7.3)

RN
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Th_)m 2(T)z(T) — 0, (7.4)
Tlem 2(T) 2, (T) ' — 0. (7.5)

Using Eqgs. (4.21), (7.1), (7.3)—(7.5) we may write for Eq. (7.2) in the high-temperature limit

-1

n__ 7.6
Zy+ 1+ 21 (7.6)

T>T., 2y — %
—
Note that the first-order contribution no longer appears in Eq. (7.6) due to the condition
T > 71.. Therefore, in the high-temperature limit, the value of the magnetic fugacity
2y is the same for both the homogeneous spinor gas and the harmonically trapped one.
Furthermore, we can deduce from Eq. (7.6) the following dependence of the magnetic fugacity
on the magnetization

1 1
: _ = — 2
Jim 2,(T) = 5 ——— {M VI 3M } (7.7)
and its reciprocal
1 1
. -1 _ o _ 2
Jim (T)_21+M{ M++1 3M}. (7.8)
Hence, we observe the symmetry
. T -1
71me 2y = 71me 0 (7.9)

This finding motivates to study three special cases. At first, we study a system which is fully
polarized in z-direction, i.e., M = +1. The second limit is a system which has the opposite
polarization of the first one, i.e. M = —1. The last limit is a system with no polarization
where M = 0. From Egs. (7.7) and (7.9) we conclude then the following behavior for the
magnetic fugacity
o0 M = =41,
Jim. 2N T)—< 1 M = 0, (7.10)
0 M = Fl

We substitute the latter in Eq. (7.1) and deduce, that for the high-temperature limit the
total number of particles are given by

TV CI,(ZZW) M = 17
N — R0 3¢,(2) M = 0, (7.11)
Go(2/2y) M = -1,

where, again, the first-order contribution could be neglected.

If the spinor gas is fully polarized in +z-direction, then every particle has to occupy the
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Zeeman state |a = £1). On the other hand, if the spinor gas in not polarized at all but still
in thermal equilibrium, we expect each Zeeman state to be occupied by the same number of
particles. Relating this to our results summarized in Eq. (7.11) motivates us to identify the
particle number being in the excited a" Zeeman state as follows

- Co(22y) + 303, Bhiw (o(22,) /2 a=1,
NT = D) Co(2) + 365,800 Co(2) /2 a=0, (7.12)
Co(2/2y) + 303,000 G2/ 2) /2 a=—1,

where the superscript T denotes the thermal particles. In general, the total number of
particles being in the a' Zeeman state is given by a sum of particles being Bose-Einstein
condensed and the thermal particles

N, =NE+NT. (7.13)

With Eqgs. (7.12) and (7.13) we are now able to make predictions for the particle number
in every Zeeman state, which is of particular experimental interest. In a spinor condensate
experiment it is, in principle, possible to measure via Stern-Gerlach separation the particle
occupation number of the different Zeeman states [25]. This opens the possibility to verify
the predictions which will be made in upcoming sections.

7.2 Particles in Gas Phase

We briefly discuss the occupation numbers of the different Zeeman states in the gas phase.
We will see that the fluctuation of the occupation number is very small for 7 > 7. Fur-
thermore, we show that the first-order corrections become negligible in the high-temperature
limit.

We see from Eq. (7.12) that, in order to determine the occupation number of the a'® Zeeman
state, we first have to calculate the fugacity and the magnetic fugacity. Using the coupled
set of Eqs. (7.1) and (7.2), we obtain z and z, as a function of the temperature and the
magnetization. Unfortunately, this cannot be done in an analytic way. In order to obtain
an exact result, which is also valid for temperatures near 7., we carry out the calculation
numerically with the program MATHEMATICA. The calculation itself turns out to be quite
uncomplicated and needs no further explanation.

In Figure 7.1 the particle number of different Zeeman states of an homogeneous and har-
monically trapped spinor gas, respectively, is plotted for a total magnetization M = 0.25.
In order to see the correct behavior of the particle numbers near the first transition tempera-
ture we use the numerical data for the fugacity and magnetic fugacity. The particle numbers
of every Zeeman state tend to a constant value for high temperatures, i.e., the spinor gas
behaves like a classical gas. On the other hand, at temperatures close to the first transition
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Figure 7.1: Occupation number of Zeeman states for (a) homogeneous and (b) harmoni-
cally trapped spinor gas with M = 0.25. For (b), the finite-size corrections are completely
negligible. It is seen that for temperature closely above the first critical temperature, the
occupation number is nearly a constant in temperature.

point the particle numbers start to arrange themselves in a different way. For a homogeneous
spinor gas this can be clearly seen in Figure 7.1 (a).

7.3 High-Temperature Limit

It is also possible to obtain an analytical result for both the fugacity and the magnetic
fugacity in the high-temperature limit. To this end, we write Egs. (7.1) and (7.2) differently
by adding and subtracting them from each other. We then obtain

v=(1+M)" [2@(22,7) n g(z)} (7.14)

and

z=(1- M) [gy(z) v 2gy(z/zn)]. (7.15)
Here, we have defined the dimensionless parameter
r=C((w)T", (7.16)

which is small for 7 > 1. Together with (7.3) and (7.10), this motivates to introduce the
following Taylor expansion for the fugacity

2(r) = ap+aw+ a4+ .., (7.17)
and the magnetic fugacity
zy(r) = ap+ ar +agx® + ... (7.18)

Therein the parameter (7.16) is used as a smallness parameter which can also be interpreted
in a physical way. To this end we restrict ourself to a homogeneous spinor gas. Using
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Egs. (4.38), (5.19), (5.20), and (6.5) we may write for the total number of particles in the
homogeneous case

Vv -
N = 5CG/2)T 32, (7.19)
Comparing = as defined in (7.16) with the latter yields the following relation
N
=\ 7.20
r=7 (7.20)

Hence, z is the density of the spinor gas multiplied by the third power of the average thermal
length. But this is nothing but the average number of particles occupying a volume which is
equal to the average size a particle itself. If = approaches unity, then the overlap of the wave
functions of different particles in the system is no longer negligible. In this case we expect de-
viations from the classically predicted behavior which are due to quantum mechanical effects.

We will calculate the first two contributions to the fugacity z and to the magnetic fugacity
zy. The zeroth order of both functions has already been calculated in the last section. With
Egs. (7.3) and (7.7) we get for g in (7.17) and ag in (7.18)

ag = 0, (7.21)
1 1
I \/4 — 2

Alternatively, we can calculate ag in the following way. According to Eq. (7.6) the magneti-
zation reads for high temperatures
—1
z

. n - 277
M= lim ——~ . (7.23)
T—oo 2z, + 1+ z;l

On the other hand, from Eqs. (7.14) and (7.18) we deduce
lim z, = ay. (7.24)

T —o00

Substituting the latter into the former equation yields

R
M=_—2"" (7.25)
ap+1+ag
Note, the magnetization is constant for all temperatures. Therefore, Eq. (7.25) is always
valid. Solving Eq. (7.25) for ag yields the same as in Eq. (7.22).

To calculate the remaining coefficients «; and a; we use the polylogarithmic function (4.21)
to rewrite Egs. (7.14) and (7.15) in the following way

1 2%z 22

1 2 222’_2
r = (z+z—+...+2,zznl+22—:+...>. (7.27)

1-— 2v

<
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Substituting Eqs. (7.17) and (7.18) into (7.26) and (7.27) yields

1
= T M [2(a1x+a2x2+...)(a0—|—a1x—|—...)+2_”+1(a1x+...)2(a0+...)2
+...—|—a1x+oz2:p2+...+2”(a1x+a2x2...)2—|—...], (7.28)
and
2 1 2 2
(ap+a1x+...)°x = 1_M{(a1x+o@x +.. . )(a+az+...)

+ 27z 4. ) (ag+ . )P+ 2+ gt L)
X (ag + a1z +...)+ 27" oqr + agr? + .. )2 + .. } . (7.29)

By comparing the respective coefficients of different powers of z in Egs. (7.28) and (7.29),
we can calculate successively the coefficients aq, as, ... and ay, as, . . ..

7.3.1 First Order

Comparing the coefficients of the power x! in Egs. (7.28) and (7.29) yields the following set
of equations

1 = (1 + M)il (20&1(10 + 041) s (730)
a2 = 1-M)" (o1ag + 20qag) - (7.31)
In order to calculate aq, one of these equations is sufficient as we have already determined

ap in Eq. (7.22). Substituting Eq. (7.25) in (7.30) or (7.31), respectively, leads to

-1
o = <a0 +1+ a51> : (7.32)

Using Eq. (7.22) the latter can be rewritten as

1 1
O[lzg\/é\:—?)MQ—g. (733)

To calculate ap and a; we have to compare the coefficients of the next order in x.

7.3.2 Second Order

Comparing the coefficients of z? in (7.28) and (7.29) and using Egs. (7.25) and (7.32) leads
to the following matrix equation

242 1
M| M) =2val [ T , (7.34)
(6%) a%+2
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with the matrix

2 2a + 1
M — < 2o ) _ (7.35)

2041 —ao(ao + 2)

The inverse of M is easily calculated as

1 — +2) —(2 1
M= aolao+2) —(2a0+1) ) (7.36)
det M —2041 2041
Inverting (7.34) with the help of (7.36) by using Eqgs. (7.25), (7.32) leads to
az —1
= —27Vag—5—2— 7.37
ai a0a3+4a0+1a ( )
277 3a}(ad + 1)
= — . 7.38
a2 G(Q) + 40,0 + 1 ( )

The coefficients of higher order in « can be calculated in the same manner. In Figure 7.2 the
numerical results of the fugacity and the magnetic fugacity is compared with the analytical
result just obtained for the magnetization M = 0.25. As can clear be seen, taking the first
two contributions terms of the analytical result already yields a good agreement with the
exact numerical result for 7 > 1.

7.4 Particles in Ferro- and Antiferromagnetic Phase

In this section we discuss the particle occupation number of the different Zeeman states for
the ferro- and antiferromagnetic phase. We will see that the spinor gas exhibits a quite
interesting behavior in these two phases.

We start with the ensemble being in the ferromagnetic phase. Substituting the solutions

of the algebraic Gross-Pitaevskii equations for the ferromagnetic phase, which are summa-
rized in Figure 5.2, in Egs. (7.12) and (7.13) yields

- T" oy | 03,0 [((3) i 2
N = N+ o {au) +G(2) + Gl + 5 S [T} €2)+ Ga(2) + G(=Y)] } . (7.39)
v o 1/3
M= NP+ s {au) -+ 522 [S2] e - e } (7.40)

In contrast to Egs. (7.1) and (7.2), where we used the fugacity z and magnetic fugacity z,
to adjust the total number of particles and the total magnetization of the system, we have
to use now as an adjusting parameter the particle number of the condensed fraction in the
first Zeeman state N and the fugacity z. The numerical result for the homogeneous and
the harmonically trapped spinor gas is plotted in Figure 7.3. Before we discuss Figure 7.3,
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Figure 7.2: Exact versus approximative solutions of fugacity z and magnetic fugacity z, in
the high-temperature limit. In (a), (b) homogeneous and in (c), (d) harmonically trapped
spinor gas with magnetization M = 0.25.

we also treat the antiferromagnetic case. Again, taking the solutions of the Gross-Pitaevskii
equations for the antiferromagnetic spinor gas from Figure 5.2 and substituting them into
Egs. (7.12) and (7.13) yields

E?I
—~
w
~~—

_ 1/3
1 = NF+A@C+NC1+3T”{1+—@°J@[@} } (7.41)
M = NF-NE. (7.42)

In contrast to Egs. (7.1), (7.2) and Egs. (7.39), (7.40), where we had two adjusting parameter,
we have in Egs. (7.41), (7.42) three parameters, namely, the occupation numbers of each
Zeeman state in the condensed fraction. Therefore, in order to fix the value of the additional
adjusting parameter we need another condition. To find this extra condition we remember
the discussion in Section 5.3. There, we emphasized that a double condensation of the states
la =0) and |a = —1) occurs at the second critical temperature. As none of both states is

preferred for 7 < 7,, we assume the condition NF = NE [56]. From Eqgs. (7.41) and (7.42)
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we then deduce

C e ac 1 =M v 3 03, @ C(2) [¢(3) 1/3
MM AR e T {“5?5@[7} - 14y

We thus have for temperatures below 7., an analytical result for the occupation numbers.

We finish this chapter with a discussion of Figure 7.3. We first treat the homogeneous
case. As discussed in Section 7.2, coming from temperatures far above the first critical tem-
perature, the occupation numbers of each Zeeman state is altered only weakly by changing
the temperature. This is what one would expect from an ideal classical spinor gas. As
long as the temperatures are far above the first critical temperatures the average distances
between the particle are large compared to the average spatial extension of a single parti-
cle. Therefore, quantum effects can be neglected. Reaching temperatures near to 7., the
extension of a single particle is close to the average distance between neighboring particles.
Thus the bosonic quantum mechanical nature of the particles can no longer be neglected.
Depending on the total magnetization of the system this manifests itself in a deviation of
the occupation number from the high-temperature behavior in the gas phase, as can be seen
in Figure 7.3 for the magnetization M = 0.25.

Reaching the first critical temperature, the |a = 1) state of the system starts to Bose-Einstein
condense. In Figure 7.3 the condensed part of the spinor gas is denoted by the dashed line.
It can be seen quite clearly that the particles in the condensed fraction are fully polarized.
Furthermore, the thermal occupation numbers of the different Zeeman states change dras-
tically. We see that the occupation number of the thermal particles in the first Zeeman
level NI reduces drastically with decreasing temperature. Reaching 7.,, the system shows
a remarkable property. Here, the occupation number of each thermal Zeeman state is equal,
i.e., the magnetization of the thermal cloud is zero which correspond to an antiferromagnetic
behavior. It is worthwhile noticing that for the special case of a magnetization of M = 0.25,
the occupation number of each thermal Zeeman component and the occupation number of
the condensed first Zeeman state coincide. From an experimental point of view this is an
interesting observation, because it is much easier to measure and compare identical occupa-
tion numbers of different Zeeman states than to compare different ones.

Going below the second critical temperature, the behavior of the occupation numbers can be
described analytically, see Eq. (7.43). It is remarkable that the second phase transition shows
a double condensation [56], i.e., particles being in the Zeeman state |a = 0) and |a = —1)
start to Bose-Einstein condense at the same critical temperature. Furthermore, we have
the characteristic property of the antiferromagnetic phase that the particle numbers of the
excited are the same in every Zeeman state, i.e., the magnetization of the thermal cloud re-
mains zero for 7 < 7.,. At zero temperature all excited particles Bose-Einstein condense, so
in complete analogy to a scalar Bose-Einstein condensate the ideal spinor condensate shows
no depletion of the ground-state at zero temperature. As it can be seen from Eq. (7.43),
the number of particles being in the Bose-Einstein condensed state are the same for Zeeman
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Figure 7.3: Particle occupation of Zeeman state a for the thermal and condensed fraction
in case of (a), (b) homogeneous and (c), (d) harmonically trapped spinor gas with mag-
netizations M = 0.25 and 0.75. For (c) and (d) the case of an infinite number of particles
N — oo (dark color) and of a finite number of N = 10.000 particles (bright color) is plotted.

state |a = 0, —1), whereas the number of particles being in the condensed |a = 1) state dif-
fers at a given magnetization by a constant which remains the same for 7 < 7.,. Note that
the discussion of harmonically trapped spinor gas can be given in complete analogy to the
homogeneous spinor gas. They just differ qualitatively. This can be seen from Figure 7.3.



Chapter 8

Heat Capacity

In this chapter the heat capacity of a homogeneous and a harmonically trapped F' = 1 spinor
gas is discussed. Like in the chapters before we emphasize how the temperature dependence
of the heat capacity changes with the total magnetization of the system. We will see that the
phase transitions discussed above also show up in a characteristic way in the heat capacity.
In the following we will neglect the finite size scaling.

8.1 General Procedure

The heat capacity is defined as

ou
Cy = — , (8.1)
AN YRY
where U is the internal energy given by
U=F+TS+ uN +nM. (8.2)
For convenience, we calculate instead of Eq. (8.1) the heat capacity per particle
C 1 oU
V (8.3)

Nks — NkgTy 0T |\ 0y

where we also performed a change of variables using Eq. (6.8). In Eq. (8.2), S denotes the

entropy

1 OF
S=——=——= . 8.4
Ty 0T Vi (84)

and F is the grand-canonical free energy of the system. Using the property that the effective
action T'[¥*, U] reduces at extremized Background fields to the grand-canonical free energy
and (4.36), (5.10), (6.5) we obtain approximation

F TVt

Nks — ((v)

[w(zw  Ca(2) + o (2/2)| (8.5)

29
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Note that the tree-level action A[W* U] in Eq. (4.36) does not contribute to the grand-
canonical free energy in (8.5) if we consider the Gross-Pitaevskii equations (5.10) to be
fulfilled. This means that the condensed particles do not contribute to the thermal properties
of the gas, which is due the Gross-Pitaevskii equations (5.11)—(5.13). To calculate the total
number of particles and the total magnetization of the system, we cannot start directly from
Eq. (8.5), but have to proceed according to Chapter 5. Using Egs. (5.15), (5.16), (6.5), (8.2),
(8.4), and (8.5) yields for the internal energy

Tl/+1
U =wv KO} Gui1(22y) + Gur1(2) + Cura(z/29) |- (8.6)

The latter equation is the starting point for calculating the heat capacity (8.3) for all phases.

8.2 Gas Phase

In this section we calculate the heat capacity of a F' = 1 spinor gas in the gas phase.
Furthermore, we will show that for 7 — oo the heat capacity follows the Dulong-Petit law.
In addition, we calculate the heat capacity in the limit 7\, 7.

8.2.1 Derivation

The internal energy of the system being in the gas phase is simply given by the general
expression (8.6). Using Eq. (8.3) we get after a straight-forward calculation for the heat
capacity

C TV
e = v 0 DG + Gl + e/
0 0 0
+ G (22) Ta—T log 2z, + ¢, (2) Ta—’f log z + ¢, (2/2y) T(‘?—T log z/zn} . (8.7)

To get rid of the partial derivatives in Eq. (8.7) we make use of the condition that the total
number of particles and the total magnetization are not altered by changing temperature,
ie.,

ON oM

=0, = 0. (8.8)

o1 N MV oT N MV

With (5.19), (5.20) the latter yields a coupled set of equations, which can be written as a

matrix equation
T 9 [ logz N
M — =—v , 8.9
((v) 0T <logz,7> <M> (89)

M ( Gt (22) + G (2) + Goma(3/2) G (320) = Gma(2/20) )
Co1(22y) = Goo1(2/2n) Coo1(22g) + Coa(2/2) )

(8.10)
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In order to solve Eq. (8.9) for Orz and Orz,, we have to invert M, which is simply

-1 1 Co-1(22y) + Com1(2/ 2p) —Cu-1(22) + Cu-1(2/2y)
Y o (811
det M ( —Co1(22y) + Go1l2/2y)  Cor(22y) + Gma(2) + G2/ 2y) ) Sy

with the determinant
det M = 4G, 1 (220) Gt (3/2) + Gt (2) |G (22) + Gt (3/2) | (8.12)

Multiplying (8.9) from the left side with (8.11) yields

T 9 logz \ o
((v) oT ( log 2, ) - (8.13)
with the vector
a ¥ < N (G (z20) + G (2/20)] = MGt (220) = Goea (2/2)] ) |
det MO \ — N[¢,_1 (22)) = Gt (2/2)] + M [Coor (229) + Coon (2) + Con (2/2)]
(8.14)

Substituting Egs. (8.13), (8.14) into (8.7) yields for the heat capacity in the gas phase

Cv
Nkg

Cog1 (229) + Coqr (2) + Qg1 (2/2y)
Cv (Zzn) + ¢ (2) + ¢ (z/zn)

=20 (G (s5) = Gt (32 ]+ M2 [Gms (530) 4 Gt (2 G /3] |

) G () + 6 (2) + G (/)
41 (22y) Qo1 (2/27) + Gt (2) [Gom1 (229) + G (2/29)]

In Figure 8.1, which at the end of this chapter, the heat capacity is plotted versus the
temperature for the typical magnetizations M = 0.25 and 0.75.

v(v+1)

~ {g (229) + oot (2] 2) —

(8.15)

8.2.2 High-Temperature Limit

In Figure 8.1, we see that the heat capacity of both the homogeneous and harmonically
trapped spinor gas tends for high temperatures to a constant value. To quantify this, we use
the definition of the polylogarithmic function (4.21) and Egs. (7.3)—(7.6), so that we get for
(8.15) the following expression

ZW_Zn

zn+1+z;1

lim = v(v+1) —u2{22n+zzn1 —2 (22— 22,")

1 2 1

2y — 2y Z2zZy + 2+ 2z,
—f-(n—"l) (zzn+z+zz;1)} — T
g+ 1+ 2, 42% + 2(22y + 22;1)

(8.16)
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It turns out that the all z, 2, cancel each other, so that we obtain

lim = (8.17)

In other words, the homogeneous and the harmonically trapped spinor gas fulfill the Dulong-
Petit law [45]
lim Cy =vNkpg, (8.18)

T — 00
which states that every degree of freedom contributes with kp/2 to the heat capacity. This
is an important result, as it confirms our result for the heat capacity in the high-temperature
limit.

8.2.3 First Critical Temperature

We investigate now the other interesting limit of the heat capacity where we reach the first
critical temperature from above. According to Figure 5.2 we have at T, the conditions
NE =0 and Ey — u —n = 0. With the definition of z and z, in Egs. (4.22) and (4.23), this
corresponds to

Tl{r%l 2z, — 1. (8.19)
Therefore, we can make use of the replacement
lim — lim . (8.20)

TN\Te zzp—1

For the limit zz, — 1 we have to treat the case of a homogeneous and harmonically trapped
spinor condensate separately. The reason is that in Eq. (8.15) terms of the kind (,_1(2z2,)
occur, which diverge in the homogeneous case v = 3/2 for 2z, — 1. They remain finite for
the harmonically trapped case v = 3. Therefore, using

lim1 Co—1(22y) — 00 (8.21)

zzp— v=3/2

we get for the heat capacity in case of a homogeneous spinor gas
lim Cv _15C(5/2) + G2 (2) + Ga(2®) 9 C(3/2) + G2 (2) + Gpa(2?) (1— M)?
z—1 Nkp 4 C(3/2) + G2 (2) + G3p2(2%) 4 Gi/2(2) + 4G1/2(2%) .

(8.22)

The corresponding limit of the harmonically trapped spinor gas reads

O WG EGE o e

e e e CC R R )
) 2 C(3) +¢3(2) + G (2%

+ M [C(2)+<2 (2) + o (Z )}}4“2) G2+ G () [CR2) + & (22)]

(8.23)

Comparing Eq. (8.22) with (8.23), we see that the divergent term occurring in the homo-
geneous case causes a cancelation of a number of terms, which do not cancel out in the
harmonic case (8.23).
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8.3 Ferromagnetic Phase

In the last section we have derived the heat capacity of a F' = 1 spinor gas for a temperature
above 7.,. We study now the heat capacity of a spinor system which is in the ferromagnetic
phase, i.e., we cover the temperature range 7., <7 < 7.,. The derivation of the heat capac-
ity in the ferromagnetic phase is analogous to the one given in the last section. Substituting
the conditions for the ferromagnetic phase (5.23), (5.24) in Eq. (8.6) yields for the internal
energy of the system in the ferromagnetic phase

U T
— =V
Nkp ¢(v)
The calculation of the heat capacity is now straight-forward. With Egs. (8.3) and (8.24) we
get

]\?I:B —v gy) {(u+ D¢+ D+Gra()+ G (23)| + [C,,(z)—kQCV(zQ)]Ta% logz} (8.25)
We remove the partial derivatives with respect to T" by using the conservation of the total
number of particles (7.39) and of the magnetization (7.40). Note that, in the ferromagnetic
phase, we have a contribution to the total number of particles and to the magnetization
which is due to the condensed fraction. We eliminate this contribution by subtracting M in
(7.40) from N in (7.39). Performing the partial derivative with respect to 7 yields

[<<v 1)+ Ga(e) + gm%ﬂ | (8.24)

’ r 2 7 2 9 _
Ta—,]. (N = M) :UC(I/) [Cu(z)-l-?Cu(Z )} +@ [C,,,l(z)+4g“,,,1(z )] Ta—,]_ logz = 0. (8.26)
Thus, we obtain
T 0 VG0 +20()
(W) 0T 8~ 1) Ga(e) $ 460D (8.27)

Substituting (8.27) in (8.25) yields for the heat capacity in the ferromagnetic phase

Tv y 2 L 2112
NkB C(I/) Cy—l(z) + 4C1/71(Z )

We study the two limiting cases where the temperature reaches 7., and 7.,, respectively.

Substituting the zeroth-order contribution of Eq. (6.13) in (8.28) yields for the 7., ~limit of

the heat capacity

Lot + D604 1)+ G + ()

(4 1)+ Gia(2) + G (2%)
C() + Gu(2) + Gu(2?)
2 [6(2) + 26, (%)) |
)+ G2 + GG (2) + 46,1 (2)]
We note, that the fugacity z is continuous for all temperatures, i.e., at the same total number
of particles and total magnetization we have

lim z= lim z, i=1,2. (8.30)
™%, T/,

lim OV
1m
7,/T., Nkp

= v(r+1)

(8.29)
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This is an important remark, because it allows us to compare the limits of the heat capacity
coming from above and below 7;. Comparing Eqgs. (8.22), (8.23), (8.29) and that the heat
capacity is continuous at 7., yields for the homogeneous spinor gas

Cy Cy

AR N T AR N, 0 v (8.31)

whereas the harmonically trapped spinor gas leads to the jump

lim Cv lim Cy _ 9 C(3)+ (3 (2) + G5 (2)
1\T,, Nkg  7,/%., Nkp 4¢(2) G2 (22) + 2 (2) [€(2) + G2 (27)]
X {g(z) +G () —2M [g(z) — G () ] M2 [g(z) +G(2) + G () } }
(B)+G()+GE") .
I S an ) (1— M), =3, (8.32)

From Eq. (8.31) and (8.32) we see that the heat capacity of a homogeneous and harmonically
trapped spinor gas are fundamentally different.

We are also interested in the limit 7 — 7.,. According to Figure 5.2 we have the following

condition for the fugacity
lim z=1. (8.33)

—)7’02

Furthermore, using Eq. (6.18) for the second critical temperature leads for the 7., limit of
the heat capacity of the homogeneous spinor gas to

Oy 15¢(5/2)
A% Nip © 1C3/2)

(1— M) (8.34)

and for the harmonically trapped spinor gas

Cv _[.5¢@) 27¢B3) 1, _
TE%QNICB‘{”as) 5<<2>}(1 M). (8.35)

8.4 Antiferromagnetic Phase

We turn now to the calculation of the heat capacity in the antiferromagnetic phase. In
complete analogy to the case of a spinor gas in the gas and the ferromagnetic phase we
obtain for the internal energy of a spinor gas in the antiferromagnetic phase

U TvH!
— =3r—((vr+1). 8.36
The heat capacity then reads
CV C(V + 1)
— =3v(v+1)——=T". 8.37
Nkg ( ) ¢(v) ( )
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We also calculate the limits of the heat capacity for the limit 7 — 0 and 7 — 7.

The 7 — 0 limit is trivial
lim Cv _
T7—0 Nk?B B
This is exactly the result which is predicted by the third law of thermodynamics.

0. (8.38)

We turn to the limit 7 — 7.,. Substituting Eq. (6.18) in Eq. (8.37) leads to the following

result

C(v+1)
¢(v)
With Egs. (8.34), (8.35), and (8.39) we get for the jump of the heat capacity in the homo-
geneous case

lim

|4
B A 1
T,/T, Nkp V(V+ )

(1-M). (8.39)

: CYV . CV
1 -} =0 = 3/2 8.40
A N TR N, T VT2 (8.40)

and for the harmonically trapped case

. CV . C(V 27{(3)
A N A Ve T s M

3. (8.41)

In analogy to the first phase transition discussed above, we see that a homogeneous spinor gas
has a continuous heat capacity, whereas the harmonically trapped spinor gas shows a jump
which is described by Eq. (8.41). In Figure 8.2 we have plotted the jump of the heat capacity
for both the first and the second phase transition. There are two remarkable details. First,
we see that the jump depends on the total magnetization of the system. Furthermore, there
exists a special value for the magnetization, where the size of the first and the second jump
become equal. Another remarkable property is, that the second jump vanishes for a fully
polarized spinor condensate. This is not a surprising result, because the antiferromagnetic
phase vanishes for a full polarized F' = 1 spinor gas.
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Figure 8.1: Heat capacity of (a), (b) homogeneous and (c), (d) harmonically trapped

spinor gas for magnetizations M = 0.25 and 0.75.
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Figure 8.2: Discontinuity-jump of heat capacity for harmonically trapped spinor gas at 7,

and 7.,.
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Chapter 9

Interaction Potential

This chapter provides an appropriate description of the interaction between particles of a
dilute spinor gas in the low-temperature regime. We will see that in such a system it is
sufficient to consider only a two-particle interaction between particles. Furthermore, we will
show that in this regime the interaction of the F' = 1 spinor gas is adequately described by
only two scalars.

9.1 Experimental Environment

In order to study BECs theoretically, we can use several simplifications, which are mainly due
to the experimental environment. In the following we mention some typical physical values
of a spinor Bose-Einstein condensate experiment, which are taken from Ref. [25]. There, the
total number of particles in the system are around 5 — 10 x 10°. The particle density ranges
from 10 — 10 cm 3. By contrast, the density of particles in air under standard conditions
is around 10! cm ™3, therefore, the spinor gas can be considered as very dilute. The critical
temperature in case of sodium is experimentally measured to be of the order 1 -2 K i.e., the
particles are considerably slow. Due to the dilute environment, the most probable interaction
between particles will be the two-particle interaction. However, three-particle collisions also
occur in the system. Two particles being involved in such a three-body collision may form
a molecule, whereas the third carries away the released momentum and energy. Due to the
trapping configuration, which is very sensitive to the properties of the particles, the particles
will leave the trap after the three-body collision. Therefore, they do not directly contribute
to effects being seen in spinor Bose-Einstein experiments, but cause a considerable trap loss.
We will neglect such trap losses and consider only two-particle interactions.

9.2 Pseudopotential

In general, the appropriate choice of the two-particle interaction potential plays an important
role in explaining the physics of a collisional process. We first consider spinless particles.
The exact atom-atom interaction potential can only be calculated numerically. However, for
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V(int) (R)

>
R

-C $-—-—---

Figure 9.1: Lennard-Jones potential (9.1) shows the typical behavior of an atom-atom
interaction potential.

many cases it is sufficient to approximate this interaction potential by the Lennard-Jones

potential [72]
1 /Ry 2 Ro\°
2\ R R

where Ry denotes the position of the potential minimum and C' its depth. Both Ry and C
are empirical constants. We have shown such a potential in Figure 9.1.

1/ (int) (x; — x3) = 2C , R = |x; — %3/, (9.1)

Equation (9.1) already imposes that the particles interact via central forces. This is not
true for particles with a non-vanishing magnetic dipole moment [66]. For low temperatures
it turns out, that we can replace Eq. (9.1) by a pseudopotential [45,73]

y/ (int) (x1 — X2) = g0 (x7 — Xa), (9.2)

where the interaction strength is summarized by one single parameter g. Furthermore, we

introduce the s-wave scattering length a, which is defined through the interaction strength
by [67]

B 4mh?

I= M

with the single-particle mass M. Note that the interaction potential (9.2) cannot repro-

duce for example bounding states of two colliding particles. However, it provides a good

description of the physics for particle distances R >> |a|, which is important for studying

thermodynamic properties of a system. We note that the s-wave scattering length a may

take positive or negative values. The former correspond to a repulsive and the latter to an

a (9.3)
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attractive interaction potential. With the help of Feshbach resonances it has been demon-
strated [5] that Bose-Einstein condensates with an attractive interaction could be unstable
so that they collapses.

The generalization of the pseudopotential (9.2) to a system of two atoms with spin F' =1 is
given by [22,23]

2
VO (x) — x5) = 6 (x1 — X2) Y _ g4 P (9.4)
F=0
Here, Py denotes the projection operator, which projects the pair wave function of atom
1 and atom 2 into the total hyperfine spin state f. The constants gg, g;, and go are the
respective interaction strengths defined in analogy to Eq. (9.3) as

2mh? My My
= a s = 0,
95 == A VAV

(9.5)

where p is the reduced mass of the colliding atoms.

The physical description of the two-particle interaction potential (9.4) is the following. Con-
sider two F' = 1 particles, which are at distances where they do not interact with each other.
Each of them is completely described by a single particle wave function. However, if the
particles start to interact with each other, they have to be described by a two-particle wave
function. Using the rules for adding two angular momenta, the two-particle system can have
a total angular momentum of f = 0, 1, and 2. The crucial point is now, that the strength
of the particle-particle interaction is not necessarily the same for each f. This is taken into
account by introducing different interaction strength g as done in Eq. (9.4).

In case of a system with identical bosonic particles, we have to take the bosonic symmetriza-

tion condition into account. It follows, that the odd f contribution in (9.4) vanishes (see
App. D), i.e., the pseudopotential reduces to

V) (3] — x5) = 8 (x1 — Xs) <g07>0 n g2732>. (9.6)

In Figure 9.2 we have schematically drawn the collision of two particle via a delta potential.
For practical purposes, we rewrite 9.6 as shown in Appendix D as

V(int) (Xl — XQ) = 5(}(1 — Xz)(CO]llILQ + CQFl : FQ) (97)

with the operator of angular momentum F; acting on the i*" atom, the unit operator 1;, and
the newly introduced interaction strengths

co = (g0 +292)/3 and ¢ = (92— g0)/3. (9.8)
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|m1> V(int): gOPf:O +92Pf:2 Jm3>
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Figure 9.2: Collision of two particles with delta interaction. Two particles being initially
in the one-particle states |m;) and |mgy) couple in the interaction zone with each other to
a two-particle state. The two-particle state can take the angular momentum f=0 or f=2,
whereas f=1 is forbidden due to the principal bosonic symmetrization condition. Depending
on the total angular momentum of the two-particle state, the interaction potential differs in
its strength, which is accounted for with different interaction strength gg, go. The angular
momentum is conserved after the collision.

In analogy to Eq. (9.8) we define newly s-wave scattering lengths
ap = (ao + 2a2)/3, as = (ag —aop)/3. (9.9)

In matrix representation Eq. (9.7) reads

Va(;;l,tg, (x1 — X2) = 0(x1 — X2) (Codupdary + CQngFj,b,) ’ (9.10)

where the operators of angular momentum are replaced by the respective spin-1 matrices
given in Eq. (2.17).



Chapter 10

Gross-Pitaevskii Equations

In Chapter 5 we studied the Gross-Pitaevskii equations and their solutions for a non-
interacting F' = 1 spinor gas. It turned out that it is possible to solve the Gross-Pitaevskii
equations analytically for the case of a homogeneous and a harmonically trapped system.
In this chapter, we study the Gross-Pitaevskii equations for the case of a weakly interacting
spinor gas. We will see, that their solutions cannot be given analytically, so that we have
to employ several approximations. We start this chapter with deriving the Gross-Pitaevskii
equations of the interacting F' = 1 system, which provides the basis for studying all possible
phases. We will then work out their solutions and discuss them. At the end, we show that in
case of a non-magnetization conserving system, the solutions of the Gross-Pitaevskii equa-
tions can be summarized in a compact form, which provides a deeper insight about spinor
condensates with non-vanishing particle interaction.

10.1 Action of Interacting Spinor Gas

The starting point for the calculation of the Gross-Pitaevskii equations is the action of the
system:

Al*, ¢ = AV 9] + ARO[ ). (10.1)
The first contribution is equal to the action of the non-interacting spinor gas (2.47), whereas
the second contribution, given in (2.48), is due to the interaction of the particles.

As discussed in the last chapter, for low temperatures it is possible to approximate the
potential of the two-particle interaction by an appropriate pseudopotential (9.10). Substi-
tuting the latter into (2.48) yields for the interaction contribution of the action [22,23]

AT ] = / /d3 {00 B (%, T)a(x, T)] ter Y [@/)ZZ(X, 7) Elythn(x, T)r}'

j=z,y,z

(10.2)

Splitting the spinor-fields ¢ into a background field ¥ and a fluctuation field 47, leads with
(3.9)

A" 4 69 U + 5] = A[T*, U] + AP 50, 61p] + AL [5*, 5¢]. (10.3)
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Here, the tree-level action A[¥*, U] is simply the action (10.1) evaluated at the background
fields. Using Egs. (3.7) and (9.10), the fluctuating part of the action is given by

A® = / dT/d317 S { { ha% - —A +V(x) - ) Sab — nFjb} 51y, (10.4)
T (W500)? + (Wab07)? 4+ 20,0505 00 + 20500,005 0y
+ % > [(%Fjbéwbﬁ + (8 F2W,)2 42U FY Uy 8ap* F7 Gabg + 20907 7, W, U FY de}}
j:'Z‘,y,Z

and with Eq. (3.8) we obtain the correlation action
/ [ { (2500, + 2005, 50500, + (30560,)°] (10.5)

+ 5 > [25¢;ng\11,, S I Gahg + 2W FI, 54 00p) F2 54pq + (5¢;ng5¢b)2] }
j:m’yVZ
For convenience we omitted writing the dependence of the fields on the respective space-time
points.

10.2 Derivation of Gross-Pitaevskii Equations

According to (3.15), the leading order of the effective action is determined by the Euclidean
action (10.1) evaluated at the background fields. The background fields in turn, are cal-
culated by extremizing the Euclidean action with respect to the background fields. The
resulting set of equations are the Gross-Pitaevskii equations. For a general two-particle in-
teraction potential they are given by (3.19), (3.20). For our particular interaction potential
9.10 they read

or  2M
+ PR F, Uy a=1,0,-1. (10.6)

o R .
0 = h———A—I—V() 5ab_77F;b \I/b—f-CO\I/a/\I/a/\I/a

Using the explicit form of the spin matrices (2.17) yields the identities

1
VL = (11/*;\1/0 SR, + UL+ \1/’:1\1/0), (10.7)
VLY = %( — UiWo + W0y — W0y + \If*_lxlfo), (10.8)

VFRU, = U, — Ut U (10.9)

which are used to rewrite (10.6) more conveniently
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—h—V, = —h—2A+(c +c)<|\If\2+|\If\2>
87' 1 IM 0 2 1 0

(o= WP+ VE) = (ot ) |1+ 00 (1010

9 2 ) )
—h=—y = l—mA+(co+cg)<|\Ifl\ 19

+ CQ|\D0|2+V(X) —M:| \I/0+202\I/8\I/1\I/_1, (1011)

0 h? 5 5
_hE\P_l = [—mA+(CO+CQ)<|W_1| +|\Ij()| )

+ (CO — CQ)|\I’1‘2 + V(X) — (,u — 77):| 1’,1 -+ CQ\IIT‘I]?) (1012)

The latter Gross-Pitaevskii equations represent a coupled set of differential equations. In
contrast to the algebraic Gross-Pitaevskii equations of an ideal spinor gas (5.10), they cannot
be solved analytically without further simplifications.

10.3 Solution of Gross-Pitaevskii Equations

We show in this section, how the two-particle interaction changes the system properties. In
order to properly solve the Gross-Pitaevskii equations, we adopt the Thomas-Fermi approx-
imation, which consists in neglecting the kinetic part in (10.10)—(10.12), i.e., we perform the
replacement

h2

_mA 0. (10.13)

In Ref. [67] it is shown for low temperatures that the Thomas-Fermi solution of the con-
densates wave function is in excellent agreement with the exact solution for the bulk of
the condensate, whereas at the condensate surface its solution deviates from the exact one.
However, for our purposes it is a quite good approximation. Moreover, we assume the
background fields to be independent of imaginary time. This corresponds to the case of a
stationary spinor Bose-Einstein condensate.

Thus, we start by rewriting the background fields as

U,(x) = na(x)ei‘p“(x), nq(X), P (%) € R, a=1,0,-1, (10.14)
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where n,(x) = |¥,(x)|* is the condensates particle density in the a™ Zeeman state. Using
the latter, we obtain for the Gross-Pitaevskii equations (10.10)—(10.12):

0 = |:CO n+ co(m+mng) + V(x) — pu— n] Vniet + CQnO,/n_lei(&po_“"*l), (10.15)
0 = { [co n+ co(n —ng) + V(x) — ,u] e + 202,/n1n_1ei(_“"°+*01+“’*1> }\/n_o, (10.16)

0 = [co n+co(—m—+ng) + V(x) — p+ n] Vet + CQ”O\/n_lei(&po_(pl) (10.17)
with the total condensates particle density
n(x) = ny(x) + no(x) + n_1(x) (10.18)
and the total condensates magnetization density

m(x) = ni(x) —n_1(x). (10.19)

10.3.1 Investigation of Different Cases

In order to find the most general solution of Eqgs. (10.15)—(10.17), we discuss the Gross-
Pitaevskii equations for every possible particle occupation number of the Zeeman states,
which are given by

1) ny =nNg="n_1 :0, 4) no#O,nl =nNn_1 :O, 7) ny,n_q %O,TLQZO,
2)m #0,ng=n_ =0, 5.) ni,mg # 0,n_1 =0, 8.) n1,m_1,n9 # 0. (10.20)
3) n_y 7£ 0,710 =Ny = O, 6) n_i,no, 7£ O,m = 0.

We substitute each of the possibilities (10.20) in the Gross-Pitaevskii equations (10.15)-
(10.17) and discuss them in tabular form:

1.) The first case solves all Gross-Pitaevskii equations identically. It represents the physical
situation that no particles are in the condensed fraction.

2.) Equations (10.16) and (10.17) are solved identically. From Eq. (10.15) we deduce with
help of (10.18), (10.19) the relation

(co+co)n(x) +V(x) —pu—n=0. (10.21)

3.) In complete analogy to 2.), Egs. (10.15) and (10.16) are solved directly and we deduce
from (10.17)
(co+ co)n(x) + V(x) —pu+n=0. (10.22)

4.) Equations (10.15) and (10.17) are identically fulfilled. From Eq. (10.16) we get the
condition
con(x)+V(x)—pu=0 (10.23)
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5.)

6.)

7)

Equation (10.17) leads to the equation cong(x)ng(x) = 0. For ¢ # 0 this contradicts
against the assumptions, hence, there is no solution for this case.

No solution, see 5.).

From Egs. (10.15) and (10.17) one obtains the following set equations
con(x)+com(x)+V(Ex)—p—n = 0, (10.24)
con(x) —com(x)+V(x)—p+n = 0, (10.25)

which are rewritten as
com(x) = 0, (10.26)

-n
con(x)+V(x)—p = 0. (10.27)

The Gross-Pitaevskii equations have to be fulfilled separately for both real and imag-
inary part. According to (10.14), the imaginary contributions are due to the complex
exponential functions. Therefore, we deduce from Eqs. (10.15)—(10.17)

200(x) = p1(x) + o1 (x) +pm, pEZL. (10.28)
Note that the latter is also fulfilled by a global change phase, i.e.,
0a(X) = wa(x) +0(x), a=1,0—1, 6(x) € R. (10.29)

Substituting (10.28) in Egs. (10.15)—(10.17) yields

0 = {con +ca(m+ng) +V(x)—p— 77}\/7”&_1 + cong/n_1, (10.30)

0 = cyn+c(n—mnp) +V(x)— pux2c/nin_q, (10.31)
0 = {co n+ca(—m+ng) + V(x) — pu+ 77}«/7”&1 + congy/ny. (10.32)

In the latter equations the upper sign represents the case where p in Eq. (10.28) is an
even number, whereas the lower sign holds for p being an odd number.

By adding and subtracting Eqgs. (10.30) and (10.32) from each other and using (10.18),
(10.19) we get

0 = cang (w/nln_l T %) +n (coﬂ/nln_l + @%) + [V(x) — ply/min—,  (10.33)
0 =com <,/n1n_1 F %) —ny/nin_q. (10.34)
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Furthermore, we deduce from Eqs. (10.31) and (10.33) the relation

1
0 = mn_1(n—2ny) F 5 [no(n —ng) — 4n1n_1] (10.35)
We discuss the latter equations for both p even and p odd:

a) p even:

For p being an even number, the upper sign holds in (10.33)—(10.35). We have to
discuss two cases:

Case 1: m(x) =0 <= ny(x) =n_1(x) #0
From Eq. (10.34) we deduce

nynn_1=0 = n=0. (10.36)

Substituting the assumption ny(x) = n_;(x) in (10.35) yields ng(x) = 2n;(x).
With Eq. (10.18) we then obtain

ni(x) = n_1(x) = n(x)/4, no(x) = n(x)/2. (10.37)

Finally, inserting the latter in (10.33) gives the following relation for the
condensate density

(co + cg>n(x) +V(x)—p=0. (10.38)

Case 2: m(x) #0
We directly obtain from Eq. (10.34)

no(x) = 2 {1 — ] Vi (X)n_1(x). (10.39)

com(x)

Substituting the latter in (10.35) yields the condition

n(x) = no(x) l1 + L(X)} . (10.40)

cam(x) =1

We substitute this into Eq. (10.33) leading to

[V(x) - u] —0.  (10.41)

n(x) [ o + 26,2 } cam(x)

2com(x) — 1 com(x) — 1
We note that the latter reduces for n = 0 to (10.38).
b) p odd:
Now, the lower sign in Egs. (10.33)—(10.35) is considered.
) =n-(x) #0

Case 1: m(x) =0 <= ny(x
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In this case Eq. (10.35) is directly fulfilled. Note that this is not the case
for 1a). There, for vanishing magnetization density, the particle densities
must obey the more strict condition (10.37). With Eq. (10.34) we get n = 0.
Substituting n,(x) = n_1(x) in Eq. (10.33) yields the relation

con(x) +V(x) — p=0. (10.42)

Case 2: m(x) #0
We obtain from Eq. (10.34)

no(x):2[ 7 —1} ()11 (%) (10.43)

cam(x)

We substitute this into (10.35) yielding the condition

n(x) = no(x) [1 - %} . (10.44)

With Eq. (10.33) this leads to

com(x)

n(x) [co — 2cam(x)/n] + m

[V(X) - u} —0. (10.45)

10.3.2 Discussion of Solutions

We discuss the latter solutions. The first one, is the most trivial one, because it indicates
that no particles are in the condensate fraction, which corresponds to a system being in the
gas phase.

The solutions 2.) and 3.) are essentially the same. They correspond to magnetizations
with opposite direction, where 7 simply changes its sign. These solutions correspond to the
ferromagnetic solution obtained for a ideal spinor gas in Chapter 5, where the BEC fraction
was fully polarized.

Before we turn to 4.), we discuss the solutions 5.), 6.). We first note that both describe
essentially the same physical system, where we use the same arguments as used in 1.), 2.).
With the assumption of 5.) and 6.), it is not possible to solve the Gross-Pitaeskii equations.
We also had the same situation for the ideal F' = 1 spinor system as discussed in Chapter
5. Therefore, it is not possible to have a condensate where only the Zeeman states |1) and
|0) are Bose-Einstein condensed.

We discuss now the solutions 4.) and 7.). Stating that for vanishing magnetization so-
lution 7.) is equivalent to 4.), we can restrict our discussion to 7.). This solution of the
Gross-Pitaevskii equation is quite interesting, because it states that we may have magne-
tized spinor condensate, where only two Zeeman components are condensed at the same
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time. This is in contrast to the ideal F' = 1 spinor system, where such a solution was not
possible. There, the second phase was characterized by a double condensation.

The solution 8.) represents a spinor Bose-Einstein condensate, where all three Zeeman
states of the BEC fraction are occupied. Here, we have two different kind of solutions, which
essentially depend on the magnetization of the system. In the first solution, a vanishing mag-
netization occurs only for one particular particle configuration, which is given by (10.37).
Note that this is not the case for 8b.).

10.3.3 System without Conservation of Magnetization

We finish this chapter by considering the special case of a system where the conservation
of magnetization is not fulfilled. This is for example the case for particles, whose magnetic
dipole moment cannot neglected anymore. As discussed in Chapter 2, neglecting the con-
servation of the magnetization correspond to setting n = 0. By doing so, we observe that
the solution derived above, can be divided into two different:

Solution A: 4.), 7.), 8b.)

o1+p 1+ 2p+ 1) = 2, p €L, (10.46)

ni(x) —n_y1(x) = 0, (10.47)

con(x)+V(x)—p = 0. (10.48)

Solution B: 2.), 3.), 8a.) ©r1+p_1+2pm = 2y, pEZ, (10.49)
no(x) — 2y/ni(x)n_1(x) = 0, (10.50)
(co+co)n(x)+V(x)—p = 0. (10.51)

We read from Solution A, that the magnetization in z-direction is always zero. Note, that
this is also the case in 8b.), otherwise we would have a divergency in (10.45). Therefore,
we refer to this solution to be antiferromagnetic. For reasons which will soon become clear
we refer to the second solution to be ferromagnetic. Note that the ferromagnetic and the
antiferromagnetic solution must not be mixed up with the ferromagnetic and antiferromag-
netic phase of Chapter 5. We derive now the most general expression of the order parameter
U, (x) for both the antiferromagnetic and the ferromagnetic state.

Antiferromagnetic State:

Using Egs. (10.18) and (10.47) we may introduce the convenient notation

n(x)

Vini(x) =vna(x) = 5 sin 3, 0<p<

no(x) = ~/n(x)cosp. (10.53)

(10.52)

I
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T
According to Eq. (10.14) the vector order parameter ¥(x) = (\Ill(x), Vo (x), \Il,l(x)) then

reads

I B S 7.
75 Sin Ge
cos (3 e'¥0 ,

L qin 3 eiP-1
ﬂsmﬁe

(@)
IN
o))
IN

o

(10.54)

In order to maintain the complete generality of the order parameter we have multiplied a
global phase factor ¥ to the latter [see also Eq. (10.29)].

Substituting Eq. (10.46) in (10.54) leads to

L sin ﬁN e_i<“"*1_“"1)/2_i%

g, \/5 ~ ~ T
\I’(X) — n(x) ez[6+§+(<ﬂ1+<ﬂ71)/2] Cosﬁeipﬂ' ’ 0< 5 < 57 pE 7.
% sin 3 eile-1-¢1)/2-15
(10.55)
We continue simplifying the order parameter by introducing of the new variables
0 = 0+ (n+pi+91)/2, (10.56)
1
r = (e ten), (10.57)
1
a = é(cp_l — 1 —7), (10.58)
B = B+opr, (10.59)

and finally obtain the most general solution for the Gross-Pitaevskii equations of the anti-

ferromagnetic state

1 - _
-7 sinfJe

cos 3 ,

1o

a, 3,0 € R.

(10.60)

1 i g gia
ﬁsmﬁe

The special solutions 1.), 4.), 7.), and 8b.) of the last subsection are easily verified to be
particular solutions of Eq. (10.60). The total particle density is determined by the condition

(10.61)

con(x)+V(x) —p=0.
It is also possible to write Eq. (10.60) with the help of the unitary spin rotation matrix

U(a, B,y) = e e "Bl (10.62)
where «, 3, 7 are Euler angles. Applying this to (10.60) yields [22]
0
U(x)=/nx) U, B3,7) | 1 (10.63)

0
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Note that the order parameter does not depend on the Euler angle . The latter solution
clearly reflects the invariance of the action (2.47), (10.1), (10.2) to a change of the global
phase of the condensates wave function and to a rotation in spin-space. Therefore, we could
have obtained the latter solution by simply guessing one particular solution and then using
the symmetries of the action as done in Ref. [22]. Using the general result that the scalar
product of two vectors is not altered by multiplying both vectors with an unitary matrix [42],
we easily find that the expectation value of angular momentum vanishes, i.e.,

(F) = /d3x Ui(x)F¥(x) =0, (10.64)

T
where we used the definition F = (Fx, kv, FZ> with the spin matrices F'*, FY, F* defined

in (2.17). This again confirms that the state corresponds to an antiferromagnetic state.

Ferromagnetic State:

To determine the most general solution for the order parameter for the ferromagnetic state,
we proceed analogous to the antiferromagnetic case. Using Egs. (10.18) and (10.50) we may
introduce the following convenient parametrization

ni(x) = +/n(x)cos? g, (10.65)
n_1(x) = +/n(x)sin’ g, (10.66)
no(x) = +/2n(x)cos B sin g, 0<f<m. (10.67)

Substituting the latter in Eq. (10.14) yields for the order parameter of the ferromagnetic
state
cos? g eler
U(x) = n(x) et? V2 sin gcos g eivo | 0

sin? g el—1

AN
o0
AN
)

(10.68)

We continue in complete analogy to the last subsection by introducing the abbreviations

a = %, (10.69)

ro= AT (10.70)
2

0 = 60—, (10.71)

B = B+pm (10.72)
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Thus, Eq. (10.68) reads

cos? g e i@
U(x) = /n(x)e” \/isingcosg , a, 3,0 € R, (10.73)
sin? £ ¢
where n(x) obeys the relation
(co+ca)n(x)+ V(x) —p=0. (10.74)

We also rewrite Eq. (10.73) with the help of the spin rotation matrix (10.62), which finally
yields

1
¥(x) =+/n(x) U(x,B,7) | 0 |, (10.75)
0

where we have set ¥ = —f. Note that in (10.75) the global phase factor ¢ was absorbed
in the spin rotation matrix, whereas in the antiferrmagnetic case Eq. (10.63) this was not
possible. This has also physical consequences. If one calculates the superfluid velocity
v, o< UTVW of the system, it turns out that it depends on the gradient of the global phase
factor. Therefore, in case of the ferromagnetic solution, the superfluid velocity is directly
coupled with the spin rotation, which is not the case for the antiferromagnetic solution (see
discussion in Ref. [22]). We also calculate the expectation value of the angular momentum.
From Eq. (10.75) we deduce

| (F) | = /d3m(x) =N, (h=1). (10.76)

Hence, all particles are polarized in the same direction, which justifies to call this phase
ferromagnetic.

Occurrence of Phases

To the end of this chapter we derive the conditions for the occurrence of the antiferromagnetic
and ferromagnetic state. As discussed above, the two phases extremize the Euclidian action
(10.1). However, we do not know if the phases maximize or minimize it. Therefore, we
take the interacting part of the Euclidian action (10.2). Using the vectorial notation for the
background fields and omitting the imaginary time dependency it reads

Al [ ] — % /O i / i {co @ 0w] +e Y [\pf(x)m:(x)r}. (10.77)

=T,z

The first term on the right-hand side is simply an invariant, whereas the second term depends
on the spin configuration of the system. For positive ¢, it is seen from the latter equation that
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the Euclidian action is minimized by minimization of the sum of the second term. This is
exactly the case in the antiferromagnetic phase, i.e., the background field (10.64) minimizes
the Euclidean action for ¢; > 0 [22,23]. In contrast, for ¢ < 0, the Euclidean action is
minimized by the ferromagnetic solution (10.76). Therefore, the behavior of the atoms are
essentially determined by the sign of c,. A example for a ferromagnetic atom is 8"Rb and
for an antiferromagnetic ?*Na.



Chapter 11

First Critical Temperature in
Perturbation Theory

In the last chapter we have shown for a particular case that a two-particle interaction leads
to a noticeable change of the physical properties of the system. In this chapter we study the
influence of such an interaction to the first critical temperature for a harmonically trapped
F =1 spinor gas. To this end we will adopt perturbation theory, which is a widely used
and a well-known analytical approximation method [43]. It is applied to systems, which
are exactly solvable for a vanishing coupling parameter. Then, it is possible to expand
the physical quantities of the system into a power expansion with respect to the coupling
parameter. One prominent example for a weak-coupling parameter is the fine-structure
constant a & 1/137 of quantum electrodynamics (QED). Due to its smallness, physical
quantities in QED are perturbatively treated with a high accuracy. On the other hand, it
is also possible to calculate series expansions for systems with a strong-coupling parameter.
One method is based on a variational approach given in Ref. [57] and is called variational
perturbation theory [47,48, Chapter 5]. In our system we have the former case, namely
a weak-coupling parameters, which we identify with the interaction strengths cg, ¢o. For
vanishing interaction strengths cg, co the system reduces to the ideal case, which we have
extensively treated in Part II.

11.1 Grand-Canonical Partition Function

We start with deriving a perturbative expression for the grand-canonical partition function

1
[I $ovi Dwa] e~ AW /h (1L.1)

a=—1

Z =

where the action is given as a sum of a non-interacting action functional A [¢*, ] in
(2.47) and an interacting functional A [¢)* )] given in (2.48). Considering only a weak
two-particle interaction, we may assume A as a small correction to A . Therefore, we

85
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expand the Boltzmann factor e~ (A" +A™)/h in B, (11.1) in a Taylor series around the non-
interacting action A which yields with (2.48) the grand-canonical partition function in a
perturbative expansion

1" ;
z = 2001 — [ ar | &z | 2 VI™ (x,X)
h 0 aba’b

X <w;‘(x, )y (%, 7% (X, T) b (X, T)>(O) +... } (11.2)

(\V]

Here Z(© denotes the partition function of the non-interacting system (2.73) and (e)® is the
expectation value of the quantity e in the non-interacting system. The general definition of
this expectation value is given in (2.33), whereas within the functional integral approach it

reads
(0) 1 ! * 7_/4(0) [w* "M/h
<.> - =5 Hfm)afpwa oc wi/n (11.3)
a=—1

In order to calculate the expectation value of the fields, we use the generating grand-canonical
partition function (2.52), which was introduced in Section 2.5. Using (2.72), it allows us to
write the two-point correlation function as

0 2 5 5 j=0
: o _ Z(O) PO
<w (X, T)wb (X , T )> Z(O) 5jb(X,> 7_/) 5j;<(x7 7—) [j 7]] =0
= GO mix. ) (114)

where the Green’s function is given in Eq. (2.74). Moreover, we have used the property that
the functional derivatives with respect to the current fields j,(x, 7), jX(x, 7) interchange with
the functional integrals with respect to the fields 1,(x, 7), ¥} (x, 7).

Analogously, the four-point correlation function in (11.2) reads

<¢Z(x, T)(X, 7)) (X, 7w (X, T)>(O)

4 7*=0
A — *_zop g . i)

ZOj*, j10ja(x,7) 655 (%, 7) Ojur (x',7) 675 (X!, T) j=0

Thus, the latter expectation value is completely determined by the generating grand-canonical
partition function Z(©[5*, j]. This is also true for expectation values of higher orders in the
fields. Explicit calculation of (11.5) with the help of the generating partition function (2.72)
yields the following relation between the four-point correlation function and the Green’s
function
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(0)
(a0, T, T (K, ) (K, 7))
= Gi (. 7%, 7) Gy (X, 75X, 7) + Gol(x, 7 X, )Gy (K, 7%, 7). (11.6)

Using the identity (11.4), one identifies (11.6) as the famous Wick’s theorem [58]. Further-
more, according to (11.2) and (11.6), the perturbative calculation of the grand-canonical
partition function reduces to the evaluation of integrals over products of Green’s functions.

We now turn our attention to the physical meaning of the Green’s function. Therefore,
we start to derive a relation between the Green’s function and the particle density of the
system. In Chapter 2 we have derived for the total number of particles the following quantum
statistical identity

10

N = ——logz®
Gop *

= Z /d3xngo)(x) (11.7)

a=-1

and, correspondingly, for the total magnetization
M = =—1logz©®

_ / P [n?(x) ~ )] (11.8)

where n”) (x) denotes the particle density of the Zeeman state |a) in case of a non-interacting

system. On the other hand, using Eqgs. (2.73), (2.74) and the orthonormality condition (2.2),
it is straightforward to verify

10
— —log 20 = Z /dBZL‘G((I%)(X,T;X,T) (11.9)
3 0u =
and w
Gon log 20 = /d3x [G(ﬁ)(X,T;X, T) — G(_O%_l(X,T;X, T)|. (11.10)

We emphasize that Gg%) (x,7;%,7) in the latter equations are evaluated for equal space-time
points. Comparing Eqgs. (11.7) and (11.9) with each other we get the relation

n%(x) = GO (x, 1;x, 1), a=+1,0,-1. (11.11)

a

Therefore, the diagonal elements of the Green’s function correspond for equal space-time
points to the particle densities of the respective Zeeman state. Using Eqs. (11.4) and (11.11)
yields

n(x) = (v, )0 (x, T)>(O), a=+1,0,-1. (11.12)
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Therefore, we define the total particle density of the non-interacting system as
1 1
=) ) =) Gllxmx) (11.13)
a=—1 a=-1

and the corresponding total magnetization density as

m©(x) = 0 (x) — n%(x) = GV (x, 73 x,7) = GO)_, (x, 75 %, 7). (11.14)

11.2 Grand-Canonical Free Energy

In the last subsection we have derived a general perturbative expression for the grand-
canonical partition function of an interacting F' = 1 spinor gas. We now explicitly calculate
the corresponding grand-canonical free energy (2.34) for the case of a harmonically trapped
spinor gas, where we restrict ourself to the semiclassical approximation.

11.2.1 General Interaction Potential

Substituting (11.2) in the grand-canonical free energy (2.34) yields in first-order perturbation

theory
F=7F0 4 gD 4 £(E) (11.15)

The first contribution is the grand-canonical free energy of the non-interacting spinor system
1
FO = —BlogZ(O). (11.16)

For the system being in the gas phase, the latter expression has already been evaluated in
Eq. (4.36), yielding

FO = ﬁ(@;m [@( (41) Gy ) + Ca(eP ) (11.17)

The second contribution is the so-called direct term

F®) = QBh/ dT/d3 /dgx’ Va;;l,tb/ )Géa (x, T3 X, T)G,(,/O),(X 7%, T), (11.18)

and the last term is called the exchange term

1 " in
Y=o / dr / d'x / A" Vi (. ) Gl (6, 73X, 1) Gy (% 7%, 7). (11.19)
0

The grand-canonical free energy is conveniently represented in a graphical way, namely, with
the help of Feynman diagrams [43]. In order to interpret the Feynman diagrams correctly,
we have to introduce the corresponding Feynman rules of our systems.
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11.2.2 Feynman Rules

The diagrammatical representation of the non-interacting Green’s function (2.74) is given
by a straight line with an arrow

xro —e— xp = GO(x,7x 7). (11.20)

Furthermore, two vertices connected by a dashed line denote the interaction potential
X/77—,,b,
1

>'“< = - ﬁUaba/b/(XaT;yaf;xlaT/;yla%/)a (1121)

T+ -V )
y7T7b Yy ,7,a

where we have defined

Uaba'ty (Xa 7Y, T; Xl) T,; yla 7:,) = 5(7— - T,)(s(T - 7:)5(7—/ - 7:/)5(}( - Y)é(xl - y/)‘/;lba’b’ (X> X,)~
(11.22)
This rather formal way of writing the interaction potential is necessary to define properly
the graphical connection of the Green’s function and the interaction potential, which has to
be performed according to the rule

Y
! 7 x,7T,a x', 7.

X,T,a e 1 1S
A T & T [ S
y,7,b y=—1"0 y,7,b

y' 7 .a y',7a
(11.23)

Note that according to the latter rule we connect the ends with the same sets of indices.
After performing the integrations and the summation, the respective indices vanish from the
diagrams.

Applying the latter rules to (11.18) and (11.19), we obtain for the direct term

1
FO) _ 55 GQ (11.24)
o 1 , (11.25)
20

We just state that the grand-canonical free energy reads in second order perturbation theory

F@ _ EQO n @O n %QQO+ i + % (11.26)

Most conveniently, higher order contributions to the grand-canonical free energy can be
obtained by adopting a graphical recursion formula presented in Ref. [59].

and for the exchange term
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11.2.3 Delta Interaction Potential

So far, we have not specified the two-particle interaction Vipey (x,x’) in (11.22). Using the
two-particle interaction (9.10) and the diagonal form of the Green’s function (2.74) gives for
the direct contribution of the grand-canonical free energy (11.18)

Fo L / i / B | e (i Gé“’>2 + o (Gé” - Gé”)Z (11.27)
2677/ 0 a=-—1

and for the exchange contribution (11.19)

g 1 [ ~ (@2 L) 02 o
F():Qﬁ—h/o dT/de 0> G e || 36 ) — 60— 2606 . (11.28)

a=—1 a=—1
where we used the abbreviation
G\ =G (x, 7 x,7) (11.29)
0o — 0 g Ly Ny . .

As it can be seen from (2.74), the Green’s function does not depend on the imaginary time
anymore for 7 = 7. Therefore, the time integrals in Eqgs. (11.27) and (11.28) are trivially be
integrated out. Using (11.13) and (11.14) we get for the direct term

1
FO = / P2 [en® ()? + ezm® ()] (11.30)

and correspondingly for the exchange contribution

FE = ; / & { > D)2+ e [0 (3% 0 ()2 20" (x)n ) (x)| } . (1131

a=—1

As seen from (11.30) and (11.31), the direct contribution depends only on the total particle
density and the total magnetization, whereas the exchange contribution is also sensitive to
the particle density in a single Zeeman state. Furthermore, we observe that, if the system
occupies only one Zeeman state, then F®) coincides with F®).

In order to calculate analytically the spatial integrals in (11.30) and (11.31), we use the
semiclassical expression of the Green’s function (see Appendix C.2). For 7 = 7/ and x = %’
it is given by
a 1 — x)—p—a’
G (x, 7%, 7) = 53 G (e BV G- "]) . a=1,0,—1. (11.32)

The integrals in (11.30) and (11.31) are then analytically solvable. The explicit calculation
is shown in Appendix C.3. Using (11.27), (11.28), (11.32), (C.25), and (C.28) yields the
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direct free energy
FO) = 1 1 B(u+n) B B(n—n)
= 2 0vhop Caaa () +Caaa (€M) +Caga (7077)

3 (eﬁ(wrn), eﬁ(;ﬁﬂ)) +2(s 33 (eﬁ(wn)’eﬁu) + ZCg (eﬁ(ufn)’eﬁu”

33
7272

T ey [gggg (eﬁ(qu??)) + Q%%% (eﬁ(u*n)) _ 2€%%% (eﬁ(/ﬂrn)7 eﬁ(u*ﬁ)) ] } (11.33)

and the exchange term of the free energy

11
FO - Tt {CO[C;;,; (X940) 4 Cy gy (™) + Gy (eﬁw—n))] (11.34)

+ ey [C%%% (eﬁ(u+n)) + ng

(S

27272

(eﬂ( ) +2C3 33 ( ﬂ(u+n) 6u) + 2€% 53 (eﬁ(u—n)’eﬂu) ] }’

where we have introduced the generalized polylogarithmic function

- 21 Z2
Cape (21,22) = Z Z nan®(n + n')

n=1n/=1
Ca,b,c(z) = Ca,b,c(zaz>- (1135)

Moreover, we define the total first-order contribution to the grand-canonical free energy as
FOE = g0 4 FE®), (11.36)

This provides us the basis for studying the interacting system up to the first order in per-
turbation theory.

11.3 Particle Number / Magnetization

In this subsection we calculate the dependence of the fugacity and the magnetic fugacity
on the total number of particles and the total magnetization. This is important, because
i and n have to be chosen in such a way that the total number of particles and the total
magnetization are conserved. We start with the normalized number of particles which is
given by

1 0F

N=—-———. 11.37
N op (11.37)
In analogy to the treatment of the ideal spinor gas we set
3
NG (11.38)

— (hB@)?
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Here the zero in the subscript indicates that ( is computed at the critical temperature T,
which is defined in Eq. (6.7) as the critical temperature of a full-polarized ideal spinor gas
without finite-size scaling. Using (11.15)—(11.17), (11.33), (11.34), and the differentiation
rules (C.32), (C.33) we obtain for the normalized total number of particles

N = NO%u,n,T)+ NP (u,n,T), (11.39)
with the zeroth order contribution
T3
¢(3)

and with contribution due to the particle interaction

NO(u,n,T) = {C:«z (eﬁ(qun)) + (s (eﬁ“) + G (eﬁ(u*n)) ] (11.40)

77/2
N(D+E)(M’777’]') = -2 7{(@0 + {g) [@ 31 (eﬂ(u+n)) +Casa (eﬁ(u—n))
C(?’))\O 20272 212732

+ %%% (eﬁ(qun)7 eﬁu) + %%% (eﬁ(u—n)7 eﬁu)] +ay ¢

()

(eﬁ(wn)’ eﬁ(u—n)) }’ (11'41)

[SIY
[SIY
(S

+ (&0 - &2) C%,%,

1
2

where the s-wave scattering lengths a@; are defined in (9.9). Note that according to the
definition of the normalized quantities (2.37) we have N’ = 1. However, for the time being
we continue to use the notation N, as it indicates that this term corresponds to the total
number of particles. Analogously we get for the normalized magnetization

M = MO, T)+MOE (4 n T), (11.42)

with the zeroth order contribution

MO (1,0, T) = %{@ (eﬂ(u+n)) — (s (eﬂ(u—n)) } (11.43)

and with the contribution due to the particle interaction

T2 (_ _
MEB G T) = =2 g(s‘)xo{(“”@)[% (X) =g (777) (114
+ C%%’% (eﬁ(HJr??), eﬁu) _ C%%’% (eﬁ(ufn), eﬁu)}

+ (g — as) [C%%% (eﬁ(wn)’ eﬁ(ufn)) _ %7%% (eﬁ(uw)7 eﬁ(qun)) ] }

As can be seen from the latter equations, both the fugacity and the magnetic fugacity have
to be determined as a function of temperature. In principle, Egs. (11.39)—(11.44) could be
solved numerically for any temperature above the first critical temperature. However, here
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we are only interested in calculating the first critical temperature 7.,. Assuming that p.,,
N, and 7., depend only weakly on the interaction we may write

po = pl) b ply < pl) (11.45)

c1 ?
N ~ 0+, <l (11.46)
T, =~ TV+170, TV <1

c1 )

(11.47)

where uﬁ?), né?, ’]2(10 are the respective solutions for the ideal spinor gas and ,uci), 778),

7}(11) the respective first-order corrections. The subscript ¢; indicates that the quantities are
computed at the first critical temperature 7 = 7.,. Substituting Eqgs. (11.45)—(11.47) in
Eqgs. (11.39)-(11.44) and neglecting terms of the order a@;a; or higher orders yields at the
critical point

(1)

T
=13k ] N (0T + N (10 7.0) (11.5)

17 7¢c

C1
72(10)3 72(11
¢(3) 7

+ —7;(10)3
¢(3)

Z5B0 L (1D + 1) Glz) + 1O6(2) + (18 = 1) G/ 2)|

% () +26(2/2)

B( ) (Mg) + 77 ) |:C2(ZZ77) + Ca(2) + C2(Z/Zn)} -

and for the total magnetization

(1)
M =

Cl

] MO (40 1@, TO) 4 M) (10 70 (11.49)

70°% 7

208 [ (4 +12) o) = () =) /)|

C(3) 7
T o) (0 Vo)
+ = B0 (ul) + n) | Glzz) — G2/ 2) | +2 22— Gaolz/ 2),
¢(3) C (3)
where we have introduced the abbreviations
Bé?) = 1/(kBTc(P)), z = eﬁgl)) Her 2y = eﬁﬁ?)"ﬁ?. (11.50)

To eliminate the last term in (11.48) we use (11.49) and solve for 7V leading to
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7O Ga(2) TC<0>3
o {AN+AM<1+ )— L 30 (0 )

70 TRETERY RPRE
|16 + e/ + @Cjzg/f N /{3 .00, 70)

0)3
(0) (0) (0) ()
+ M (:U/Cl 77761 ? (&) ) < 2<2 Z/Zn ) :| 3

<9+ i) (1) + (o) + LIEERT) (1151)

where we have defined

AN = N = NO (0 50 7100 — Ar®FE) (1,0 1(0) - 710)) (11.52)

17 7¢ 17 7¢

AM = M= MO (19,0, TO) MO (,O 40 70) (1153
For vanishing two-particle interaction the quantities AN AM, ,ucl + 7701 become equally
zero and therefore also the critical temperature shift ’221 vanishes. To explicitly calculate
(11.51), we have to know the quantities ’Z;l , ug?), né? and ug) + 778). In principle, the first
three quantities could be taken from Part II of this thesis, where we have treated the ideal
spinor gas. The last quantity, which is due to the interaction, could also be obtained by
solving the Gross-Pitaevksii equation in first order for the interacting spinor gas. However,
this would be inconsistent with the present perturbative treatment of the problem. For
example, the Gross-Pitaevskii equations are, in principle, only valid in the zero-temperature
limit, where nearly all particles are Bose-Einstein condensed. In contrast, the perturbative
approach is only valid for temperatures above the first phase transition. Thus, it would be

delicate to mix those two different approaches. Therefore, we calculate ’];(10 , ,u,(g?), nﬁ?) and

,u,(gl) + 7751) consistently within perturbation theory.

11.4 Criterion for Phase Transition

We have to find a criterion where the phase transition occurs. Two major characteristics of
Bose-Einstein condensates are that particles macroscopically occupy the ground state and
that the correlation between the particles start to diverge. This is because they share the
same wave-function with the same phase. Therefore, we introduce the criterion that one of
the correlation functions

Gap(x, 7%, 7")

H fﬂw waa] ba(x, T (X, 7 ) AW (11.54)

a'=—1
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diverges at the first critical temperature. Note that (11.54) defines the Green’s function
of the interacting system, where the Feynman diagrammatical representation is given in
analogy to the non-interacting Green’s function (11.20) by

Xm0 —a— x7b = Gux,7;x,7). (11.55)

Thus, the divergence of G(x, 7;%’,7') implies that its functional inverse G,'(x,7;x/,7’),
defined as

hg
/ dT"/ " G Hx, %X, TG (X", 7" %X, ) = 6ub(x — X))o (T — '), (11.56)
0

vanishes. Both the Green’s function of the interacting system G, and its functional inverse
cannot be calculated analytically. Therefore, we write the functional inverse as the sum of
the functional inverse of the ideal spinor gas and an additional term, called the self-energy:

G lHx,m;x, 1) = GS})_I(X, 7%, 7)) — S (x, 7%, 7). (11.57)

We introduce the Feynman diagrammatical symbol for the self-energy as

X,T,a -4@4— x' b = Eab(X, T; X/, T/). (1158)

Note that in the latter definition the small arrows on the left and right side of the circle,
belong to the definition of the self-energy and must not be mixed up with the symbol of the
Green’s function (11.20).

In (11.57), the functional inverse of the non-interacting Green’s function is given by

_ 1 -
GO (x, %, 7) = ﬁé(x —xo(r —7) { [ha% -3 A+V(x)— u} Oab — nFib} :
(11.59)

which comes from the fact, that the Green’s function fulfills the differential equation (2.75).
In order to get rid of the derivatives in Egs. (11.57), (11.59), we perform a Fourier-Matsubara
decomposition of the Green’s function

- 1 = — W (T—1' d*k ik(x—x") y— X+ X
Gabl (Xa T X,a T/) = _5 mzzooe ! ) / (271_)36 ( )Gab1 (k> W —2 . (11.60)
Note that we imposed G, (x,7;%’,7') to be A3 periodic and therefore we were able to per-
form a Matsubara decomposition, where w,,, = 2rm/(h{3) denote the Matsubara frequencies.
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Comparing (11.57), (11.59) with (11.60) leads to the identification

1 h2k?
G (K, win; X) = 7 { [—z’hwm +57 t V(x) — 4 Sab — nF;b} — Yk, wp;x)  (11.61)

with the Fourier-Matsubara transformed of the self-energy

h3
Yob (K, win; x) = / dr ei“’mf/ Bo'e XD, (x + X /2,7 x — % /2,0). (11.62)
0

In (11.60), we have decomposed the inverse of the correlation function in its Fourier compo-
nents. Physically, we know that the correlation function only diverges for particles starting
to Bose-Einstein condense. Such particles are in the ground-state and therefore the corre-
sponding contribution to the Green’s function is the one describing particles with k = 0.
Furthermore, these particles do not depend on imaginary time. Therefore, only the k = 0,
wm = 0 contribution to the Green’s function can diverge. Correspondingly, only ngl(O, 0;x)
can become zero at the first phase transition. By defining an effective potential

V™ (x,1,m) = hG L (0,0;%) (11.63)

the problem reduces to the determination of the point, where the minimum of V;(be ) (x, 1, m)
becomes zero with respect to x, p and 7, i.e., we have the condition

. eff
min Va(b )(X, ey Ney ) = 0. (11.64)

Using (11.61) we can equally write for (11.63)
VED G rm) = (V%) = 1] by — 0 — 1 500(0,0%). (11.65)

Before explicitly calculating the self-energy, we consider an ideal spinor gas. In this particular
case we have the identity G,} = Gé%)fl. From (11.57) we then deduce that the self-energy

vanishes identically and therefore the effective potential reduces to
VO, ) = [V(X) - u@)} Sab — 0, (11.66)

The superscript denotes that we are in the ideal spinor system. Considering a positive
magnetizated spinor gas we get with (11.64), (11.66) the condition

. eff,0
min V™ (¢, ) = = () + ) = 0. (11.67)

The quantity Vl(fff) is related to Gﬁ) through Eq. (11.63) and the fact that the Green’s
function is diagonal in our system. Furthermore, we know from (11.11) that for equal space-
time points Ggol) coincides with the particle density of the first Zeeman state. We therefore
deduce, that particles in the first Zeeman state first Bose-Einstein condense. We turn back
to the case of an weakly-interacting spinor gas and calculate the self-energy of the system.
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11.5 Self-Energy

In order to calculate the self-energy we start with the Schwinger-Dyson equation [43]
Gu(x, 7%, 7') = G((I(I)))(X,T;X/,T/) (11.68)
h3
/ dr"” / d*z" / dr"” / B GO (x, 7 X", 7" Do (X", 7" X" TG (X T X T,
0

In terms of Feynman diagrams, it reads with (11.20), (11.55), and (11.58)

X,T,0 =——e——— x'7'b —= X,7,6 —e—— x'7'b + X7 —<—©>=-= x'7'b . (11.69)

To prove the Schwinger-Dyson equation we simply insert the definition of the self-energy
(11.57) in (11.68), use (11.56) and the corresponding equation for the non-interacting Green’s
function. Note that the Schwinger-Dyson equation is still an exact expression. Furthermore,
we have the relation

1
H 7{ Dy ]{ Dwa] a3, )5 (X, 7') e AR (11.70)

hg
—Ga?))(x T x’ 7' 277,/ dT”/dgfL‘”/O dTW/d?’ZL’Wé( ///)‘/C(C;?,t;,( ,XW)
(0)
><<77/)a(X, TWZ(X/,T’W:(X",T")@/)d(X",T")w (X/// 7_///)wd/(x///’7_///)> 7

which is derived in analogy to Section 11.1 by expanding the exponential function into a
Taylor series around A©® and using the first-order result of the partition function (11.2) in
(11.54). Thus, using the Wick rule and the symmetry properties of the interaction potential
(2.5), the Green’s function in first-order perturbation theory reads

Gab(X7 T X/, 7_/) ng (X T ! 7_ / /// d3 /// dTm/ de///(s ///)ch;gtg/ (X”, X///)
(0) o i ~(0) .ot N~ o
X Gac(X’T’X7T)Gd’c’(X T X, T )Gdb(X777Xa7—)

+ GOx, 7 x", T )G( (X", 7" X" T"’)Gg,)b(x”’ " x 7')} (11.71)

or equivalently

Gux,mx, 7)== —e—rn + Q + _4_C.1_._+
———t——

: (11.72)
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where we omitted for simplicity writing the respective indices. On the other hand an iteration
of the Dyson equation (11.68), (11.69) leads to

which corresponds to the following analytical expression

Gu(x,7:x,7) = GO (x,7:x, )

/ dT"/ Pz "/ ’"/ B GO (x, 7 x", T )ch(X//,T”;X”/,T”/)Gg;)(xm,T///;X/,T/).
(11.74)

Comparing (11.72) with (11.73) and amputating a line on the left-hand and the right-hand
side of the diagrams we get the following one-particle irreducible diagrams of the self-energy

Yea(x" 7 x" ") = O + x7a -«Kjl- X 7'h 4 (11.75)

]
x,7,0 -+be x' 7D

The first term on the right—hand side is the direct contribution to the self-energy

Zg)(x X" ) = _ﬁ(s( 7 5(x" — x") /d3x V:;S?/t)’ (X”’X)GEZ?Z’(X> x, ")
(11.76)

and the second one
1 in
Z’(:S) (X”, 7_//; X/”, 7_///) _ _7_15(7_// B 7_///) ‘/c(d/;’)d(xﬂa X///>G$Z/ (X//, 7_//; X”/, 7_///). (11'77)

The dots in (11.75) denote terms of higher order, which contribute contributing to the self-
energy.

The expressions of the self-energy (11.77),(11.77) are valid for an arbitrary two-particle
interaction potential in first-order perturbation theory. We now substitute our particular
interaction potential (9.10) in Eqs. (11.76), (11.77) and obtain for the direct diagram

1
Eg)(x, %, 7)) = —ﬁ5(7' —7)6(x —x) [co n© (X)0ap + C2 m© (x) aZb] , (11.78)
where we also have used the relations (11.13) and (11.14). Correspondingly, the exchange
contribution of the self-energy reads

1
ij) (x,7;x',7) = —ﬁ5(7 —7)6(x —x) {ngo) (x) diag <co + ¢, Ca, O)

+ n(o)( )diag<02,co,02> 1+l 1( )d1ag<0 Ca, Co +02>}, (11.79)

where diag(a, b, c¢) denotes a 3 x 3 matrix with the diagonal elements a, b, c. We are now
able to continue our derivation of the first critical temperature of Section 11.3.
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11.6 First Critical Temperature

In order to obtain the first-order correction of the critical temperature, we have to calculate
the remaining quantity ug) + ng). As derived in Section 11.3, we can calculate the latter by
minimizing the effective potential Va(fﬁ). Using the semiclassical expression of the Green’s
function (11.32) and Egs. (11.13), (11.14), (11.57), (11.62), (11.63), (11.75), (11.78), (11.79)

yields for the diagonal components of the effective potential

e 1 B O
‘G(lﬁ)(X’lL[/’n) = V(X> _“_77"‘?[2(004‘02)@3/2 (e BV (x)—p 77])

+(co + €2)Caz (€7PVEIHY L (0o — cp)Capa (e 1V OO ]

e 1 B N
Vg (%, ) = V(x) —;wﬁ[(cﬁ@)gm (=BGl

+2¢0 Gajo (e7PVEITH) 4 (co + €2)Capp (e7P1V O 714 } ,

. 1 e
VD (x, ) = V(X)—ptn+ = [(co — ¢2)Cyyo (e PV =1l

"‘(CO + C2)C3/2 (efﬁ[\/(x)f,u]> + 2<C0 + CQ)CB/Q (efﬁ[V(x)fqun}) :| . (1180)

The remaining components of the effective potential are identical zero.

In Section 11.4 we have shown that for the limiting case of a non-interacting spinor gas,
the component Vl(le T hecomes first zero, namely, at the point x = 0. Now, taking a weak
interaction into account, leads to the assumption that the system deviates only weakly from
the non-interacting case. Therefore, we again expect Vl(f ) to become first equally zero at
the space-point x = 0. Thus, using Eqs. (11.45), (11.46), (11.67), and (11.80) leads to the

condition

) ) = = [2(60 +e2) C(3/2) + (co + €2) G32(2) + (co — ¢2) gg/z(,z?)] . (11.81)

Cc1

This was exactly the equation, which was missing to determine the shift of the critical
temperature (11.51) in first-order perturbation theory. With Egs. (11.39)—(11.53), (11.67),
and (11.81) we get for the temperature shift

= ap(M) = + a(M) 2 (11.82)
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with the coefficient

anM) = 516333 () 480133 (1) — 463 |262) + Glo) + 602) - G2
G
+ 2422((;)) [C% s (1,2%) = Cras (2%1) } } %10)(2)/{26(3) + G(2)
G(2)
+ 26(2) [C(3) - C3(22)} } (11.83)
and
ozz(M) = % 24(%7%7% (1) + 12(%7%7% (1, 2) + 6§%’%’% (Z, 1) + GC%’%’% (2,22) + 8(%7%% (Z)
+ 4G s s (1,2%) =2 [6g(3/2) +3Csa(2) + g3/2(22)} [2g(2) 4 Go(2)
G2(2) C2(2)
+ [<(2> - C2(22>]2<2(22)] + CQ(ZQ) [GC%%% (1) - 6<%%% (2’2) + 3C%7%7% (1,2)
“ 335 (2) 4 G (129 - s (A1) ] W)
G2(2)
/{26(3) + G(2) + 2607 [g(?,) — gg(zﬂ } (11.84)
Here, we have for the first critical temperature in zeroth order according to Eq. (6.13)
O (. _ ¢(3) ]1/3
7060 = | e Ta® (11.85)
and, using Eq. (6.14), the respective expression for the magnetization reads
)= 6() o

((3) + Ca(2) + Ca(2?)

We note that the coefficients ag, as do only depend implicitly on the magnetization, i.e.,
@p2(M) = ag2(z(M)), where z has to be determined from Eq. (11.86). In Figure 11.1, we
have plotted «g, as parametrically as a function of the magnetization. We observe that the
coefficients are always negative. Therefore, according to Eq. (11.82), for positive (negative)
s-wave scattering lengths the critical temperature shift is always negative (positive). Positive
(negative) s-wave scattering lengths correspond to repulsive (attractive) interaction during
a two-particle collision, i.e., the higher (lower) the s-wave scattering lengths, the more the
mean interparticle distances increase (decrease). If we take the rough criterium that Bose-
Einstein condensation occurs if the de Broglie wavelengths of the particles are equal to the
mean distances between the particles, then the shift of the critical temperature is directly
explained.
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0.2 0.4 0.6 0.8 1.

Figure 11.1: Behavior of the critical temperature shift coefficients ag, ay in (11.82) as a
function of magnetization. «q vanishes for a full polarized F' = 1 spinor gas, which is due to
that not collisions with a two-particle total angular 0 occur. For vanishing magnetization,
s is exactly 5 times smaller than oy, which originates from that the two-particle state with
total angular momentum 2 is five time degenerate, whereas the other one is not degenerate.

To gain more physical insight and more trust into the solution for the first critical temper-
ature shift (11.82)—(11.84), we discuss two particular cases. At first we treat the case of a
full polarized spinor gas and then the case of a non-polarized spinor gas.

11.6.1 Fully Polarized Spinor Gas

In a full polarized F' = 1 spinor gas all particles occupy the Zeeman state |1). The magneti-
zation M then coincides with the total number of particles N’ = 1. According to Eq. (11.86)
this is the case for z — 0. Substituting this in Eqs. (11.83)—(11.85) and taking properly the
limit z — 0 yields

4
and consequently with (11.82), (11.85) the relative critical temperature shift reads
72(11) a2
= 3426 2. (11.88)

C1

Therefore, for a full polarized spinor gas the contribution to the first critical temperature of
the s-wave scattering length ay vanishes. This is because aq takes account to collisions, where
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the two-particle state has a total angular momentum of F' = 0 as can seen in Egs. (9.5),
(9.6). However, in a full polarized F' = 1 spinor gas the total angular momentum of the total
state of two colliding particle is necessarily always |F' = 2; a = 2), otherwise the conservation
of total angular momentum would be violated.

Our particular result (11.88) for the critical temperature shift of a full polarized spinor
gas coincides with the one of a spinless BEC as derived in Ref. [60,61], which recently has
been approved experimentally to high accuracy [62]. This happens because, due to the
conservation of the magnetization, the full polarized spinor gas behaves practically like a
spinless Bose gas. Therefore, our result (11.82)—(11.84) also obtains the scalar BEC physics.

11.6.2 Non-Polarized Spinor Gas

Now, we discuss the limit of a non-polarized spinor gas. According to Eq. (11.86) a vanishing
magnetization corresponds to a fugacity z = 1. We substitute this value in (11.83)—(11.85)
and get for the coefficients

4

()40(0) = 31/69{(3)

Craa(l)— 4(3/2)4(2)} ~ 1371,  as(0)=5a0(0)  (11.89)

and according to Eqs. (11.82), (11.85) for the critical temperature shift

72(1)
L 1371 (i—z+5i—z) (11.90)

This is a quite interesting result, because it states that in first-order perturbation theory
the contribution of the s-wave scattering length as is exactly five times higher than the one
of ag for a vanishing total magnetization. The physical explanation is the following. In a
non-polarized spinor gas all Zeeman states are completely degenerate. Therefore, during a
two-particle collision, the total two-particle wave function is not restricted to only one par-
ticular state, like for the case of a fully polarized spinor gas as discussed in Sec. 11.6.1.
On the contrary, the probability to form one of the two-particle states |F' = 0,a = 0),
|F=2a=2,1,0,—1,—2) is the same. Therefore, due to the five times higher degener-
acy of the |F' = 2) state, the probability to form the latter state is five times higher than the
one to form the state |F' = 0). The factor five in Eq. (11.90) reflects this behavior.

11.7 Examples: Rubidium and Sodium

So far, we have discussed the coefficients ag, o in (11.82). Now, we consider two important
examples, namely, a spinor condensate consisting of ¥ Rb and #*Na atoms, respectively. To
this day, the only F' = 1 spinor condensates, that have been realized experimentally, were
from the latter two kinds. In Table 11.1 the s-wave scattering lengths and masses of Ru-
bidium and Sodium are summarized. According to Table 11.1 both atoms, 8"Rb and 23Na,
have a positive s-wave scattering length. Therefore, we have a negative shift of the first
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| agp a9 M
BNa | 50.0 55.0 22.99
8Rb | 101.8 100.4 86.91

Table 11.1: Atomic parameters for *Na and 8"Rb atoms [63,64]. ay and ay are in units
of Bohr radius ag = 0.529 x 1071m and the atom mass M is given in units of u = 1.66 x
10~2"kg.

critical temperature. In Figure 11.2 we have plotted the relative (a) and absolute (b) critical
temperatures for both kinds of atoms. Here, we have chosen the trap frequency @w = 27 100
Hz and the total number of particles N = 10°, as typical experimental values.

We first discuss Figure 11.2 (a). The black and the grey line denote the first and sec-
ond critical temperature of an ideal F' = 1 spinor condensate. For the ideal system these
critical temperatures have been discussed extensively in Chapter 6. Note that according
to (6.7), (6.13) the critical temperature of an ideal spinor condensate does not depend on
the properties of the atoms, but only on the total number of particles in the system. The
first-order critical temperatures of Sodium and Rubidium are denoted by a red and blue
line, respectively. As it can be seen, the shift of the critical temperature of Rubidium is
around four times higher than the one of Sodium. This is because of two facts. First the
s-wave scattering length of Rubidium is two times higher than the corresponding of Sodium.
Second, the critical temperature shift also depends according to Eq. (11.82) on the reciprocal
de Broglie wave length Ay from Eq. (1.1), which is proportional to 1/v/M. Considering that
the mass of Rubidium is four times higher than the mass of Sodium leads to another factor
two contributing to the shift of critical temperature.

In Figure 11.2 (b) we have plotted the first critical temperature on an absolute tempera-
ture scale together with a numerical result of a Hartree-Fock-Popov approximation, which
is taken from Ref. [65]. The color mapping is the same as in Fig. 11.2 (a). Our analytical
result clearly predicts a larger shift of the first critical temperature than the numerical re-
sult. We point out that the analytical result has been well approved for the case of a full
polarized 8Rb condensate [62], which is shown in Figure 11.3. Here, the critical tempera-
ture was measured as a function of total number of particles. The dashed line denotes the
critical temperature of a full polarized 8"Rb system with finite-size correction, which is given
according to Egs. (6.7), (6.13) by

_ . 1/3
7o) _ oy _ 10 ¢@2) e o | N (11.91)
Cc1 C1 kB 6€(3)’ c1 kB ?
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Figure 11.2: First critical temperature in first-order perturbation theory for sodium and
rubidium for N = 10° and @ = 27 x 100 Hz. Due to the repulsive two-particle interaction, the
critical temperature of sodium and rubidium experience a shift towards lower temperatures.
In (a), the critical temperatures are given on a relative temperature scale and are compared
to the first and second critical temperature of a non-interacting F' = 1 spinor gas. In (b),
T,, is plotted on an absolute temperature scale and compared with a numerical Hartree-
Fock-Popov calculation, given in Ref. [65], where the red (sodium) and blue (rubidium) dots
denote the respective numerical solutions.

whereas the solid line is the critical temperature in first-order perturbation theory, i.e.,
according to Egs. (1.1), (11.88)

Ve
TOFS) _ 13260, N0y [ =2, (11.92)

T
h

;=

We see that the experimental observations show a good agreement with the first-order per-
turbative result in the limit of a full polarized spinor gas.
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Figure 11.3: Critical temperature of a full polarized 8Rb BEC as a function of atom
number at 7;,. The experimental points are denoted as circles. The dashed line follows the
ideal gas law Eq. (11.91), whereas the solid line is the first-order perturbative result of the
first critical temperature (11.92) in a full polarized system . The shaded area is the range

of acceptable fits taking statistical and systematic errors into account. The figure is taken
from Ref. [62].






Summary

On the basis of the quantum-field theoretical description of many-particle physics, we stud-
ied the thermodynamic properties of a F' = 1 spinor Bose-Einstein condensate for both a
non-interacting and a weakly interacting system. By doing so, we took into account the
experimental constraint that the total number of particles and the total magnetization are
conserved.

For the case of a non-interacting /' = 1 spinor gas, we have shown in Chapter 5 that
the additional condition of a conserving total magnetization leads to the occurrence of three
phases: a gas, a ferromagnetic, and an antiferromagnetic phase [56], whose properties are
depicted in Figure 5.2. In the gas phase, all particles occupy excited quantum states, whereas
in the ferromagnetic phase, the spinor system consists of a full polarized Bose-Einstein con-
densate and a partially polarized thermal cloud. Reaching the antiferromagnetic phase,
the magnetization of the BEC fraction coincides with the total magnetization of the whole
system. In contrast, the magnetization of the thermal cloud vanishes completely in the an-
tiferromagnetic phase. We then calculated in Chapter 6 the critical temperatures of those
phase transitions as a function of magnetization for both a homogeneous and a harmonically
trapped spinor gas, which are plotted in Figure 6.1. For the harmonically trapped spinor
system, we studied its finite-size scaling where we observed a decrease of the first and the
second critical temperature. In order to compare our results with future experiments, we
calculated in Chapter 7 the occupation numbers of the respective Zeeman states in the ther-
mal and the BEC fraction for different magnetizations and temperatures, which are shown
in Figure 7.3. In Chapter 8 we finished the treatment of the ideal F' = 1 spinor system by
calculating the heat capacity for all three phases, which are plotted in Figure 8.1. There,
we observed in case of a homogeneous spinor gas that the heat capacity is continuous for
all temperatures. However, it exhibits at the first and second critical temperature a phase
transition of third order. In contrast, the harmonically trapped spinor gas is continuous for
all temperatures except for the first and second critical temperature, where it shows a phase
transition of second order, i.e., it has a discontinuity at those temperatures. The jumps
of the heat capacity at the critical points are depicted as a function of magnetization in
Figure 8.2.
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108 First Critical Temperature in Perturbation Theory

After having elucidated the contact interaction in a spinor Bose gas in Chapter 9, we de-
rived in Chapter 10 the Gross-Pitaevskii equations of a weakly interacting F' = 1 spinor gas
and determined the solution within a Thomas-Fermi approximation. For the special case
of a non-conserving magnetization, it turned out that the weakly interacting F' = 1 spinor
system exhibits either a ferromagnetic or an antiferromagnetic phase, depending on the sign
of the interaction strength cy [22,23]. The ferromagnetic phase occurs for ¢; < 0 and is
characterized by a fully polarized BEC fraction. In contrast, for ¢; > 0 the BEC is not
polarized at all and shows an antiferromagnetic behavior. Taking again the conservation of
the magnetization into account, we continued our study in Chapter 11 with an analytical
first-order perturbative calculation of the first critical temperature. For repulsive interaction
strengths we predict a negative temperature shift compared to the ideal system, whereas for
attractive interactions a positive shift is expected. We studied the limit of a fully polarized
spinor gas, where our result coincides with the first-order result for the critical temperature
of a scalar Bose gas, which was originally derived in Ref. [60] and experimentally observed
in Ref. [62]. We finished this thesis by comparing our first-order result for the first critical
temperature with a numerical Hartree-Fock-Popov calculation performed in Ref. [65], which
was valid for arbitrary magnetizations. As shown in Figure 11.2 (b), our result predicts a
larger shift towards negative temperatures.
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Appendix A

Coherent States

In this appendix we show different properties of coherent states

) = e { [ @rueodie o), (A1)

which are important for deriving the functional integral picture representation of the grand-
canonical partition function. In the following we consider only spinless particle, i.e., we set
Ve — ¥, @I — @'. The proofs for bosons with non-vanishing spin is completely analogous.

A.1 Coherent States

In this section we explicitly show that (A.1) is a coherent state. Using Eqs. (2.2), (2.6), and
(2.22) leads to following expression for the coherent state

[¥) = exp {Z wnéil} 0) . (A.2)

where |0) is the vacuum state in the particle number representation. By virtue of the
commutator relationship (2.11) we equally write for the latter

AN

o (¥nd)
vy =111 2_ % 0). (A.3)

n Np=0 n

Applying Eq. (2.8) Ny-times leads to

w i

=11 Z n (A4)
n Nnp=0

where the state |N,) denotes that N, particles are in the state |n) and the total state is

then given by
ITIVa) =1 Na,.) (A.5)
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We multiply Eq. (A.4) from the left side with the annihilation operator ¢n and obtain with
Eq. (2.7)

o 1) = ;SM/____ —n[]g;%ﬁf|> (A.6)

Relabeling the summation index N, and comparing with Eq. (A.4) directly leads to the
desired result

Ow [1) = P 1) . (A7)

A.2 Scalar Product

We prove that the scalar product of two coherent states is given by

(') = exp {Z w;;zz);} . (A8)
According to Eq. (A.4) the left-hand side of (A.8) reads
Va4 )N
(Yly) ~T # (Nn|Nu) - (A.9)
11_11[’ Nr.z—o N’Z Ny!

The vectors of the occupation number representation fulfill the orthonormality condition,
i.e., (Ny|Ny) = Onn leading to

* /

Iy HZ wnN“, (A.10)

n Np=0 n

which is identical to Eq. (A.8).

A.3 Closure Relationship

We show that the coherent states obey the closure relationship

/ Dy / Dy e ) (] = 1 (A11)

with the measure defined as

[ [ Do [13 [ 2 jw_] (A12)
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Using the definition e®¥¥) = (1]2)) and substituting Eqs. (A.4), (A.8), (A.12) in (A.11) yields

dwn_ wn n” /

n’ n’ N!, n”
(A13)

To simplify the latter expression we define the product

g 1) (1) (1)

n//

—~

A14)

where C, may contain c-numbers, sums, and integrals. Note that
Q) INa) (Nal = |- Nay o ) (o Nay o # [ ] Va) (NVal (A.15)

With the definition (A.14) we write (A.13) more conveniently

B O L (TR = (W)™
1_@/\/% 5= N;O\/NT!'N“>Z N/'(Nn. (A.16)

N,=0 n’

We perform a coordinate transformation
P = rpetn — dptdapy = 2rdrde (A.17)

and write (A.16) as
NatN,

]l—®/dr ZNZW

On the right-hand side, the second integral is simply 270y, vz and therefore the latter term
simplifies to

N’|/ depeon(Nn=Nn) (A.18)

o0 2 00
1=@ Y IN) (Nal 5y /0 dr 120 g (A.19)

n Np=0

The integral cancels the precedent factor, which leads with (A.14) to the final result

1= (Z Z )|N0,...,Nn,...)(NO,...,Nn,...|. (A.20)

Nn=0

On the right-hand side we have the completeness relationship in the occupation number
representation, which proves our assumption (A.11).






Appendix B

Useful Formulas

In this appendix we derive several mathematical formulas, which are used in this theses.

B.1 Poisson Summation Formula

We prove the Poisson summation formula [47]

o0

Yo d@—m)= > e (B.1)

m=—0oQ n=—oo

By multiplying the latter with a function f(z) and integrating over all z, we can equivalently
write for Eq. (B.1)

Y fm)= Y / o flx)e 2| (B.2)

m=—0oQ n=—oo

The proof is as follows. The comb function

is periodic in z, i.e., we have
s(x+ k) = s(x), k=0,+1,£2,.... (B.4)

Therefore, we may expand s(x) in a discrete Fourier series

s(x) = Z e (B.5)

n=—oo

with the Fourier coefficients )

Sp = /2 dx s(x)e”2mn, (B.6)

S
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Substituting the definition (B.3) into Eq. (B.6) yields

Sp = /2 dx Z §(x —m)e ™" =1, (B.7)

1
2 m=—00

Using Egs. (B.3), (B.5) and (B.7) leads directly to the desired Poisson formula (B.1).

B.2 Schwinger Formula

Due to Schwinger [48] we have for az > 0 the relation

1 1 o0
— d z—1_—ar
o " T@) /o T e (B.8)

where the Gamma function is defined as
I'(z) = / dtt*le ™. (B.9)
0

The proof of the Schwinger formula (B.8) is straightforward. Performing in Eq. (B.9) a
variable substitution ¢ = a7 and solving for a7 yields (B.8).

A useful application of the Schwinger formula is the integral representation of the loga-
rithmic function. We use the identity

0
a =8 o 47" = _Jogae *loe? (B.10)

ox

to write the logarithmic function as

-

, a>0. (B.11)
=0

1 = - —
og o (%a

Using the Schwinger formula (B.8) in Eq. (B.11) yields the following integral representation
of the logarithmic function

9 1 - z—1_—ar
logoz——a—x {—F(x)/o dr ™™ e }

B.3 Sum Computation

(B.12)

z=0

In the following we give an application of both the Poisson summation formula and the
Schwinger formula by calculating the sum

S= > log(—i2rmA+ B) with A, B> 0. (B.13)

m=—00
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Before we evaluate the latter sum, we have to perform several manipulation. With the
Poisson summation formula (B.2) we obtain

S = Z / dz log (—i2mzA + B) e ™. (B.14)

n=—oo

With the help of the integral representation of the logarithmic function (B.12) we write the

latter as
0 =1 > %0 )
S =___ d z—1 TB/ d —i27(n+AT)z
ax{n;om)/o [ S

With the identity

(B.15)

z=0

/ dz €™ = §(y), (B.16)

oo

where 6(y) is the Dirac delta function, Eq. (B.15) turns to

O [ ~— 1 [
= —— — drr® e B¢ A B.1
s 8x{n;mf(w)/o e~ 5 + T)}xzo (BA7)
Evaluating the Schwinger integral leads to
()
S = —— — | = —_— . (B.18)
Oz | = T'(z) \n A o0

Before we perform the differentiation with respect to x, we replace the z-dependent functions
in (B.18) by their Taylor expansions

1
T =1+ O(x), ) =x+ O(2?) . (B.19)
Thus, the differentiation with respect to x yields
0 ean/A
S = — . B.20
; - (B.20)

The latter expression is the Taylor expansion of the logarithmic function, so we finally have

S = i log (—i2rmA + B) = log {1 - e—B/A}. (B.21)

m=—0oQ







Appendix C

Green’s Function

The Green’s function of a system is a important quantity. Once it is calculated, we can
derive many important physical quantities from it. For example, in Chapter 11 we have
derived the connection between the Green’s function and partition function, which is the
basic quantity in a thermodynamic system. Therefore, we discuss in this appendix several
properties of the Green’s function (2.74). We start by rewriting the Green’s function in a
more convenient way.

C.1 Applying Poisson Summation Formula

We further simplify the Green’s function given in Eq. (2.74) by performing the sum over m.
The Green’s function is periodic in imaginary time. Thus it is valid to apply the Poisson
summation formula proved in Appendix B.1. Using (B.2) we may write for (2.74)

Gon O X, 7) = 37 g (e X7 = 77+ ) (©1)

with 5 o i
) (x5 7) — _ Qab “x) [ d ¢ C.2
9o (X, X' 7) omi & @n(X)QDn(X)/_OO ww+i(En—,u—a77)/h ' (C.2)

The w-integral has a pole in the lower half plane, namely, at w = —i(Ey, — . — an)/h > 0.
It is easily solved with the help of the residue theorem. For 7 > 0, the path of integration
on the real axis of the complex plane must be closed by a semicircle in the lower half plane
due to convergence reasons. If the integration is performed over the whole real axis, then
the contribution of the respective semicircle, which now has an infinite radius, turns out to
be zero. Thus, the value of the integral is now completely determined by the residue:

1 o'} efiwr —WwT

= Res ¢
B YwHi(Ey—p—an)/h

7>0:

—— [ d
27 J_ o ww+i(En—u—an)/h
— ¢ (Bn—p—an)T/h (C.3)

119



120 Green’s Function

The minus sign on the right hand side of the first line is due to the direction of integration.

For 7 < 0 we must put the semicircle in the upper half plane, otherwise the integral would
diverge. There, the integrand does not have any poles, hence the integral becomes equally
zero. Thus, we may summarize

1 00 e—in

~9 7oodww i Rpp—— = @(T)e_(E“_“_a”)T/h, (C.4)
where O(7) is the step function which is defined as
@(T):{l for 7>0, ()
0 for 7<0.
The function (C.2) then reads
9us (%, X'57) oo D pn(x) e eI (C.6)

We substitute the latter in Eq. (C.1) and consider two different cases. First we treat the
case T — 7 € (0, hf). Performing the geometric m-sum in Eq. (C.1) then yields

—(En—p—an)(t—7")/h
(0> @
G (x,7;x',7") ngn 1 — BB Oab- (C.7)

In analogy we obtain for 7 — 7" € (—h/3,0)

—(En—p—an)(t—7")/h
(0> 6
G (x,7;x',7") ngn (R Oab- (C.8)

Both cases can be summarized as

Gl (e, mix,7) = GE (%, 73X, 71) O, (C.9)

where we have introduced the abbreviation

@ (x. 7.7} = lim ¢n(x)n(x)
Go )= clr\o 2sinh[B(E, — p — an)/2] (C-10)

> {@(T . 7_/)6—(En—u—a77)(7'—7'/—hﬂ/2)/h + @(7_/ . T)e—(En—M—aﬂ)(T—T/-f—hﬁ/Q)/h}’

and the hyperbolic sine function sinh(z) = —isin(iz). Note that Géo) (x,7;x',7") coincides
with the Green’s function of a non-interacting Bose gas with no spin.
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The representation of the Green’s function (C.10) is valid for all space-time point, except
for 7 = 7'. Here, due to the step functions in (C.10), we have the problem that

lgn, Géa) (x,7;x',7") # li\m/ G (x, %, 7). (C.11)
However, as discussed at the end of Section 2.4, we most correctly have to add an infinitesimal
positive constant to 7/, which was essentially due to the right time-ordering of the fields. In
this case, an equal sign in (C.11) and Eq. (C.10) reduces for 7 = 7’ to the important special
case

@ (x 7 7 — ¢n(X)pn(x)
Go”(x, 7%, 7) Zn:exp[ﬁ(En—u—an)/m—l' (C.12)

C.2 Semiclassical Approximation

In spite of the simplifications of the Green’s function achieved in the last section, it is still
difficult to handle. This originates from the fact, that according to Eq. (C.10), we have to
know all the eigenfunctions of the system. However, even if we know all the eigenfunctions,
it is still very inconvenient to calculate most of the physical quantities. Therefore, we briefly
introduce a semiclassical approximation of the Green’s function. We start by noting that
Eq. (C.6) coincides with the imaginary one-particle transition amplitude in the following
way

9% (%% 7) = 0(7)dap(x, 7[x, 0) (C.13)

E—E—p—an
This is a quite important observation, because it reduces the search of an appropriate semi-
classical of the Green’s function (C.9) to the extensively studied time evolution amplitude
(see for example [47, Chap. 4]). In leading order the semiclassical approximation of the
imaginary time evolution amplitude is given by [68, Chap. 2|:

b on [ mo\3/? m no T x + x’
(x,7]|x',0) = <27rh7> exp {—%(x—x) — 7—1V( 5 )] . (C.14)

The Fourier transformed of the latter is given by

(x, 7%/, 0) = / ng)g exp {—z’k(x —x) -7 {h;: LV (X;Xﬂ } , (C.15)

and therefore

(x, 7|X/, O)IE_)E_M_CW = / (;i:; exp [ —ik(x — x') — 7H,(x,x; k)/h] (C.16)

with

h2k? X + x/
H k) = —u—an. 1
o(x, %' k) 5 +V( 5 > = an (C.17)
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Substituting Egs. (C.13), (C.16), (C.17) in Eq. (C.1) and performing the same steps as done
in Appendix C.1 yields for Eq. (C.10)

d3k k! (x—x")
G(()a) (x,7;%,7') = lim c

o0 (27)3 2sinh[BH, (x,x'; k) /2] (C.18)

« {@(T i 0,)efHa(x,x’;k)(fff’fhﬁ/Z)/h + @(7_/ — T+ O_>€Ha(x,x’;k)(TT'+hﬁ/2)/h}.

For equal imaginary time arguments the Green’s function is given in semiclassical approxi-
mation as

3 ik’ (x—x")
(@) - B d’k €
GO (X’ ;X ’T) N / (277')3 exXp [ﬁHa(Xa X/; k)/2] -1

(C.19)

This can be integrated out analytically. To do this we expand the fraction in Eq. (C.19) into
a Taylor series which yields with Eq. (C.17)

i) = Soon oy (5E) <p-]}

3 2k2
X /% exp {ik'(x —x') - Bnh ] : (C.20)
With the substitution
~ . m

the latter integral becomes Gaussian and can analytically be integrated out, which leads to
the result

(a X‘f‘Xl —%(X—X/)Q
Gy (x,m;x,7) = A32n3/2exp{—nﬁ[\/( 5 )—u—an}}e n25 . (C.22)

Setting x = x’ the latter can be written in the compact form

a 1 - X)—p—a
G((J )(X7T;X7 T) = B Cs/2 (6 AV -4 n}) ; (C.23)

where we used the definition of the polylogarithmic function

and the de Broglie wave length (1.1).
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C.3 Integral

In this section we calculate the spatial
Ly = /d3x G\ (x, 7%, 7)GY (x, 71 %, 7), (C.25)
where the Green’s function is given Eq. (C.23). Using Eq. (C.24) we can write

A3 e AV () (C.26)

O enBlutan) on'B(uta'n)
Lo = /\6 Z n3/2 n/3/2 /

nnf

Considering an isotropic harmonic trap

m
V(x) = Swjj, (C.27)
the integral (C.26) can analytically be integrated out as
11 o
[aa’ = F (ﬁh{f))?’ C%’%’% (zzn,zzn> . (C28)

Here, we have used the fugacity (4.22), the magnetic fugacity (4.23) and defined the gener-
alized polylogarithmic function

20 23
Cabe (215 22) ZZ e ’blnj—n (C.29)

n=1n/=1

Furthermore, we introduce for our convenience the following abbreviation
Cabe (2) = Cape (2, 2) - (C.30)
The generalized polylogarithmic function has the following property
Cape (21, 22) = Cac1per1 (21, 22) + Capt.e41 (21, 22) - (C.31)

Furthermore, let z; and 25 be a function of x, then taking the derivative of the generalized
polylogarithmic function with respective to x yields

a,o,c Y a C ) a C I *
T ,U, '21 22 1,b, 21 '22 ,b 1, '21 22 32

and )
z

d
% Ca,b,c (Z) - ; ga,b,c—l (Z) . (033)






Appendix D

Angular Momentum

In this appendix we treat several properties of the operator of angular momentum and its
consequences.

D.1 Addition of Angular Momentum

We start with briefly discussing the behavior of the total angular momentum of two particles.

D.1.1 Distinguishable Particles

Let us consider a system of two distinguishable particles with the respective one-particle
wave function |fimy) and |foms). Here, we omit other quantum number, because we are
only interested in the behavior of the angular momentum. If the particles do not have a
coupling among each other, for example if the inter-particle distance is large, then the latter
wave functions do not change, which is due to the conservation of angular momentum. Once
the particles are coupled, they have to be described by a two-particle wave function

|f1f2;FM> = Z |f1f2;m1m2> <f1f2;m1m2|f1f2;FM>a (D-l)

where we have multiplied the two-particle wave function from the left side with the unity
operator of the spin subspace f; ® fo

Irepn = Z | f1fos mama) (f1fa; mamal . (D.2)
mi,m2

The scalar products on the right-hand side of Eq. (D.1) are the so-called Clebsch-Gordan
coefficients (see, for example, Ref. [53]). Their values are only different from zero if the

equations
mi+me =M and |[fi—fo| <F < fi+fo (D.3)

are satisfied. Physically, this ensures the conservation of the total momentum. The complete
total wave function of the particles is then given by the tensorial product

W) = |1,2) @ | f1fo; FM), (D.4)

125



126 Angular Momentum

where |1, 2) denotes the contributions to the wave function due to all other quantum number.
Consider now two distinguishable particles, where both have an angular momentum one, i.e.,
fi = fo = 1. Then, according to Eq. (D.3), the two-particle wave function can have a total
angular momentum of F' = 0,1, 2.

D.1.2 Identical Particles

We treat now the case of two identical particles. It can be shown that the Clebsch-Gordan
coefficients obey [53]

(fifas mama|FM) = (=1)1H 27 (fy 13 momy | F M) (D.5)

and therefore

P |fifey FM) = (=1)" 70| fy fos FM) (D.6)

where P is the permutation operator, which interchanges particle one with particle two.
The important point for a system of two identical particles is, that the physical predic-
tion must not be altered by permuting the particles, i.e., by changing the particles indices.
This is achieved by symmetrizing the two-particle wave function (D.4) with the help of the
permutation operator P,

W) = |‘i’> + P12|‘i’>~ (D.7)

On the other hand we have the properties of the Clebsch-Gordan coefficients (D.5) and (D.6),
which yield with Eq. (D.4)

(11.2) +12,1) ) @ |fifos FM) for F = fi = f; even,
) = (D8)

<|1,2)—\2,1>>®\f1f2;FM) for F— fi — fo odd.

This is a important result, because it states that the parity of the two-particle wave function
depends on the total angular momentum. On the other hand we know from quantum me-
chanics that for two particles, with each having an integer value of angular momentum, the
wave-function has to be symmetric and for particles having a half-integer value antisymmet-
ric. Therefore, Eq. (D.8) immediately leads to the result that the two-particle wave function
of identical Bosons (integer spin) cannot have an odd quantum number of total angular
momentum and Fermions (half-integer spin) cannot have an even total angular momentum.
Let us consider the above case, where we had two bosons with f; = f, = 1. Assuming them
to be equal, we get according the latter discussion, that they can form a two-particle state
with total angular momentum of F' = 0,2, i.e., in contrast to the case of two distinguishable
particles the total angular momentum state F' = 1 has dropped out.
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D.2 Operator Transformation

In this appendix we introduce a operator transformation of the projection operator

F
Pr = Z |frfos M) (f1f2; FM], (frfo; FM|fyfo; F'M') = 6ppOpnr, (D.9)

M=-F

which is defined for the subspace f; ® fa. The projection operator Pr applied on a state |¥)
yields the contributing wave functions with total angular momentum F'.

D.2.1 Distinguishable Particles

We start again with treating the case of distinguishable particles. With the help of the
projection operator (D.9) we can write the identity operator 1 of the angular momentum
subspace f1 ® fo as

fi+f2
1= > Pr (D.10)

F=|f1—fa|

We introduce the operators of angular momentum
F? | fife; FM) = fi(fi + 1) | f1fo; FM) i=1,2 (D.11)

and the corresponding operator for the total angular momentum

F?|fifo; FM) = F(F+1)|fifs; FM),  F=F;+F,. (D.12)
They satisfy the relation
1
F, -F;, = 5 (F2 —F? — Fg) : (D.13)

Multiplying Eq. (D.13) from the right side with the unity operator (D.10) and using Eqgs. (D.9),
(D.11)~(D.13) leads to the identity

fit+f2
Fi-Fo= ) APy
F=|fi—f2|
with the coeflicients
1
Ae= S [FF+1) = A+ 1) = falo+ 1) (D.14)

Using Eq. (D.9) we get the property PrPr = Prdpp. Applying this relation to Eq. (D.14)
yields the generalized result
fi+fe
(Fi-F)" = > MPr,  n=012.... (D.15)
F=|fi—fal
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With (D.15) we have a set of linear equation which can be summarized in the following
k x k-matrix equation

(Fl ’ FQ)kil Pf1+f2
(Fl ’ FQ)k_2 ’Pfl‘i’fQ*l

: =V : , (D.16)
(F1-Fy) Pifi—fal+1

1 Pifi— .l

where k — 1 = j1 + jo — |j1 — J2| and V is a matrix of Vandermond’s form

k—1 k—1 k—1
/\f1+f2 /\f1+f2*1 T A‘fl*f2|
k—2 k—2 k—2
/\f1+f2 /\f1+f2*1 T /\\fl—f2|
V= : : " : (D.17)
1 1 1
/\f1+f2 /\f1+f2*1 o A‘fl*f2|
1 1 . 1
with the characteristic determinant (see Ref. [42])
det V=TT =) (D.18)

i>j

According to Eq. (D.14) we always have \; # \; for ¢ # j; 4,5 > 0. Therefore, the Van-
dermond’s determinant (D.18) is non-vanishing, hence the inverse V! exists. Thus, we are
able to express the projectors P, in terms of the operators (F; - Fy)™

k—1

Pr=Y_ (V )pm(F; Fy)F" (D.19)

F'=0

D.2.2 Identical Particles

We now regard a system of identical Bosons and Fermions, respectively. As discussed in
Appendix D.1.2 we always have for a bosonic and fermonic system that Pr [¥) = 0 for F
an even and odd number, respectively. Therefore, we can set the respective projectors in
(D.15) equally zero. After removing the respective row from the matrix V we again obtain
a matrix of the Vandermond’s form, where we can use the arguments as done above.

We discuss the particular case of two identical bosons with spin one. The matrix equa-

tion (D.16) then reads
(Fl'F2>:<A2 A°><7D2> (D.20)
1 11 P,
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Solving for the projection operators leads to
7y = La-p-m, a1
Py = é (21 +F, - Fy). (D.22)
Considering now a delta potential of the following
VY (x) = xp) = 6 (%1 — X2) (90770 + 92732> (D.23)
then we can write this equally as
VU (x; — X5) = 0 (X1 — X2) <Co]1 + oFy - F2>, (D.24)
with the coefficients
w = 520+ ) (D.25)
cy = %(gg — Go)- (D.26)

We can also consider a delta potential for spin two, spin three, or higher order particles. We
treat the first two examples explicitly. For two particles identical particles with f = 2 the
delta potential is given by

VIt (x; — x5) = 8 (x; — X2) <go730 + g2P2 + 94734>. (D.27)
The transformed potential then reads
VI (x, %) = 0(x1 — X2) [Co + coFy - Fo + ey (Fy - F2)2] (D.28)

with the coefficients

9 n 8 2
C —_= — — —_ =
0 3594 792 590>
9 2 1
C = — —_ — —_ —
2 7094 2192 30907
1 1 n 1
C == —_— —_ —_— .
4 7094 2192 3090

Such a system has been realized for ¥Rb [27,31]. In contrast to a spinor condensate with
spin one, the Gross-Pitaevskii equations of the spin 2 system are not integrable anymore, be-
cause of the large number of degrees of freedom. On the contrary, it shows a chaotic behavior.

Analogously, we find for identical particles with spin three

VIt (x) — xy) = (x; — Xp) <go730 + 92P2 + gaPs + QGPG) (D.29)
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and therefore

/() (x1,%2) = 0(x1 —X2)[co+ 2F1 - Fa+ cs(Fr - Fa) + ¢6(Fy - Fy)? (D.30)

with
AT 120
Cp = 23196 7794 792 2190,
_ Lt 1
2 = T3 T grp9t T 72T o9
_ 5.3 13 8
“ T 415890 T 38594 T 37892 T 31590
— L L it = L (D.31)
G = 1587 T 77094 T 37892 T G307 '

A system with particles of spin three, namely *Cr has already successfully be Bose-Einstein
condensed [66], but so far only within a magnetical trap, i.e., most of the spin degrees of
freedom are frozen out. On the other hand, for higher spins the magnetic dipole moment
of the atoms, become so strong, that the latter delta potential has to be modified by a
respective dipole correction.
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