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Abstract

Due to the coexistence of phase coherence and magnetic order, Bose-Einstein condensates with
internal degrees of freedom, i.e., spinor BECs, are considered to serve as an ideal table-top
playground for the studies of various phenomena in different fields of physics. They have been
widely used in studying spin textures and topological defects, coherent spin dynamics, quantum
symmetry breaking, quantum phase transitions, etc. However, the theoretical framework used
in these works is based on the mean-field theory in which the effects of quantum fluctuations are
ignored. Despite the success of the mean-field theory in the description of spinor BECs, there
are particular features whose account must rely on a beyond-mean-field theory as the effects of
quantum fluctuations become significant. In this thesis, we develop the Beliaev theory, which
is a Green’s function approach beyond the Bogoliubov theory, for spinor BECs to study the
effects of quantum fluctuations on the condensates’ phase structures, elementary excitations,
stabilities, and phase transitions.

First, we point out that the Bogoliubov theory fails to capture the metastable states asso-
ciated with first-order quantum phase transitions in spin-2 BECs. In fact, we show that these
metastable states are induced by quantum fluctuations, and only by going to the next-order
approximation, i.e., the Beliaev theory, can we show that they indeed appear around the phase
boundaries. Besides the fluctuation-induced metastability, we find another important class of
first-order quantum phase transitions in both spin-1 and spin-2 BECs. In this class, there is
no metastable state to all orders of approximation since it is prohibited by a high symmetry
of the Hamiltonian at the phase boundary, resulting in a characteristic flat energy landscape.
Despite being first-order phase transitions, the flat energy landscape leads to the criticality in
the dynamics of the condensate through these transitions in a manner similar to second-order
phase transitions.

Second, we succeed in deriving the analytic expression for the energy gap of the so-called
quasi-Nambu-Goldstone (quasi-NG) modes, which are excitations not generated by spontaneous
symmetry breaking, in the nematic phase of spin-2 BECs. Although quasi-NG modes are gapless
at the mean-field level, we prove that with quantum corrections they acquire a nonzero energy
gap. From the obtained magnitude of the energy gap, we can evaluate the critical temperature
above which a topological defect such as a vortex of spin nematicity would decay by emitting
thermally excited quasi-NG modes. We also study how the propagation of quasi-NG modes in
space is affected by the particle-number density fluctuations of the condensate.

Third, we calculate the damping rates of various types of quasiparticles in a spin-2 BEC
including phonons, magnons, and quasi-NG modes. They actually have finite lifetime and decay
via numerous channels of collision with the condensate atoms. Using either the Fermi’s golden
rule or the spinor Beliaev theory, we obtain the analytic expressions for the damping rates
of phonons and magnons, from which the power-law dependence of the damping rates on the
momentum is deduced. In contrast, the damping of quasi-NG modes is suppressed due to the
energy conservation.
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Chapter 1

Introduction

In quantum fluids, the phase coherence between the constituent particles can amplify the effects
of a microscopic interaction so that they are observable in macroscopic properties [1]. Superfluid
‘He, the first such system in Nature, was found by Kapitza [2], Allen, and Misener [3] in
1938, followed by the discoveries of a wide range of systems from the various superfluids and
superconductors in condensed-matter physics to neutron stars and color superconductors in
cosmology and high-energy physics. Among them, materials such as superfluid He and p-, d-
wave superconductors display a number of remarkable features due to the interplay between their
internal degrees of freedom and the coherent motion of the center-of-mass degree of freedom [4].

However, the parameters of the above systems, e.g., the magnitude of the interparticle
interaction, are predetermined by Nature and cannot be manipulated at will. Furthermore,
in such complex systems the primary physical principles governing the system’s properties are
sometimes masked by side effects, making it difficult for them to be unveiled. On the other hand,
since the first experimental realizations of Bose-Einstein condensates (BECs) in 1995 [5, 6, 7],
ultracold atoms have attracted attention of scientists not only in atomic physics but also in
many other fields of physics. The study of ultracold atoms, for example, in an optical lattice
is expected to help us understand further about high-7, superconductors in condensed-matter
physics. Compared to other systems, the interaction between ultracold atoms can be described
to a good approximation in terms of a small number of well-defined parameters. This is because
the atomic gases are so dilute that the average distance between atoms is much larger than the
effective range of interaction, making the details of the interaction irrelevant. At ultralow
temperatures, the collision of two atoms is dominated by the s-wave channel, and the result of
the collision can be described by a single parameter: the s-wave scattering length a. As long as
a is not too large, physical properties of the system are functions of the dimensionless parameter
na3, where n is the particle-number density. Furthermore, the magnitude of the interaction,
which is proportional to the scattering length, can be varied under control by using the so-called
Feshbach resonance [8, 9]. Since the properties of ultracold atoms can be readily manipulated
and measured in experiments, they are considered to be an ideal table-top quantum simulator
to study universal properties of other physical systems.

For alkali-metallic atoms with a single electron in the s-orbital of the outermost shell, due
to the hyperﬁne interaction the eigenvalues of F2 and F, are the good quantum numbers with
F = I+ J being the total spin of the atom. Here I and J are the nuclear and electronic spins,
respectively. For these atoms, the hyperfine states |F,mp) (mp = —F, ..., F) play the role of
internal degrees of freedom in a way similar to the spin degrees of freedom of a single electron.
In the beginning after the realization of the first BECs, atoms are confined in a magnetic trap
and only atoms in the low-field-seeking hyperfine states can be trapped by the magnetic field;
therefore, the internal degrees of freedom of the atoms become irrelevant. After that, thanks to



the introduction of the optical trap [10], atoms in all hyperfine states can now be confined in the
trap as they feel almost the same trapping potential. This is due to the electric dipole moment
that is induced on the polarizable atoms by the optical electric field, leading to the “spinor”
behavior of the atoms. Similar to other quantum fluids with internal degrees of freedom, spinor
gases, in particular spinor BECs, have exhibited a number of fascinating features due to the
interplay between the phase coherence and the magnetic order [11, 12]. Noticeable examples
are the coherent spin-mixing dynamics [13], formation of spin domains and topological defects
due to spontaneous symmetry breaking [14], periodic magnetic patterns arising from dynamical
instabilities [15], collapsing dynamics of a condensate triggered by the magnetic dipole-dipole
interaction [16], etc. Remarkably, these phenomena can be well described at least qualitatively
based on the mean-field theory.

However, this is not always true. I, in collaboration with Prof. Masahito Ueda and Prof.
Yuki Kawaguchi, find that there are particular features of spinor BECs that the mean-field
theory cannot give an accurate description even qualitatively. This is because the essence of
these features is based on the effects of quantum fluctuations that are ignored in the mean-field
theory. As an illustration, let us consider a condensate of atoms in the F' = 2 hyperfine spin
manifold. The order parameter of the system has five components corresponding to the five
magnetic sublevels mp = —2,---,2. Depending on the relative strengths of spin-dependent
interactions, the ground state can be one of a number of phases, whose order parameters are
not transformed continuously between each other at the phase boundaries (see Fig. 1.1). The
distinct symmetries of these phases in spin space also imply that the phase transitions are
first order. From the conventional wisdom, it is expected that these first-order transitions
are accompanied by metastable states. However, the excitation spectrum obtained by the
Bogoliubov analysis indicates that there is no metastable state associated with any of these
phase transitions. Moreover, spin-dynamics measurements of the spin-2 8’Rb BEC [17] seem
to have observed a metastability as the dynamics of the condensate was found to be extremely
slow if the system had been prepared in either one of two initial states: the ground state and a
metastable state. We point out that this inconsistency in fact originates from the fact that the
Bogoliubov spectrum [18] is obtained by considering a small amplitude expansion of the order
parameter around the mean field with the linearized Gross-Pitaevskii energy functional which
consists of only terms up to the fourth order in the order parameter [19]. This energy functional
is equivalent to the Landau’s ¢ + ¢* model of second-order phase transitions. In contrast, the
description of first-order phase transitions requires higher-order terms beyond ¢*, and in gaseous
BECs these higher-order terms only arise from quantum fluctuations. In other words, in the
system under consideration the metastability, if it exists, is induced by fluctuations.

Consequently, it is necessary to develop a theoretical framework for spinor BECs in which
the effects of quantum fluctuations are taken into account. In fermionic systems, we often use
a formalism such as the Hartree-Fock approximation in which the motion of a particle and the
influence it receives from the interaction with the other particles are treated self-consistently.
In the language of Feynman diagrams, the Green’s function appearing in each diagrammatic
contribution to the self-energy is taken to be the interacting Green’s function, which is to be
updated by the newly obtained self-energy [20]. However, the situation becomes much more
complicated for the case of bosons. A similar approach applied to a BEC leads to an artifact of
the excitation spectrum of phonons having a nonzero energy gap [21, 22]. This contradicts the
Nambu-Goldstone theorem which states that the phonon excitations arising from spontaneous
symmetry breaking should be gapless [23, 24]. The origin of this discrepancy is that unlike the
case of fermions, the Green’s function and self-energy of a BEC contain the so-called anomalous
component besides the normal one. This anomalous component represents the creation of a pair
of noncondensed particles out of the condensate. The replacement of a noninteracting Green’s
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Figure 1.1: Ground-state phase diagram of F' = 2 Bose-Einstein condensates. Depending on
the relative strengths of the spin-dependent interactions c¢; and co, the ground state can be
one of the four phases: ferromagnetic, cyclic, uniaxial-nematic (UN), and biaxial-nematic (BN)
phases. The spinor order parameter & = (£,...,6 2)T for each phase is given in Sec. 4.1.
The insets show the surface plots of [1(, ¢)|*> = |an:_2 EnYS(0, ¢)|2, where YJ™'s are the
spherical harmonic functions of rank 2 and the hue indicates the phase of ¥ (6, ¢) according to
the color gauge on the right.



function by an interacting one in the Feynman diagrams of the anomalous self-energy leads
to double counting of contributions from different diagrams [25]. Therefore, to avoid double
counting and the ensuing artifact of a gapful phonon mode, we apply a perturbation theory
in which for a given order of approximation the contribution from each Feynman diagrams
can be calculated in a fully controlled manner. Such a perturbation theory is valid as long as
the interaction in the atomic gas is not too strong, which is the case of typical experiments.
The Green’s function approach that takes into account the next-order approximation beyond
the Bogoliubov theory was first proposed by Beliaev in 1958 for a scalar BEC [26, 27]. In
this thesis, we develop the spinor version of the Beliaev theory to derive the excitation energy
spectrum of spinor BECs, from which numerous properties including the system’s stability can
be studied. Using the spinor Beliaev theory, we show in Sec. 4.3 that the metastable states
that cannot be captured by the Bogoliubov theory indeed appear around the phase boundaries.
The presence of a metastable condensate also implies an interesting possibility of a decay of the
metastable state into the ground state via macroscopic quantum tunneling (MQT) in which all
atoms tunnel simultaneously from one phase to the other. In Sec. 4.4, we evaluate the time scale
of the MQT for the cyclic-uniaxial nematic phase transition as it is relevant to experiments of
the spin-2 ¥ Rb BEC.

Besides the first-order phase transitions whose metastable states are induced by quantum
fluctuations, we find that there is also in spinor BECs another class of first-order phase transi-
tions that have no metastable state around their phase boundaries. We show that in this case
the absence of metastability holds to all orders of approximation. This appears to be contrary to
the conventional wisdom that every first order phase transition is accompanied by a metastable
state, but in fact there are other examples of this kind of phase transitions such as the ferro-
magnetic XXZ spin model in which a level crossing happens as the interaction anisotropy is
varied [28]. Such phase transitions are characterized by the fact that the Hamiltonian possesses
a special symmetry at the phase boundary so that the energy landscape becomes flat. The
ground state would then abruptly change to an unstable state without undergoing a transient
regime of metastability as the system crosses the phase boundary. This is in contrast to the case
of conventional first-order phase transitions where the energy landscape features a double-well
structure at the transition point, and therefore, supports the coexistence of two phases [29].
In Sec. 4.5, we investigate in details the symmetry of the Hamiltonian that underlies the flat
energy landscape in both spin-1 and spin-2 BECs. It is a high symmetry of the Hamiltonian at
the phase boundary that prohibits the metastability to all orders of approximation.

Although first-order phase transitions are usually identified by a finite jump in the first
derivative of the ground-state energy with respect to the parameter that drives the transition,
the flat energy landscape at the phase boundary suggests the criticality appearing in the dy-
namics of these phase transitions. In Chap. 5, we investigate the dynamics of a spin-1 BEC
in the polar-antiferromagnetic phase transition which is a first-order phase transition without
metastable states. Both instantaneous and slow quenches of a system’s parameter are studied,
and we find that in either case the system’s dynamics demonstrates the critical features in a
manner similar to second-order phase transitions. In other words, such a phase transition show
the properties of either a first-order or a second-order phase transition depending on whether
its static or dynamical features are concerned.

Another remarkable effect of quantum fluctuations that we have found is the emergence of
a nonzero energy gap of the so-called quasi-Nambu-Goldstone (quasi-NG) modes, which are
the extra gapless excitations at the mean-field level that are not generated by spontaneous
symmetry breaking [30, 31]. This is similar to the quantum symmetry breaking or quantum
anomaly in high-energy physics in which the symmetry of the vacuum’s manifold is broken
only if the one-loop quantum correction to the tree approximation is taken into account [32].



After first being introduced in the context of gauge theories, quasi-NG modes have become an
important element in the theories of technicolor and supersymmetry [33, 34, 35]. They are also
predicted to appear in the weak-coupling limit of the A phases of superfluid *He [36] and spin-1
color superconductors [37]. Despite their prevalence in various fields of physics, no experimental
evidence of the quasi-NG modes has hitherto been observed. Recently, it was found that the
nematic phase of spin-2 BECs can be a host of quasi-NG modes, leading to a renewed interest in
this special kind of excitations [38]. At the mean-field level, all nematic phases are degenerate
and quasi-NG modes are gapless. However, the zero-point fluctuations lift this degeneracy in
a way similar to the vacuum alignment in quantum field theory. Consequently, it is predicted
that with quantum corrections the quasi-NG modes would acquire a nonzero energy gap whose
magnitude is of the same order as the zero-point energy. In Chap. 6, we prove explicitly the
above conjecture of quasi-NG modes becoming gapful by deriving the analytic expression for
the emergent energy gap in terms of the fundamental interaction parameters. Regarding the
magnitude of the energy gap, we find that it is not necessarily of the same order as the zero-
point energy. In fact, it depends on the relative strengths of the spin-dependent interactions.
From the obtained magnitude of the energy gap, we have been able to evaluate the critical
temperature above which a topological defect such as a vortex of spin nematicity would decay
by emitting thermally excited quasi-NG modes. Conversely, below this temperature the vortex
would be stabilized by suppressing the emission of these excitations. In Sec. 6.2, we examine
how the propagation velocity of quasi-NG modes is affected by the particle-density fluctuations
in the condensate. We find that it decreases as opposed to the enhancement of the sound
velocity.

At the level of the Bogoliubov theory, all the quasiparticles in spinor BECs including
phonons, magnons, and quasi-NG modes have infinitely long lifetimes. However, by going
to the next-order approximation, it can be shown that their lifetimes are actually limited by
their decays via the collisions with the condensate atoms. This mechanism is called the Beliaev
damping [26, 39]. In Chap. 7, we calculate the damping rates of various types of quasiparticles
in a spin-2 condensate. We find that a magnon can decay by forming a quasi-NG mode and
another magnon with a rate proportional to |p|?> where Ap is the momentum. The obtained
damping rate, which is a function of the coupling constants, also suggests an alternative ap-
proach to measuring precisely the magnitudes of the spin-dependent interactions. We then
propose an experimental scheme to measure the lifetime of magnons by temporarily switching
on an external magnetic field. On the other hand, the damping of phonons can occur via a
number of decay channels, leading to their damping rate being composed of two contributions
with different scaling laws with respect to the momentum: one is linear to |p| and the other
is proportional to |p|®. The former would dominate the damping rate in the low-momentum
regime, while the latter is the only contribution in scalar BECs. In contrast, there is no decay
channel for quasi-NG modes that satisfies the energy conservation.

This thesis is organized as follows (the flow chart is shown in Fig. 1.2). In Chap. 2 we
review the theoretical and experimental aspects of spinor BECs that are based on the mean-
field framework. The ground-state phase diagrams of spin-1 and spin-2 BECs at the mean-field
level are introduced in Sec. 2.3. The first-order (Bogoliubov) excitation spectra for all possible
phases are summarized in Sec. 2.4. In Chap. 3, we introduce the formalism of the Beliaev theory
of scalar BECs based on a Green’s function approach. We show the second-order (Beliaev)
spectrum of phonons in Sec. 3.2, from which it can be seen that the sound velocity is enhanced
and a Beliaev damping appears. In Chap. 4, we develop the spinor Beliaev theory and apply
it to spin-2 BECs to analyze the stability of each phase in the phase diagram. We find in
Sec. 4.3 a class of first-order quantum phase transitions whose accompanied metastable states
are induced by quantum fluctuations. The possibility of macroscopic quantum tunneling from
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Figure 1.2: Flow chart of the thesis. Chapters 2 and 3 review spinor Bose-Einstein condensates
and the Beliaev theory of scalar BECs, respectively. Our results are presented in chapters 4-7.

a metastable state to the ground state is discussed in Sec. 4.4. Another class of first-order
quantum phase transitions for which the metastability is prohibited by the high symmetry of
the Hamiltonian at the phase boundary is investigated for both spin-1 and spin-2 BECs in
Sec. 4.5. In Chap. 5, we study the dynamics of these first-order phase transitions in the context
of both instantaneous and slow quenches, in which the criticality is revealed in a manner similar
to second-order phase transitions. In Chap. 6, we discuss the modifications of the quasi-NG
modes due to quantum fluctuations where the emergent energy gap and the suppression factor
of the propagation velocity are analytically derived in Sec. 6.1 and 6.2, respectively. In Chap. 7,
we examine in details the Beliaev dampings of various types of quasiparticles in a spin-2 BEC.
Finally, in Chap. 8, we summarize this thesis and discuss some outstanding open problems.
Some detailed calculations are relegated to the Appendices to avoid digressing from the main
subject.

The results in Chaps. 4-7 are based on Refs. [40, 41, 42, 43] which have been done in
collaboration with Y. Kawaguchi and M. Ueda.



Chapter 2

Spinor Bose-Einstein condensates

Bose-Einstein condensation (BEC) was predicted by Einstein [44, 45] almost a century ago for
a system of bosons cooled to below a critical temperature. A system of noninteracting particles
undergoes the BEC as a macroscopic number of particles occupy the single-particle state with
the lowest energy. In a homogeneous system, it is the zero-momentum state. For an interacting
system, BEC can be formally defined by the presence of a macroscopic eigenvalue of the single-
particle reduced density matrix [46]. This macroscopic eigenvalue represents the number of
particles in the condensate. The system is then said to have an off-diagonal long-range order
(ODLRO).

The first dilute-gas BECs were first observed in 1995 using dilute gases of 8’Rb [5], 23Na [6],
and "Li atoms [7]. The atoms were confined in magnetic traps and cooled to temperatures
of the order of micro Kelvin by combining laser and evaporative coolings. The appearance of
the condensate was evident from the observed velocity distribution of atoms in which a narrow
peak at zero momentum arises above a broad background of thermal atoms. Since then, the
BECs of other isotopes and atomic species such as 89Rb [47], 'K [48], and '33Cs [49] as well as
hydrogen [50] and metastable helium [51] have been achieved.

2.1 Internal degrees of freedom of Bose gases

For alkali-metal atoms with a single electron in the s-orbital of the outermost shell, the eigenval-
ues of F and F, are the good quantum numbers due to the hyperfine interaction. Here F=1I+J
is the total angular momentum with I and J are the nuclear and electronic spins, respectively.
The hyperfine states |F,mp) (mp = —F,..., F) then play the role of the internal degrees of
freedom. For the atomic species that form stable spinor condensates such as 8’Rb and 23Na,
I =3/2and J = 1/2 so that the total angular momentum F' can takes a value of either F' =1 or
F = 2. However, in a magnetic trap the atoms can only populate the so-called low-field-seeking
hyperfine states such as the |F' = 1,mp = —1) and |F = 2,mp = 1,2) states [19]. Atoms in
the other hyperfine states find a barrier potential at the center of the magnetic trap, and thus
escape from the confinement. This leads to the atoms not being able to transfer freely among
all of their hyperfine states.

In contrast, in an optical dipole trap [10], the atoms are subject to a potential that is almost
independent of the atomic hyperfine state. This potential is due to the electric dipole moment
that is induced by the optical electric field on the polarizable atoms. Analogous to the electronic
spin, the internal degrees of freedom of the atoms become relevant, leading to their “spinor”
behaviors. Since the hyperfine splitting has a magnitude of the order of 1 GHz corresponding to
a temperature much higher than the system’s temperature in typical experiments of ultracold
atoms, there is almost no possibility for atoms in the lower F' = 1 spin manifold to jump into the
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Figure 2.1: Formation of the spin domains in a spin-1 2*Na BEC. Absorption images of bal-
listically expanding spinor condensates show both the spatial and hypefine distributions. The
images of clouds with various dwell times in the trap show the evolution to the same equilibrium
state for condensates prepared in either a pure mp = 0 state (upper row) or in equally popu-
lated mp = +1 states (lower row). The bias field during the dwell time was By = 20 mG, and
the field gradient was B’ = 11 mG cm ™. (Figure reproduced with permission from Ref. [52])

upper F' = 2 spin manifold. The populations of atoms in the different hyperfine states within
a single spin manifold can be measured by using a magnetic field gradient to spatially separate
the atoms in the Stern-Gerlach experiment. This method was used to verify the theoretical
prediction of the ground-state phase diagram of the ?Na BEC in the F = 1 spin manifold
(see Fig. 2.1) [52]. To show that all the atoms in the condensate occupy a common single-
particle state, the observation of the coherent spin dynamics was performed with the spin-1
23Na BEC [53, 54]. On the other hand, the 2*Na atoms prepared in the F = 2 spin manifold
have a very short lifetime due to their strong hyperfine relaxations by which the atoms’ excessive
internal energy is converted to their kinetic energy, accelerating their escape from the trapping
potential [55]. In contrast, it was observed that both spin-1 and spin-2 8’Rb BECs are stable
in the optical dipole trap [13, 56, 57, 17, 58]. This is due to the fortuitous properties of the
molecular potential of the rubidium dimer [59].

2.2 Spin-dependent interactions

In dilute atomic gases with a typical particle-number density of n < 10" ¢cm™3, the mean
atomic distance is much larger than the effective range of interaction which is of the order of an
angstrom. Consequently, the details of the interaction become irrelevant, and the effect of the
interaction can approximately be described by binary collisions. The typical temperature of the
ultracold atoms is of the order of hundreds nano Kelvin to micro Kelvin. This temperature is
equivalent to an extremely small energy compared to the energy scale of the effective range of
interaction. This means that the two atoms with a nonzero relative orbital angular momentum
will confront such a high centrifugal potential barrier that prohibits their approach to a close
enough distance for the interaction. Therefore, in dilute weakly interacting ultracold atomic
systems, only the s-wave collision channel is relevant, and all the effects of the interaction are
encapsulated in a single parameter: the s-wave scattering length.



In general, the interaction of two atoms is sensitive to their atomic states in a complicated
manner. However, for ultracold atoms which contain very few uncontrollable impurities, the
rotational symmetry simplifies the interaction to a great extent. In the absence of any source
of rotational symmetry breaking such as external fields, the sum of the total orbital angular
momentum Ly, and the total spin angular momentum Fj,,; of a pair of atoms is conserved.
Even under a weak enough magnetic field, the above rotational symmetry is essentially valid
to a good approximation. Moreover, except for the atomic species with a high spin angular
momentum such as °2Cr, the magnetic dipole-dipole interaction is small enough to be ignored.
This corresponds to the neglect of the hyperfine relaxation interaction in which a change in Fja;,
is compensated by a change in Lyai so that the total is conserved. With this approximation,
both Flair and Ly are good quantum numbers.

Furthermore, the parity of Fj,i is constrained by the quantum statistics of the constituent
particles. The total wavefunction of a system of identical spin-F' atoms must acquire a factor
of (—=1)%F under an exchange of any two particles. On the other hand, by the same exchange
of particles the orbital and spin parts of the wavefunction acquire factors of (—1)Erair and
(—1)Fpair+2F , respectively. Therefore, to be consistent we must require that Lpair + Fpair be
even. Since only the s-wave scattering channel is relevant, i.e., Lpair = 0, Fpair is restricted to
even values. The interaction can then be expressed as

47T52(IF ~

V= 25(3)(1% —r;) Z TWPFWM (2.1)

(i.4) even Fpair

and PF

pair

where M is the atomic mass, ap denote the s-wave scattering length and the

projection operator onto the subsppace of total spin Fpair, and the sum is taken over pairs of
particles, labeled by ¢ and j. Here, we use the pseudopotential approximation with the contact
interaction, which is valid at the mean-field level [60]. At higher-order approximations, the
one-loop correction to the interaction is needed. The projection operators Pp . are related to

pair
the identity and the spin-product operators by

IAl ® f2 = Z prair? (22)
Fpair

L Foair(Fpair + 1 A

Fi-Fo= ) % —F(F +1)| Pp,,.. (2.3)
Fpair

In the following, we consider the interactions of spin-1 and spin-2 atoms.

2.2.1 Spin-1 atoms

For atoms in the F' = 1 spin manifold, Fj,;, can take the value of either Fpai = 0 or Fpair = 2
since the interaction in the total spin Fj,i; = 1 channel is irrelevant due to the quantum
statistics. Equations (2.2) and (2.3) then reduce to

f1®f2 :p(]—l—Pg, (24)
F, -Fy, =P, — 25, (2.5)

Combined with Eq. (2.1), the interaction of spin-1 bosons can be rewritten as [61, 62]

Vi—1 = 25(3)(1% —rj) [Cofi ® I + e F; -y (2.6)
(4,9)



where

Amrh? ag + 2a9

_ o T 2az 2.
o " T (2.7a)
47‘1’h2 a2 — Qg
= . 2.7b
S VR (2.7b)
In the second quantization, the interaction Hamiltonian takes the form of
Vet = /d3 THOEECE RO (2.8)
where the particle-density and spin-density operators are defined as
1 ~ ~
A(r) = > i), (2.9)
j:_
1 ~ ~
F(r)= > ¢l@)fi () (2.10)

with %’(r) being the annihilation operator of a particle at position r in the magnetic sublevel
mp = j. The spin-1 matrices are given by

1 01 0 ; 0 -1 0 10 0
fa=—74|1 0 1), fy=—7|(1 0 —-1|,£=(0 0 0 |. (2.11)
V2 0 1 0 V2 0 1 0 0 0 —1
2.2.2 Spin-2 atoms
Similarly, for F' = 2 atoms Fpai; = 0, 2, or 4. From the relations
f1®j2 :p0+p2—|—p4, (212)
Fl . Fg = — 6p0 — 3p2 + 4p4, (213)
the interaction of spin-2 atoms can be rewritten as [63, 64]
Z (5(3 — I'J |:C(]fi X fj + Clﬁi . Fj + Cgpé’j , (214)
(4,9)
where
4A7h? dag + 3ayq
= 2.15
€o M 7 ) ( a)
47‘1’h2 aq — a9
_ 2.15b
C1 M 7 ’ ( )
4mh? Tag — 10az + 3aq
= . 2.15
C2 Vi 7 ( ¢)
In the second quantization, the interaction Hamiltonian takes the form of
. 1 . . )
Vi = 3 /dgr [co : A2(r) : 4¢p - F2(r) : +C2A80(r)A00(r)], (2.16)
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where the particle-density and spin-density operators are defined in a way similar to those of
spin-1 atoms, and the spin-singlet-pair amplitude operator is introduced as

Aoolr) = % S (1745 (1) (x). (2.17)

j=—2
The spin-2 matrices are given by

0 1 0 0 0 0 —1 0 0 0
1 0 V/3/2 0 0 i 0 —i4/3/2 0 0

f=10 3/2 0 3/2 0|, fy=10 1iy/3/2 0 —i4/3/2 0 |,
0 0 3/2 0 1 0 0 in/3/2 0 —1
0 0 0 1 0 0 0 0 i 0
200 0 0
01 0 0 O

f-=10 0 0 0 0 |. (2.18)
000 -1 0
000 0 -2

2.3 Mean-field ground-state phase diagram

With Bose-FEinstein condensation, a macroscopic number of particles occupy a common single-
particle state. In the mean-field approximation, quantum fluctuations are neglected and it is
assumed that at zero temperature all particles occupy a single spatial mode and a spin state
which is generally a superposition of different magnetic sublevels. For a spatially homogeneous
system, the spatial mode of the condensate is the zero momentum p = 0 state. Consequently,
the normalized state vector is written as

N

1 F
€)= Vi > Gajo | |vac), (2.19)
I Pt

where |vac) and N denote the vacuum and the total number of particles, respectively, and the
weights &;’s are normalized to unity:

F
> gl =1 (2.20)

j=—F

The operator a;jp, which annihilates a particle with momentum /Ap in the magnetic sublevel
mp = j is related to the field operator vj(r) by a Fourier transformation

. 3 e—ip-r
ajp = /d r \/V

where V' denotes the volume of the system. Using Eqgs. (2.19) and (2.21), it is straightforward
to obtain the expectation value of different operator products with respect to the state vector

j(r), (2.21)

11



((x)) ey = (V] (r))je) =0, 2.22)
(Bl =n e, (2.23)
L DL 8085 (e (1 - —) W2 ELELE (2.24)

where n = N/V is the total particle-number density. For a macroscopic condensate with
N ~ 10°, the factor 1/N in Eq. (2.24) can be ignored. As a result, the mean-field energy of a
BEC can be obtained by replacing the field operators v; and %T» in the Hamiltonian with the

condensate wavefunction ¥ = /n(ép,...,é_p)T and its complex conjugate, respectively. In
the following, we list the possible mean-field ground states of spin-1 and spin-2 BECs obtained
by minimizing the mean-field energy functionals [12].

2.3.1 Spin-1 BECs

In the presence of a homogeneous external magnetic field, the Hamiltonian of a spin-1 BEC is
given as

H= /d3 [ )( thz)wj( )+ qi*Plb; | + Vi, (2.25)

Jj=—1

where Vi—; is the interatomic interaction given in Eq. (2.8) and the second term in the square
brackets describes the quadratic Zeeman shift of the atomic energy. Here the linear Zeeman en-
ergy is suppressed due to the conservation of the total longitudinal magnetization in an isolated
system. Since the ultracold atoms are confined in a vacuum chamber, they form an isolated
system to a good approximation. The constraint on the magnetization can be mathematically
replaced by the introduction of a Lagrange multiplier which cancels the linear Zeeman energy
completely for systems prepared in a state with zero total longitudinal magnetization. This is
equivalent to going onto a frame rotating at the same frequency as the Larmor precession of
the atoms’ spin vectors.

Applying the arguments below Eq. (2.24) to the Hamiltonian (2.25), we obtain the mean-
field energy functional as

1
7¢ ; 720512 + +C2—1F2, (2.26)

where the spin density F is obtained from Eq. (2.10) with qﬁj being replaced by ;. The time
evolution of the condensate wavefunction 1 is given by the time-dependent Gross-Pitaevskii
(GP) equation

L 00; _ OF
T ot
1
= Qj2¢j + cony; + c1 Z F-f ;. (2.27)

=1

A stationary state, whose time evolution are given by 1;(t) = 1;(0)e”*/" with u being the

12



chemical potential, must satisfy the time-independent GP equation [12]

1
(JJ2¢J + C(]’I’L¢j + C1 Z F. fJ,Jl¢J’ = M¢J’ (228)
ji=—1
or written explicitly as
c
(q+ con + erF. — p)n + —=F_wbp =0, (2.29a)
V2
Cc1 C1
—F ~+ (con — + —=F_v¢_; =0, 2.29b
7 Y1+ (con — p)tho 7 (U] ( )
c
—=Fiag + (g + con — e1 Fy — p)yp—y =0, (2.29¢)

V2

where Iy = F, il

All possible stationary states are obtained by solving Eqgs. (2.29a)—(2.29¢), and by comparing
their energies, the ground state can be found. Because the system has a rotationally invariant
symmetry about the z axis, without loss of generality we can take the transverse magnetization
vector to point in the x direction; i.e., we can set I}, = 0. This leads to Im; = Im_;. From
the U(1) gauge invariant symmetry of the system, we can further choose 1y to be a real number.
By writing {11 = Ref11 + id, Egs. (2.29a)—(2.29¢) reduce to

(q + cinF, — p+ con)éy + cn(Reé; + Ref_1)E2 =0, (2.30a)
[t — con — exn(Re€q + Re€_1)(Re€y + Reé_y + 2i6)]& =0, (2.30b)
cin(Reéy + Re€ 1) + (¢ — cinF, — p+ con)é_q1 =0. (2.30c)

From Eq. (2.30b), we have either £ = 0 or u = con + cyn(Re&y + Reé_1)(Re& + Reé_1 + 2i0).
In the former case, we have three stationary states:
Ferromagnetic phase. The spinor order parameter and the energy density are given by either

T £ _ (co+c1)n

q+— (2.31)

5 (e Y Y ) Y V 2

with the maximum longitudinal magnetization pointing in the positive z direction:
F./n=1,or

T £ _ (co+c1)n

FM2 X —
= (0.0. X1
5 (7 76 ) V q+ 2

(2.32)
with the maximum longitudinal magnetization pointing in the negative z direction:
F,/n = —1. The phases e'’X*! are arbitrary due to the U(1) gauge invariant symmetry of the
system.

Antiferromagnetic phase. The spinor order parameter and the energy density are given by

AFM ex1 eX-1 ) con
_ 0 - — - 2.33
3 ( A0 m) vt (2.33)

This state is unmagnetized: F = 0.
In the latter case, we have § = 0 since the chemical potential p should be a real number.
By solving Egs. (2.30a) and (2.30c), we obtain two other stationary states.

13



Polar phase. The spinor order parameter and the energy density are given by
et = (0, €0, 0)T, = = =—. (2.34)

This phase is also unmagnetized.
Broken-azisymmetry (BA) phase. The spinor order parameter and the energy density are
given by [65]

pa _ €oFx) g BA _ _ixo |1 ¢ E (¢g+2an)?  con
_ 1 eBA _ ixo, [1 L _lat2an)” | con 2.35
& 2 2c1n 1% © 2 den’ V 8cin + 2 ( )

where the phases e’X0 and e?X> correspond to the gauge and the rotation about the z axis,
respectively. This phase can be stable only if ¢; < 0 (see Fig. 2.2). It has a nonzero transverse
magnetization:

2
. i q
F, =F F,=e%y|1— F,=0. 2.36
+ z T 1Ly € <2|Cl|’l’L> y L'z ( )

The direction of the transverse magnetization in the zy plane, which is determined by the value
of x., breaks the rotational symmetry of the Hamiltonian about the z axis.

By comparing the energies of the above stationary states, we obtain the mean-field ground-
state phase diagram of spin-1 BECs as shown in Fig. 2.2. The phase diagram is the result of
the competition between the spin-dependent interaction with the coupling constant ¢; and the
quadratic Zeeman shift with the coefficient q. The spin-dependent interaction can be either
ferromagnetic (i.e., ¢; < 0, e.g., 8’Rb) or antiferromagnetic (i.e., ¢; > 0, e.g., 23Na). The sign
and the magnitude of the quadratic Zeeman coefficient ¢ can be varied by adjusting the detuning
and the power of an applied microwave due to the AC Stark effect [66].

2.3.2 Spin-2 BECs

Similarly, the mean-field energy functional of a homogeneous spin-2 BEC in the absence of
external fields is given by

E 1

% = §(Con2+61|F|2+62|Aoo|2)a (2.37)
where we have introduced the spin-singlet-pair amplitude Agg = (212t)_o — 20191 + ¥2)/V/5
which is absent in spin-1 BECs. We then obtain the time-independent GP equation for a
stationary state as [63, 12]

C2

(4q + con £ 2c1F, — p)so + c1 Fipapar + \/514001#;2 =0, (2.38a)
V6 c .
(g+con£crF, — p)psr +c1 <7F¢¢0 + Fithas | — 7251400?#11 =0, (2.38b)
V6 c .
(con — )0 + 761(F+¢1 +Foypq) + 7231400% =0. (2.38¢)

Similar to the case of spin-1 BECs, by solving Eq. (2.38) we get all possible stationary states. By
comparing their energies, we obtain the mean-field ground-state phase diagram of spin-2 BECs
shown in Fig. 2.3. Depending on the relative strengths c¢; and cs of the two spin-dependent
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87Rb (¢,<0):

Ferromagnetic Broken Axisymmetry Polar

L s gl e |m)
BNa (¢;>0):
F=0 ,
” F=0
Antiferromagnetic Polar
s g/(c,n
5 q/(c,n)

Figure 2.2: Mean-field ground-state phase diagrams of (a) spin-1 8’Rb and (b) spin-1 23Na
BECs, where the spin-dependent interaction is ferromagnetic (¢; < 0) and antiferromag-
netic (c; > 0), respectively. The ground-state phase depends on the ratio of the quadratic
Zeeman energy ¢ to the interaction energy |ci|n. The insets show the surface plots of
100, 0)2 = | S8 __ | &nYi™(8, ¢)|2, where Y{™’s are the spherical harmonic functions of rank 1.
The longitudinal and transverse magnetizations are denoted by F| and F'|, respectively. The
order parameter €24 of the broken-axisymmetry (BA) phase varies continuously as a function
of g/|ci|n [see Eq. (2.35)].

interactions, the ground state is one of the following phases.
Ferromagnetic phase. The representative spinor order parameter and the energy density are
given by

€M — (1,0,0,0,0)T, = = T” +2e1n (2.39)

with the maximum magnitude of magnetization: |F|/n = 1.
Cyclic phase. The representative spinor order parameter and the energy density are given

by
1 5\ E
Ccon
= (fyonfio) =5 e

Both the magnetization and spin-singlet-pair amplitude of this state vanish: F = 0 and Agg = 0.
In the many-body state corresponding to the cyclic phase, every three atoms form a spin-singlet
trimer, and these trimers undergo the Bose-Einstein condensation [64, 67]. The energy difference
between the cyclic phase and the many-body state of condensed trimers approaches zero in the
thermodynamic limit (see, for example, Ref. [19]).

Nematic phase. The representative spinor order parameter of a nematic phase is character-
ized by an extra parameter 7 as [67, 68]

. . T
€ = (2L 0.comn0. ) (241

At the mean-field level, all nematic phases with different values of n are degenerate with the
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27

Ferromagnetic Cyclic

Nematic
w—F lll
0

Figure 2.3: Mean-field ground-state phase diagram of spin-2 BECs. The ferromagnetic-nematic
phase boundary is given by co = 20c¢; and ¢; < 0. At the mean-field level, all nematic phases
including the uniaxial- and biaxial-nematic phases are degenerate. The insets show the spherical
harmonic representations of the spinor order parameters in the same way as Fig. 1.1.

energy density F/V = con/2+con/10. A similar degeneracy was found to appear in the d-wave
superconductors [63]. These nematic phases are unmagnetized F = 0 but have the maximum
value of the spin-singlet-pair amplitude Agg/n = 1/4/5. Similar to the cyclic phase, the many-
body state corresponding to the nematic phases involves a Bose-Einstein condensation of the
spin-singlet pairs of atoms [64, 67], and the energy difference between the nematic phases and
the state of condensed pairs vanishes at the thermodynamic limit.

Since the Hamiltonian (2.16) is invariant under an SO(3) rotation in spin space, the ground-
state manifold of each phase contains all states obtained by letting an SO(3) rotational oper-
ator Ula, 3,7) = e =@~ uBe1>7 act on the above representative order parameter. Here,
«a, B, and ~ denote the Fuler angles of the rotation. For example, the order parameter
(1,0,iv2,0,1)T/2 = U(n/3, arccos(—1/v/3), —m/3)(1/4/3,0,0,+/2/3,0)T also represents one
state in the ground-state manifold of the cyclic phase.

2.4 First-order (Bogoliubov) excitation spectrum

Both quantum and thermal fluctuations create elementary excitations above the condensate. In
the presence of the condensate, the elementary excitations are superpositions of particle-like and
hole-like ones defined by the so-called Bogoliubov transformation [18]. This is a result of the
creation of a pair of noncondensed particles out of the condensate and the inverse annihilation
process. Due to the macroscopic occupation of atoms in the condensate, the annihilation and
creation operators of the condensate mode can be replaced to a good approximation by the
condensate wavefunction and its complex conjugate as discussed after Eq. (2.24). The field
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operator then can be decomposed into the condensate and noncondensate parts as
by =1j +0v;
zp r

\/_£J+Z\/_ay,p, (2.42)

p#0

where ny denotes the particle-number density in the condensate. The total number density is
given by

n=mng+ Z d},p&jvp' (2.43)
J,p#0

If the excitations are weak enough, e.g., in a weakly interacting dilute Bose gas at zero tem-
perature, the Bogoliubov theory can be applied in which the noncondensate operators a; p-o
and their Hermitian conjugates are retained up to the quadratic terms. The obtained Bogoli-
ubov Hamiltonian can be diagonalized using the Bogoliubov transformation, from which the
excitation spectrum is found. The Bogoliubov transformation is canonical in the sense that the
operators of the Bogoliubov quasiparticles satisfy the commutator relations for bosons.

2.4.1 Spin-1 BECs

Following the above procedure, the Bogoliubov Hamiltonian of spin-1 BECs is given by [65, 69]

1

A Vn? . A
Hpy =—5—(co+alF) +aNF2+ 37| 37 () — enfFI* +45° — aF2)a] ,ap

p#0 Lj=-1
con AL A A PN
+oen Z Ffal ap,+ 07(21);1)1, +DyD_p + DIDT )
33’ ==1
c1n

——(2FL - Fp + Fp - F_, + FLFT )| (2.44)

2

where €) = /?|p|?/(2M) is the kinetic energy of a particle with momentum hp and

F = Z gj £ &, (2.45)
JJ'==

Dy = Z Eajp, (2.46)
j:—l

Fp = Z @ G - (2.47)
hi'==

Here, ﬁp and Fp represent the density and spin fluctuation operators of the condensate, re-
spectively. In the following, we diagonalize the Bogoliubov Hamiltonian (2.44) for the different
phases given in Sec. 2.3.1.

Ferromagnetic phase. With the spinor order parameter £&™ = (1,0,0)", the Bogoliubov
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Hamiltonian is diagonalized as

H® = EgM + Z[hwl,pi)}pgl,p + th,pdg,p&O,p + hw—l,p&T—l,pd—l,p]a (2.48)
p#0

where Eg M is the zero-point energy containing the Lee-Huang-Yang correction to the Hartree
mean-field energy [70, 71], and the excitation spectra are given by

hwip = \/6%[6% +2(co + e1)n], (2.49)
fuwo p = eop —q, (2.50)
hw_1p = eop —2cin. (2.51)

The annihilation operator of the Bogoliubov quasiparticle is given by
with the coefficients

€) + (co +c1)n + hw p €) + (co +c1)n — hw p
up = , Ulp = .
Lp 2hw17p Lp 2hw17p

(2.53)

Polar phase. Similarly, with the spinor order parameter & = (0,1,0)T, the Bogoliubov
Hamiltonian for the polar phase is diagonalized as

H® = E(IJ)L + Z[hwl,pi’}pi’l,p + th,pBg,pi’O,p + hw—LPBT—LpB—LP]? (2.54)
p#0

with the excitation spectra given by

hwiip = \/(6% +q)(e) + ¢+ 2cin), (2.55)

hwop = 4/ €3 (€ + 2con). (2.56)

Here there is a twofold degeneracy in the excitation energy (2.55) of the polar phase due to the
equivalence of the two magnetic sublevels mp = +1. The Bogoliubov transformations are made
for the three excitation modes:

birp =us1pisrp+ ’U:I:l,p&;L_pa (2.57)
bo,p = 0,pl0.p + V0,pi}) _p (2.58)
where
) + g+ cin + hwiq ) +q+cin — hwiq
P ;P P P
= = , 2.59
€V + con + hw €V + con — hwo
Uy p = P 0 0,p7vop: P P (2.60)
’ 25&)071) ’ 25&)071)

Antiferromagnetic phase. The excitation spectra of the antiferromagnetic phase with the
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spinor order parameter £A™™ = (1,0, 1)T are calculated to be

hwip = /€d(€d + 2con), (2.61)
husnp = /(€ — a)(e) — g +2e1m), (2.62)
hw_ p = /€d(€d + 2c1n). (2.63)

The Bogoliubov transformations are given by

o o
~ aj, + a—i, aL_ + a_q _
byp :u+,p% +4pp—" 5 2, (2.64)
8071) = u07pd07p + ,onpd;r],—p7 (2'65)
o o
7 A1p —A-1p 4, p % 1,p
b_ _ : : 2.66
with
€) + con + hw, €) + con — hw
P ;P P +,p
_ _ , 2.67
u+7p \/ 2hw+7p 9 ’U+7p 2hw+7p ( )
—— € —q+cin+ hwop S € —q+cin — hwop (2.68)
op = 2th7p e 2th7p ’ '
_ € +ein+hw_p B € +ein—hw_p (2.60)
U=p = 2hw_ p U= T 2hw_ p ' '

BA phase. The Bogoliubov spectra of the BA phase can also be derived in a similar way.
Since their derivations and expressions are lengthy, we refer their details to Refs. [12, 68].

2.4.2 Spin-2 BECs

Following a similar procedure, the Bogoliubov Hamiltonian of spin-2 BECs can be written
s [68, 69]

2
- Vn?
e, = —(co+ 1|F? + 4eal Agol?) + D | Y (e — ein|F[* — dean| Ag|*)al Lajp
p#0 Lj=-2
+cn Z Ffj il ajp+ 2enAL Ay + con Z 1) (Agod] pal; _, + Afodpa—j,—p)
Jj'==2 Jj==2
con

n A A A A A A
A ofl B, +Fy o, +FL-FL )|

(2D Dy + DpD_p, + DIDT ) + 5

2
(2.70)
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where ﬁp and Fp are defined in the same way as Eqgs. (2.46) and (2.47), respectively, and

1 2

Ago = 3 Z (-1 &6, (2.71)
j=—2
T
Ap = Z (=1)7&j0—jp- (2.72)
j=—2

Here /Alp represents the fluctuation operator of the spin-singlet-pair amplitude. By diagonalizing
the Bogoliubov Hamiltonian (2.70), we obtain the excitation spectra for different phases of spin-
2 BECs as follows. There are a total of five excitation modes.

Ferromagnetic phase. The excitation spectra are given by

VS €4+ 2(co + der)n], (2.73a)
e, (2.73b)
eop —4eqn, (2.73¢)
eop — 6cin, (2.73d)
eop — (8¢1 — 2¢2/5)n. (2.73e)

From Egs. (2.73¢)—(2.73e), it is clear that a Landau instability with a negative excitation energy
would occur if either ¢; > 0 or ¢g < 20c¢;. Note that ¢; = 0,¢c3 > 0 and co = 20c¢1,¢1 < 0 are
the mean-field phase boundaries of the ferromagnetic-cyclic and ferromagnetic-nematic phase
transitions, respectively (see Fig. 2.3).

Cyclic phase. The excitation spectra are given by

€9 (€% + 2con), (2.74a)
e9 (€% + 4cin), (2.74Db)
ey + 2con /5, (2.74c)
/€3 (€) + 4ein), (2.74d)
e9 (€% + 4cin). (2.74e)

From Eq. (2.74c¢), a Landau instability would occur if ¢o < 0. Note that co = 0 and ¢; > 0 define
the mean-field phase boundary of the cyclic-UN phase transition (see Fig. 2.3). On the other
hand, Eqs. (2.74b), (2.74d), and (2.74e) imply a dynamical instability in which the excitation
energy acquires a nonzero imaginary part if ¢; < 0.

Uniazial-nematic (UN) phase. The spinor order parameter is €N = (0,0,1,0,0)T, corre-
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sponding to n = 0 in Eq. (2.41). The excitation spectra are given by

€9 [€9 +2(co + c2/5)n],

6

(
) +2(3c1 — c2/5)n],
(

[

[
€ [ep—|—2 31 — c2/5)n],
b (

) — 2c9n/5),
€9 () —2¢on/5).

Qgo

ﬁﬁﬁﬁﬁ

(2.75a)
(2.75b)
(2.75¢)
(2.75d)

(2.75e)

Equations (2.75b)—(2.75e) indicate a dynamical instability if either co > 15¢1,¢1 < 0 or ¢g > 0.

Biazial-nematic (BN) phase. The spinor order parameter is £VN =
responding to 7 = 7/6 in Eq. (2.41). The excitation spectra are given by

€9 [} 4 2(co + c2/5)n,

€9 [} + 2(4c1 — c2/5)n],

€9 [€) 4 2(c1 — c2/5)n],

Qo

b
[
€9 [€) 4 2(e1 — ca/)n],
[
(b

€9 (€ —2can/5).

ﬁﬁﬁﬁﬁ

(1,0,0,0,1)T/v/2, cor-

(2.76a)
(2.76b)
(2.76¢)
(2.76d)

(2.76e)

From Egs. (2.76b)—(2.76e), it is clear that a dynamical instability would occur if either co >

20c1,c1 < 0 or ¢ > 0.
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Chapter 3

Beliaev theory of scalar BECs

For an interacting Bose gas, even at zero temperature quantum fluctuations cause a depletion of
the condensate. The fraction of noncondensed particles which are excited out of the condensate
is given by [19]

nc

"n \/_\/— (3.1)

It is a function of the only dimensionless parameter na® characteristic of a dilute Bose gas with
n and a being the total particlee-number density and the s-wave scattering length, respectively.
The particle density in the condensate therefore decreases to

% ~1-— % nas. (3.2)

The effects of quantum fluctuations on the excitation spectrum of a scalar (spinless) BEC
were studied for the first time by Beliaev [26, 27]. He used a Green’s function approach in
which the Feynman diagrams up to the second order were considered. In comparison, the
Bogoliubov excitation spectrum is reproduced by taking the Feynman diagrams up to the first
order. The Bogoliubov and Beliaev spectra thus involve the lowest-order and the next-to-the-
lowest-order terms, respectively, in the asymptotic expansion of the excitation spectrum with
respect to the dimensionless parameter na®, which satisfies na® < 1 for dilute Bose gases in
typical ultracold atomic experiments. In fermlonlc systems, we often use a formalism such
as the Hartree-Fock approximation in which the motion of a particle and the influence of its
interaction with other particles are treated self-consistently. In the language of the Feynman
diagrams, the Green’s function appearing in each diagrammatic contribution to the self-energy
is taken to be the interacting Green’s function, which is to be updated by the newly obtained
self-energy [20]. However, the situation becomes much more complicated for the case of bosons.
A similar approach applied to a BEC leads to an artifact of the excitation spectrum of phonons
having a nonzero energy gap [21, 22]. This contradicts the Nambu-Goldstone theorem which
states that the phonon excitations arising from the spontaneous symmetry breaking should
be gapless [23, 24]. The origin of this discrepancy is that unlike the case of fermions, the
Green’s function and self-energy of a BEC contain the so-called anomalous component besides
the normal one. This anomalous component represents the creation of a pair of noncondensed
particles out of the condensate. The replacement of a noninteracting Green’s function by an
interacting one in the Feynman diagrams of the anomalous self-energy leads to double counting
of contributions from different diagrams [25]. Therefore, to avoid double counting and the
ensuing artifact of a gapful excitation mode, we need a perturbation theory in which for a given
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order of approximation the contribution from each of the Feynman diagrams can be calculated
in a fully controlled manner. The Beliaev theory is such a perturbation theory that gives us the
beyond-Bogoliubov excitation spectrum of the condensate in an analytic form. In the following,
we review the basics of the Beliaev theory for a scalar BEC and show how the spectrum of
phonons is modified by quantum fluctuations.

3.1 Formalism

We consider a homogeneous system of spinless bosons, whose Hamiltonian is given as the sum
of the kinetic and the interaction energies:

IA{:IA{(]—FV

= [ it (<) b+ g [ [@r i@V - miie. 63

As in the Bogoliubov theory, the field operator is decomposed into the condensate part which
can be replaced by a c-number and the noncondensate part which contains only the nonzero-
momentum components:

W(r) = Vg + 6(r). (34)

Substituting Eq. (3.4) in Eq. (3.3), we obtain

V = Ey+ 27: Vi, (3.5)
n=1
where
Ey :%ng/d% /d3r’V(r —1'), (3.6a)
i :%no / SEN / BV — v)5(r)5(r), (3.6b)
7 :%no / EN / Br /5t (r)5T )V (r — 1), (3.6¢)

Vs :no/dsr /d?’rlgT(r/)V(r—r/)g(r), (3.6d)

Vi =no / dPr / Br/8T (1) (x — r')8(r), (3.6¢)

Vs =ng/” / d’r / Pr/st(r)f )V (r - 1)d(r), (3.6¢)
Ve :n(l]/z/dsr /d?’r/ST(r)V(r —1)é(r")é(r), (3.6g)
7 :% / EN / Br /81 (0)5T () V (x — )5 ()8 (x). (3.6h)

These interactions are classified by the number of noncondensed particles involved and are
schematically illustrated by the Feynman diagrams in Fig. 3.1. Note that in Egs. (3.6a)—(3.6h)
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A A A
v, v, v,

Figure 3.1: Feynman diagrams representing the terms (3.6a)—(3.6h) in the interaction Hamilto-

nian. The dashed, solid, and wavy lines represent condensate particles, noncondensate particles,
and the interaction, respectively.

there is no term of the first order in §(r) since

zpr
/d3r5 /d3 ap = 0. (3.7)
p#0

We consider a grand canonical ensemble of the above system, and introduce the generalized
Hamiltonian

K =H — uN, (3.8)
where p denotes the chemical potential and N is the total particle number operator
N = [ @ il @i, (3.9)
Using Eqgs. (3.3),(3.4),(3.5), and (3.8), we have
K = Ey— uNy + K, (3.10)

where Ej given by Eq. (3.6a) and Ny = Vng are the interaction energy and the total number
of the condensate particles, respectively, and

K' =Ko+ K, (3.11)

is the corresponding Hamiltonian for the noncondensed particles with

Ko=) (e) — pabip, (3.12)
p#0

A 7

Ki=> V. (3.13)
n=1

Here 60 = R2|p|?/(2M). In the following, Ky and K, are referred to as the noninteracting
Hamﬂtonlan and the interaction of the noncondensed particles, respectively. For a weakly
interacting system, K7 can be treated as a perturbation to K.
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3.1.1 Green’s function

The Green’s function can also be decomposed into the condensate and noncondensate parts
as [20, 27]

iG(z,y) = no +iG'(z,y), (3.14)

where z = (r,t),y = (r/,t') are spatial-temporal four-vectors. The noncondensate part of the
Green’s function is defined as

(O|T by ()5} (y)|O)
(0]O)

iG (2, y) = (3.15)
Here |O) is the ground state of the Hamiltonian (3.11), and 7 and H denote the time-ordering
operator and the Heisenberg representation, respectively.

In the presence of the condensate, we must take into account the creation of a pair of
noncondensed particles out of the condensate and the inverse pair annihilation process. To
this end, in addition to the normal Green’s function G'(z,y) in Eq. (3.15), it is necessary to
introduce the so-called anomalous Green’s functions defined by

(O|T 5}, (2)3];()|0)

- ~12 _
iG (v, y) = (0]0) : (3.16)
: 21 — <O|73H($)5H(y)|o>

1G* (z,y) = (00} . (3.17)

In energy-momentum space, the Dyson’s equation for the noncondensate Green’s function
is given in terms of the proper self-energy ¥ and the noninteracting Green’s function GV as

G(p) = G°(p) + G°()S(p)G(p), (3.18)
where p = (wp, p) denotes a frequency-wavenumber four-vector, and é, GO, and ¥ are 2 x 2

matrices:
Aoy (G () GR )]« [E2D) EP(p)
G(p) = [021(29) Gzz(p)] , X(p) = [221(]9) Ezz(p)] . (3.19)

Here G'(p) = G'(p), G**(p) = G'(—p), and £??*(p) = L (—p). The Dyson’s equation (3.18) is
represented by the Feynman diagrams in Fig. 3.2.
The solution to Eq. (3.18) can be written as

~ ~ -1,
Gp) = [1 -G W)S0)| ). (3.20)
The noninteracting Green’s function is defined as

(017 380(2)5}(»)]0)
(0]0) ’

iGO(z,y) (3.21)

where dy indicates the free evolution of ¢ for the noninteracting Hamiltonian K, given by
Eq. (3.12), and |0) represents the noninteracting ground state, which is the vacuum with respect
to the noncondensate operators; i.e., ap|0) = 0 for any p # 0. Substituting Eq. (3.12) in
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p A A
ap | = [C®) + e 1(p)
P
Plc Gz1
(p) p (p)
P A p GO(p) p Go(p)
12
Gl = IPp) o+ >(p)
P 12
Py -p  G(-p) -p G (p)
Y Py Gp) P yGp)
1
S| = Xp)  + 2'(-p)
p A P &
p

Figure 3.2: Dyson’s equations for the normal and anomalous Green’s functions (see Eq. (3.18)).
The thick, thin lines, and the oval represent the interacting Green’s functions, the noninteracting
Green’s functions, and the proper self-energy, respectively. Here G and ¥'' denote the normal
components, while G1%2! and X1%2! denote the anomalous components.
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Eq. (3.21), we obtain the Fourier transform of G°(z,y) as

GO(p) = / dlz PV (z, )

1
= 3.22
wp— (= m/htin (3:22)

where 7 is an infinitesimal positive number. Note that the anomalous Green’s functions in a
noninteracting system vanish invariably, and thus the matrix G°(p) in Eq. (3.20) is diagonal
with the matrix elements given by Eq. (3.22).

Substituting Eq. (3.22) in Eq. (3.20), the normal and anomalous Green’s functions can be
expressed in terms of the self-energies as

Gll(p) — _[GO(_p)]_l; + 211(_]9) — Wp + (EOP - /L;)/h+ 211(_29)’ (323&)
=P(p) 2% (p)
D D

GP(p) = , G (p) = (3.23b)

where

D=~ [G°p)] G (=p)] 7 + SHD)IG (=) 7" + =2 () [G%(0)] ! - B (0)Z*(p)

+ 22 (p)=(p)
& —p S +32(p)]

=wp = [B1 () = 2% ()] wp + D)2 () — | P+ .

N [zll(p) - 222(19)] s (3.24)

2

3.1.2 T-matrix

For a weakly interacting dilute Bose gas, the contributions from all ladder-type diagrams to
the self-energy have been shown to be of the same order of magnitude [20, 26], and thus all of
them must be taken into account. The T-matrix is defined as the sum of an infinite number of
ladder-type diagrams as illustrated in Fig. 3.3. It is written explicitly as

i d*
I(p1, p2; p3,pa) =V (p1 — p3) + 7 / 1Gp1 — q)G(p2 + @)V (@)V(p1 — a— ps) + - -

(2m)4
d3q 1
—V(p, — p3) & / ~
(pl ps) (277)3 h(wln + wpz) - 601)1—01 - €0P2+q + 2'“ +
< V(@)V(p1 —a—ps)+ .. (3:25)

Here, in deriving the second equality in Eq. (3.25), we used Eq. (3.22) to carry out the inte-
gral [ dwg. The T-matrix describes a two-body scattering under the influence of the medium
containing the other particles which is implied by the chemical potential in Eq. (3.25).

The T-matrix I'(p1, p2; p3, p4) can be expressed in terms of the vacuum scattering amplitude
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A A P1a Poa
P4 P> q
P P MM
T _ P,"Ps N
- PAAL + p1_q‘\ p2+q;\ + ...
A A --
b b | Ps3 P4 P,"d-P,
3 4 <~
pst pt

Figure 3.3: T-matrix of the two-body scattering. The interaction of two atoms with momenta
hps and hp,4 causes a change in momenta to Ap; and Aps. The T-matrix is defined as the sum

of an infinite number of ladder-type diagrams which describe multiple virtual scatterings [see
Eq. (3.25)].

as (see Appendix A)

L'(p1, p2; p3, pa) =T (p, P, P)

fo.p)+ [ T4 5. q :
=J\p,P pP,q
(2m)? hwp — hL\P; + 2 — i}\?z +1in
1 rx
+ g R2p? . )f (p/7 Q). (3.26)
M~ M W

Here —M f(p, p’)/(47h?) is the vacuum scattering amplitude of the two-body collision in which
the relative momentum changes from Ap’ to hp. As seen in Eq. (3.26), it can be shown that
I['(p1, p2; p3, p4) depends only on the center-of-mass four-vector hP = hpy + hpe = hps + hpy
and the relative momenta hp = (hp1 — hp2)/2, hp' = (hps — hpa)/2, and neither on wp =

[wp1 - wpz] /2 nor wpr = [wpfs - wp4] /2'

3.1.3 First-order (Bogoliubov) energy spectrum

In the following, we make the asymptotic expansions of > and u with respect to the charac-
teristic dimensionless parameter na®, which is much smaller than unity for typical ultracold
atomic experiments. These expansions are represented by the sums of the Feynman diagrams
at different orders of approximation:

o

pod =) "y, (3.27a)
n=1

p=>_ pu", (3.27b)
n=1

where %) and (™ are the contributions to the self-energy and the chemical potential from
the nth-order Feynman diagrams. The Bogoliubov and Beliaev theories consist of the con-
tributions from the Feynman diagrams up to the first order (Fig. 3.4) and the second order
(Figs. 3.5-3.8), respectively.

In the first-order approximation, we can neglect the [ d?q integral in Eq. (3.26) since its
contribution is of the second order whose magnitude is smaller than the first order by a factor of
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(@ (d)

Figure 3.4: First-order diagrams of the proper self-energies (a)-(c) and the chemical potential
(d). The squares represent the T-matrix, and we choose the convention that the condensate
particles are not explicitly shown. In fact, in (a) there are one condensate particle moving in
and another moving out; in (b) and (c¢) there are two condensate particles moving in and two
moving out, respectively; in (d) all four particles belong to the condensate. This convention
would help simplify the second-order diagrams in Sec. 3.2.

Vna® < 1 (see Sec. 3.2). On the other hand, in the low-energy regime |p| < 1/a, the momentum
dependence of the vacuum scattering amplitude is negligible, and f(p,p’) approaches g =
47h%a/M in the limit of zero momenta p, p’ — 0. The T-matrix then reduces to

I(p,p’, P) ~g. (3.28)

The proper self-energies and the chemical potential at the first-order approximation, whose
Feynman diagrams are shown in Fig. 3.4, are given by

e (p) =T(p/2,p/2, p)no + L(p/2, —p/2, p)no

~ 2gny, (3.29a)
hsP?W(p) = h2?'(p) =T(p, 0,0)no
M(l) = F(Oa Oa O)nO

= gno. (3.29¢)

By substituting Eqgs. (3.29a)—(3.29¢) in Egs. (3.23a) and (3.23b), we obtain the first-order
Green’s functions as

_wpt (e9 +gno)/h

GO (p) = , (3.30a)
wh = lwp 12 + i
Gy = GHD(p) = — gn&/)h : (3.30b)
wp — [wp ]* +in

where the excitation spectrum, which can be determined from the pole of the Green’s functions
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according to the Lehmann representation [80], is given by
hwl()l) =1/ €S [€S + 2gng]. (3.31)

This is the energy spectrum of phonons obtained by using the Bogoliubov theory [18]. There-
fore, the first-order approximation reproduces the Bogoliubov excitation spectrum. In the
low-momentum regime eop <& gn, the dispersion relation is linear

hwl(,l) ~1/2gnoe)
=~/ 2gne)

=u{Vh|p|, (3.32)

where vs(l) = \/gn/M is the sound velocity. Here we used relation (3.2) between ny and n and
ignored terms of the order of vVna3 < 1.

To faciliate the second-order calculations in Sec. 3.2, we rewrite the first-order Green’s
functions in Egs. (3.30a) and (3.30b) as

A B
G"W(p) = - " (3.33a)
wp —wp’ +in  wptwp —in
1 1
G120 (p) = Gﬂ(l)(p) =—C, ( DR DR ) , (3.33b)
wp—wp +in wptwp’ —in
where
—hwl()l) 4+ eop + gno (3 24 )
P 2hwl()1) 7 o
—hw) + & 4 gn
M T T I (3.34b)
P 2hwl()1) '
gno
Ch :2h Ok (3.34¢)
Wp

3.2 Second-order (Beliaev) energy spectrum

The second-order contributions to the proper self-energies and the chemical potential consist
of two components. The first one results from the second-order contribution to the T-matrix
in the first-order diagrams (Fig. 3.4). It is obtained by substituting the [ d3q integral and the
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imaginary part of f(p,p’) in Eq. (3.26) in the first lines of Eqs. (3.29a)(3.29¢). We then have

hst(p) +iImf(p/2,p/2)n0+ i Imf(p/2, —p/2)no

d3q 1 1
2n0g> — . (3.35a
T 2nog /(277)3 (hwp—l—ano—qu—e?{—l—in e%—e%—eﬂ—l—in) ( )

D122 (p) 2/ d’q = 4t (3.35b)
’ n — :
P} : Tiog (2m)3 \ 2gng — 2€§ +in  2¢) )’
d3q 1 1
2
: — 3.35
fi=mog / (2m)3 (29n0 — 2€d +1in * 268)’ (3-35¢)

where Im denotes the imaginary part and k = q — p. Using the optical theorem for scattering,
the imaginary part of the on-shell vacuum scattering amplitude f(p,p’) (|p| = |p’|) is given by
[20]

r dgq F £
tmf(p. o) = = G [ 55 F o) (0 (0 — )
__|p|M 3 Fx(
=P [ a9, F @' a). (3.36)
where Qg denotes the solid angle of the on-shell momentum q (|q| = |p| = |p’|). Therefore, we

obtain the imaginary part of f(p/2,£p/2) in Eq. (3.35a) to the second-order approximation as

—|P|M 2

Imf(p/2,+p/2) =——>¢",

(3.37)

where we replaced f(p,q) and f(p,q) on the right-hand side of Eq. (3.36) by their zero-
momentum limit g.

The second component of the second-order contributions to the proper self-energies and
the chemical potential arises from the second-order Feynman diagrams shown in Figs. 3.5-3.8.
It is calculated straightforwardly by using Egs. (3.33a) and (3.33b) for the first-order Green’s
functions. By summing the obtained two components, we find the second-order contributions
to the self-energies and the chemical potential to be

AS®) (p) = hE222)(—p)

_ Zilp[Mnog® 2n092/ d’q 1 B 1
4mh? (2m)3 \ hwp +2gm0 — €4 —ef +in € —€d — ¢ +in

P ‘a
N nogz/ d*q [2{Aq, B} + 4CqCik — 4 {Aq, Cic} + 244 Ax
P\ W el v
B Q{Aq,Bk} —1—40 Cx —4{Bq,0k} —|—23qu B 2
h [wp + w4+ wl({l)} in hwp — €q — € + 2gmo + in
d3q
—1-29/ (27)3 By, (3.38)
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(a1) (@2) (@3) (a4)

(c1) (c2) (c3) (c4)
pT P p p
q a
p-q q p-q pP-q q p-q
ap P qp P ap p ap p
(d1) (d2) (d3) (d4)
p| & p| P p| P pT ap
p-q 3 p-q q p-q q p-a
p P P P
(e1) (e2) (1) (2)
P P P
q
q p-q a P-q P
qa p
P P

Figure 3.5: Second-order diagrams for the proper self-energy X!!(p). The intermediate propa-
gators are classified into three different categories, depending on the number of noncondensed
atoms moving into and out of the condensate. They are represented by curves with one arrow
(—), two pointing-out arrows («—), and two pointing-in arrows (—+«), and are described
by the first-order normal Green’s function G*(Y)(p) and anomalous Green’s functions G*2(1)(p)
and G2'(1)(p), respectively. Here, the two horizontal dashes in diagrams (el) and (e2) indicate
that we need to subtract from these diagrams the terms involving the noninteracting Green’s
function to avoid double counting of the contributions that have already been taken into account
in the T-matrix and the first-order diagrams. As in Fig. 3.4, we use the convention that the
condensate particles in diagrams (al)—(e2) are not explicitly shown.
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(a1) (a2) (@3) (ad)

(c3) (c4)

-p -p

-q qa-p PT -q ap P
q q

Figure 3.6: Second-order diagrams for the proper self-energy %12(p).

33



(a1) (a2) (a3) (a4)

(d1) (d2) (e)

@n (a2) (b)

q 5
q q -q

Figure 3.8: Second-order diagrams for the chemical potential p.
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Ee2@) (p) = hx? 3 (p)

d3q 1 1 d3q
2 L 2
—"og / (27)3 (29n0 20 +in 2eg> +nog / (273

1

1

(2{4q, B} + 6C4Cic

_Q{Aq—i-Bq,Ck})(h[wp_w((ll)_wl({l)} -|-z'17_ h[wp—l-w

d3q gno
— | —C.
+g/(27r)3< q+260q—29n0—i17 ’

(1)

d? 1 1 d?
@ _, 2 a LY / 94 5
a 109 / (2m)3 <2gn0 —2e} +1in * 260q> t29 (2m)3 71

d’q gno
— [ —C
+CO/(27T)3 ( q+26g—29n0—i17 ’

(3.39)

(3.40)

where w((ll) and Aq, Bq, Cq are given by Egs. (3.31) and (3.34a)(3.34c), and {Aq, Bk} = AqBx+

AyBq.

Since the shift of the energy spectrum of phonons from its first-order value is expected to

be small: |wp, /wl()l) — 1] < 1 for a weakly interacting dilute Bose gas, which can be justified
a posteriori from the final result, we can make Taylor series expansions of X11(2), $,22(2) and

(1)

12(2) ;
»12(2) in powers of Wp — Wp ~ as

SH®(p) = A 4+ B (wp — wp) + Ol(wp — wip ),
52@(p) = A” + B (wp — wp) + Ol(wp — wp )7,
SP@(p) = A2 4+ B (wp — wp) + Ol(wp — wp ),

where

475 0y = o, ),

Ros Hnab(2)

Owp

wp:wg)

(3.41a)
(3.41b)
(3.41c)

(3.42)

(3.43)

In the low-momentum regime eop < gn, the coefficients A%% and B*? can be further expanded in

(1)

powers of hwp ’/(gnp) < 1. Substituting Egs. (3.31) and (3.34a)-(3.34c) in Egs. (3.38)—(3.40),

we obtain [25]

hReA' =

8v/moadgno (14 > . ( 1> s . ( 161 D

—~ 9D 9D; — - 0
Jr 3 ! Y7 9) gno 1440 2

hReA22 — 8Y10@gno (E_m) ~ <2D1_1> hop ( 161 Dy

Nz 3 2 1440 2

ano

35

3D;
32

3D;
32

)
)

ano

hwl()l

ano

2
hwy! )

(3.44)

))2

(3.45)




2
Vnoa? D D3\ [ hwiV
FReA™? = SVIOTIN0 | (3 _op) (——79 ;D1 3Ds 3> ( “p : (3.46)
v

VT 1440 2 32 gno
2 3 4
holV 1wl 7 [ i 13 [ hwl®
AImA' = — Sgpe |1 e 1 [ Mp 7 hwp p
m ™Moa gnol 910 24 \ “gno + 21 \ "gng + 1920 \ gng
1 5 1 6
_ 198 (hoyp! 4 307 fich (3.47)
1920 \ gno 35840 \ gng ’ :
1 1 2 1 3 1 4
hImA?? = — \/7noadgno | 1 + hwl()) 1 hwl()) B 1 hwl()) . 13 hwl())
gno 24\ gno 24 \ gno 1920 \ gng
5 6
L 193 i) L 807 i) )
1920 \ gno 35840 \ gng ’ :
2 4 6
13 [ hwl 293 [ hwl’ 1255 [ hwd
hl A12 = — 3 _ P P o P 4
m TNoa gnol 2 ( oo + 1920 \ gng 51504 | gng , (3.49)
8v/ngpa? 1 1 D, hw(l)
Bll — _(Z_9p _ L Dy 16D b '
Re 7 [ (2 1> (15+ T T16D; | (3.50)
8V 7’L(](13 1 1 Dy hw(l)
B22 — 2 _9p (Lt Ly 16D P 1
Re 7 [(2 1> (15+ T+ 16Dy | (3.51)
vV 3 D 1\ & (1)
Rep1? = V100 (L —16D3 — —> P (3.52)
VT 4 15/ gng

(1) 1)\ 2 1\ 3 1)\ 4
ImB" = —\/Wnoa?)[— —lhwp —|—§ (hwl) ) -|-E (ﬁwp ) _ 1133 (hwp )

2 gno 24\ gno 48 \ gng 1920 \ gng
5
97 hwl()l)
768 3.53
768 ( 910 ’ (3.53)
(1) 1\ ? 1\ 3 M\ 4
ImB?*? = — Vrnga? |1 — lhwp — % hwp + E hwp + 1133 ( hwp
2 gno 24 \ gno 48 \ gng 1920 \ gng
5
97 hwl()l)
768 .54
768 ( gno ’ (3.54)

36



3 5
ho® 13 [ A 1 Fiold)
ImB'? = — /7ngad _3hwp +_3 ( - Do = ) (3.55)

ano

#(2) 40v/nga’gng

3.56
R (3.56)
where
T 1
D= [do—F—s 3.57
0
T 1

Although D; and Dj3 are infrared divergent, their divergences do not affect the final result of the
excitation spectrum since they cancel each other as shown below. These infrared divergences,
which result from the gapless excitation mode, is characteristic of Bose-Einstein condensates.

The excitation spectrum determined from the poles of the Green’s function is obtained by
equating the right-hand side of Eq. (3.24) to zero. The two roots of the quadratic equation result
in the two poles of the Green’s function with the same absolute value and the opposite signs in
the Lehmann representation, which correspond to the particle and hole excitations, respectively.
Unlike fermionic systems, since an elementary excitation of a Bose-Einstein condensate can be
constituted from a superposition of a particle and a hole excitations, we only need to take one
out of the two roots for each count of excitation modes. The excitation spectrum is then written
in terms of the second-order self-energies as

Eop_/‘ <211—1—222>
* 2

1/2
&S+ gno @ 4 52@ u@) <gno 212(2)> /
2 h h

211(2 222(2 { [ 2 211(2) 7.22(2) _ 2#(2)/ﬁ) (¢9 + gno) 29”0212(2)}1/2
~ T h

211 222
Wp = +

— Yi2y21
2

211(2 222(2
_|_

—  — *t h
i) 520 O (=M1 4 5203 24P /R) () + gn0)  gno (am
= - 4 + ) O >
2 2hwp, hwp
OIN (3.59)

where

(Eop + gng) (211(2) 4+ x2202) _ 2#(2)/5) - gneR2?)  $12) _ »22(2)

A
2hwl()1) hwl()l) 2

(3.60)

Note that A is an implicit function of both p and wp via the self-energies. Substituting
Egs. (3.41a)-(3.41c) and (3.44)-(3.56) in Egs. (3.59) and (3.60), we obtain the second-order
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energy spectrum of phonons in the low-momentum regime as

3 3 3(0)5/2
ho? — (1 N Lvmm) agmocl — i VaVnga3(e))

3w 80(nog)3/?
Va3 3 /v nad(e9)5/2
= 1—1—8 e \/2gned — i VTVnat(cp)
VT i 80(ng)3/?
8vna? 3R |p|°
- evie Dp| — ;2 1B
(1 + N ) hwg™|p| Uea0r M (3.61)

Here in deriving the second equality, we used relation (3.2) between ny and n. Comparing this
result with the Bogoliubov first-order spectrum [Eq. (3.32)], it is evident that the sound velocity

increases by a factor of
Va3
v =1+ Svna o, (3.62)
VL3

and a nonzero imaginary part of the excitation energy appears, describing a finite lifetime of
the phonons with a damping rate

3h/p|®

1 3.63
320mMn ( )

Pdamp =

Here we used the relation Pyamp = —2Im hwl()z) resulting from the fact that the probability of
finding a quasiparticle is proportional to the square of its wavefunction.
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Chapter 4

Fluctuation-induced and
symmetry-prohibited metastabilities

Since the order parameters and the associated symmetries of the different phases of spin-2 BECs
in Fig. 2.3 cannot be transformed continuously at the phase boundary, these phase transitions
must be first order. This can be justified by a finite jump in the first derivative of the ground-
state energy with respect to the parameter that drives the transition (see Appendix C). First-
order phase transitions are usually accompanied by metastable states. However, the Bogoliubov
analysis predicts either a dynamical instability with a complex excitation energy or a Landau
instability with a negative excitation energy at the mean-field phase boundaries as shown in
Sec. 2.4.2. This implies no metastability. Such discrepancy is due to the fact that the Bogoliubov
spectrum is obtained by considering a small amplitude expansion of the order parameter around
the mean field. This is carried out by linearizing the Gross-Pitatevskii energy functional which,
for a homogeneous system with contact interactions, consists of only terms up to the fourth order
in the order parameter [19]. We note that the Gross-Pitaevskii energy functional is equivalent
to that of Landau’s ¢? 4+ ¢* model which plays the key role in the treatment of second-order
phase transitions. However, to describe the first-order phase transitions, terms of higher orders
in ¢ are needed [29], and in gaseous BECs these higher-order terms can only be obtained by
taking into account quantum fluctuations. In other words, in spin-2 BECs the metastability,
if it exists, is induced by quantum fluctuations. In Sec. 4.3, we show that metastable states
indeed appear as we go to the next-order approximation, i.e., the spinor Beliaev theory [40].

In this chapter, we first construct the beyond-mean-field ground-state phase diagram of
spin-2 BECs at the level of the Lee-Huang-Yang (LHY) correction (Sec. 4.1). We then develop
the Beliaev theory of spin-2 BECs, from which the excitation spectra of the ferromagnetic
and uniaxial-nematic (UN) phases are derived (Sec. 4.2). From the obtained spectra, we show
that the fluctuation-induced metastable states appear around the ferromagnetic-BN and UN-
cyclic phase boundaries (Sec. 4.3). With the presence of a metastable condensate, we then
discuss the possibility of macroscopic quantum tunneling (Sec. 4.4). On the other hand, we
find no metastability at the other two phase boundaries. We will show that the absence of
metastability holds to all orders of approximation since the metastable state is prohibited by
the high symmetry of the Hamiltonian at the phase boundary (Sec. 4.5). Therefore, the spinor
Beliaev theory gives fully consistent results for all of the first-order phase transitions in spin-2
BECs.

39



4.1 Beyond-mean-field ground-state phase diagram

The ground-state phase diagram with the Lee-Huang-Yang (LHY) correction is shown in Fig. 4.1.
The LHY correction is the leading-order correction to the Hartree mean-field energy, which
arises from quantum fluctuations of the condensate [70, 71]. Recent experiments on ultracold
atoms have demonstrated that the LHY correction can accurately account for the deviation of
the ground-state energy from the Hartree energy up to the strongest interaction available for a
stable condensate [72]. The LHY corrections were calculated for the different phases in spin-1
and spin-2 BECs in Refs. [68, 73, 74]. Using the LHY corrections, we find that the ground-state
phase diagram is modified from that in Fig. 2.3 as follows. The detailed calculations are given
in Appendix B.

Uniazial nematic (UN) - biazial nematic (BN) phase boundary. As shown in Refs. [73, 74],
zero-point fluctuations lift the degeneracy in the nematic phase, rendering the ground state
either the UN phase (n = nw/3) for ¢; > 0 or the BN phase (n = 7/6 + nn/3) for ¢; < 0. Here
7 is the parameter characterizing the nematic phases as introduced in Sec. 2.3.2. Therefore, the
UN-BN phase transition occurs at ¢; = 0. Note that all the states whose order parameters are
characterized by different values of n = 0, ..., 5 are degenerate and belong to the same ground-
state manifold. For example, the BN phase includes the states with the order parameters
(v2,0,2v/3,0,v/2)" /4 (n = 7/6) and (1,0,0,0,1)"/v2 (n = 7/2).

Ferromagnetic-BN phase boundary. By comparing the ground-state energies with the LHY
corrections of the ferromagnetic and BN phases [see Egs. (B.2)-(B.4) in Appendix B], we find
that the ferromagnetic-BN phase boundary is shifted from its mean-field counterpart at co =
20c7 to

3/2
AMBN ~ 90¢; — 1521 <@> Vna3 |eq]; (4.1)
€o

i.e., the region of the ferromagnetic phase is enlarged. Here a = (4as + 3a4)/7 so that ¢y =
dmh%a/M.

UN-cyclic phase boundary. Similarly, the phase boundary between the UN and cyclic phases
is given by [see Egs. (B.5)—(B.7) in Appendix B|

3/2
eINTCL ~ 342 (C—1> Vna? ¢;. (4.2)

€o

Comparing this with the mean-field UN-cyclic phase boundary given by co = 0 and ¢; > 0, we
know that the region of the cyclic phase is enlarged.

Ferromagnetic-cyclic phase boundary. The LHY correction does not shift the ferromagnetic-
cyclic phase boundary. In fact, this phase boundary stays at ¢y = 0 to all orders of approxima-
tion. Indeed, from the order parameters & = (1,0,0,0,0)T and £€°* = (1,0,0,2,0)T//3, it
is evident that the ground-state energies of the ferromagnetic and cyclic phases are independent
of ¢ since the excitations caused by ¢y vanish due to the absence of spin-singlet pairs in both
of these phases. Because ¢y is the coupling constant of the spin-independent interaction, the
energies of these two phases should be equal at ¢y = 0. Therefore, the phase boundary is not
shifted by quantum fluctuations (see also Sec. 4.5.2).

Note that the failure of the Bogoliubov theory in capturing the metastability leads to a
disagreement with the ground-state phase diagram (Fig. 4.1). For example, the ground state is
the ferromagnetic phase for ¢y > cg BN and ¢; <0 [see Eq. (4.1)], whereas the Bogoliubov spec-
trum indicates an instability of the ferromagnetic phase for cg BN ¢y < 2064 (see Sec. 2.4.2).
In Secs. 4.3 and 4.5 below, we will show that the spinor Beliaev theory gives results which are
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Ferromagnetic

Figure 4.1: Ground-state phase diagram of spin-2 BECs obtained with the Lee-Huang-Yang
(LHY) correction (solid lines). The dashed lines indicate the phase boundaries obtained with
the Hartree mean-field approximation (Fig. 2.3). The representative spinor order parame-
ters of the ferromagnetic, cyclic, uniaxial-nematic (UN), and biaxial-nematic (BN) phases
are given by &™ = (1,0,0,0,0)T, ¢ = (1,0,0,v2,0)T/v3, €N = (0,0,1,0,0)T, and
€8N = (1/2,0,2v/3,0,v2)T/4, respectively. The insets show the spherical harmonic repre-
sentations of the spinor order parameters as explained in Fig. 1.1. Note that the ground-state
manifold of each phase includes all the states obtained by applying SO(3) rotations in spin space
to the representative order parameter; e.g., the order parameters €N = (1,0,0,0,1)T/v/2 and
€°T = (1,0,4v/2,0,1)T/2 belong to the BN and cyclic phases, respectively. The LHY correction
due to quantum fluctuations lifts the degeneracy in the manifold of the nematic phases, ren-
dering the ground state either the UN phase for ¢; > 0 or the BN phase for ¢; < 0. Quantum
fluctuations also shift the cyclic-UN and ferromagnetic-BN phase boundaries as indicated by
the solid lines. However, the ferromagnetic-cyclic phase boundary is not affected to all orders
of approximation (see text). (Figure reproduced from Ref. [40])
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fully consistent with the ground-state phase diagram of spin-2 BECs with the LHY correction.

In the presence of an external magnetic field, the quadratic Zeeman shift with the coefficient
g may compete with the shift due to the LHY correction whose order of magnitude is AE ~
M3/ 20?/ 2p3/2 /m2h? (see Appendix B). The phase diagram, therefore, depends on the relative
strength of these two effects. In the limit of high magnetic field ¢ > AF, the effect of quantum
fluctuations can be ignored, and the ground-state phase diagram is obtained by the Hartree
mean-field theory [75]. This is the condition for the experiments of the spin-2 8’Rb BEC
described in Ref. [17]. For " Rb under a high magnetic field, the ground state is the BN phase,
while the dynamics starting from the unstable UN phase could populate all magnetic sublevels.
In the opposite limit of low magnetic field ¢ < AFE, quantum fluctuations dominate, and the
quadratic Zeeman energy becomes negligible. In this case, the ground-state phase diagram is
shown in Fig. 4.1. The crossover between these two distinct regimes occurs at ¢ ~ AFE, which
corresponds to a magnetic field of the order of 7 mG for the parameters of 8’Rb [76, 77] with
an atomic density n = 10 cm™. All these regimes can, in principle, be studied since the
lowest magnetic field that has been achieved in ultracold atomic experiments is as small as 0.1
mG [78]. In the next section, however, we only consider the case of spin-2 BECs in the absence
of a magnetic field.

4.2 Beliaev theory of spin-2 BECs

In this section, we develop the spinor Beliaev theory for spin-2 BECs based on a Green’s function
approach, and then apply it to calculate the excitation spectra of the ferromagnetic and UN
states. The formalism is a generalization of the scalar Beliaev theory introduced in Sec. 3.1 to
spin-2 condensates. It also shares many similarities with the spin-1 Beliaev theory developed
in Ref. [79]. From the obtained excitation spectra, we can determine the points in the phase
diagram at which instabilities set in.

The Dyson equation for the Green’s function is given by Eq. (3.18) as for scalar BECs,
but now G, G°, and 3 are 10 x 10 matrices with the superscripts labeling the normal (11
and 22) and anomalous (12 and 21) components and the subscripts indicating the magnetic
sublevels. For the ferromagnetic and UN states with order parameters £&™ = (1,0,0,0,0)™ and
€N = (0,0,1,0,0)T, the self-energies are given by

(25, 0 0 0 0 % 0 0 0 0 ]

0 %} 0 0 0 0 0 0 0 0

0 0 Xfh 0 0 0O 0 0 0 0

o o0 o Y., 0 0 0 0 0 0
A FM 0 0 0 o X ., 0 0 0 0 0
Um0 o 0 0 % 0 0 0 0 (4.3)

0 0 0 0 0 0 3 0 0 0

0o 0 0 0 0 o 0 X, 0 0

0 0 0 0 0 o 0 0 X3, 0

L0 0 0 0 0 0O 0 0 0 ¥ ]
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and

(%55 0 0 0 0 0 0 0 0 252 5]
0 0 0 0 0 0 0 X2, 0
0 0 3§ 0 0 0 0 X5 0 0
0 0 0o xi 0 0o =2, 0 0 0
AUN 0 0 0 o x ., %2, 0 0 0 0
=10 0 0 0o X2, uZ 0o 0 0 o |- @Y
0 0 0 3, 0 0o P 0 0 0
0 0 X3y 0 0 0 0 X33 0 0
0o 2, 0 0 0 0 0 0 2, 0
¥2h, 0 0 0 0 0 0 0 0 %% ]

Here E?Jz., (p) = E};,(—p), and E}J% (p) = E?}, (p) because the corresponding diagrams are the
same. In f]UN, only the anomalous components 2;231 (j =2,--+,—2) are nonzero due to the
spin conservation applied to the creation of a pair of noncondensed particles out of a condensate
in the spin state mp = 0. The Green’s functions G*™ and GVN have the same forms of matrix
as SFM and BUN| respectively, i.e., G;yﬁ" = 0 provided E;ﬁ,, = 0.

By solving the Dyson equation, we can express the Green’s functions in terms of the self-
energies, and according to the Lehmann representation [80, 20], the excitation spectra are
obtained from the poles of the Green’s functions. Since the low-energy long-wavelength ex-
citation modes give rise to the instabilities near the phase boundaries, we will focus on the
zero-momentum excitation energies. The results for the ferromagnetic and UN states are sum-
marized as follows.

Ferromagnetic state. The mp = 2 excitation mode, which is in the same spin state as
the condensate, correspond to the phonon excitation. It features the nonzero anomalous self-
energies Eé?fl in Eq. (4.3) and thus has a linear dispersion relation in the low-momentum
regime characterized by the sound velocity as in scalar BECs. The sound velocity is always
positive as long as co > |c1|, |ca|, which is the case of atomic species such as 3’Rb and **Na;
therefore, no instability should occur with this mode. In contrast, the mr = j # 2 modes
are single-particle-like excitations due to the vanishing of the anomalous self-energies, and their
Green’s functions are given by

1
(Gt =25 (p)

Gj,p) = (4.5)

where the noninteracting Green’s function Gg (p) in the absence of an external magnetic field
is independent of j and given by the right-hand side of Eq. (3.22). From Eq. (4.5), the zero-
momentum energy of the mp = j excitation mode satisfies

Wjp=0 = E;IJ (Wj,p=07 p=0)—u/h. (4.6)

UN state. The Green’s function of the mpr = 0 mode describes the phonon excitation which
does not bring about any instability for ¢g > |c1], |co|. For the other mp # 0 modes, the
corresponding Green’s functions are given by

—[GY(—p) 7 + 2} (—p)
D; ’

Gii(p) = (4.7)
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where

Dj =[G GY;(=p)) 7 + Z55(0) [GL(—p)] T + 22 0G0 T = 2550 5 (0)
+32 (02525 (p) +in. (4.8)

The zero of D; gives the excitation energy spectrum, which is calculated for p = 0 to be

(21.1. 22 > (21.1. 22 > 2y1/2
2,3 2= + { . E}z_JE 2,3 2= ] } ' (49)

21

i
Wij,p=0 = —4,3 - E +

2 2

Here, with the same argument as given above Eq. (3.59), we take only the plus sign in front
of the square root in Eq. (4.9). For the UN phase with a symmetric order parameter £€9N =
(0,0,1,0,0)T, there is an equivalence between the mp = +j magnetic sublevels, leading to

11 _ y11 22 _ 22
Y=Y Xi =X (4.10a)
12 _ y12 21 _ 21
Yiny = a0 =R =X (4.10b)
Dj=D_j. (4.10c)

Equation (4.10c) implies twofold degeneracies in the excitation energies given by Eq. (4.9) with
j==1and +2.

In the next section, we make expansions of ¥ and p with respect to na3, which is the
characteristic dimensionless parameter of a dilute weakly interacting Bose gas. These expansions
are represented by the sums of Feynman diagrams similar to Figs. 3.4-3.8. Compared with
the Feynman diagrams of scalar BECs, we need to add the spin degrees of freedom to each
propagator in the diagrams of spinor BECs. Furthermore, the T-matrix, which represents the
two-body scattering in a medium composed of the other particles, now have the contributions
from both the spin-independent and spin-dependent interactions with the coupling constants
¢o, c1, and co defined in Eq. (2.15). The Bogoliubov and Beliaev theories are constucted from
the contributions of the Feynman diagrams up to the first and second order, respectively. In
comparison, there appear virtual excitations, i.e., quantum fluctuations, of the condensate with
momenta ¢ and p — ¢ in the second-order diagrams, which are absent in the first-order ones (see
Figs. 3.4-3.8). It is these quantum fluctuations that generate the higher-order terms beyond
¢* in the energy functional which play an essential role in the first-order phase transitions of
spin-2 BECs, as discussed at the beginning of this chapter.

4.3 Fluctuation-induced metastability

With the excitation energies obtained in the previous section, we can identify the points in
the phase diagram at which instabilities set in. Combined with the conditions on the phase
boundaries discussed in Sec. 4.1, we find that the fluctuation-induced metastable states appear in
the ferromagnetic-BN and UN-cyclic phase transitions, while there is no metastability associated
with the ferromagnetic-cyclic and UN-BN phase transitions. In the latter case, the absence of
metastability holds to all orders of approximation due to the symmetry of the Hamiltonian as
will be discussed in Sec. 4.5.

Ferromagnetic-BN phase transition. From the order parameters of the ferromagnetic [ =
(1,0,0,0,0)T] and BN [¢BN = (1,0,0,0,1)T/\/2] states, it is clear that starting from the ferro-
magnetic phase, the excitation mode that drives this phase transition is the one with mp = —2.
We thus examine the zero-momentum energy of this mode. The expansion of Eq. (4.6) up to
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the first-order Feynman diagrams reproduces the Bogoliubov result:
1 1(1 1
g R, 0
2
- (—861 + %) no. (4.11)

By summing all the contributions to %!} 9.—o and p from the second-order diagrams, we obtain
[see Eq. (D.12) in Appendix D]

G (36v/3 + 64)|c1|>/2(Mng)3/?
A 2/2mh3

near the ferromagnetic-BN phase boundary where ¢; < 0 and ¢y ~ 20c; [see Eq. (4.1)]. From
Egs. (4.6), (4.11), and (4.12), the zero-momentum energy of the mpr = —2 excitation mode of
the ferromagnetic phase is obtained up to the second order as

2 36v/3 + 64)|c1|?/2(Mng)3/?
1@ (s 4 222 py 4 BOVEE 6P E(Mno)YE
p=0 221 h3

)
From Eq. (4.13), we find that the Landau instability of the ferromagnetic phase arises if

(4.12)

(4.13)

hw(_zz)p:o < 0, or equivalently, if

~ 5(36v/3 + 64) M3/ %ng )
427 k3

3/2

~20c; — 1584 ('C”) Vnoad |ci]

~20c; — 1584 ('C”) Va3 |ei). (4.14)
Co

FM—unstable _ 20

Cc2 < Cy

In the last (approximate) equality in Eq. (4.14), we used the relation between the condensate’s
particle density and the total atomic density ng/n = 1—8vna3/(3y/7), and retained only terms
up to the order of vna3, which is the order of magnitude under consideration in the Beliaev
theory. It follows from Egs. (4.1) and (4.14) that the ferromagnetic phase is metastable for
Cssa e — 2 5 (4.15)
()" Ve

From the hysteretic feature of a first-order phase transition, the BN phase is also expected to
be metastable for ¢5MBN < ¢, < (BN-unstable

UN-cyclic phase transition. As shown in Sec. 4.2, for the UN phase with a symmetric order
parameter €N = (0,0,1,0,0)T, there are two degenerate excitation modes which are super-
positions of the magnetic sublevels mp = 42. Since the order parameter (1,0,iv/2,0,1)T/2,
which has equal weights of mp = 42 components, describes a state of the cyclic phase (see
Sec. 2.3.2), it is evident that the instability in the mp = £2 modes causes the UN-cyclic phase
transition. By separating the contributions to ¥ and p in Eq. (4.9) from the first- and second-

order Feynman diagrams, the zero-momentum excitation energies of these modes are given up
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to the second order by

11(2) 22(2)
b -2 con 2
W42 p=0 =22 @ 22 + { _ [ﬂ + E;?ﬁzz)} +

2 5h

2y 1/2
Camg_u® | sp® o xg)”
5h h 2 ’

(4.16)

where Eqgs. (4.10a) and (4.10b) were used. Since it is expected that fuwis p—¢ < c1n9 near the
phase boundary which can be justified a posteriori from the final result, we can make Taylor

series expansions of 25}2(2), 23?2(2), and E;zg) in powers of Aiwis p=o/(c1n0) as (see Appendix D)
11(2) hwispo \’
h2272 =A + Bhw:l:2,p:0 + O (ﬁ) s (417)
22(2) hwiopo\’
5 =A — Bhwio po + O (ﬁ) 7 (4.18)
12(2) hwispo\’
hE, g =C+ 0 <7p—> : (4.19)
’ C1Nyg

where we ignored the quadratic and higher-order terms. Substituting Eqgs. (4.17)-(4.19) into
Eq. (4.16), we obtain

Vi + A= O [ 4 O

—= (4.20)

hwio p—o ~

Therefore, a dynamical instability will arise if w49 p—p is a complex number with a nonzero
imaginary part, i.e., if

0>[—%+A—u(2)r— [%Jr()r

!
- [A —u® 4 0} [— 26;”0 FA—u® c] . (4.21)

By summing all the contributions to % and p from the second-order Feynman diagrams, we find
that around the UN-cyclic phase boundary where ¢; > 0,c2 < 0 and |ca| < ¢1 [see Eq. (4.2)],
the coefficients A, B, and C in Egs. (4.17)-(4.19) are given by [see Egs. (D.32)-(D.34) in

Appendix D]
3/2 3/2
A #(2) o 4\/§C?/2 . (42\/§c1 — 10c¢, > co Lo @ 2 a2
(Mng)3/2 —  w2h3 15m2h3 ¢ ’ '
b (@) (@ eEe g
M3 3m2h3 a 30m2h3 - <c_1> ’ (4.23)
3/2 3/2
C N 12\/36?/2 N (1060 — 30\/361 > Co Lo @ 2 (4 24)
(Mng)3/2 —  «w2h3 15m2h3 ¢ ' '
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By substituting Eqgs. (4.22)—(4.24) in Eq. (4.21), we find that the UN phase becomes dynamically
unstable and the system makes a transition to the cyclic phase if

5/2
UN—unstable _— 40\/§M3/2n1/2cl/

o\ 3/2
~ — 313 (—1> Vnas e1. (4.25)
€o

It follows from Egs. (4.2) and (4.25) that the UN phase is metastable for
C2

3/2
(2—3) vna3 cq

—342 < < —313. (4.26)

From the hysteretic feature of a first-order phase transition, the cyclic phase is also expected to
be metastable for cgN_CL > ¢y > CQCL_unStablo. Therefore, by using the spinor Beliaev theory,
we have shown explicitly the existence of the metastable states that are induced by quantum
fluctuations. This result also finds a qualitative agreement with the slow dynamics of the spin-2

8TRb condensate that has been observed in spin-dynamics measurements [17].

4.4 Macroscopic quantum tunneling

The presence of a metastable condensate as shown in the previous section suggests an interest-
ing possibility of a decay of the metastable state into the lower energy state via macroscopic
quantum tunneling (MQT); i.e., all atoms tunnel simultaneously from one phase to the other.
We consider this possibility for the metastable state near the UN-cyclic phase boundary, as
the parameters of the spin-2 8Rb BEC are thought to lie in the vicinity of this phase bound-
ary [76, 77, 81]. Equation (4.26) shows that there is a parameter regime for which the UN phase
is metastable and the cyclic phase is the ground state. By neglecting the quantum depletion,
these state vectors are expressed by

i N
|UN) =~ (do,p:0> [vac), (4.27a)
d; p=0 d;r] p=0 &T—2 p=0 v
|Cyclic) ~ 5 T 3 +— |vac). (4.27D)

Since these states are not the exact eigenstates of the many-body Hamiltonian (2.16), they will
undergo quantum diffusions in spin space [82, 83, 84, 85] and induce MQT. We now estimate
the time scale of MQT by using the two-level model in which the Hilbert space is restricted to
the two states at the local energy minima. The time scale of MQT is then given by 7 = i/A
with A = 2(Cyclic|V|[UN) being the off-diagonal element of the Hamiltonian. Substituting
Egs. (4.27a) and (4.27b) in Eq. (2.16), we obtain

9N/2

e T (4.28)

where N is the total number of particles. The exponentially large factor of 2/V/2 reflects bosonic
stimulation in a BEC. To observe MQT, 7 must be equal to or smaller than the lifetime of
the BEC, which is typically of the order of a second. Using the parameters of ’Rb [81], we
can estimate the upper bound for the total number of particles: Npax =~ 36 for 7 < 1 s. Such
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microcondensates have been extensively studied recently [86, 87, 88]. A similar time scale is
expected for MQT in the ferromagnetic-BN transition.

4.5 Symmetry-prohibited metastability

In Sec. 4.3, we have shown the existence of the metastable states that are induced by quantum
fluctuations in the ferromagnetic-BN and UN-cyclic phase transitions. Now we examine the
possibility of metastability at the level of Beliaev approximation in the remaining ferromagnetic-
cyclic and UN-BN phase transitions of spin-2 BECs.

Ferromagnetic-cyclic phase transition. From the order parameters of the ferromagnetic
[€FM = (1,0,0,0,0)T] and cyclic [¢°F = (1,0,0,v2,0)T/+/3] phases, it is clear that the exci-
tation mode that causes the ferromagnetic-cyclic phase transition is the one with mp = —1.
Expanding the right-hand side of Eq. (4.6) up to the first-order Feynman diagrams, we reproduce
the Bogoliubov result:

g =S, 0
= — 6cing. (4.29)

By summing all the contributions to ¥ and p from the second-order Feynman diagrams, we
obtain [see Eq. (D.15) in Appendix D]

3/2
5211(2) _ (2) ~ _186160/ (Mn0)3/2
~1,-1 7 H 213 :

(4.30)

Substituting Eqs. (4.29) and (4.30) in Eq. (4.6), we find the zero-momentum energy of the
mp = —1 excitation mode as

18¢1¢5/%(Mng)3/2
m2h3 '

hw(_zl)p:o = —6c1ng — (4.31)
Equation (4.31) indicates that a Landau instability of the ferromagnetic phase sets in, i.e.,
w_1p=0 < 0, for ¢ > 0. This implies that there is no parameter regime for a metastable
ferromagnetic state since the ferromagnetic-cyclic phase boundary lies at ¢ = 0. However,
although the ferromagnetic state is unstable for ¢; > 0, it becomes an excited state, indicating
that a level crossing occurs at the ferromagnetic-cyclic phase boundary.

UN-BN phase transition. Similar to the UN-cyclic phase transition, since the order param-
eter €8N = (1,0,0,0,1)T/v/2 with equal weights of the mpr = +2 components describes a BN
state (see Sec. 4.1), we know that a dynamical instability in the degenerate mp = +2 excitation
modes of the UN state would bring about the UN-BN phase transition. The condition for this
instability is given by Eqgs. (4.20) and (4.21). Around the UN-BN phase boundary where ¢y < 0
and |ca| 2 |c1], the coefficients in Eq. (4.21) are calculated to be (see Appendix D)

A—,u(z)—l—C’ 1 5/2 32 3/2. 16 . _3/2 8 _1/2. 16 _5/2
(Mng)3/2 T 8\/501/ - —61/ C2 + —6162/ + —cl/ & — 362/ (4.32)

V3 3 V3

and

_ 2cong 2cang
9 5 7

where ¢y = —co/5 and ¢ = ¢ — co/15. It follows from Eqs. (4.21), (4.32), and (4.33) that a

+A—p® —C~— (4.33)
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dynamical instability arises if

g:E?’/2 + E:E + i:El/z _ 16 <0, (4.34)
V3 3 V3 9

where x = ¢/¢. The function f(z) on the left-hand side of Eq. (4.34) is plotted in Fig. 4.2,
from which we find that the UN state becomes dynamically unstable and the system is driven
towards the BN phase if z < 1/3, or equivalently, if ¢; < 0. That the UN-BN phase boundary
lies at ¢; = 0 implies that there is no parameter regime for which the UN state is metastable.
However, it should be noted that for ¢; < 0, where the BN phase is the ground state, the UN
state becomes dynamically unstable and cannot exist as an excited state since the excitation
modes would grow exponentially. In other words, in contrast to the ferromagnetic-cyclic phase
transition there is no level crossing in the UN-BN phase transition. It should be stressed that
this result, which has been derived from a stability analysis, is stronger than the previous result
obtained in Refs. [73, 74] since it implies not only that the UN phase is no longer the ground
state for ¢; < 0 but also that it is not even an excited state due to the dynamical instability.

f(x)

3_

flx) = 8v/32%/% —

2_

Figure 4.2: Plot of f(z) defined in Eq. (4.34). (Figure reproduced from Ref. [40])

The above stability analysis based on the spinor Beliaev theory shows that the ferromagnetic-
cyclic and UN-BN phase transitions are not accompanied by metastable states. In the following
two subsections, we show that the absence of metastability holds not only at the level of the Be-
liaev approximation but to all orders of approximation since the metastable state is prohibited
by the high symmetry of the Hamiltonian at the phase boundary. We investigate these under-
lying symmetries which result in flat energy landscapes at the phase boundaries in both spin-1
and spin-2 BECs. It is these flat energy landscapes that prohibit a coexistence of two phases
as opposed to the double-well structure that supports metastability in conventional first-order
phase transitions.

4.5.1 Spin-1 BECs

The mean-field ground-state phase diagram of spin-1 BECs is shown in Fig. 2.2. Due to the
discontinuity in the transformation of the order parameter and the associated symmetry at the
phase boundary, the ferromagnetic-BA and antiferromagnetic-polar phase transitions are first
order. This can also be confirmed by a finite jump in the first derivative of the ground-state
energy with respect to the quadratic Zeeman coefficient ¢ that drives these transitions (see
Appendix C). In contrast, the BA-polar phase transition is second order at the mean-field
level.
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’

Figure 4.3: Energy landscape in the first-order quantum phase transitions (a) with and (b)
without metastability [see Eq. (4.35)]. The transition between A and B phases is controlled by
a parameter ¢ (e.g., the interaction c¢; or ¢o in Fig. 4.1 or the quadratic Zeeman coefficient ¢ in
Fig. 2.2). Here, ¢A~B indicates the phase boundary between the two phases, while ¢/ —unstable
represents the value of ¢ at which the A phase becomes unstable. The energy landscape in (a)
features a double-well structure at ¢ = ¢~ B, supporting metastable states around the transition
point, whereas the energy landscape in (b) becomes flat at ¢ = ¢4~ 7, allowing no metastable
state. (Figure reproduced from Ref. [40])

We now show that the first-order quantum phase transitions in spin-1 BECs are not ac-
companied by metastable states, and this holds to all orders of approximation. For nonzero
¢, the Hamiltonian has the U(1)4xSO(2);, symmetry involving the gauge and rotational in-
variances about the z axis in spin space. Only at ¢ = 0 does the Hamiltonian possess a larger
symmetry of U(1)gxSO(3)¢, corresponding to a full rotational invariance in spin space. On
the other hand, at ¢ = 0 the order parameters of each pair of phases in the above first-order
phase transitions can be transformed between each other via an SO(3) rotation, €24 (¢ = 0) =
efym/2EFM €PL — cifym/2¢AFM - Therefore, the two phases are degenerate at ¢ = 0 at any order
of approximation. Namely, the phase boundary at ¢ = 0 remains unchanged even if quantum
corrections are added to the ground-state energy. Furthermore, if we use a parameter 6 to rep-
resent the order parameters of the intermediate states in the transformation from the ferromag-
netic (antiferromagnetic) to the BA (polar) phase: e//v?¢F™ = (cos?(0/2),sin0//2,sin?(6/2))T
(eMTvOEATM — (5in0/+/2, cos @, sinf/v/2)T) (0 < 6 < 7/2), all of these intermediate states are
degenerate, i.e., F(0) is independent of 6, resulting in a flat energy landscape at ¢ = 0. As ¢
traverses the phase boundary from the negative to the positive side, the ferromagnetic (antifer-
romagnetic) phase abruptly changes from the ground state to an unstable state, leading to no
parameter regime of metastability. Similarly, no metastable regime exists for the BA (polar)
phase as ¢ crosses the phase boundary from the positive to the negative side. This can be
understood by looking at the mean-field energy landscapes

EFM_BA(H)/V :M +qgn (1 — sin” 9> (4 35)
2 2 ’ ’
EAFM-PL _CO”2 .2
0)/Vv =—5— Tansin 0, (4.36)

where their maximum and minimum at § = 0 and § = 7/2 are exchanged as ¢ crosses the phase
boundary. A comparison with the conventional first-order phase transitions, whose energy land-
scapes feature double-well structures and thus support metastability, is illustrated in Fig. 4.3.
Note that the absence of metastability holds not only at the mean-field level but to all orders of
approximation since the above argument of the flat energy landscapes at the phase boundaries
is based on the consideration of the system’s symmetry.
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4.5.2 Spin-2 BECs

Now we show that the absence of metastability in the ferromagnetic-cyclic and UN-BN phase
transitions, which was proved up to the second-order approximation at the beginning of Sec. 4.5,
holds to all orders of approximation due to the symmetry of the Hamiltonian. For finite cq,
the Hamiltonian of spin-2 BECs [Eq. (2.16)] has the U(1)sxSO(3)¢ invariant symmetry. Only
at ¢; = 0 is its symmetry enlarged to U(1)xSO(5)¢ due to the invariance of the interac-
tion ¢y : flgoflog : under SO(5) rotations in F' = 2 spin space [68]. On the other hand, from
the order parameters €™ = (1,0,0,0,0)" and £€°¥ = (1,0,0,v2,0)T/v/3, the ferromagnetic
and cyclic phases both have zero spin-singlet-pair amplitude <12100> = 0. Conversely, the UN
(€N =(0,0,1,0,0)T) and BN (¢BN = (1,0, 0,0,1/)"/v/2) phases both have the maximum value
of the spm—smglet -pair amplitude <A00> = ng / \/_ In other words, the ferromagnetic and cyclic
phases (UN and BN phases) belong to the same group of the minimum (maximum) value of the
spin-singlet-pair amplitude whose elements can be transformed between each other by SO(5)
rotations. Therefore, these pairs of phases are degenerate at ¢y = 0 where the Hamiltonian pos-
sesses the same symmetry. That the degeneracy strictly holds makes the phase boundaries stay
at ¢; = 0 even when quantum corrections are taken into account. Furthermore, similar to spin-1
BECs, if the order parameters of the intermediate states in the transformation from the ferro-
magnetic (UN) to the cyclic (BN) phase are parametrized as U(n)&™ = (cosn, 0, 0,sinn, 0)T
[U'(n)€YN = (sinn/v/2,0,cosn, 0,sinn/v/2)T], where U(n) [U’(n)] is an SO(5) rotation opera-
tor, all of these intermediate states are energy degenerate, resulting in a flat energy landscape
at the phase boundary (see Fig. 4.4). This is evident by, for example, looking at the energy
landscape of the nematic phases [Eq. (C.1)] [74, 68]

EUN BN

2 5

2w\ | 2
E [ cos (277 + ﬂ)] + n-independent terms, (4.37)
=0 261 — 62/5 3

where w = 8M3/2[n(2¢1 — ¢2/5)]%/2/(1572k3). EVN-BN(3) is n-independent for ¢; = 0. Equa-
tion (4.37) has the minimum (maximum) at n = nn/3 (n = 7/6 + nxw/3) (n =0,1,...) corre-
sponding to the UN (BN) phase for ¢; > 0 and vice versa for ¢; < 0. It means that the UN
phase changes abruptly from the ground state to an unstable state as ¢ traverses the phase
boundary, implying no parameter regime of metastable states. Since the above argument of the
flat energy landscape is based on the symmetry of the Hamiltonian, the absence of metastability
is valid to all orders of approximation.
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Figure 4.4: SO(5) rotations connecting (a) UN and BN phases and (b) ferromagnetic and cyclic

phases. The order parameters and the spherical harmonic representations of the initial, final,
and intermediate states are displayed. (Figure reproduced from Ref. [40])
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Chapter 5

Critical dynamics of a first-order
quantum phase transition without
metastability

As seen in Sec. 4.5, the first-order quantum phase transitions that are not accompanied by
metastable states are characterized by a flat energy landscape at the phase boundary. This
energy landscape implies that it costs no energy for the system to be excited. Therefore, it is
expected that the criticality that arises from the flat energy landscape can be observed. In this
chapter, we show that the dynamics of a spinor BEC through such a first-order quantum phase
transition exhibits critical features similar to second-order phase transitions.

There are a total of four first-order quantum phase transitions in spin-1 and spin-2 BECs that
are not accompanied by metastable states. They are classified into two categories as shown in
Table 5.1. The first one consists of the ferromagnetic-BA (spin-1) and ferromagnetic-cyclic (spin-
2) phase transitions. In these phase transitions, as the system’s parameter (¢ for spin-1 and ¢y
for spin-2 BECs) crosses the phase boundary, the ground state changes to an excited state with a
local maximum energy. Despite being an unstable state, the excited state can have a long lifetime
in an isolated system where energy dissipation is suppressed. The higher energy of this state is
exhibited in the excitation spectrum where a Landau instability is associated with a negative
excitation energy. In other words, a level crossing occurs in these phase transitions as illustrated
in Fig. 5.1. Since the excited state is an energy eigenstate, the dynamics of the system would be
closed within the subspace spanned by that state as the wavefunction merely acquires a phase. In
contrast, there is no level crossing in the second category which involves the antiferromagnetic-
polar (spin-1) and UN-BN (spin-2) phase transitions. As the system’s parameter traverses the
phase boundary, a dynamical instability arises with the excitation spectrum becoming a complex
number with a nonzero imaginary part. The excitation modes therefore grow exponentially and
drive the system away from the initial state, leading to a nontrivial dynamics. In the following we
study the dynamics of a spin-1 condensate through the antiferromagnetic-polar phase transition.
This phase transition has been observed in Refs. [89, 90] using ?*Na atoms.

5.1 Instantaneous quench

First, let us consider an instantaneous quench of a spin-1 BEC with an antiferromagnetic in-
teraction, i.e., ¢; > 0, through the polar-antiferromagnetic phase transition (see Fig. 2.2). The
condensate is initially prepared in the ground state of the polar phase by setting the quadratic
Zeeman coefficient ¢ to a positive value. It is then suddenly switched to a negative value in close
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Phase transition | Instability | Level crossing | Dynamics
. FM-BA Landau Yes Closed
Spin-1 BECs AFM-PL Dynamical No Nontrivial
. FM-CL Landau Yes Closed
Spin-2 BECs UN-BN Dynamical No Nontrivial

Table 5.1: Classification of the first-order quantum phase transitions in spin-1 and spin-2 BECs
that are not accompanied by metastable states. FM, BA, AFM, PL, CL, UN, and BN stand
for ferromagnetic, broken-axisymmetry, antiferromagnetic, polar, cyclic, uniaxial-nematic, and

biaxial-nematic phases, respectively.

FM-BA
E

6 =0 (FM)

Figure 5.1: Energy level crossing in the ferromagnetic-BA phase transition of a spin-1 BEC. The
mean-field energy per particle E¥M~BA /N given by Eq. (4.35) is plotted against the quadratic
Zeeman coefficient ¢q. The phase transition occurs at ¢ = 0. The intermediate states in the
transformation from the ferromagnetic phase to the BA phase is characterized by a parameter
0 (0 <60 < 7/2) as discussed in the text above Eq. (4.35). The ferromagnetic and BA phases

correspond to 8 = 0 and 6 = 7 /2, respectively.
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proximity to the phase boundary ¢ = 0. From the energy spectrum of the degenerate mp = +1
excitation modes of the polar phase given by Eq. (2.55), it is evident that a dynamical instabil-
ity would arise if w41 p become complex numbers with nonzero imaginary parts. This results
in an exponential growth of atoms in the mp = +1 magnetic sublevels at the beginning of the
dynamics when the populations of atoms in these hyperfine spin states are still small compared
to the number of condensate atoms. As long as ny; < ng, we can apply the Bogoliubov theory
(see Sec. 2.4), in which the system is approximated by the Bogoliubov Hamiltonian [Eq. (2.44)].
The Heisenberg equations of motion for the operators a4 p are then given by

ddin(t)

ih
T

= (2 + g+ c1n) asrp(t) + cnaly (1) (5.1)

They form closed sets of equations for the pairs of operators a4 p and diFl,—p' The correspond-
ing solutions are [91]

Dyt € +q+cin Dyt D,t
Gt p(t) = [cosh( - > _ e zq)p 1" Ginh (%)] i21.p(0) —i%sinh (%) at, _(0),

(5.2)

where Dy, = \/—(eop + q) (€Y + g +2c1n). Here ¢ (]g| < c1n) indicates the final value of the

quadratic Zeeman coefficient after the quench. It is clear from the hyperbolic functions in
Eq. (5.2) that the population of atoms in the mp = %1 spin states will grow exponentially.
This growing number of atoms would create a finite transverse magnetization in the system.
Using Eq. (2.10), the transverse spin-density operator F (r,t) = F,(r,t) —|—iFy(r, t) is expressed
in terms of the field operators as

F_,.(I‘, t) = \/5 [&I(I‘, t)Q;O(rv t) + 7&8(13 t)@—ﬂfa t)}
~Van [P(r 1) + P (x.8)]

—Von [Z e:/; al (1) + > %a_l,p(t)] , (5.3)

where in deriving the second equality we have replaced 1&0 and 1&8 by n due to the macroscopic
occupation of the condensate and ny; < ng. Substituting Eq. (5.2) in Eq. (5.3), we have

. oI o] [+ Dyt Dpt\ | .4
Fy(r,t)= e "PTL i sinh [ =2~ ) 4 cosh [ —> ] |a] _(0)
vV |p|§<:pc Dp n n N

eO—I—q Dyt Dyt
_ ;P inh [ =2~ h( =P
ZDp Sm(ﬁ) €08 h

_|_

a_l,_p(())}. (5.4)

Here, since the dynamical instability results in an exponential growth, in the sum on the right-
hand side of Eq. (5.4) we took only the contributions from the dynamically unstable exci-
tation modes whose momenta satisfy |p| < p. = /2M|q|/h and ignored those from stable
modes. Similarly, we obtain the expression for F._(r,t) = Fj_(r, t). From these expressions, we
can evaluate the time evolution of the transverse spin correlation function Ey (r,t)F_(r',t) =
Ey(r,t)E,(r',t) + Fy(r,t)F,(r',t). Even if there is initially no atom in the mp = +1 magnetic
sublevels at ¢ = 0, the atomic seeds due to quantum fluctuations would trigger the dynamical

55



instability, leading to the formation of a finite transverse spin correlation function. This is
parametric amplification of quantum fluctuations [92, 93]. Since the growth is exponential, we
can ignore the small fraction of atoms in the mp = +£1 spin states due to quantum depletion
at ¢ = 0. The transverse spin correlation function at time ¢ is then found to be

(e%+q) 2<D > 2<Dt>] e
P "% Ginh + cosh e (1) (55)
D2 h h

At time ¢ such that Dpt/h > 1, it reduces to

By (e ) () =20 S

[p|<pc

~ ~ 2n €9 +q+cin o,
Fo(r, t)F_ (¢ t P T = e2Dpt/hgip(r'-r) 5.6
(Fy(r, t)F_(x', 1)) = |%£€%+q+2qn (5.6)

The maximally unstable mode is determined by the maximum value of Dy, which is that with
zero wavenumber p = 0. Since the fraction in Eq. (5.6) is a smooth function of p compared with
the exponential function e2P»¥/" we can replace the wavenumber in the fraction by p = 0 for
which the exponent has the maximum value. The fraction then reduces to (¢+c1n)/(qg+2c1n) ~
1/2, where we used |¢| < ¢;n. On the other hand, the exponent 2Dyt /k can be expanded around
p =0 as [9]]

2%¢ j@—§;>+m&» (5.7)
where

h
(—q)(q+ 2c1n)’

_ | 2(g+can)h?
gzzx/(—QKQ—%2cﬂﬂﬂ4' (5:9)

T (5.8)

In the thermodynamic limit the sum in Eq. (5.6) can be replaced by an integral, and by carrying
out the three-dimensional integral, we obtain

V2/€

7 / dp pet/T)1-E0?/4) sin(p|r — r']). (5.10)

(Fy(r, ) F_(r, 1)) = Lﬂ?j;

Here the upper wavenumber p, was expressed in terms of £ by pc€ = 2+/(q + c1n)/(q + 2cin) =~
V2. Tt is evident from Eq. (5.10) that the transverse spin correlation is a function of the dimen-
sionless quantities t/7 and |r — r’| /. The correlations at ¢/7 = 1 and ¢/7 = 10 are plotted in
Fig. 5.2 where the quadratic Zeeman coefficient is chosen to be ¢ = (—24+/3)c1n so that the cor-
relation length & becomes equal to [, where | = h/+\/cinM is the so-called spin coherence length
which is the characteristic length scale associated with the spin-dependent interaction ¢;. Since
at t/7 = 10 the ratio of the spin correlation to n? is less than 60/(nl3) = 480(mey /co)3/2vVnad <
1, the Bogoliubov approximation used in the foregoing arguments remains valid for a relatively
long time. This also justifies the assumption of ¢ used in Eq. (5.6).

Since (F (r,t)EF_(r',t)) is a function of only t/7 and |r — r/|/€, it is evident that 7 char-
acterizes the time scale of the exponential growth of spin correlation induced by a dynamical
instability, i.e., the system’s response time, and & represents the system’s correlation length.
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Figure 5.2: Transverse spin correlation at time ¢ = 7, where 7 is defined by Eq. (5.8). The
spin correlation (F (r,t)F_(r,t)) and the distance |r — /| are expressed in units of n/l* and
[, respectively, where | = h/\/cynM is the spin coherence length. The quadratic Zeeman
coefficient is chosen so that the correlation length & becomes equal to [. The inset shows the
spin correlation at ¢t = 107.

From Egs. (5.8) and (5.9), it is clear that both 7 and £ diverge as g approaches the phase
boundary ¢ = 0. This is similar to the case of second-order phase transitions where the phase
boundary is a critical point. This can be interpreted as a consequence of the flat energy land-
scape at the phase boundary of a first-order quantum phase transition that is not accompanied
by a metastable state. The vanishing cost of excitation energy at the transition point would
lead to a divergently long response time as shown above.

5.2 Slow quench

Now let us consider a slow quench, in which the quadratic Zeeman coefficient ¢ is linearly varied
with time as ¢(t)/(cin) = —t/7q so that it acquires the value of —cin at time ¢t = 7. As shown
in Sec. 5.1, the order of magnitude of the system’s response time 7 is inversely proportional to
the energy gap of excitations. It becomes divergently large as the excitations become gapless at
the transition point ¢ = 0 [see Eq. (5.8)]. For ¢ < 0 the ground state is the antiferromagnetic
phase, and the excitation spectra are given by Eqs. (2.61)-(2.63). Among them, w; p, indicates
the phonon mode, while w_ ;, represents a spatially periodic modulation of the quantization axis
of the antiferromagnetic phase in the xy-plane. These two excitation modes are gapless since
they arise from spontaneous symmetry breaking of the Hamiltonian. In contrast, wg p gives the
energy spectrum of the magnon excitation and has a finite energy gap given by

A(t) = Va(t)lg(t) — 2c1n]. (5.11)

It is a function of time via the time-dependent quadratic Zeeman coefficient ¢(t). As a result,
the system’s response time varies with time as 7(¢) ~ h/A(t). On the other hand, the time scale
of the variation of the system’s parameter can be evaluated via the time-dependent energy gap
by 7(t) ~ A(t)/(dA/dt). Right after crossing the phase boundary as t ~ 0, we have 7(t) > 7(t)
due to the small energy gap A(¢), and thus the system is dynamically frozen in response to
the change of parameter [94, 95, 96]. After that the system’s response time 7(t) decreases with
time, and the system starts to adiabatically follow the variation of the parameter from the time
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t* determined by equating the orders of magnitude of 7(¢) and 7(¢):

h A(t*)
A " ([dA/dt) (5.12)

Using Eq. (5.11) for the energy gap A(t), we obtain

h N t*(t*/7q + 2) (5.13)
any/(t*/1Q)(t*/q +2) /T +1
or equivalently,
* * 3/2 *
t t h t
- [_ (— + 2>] ~ (_ " 1> | (5.14)
TQ \7Q cin \7q

Here, we consider only slow quenches such that 7q > h/(cin) in order for the system to have
enough time to experience the criticality at the transition point. We assume a prior: that the
solution of Eq. (5.14) satisfies t*/7q < 1. Then, Eq. (5.14) leads us to

B\ 23
t*N<_> o, (5.15)

cin

which justifies the assumption. From Eq. (5.9), since |q(t*)| < c1n, we find &(¢*) to be propor-
tional to |q(t*)|~*/2. Consequently, the correlation length at time ¢* can be evaluated as

1 TQ 1/3

* ! = — xT
t*) el = NGTA R Q - (5.16)

Since the system starts to adiabatically follow the variation of the quadratic Zeeman coefficient
from t*, the correlation length at this time would determine the size of the spin domains, in
which the transverse magnetization evolve almost independently (see Sec. 5.1). According to
the Kibble-Zurek mechanism, £(¢*) also gives the mean distance between the topological defects
that emerge in a slow quenching dynamics [97, 98, 99, 100]. The density of topological defects
in a d-dimensional system then has the following scaling law with respect to the quench time:

&(

d/3

Ndef ~ §_d(t*) x 7'(5 (5.17)

This scaling is identical to that associated with the dynamics of a second-order phase transi-
tion [91, 94, 101].
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Chapter 6

Quasi-Nambu-(Goldstone modes

The Nambu-Goldstone (NG) theorem, which states that spontaneous breaking of a continuous
symmetry is accompanied by gapless excitations, should hold at any order of approximation [23,
24]. However, at the mean-field level we sometimes encounter extra gapless excitations that do
not stem from spontaneous symmetry breaking. They are called quasi-NG modes and were first
introduced in the context of gauge theories and high energy physics [30, 31]. Quasi-NG modes
later became an essential ingredient in models of technicolor and supersymmetry, which are
candidates of the beyond-standard model [33, 34, 35]. They are also believed to appear in the
weak-coupling limit of the A phase of superfluid He [36] and spin-1 color superconductors [37].
Despite their prevalence in various fields of physics, no experimental evidence of the quasi-NG
modes has hitherto been observed. Ultracold atomic systems are expected to be ideal for the
probe of this special kind of excitations since they are readily manipulated and measured in
experiments. Especially, it has recently been proposed that the nematic phase of spin-2 BECs
can be a host of quasi-NG modes [38].

Although the quasi-NG modes are gapless at the mean-field level, it is predicted that these
excitations would acquire a finite energy gap with quantum corrections. In this chapter, we
explicitly prove this conjecture by calculating the emergent energy gap of quasi-NG modes in a
spin-2 BEC caused by quantum fluctuations. At the mean-field approximation, all the nematic
phases are degenerate in the ground-state manifold and there are a total of five gapless excitation
modes (see Sec. 2.4.2). On the other hand, the number of symmetries of the Hamiltonian that are
broken is just three. This means that the remaining two gapless excitations are not generated by
spontaneous symmetry breaking; i.e., they are quasi-NG modes. However, since the zero-point
fluctuations lift the degeneracy in the manifold of nematic phases [73, 74], it is predicted that
the quasi-NG modes would become gapful as quantum corrections are taken into account [38].
By using the spinor Beliaev theory developed in Sec. 4.2, we succeed in deriving the analytic
expression for the energy gap of quasi-NG modes in terms of the atomic number density and the
fundamental interatomic interactions. These parameters can be readily measured and varied
under control in ultracold atoms using, for example, the Feshbach resonance [77, 8, 9]. From
the obtained magnitude of the energy gap, we can evaluate the critical temperature T, above
which a topological defect such as a spin vortex would decay by emitting the thermally excited
quasiparticles. Conversely, below this temperature the vortex would be stabilized by suppressing
the emission of the quasi-NG modes.

In the previous study [38], the energy gap of quasi-NG modes is assumed to be of the same
order of magnitude as the zero-point energy. This assumption is based on the fact that the
zero-point energy lifts the degeneracy in the manifold of nematic phases at the mean-field level,
making the ground state either the UN phase for ¢; > 0 or the BN phase for ¢; < 0. However,
as shown at the beginning of Chap. 5, there is no level crossing in the UN-BN phase transition
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at ¢; = 0. As ¢; traverses the phase boundary from the positive (negative) to the negative
(positive) side, the UN (BN) state would become dynamically unstable with the excitation
spectrum becoming a complex number with a nonzero imaginary part. These excitations would
grow exponentially (see Sec. 5.1), rendering the UN (BN) state not an excited state. Therefore,
the energy gap of quasi-NG modes is not necessarily of the same order of magnitude as the
zero-point energy. We show in Sec. 6.1 that its magnitude depends on the relative strength of
the two spin-dependent interactions ¢; and co. Similarly, the scaling law of the energy gap with
respect to the characteristic dimensionless parameter na® also varies with the ratio ca/c;y.

Since the quasi-NG modes arise from the nematic phase of spin-2 BECs, these excitations
represent the spatially periodic modulations of the system’s density of spin nematicity. In
Sec. 6.2, we study how the particle-number density fluctuations affect the propagation of the
quasi-NG modes. A comparison with those effects on phonons and magnons is made. We
find that the propagation velocity of the quasi-NG modes is suppressed in a manner similar to
magnons but as opposed to phonons whose sound velocity is enhanced. The difference in the
effects on these types of quasiparticles will be discussed in terms of the particle-number density
correlation.

6.1 Emergent energy gap

Since the magnitudes of the spin-dependent interactions measured in spin-dynamics experi-
ments [77] imply that the ground state of the spin-2 3’Rb BEC is likely to be the uniaxial-
nematic phase, in the following we consider the quasi-NG modes arising from the UN phase.
The magnitude of ¢; is fairly well determinate but that of ¢y suffers a large error bar:

C1
— L —0.99+0. 1
T~ 099+ 0.06ap, (6.1)
C2
— = _0.53£0. 2
g 0.53 + 0.58 ag, (6.2)

where ag ~ 0.5 A is the Bohr radius.
The Bogoliubov spectra of the UN phase consist of five gapless excitation modes given by
Egs. (2.75a)-(2.75¢). Among them, one phonon mode

I = \/eg[eg +2(co + ca/5)n] (6.3)
and two magnon modes
hol) = \Jelel +2(3¢1 — /5] (6.4)

result from spontaneous symmetry breaking of the Hamiltonian. The Hamiltonian of spin-2
BECs for generic ¢1 # 0 has a U(1),, x SO(3); symmetry corresponding to the gauge and SO(3)
rotation invariances. On the other hand, the UN phase possesses an SO(2) rotation symmetry
about the z axis in spin space. The two magnon excitation modes represent the spatially periodic
modulations of the transverse magnetization whose direction is aligned in the xy plane. The
remaining two gapless modes

hwil%p = \/eop(eop — 2¢9n/5) (6.5)

are therefore not generated by spontaneous symmetry breaking; they are quasi-NG modes.
Since the phonon and magnon excitations arise from spontaneous symmetry breaking of the
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Hamiltonian, they should be gapless at any order of approximation according to the Nambu-
Goldstone theorem [23, 24]. In contrast, the quasi-NG modes, which are gapless excitations at
the mean-field level, can generally acquire a finite energy gap at higher-order approximations.
In Sec. 4.3, we have calculated the zero-momentum energy of the quasi-NG modes of the UN
phase [Eq. (4.20)] by using the spinor Beliaev theory. As the right-hand side of Eq. (4.20) is
positive, the energy gap of the quasi-NG modes is given by

VIA- s+l [ 4 - ]

A ~ ,
1-B

(6.6)

where A, B, and C are the coefficients in the frequency expansions of the second-order self-
energies [Eqgs. (4.17)-(4.19)]. By summing all the contributions to the self-energies and the
chemical potential from second-order Feynman diagrams, we obtain

A—,u(z)—l—C’ 1 5/2 32 3/2. 16 . _3/2 8 _1/2. 16 _5/9

(Mn0)3/2 = 7_‘_253 8\/361/ - ﬁcl/ C2 + ?Clcz/ + ﬁcl/ C% - 562/ 3 (67)
A-p®—c  16v3°

(Mng)3/? =T T 23 +0 <62no\/na3> , (6.8)

B:0+O(%Eﬂ, (6.9)

where ¢1, ¢2, and a have been defined below Eqs. (4.33) and (4.1), respectively. Here we have
ignored terms containing the factor vna? < 1. Substituting Egs. (6.7)-(6.9) in Eq. (6.6), we
find the energy gap of the quasi-NG modes to be

L\ 2 - 3 - - 3 - 1 (2 - 5
c1 )\ 2 32 [¢1\2 ¢y 16¢1 (¢ 2 8 c1\?2 [ co 16 [ ¢\ 2
! {[ C1 \/3 C1 C1 3 C1 C1 \/3 C1 C1 9 C1

. [%l I (CA)%WIE (2)’ } 6.10)

561 \/7_1' Co \/E Co

Using the parameters of 8’Rb with an atomic number density n = 10 cm™3, in Fig. 6.1 we
plot A as a function of |ca|/c1 over the uncertainty range of parameter co. The magnitude of
the energy gap varies significantly with the relative strength of the spin-dependent interactions.
In the limit of |ca| ~ ¢1vVna3(e1/co)?/? < ¢1, the energy gap reduces to

4 3/2 3/2
A 2{32\/3~”E61n\/ﬁa§ ‘ 1 el (w7 églég, (6.11)
i . N A w2

In this limit, we have

e\ /2
A ~cin <—> na3. (6.12)

On the other hand, the zero-point energy that lifts the degeneracy in the manifold of nematic
phases is obtained from the difference in the LHY correction given by Eq. (C.1). Its order of

magnitude is §E(n)/N ~ M3/2C?/2n3/2/h‘3 ~ c1n(c1/eo)??vna3. Equation (6.12) then implies
that A has the same order of magnitude as the zero-point energy in the limit of |c2| < ¢;. The
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Figure 6.1: Energy gap of quasi-Nambu-Goldstone modes in the uniaxial-nematic (UN) phase of
spin-2 BECs as a function of the relative strength of the spin-dependent interactions [Eq. (6.10)].
For the ground state to be the UN phase, co must be negative [Eq. (4.2)]. We use the parameters
of spin-2 8"Rb obtained from experimental measurements [77] with an atomic number density
n =10 cm™3 and plot the energy gap over a range of values of |ca|/c1 [Egs. (6.1) and (6.2)] .
The inset shows the energy gap in the limit of |ca| < ¢ [Eq. (6.11)]. There obviously exists a
lower bound A, for the energy gap of quasi-NG modes [Eq. (6.17)]. Note that the UN-cyclic
phase boundary is shifted from its mean-field counterpart at co = 0 due to the zero-point energy

[Eq. (4.2)].

scaling laws of A with respect to ¢; and n are given by
A x C?/zng/z, (6.13)

where ¢; is related to the difference between the s-wave scattering lengths [Eq. (2.15b)].
In contrast, in the limit of |ca| ~ ¢; the energy gap reduces to

5 3 3
4 3 c1\® 32 (&\2é& 166 (&)
o= i () ()5 (2)' 8+ 253
\/3771/4 Co C1 \/§ C1 C1 3 C1 C1
B 1/2
C

4

- L 2 5

)-8
V3 \a c1 9 \c1

Its magnitude is given by

(6.14)

1 3/4 .
A ~cin <—> nas; (6.15)
€o
i.e., the energy gap of quasi-NG modes in this limit is much larger than the zero-point energy
since na® < 1. The scaling laws of A with respect to ¢; and n also differ from those of the
zero-point energy:

A x cz/4n5/4. (6.16)

From these scaling laws, we know that the energy gap can be made much larger either by, for
example, loading the atoms into an optical lattice to raise the atomic number density n or by
adjusting the relative strengths of the s-wave scattering lengths to increase the ratio of ¢1/c¢g.
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Especially, with the latter approach the energy gap can be made as much as about 3000 times
larger if the difference a4 — as can be adjusted to be of the same order of magnitude as the
scattering lengths themselves.

Noting that due to the zero-point energy the UN-cyclic phase boundary is shifted from its
mean-field counterpart co = 0 to cgN_CL given by Eq. (4.2). It indicates the lowest value of
|co| for which the ground state is the UN phase. This is also obvious from Fig. 6.1. Since
|cgN_CL| < c1, by substituting Eq. (4.2) in Eq. (6.11) we find the lower bound for the energy

gap of the quasi-NG modes to be

1
64v/2v/3 (73 —8v2\? e 2
Apin ™ cn nad
N 5

C1 %
~27.06cin | — na3. (6.17)
€o

Since the right-hand side of Eq. (6.17) is always positive, it is evident that the quasi-NG modes
acquire a finite energy gap due to quantum fluctuations. Thus, the conjecture of quasi-NG
modes becoming gapful with quantum corrections has been proved.

On the other hand, the precise magnitude of interaction ¢y for spin-2 3’Rb is still indeter-
minate from experimental measurements [77] with a large error bar [Eq. (6.2)]. The derived
analytic expression for A as a function of co [Eq. (6.10)] also suggests an alternative way to
measure the magnitude of the interatomic interactions via the quasi-NG modes. The average
value of ¢y determined from the measurement outcomes is c3"* ~ 0.53 x (4wh%ag/M). Substitut-
ing this value in Eq. (6.14), we find the energy gap of the quasi-NG modes to be A ~ fix6 Hz.
Although this energy scale is small compared with that of typical ultracold atomic experiments,
it should be noted that this energy gap can be made much larger as discussed below Eq. (6.16).

In a previous study [38], it has been shown that at zero temperature a topological defect
such as a vortex of spin nematicity would be stable as long as the energy gap of the quasi-NG
modes is finite. However, as we artificially make the energy gap vanish, the vortex decays by
emitting the quasi-NG modes. This is illustrated by a numerical simulation, which is performed
by using the Gross-Pitaevskii equation, as shown in Fig. 1 of Ref. [38]. The vortex of spin
nematicity is displayed in terms of the spin-singlet trio amplitude

36 2 2 _
Ay = f(@g—; FEE2) L (@ 366, + 66 )

= cos(3n), (6.18)

which is a function of the parameter n characterizing a nematic phase [Eq. (2.41)]. Similar to the
mean-field approximation, that the energy gap is set to be zero is equivalent to that the ground-
state manifold is enlarged from the uniaxial-nematic phase to the whole manifold of degenerate
nematic phases. The original vortex then becomes unstable against the homotopy group of
the new ground-state manifold as it can continuously transform to a nonsingular configuration.
Now at finite temperatures, there should be a critical temperature above which the vortex
would decay by emitting the thermally excited quasi-NG modes as these excitations become
effectively gapless. Conversely, below this temperature the quasi-NG modes would behave as
gapful excitations, and thus the vortex is stabilized by suppressing the emission of quasi-NG
modes. With the obtained numerical value of the energy gap A ~ hx6Hz for 8’Rb, we find
the critical temperature to be T° ~ 0.04nK. As mentioned above, the magnitude of the energy
gap of quasi-NG modes and the critical temperature can be raised to the regime accessible with
typical ultracold atomic experiments by, for example, adjusting the relative strengths of the
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Figure 6.2: Modification of the dispersion relation of quasi-NG modes due to quantum fluc-
tuations. Besides the emergence of a finite energy gap as shown in Sec. 6.1, there is a slight
modification of the propagation velocity of quasi-NG modes as indicated by the arrow.

s-wave scattering lengths.

6.2 Suppression of the propagation velocity

In addition to the emergence of a finite energy gap, quantum fluctuations can bring about a
slight modification of the propagation velocity of quasi-NG modes as illustrated in Fig. 6.2. In
the low-momentum regime, the Bogoliubov spectrum of the quasi-NG modes [Eq. (6.5)] has a

linear form of wil%p = vél_)NG|p| with the propagation velocity given by

(1) |ca|n

Vo =\ Ear (6.19)

We now study how this propagation velocity is modified by quantum fluctuations. To this
end, we apply the spinor Beliaev theory developed in Sec. 4.2 to finite momenta to obtain
the dispersion relation of quasi-NG modes. For spin-2 8Rb, since ¢y > ¢, |co|, the effects of
the spin-independent interaction, if it is nonvanishing, would dominate over the effects of spin-
dependent ones. Therefore, regarding the modification of the propagation velocity, we can focus
on the effects of ¢y corresponding to the effects of the particle-number density fluctuations and
ignore those of the spin density fluctuations. In the regime A < eop & |ea|n where the modified
dispersion relation has a linear form, the spectrum of the quasi-NG modes can be expressed in
terms of the second-order self-energies as

11(2) 22(2)
Wizp =W+ M (6.20)

Here we ignored terms containing small factors of A/ eop and eop /|ca|n. By summing all the
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contributions to the self-energies from the second-order Feynman diagrams, we obtain

Z55 7 (p) =A1 + Bi(wizp — w1 ) + O [(wezp — w3 )7 (6.21)
S (p) =As + Bolwiap — 0 ) + O |(wazp — w3 )] (6.22)
with
3/2 5/2 1/2
Al _ 5M3/2TL0/ CO/ B 8\/§|62|1/2’I’L0/ o (623)
3m2h? 3v5m P’
3/2 5/2 1/2
= Mg e | 83leal! g (6.24)
37-‘-253 3\/5 P’
Bi,B, =0+ O(vna3). (625)

Here, since it is expected that quantum fluctuations in a dilute weakly interacting Bose gas would
bring about only a slight modification of the propagation velocity, i.e., |wt2 p/ wil%p -1« 1,

we can make Taylor expansions in powers of w49 p — wil%p and ignore the quadratic and higher-
order terms. The validity of these expansions can be a posteriori justified from the final result.
Substituting Egs. (6.21)—(6.25) in Eq. (6.20), we obtain the second-order dispersion relation of

the quasi-NG modes
/ 0
2 8 2|62|7’L0€
hwizp =~ (1 — ﬁ V ’I’L(](I3> Tp
4 2|co|mel
= (1- —Vna? L, (6.26)
VL3 5

which also has a linear form with the modified propagation velocity

(2) . 4 |CQ|TL
Vo NG = (1 - T\/ na3> . (6.27)

s 5M

Here in deriving the second equality in Eq. (6.26) we used the relation (3.2) between the total
particle-number density n and that of the condensate ng. From Egs. (6.19) and (6.27), it
is evident that the propagation velocity of the quasi-NG modes is suppressed by a factor of
1 — 4vVnad /v/7m due to the particlenumber density fluctuations. The suppression factor is
proportional to the fraction of noncondensed atoms [Eq. (3.1)], implying that the propagation
of the quasi-NG modes is hindered by the interaction with these particles. It is analogous to the
resistance to the motion of a particle or a quasiparticle in a random potential such as a medium
filled with random impurities [102]. This can be understood by noting that the quasi-NG modes
represent the spatially periodic modulations of the spin nematicity which have no correlation
with the particle-number density fluctuations and thus leading to the random behavior.

In contrast, the propagation velocity of phonons, i.e., the sound velocity, is enhanced due
to particle-number density fluctuations as

vgl) ~ (1 + %Vna?’) ’USI), (6.28)

™
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where

1) [(co+c2/5)n

vy = o (6.29)

is the first-order (Bogoliubov) sound velocity. The modifications of the propagation velocities
of the quasi-NG modes and phonons as functions of the characteristic dimensionless parameter

na3 are shown in Fig. 6.3. The enhancement of the sound velocity due to the particle-
number density fluctuations can be attributed to their correlations with phonons, which are
spatially periodic modulations of the particle-number density. It is this correlation that leads to
a nontrivial effect on the motion of phonons as opposed to the resistant effect on the quasi-NG
modes. Indeed, at zero temperature the population of noncondensed atoms with momentum
hp is given by [19]

€ + (co+ c2/5)ng

1
Z\}p = —
2 \/eop[eop + 2(co + c2/5)n)

—1y. (6.30)

Their contribution to the particle-number density correlation can be calculated straightfor-
wardly, and we obtain

(0n(r, t)on(r’ 1)) = 2n0‘]/\7p cos[p - (r —1') —wop(t —t)], (6.31)

where dn = n—ng denotes the deviation of the particle-number density operator from the homo-
geneous distribution of the condensate. This contribution to the density correlation is related
to the peak of the system’s dynamic structure factor S(p,w) which can be directly measured
by using either the inelastic neutron scattering in superfluid *He [103] or the Bragg scattering
in ultracold atoms [104]. The restoring force resulting from the inhomogeneity brought about
by the particle-number density correlation makes the system more rigid with a smaller com-
pressibility kK = —(1/V)0V/0p compared to a homogeneous state, and in turn leads to a larger
sound velocity ¢ = /9p/dp.

As similar to the quasi-NG modes, the propagation velocity of magnons is suppressed due
to the particle-number density fluctuations as

vr(fgg = (1 - %Vna?’) vr(jgg, (6.32)

™

where

’U(l) . (361 — 62/5)’0

Thag = % (6.33)

This suppression of the velocity of magnons is similar to the resistance to the motion of magnons
in spin-1 BECs, which is exhibited by an enhancement of the effective mass of these quasipar-
ticles [79]. From Egs. (6.27) and (6.32), we know that the suppression factor of the magnons’
propagation velocity is the same as that of the quasi-NG modes. This can be understood by
noticing that the effects of the particle-number density fluctuations under consideration should
be spin independent. On the other hand, it follows from Eq. (6.28) that the enhancement factor
of the propagation velocity of phonons is twice the suppression factor of the magnons and quasi-
NG modes’ propagation velocities. Combined with the fact that there is a twofold degeneracy
in the magnons and quasi-NG modes compared with a single mode of phonons (see Sec. 4.2), it
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Figure 6.3: Modifications of the propagation velocities of the quasi-NG modes (red) and phonons
(blue) as functions of the dimensionless parameter vna3. Here n and a denote the atomic

number density and the s-wave scattering length defined below Eq. (4.1), respectively. v and
v@ represent the first- and second-order propagation velocities, respectively.

might suggest a total conservation of the effects of the particle-number density fluctuations on
the propagations of different types of quasiparticles in a spinor BEC.
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Chapter 7

Beliaev dampings of magnons and
phonons

In the previous chapters, we have seen how quantum fluctuations affect the phase diagram and
elementary excitations of a spinor BEC. In this chapter we study yet another important effect of
quantum fluctuations on the lifetime of a quasiparticle. At the level of the Bogoliubov approxi-
mation, quasiparticles have infinite lifetimes. However, as we go to higher-order approximations,
the lifetime of, for example, phonons becomes finite [26]. This physical phenomenon is called the
Beliaev damping and can be interpreted as a consequence of the collisions of phonons with the
condensate atoms [105]. Understanding the decay processes of quasiparticles gives us a deeper
insight into the beyond-mean-field interaction in a many-body system. The Beliaev damping
of phonons in liquid “He has been observed in which the momentum threshold of the damping
determines the boundary between the phonon and roton regimes [106, 107, 108]. With the
realization of atomic Bose-Einstein condensates at ultralow temperatures, the Beliaev damp-
ings of collective modes in a trapped Bose gas [109] and of phonons in a locally homogeneous
system [110] have been observed and measured. The effects of confinement [111], an optical
lattice [112], and a presence of a single vortex [113, 114] on the damping rates of quasiparticles
have also been studied extensively.

In this chapter, we investigate the Beliaev dampings of various types of quasiparticles in a
homogeneous spin-2 8"Rb BEC whose ground state is likely to be the uniaxial-nematic (UN)
phase. Compared with scalar BECs, in spin-2 BECs there exist magnons and quasi-NG modes
in addition to phonons as shown in Chap.6. Each type of these quasiparticles can, in principle,
decay via one of numerous collision channels. We find that the energy conservation in collisions
prohibits all decay channels of the quasi-NG modes, while there are one and four channels for
magnons and phonons, respectively. We will derive analytic expressions for the damping rates
of these quasiparticles as functions of the fundamental interatomic interactions. The obtained
damping rates also suggest an efficient approach to measure the magnitudes of the interactions
through the lifetimes of the quasiparticles. We propose a scheme to measure the Beliaev damping
rates of magnons in the spin-2 8"Rb BEC by temporarily switching on an external magnetic
field.

The Hamiltonian of spin-2 BECs [Eq. (2.16)] is composed of three interactions

V:V(]—i—f/l—l-f/z, (7.1)
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where

Vo :C2—0 /dsr :%(r) 1, (7.2)
Vi :C2—1 /dsr cF2(r) . (7.3)
1 262—2 / d3r Ay (r)Ago(r) : . (7.4)

Each of these interactions can contribute to its own possible decay channels of the quasiparticles.

In the low-momentum regime eop < con, c1n, |ea|n, the Bogoliubov spectra of phonons
[Eq. (6.3)], magnons [Eq. (6.4)], and quasi-NG modes [Eq. (6.5)] all have linear dispersion
relations characterized by their propagation velocities:

Con
wo,p ~v0|P| = 4/ W|P|7 (7.5)

35171
2 Pl (7.6)

can
wizp ~vsalp| =/ S IpL (77)

where ¢y = ¢o + ¢2/5, and ¢ and ¢ have been defined below Eq. (4.33). In the following, we
restrict our study to the low-momentum regime so that their dispersion relations are given by
the linear equations (7.5)-(7.7).

Let us consider a general decay channel of a quasiparticle with momentum p in spin state
mpg = j in which the quasiparticle interacts with a condensate atom to generate two quasipar-
ticles with momenta q and p — q and spin states mp = j' and mp = j”, respectively. This
process is illustrated in Fig. 7.1. The damping rate is obtained by summing the probability of
the transition (4, p)+(0,0) — (j/,q) + (57, p —q) over all possible values of q, j/, and j”. Since
the momentum q forms a continuum of the final state, the Fermi’s golden rule can be applied.
At the lowest order, it is given by

W+1,p ~vi1|p| =

2T 2
Faamp =~ 2 Z Vit 0 (wjp — wja = wj.p—q) » (7.8)
(a.3"3")

where the transition amplitude
Vir = (vaclbyr qbj p-qV b}, [vac) (7.9)

is given by the matrix element of the interaction Hamiltonian V with the initial state |i) =
lA);p|vac> and the final state |f) = 3},7ql;;,,7p_q|vac>. Here lA)j7p (lA);p) is the annihilation (creation)
operator of a quasiparticle with momentum p and spin state mp = j, and |vac) denotes the
vacuum of the quasiparticles, i.e., the ground state of the system. The Fermi’s golden rule

relates the transition probability in quantum mechanics to the classical energy conservation
Wjp = Wj'.q T Wj" p—q; (7.10)

which is expressed by the Dirac’s delta function in Eq. (7.8). Note that the sum in Eq. (7.8) is
taken over all possible final states of (q,j’,7”). In the case of j/ = j”, we need to multiply the
sum by a factor of 1/2 to avoid double counting of the final states.
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Figure 7.1: A general decay channel of a quasiparticle with momentum p and spin state mp = j.
Its interaction with a condensate atom (the dashed line) generates two quasiparticles with
momenta q and p — q and spin states mp = j' and mp = j”, respectively. Here V denotes the
interaction Hamiltonian given by Eq. (7.1).

The Dirac’s delta function imposes a constraint on the possible decay channels for a given
quasiparticle with initial state (j, p). For the quasi-NG modes (j = +2), by using the dispersion
relations (7.5)-(7.7), it can be shown that there is no channel satisfying condition (7.10) (see
Appendix E.1). Therefore, the quasi-NG modes in spin-2 BECs have long lifetimes compared
with the other quasiparticles.

7.1 Magnons

For j = +1, the spin conservation combined with condition (7.10) allows the only final spin state
j' =42 and j7 = F1 (see Appendix E.2). This decay process proceeds through interaction V}
[Eq. (7.3)], which is written explicitly as

=L ot St

Vi o Z B0+ Eo Qs 31 110, 0m s (7.11)
p,q.k
j7j/7m7m/

where @ p, (d} p) is the annihilation (creation) operator of a bare particle, i.e., a single atom, and
f; ; are the matrix elements of the spin-2 matrices [Eq. (2.18)]. The transition amplitude (7.9)
can then be evaluated straightforwardly by using the relations between the operators b4 ;, and
bl ip of the Bogoliubov quasiparticles and those of single atoms a; , and dl i which are given
for the UN phase as [12]

P Al
tjp = Utjpbijp — Ui)vpb$j7—p7

ditj,p - uijvpbitj,p — Vj,pbj,—p- (7.12)
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Here u;jp and vjp are the coefficients of the Bogoliubov transformations (see Sec. 2.4), which
are given by

P eop + ¢on + hwo p I eop + ¢on — hwo p (7.13)
op — 2th7p » TP 2th7p ’ '
€) +3¢1n + hwi p ; €) +3¢1n — hwip (7.14)
Ul p = = , .
+L.p QHwin P UELP QHwin
T €) + Con + hwia p s €) + Can — hwia p (7.15)
+2p 2hw:|:27p P T 2hw:|:27p ' '

Here the minus sign in front of the square root in the expression for vis p in Eq. (7.15) results
from the negative coupling constant ¢y of Va [Eq. (7.4)], which is the only interaction that
can generate a pair of noncondensed atoms in spin states mp = +2 out of the condensate. A
straightforward calculation of the matrix element Vi in Eq. (7.9) gives

Y
Vi = %F(u,v), (7.16)

where Ny = ngV is the total number of condensate particles, and

F(u,v) =(u_1x — v1,-k) (u1,p2,q + V-1, pV—2 q)

— (u1,p —v-1,-p) (U2,qV1,—k + U-1kV-2,—q) - (7.17)

On the other hand, the zero of the argument of the Dirac’s delta function in Eq. (7.8) is found
to be

7.18
361 — 62 ( )

0 <0 < 6, (7.19)

., (3cicosf —+/3cico
|q| = qo =2 | |7

where 6 denotes the angle between q and p, and 6y = /¢2/3¢1 < 1. By using the identity
5(f(z)) = 6(z — o) /|f (x0)], where z is the zero of f(z), and replacing the sum in Eq. (7.8)
by an integral, the damping rate can be rewritten as

_3V2 c1n0M3/2 F(u,v)? o B2aol?
Plamp ™ 0| €eq— :
tamp & G5 —— / diq\/q / T AL A )V

P
cos By

(7.20)

The integral in Eq. (7.20) can be calculated straightforwardly, giving the damping rate as

3v2¢i|p)? |cal
Piamp ~———— L\ 22 7.21
damp 7Th(361—62/5)/\<61 (7.21)
where A(|ca|/c1) = N(é2/3¢1) with
- 7+ 20 30z + 102%/% 4 52
A(m)zﬁ( +20y/7 + 30z + 102%/2 + 522) (722)

15v2(1 + va)?
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Figure 7.2: Function A(|ce|/c1) in Eq. (7.21). The inset shows A over the uncertainty region of
the ratio |ce|/c1 which is determined from the measurements [Eq. (6.2)] in Ref. [77]. Note that
we need co < 0 for the ground state to be the uniaxial-nematic phase.

It is evident from Eq. (7.21) that the damping rate of a magnon with momentum #p is propor-
tional to |p|3, and the damping strength depends on the interatomic interactions via function
A(|ea|/c1). Tt is plotted in Fig. 7.2 in which the inset shows A over the uncertainty region of
parameter co for 8'Rb [Eq. (6.2)].

Equation (7.21) suggests an alternative approach to measure the magnitudes of the interac-
tions through the damping rates of magnons. We therefore propose a scheme to measure their
damping rates. In ultracold atomic experiments, atoms can be prepared in arbitrary hyperfine
spin states by using an adiabatic passage [115]. For a spin-2 8’Rb BEC, the ground state is
likely to be the uniaxial-nematic phase, i.e., almost all atoms occupy the mp = 0 spin state.
This is the initial state of the system. However, if an external magnetic field is applied, the
system becomes dynamically unstable as the excitation spectrum of the magnon mode

hwi1p = \/(6% +q)(e) + ¢ + 2¢1m0) (7.23)

acquires a nonzero imaginary part. Here ¢ denotes the quadratic Zeeman coefficient. Note that
q is negative for spin-2 8’Rb, and its absolute value is proportional to the square of the field
strength. This dynamical instability results in an exponential growth of the number of atoms in
the mp = %1 spin states, which has been observed in the Stern-Gerlach measurement [17]. If the
external field is then suddenly switched off, the ground state returns to the uniaxial-nematic
phase, leading to a stop of the generation of new magnons due to the dynamical instability.
The lifetimes of the previously created magnons are then completely determined by the Beliaev
damping. Their damping rates can be deduced from the measured time evolution of the atomic
populations in the mp = 41 spin states. It should, however, be noted that the obtained
damping rate (7.21) is restricted to the low-momentum regime eop < con, cn, |ca|n.

The damping rates of magnons can also be derived from the beyond-Bogoliubov spectrum
of these excitations. Indeed, using the spinor Beliaev theory developed in Sec. 4.2, we find
the second-order energy spectrum of magnons with a nonzero imaginary part given by (see
Appendix F)

@) 3ci|pl® (IC2I>
I = A2, 7.24
m {wj:Lp} \/§7Th(3C1 _ C2/5) c1 ( )
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where function A(|ca|/c1) is the same as that in Eq. (7.21). On the other hand, the damping
rate of a magnon is related to the imaginary part of its energy spectrum by

Piamp = —2Imw?) (7.25)

since the probability density of finding a quasiparticle is equal to the square of its wavefunction.
It follows from Egs. (7.24) and (7.25) that the damping rate (7.21) can be reproduced by using
the spinor Beliaev theory.

It is worth noting that the scaling law of the damping rate of magnons with respect to the
momentum Pgamp |p|? can be obtained indirectly without a need to carry out the tedious
integral in Eq. (7.20). By a dimensional analysis, we find that the general expression for the
damping rate must take the form of

0 [0
Pamny — Mﬂ/—f (Cl C2> <€_p> 7 (7.26)

Co Co Cono

where f is a function of the only two dimensionless ratios of interactions ¢1/co and co/cp.
Here the dimensionless parameter v/nga® characteristic of a weakly interacting dilute Bose gas
appears in Eq. (7.26) since the Beliaev damping only emerges at the second-order approximation
[Eq. (7.25)] where the self-energies and the excitation spectra are evaluated up to the order of
Vnoa? (see, for example, Chap. 3). The power « in Eq. (7.26) would determine simultaneously
the scaling laws of Pyamp with respect to |p| and ng. Therefore, the scaling law with respect
to |p| can be obtained from that with respect to ng, which is much easier to be found. Using
Egs. (7.13)-(7.15) for u;p and v;p, we find the first term on the right-hand side of Eq. (7.17)
to be

(U1 — v1,—k) (U1,pu2.q + v-1,-pV-2,q)

= — — —
4h3w17pw27qw_17k c1no Cony cing CcaNyg

ocng /4, (7.27)

1/2

where we used ep qk <K €1ng, C2ng in the low-momentum regime, and w;, o n,’~ as shown in
Egs. (7.5)-(7.7). Similarly, the second term on the right-hand side of Eq. (7.17) reduces to

— (u1p —v-1,-p) (U2,qV1,—k + U-1kV-2,—q)

C1anged hw_1x  hwaq Lo & e
= — — — —_—
4h3w17pw27qw_17k c1no Cany cing Ccanyg

o<n51/4. (7.28)

The last contribution to the ng-dependence of Pyamp comes from the factor of 1/]0(wqp —

Woq — w_1,k)/560q| in Eq. (7.20), which is proportional to nal/z since wjp o n(l]/z. It follows
from Eqgs. (7.17), (7.20), (7.27), and (7.28) that Pyamp o nJ. We then find that o = 3/2 in
Eq. (7.26), leading to the scaling law Paamp o< |p|>.
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7.2 Phonons

Unlike magnons, phonons can decay through various collision channels for which the energy
conservation condition (7.10) is satisfied. The first one is that with the final state involving
two phonons; i.e., 7/ = j7 = 0. This is similar to the case of scalar BECs [26]. However, for
spin-2 BECs the interaction in this channel can be either the spin-independent one V; or the
spin-dependent one Va. Therefore, the net coupling constant for this channel would be given
by éy = co + c2/5, where the factor of 1/5 stems from the spin-singlet amplitude [Eq. (2.17)] in
Va. The contribution of this decay channel to the damping rate of phonons is then found to be

m __3h_ pes IpP
damp 3207 M (¢on)3/?
3hip[°
= , 2
320mMn (7.29)

It is identical to the damping rate of phonons in scalar BECs since it turns out to be independent
of the interaction in the low-momentum regime eop < Con.

The second decay channel of phonons is that in which two magnons are generated in the
final state; i.e., ' = 1 and j7 = —1. The interaction in this channel can be either Vi or Va. For
the former interaction, the transition amplitude is found to be

_ 361\/V0[
\%4

Vie (u—1,x — v1,-k)(U0,pU1,q + V0,—pV-1,—q)

+ (u1,q — V—1,—q) (U0 pU—1k + Vo,—pV1,—k) |, (7.30)

where u; , and v are given by Eqgs. (7.13)—(7.15). By replacing the sum over q in Eq. (7.8) by
an integral, the contribution to the damping rate of phonons can be straightforwardly calculated
to be

9cinM 3¢
p@ _anMip| (ﬂ) (7.31)

damp = o p3 Co

where v (z) = 1/(2v22%/2). Tt is plotted in Fig. 7.3.
Similarly, for the latter interaction, i.e., Vs, the transition amplitude is given by

262\/ N(]

=5y

(u0,pU1,qU—1k = V0,~pV-1,~qV1,~k) - (7.32)

The contribution to the damping rate of phonons is then found to be

p® _ 2V2cnMp| <3él>
— aor_2z3 12\ =/ >

- 7.33
damp 25mh3 (733

€o

where 72 (z) = (1 + 2)2/(8v2x%/2). 1t is plotted in Fig. 7.4.
In the last decay channel of phonons, two quasi-NG modes are generated, i.e., 5/ = 2 and

§” = —2, due to interaction V5. The transition amplitude is given by
262 vV N(]
Vie == (Uo,ptiz.qU-2.k — 0,-p-2,-qV2,—k) - (7.34)

It has a form similar to Eq. (7.32) with the spin state mp = 41 being replace by mp = +2.

74



Y1

—_
o
T

X

02 04 06 08 10

Figure 7.3: Function ~;(x) defined below Eq. (7.31).

2
3.5}
3.0f
2.5
2.0
1.5
1.0
0.5}

N e x
0 0.2 0.4 0.6 0.8 1.0

Figure 7.4: Function ~ys(x) defined below Eq. (7.35).
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The contribution of this channel to the damping rate of phonons is then obtained as

p@ _ 2v2c3nM|p| (5_2>

= 7.35
damp 25mh3 ( )

Co
In summary, the total damping rate of phonons in spin-2 BECs can be expressed as a sum of
two contributions. Their scaling laws with respect to the momentum are Piamp o |p|® and
Piamp o |p|, respectively. The former is the only contribution to the damping rate of phonons
in scalar BECs, while the latter would be dominant in the regime of low momenta.
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Chapter 8

Summary and Discussion

We have studied the effects of quantum fluctuations on the phase diagram, elementary excita-
tions, and phase transitions of spinor Bose-Einstein condensates (BECs). This study is based
on the development of the spinor version of the Beliaev theory. By taking into account the
contributions from the second-order Feynman diagrams, we have derived analytically the ex-
citation spectrum that contains a quantum correction to the Bogoliubov spectrum. From the
obtained Beliaev spectrum, we have been able to address various problems in spinor BECs
such as the stability of a quantum phase, the quantum symmetry breaking, and the lifetime of
quasiparticles. In the following, we summarize the main results of our study and discuss some
outstanding open issues.

In Chapter 4, we have discovered two special classes of first-order quantum phase transi-
tions in spinor BECs which are characterized by their possibilities of metastability. The first
one is accompanied with metastable states that are induced by quantum fluctuations. Conven-
tional first-order phase transitions are often associated with the existence of metastable states
around the phase boundaries [29, 116, 117, 118]; however, the Bogoliubov analysis implies no
metastability at all. Only by going to the next-order approximation, i.e., the Beliaev theory,
can we show that metastable states indeed appear around the phase boundaries. This result
has shed light on the pivotal role of quantum fluctuations in the study of the phase diagram
and the stability of a spinor condensate. The presence of a metastable condensate also suggests
an interesting possibility of macroscopic quantum tunneling (MQT) in which all atoms tunnel
simultaneously from a metastable state to the ground state. In Sec. 4.4, we have estimated the
time scale of the MQT for a spin-2 8’Rb BEC and found that in order to observe MQT within
the lifetime of the BEC (i.e., a few seconds), the total number of atoms must be limited by that
of a microcondensate (i.e., a few tens). Since a large fraction of particles can be excited out
of a small condensate due to fluctuations, the effects of fluctuations in such a microcondensate
might become significant and thus merit a thorough investigation in the future.

In contrast, in the second class of first-order phase transitions, the metastability is absent
to all orders of approximation. This is because the metastable state is prohibited by the high
symmetry of the Hamiltonian at the phase boundary, resulting in a flat energy landscape. It
is this flat energy landscape that leads to the abrupt change of the system from the ground
state to an unstable state without undergoing a metastable regime. On the other hand, the
flat energy landscape brings about the criticality in the dynamics of the condensate through
these phase transitions. In Chapter 5, we have studied the dynamics of a spinor condensate and
found the critical features in both instantaneous and slow quenches of a system’s parameter.
Consequently, despite being first-order phase transitions, their dynamics is similar to that of
second-order phase transitions. Some of the quantum phase transitions in both spin-1 and spin-2
BECs are within reach of current experiments, bringing hope that our theoretical predictions can
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be verified experimentally. Furthermore, similar types of first-order quantum phase transitions
might also appear in other physical systems with internal degrees of freedom including the
superfluid *He, superconductors with high angular momenta, and color superconductors.

In Chapter 6, we have succeeded in deriving the analytic expression for the energy gap of the
so-called quasi-Nambu-Goldstone (quasi-NG) mode in the nematic phase of spin-2 BECs. Quasi-
NG modes are the gapless excitations at the mean-field level that do not stem from spontaneous
symmetry breaking. However, it has been predicted that they would acquire a nonzero energy
gap with quantum corrections [38]. By deriving the emergent energy gap of the quasi-NG modes
due to quantum fluctuations, we have been able to prove the conjecture. To our knowledge,
this is the first time for the energy gap of the quasi-NG modes to be evaluated quantitatively.
Regarding the magnitude of the energy gap, it is predicted in a previous study [38] that it
is of the same order as the zero-point energy, which lifts the degeneracy in the manifold of
nematic phases. However, we show that the truth is beyond such a simple prognostication.
Since there is no level crossing in the phase transition associated with the nematic phases, the
energy gap of the quasi-NG modes and the zero-point energy do not necessarily have the same
order of magnitude. The energy gap turns out to strongly depend on the relative strengths of
the spin-dependent interactions. The scaling laws of the energy gap with respect to the system’s
parameters also vary with the ratio of interactions.

Furthermore, from the obtained magnitude of the energy gap, we have been able to evaluate
the critical temperature above which a topological defect such as a vortex of spin nematicity
would decay by emitting thermally excited quasi-NG modes. Conversely, below this temperature
the quasi-NG modes behave as gapful excitations, and thus the vortex would be stabilized by
suppressing their emission. The magnitude of the energy gap and the critical temperature can
be increased to a regime accessible with typical ultracold atomic experiments by, for example,
adjusting the relative strengths of the s-wave scattering lengths. In addition to the emergence of
a finite energy gap, we find that the propagation velocity of the quasi-NG modes is suppressed
due to the particle-number density fluctuations. This is opposed to the enhancement of the
sound velocity, and a qualitative account of the difference is given in terms of the particle-number
density correlation. Our study of quasi-NG modes is also related to the problems of Coleman-
Weinberg mechanism of quantum symmetry breaking [32] and the quantum anomaly [119] where
the effects of quantum fluctuations play an essential role.

In Chapter 7, we have calculated the damping rates of various types of quasiparticles in
spin-2 BECs. They include phonons, magnons, and quasi-NG modes, which represent the spa-
tially periodic modulations of the particle-number, spin-magnetic, and spin-nematic densities,
respectively. At the level of the Bogoliubov theory, all of these quasiparticles have infinite life-
times. However, with higher-order approximations, their lifetimes become finite since they can
decay through numerous channels of collision with the condensate atoms. By using Fermi’s
golden rule to calculate the transition probabilities, we find that the damping of the quasi-NG
modes is suppressed due to the energy conservation. In contrast, the damping rates of phonons
and magnons are found to be finite with their own scaling laws with respect to the momentum.
It is worth noting that the damping rates of these quasiparticles can be reproduced by using
the developed spinor Beliaev theory. The obtained analytic expressions for the damping rates
as functions of the fundamental interactions also suggest an alternative approach to measuring
precisely the magnitudes of the spin-dependent interactions. We have proposed a scheme to
measure the lifetime of magnons in the spin-2 8"Rb condensate by temporarily switching on an
external magnetic field.

As shown above, spinor BECs provide us with a table-top playground for the study of the
effects of quantum fluctuations on various physical phenomena. They can be classified into two
categories. In the first one, the effects of quantum fluctuations become significant, leading to re-
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markable changes in the features of the system. Noticeable examples are the fluctuation-induced
metastability and the emergent energy gap of the quasi-NG modes. In the second category, the
system’s properties remain unchanged to all orders of approximation. It is because they are
protected by the symmetry of the Hamiltonian. Typical examples are the symmetry-prohibited
metastability and the gapless excitations generated by spontaneous symmetry breaking. In
contrast to the quasi-NG modes, these excitations, which include phonons and magnons, are
gapless at any order of approximation. In the language of Green’s functions, this is guaranteed
by the Hugenholtz-Pines theorem [120] which relates the self-energies at zero wavelength and
zero frequency to the chemical potential. In scalar BECs, it is written as

S p=0)-32(p=0)=p (8.1)

For the uniaxial-nematic phase in spin-2 BECs, the Hugenholtz-Pines theorem is predicted to
have the form of

Zo0(p = 0) — Sgo(p=0) = (8:2)
for phonons, and
Sllp=0) =22, (p=0)=pn (8:3)

for magnons. Equalities (8.2) and (8.3) are expected to hold at any order of approximation.
Although Eq. (8.2) can be proved for a given order of approximation by using the relation
between the Feynman diagrams for X}} and X}2 in a manner similar to scalar BECs [120],
the proof of Eq. (8.3) is nontrivial since we do not have a similar simple relation between the
diagrams for ¥11 and X1? ;. Even its proof at the second-order approximation requires a tedious
calculation. Therefore, an attempt to prove this fundamental theorem for spinor BECs at a
general order of approximation is left for a future study. On the other hand, a similar equality
for the quasi-NG modes

Sh(p=0) — 5% »(p=10) = p (8.4)

holds only at the first-order approximation. From the second-order approximation, it breaks
down due to quantum fluctuations, leading to the emergence of a finite energy gap.
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Appendix A

T-matrix and vacuum scattering
amplitude

The T-matrix I'(p1, p2; p3, p4) defined by Eq. (3.25) satisfies the Bethe-Salpeter equation [121]:

i d*
T(p1,p2;ps, pa) = V(P1 —Ps) + & / ﬁ V()G (p1 — ¢)G (p2 + )T (p1 — ¢, P2 + ¢ D3, Pa)-
(A1)

This iterative equation is illustrated in Fig. A.1 by using Feynman diagrams.

Let us introduce the center-of-mass four-vector AP = hpy + hpo = hps + hpy, where the
second equality implies the conservations of momentum and energy, and the initial and final
relative four-vectors hp = (1/2)(hp1 — hpe), hp' = (1/2)(hps — hps) for a pair of scattering
particles. Equation (A.1) can then be rewritten as

i [ dw d3
(A.2)
or in the form of an infinite series as
/ / Z d3q /
L(p,p’, P)=V(p—p') + = sV(@V(p—a-p)
hJ (2m)
dwg o _ oGO _ _
X 27TG (wp/2+wp —wq,P/24+Pp—q)G (wp/2 —wp +wq,P/2—Pp+q)
e (A.3)

Using the transformation of variables wq = Wq + wp, the integral in the second line of Eq. (A.3)
reduces to

.
/ 52 (we /2~ 3q, P/2+p — q)G°(wp/2 + G, P/2— P+ ), (A-4)

which is independent of wp. Similarly, the higher-order terms represented by the dots in
Eq. (A.3) can be shown to be independent of wp and wp by iteration. Therefore, the T-matrix
is independent of wy, and wyp and can be written as I'(p, p/, P).
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Figure A.1: Bethe-Salpeter equation (A.1) for the T-matrix I'(p1, p2; p3, p4). The squares rep-
resent the T-matrix, while the free propagators given by the noninteracting Green’s function
GO are represented by the solid lines with arrows. The wavy lines indicate the interatomic
interaction V.

Next, we introduce x(p, p’, P) which is the integration kernel of I'(p, p’, P) [26, 20]:
d3q
(2m)?

Equation (A.5) has a form similar to the equation relating the vacuum scattering amplitude
—M f(k, k') /(47h?) to the scattering wavefunction 1 (p) in momentum space:

I'(p.p,P) = / V(@x(p - a0 P). (A.5)

i wn [ dPa ,
flek) = [ S8 Viande - a. (A.6)
From Egs. (A.2) and (A.5), we obtain the equation for x(p, p’, P) as
;1 d 3 ,
(P P) =(2m)'5(p — p) + 5 [ SR+ pG(P/2-p) [ 2y V(@X(®—ap P),

(A7)

This is confirmed by substituting Eq. (A.7) in Eq. (A.5) so that Eq. (A.2) is reproduced. With
a straightforward calculation of the integral [ dwp in Eq. (A.7) using G%(p) = [wp — (€3 — ) / i+
in]~!, we obtain

1 /d3q
huw —%—I—Qu—%—l—in (2m)3

V(a)x(p—q,p', P).

(A.8)

x(p.p’, P) = (27)°5(p — p') +

On the other hand, the Schrodinger equation for the scattering wave function ¢ (p) in momen-
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tum space is given by

3
0lp) = (50— K) ~ g [ eV @hp - (A9)
M T M

Using Egs. (A.6), (A.8) and (A.9), x(p, p’, P) can be expressed in terms of ¥y (p) and f(k’, k)

as [20]
0.0 P) = v (®) + [ 2 o 1 SRS
X\P;P, = "\P 703 p 7
x f(p' Q)" (A.10)
Substituting Eq. (A.10) in Eq. (A.5), we obtain the T-matrix as
0.0, P = (0 0) + [ o9 1 b )
p7 p ) - p7 p (277)3 p7 q th o h42]PM2 + 2# . % + Z’r} hQA?Q o hg]\}}/Q . Z’r}
x f(p' Q)" (A.11)

From Eq. (A.11), it is clear that the T-matrix I'(p1, p2; ps, pa) = I'(p, p’, P) can be expressed
in terms of the vacuum scattering amplitude —M f(p, p’)/(47h?). This scattering amplitude is

well defined even for a singular interaction potential.
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Appendix B

Ground-state energy with the LHY
correction

For a dilute system of spinless bosons, the ground-state energy density with the LHY correction
is given by [70, 71]

E  2wh2%an? 128
— = (14 === 3 B.1
v M ( TEEY > (B.1)

where n, a, and M are the particle-number density, the s-wave scattering length, and the atomic
mass, respectively. The first term on the right-hand side of Eq. (B.1) is the Hartree mean-field
energy, while the second term gives the leading-order correction first derived by Lee, Huang,
and Yang [70, 71]. The LHY correction arises from quantum fluctuations of the condensate and
is proportional to the fraction of quantum depletion 799 /n = 8v/na3/(3,/7). In the following,
we compare the energies of the different phases of spin-2 BECs, by which the phase boundaries
in Fig. 4.1 are determined.

Ferromagnetic-BN phase boundary. The energy densities with the LHY corrections of the
ferromagnetic and BN phases in the proximity of the mean-field phase boundary at ¢; < 0 and
co = 20¢y are given by [68]

EFM
()

16M3/2

14 2
+ 1572h3

’I’L(C(] —1—461)3] (B2)

and
3/2

oM™ 5/2
+ 157Tzhg(32 +18V3)(|e1|n)

=2 4eq)3
5 10 ’I’L(CQ‘F Cl)

EBN Co C2 2 16M3/2
(242, 16M*>
Vv 1572h3

M3/2n5/2max {cg/z, |cl|3/2} |ca — 20¢1 |

+0 3 )

(B.3)

respectively. By noting that |ca — 20¢;| ~ M?3/2n1/2|c;|5/2/B at the phase boundary [see
Eq. (4.1)], the last term on the right-hand side of Eq. (B.3) is smaller than the other terms by a
factor of Vna3 < 1 with a = (4as + 3a4)/7 = coM/(47h?) and thus is negligible. Consequently,
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the ferromagnetic-BN phase boundary is shifted from the mean-field counterpart to

32(16 + 9v/3) M3/ 2n1/2|¢,|5/2
3m2h3

3/2
~20c; — 1521 <@> Va3 |eq]. (B.4)
co

ch_BN ~20c; —

Thus, we have derived Eq. (4.1).
UN-cyclic phase boundary. Similarly, the energy densities with the LHY corrections of the
cyclic and UN phases for ¢; > 0 and ¢y < 0 are given by [68]

ECL C(]’I’L2 8M3/2
=+ 1 [(nco)5/2 n 12\/5(7161)5/2} (B.5)
and
EUN c n2 8M3/2
= (0 3) T+ Tz (100" + 18V3(nen)*]
M3/2n5/2max{cg/2, C§/2} ol
+0 73 , (B.6)
respectively. Here EVN was expanded in powers of ¢3/co and ¢y /c1, which are expected to be

small near the cyclic-UN phase boundary. Indeed, since |ca| ~ M 3/2p1/ 2651’/ 2 /h3 at the phase
boundary [see Eq. (4.2)], the last term on the right-hand side of Eq. (B.6) is smaller than the
others by a factor of vVna® < 1 and thus can be ignored. By comparing the energies in Egs.
(B.5) and (B.6), we find that the UN-cyclic phase boundary is given by

UN-CL 16(18\/3'—'12\/§)A43/2n4/2c§/2

3m2h3
e\ 3/?
~ — 342 <6—> Vna? c;. (B.7)
0

Thus, we have derived Eq. (4.2).
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Appendix C

First derivative of the ground-state
energy

By definition, a thermal phase transition is first order if there is a discontinuity in the first
derivative of the free energy with respect to temperature. Similarly, a quantum phase transition
is first order if a finite jump appears in the first derivative of the ground-state energy with respect
to the parameter that drives the transition. In the following, the first derivative of the energy
is evaluated at the phase boundaries in Fig. 4.1. The energies of the ferromagnetic and cyclic
phases are given by Egs. (B.2) and (B.5), respectively, while those of the UN and BN phases
are obtained from the expression for the energies of nematic phases [74, 68]:

3 1 .
E(n) o\ n? 16M2n2 c2\ 5
o= (@t 2) g |V T (0 5

3 5 s 5 2 N 2
8Mz2n2 lca| \ 2 c2\ 2 2¢y 25\ 2
el %1 — —) 1— — 2 cos(op+ 22 . (C1
T 5 { ( 5 ) ( A7 Z e — a5 P\ 3 (C.1)

where n = nw/3 (n = 7/6 + nm/3) corresponds to the UN (BN) phase.
Ferromagnetic-BN phase transition. We have

I(E™)V)

T o (C.2a)
O(EBN/V) n? '
et |yaen =15 [1 +O(Wnad)|, (C.2b)

where ¢ M BN [Eq. (4.1)] indicates the ferromagnetic-BN phase boundary. Equation (C.2)
implies that there is a finite jump in OFE /¢y for the ferromagnetic-BN transition, and thus it
is first order.

UN-cyclic phase transition. Similarly, the first derivatives of the energies at the UN-cyclic
phase boundary [Eq. (4.2)] are evaluated to be

I(ECL)V)
T o (C.3)
UN 2
oL 5 [+ o). €4

Therefore, the UN-cyclic phase transition is first order.
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Ferromagnetic-cyclic phase transition. The first derivatives of the energies with respect to
c1, which is the parameter that drives the phase transition, are given at the phase boundary
c1 =0 and ¢y > 0 by

%Z/V) =i [24 O(Vndd)] (C.5)
HE/V)
o - —0. (C.6)

This implies that the ferromagnetic-cyclic phase transition is first order.
UN-BN phase transition. The first derivatives of the energies with respect to ¢; at the phase
boundary ¢y = 0, ¢ < 0 are given up to the level of the LHY correction by

a(EUN/V) _8M3/2’I’L5/2|62|3/2 (C 7)
661 c1=0 7'1'27i3 ’ )

a(EBN/V) _8M3/2n5/2|62|3/2 (C 8)
661 c1=0 7'1'27i3 ) )

Up to this order, the first derivative changes continuously. However, since there is a discontinuity
in the transformation of the order parameter and the associated symmetry at the UN-BN phase
boundary, this phase transition must be first order. Therefore, it is expected that with higher-
order corrections to the ground-state energy, a finite jump in OE/dc; should appear at ¢; = 0.
The difference in the order of approximation at which the discontinuity in the first derivative of
the ground-state energy appears between the UN-BN and the other phase transitions in spin-2
BECs is related to the fact that the UN-BN phase transition does not appear in the mean-
field phase diagram as opposed to the other phase transitions. The UN-BN phase transition is
exhibited only if the zero-point fluctuations are taken into account.

Similarly, the fact that the ferromagnetic-BA and antiferromagnetic-polar phase transitions
in spin-1 BECs are first order can be confirmed by a finite jump in the first derivative of the
ground-state energy with respect to the quadratic Zeeman coefficient q. These phase transitions
occur at ¢ = 0.

Ferromagnetic-BA phase transition. The first derivatives of the energies with respect to ¢
at the phase boundary are given by [68, 12].

AV, 9
BA n
a(an/V) ‘q:o - [1 n O(W)} ' (C.10)

Antiferromagnetic-polar phase transition. Similarly, we obtain

%j/v)( - [1 + O(W)} , (C.11)
PL
O(ET/V)L:O —0 + O(Vnd?). (C.12)
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Appendix D

Second-order self-energies

In this Appendix, we show the derivations of the second-order self-energies that are used in
Secs. 4.3 and 4.5.

Ferromagnetic-BN phase transition. The instability in the mp = —2 excitation mode of
the ferromagnetic state gives rise to the phase transition as discussed in Sec. 4.3. The energy
spectrum of this mode is given by Eq. (4.6) in terms of the self-energy 21_127_2 and the chemical
potential p. In the following, we therefore evaluate their second-order contributions. The
contribution to 21_127_2 from each of the second-order Feynman diagrams can be calculated
straightforwardly (see, for example, Ref. [79]). By summing all of these contributions, we
obtain

Asx + Bax — 2Co i

h (wp — w(_12)7q — w&l) +1in

2) 463 46062 166162 n / d3q
25 5 5 O/

11( . 2
hY 5 75(p) = |(co —4e1)” + -2 + E

1 ] 2\ 2 d3q 1
-P - +4 (Cl — —> ’I’L(]/
0
€&t v | 5 2m)* | (wp - w(_11)7q - wﬁl) +1in
b 1 ] +2c§n0/ d3q [ 1
0 .
b€~ Gt v | 25 2m)* | 5 (wp - w((]}()l - w&l) +1in
1 ] 2co d3q
-P —4 — —— B D.1
eg—eg—eﬂ—l—in_ —|—<co c1+ 5 >/(27T)3 2,qs (D.1)

where k = q — p and P denotes the principal value of the integral. Here the first-order (Bogoli-
ubov) excitation spectra of the ferromagnetic phase are given by

Reoll) =\ JB e + 2(co + den)nol, (D.2)
oty =ep, (D.3)
ey =€ — derno, (D.4)
hw(—ll)p :Eop — Geino, (D.5)
hw(_lg)p Zeg —8cino + 2C;n0, (D.6)
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and

_ hw;ll){ + 6?{ + (co + 4e1)ng

Ak = , (D.7)
2hw§711)(
—hw(l)—l—eo + (¢cg + 4c1)n
By =12k (()0 1) J D8)
2hw27k
co+4ci)n
Cox _ (o +4e)mo (1)) 0 (D.9)
2hw27k

To find the zero-momentum excitation energy, we take p = 0. Moreover, since it is expected

that |w_op—0 — w(_l) _o| < |e1|m, |eo|n, which is justified by Eq. (4.13), we can replace the
P 2,p=0

argument wp in 21_12(72_)2 by w(_12)7p:0. Equation (D.1) can then be evaluated straightforwardly,

and we obtain

11(2 (Mno)3/? | 4(co + 4c1)'/?
ey, =

4¢2 4 16 2 5/2
[(60—461)2+ﬁ+ﬂ—£] +£( 2)

27 32 25 5 5

L L (e 5/2+L(c ey)32 (g — oy + 22 (D.10)

Similarly, the total contribution to the chemical potential p from the second-order Feynman
diagrams is calculated to be

d’q d’q (co + 4e1)no

2) _

[L( ) —2(60 + 4C1) / W B27q + (C(] + 4C1) / W <—027q + T)
5(Mno)3/?(co + 4c1)/?

= . D.11
3m2h3 ( )

Near the ferromagnetic-BN phase boundary where ¢, ¢y < 0 and ¢ ~ 20¢q, from Egs. (D.10)
and (D.11) we have

(2) _ (36v3 +64)c1|>/*(Mng)*/?

5211(2) o
—2,-2 H 2\/57_‘_53

+O <|cl|5/2(Mn0)3/2m/h3> . (D.12)

Here, we used na® < 1 with a = coM/(4wh?) so that the second term on the right-hand side of
Eq. (D.12) can be ignored. Thus, we have derived Eq. (4.12).

Ferromagnetic-cyclic phase transition. The instability in the mp = —1 excitation mode
of the ferromagnetic phase brings about the phase transition. Therefore, we now evaluate

the second-order contribution to 21_11(72_)1 for the ferromagnetic phase. By summing all of the
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contributions to 21_117_1 from the second-order Feynman diagrams, we obtain

3
A Byyx —2
hzl_ll(zjl(wp’ p) :nO(CO _ 261)2/ d q 2,k + 2.k 0271{ _p
; 2r)3 |5 O . 0 0 _ 0
Wp —W_jq ~ W)+ p % %
d’q o [ d’q 1
+ (e —2¢ /—B +12nc/
( 0 1) (271')3 2,9 0€1 (277)3 h (wp _ qu _ 6?{) T Z’r}
P 1 ] (D.13)
P, |
b~ € %

where w(_ll)ﬂ, wéll)(, Ag k, Bo k., Ca x are given by Egs. (D.2)-(D.9). For a reason similar to that be-

low Eq. (D.9), the arguments wy, and p of 21_11(72_)1 can be replaced by w(ll)p:o and 0, respectively.

Each term in Eq. (D.13) can then be calculated straightforwardly, and we obtain

pyl12) :cg/z(Mno)?’/2 4 feotda 1/2 co— 2¢1\? n 1 feo+4da 3/2 co— 2c1
—-1,-1 h3 3772 co o 3772 o co

SON

Combined with (2 given by Eq. (D.11), we have

5/2 3/2
et @ = CO%—;?)/ (—18:c + 67r|:c|5/2> , (D.15)
where = = c¢1/cg. Since |c1| < ¢p for typical alkali-metal atoms, the second term inside the
brackets in Eq. (D.15) is negligible compared to the first term. We thus have derived Eq. (4.30).
UN-cyclic phase transition. The excitation mode that drives the UN-cyclic phase transition
is a superposition of the magnetic sublevels mp = £+2 (see Sec. 4.3). Its zero-momentum energy
is given by Eq. (4.16). Now we evaluate the second-order self-energies in Eq. (4.16). By summing
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all of the contributions to Y41 from the second-order Feynman diagrams, we obtain

As g
h (wp — wg}()l — w&l) +1in
B g

1 d3q
- - S — +6n0c%/—
(op +el) +dl) —im] | B } 2n)?

A1,q2A1k+ Bik —4C1k) + C1,qCix  B1,g(2Bik + A1k —4C1k) + C1,4C1 x

11(2) 2 dgq
h¥g0 " =nocg 2n)? (Aox + Box —2Co k)

1 1 . 1 1 .
h (wp — wi% — w§i> +in h (wp + wi% + w§i> —1in
] ] | Anocoes / d*q (Co.q — Ao.q)Cak
b~ €~k 5 (2m)° | (wp - w((]}()l - w&l) +1in
B (Co,q — Bo,q)C2x 4nocs / d’q [ Ao qB2x
Ry e e e Y SR R )
By qA ] d3
— ?17;1 2,k(1) . + Co / # (3B27q + 2B17q + B(]’q)
h (wp +woq T w27k> —in |
d3q 2¢o d3q
+ C1 / W (2B17q + 4B27q) + ? / W B27q. (D16)

Here the first-order (Bogoliubov) excitation spectra of the UN phase are given by

Rolld , =1 /b6 — 2¢am0/5), (D.17)
o) 2\/6% [ep + 2(3c1 — c2/5)nq], (D.18)
sty =/ eBleb + 2(co + ea/5)mo), (D.19)
and
hwgll)) + eop — comg /b —hwgll)) + eop — cong /b cang /5
Ay = ’ , Bop = ’ ,Copy = (D.20)
P (1) P ) P )
2hw2,p 2hw27p 2hw27p
i) + € + (3c1 — ca/5)n i 4 & 1 (3¢ — en/5)n
L=ip 1—C2 0’ = 1pT 1—C2 0’
7 2hwi’) ’ 2hwi’)
Cl,p Ew’ (D.21)
2hw17k
Bl + € + (co + ca/5)n —heol!) + € + (co+ ca/5)n
A —op T p 0+ c2 0 _ 0p T €p 0 + c2/5)no
0P = (1) » 20p = m ;
2hw07p 2hw07p
C'o E(Co + 62/5)7”60' (D.22)
P 1)
2hw07p
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The self-energy 233(2) is obtained from Eéé(z) by 233(2)(%,, p) = 211(2)( —wp, —p). Similarly,
we obtain

1

(1)

d3
hZ;zg) :’I’L(]C% / —q 02 q(QC(] k — A(] k — B(] k)
) (27T)3 ; ; ; ; _ (1) _ .
h|wp Wy g~ Wok ) T

1
h (wp + wgz + w((]ll){> —1n

d3
+ 67106% / (27_:)13 |: — 0171((21417(1 + QBLq — 3017(1)

1 1
h (wp wﬁ)l - wﬁl) +in R (wp + wﬁ)l + wﬁl) in]

+ AqBix|

2ng9coc d3
+ 050 2 / CE |:A2,qB0 k+ AoxBag — (A2q+ B2,q)00,k}
1 1

h (wp — wg% — w((] 11) +in h (wp + wgz + w((]ll){> —1in

X

4n002/ d?q 1 ]
+—— | 7m—3C24C0x
e Y PR —%g) <wp PR ) g

d3q CaNng 361 — 62/5)’110
+CO/(27T)3< Cz, +100>+21 [ 28

d’q C2ng C2No
—da / (27)3 <_02’q - 10€0> Cz’q 103

q
3c1 —ca/95)n, co+ ca/95)n
_2[_017#( - ca/5) 0] . [_007q+<o 2:0/ ) 0] } (D.23)
q q

and

d3q d3q 2c d3q
) =9¢y | —= (Ba.q+ Bi.q+ B 6 / — B = [ 2B
N CO/ (27)3 (B2,q + Bi,g+ Bog) +6c1 (27)3 lqt 5 (27)3 0,q

d3q (C(] + 62/5)’110 d3q (361 — 62/5)’110
+ Co / W |:—C(]7q + T] + 6C1/ (27‘1’)3 |:_Cl,q + T
Co d3q CaNno (361 — 62/5)’110
+E/W{2[ C’Q+100]_2[_01"‘+ 20
co+ c2/9)n

To find the zero-momentum excitation energy, we evaluate the above self-energies at p = 0.
Furthermore, since w19 p=o < |c1|ng near the phase boundary, which can be justified a posteriori
from the final result, we make Taylor series expansions of 211(2), 233(2), and E;?g) in powers of
w+2 p=0/(|c1|no) and ignore the quadratic and higher-order terms as shown in Eqs. (4.17)-(4.19).

The second-order self-energies and chemical potential can then be evaluated straightforwardly,
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and we obtain

h42§§(2)(w:|:2,p=07 p=0)

M3/2
2 2
noc — 12ngc — noCo - 2n9co —
= 77—201 / noCo + = 1 3npc1 + ?\/nocg + 3.2 Vno(3¢1)3

nopCo ~3 271061 ~\3 4’I’L()Cl ~3 271062 ~3
+ 3.2 \/nocy + = Vno(3¢1)3 + = \/ 1o + 152 \/noCs
32 2 2
+ m [, /671051 _ oCy

_|_

1
—h _

671051 W2,p=0
. { VI0ny'? [5eov/520 + ez (V5e0 + v/58) |

7'1'2 \/5772

75¢co + 30c2
V10 [5e0v/560 + 4ea/580 + 2(582)3/?] N 2v/2n0coca
3(5c0 + 2¢2)2n)/? P b

{ el [ (Ve + V@) n (2) - 4@ - )]

_|_

V10(v/5¢; + v/5¢éo) 4V2(V/éy + V/E2) (@ — &2)*no
_ nocay/Co ol o + 2v/2n0c3 B Vo(Vey — VE)? _aanZa
Va Ve | T e sRAVe +VE)

3(v/@ + V&) (G + &) In (g) 8 (253/2 — 3608\/2 + 365/%6, — 253”)

_I_
12v/2(é — é)%ny/*

N nox/coc?(\/c_j \/a)a heoinpo b, (D.25)
Vo + Ve
where ¢y = cg + ¢2/5,¢1 = ¢1 — ¢2/15,69 = —c2/5, and
1 /OO 1
o= —7 dz . (D.26)
n2/2Jo 2/ (x+ 260) (w + 262) (Vo + 260 + VT + 262)

Note that « is infrared divergent, but it does not affect the final results as in the case of scalar
BECs (see Sec. 3.2). Similarly, we have

12(2
54227£2) (w:l:2,p=07 pP= 0)
M3/2
B 3v2ngc? ng/zcgcg co(égn0)3/2 261(361n0)3/2
=——1
T

6¢1ng + —
AT 5r2(VE + Veo) e e
461(52n0)3/2 c2

+ = [_2(52710)3/2 — 2(3¢1n0)%/% + (50”0)3/2}
w2 572

2v2nfcdincy | 2eocy [10com0/agno +5eano/aono + (5é3n0)*/?]
2572 572 15¢cg + 6¢o

, (D.27)
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hs 2) 260’110 . . 261710 = 262710
Ml;/z =52 ( nocg—l— 0(3¢1)3 +\/nocg> + 2 n0(301)3+mw/n008

3/2 ~ 3/2
CO(COnQO) + 661(3612%) + 2 [—2(52710)3/2 — 2(3E1n0)3/2 + (Eono)s/z} .

572
(D.28)

Around the UN-cyclic phase boundary [Eq. (4.2)] where ¢; < 0,¢1 > 0, and |co| < ¢1, we
can make expansions of the self-energies in powers of |ca|/c1 and ignore the quadratic and

higher-order terms. Then, 211(2), 23?2(2), and E;zg) reduce to
hzé}éz)(wiZPﬂv p=0) =A+ Bhwis p—o, (D.29)
S5 a? (wazpe0, P = 0) =A — Bliwss o, (D.30)
155" (wio p—o.p = 0) =C, (D.31)

with

3/2 3/2
A aEgE (42v3e)” = 106 e
(Mng)3/2 — m2h3 15m2h3

+0

(=] o

3/2 3/2 1/2 1/2 - -
M3/2n(1]/2 - 3m2h3 307m2h3 c1 ’ '
3/2 3/2 _ i
c 12y38” (105* = 30v3e!?) e, oty b
(Mng)3/2 —  72h3 15m2h3 1 ' '

Thus, we have derived Eqgs. (4.22)-(4.24).

UN-BN phase transition. The degenerate mp = +£2 excitation modes of the UN phase
also brings about the UN-BN phase transition at ¢; = 0 and c2 < 0 (see Sec. 4.5). By using
Egs. (D.16), (D.23), and (D.24), we obtain the coefficients A, B, C defined by Eqs. (4.17)-(4.19).
However, around the UN-BN phase boundary where ¢y < 0 and |ca| 2 |c1|, we cannot make
Taylor series expansions in powers of ¢ /|c1| and ignore higher-order terms as for the UN-cyclic
phase transition. Instead, we have

A—pP 40 1 5/2 32 /25 16 . 372 1/2.0 16 _5/9
(Mng)3/2 S 8\/501/ - ﬁ / 62—1-?6162/ +ﬁ / 3_362/ , (D.35)

where ¢4, ¢2 > 0 have been defined below Eq. (D.25). On the other hand, the other term on the
right-hand side of Eq. (4.21) is calculated to be

2C2n0
5

o 2C2n0
5

FA-u® 0 =— +0 (aai’/ 2(ano)?)/?/rﬁ‘)) +O (5263/ 2(Mn0)3/2/h3> .

(D.36)

Here, the last two terms on the right-hand side of Eq. (D.36) are smaller than the first term by
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a factor Vna3 < 1 and thus are negligible. Thus, we have derived Eqs. (4.32) and (4.33).
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Appendix E

Decay channels for quasiparticles

E.1 Quasi-Nambu-Goldstone modes

The interaction Hamiltonian (7.1) is a sum of three interactions with coupling constants ¢, ¢1,
and co. The transition amplitude (7.9) for the quasi-NG modes (j = £2) then vanishes except
for the two following combinations of the final state: j/ = £2 and j” = 0 with interaction
Vo [Eq. (7.2)], and j/ = £1 and j” = £1 with interaction V; [Eq. (7.3)]. In the former case,
condition (7.10) becomes

W2 p = W+2.q + Wo,p—q- (E.1)

Using the dispersion relations (7.5) and (7.7), Eq. (E.1) reduces to

Ip| — |q _ [dcoter (E.2)
Ip—q| |cal

Since cg > |eg| for spin-2 37Rb, the the right-hand side of Eq. (E.2) is much larger than unity,
where as the left-hand side is smaller than unity. As a result, there is no final state that satisfies
condition (7.10).

Similarly, in the latter case, the condition (7.10) is written as

W2 p = W+tl,q + W+l p—q- (E.3)

Substituting Egs. (7.6) and (7.7) in Eq. (E.3), we obtain

|p| _ 1561 — C2 (E 4)
lal + [p — q |cal

Since ¢; > 0 and co < 0, the right-hand side of Eq. (E.4) is invariably larger than unity, while
the left-hand side is smaller than unity. Therefore, there is no decay channel for the quasi-NG
modes that satisfies condition (7.10).

E.2 Magnon

We now consider the decay channels for a magnon with momentum Ap in spin state mp =
j = %1. If the interaction is Vj [Eq. (7.2)], the final spin state must be j/ = £1 and j7 = 0.
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Condition (7.10) is then written as

Wilp = Wil,q T Wo,p—qs (E.5)

which by using Egs. (7.5) and (7.6) reduces to

— 5
lp| — |d _ [2Gt e ' (E.6)
Ip—d 15¢1 — ¢
Since ¢g > ¢1, |ca|, the right-hand side of Eq. (E.6) is much larger than unity, while the left-hand
side is invariably smaller than unity. Therefore, there is no final momentum q for this decay
channel to satisfy condition (7.10).

If the interaction is V3 [Eq. (7.3)], the final spin state can be either 7 = 0 and j” = +1 or
j'==+2 and 57 = F1. In the former case, condition (7.10) reduces to

Wtlp = Wo,q T Wtlp—qs (E.7)

which cannot be satisfied for any final momentum q in a manner similar to Eq. (E.5). In the
latter case, condition (7.10) is written as

W+lp = W+2,q + Wslp—q- (E.8)

Using the dispersion relations (7.6) and (7.7), we obtain

|p| _|p_q| _ |C2| (E 9)
lq| 15¢1 — ¢y '

Since both sides of Eq. (E.9) are smaller than unity (¢ < 0,¢1 > 0), there exist values of the
final momentum q that satisfy condition (7.10). This leads to a finite damping rate of magnons.

Finally, if the interaction is Vo [Eq. (7.4)], which is expressed in terms of only the spin-
singlet pair amplitude, the transition amplitude (7.9) is nonvanishing only if the two particles
in the initial state, i.e., a magnon and a condensate atom, form a spin-singlet pair amplitude.
However, since the magnon and condensate atom, whose spin states are mp = j = +1 and
mp = 0, respectively, cannot form a spin-singlet pair, there is no contribution from interaction
Vs to the damping rate of magnons.

E.3 Phonon

For the decay of a phonon in spin state mp = j = 0, all of the three interactions contribute
to the damping rate. If the interaction is Vj, which is spin independent, two phonons with
momenta q and p — q would be generated. Similar to the case of scalar BECs, the contribution
to the damping rate of the phonon is then given by

1) _ 3hlp

— . E.10
damp 390 M ( )

If the interaction is Vi, the final spin states must be j/ = 1 and 57 = F1. Condition (7.10)
is then written as

Wo,p = W+1,q + WFl,p—q; (E.11)
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which, by using Egs. (7.5) and (7.6), reduces to

15¢1 —
bl _ jBa-e (E.12)
lal+[p —q 5eo + 2
Since ¢y > c1, |cal, there exist values of q that satisfy Eq. (E.12), leading to a nonvanishing
contribution of this channel to the damping rate of phonons.

If the interaction is Vg, the possible final spin states are given by j' = m and j” = —m with
m = —2,...,2. Condition (7.10) then becomes

wo,p = Wm,q T W—m,p—q- (E.13)

Substituting Egs. (7.5)-(7.7) in Eq. (E.13), we obtain

lea| — 19.
Ip| 500—21—02 for m = +2;
- = 15¢1—c _ . E.14
lal +[p—qf V Sates  form==+l; (E-14)
1 for m = 0.

Since ¢y > ¢, |cof, for any of the above final spin states, there exist values of q that satisfy
Eq. (E.14), leading to a finite contribution to the damping rate of phonons.
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Appendix F

Imaginary part of the excitation
spectrum of magnons

The damping rate of a magnon is related to the imaginary part of its energy spectrum by
Eq. (7.25). At the level of the Bogoliubov theory, the energy spectra of all quasiparticles are
real numbers [Eqs. (2.75a)-(2.75¢)], implying that the quasiparticles have infinitely long life-
time. However, as we go to the next order of approximation, i.e., the Beliaev theory, nonzero
imaginary parts emerge in their energy spectra; thus, their lifetimes become finite. The decay
of these quasiparticles can be interpreted as due to their collisions with the condensate particles
as discussed in the main text. In this Appendix, we will show that the damping rate of magnons
for the uniaxial-nematic (UN) phase [Eq. (7.21)] can be reproduced from the imaginary part
of the second-order energy spectrum of these quasiparticles. The calculation is based on the
spinor Beliaev theory that has been developed in Sec. 4.2. According to the Lehmann represen-
tation, the energy spectrum of magnons can be obtained from the poles of the Green’s function
Gillil(p) given by Egs. (4.7) and (4.8) with j = 1. There is a twofold degeneracy due to the
equivalence of the magnetic sublevels mp = +£1 in the UN phase [Egs. (4.10a)-(4.10c)]. The
poles of GilL 11(p) at finite momenta are given by

2%11 - 2%21 2
w:tlvp :# + - (2%72_1) +

(F.1)

24 1/2
o—n, (Bih+2H)
h 2 '

Note that the self-energies on the right-hand side of Eq. (F.1) are functions of p and w4 p, and
we take only the plus sign in front of the square root for a reason similar to the argument above
Eq. (3.59).

By separating the contributions to ¥ and g in Eq. (F.1) from the first- and second-order
Feynman diagrams, the excitation spectrum of magnons is given up to the second order by

11(2) 22(2) N 9 - 11(2) 22(2)72y 1/2
@ T -xh . { - [clno . 212(2)] . o tény  p® .\ S 4351 ] }

+Lp 2 h 1,-1 h h 2

11(2 22(2 N - 122) Y 3
21,1( ) 21,1( ) 1 12 ep + Cing 11(2) 29(2)  2u? 261”021,£1) ?

~wl) A, (F.2)
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where will)p is the first-order (Bogoliubov) spectrum of magnons given by Eq. (6.4), and

2111(2) - 2?1(2) c1ng 11(2) 22(2) 12¢2) 2p@
A= ; + L PP P a2 2
2hwi17p

L% [211(2) + xR0 2u® (F.3)

2hw$1) p h

Here, in deriving the second and third (approximate) equalities of Eq. (F.2), we used the fact

that the second-order self-energies and chemical potential are smaller than ¢;ng by a factor of

vna? < 1 so that their higher-order terms can be ignored. Since both will)p and p(? are real
(2)

numbers, the imaginary part of w; , reduces to

11(2 22(2 -
I 2 1 _q 21,1( - 21,1( : C1ng 21 (2) E22(2) 2212(2)
s =g P i s

2hw$1)7p
0
€p 11(2) 22(2)
o [2 + a2 }} (F.4)
w:l:l,p

By summing all the nonvanishing contributions to the imaginary parts of E% ; and Ef_l
from the second-order Feynman diagrams, we obtain

2 3
Im {21}1@)} _ Onocy / dq [4A2,qB 1k + A1 xBag+4CsqC1x — 24_1 xCh q

h? (2m)3
— 4 qC i+ ApqA 1] (—im)d (0, — Wl g — ] ) (F.5)
22(2 6noc; d’q
Im {2171( )} — 2 1 / (271-) |:4A 1 kB27q + As qB 1kt 4027(10_1 k —2B_4 kC2,q
— 4By C_1x + Bg7qB_17k} (—im)d (wfl) - wilz) a= witll) k> (F.6)
12(2 6n062 d3
Im {2171( )} — = 1 / (271-) |:2A27qB 1k +2A_ 1 xBoq+6Cy qC_1x —2A_1kCo g
— 23_171{027(1 — A27q0_17k — Bg7q0_17k (—’i7T)5 wfl) - w:(tlz) - w(ll) k
P »ad +
)

where Ay;p, Byjp, and C4j, are defined by

(1)

Eop + Ej’I’L(] + hwi @)

0 e
€p 1+ Cino hw

_ J,P = +J.p
Aijp = o ) +jp = o ) (F.8)
wi) P w:l:j P
for 7 =0,1,2, and
_ Cong C1M0 _ Eang
CO,P = Wa C:I:l,p oy (1) C:|:27p = — - - (F9)
2hwg 2hwii 2hwiy o

Here ¢y, ¢1, and ¢ are defined below Egs. (4.33) and (7.7), and the minus sign in the expression
for Cyo p results from the negative coupling constant ¢y as discussed below Eq. (7.15).
Since the effects of quantum fluctuations are expected to be small in a weakly interacting
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dilute Bose gas, we have |wf1)7p/w$1)7p — 1| ~ vVna3 < 1, which can be justified a posteriori
from the final result. Therefore, Wﬁ),p in Egs. (F.5)-(F.7) can be replaced by will)p up to the

second-order approximation under consideration. The integrals [ d3q in these equations can
then be calculated straightforwardly, and by substituting the obtained imaginary parts of the
self-energies in Eq. (F.4), we find

2 3
(2) 3ci|p <62>
I = — A=), F.10
m{olf, ) Varh(3er — ea/5) \a (F-10)

where A(co/c1) is defined by Eq. (7.22). Thus, we have derived Eq. (7.24). It follows from
Egs. (7.25) and (F.10) that the damping rate of magnons [Eq. (7.21)] can be reproduced by
using the spinor Beliaev theory.
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