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Abstract

Analogies are fundamental for human reasoning. In condensed matter, analogies with
high-energy phenomenology have led to new insights, as exemplified by the Anderson-
Higgs mechanism, which led to the electroweak unification. Other extreme-scale phe-
nomena beyond the realm of experiment or observation can nevertheless be embodied
by condensed matter analogues, at least in part. These analogues, such as the Hawking
radiation emitted from the horizons of classical flowing fluids, can provide new avenues
for empirically-driven inquiry.

In this Thesis, I identify connections between two of nature’s fundamental force car-
rying Bosons and the Goldstone modes found in ordered phases of quantum magnets
and cold atoms. Specifically, I show how the long-wavelength spin waves in a collinear
antiferromagnet—known to be massless, spin-1 excitations—correspond to photons.
Building on this framework, I then establish that the long-wavelength excitations of a
ferroquadrupolar, quantum spin-nematic are massless, spin-2 excitations, which corre-
spond to gravitons, i.e. quantized gravitational waves, in flat spacetime. Since quan-
tum spin nematics can be realized in spinor condensates, I argue that these results
offer an avenue for realizing a one-to-one analogue of gravitational waves in experi-
ment. This connection is further illustrated through simulation of a ferroquadrupolar
spin-nematic phase, as realized in the spin-1 Bilinear-Biquadratic model on a triangular
lattice. Working in a U(3) representation which captures both dipolar and quadrupolar
degrees of freedom, I simulate both the thermodynamic and dynamical properties of
this model. Within Classical Monte Carlo simulation, I find results consistent with a
topological phase transition into the spin nematic phase, mediated by the unbinding
of vortices. Using Molecular Dynamics simulations, I then elaborate on the dynamical
properties of these vortices, and demonstrate how the annihilation of pairs of vortices
could be used to generate analogue gravitational waves in spin nematics, suggesting
a route to realization in spinor condensates. I qualitatively extend the analogue to
the profile of waves emitted by vortex pairs in the spin nematic, as compared to the
characteristic profile measured by LIGO originating from binary mergers of massive
objects.
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Chapter 1

Introduction

“Analogy is the core of cognition.” - Douglas Hofstatder

Life as we know it exists because of light. 3.4 billion years ago, the first organisms
capable of extracting energy from light evolved. Their use of ambient light—a deep sea
precursor of photosynthesis—marked the first of many biological innovations involving
light. The abundant presence of geothermal and astrophysical light sources was fun-
damental to this, but so too was the curious fact that the fine structure constant is in
the right range of values for chemistry as we know it to exist. Human civilization too
has shared a long history in making use of light in even the most primitive forms of
technology, from fire all the way to our modern communication infrastructure.

It was not until much more recently when, in 2016, a wave of excitement passed
through the physics community with the confirmed detection of another of nature’s
cosmic messengers. In that year, the LIGO collaboration announced confirmation of
the first observation of gravitational waves, originating from a distant binary black
hole merger [9]. Many decades of pioneering efforts were required to overcome the
observational difficulties involved, which arise from another curious fact of nature,
namely, that gravitational excitations are much weaker than electromagnetic ones.
The successful confirmation of their existence, and the scale of hierarchies separating
us from natural sources, motivate the search for gravitational waves, or at least their
analogues, in a lab.

In this Thesis, I chart a path to a novel experimentally viable analogue of gravi-
tational waves, which—to the best of our knowledge—is the first of its kind to be in
one-to-one correspondence with the gravity of (3+1)D flat spacetime. The approach
presented in this Thesis allows us to start off by making clean identifications of rele-
vant physics which we can then identify appropriate condensed matter realizations for.
Starting from the low-energy effective continuum field theory, we will discover clean
realizations of the excitations of electromagnetism and gravity in magnetic systems,
and support these results with numerical simulation.

In this Chapter, I start by setting the tool of analogy in physics on the historical
stage, and in more recent context of the dialogue between high and low-energy physics,
in order to exemplify how it can serve in the context of magnetism. I then successively
provide a broad overview of magnetic order, photons in electromagnetism, and gravi-
tational waves in linearized gravity, laying the basic conceptual framework that later
Chapters will rest upon.
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1.1 The role of analogy in physics and this Thesis

The study of physics, indeed of nature, was described in 1976 by Sir Charles Frank as
the discipline

“[...] not just concerning the Nature of Things, but concerning the Inter-
connectedness of all the Natures of Things” [12].

Indeed, science proceeds by the construction of insightful models to explain experi-
ments and observations, often drawing upon analogies with known phenomena. Every
model of nature is an approximation, but within their operating limits and their con-
temporary scientific context, analogies can be extremely powerful and predictive. The
mathematical similarities which existed between electrodynamics and hydrodynam-
ics were of great insight to J.C. Maxwell, who coined the phrase “method of physical
analogy” to refer to this process of reasoning. Indeed, countless formal or observed sim-
ilarities have long played a critical role in the development of human understanding,
across all domains of physics.

For example, during a time when little was known about the heavenly bodies beyond
their trajectories across the sky, Galileo famously reasoned about them by analogy.
Following development of his own telescope in 1609, he first observed changing patterns
of bright and dark spots on the lunar surface. By analogy with the Earth’s surface, he
was able to infer that these patterns moving across the Moon’s surface were shadows
cast by mountains and valley walls, the position and size of which depended on the
relative orientation of the Moon and Sun. He was later able to further infer, again in
analogy to the Earth, that the bodies he observed orbiting Jupiter were also moons.

More recently, the wide range of striking parallels between high-energy phenomenol-
ogy and properties of condensed matter systems have led to many fruitful insights and
key advances in the development of the Standard Model and beyond. The Anderson-
Higgs mechanism, as first put forward by Anderson [13] within the context of super-
conductivity, set the stage for the later development of a fully covariant generalization
of the mechanism by which Nambu-Goldstone modes acquire mass [14-16], and pro-
vided the framework necessary for the unification of electrodynamics and the weak
force. It was later suggested that the symmetry breaking phase transition undergone
by liquid Helium when cooled to the superfluid phase mimics the symmetry breaking
phase transition undergone by the early universe [17], showcasing the potential for low
energy experiments to inform physics relevant to the high-energy domain.

Presently, there is a major question which confronts modern high-energy physics,
namely, how to reconcile the Standard Model with Gravitation, as described by General
Relativity. One difficulty is that observing a regime in nature where strong gravitational
phenomena and quantum effects are simultaneously important is beyond our current
technological grasp. This motivates the search for analogue platforms in which field
theories can be tested in regimes which combine gravitational and quantum effects.

Several promising candidate platforms have been the subject of the last 40 years of
investigation, and analogies with experimental realization have gained much traction
within the classical and quantum fluids communities and beyond [18]. Prominent
early work was carried out in the context of superfluid 3He, establishing that its rich
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phenomenological structure can be thought of as analogous to a condensed matter
universe with its own version of gravity [17, 19, 20].

In parallel, while studying the problem of black hole evaporation, Unruh used an
analogue with classical fluid flow into a “dumb hole” to estimate the contribution to
thermal emission from the horizon in the high-frequency regime, providing evidence in
support of black hole evaporation via Hawking radiation and suggesting use of a sonic
analogues as accessible testbeds [21, 22]. This stimulated a wide variety of experimental
work to probe this scalar form of Hawking radiation in classical fluids [23, 24], in cold
atoms [25], in quantum Hall systems [26], in optics [27, 28] and with further proposals
in semimetals [29, 30].

Independently, it was pointed out by Kleinert [31] that the topological structure of
defects in crystals can be used to define curvature and torsion as necessary to describe
curved spacetimes, establishing a key analogy between the tensor structure of elasticity
theory and gravity. This idea was further developed in the search for a quantum theory
for spacetime which at the fundamental level is a Planck scale quantum crystal [32—
36]. The duality between elasticity theory and aspects of fracton physics [37] is also
connected to emergent gravitational properties in models with fractonic excitations
(38].

Further experimental work aiming to reproduce curved spacetimes has been recently
underway, in which dynamical excitations play some role akin to an effective spacetime
geometry [39, 40]. The phononic density waves investigated in this context then play
the role of scalar gravitational waves [41, 42]. However, modified theories of gravity
aside, the gravitational waves in (34+1)D gravity are tensorial in nature, consistent in
the linearized limit with the excitations of a spin-2 field theory [43, 44].

In the context of magnetic insulators, gravitational analogues are relatively unex-
plored. There are however many established analogues with electromagnetism, arising
as early as the 1970’s with the identification of the 2D XY model with reduced dimen-
sional electrostatics [45]. These insights were informed following greater understanding
of how vortices can drive phase transitions topologically, otherwise forbidden in low
dimensional systems [46, 47|, a mechanism referred to as the Berezinskii-Kosterlitz-
Thouless transition. More recently a fully dynamical effective (2+1)D theory of elec-
tromagnetism has also been made explicit [48].

The development of a magnetic analogue of the proton disorder in water ice [49,
50] within pyrochlore oxides [51] led to the term spin ice [52]. It was prominently
established in quantum spin ice that features of (34+1)D electromagnetism emerge, such
as magnetic monopoles [53, 54|, photons [55, 56], and an effective fine structure constant
[57]. A strong case has been made for the existence of emergent electrodynamics in
candidate materials such as YboTisO7 [58], ProHf;07 [59], and CeqZr,O; [60, 61],
CeoHf,07 [62] and CeySnyO7 [63]. Moiré engineering has also been proposed as an
independent route to generate emergent electromagnetism [64], outside of the spin ice
context.

The key point is that in each of these analogue realizations, the effective fine struc-
ture constant (when it exists) is different than that of the Universe, and opens a door
to regimes which are otherwise beyond our experimental reach in this Universe. In
this Thesis I begin the search for gravitational wave analogues of measurable impact
in magnetic insulating phases called spin nematics.
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Figure 1.1: (a) The unassuming lodestone, capable of aligning itself to the Earth’s magnetic field
and attracting objects made e.g. of steel and iron. This rare magnetized form of the mineral magnetite
has been induced into a permanent magnet by naturally occurring fields in excess of 0.1T, suspected
to occur by lighting strike [1, 2]. (b) Sketch of a ferromagnetic spin configuration. (b) Sketch of
an antiferromagnetic spin configuration. (d) Sketch of a ferrimagnetic spin configuration. For the
antiferromagnet and ferrimagnet, the different sublattices are coloured distinctly in blue and red
respectively. Fig. 1.1(a) reproduced from [3], Public Domain.

Starting first from electromagnetism analogues to develop a recipe for identifying
the relevant physics in gravity, I proceed in this Thesis to the development of a ten-
sor analogue of gravitational waves, in direct and one-to-one correspondence with the
gravitational waves in the flat (3+1)D Universe. In this Chapter, I next proceed to in-
troduce some key points about magnetic insulators, and present the effective magnetic
models which we will be concerned with in this Thesis.

1.2 Microscopic origins of models of magnetism

The earliest documented observations of macroscopic magnetism date back to the 6
century B.C in Ancient Greece and the 4th century B.C in China, following the dis-
covery of lodestone [65], a rare permanently magnetized form of the mineral magnetite
which awed the ancient world, see Fig. 1.1. On the microscopic scale, the relevant ingre-
dient leading to this property is called a magnetic dipole moment. The term magnetic
dipole moment references the oriented dipole field produced by e.g. a current loop.
Such fields are produced by charged particles with non-trivial angular momentum J
in proportion to

m = gugd (1.1)
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where g is a factor that depends on the species of particle and up is the Bohr magneton,
defined as

eh

:2me'

s (1.2)

The intrinsic angular momentum—conventionally denoted S—of an elementary
particle is a relativistic property and receives the name spin. Spin is quantized in
half-integer units of A, a fact discussed further in Appendix C. Since all elementary
particles possess an intrinsic spin, but not all elementary particles are charged, not
all spins possess a magnetic moment. However, electrons and protons in nuclei will
generate magnetic moments. For further reading, see e.g. [66]. Ultimately, macroscopic
magnetism arises from the collective interactions of microscopic magnetic moments in
materials.

Naively, one may attribute the origin of macroscopic magnetic phenomena to the in-
teraction of atomic or electronic magnetic moments within a material via long-ranged
magnetic dipole-dipole interaction. However, a back-of-the-envelope estimate of the
energy scale of the intrinsic dipole-dipole interaction is on the order £ ~ 10~°eV,
equivalent to a temperature scale of T' = % ~ 0.1K. Given that typical Curie temper-
atures for transition metal and rare earth compounds are on the order T ~ 102 — 103K
[67], this indicates that the dipole-dipole interaction is in fact several orders of magni-
tude too weak to account for observed magnetic ordering in these materials. In general,
magnetism in solids cannot be accounted for if we only consider the classical magnetic
dipole interactions. Instead, the primary contributions arise from the strong interac-
tions between electrons (in particular unpaired electrons), and interactions between
nuclear spins can also play a role [66].

The full quantum-mechanical many-body problem with a complete description of
the interactions between particles is an intractable problem for large particle numbers,
making a complete description of a magnetic material by brute force enumeration
unreasonable. However, use of reasonable approximations to construct effective models,
such as the observation that magnets exist in the solid state, allow us to construct a
wealth of both tractable and predictive problems, many of which are introduced in e.g.
[68]. This field of study is far from exhausted, as complete understanding of even long
known magnetic materials such as magnetite is still the subject of investigation, e.g.
[69, 70], in addition to the host of novel materials and phenomena that are still being
uncovered, some characterizable by novel symmetry breaking properties, such as the
recently discovered altermagnetism e.g. [71].

In metals, the electrons near the top of the conduction band are only weakly bound
to the ion. In this case, interactions between the delocalized electrons have a very weak
effect on collective properties of the material. On the other hand, transition metal and
rare earth elements supply electrons mostly localized in d and f orbitals around their
parent ion, and interactions effects between neighbouring electrons in the crystal are
relevant.

One major simplification we can make is to narrow attention to the low-energy
subspace, as many questions regarding the material properties can be answered with
knowledge of the ground state and low-lying excitations. In this case, the simplest
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effective models are those which capture the energy splitting arising from ground state
degeneracies lifted by interactions. To briefly see this, let’s consider the effect of inter-
actions on two neighbouring electrons, leaning on more extensive treatments in [67, 72].

In the absence of interaction, the wavefunction of a single electron can be decom-
posed into

V(z,0) = ¢(x)x(o), (1.3)

where 1(z) describes the spatial dependence of the orbital and x(o) describes the
electron spin state.
For two electrons, the composite spin states can be described by the basis

ls=1,m=1)=|t ) (1.4a)

s =1,m=0) = ﬁ (I14) + 141)) (1.4D)

s =1,m=—1) = |l) | (Lo)

s = 0m = 0) = = (111) — 1) | (1.49)

where the two spin—% moments can possess a total spin moment of either s = 1

or s = 0, depending respectively on the symmetric or antisymmetric alignment of
the spin moments. The symmetric spin-1 states define a triplet of states, while the
antisymmetric spin-0 state is called the singlet state. In the absence of any interactions,
the singlet and triplet energy levels are degenerate. However, the introduction of a
Coulomb interaction between electrons splits the energy levels between the singlet and
triplet states according to the exchange character of the full wavefunction, assuming
the orbital character is not allowed to change.

Given that the electron is a fermion, the total wavefunction must have antisym-
metric character under exchange with another electron. In this way, if the orbital
wavefunction is symmetric, then the spin wavefunction must be antisymmetric and
viceversa.

In ferromagnetic materials, the electrons populate orthogonal orbitals in the ground
state. In this case, the antisymmetric orbital wavefunction is favoured, such that the
singlet energy is increased by Coulomb repulsion, by an amount we shall parametrize
by J, while the triplet energy is lowered by J. The origin of this behaviour is the
same as that governing Hund’s rule for atomic spin distribution, namely, that electrons
populate orbitals in such a way as to maximize their total spin.

In the more common antiferromagnetic materials, the electrons populate overlap-
ping orbitals such that the orbital part of the wavefunction is expected to be symmet-
ric, and therefore the antisymmetric spin wavefunction is favoured, leading to a singlet
ground state and triplet excited state, also separated by an energy difference on the
order 2.J.

We see that we can expect two types of magnetic behaviours already from joint
consideration of the Coulomb interaction and Pauli exclusion. It is instructive here
to introduce the spin algebra before presenting the effective exchange model which
captures this process.
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1.2.1 Spin algebra and the Heisenberg Hamiltonian

Before returning to the two-body exchange described in the last section, let us explicitly
define the spin operators

S = (S%,5Y,57), (1.5)

with dimensions of angular momentum, measured in units of A, and which satisfy the
canonical commutation relations

(5%, 8P = ihenp, S . (1.6)
where A is the Plank constant
B 1.05- 10747 (1.7)
s

As done here, I will implicitly use the Einstein summation convention over repeated
indices throughout this Thesis. In addition, I will work throughout this Chapter in
natural units, where h = 1, since the appropriate factors of A can be conveniently
restored by dimensional analysis where required.

By conventionally choosing an eigenbasis of S* for description of spin problems, the
spin algebra also permits the definition of ladder operators

St =87 +1i5Y, (1.8a)
ST =8"—-15, (1.8b)
which act on elements of the eigenbasis to raise and lower the spin angular momentum
by factors of h respectively. With the S* component singled out, we cannot inde-
pendently determine the remaining components due to the commutation structure.

However, another good quantum number can be defined in terms of the eigenvalues of
the operator

S-S5 = (SZ)2+;(S+S_+S_S+) . (1.9)
Therefore, taken collectively, this all leads to the curious property that
(8% =s(s+1), (1.10)
contrary to what would be expected for a classical vector, for which instead
S =52, (1.11)

Classical vectors are nevertheless useful to good approximation in the context of nu-
merical simulation and can faithfully reproduce much of the key relevant physics, as
elaborated on in Chapter 5.

Each of the S operators are related to the elements of the appropriate represen-
tation of SU(2), with the dimension of representation fixed by the intrinsic angular
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momentum quantum number s. The electron has intrinsic angular momentum charac-
terized by the quantum number

1
s =4—, (1.12)
2
and the appropriate spin operators are in correspondence with the Pauli operators

5o — ;aa | (1.13)

Now we return to the two-body problem described in the previous section. We
can define an operator P, which exchanges the spin component of the wavefunction
between sites 1 and 2

1
P12:251'52+§ (114)

_9 (stg 4 ;(SfSQ + 515;)) 4 ; , (1.15)
normalized such that the triplet and singlet states are respectively the +1 and —1
eigenvalue states of this operator. The difference between the expectation values of
the exchange operator Pjs is then proportional to the energy splitting in both the
ferromagnetic and antiferromagnetic cases. Remarkably, such two-body short range
interactions turn out to be enormously effective to leading order [67, 72], and therefore
effective models for the interaction terms can be derived from the two body Coulomb
problem with due consideration of Pauli exclusion, as first pointed out by Dirac [73].
To capture the relevant effect in a many-body system, it is therefore enough to focus
on an effective model of locally pairwise exchange interactions, namely, the Heisenberg
model [74]

H=J> S-S, (1.16)
(i)

which to leading order describes the exchange interaction between spin—% degrees of
freedom.

As a closing remark, it is worth noting that the first example of magnetite is in fact
neither a ferromagnet nor an antiferromagnet. It is in fact a combination of both, with
alternating antialigned and aligned magnetic moments in one to three ratio such that
macroscopically the magnetization is finite. This is an example of ferrimagnetism—see
Fig. 1.1(d)—a common property of several magnetic oxides besides magnetite known
collectively as ferrites. These materials have more complicated ordering that is still the
subject of investigation e.g. [69, 70], and will not be further discussed in this Thesis.

While the microscopic underpinnings described here are therefore oversimplified rel-
ative to the ferrites, the Heisenberg model nevertheless captures the essence of macro-
scopic ferromagnetic and antiferromagnetic behaviour. In Chaper 3, we will be con-
cerned primarily with the antiferromagnetic phase of the Heisenberg model, which we
will see supports an analogue of photons.

Next, we will review a closely related spin model for spin-1 magnets, which we will
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see in Chapter 4 supports an analogue of gravitational waves.

1.2.2 A model for spin-1 magnets

Having explored some of the possibilities that exist for spin—% magnets, next let us
consider what fundamental differences arise in the case of larger spin, since we will be
concerned with the physics of spin-1 magnets in Chapters 4 and 5 of this Thesis, in
relation to an analogue of gravitational waves. The relevant details reviewed here are
documented in e.g. [10, 72].

In the case of spin-1 magnets, there are five s = 2 states, three s = 1 states, and
one s = (0 state, see Appendix D. It would be reasonable to assume that there may be
more relevant physics to describe the ground state than captured by the Heisenberg
Hamiltonian [Eq. (1.16)]. In fact, generically for s > 1, the action of the operator

(S Sy +5759)|a,B) #C16,a) , (1.17)

with appropriate normalization C| indicates that the exchange operator P, defined
in the s = % case will no longer exchange spins. With the introduction of pairwise
Coulomb interaction and examination of the higher order contributions, the energy
splitting between the three groupings can no longer be described by the bilinear Heisen-
berg term alone. This means the previous permutation operator P;, is no longer enough
to describe the interaction between spin-1 moments.

By introduction of a second projection operator

1
Py = g[(sl - 89)? —1], (1.18)
which only acts on the singlet subspace to adjust its relative energy level, one arrives

at the Bilinear, Biquadratic exchange model [72]

Hosa = 1Y S:-8;+ 1Y (S:-5;) . (1.19)
(ig) (ig)

The biquadratic term is in fact trivial for s = . It can be shown [72] that generally
there are only relevant exchange interactions for spin S which take the form of (Si'S j)p,
up to powers p < S.

Further details on alternative microscopic origins of the biquadratic term specific
to materials described by the Hubbard model can be found in e.g. [75-77].

The important distinction with the spin—% case is the following: for spin—% there
are no non-trivial tensor operators composed from angular momentum that could hide
further symmetries of the Hilbert space. In the spin-1 case however, there are sub-
spaces of the Hilbert space which cannot be rotated between with angular momentum
generators alone [78, 79]. Instead, the state space is spanned by the generators of a
larger algebra, such as SU(3) [5, 10, 80, 81] or U(3) [11, 82]. We will return to this fact

in Chapter 4.
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1.2.3 Landau paradigm of phase transitions, symmetry break-
ing and order parameters

The previously discussed models possess distinct states with macroscopic behaviours,
such as ferromagnetism, that arise from a particular ordering of the microscopic mag-
netic moments. Each state with specific macroscopic properties is called a phase of the
model, or material, that it describes. The importance of microscopic components in re-
alizing such behaviour was argued for by Maxwell in 1875 [83], who argued that phases,
and in particular phase transitions, were evidence of the atomic and molecular basis of
matter. Later, Landau introduced the perspective that to understand any symmetry
breaking phase transition we only require knowledge of the symmetries involved [84].
Depending on the external conditions that determine the thermodynamic environment
of the material, the same microscopic constituents will result in different phases, and
changes to those conditions can drive transitions between phases. This dependence is
something we encounter regularly through water, a substance whose solid, liquid and
gaseous phases exist naturally within the temperature and pressure ranges available
naturally on Earth. In the context of magnetism [66], at temperatures above a thresh-
old called the Curie temperature, the magnetic moments fluctuate wildly due to the
thermal energy in the system, and this destroys any energy-minimizing correlations
that would result in ordering. However, at temperatures below the Curie temperature,
the thermal fluctuations are more tame, and correlated domains can persist leading
the system to enter an ordered phase.

Quantitatively, we can see how such behaviour arises by considering the free energy
[35]

F=E-TS. (1.20)

In equilibrium, a system minimizes its free energy. At temperatures above a charac-
teristic threshold of the system (e.g. the Curie temperature), the entropic term 7S
dominates. Minimization of the free energy is achieved by maximizing the entropy. As
a result, the degrees of freedom of the system will arrange themselves on average in the
most disorderly fashion possible. In the context of magnetism, the high temperature
phase is known as paramagnetic and has no long-range correlations. At temperatures
below the critical threshold, the free energy is instead minimized by decreasing the in-
ternal energy of the system. This contribution is described by the model Hamiltonian.

The internal conditions that determine the strength and sign of different interactions
also play a fundamental role in determining the ordering behaviour that emerges. The
cartoon image of magnetic moments m as axial vectors which align (ferromagnetic
ordering for J < 0) and antialign (antiferromagnetic ordering for J > 0) define the
semiclassical ground states of the Heisenberg Hamiltonian on an unfrustrated lattice.
In each of these two distinct phases, we can write down a macroscopic quantity which
will be non-zero in the corresponding low-temperature phase, and vanishes in the high-
temperature phase. For the ferromagnetic phase with all on-site magnetic moments
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m,; aligned, the magnetization defined by

1 N
m = N;mi (1.21)

is non-zero. The same quantity is zero in the antiferromagnetic phase, so we can define
instead the staggered magnetization

m,=— (—1)'m;, (1.22)

which is non-zero in the antiferromagnetic phase, and vanishing in the ferromagnetic
phase.

Such quantities receive the name order parameter, and as was first formulated by
Landau [84], arise in systems whose low-energy phase spontaneously breaks at least
one symmetry present in the free energy (or in Lagrangian formalism, the action) of
the system. The order parameter in the paradigm defined by Landau is therefore a
quantity which encodes information about how the system has spontaneously broken a
discrete or continuous symmetry. As we will see in the next Chapter, if the symmetry
broken is continuous, then there will exist linearly dispersing excitations that introduce
deviations away from the ordered ground state, the nature of which is predicted by
broken symmetries and the order parameter.

The other key insight put forward by Landau [84] regarding such symmetry breaking
phase transitions is that in their vicinity we can effectively describe the free energy as
a sum over symmetry allowed powers of the order parameter, without needing to know
any microscopic details of the system. Therefore, detailed description of the entire
partition function is not required to approximate the critical behaviour around the
phase transition, and the associated insensitivity to microscopic details is behind the
existence of Universality classes into which we can lump systems based on their critical
behaviour.

Let’s consider an example. In the case of the Heisenberg model 1.16, the free energy
can be expressed in terms of the magnetization [86]

1
Freis = 5 Fheis = a(T)Imf* ++(T)m[* + O(Im[°) , (1.23)

where odd terms are not invariant under the symmetry of the Hamiltonian under ro-
tations, and thus do not feature. We assume that the leading temperature dependence
can be described by the coefficient « of the lowest order term, such that

a(T)=a(T-T,) , (1.24)
Y T)=c. (1.25)

The equilibrium condition minimizing the free energy then gives

of _

5-=0, (1.26)
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(a) Phase diagram for BBQ model. (b) FQ ground state.

Figure 1.2: (a) The low temperature phase diagram for the Bilinear, Biquadratic model [Eq. (1.19)]
on the triangular lattice, obtained via mean-field analysis [4-6]. Notice the appearance of quadrupolar
orderings, dominant in the limits where the biquadratic term is dominant. (b) Ground state of
the triangular lattice Bilinear-Biquadratic model, exhibiting on-site quadrupolar order [Eq. (4.23)].
Fig. 1.2(a) reproduced from [5, 6] with permission, and Fig. 1.2(b) from [7] with permission.

.- T
i =y =D o (1.27)
C

and by definition
lm| =0, T>T.. (1.28)

The expression for m is a smooth function of temperature, albeit with a discontinuous
slope at T,. This is the defining characteristic of a second-order phase transition.

In general, Landau’s paradigm for expressing the behaviour of the free energy
around the critical temperature makes explicit non-analyticities induced in the free
energy and its derivatives by the change of phase, and allows classification of the order
of phase transitions based on the order of derivative in which discontinuities arise. For
further reading, see e.g. [85].

Whereas on simple lattices the Heisenberg model [Eq. (1.16)] leads to either ferro-
magnetic or antiferromagnetic order, the Bilinear-Biquadratic model [Eq. (1.19)] offers
new possibilities, see e.g. Fig. 1.2. Of particular interest for this Thesis is the ferro-
quadrupolar ordered phase. This is a type of spin nematic which, as will be presented
in Chapter 4, in fact bears mathematical similarity in the low-energy limit to linearized
gravity.

On-site quadrupolar order with a biquadratic term in the Hamiltonian was first
discussed by Blume and Hseieh [87], independent of lattice geometry. Chen and Levy
studied the appearance of quadrupolar order in systems with spin greater than 1,
motivated by pnictide materials where the effective spin is larger than % [88]. Andreev
and Grischuk later provided a more detailed discussion of quadrupolar order, including
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the possibility of formation of effective spin-1 moments across bonds in spin—% magnets
[89-91]. In the time since, our understanding of where to expect spin nematic phases
has improved in both magnetic insulators [4, 90-98|, with triangular lattice candidate
materials NiGagS, [99, 100] and FeGayS4 [101], and spinor condensates [102-109].

The ferroquadrupolar phase is characterized by the absence of magnetic dipole
ordering

(§)=0, (1.29)

but still possesses a non-trivial quadrupole ordering in which there is a favoured plane,
e.g.

((87)%) = ((8")%) #{(57)%) - (1.30)

This leads to a natural choice for order parameter in terms of the symmetric, traceless,
tensor

1 1
af _ — a Qf Bgoa) _ ~gaf
Q _2(5 S 4 575%) 5005757 (1.31)

This spin nematic order will play a key role in this Thesis, and we will return to it in
connection to analogue gravitational waves in Chapter 4. Note that by construction

Tr(Q) =0, (1.32)

and therefore, the non-trivial scalar invariants one can construct in this case take the
form

Tr(Q") #0, n>2. (1.33)

Symmetry arguments can then be applied in this case to predict the relevant form of
the free energy

Frq = a(T = T.) Tr(Q?) + bTr(Q°) + ¢ Tr(Q") | (1.34)

where note that odd terms are in this case allowed since they remain invariant under
rotations, and the presence of the third-order term leads to the paramagnetic-nematic
transition being first order [110, 111].

The insight of Landau that symmetry alone plays the driving role in determining
the behaviour of phase transitions laid the groundwork for further critical insights into
the nature of the dynamics in symmetry broken phases, such as the description of
Goldstone modes, which we will return to in Chapter 2.

1.2.4 Topological phase transitions: The XY model

Condensed matter systems are host to a wide variety of interesting phases of matter,
especially at low temperatures. As a system is cooled, it is not uncommon for the
low-energy phase to have reduced symmetry relative to the high-energy phase, as we
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have just seen to be described by the Landau paradigm. However, as we will see in
Chapter 2, such phase transitions in which the order is characterized by continuous
symmetry breaking cannot take place in reduced dimensional systems. This does not
exclude the possibility of phase transitions which do not exhibit genuine spontaneous
symmetry breaking and instead are characterized by the emergence of a different kind
of collective structure, namely topological structures or defects. This alternative type
of transition was first proposed by Berezinskii [46] and later by Kosterlitz and Thouless
[47], and receives the name BKT-transition.

The canonical example of a model exhibiting this kind of phase transition is the 2D
XY model

H:JZSlS]:JSZ Z cos(@i—ej) s (135)

(i) <ij>

defined for (classical) O(2) spins

S=5 (COS 9) , (1.36)

sin @

motivated as the paradigmatic effective model describing the universality class of two-
dimensional superconductors [112-114], observed also in liquid crystals [110] and Bose-
Einstein Condensates (BECs) [115].

At high temperatures, the model possesses exponentially decaying spin correlations,
with correlation length described by

EBKT ~ VT ; (1.37)

with critical temperature T,.. However, below the critical temperature, the correlations
instead decay algebraically, behaviour mediated by the presence at low energies of
bound vortex pairs. At high-energies, the vortex pairs unbind and proliferate freely.
We will see examples of similar behaviour in spin nematics in Chapter 5.

1.2.5 Detecting and simulating magnetic order

After having discussed magnetic orders and phase transitions, it is now worth a few
remarks about the relevant measurable quantities that signal magnetic order in exper-
iment.

As previously discussed, the distinguishing feature of the ferromagnet is a finite
macroscopic magnetization

(S)#£0, (1.38)

and this therefore serves as an appropriate order parameter. This could already be
detected long ago in lodestone due to the interaction with e.g. the Earth’s magnetic
field. Precise measurements of magnetization can be carried out at the level of entire
samples using magnetic resonance techniques [116]. Magnetization can nowadays be
probed even down to molecular resolution, e.g. [117].
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Figure 1.3: Correlations obtained from simulation at low temperatures in O(3) antiferromagnets
on the cubic and pyrochlore lattices. (a) Equal-time structure factor for an O(3) antiferromagnet
on a cubic lattice, showing a slice in the [001] plane. Clearly visible Bragg peaks at (7, 7) signal
antiferromagnetic order. (b) Equivalent results for an O(3) antiferromagnet on the pyrochlore lattice,
showing pinch points associated with algebraic spin correlations.

However, for the antiferromagnet,
(S)=0. (1.39)

Therefore, we need to be more creative about how we measure its presence by taking
a closer look at the structure of correlations. Specifically in the antiferromagnetic
case, there is a crystalline structure within which neighouring spins are antialigned.
This pattern is detectable in the structure of the spatial two-spin correlation function,
whose Fourier transform can be measured typically in solid state via neutron scattering
leading to the momentum space distribution, see e.g. [118],

1 N

S(q) = N Z(S(ri)S(rj»e_q'(”_”) ) (1.40)

In the broader condensed matter context, such two-point functions receive the name
static or equal-time structure factor, see Fig. 1.3.

In addition, since these measurements do not destroy the sample under examination,
it is also possible to study correlations over time, as this reveals information about the
dynamics and excitations in the material. The relevant quantity we evaluate in theory
and experiment is the dynamical structure factor

1 : al
S(CLOJ) - N/dtezw(t_to) Z<S(7’i,t)S(’rj,tO»@_q.(ri_rj) . (141)
1,

From the dynamical measurements, we can extract information about the dispersion
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Figure 1.4: Magnetic excitations of two-dimensional antiferromagnets in experiment and simula-
tion, showing linearly-dispersing excitations approaching the ordering vector. (a) Inelastic neutron
scattering measurements for the square lattice antiferromagnet LasCuOy4. (b) S(q,w) obtained by
Molecular Dynamics simulation, discussed in Chapter 5, for the square lattice Heisenberg antiferro-
magnet. Fig. 1.4(a) reproduced from [8] with permission.

of excitations in a variety of materials and models, see Fig. 1.4a]. The nature of the
low-energy dispersion of excitations will play a recurring role in this Thesis for both
the identification of analogues of photons and gravitational waves, and we will return
to the measurement of the relevant dynamical structure factors in Chapter 5.

1.2.6 Magnetism in cold atoms

While our historical contact with magnetism came by means of crystalline materials,
there are novel possibilities to use quantum fluids with a manifold of internal spin
states to exhibit magnetic phenomena. Superfluids, such as 3He, are a natural example
of candidate quantum fluids that meet this criteria [119, 120]. Most recently, there is
renewed excitement focused on the study of the so-called “spinor condensates”, cold
atom condensates typically of effective spin-1 or spin-2 atoms, such as 23Na or 8"Rb,
whose effective spin arises depending on the hyperfine manifold populated [121].

Two developments have extended the reach of ultracold gases enormously in the last
few decades [122]. Firstly, the use of Feshbach resonances provided the ability to tune
interaction strengths beyond the weakly interacting regime [123, 124]. Secondly, the
ability to trap atoms in optical lattices now allows access to a wide variety of periodic
geometries and low dimensional physics [125]. The micrometer sized lattice constants
in such systems additionally allow single-site resolution and addressing [126, 127].

These advances have paved the way for further exploration of many-body physics in
the ultracold regime, leading to a rapid explosion of new accessible physics, including
e.g. SU(N) models as accessible versions of strongly-interacting gauge theories [128], a
subject which has engaged the attention of many theoretical works e.g. [129, 130].

As mentioned in the Introduction, scalar analogues of gravitational waves and cur-
vature have already been realized in the cold atom context [39-42, 131]. A natural next
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step would be to extend the exploration to systems with internal degrees of freedom.
This Thesis proposes that nematic phases realized in spinor condensates could provide
a full tensor analogue, see Chapters 4-6.

In summary, we have seen how magnetism can arise in natural materials, what
phases can manifest, and what interactions must be realizable in artificial platforms for
quantum simulation of magnetic models. In the remainder of this Chapter, we briefly
turn attention to the phenomena this Thesis will show analogues for in magnetism,
namely, electromagnetism and photons and linearized gravity and gravitational waves.

1.3 A brief review of light

In Chapter 3, I will explicitly introduce analogues of photons in the context of magnetic
systems, making use of parallels in their respective field theories. Here I remind the
interested reader of the historical development of ideas leading to the currently standard
notion of a photon.

The independent notions of light, electrostatics and Coloumb’s law, and magnetic
phenomenology were known to exist since at least the 18th century. However, it was
not until the beginning of the 19th century that the interconnectedness of these three
phenomena started becoming clearer, finally crystallizing with the comprehensive pre-
sentations of electrodynamics that were spearheaded by J.C. Maxwell from the 1850’s
onwards [132, 133].

The main shift in perspective came with the introduction of the concept of fields.
In this view electric charges generate radial electric field lines E, and electric charges
in constant motion generate solenoidal magnetic field lines B, both of which decay in
strength with distance but nevertheless in principle reach out to infinity. Importantly,
changes in charge distribution or charge acceleration are not communicated instanta-
neously to points arbitrarily far away but instead must be propagated as disturbances
of the field lines.

The equations describing the dynamics of these fields were presented then by
Maxwell, and were later grouped by Heaviside [134] into the set of four vector equations
now known as Maxwell’s equations, which in differential form can be written as follows

V.B=0, (1.42a)
v.E=" (1.42D)
€0
VXE+0B=0, (1.42¢)
1
V X B- 0B =l | (1.42d)

where c¢ is the speed at which field disturbances propagate. These electromagnetic
oscillations were later confirmed by Hertz to be responsible for light [135].

Notice that the right-hand-sides of all equations Eq. (1.42) are vanishing in vacuum.

Taking the time derivative of equations Eq. (1.42¢-1.42d) and substituting Eq. (1.42a-
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Figure 1.5: Different polarizations of light. (a) Dipole oscillations resulting from a shifting centre
of mass along the z-direction result in linearly polarized excitations of the electromagnetic field. (b)
Dipole oscillations resulting from a shifting centre of mass along the y-direction result in linearly
polarized excitations of the electromagnetic field. (c) A rotating dipole in the yz-plane result in
circularly polarized excitations of the electromagnetic field. (d) A rotating dipole in the yz-plane
result in circularly polarized excitations of the electromagnetic field.

1.42b) leads to the wave equations
Lo 2
gatE =V°E, (1.43a)
1
gafB =V’B, (1.43Db)

which possess self-propagating massless wave solutions in terms of the coupled oscillat-
ing electric and magnetic fields, which can propagate far from any sources, see Fig. 1.5.

The generation of such oscillating solutions is generally tied to the motion of charges
(real or virtual), allowing one to motivate description of the angular momentum char-
acter of electromagnetic radiation in terms of the multipole expansion of the source,
whose terms capture progressively higher order angular features [136]. The zeroth order
moment is the monopole moment, which respects spherical symmetry. Due to charge
conservation, the monopole moment

Q= /dxd Pe (1.44)

is conserved, and therefore has trivial time derivative and generates a field only elec-
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trostatically. The monopole moment cannot change in time and therefore cannot lead
to electromagnetic waves. However, the dipole moment

d= /dmdpe'r , (1.45)

is generically non-trivial, and dominates the expansion. Therefore, electromagnetic
waves are produced by either rotating or oscillating dipoles and will transform under
rotation as vectors, namely, they have spin s = 1.

Oscillating dipoles lead to the linearly polarized radiation modes, which can be
decomposed into the basis Ef) and E(j), shown in Fig. 1.5,

0 0
EY = |E| | cos(kz —wt)| , BY =|B] 0 , (1.46a)
0 cos(kx — wt)
0 0
E" = |E| 0 . BY =|B||—cos(kz —wt) | (1.46b)
cos(kx — wt) 0

A rotating dipole is described by a superposition of oscillating motion in the plane
perpendicular to radiation. The resulting circularly polarized radiation can be decom-
posed into a linear superposition of the the two linear polarizations

1

(@) _ 2) | (@) @ _ L ow | p@
EY = _(EY —iE"), BY = BY-iB"). (1.47D)

V2

This dynamical framework then clearly supported the idea that forces do not act
spontaneously at a distance, and rather in the electromagnetic case propagate through
the corresponding fields. It was initially assumed that there was a background medium
which represented the field at rest called the aether. However, after the Michelson-
Morley experiment ruled out the possibility of a fixed universal frame of reference
for such an aether [137], it became clear that there is no privileged inertial reference
frame. This context led Einstein to postulate that electromagnetic fields propagate at a
constant speed, namely the speed of light ¢, and that the laws of physics must remain
invariant for every inertial observer, leading to Special Relativity [138]. These two
realizations impose the constraint that fundamental fields in spacetime must transform
reversibly under elements of the Poincaré group, and that the actions associated to any
such field must be invariant under Poincaré transformation.

To make the relativistic symmetries of electromagnetism manifest, it is usual to
work in terms of the vector potential

Al =(A', A) (1.48a)
A, =(—A, A) | (1.48b)

which is a gauge field possessing redundant degrees of freedom, defined in terms of the
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electric and magnetic fields

1
Ei = —*2815141 - @At 5 (1493)
C

The wave equation describing propagating modes of electromagnetism can then be
written as follows

1
gafA“ = 07A" (1.50)

still consistent with electromagnetic waves—or photons—as massless spin-1 bosons. In
Chapter 2, I will review the description of photons in terms of the gauge field A*.

1.4 On the quadrupolar nature of gravitational waves

In this section, I briefly recount the key principles leading to the geometrization of
gravity and how it predicts spin-2 (quadrupolar) gravitational waves.

A curious feature of the natural world that was noted already in the works of Galileo,
Kepler and Newton is the proportionality of gravitational mass and inertial mass. This
empirically established observation arose from the fact—known in Ancient Greece and
to Aristotle—that two unequal weights accelerate under the action of gravity with
the same acceleration. This idea is what Einstein later termed the Weak Equivalence
Principle, with the refined statement that there is no way for any isolated observer to
determine if any perceived acceleration is due to the presence of a gravitating body or
acceleration of the observer.

This key fact led Einstein to conclude non-trivially that gravity must be a geometric
theory in which, as stated by John Wheeler

“space acts on matter and tells it where to move, while matter acts on space
and tells it how to curve” [139],

collected in the Einstein equations

G 87TGT

T (1.51)

where the tensor G, describes the curvature of spacetime, and the stress-energy tensor
T, describes the distribution of mass-energy density.

The free space Einstein equations permit self-propagating wave solutions, in a sim-
ilar way to electromagnetism. We will revisit this in Chapter 2. However, from con-
sideration of the leading terms in the multipole expansion, we find that these waves
are necessarily rank-2 tensors which transform under rotation with angular momentum
s = 2. The monopole moment

M= /ddxpm (1.52)
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Figure 1.6: Quadrupolar oscillations of a source correspond to deviations from spherical symme-
try. The corresponding wave induces spatial deformation shown on the yellow ring due to a linearly
polarized gravitational wave as seen by the observer in the figure.

is conserved due to energy-momentum conservation. The dipole moment
d= / dzpr (1.53)

is also necessarily conserved due to conservation of momentum. Therefore, is it only
the quadrupole moment

QY = / dapy, (r'e! — géiﬂ'ﬁ) : (1.54)

which can contribute to leading order to gravitational waves, under the unmodified
theory of general relativity.

As in the case of electromagnetic waves, we can decompose the independent modes
of gravitational waves into linear polarizations generated by an oscillating quadrupole
moment, which for a wave propagating in the z—direction take the form

0 0 0 0
; 0 h 0 0
+ _ iktx +

hy, =" 0 0 —h, 0] (1.55a)

0 0 0 0

0 0 0 0

X __ iktxy 0 0 hx 0
he = e 0 h. 0 0 (1.55b)

0 0 0 O
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An example of the deformation induced by such a linearly polarized wave is shown in
Fig. 1.6.

Rotating quadrupole moments generate waves of non-trivial helicity. There are two
independent modes of helicity v = +s = £2 describing gravitational waves, which
without loss of generality can be described classically for a wave propagating along the
z-direction as

0 O 0 0
; 0 h thy 0
O _ iktxy, + X
h., =e 0 ihy —h, 0] (1.56a)
0 O 0 0
0 0 0 O
; 0 h —thy 0
O _iktx + X
h,, =" 0 —ihy h. 0]’ (1.56Db)
0 0 0 0
where in terms of the linear polarizations, we define
hy, = ht, +ih, (1.57a)
hy, = bl —ih, . (1.57b)

In Fig. 1.6, the effect of such a wave on distances separating events in spacetime
is visualized. These forms make explicit that a gravitational wave is characterized
by the presence of non-trivial spatial components of the metric only. That is, the
temporal components of the metric are not affected by the passage of the wave. These
modes correspond to strain modes that are transverse to the direction of propagation.
However, in our day to day experience we do not encounter such deformations due to
the relative weakness of gravity and, consequently, of its excitations.

The amount of power radiated into a gravitational wave is related to the source
properties in the following power law[139]

2 G
Paw = EgM?mG . (1.58)
Given that the factor
G 52
— ~8x 107 —— 1.59

what realistic output could we ever hope to achieve in a laboratory setting? Even if
we consider a steel beam of length [ = 20m, rotating at w = 28rad/s, then the power
output is around 1073°J/s. This is ridiculously small to hope to ever generate gravi-
tational waves ourselves for any useful purpose in ordinary laboratories. By contrast,
the amount of power radiated by astrophysical sources during e.g. the collapse of a
supernovae into a neutron star is expected to generate a burst lasting around 0.1s with
power output the order of 10%0.7/s [139].

In summary, gravitational waves themselves are fundamentally distinct from light,
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Figure 1.7: Data from the first LIGO observation of the gravitational wave event GW150914, a
binary black-hole merger, depicting the characteristic chirp of the event. The signal from the event
1.4 £ 0.6 billion light-years away is only perceptible above the background for the short period of time
during which the merger produces a large burst of gravitational wave output. Figure reproduced from
[9], available under the terms of the Creative Commons Attribution 3.0 License.
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not only due to the hierarchy of scales separating their relevant observational ranges,
but as spin-2 excitations which mediate an attractive force. Unlike their photonic coun-
terparts, gravitational radiation strong enough to be detectable is not experimentally
reproducible, therefore the laboratory use of spin-2 (quadrupolar) waves has not been
explored. It is therefore of interest to access an analogue counterpart in the lab.

1.5 Thesis outline

In this Chapter, we have learned about analogues which realize parts of electromag-
netism or gravity, magnetism and magnetic order, and electromagnetic radiation and
gravitational waves. Building on ideas introduced in this Chapter, in this I Thesis
establish a novel connection between gravitational waves and spin nematic excita-
tions. In particular, I will develop the connection between the Goldstone modes of
a ferroquadrupolar spin nematic and gravitational waves as described by linearized
gravity first by analytic considerations. The critical result is that the action for a fer-
roquadrupolar spin nematic has the same form as that of linearized gravity, and this
allows the construction of a dictionary relating the excitations of the spin nematic to
gravitational waves.

I will then expand upon this finding with numerical simulations, showcasing that
spin nematics exhibit topological point defects which experience attractive interactions,
leading to in-spiral and eventually annihilation. I simulate that the pattern of wave
emission for such an annihilation event generates a characteristic chirp of its own, see
Fig. 1.8, resembling the wave emission of binary mergers of astrophysical objects which
trigger gravitational waves significant enough to be detected on Earth.

To provide the detailed fundamental background required, Chapter 2 discusses
spontaneous symmetry breaking, and how it leads to Goldstone modes in the mag-
netic phases of interest in this thesis. Chapter 2 will also work in detail through the
relevant background on the field theory for electromagnetism and linearized gravity in
vacuum.

The purpose of Chapter 3 is to lay out what analogues have already been discussed
in the context of magnetism, starting with the XY ferromagnet and spin ice, and to
explicitly motivate a connection between photons and the Heisenberg antiferromagnet
by way of providing a recipe that can be generalized to an analogue of gravitational
waves for a spin nematic.

In Chapter 4, I will present a quantum spin nematic analogue to linearized gravity,
in which self-propagating dynamical modes are naturally supported, and furthermore in
the low-energy limit correspond to massless, spin-2 bosons in one-to-one correspondence
with gravitational waves in vacuum.

Chapter 5 focuses on numerical simulation of the discussed analogues, and show-
cases how analogue gravitational waves can be generated in 2D realizations of the
ferroquadrupolar spin nematic phase of the microscopic Bilinear-Biquadratic model by
the annihilation of Z, vortices. Building on this, I outline an experimental protocol
that would allow such waves to be observed in spinor condensates.

In Chapter 6, I provide an outlook on this work and suggested directions for further
inquiry:.
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Figure 1.8: Spectrogram showcasing the time-frequency decomposition of the waves emitted by
defect pairs in a spin nematic. Full description of this result in Chapter 5.



Chapter 2

Massless Bosons: Magnetic
Goldstone modes, Photons and
Gravitons

“The most incomprehensible thing about the world is that it is comprehen-
sible.” - Albert Einstein, as quoted by P.A. Schilpp (1949).

Vacuum states, whether they be a condensed matter ground state or the ground
state of the Universe, can possess two categories of excitation, one of which are ex-
citations that cost a finite amount of energy to generate and are therefore referred
to as gapped or massive excitations, e.g. massive elementary particles, or topological
excitations of the kind present in the XY model.

A second kind of excitation are those which have a vanishing dispersion at long
wavelength, such that at infinitely long wavelength the perturbation of the ground
state in fact has no energy cost. These are called massless or gapless excitations. In
this Thesis, we will be concerned primarily with massless excitations of vacuum and
they are therefore the subject of this Chapter.

The existence of gapped excitations in a given system does not preclude the exis-
tence of gapless excitations, and vice versa'. There is no unique way to determine if a
system is necessarily gapped or gapless, though one can conclude that gapless Bosonic
modes should exist in the context of systems with spontaneously broken continuous
symmetries. This is a consequence of Goldstone’s theorem.

This Chapter provides technical background material for the remainder of the The-
sis. I begin by introducing Goldstone’s theorem, and how spontaneously broken contin-
uous symmetries lead to massless excitations termed Goldstone Bosons. I also review
the counting procedures for these Goldstone modes, essential material for the develop-
ment of analogues of photons and gravitational waves.

I then revisit the massless, spin-1 Boson of electromagnetism, the photon, providing
a more technical overview of electromagnetism, in order to equip the reader with enough
background to understand magnetic analogues that will be presented in Chapter 3.

'In Chapter 4, we will revisit the idea of topological excitations in a spin nematic, which provide
an example of this.

26
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I finally review the construction of the linearized limit of gravity with its associated
massless spin-2 Bosonic modes i.e. gravitational waves, for which I will present a
magnetic analogue in Chapter 4.

2.1 Goldstone’s theorem and spontaneous symme-
try breaking

It was famously established by Emmy Noether that for every continuous symmetry of
an action, there exists a corresponding conserved charge [140]. That said, the individ-
ual states of a system are not required to respect all the symmetries of the action. This
is typical of the difference between high-temperature, high-symmetry phases and low-
temperature, reduced-symmetry phases, characteristic of all phase transitions that fall
within the Landau paradigm [84]. In the context of magnetism, we have already seen an
example of this. For the Heisenberg model [Eq. (1.16)], an active global rotation of the
spin basis does not change the inner product between neighbouring spin dipole opera-
tors, and therefore leaves the Hamiltonian—and equivalently the action—unchanged.
However for a particular ferromagnetic ground state, the spins are all aligned along a
particular direction e.g. (S?%) # 0, and therefore the same active transformation that
leaves the Hamiltonian invariant will now transform the ground state to another equiv-
alent ground state. The selection of one of many possible ground states is an example
of what is meant by a spontaneously broken symmetry.

Now let us generically suppose the action is a functional of a given quantum field
¢, where the symmetry group of the action is G and corresponding conserved charge is
(. Given that the charge () is the generator of transformations of the given symmetry
group G, we can define a unitary operator U(Q) that induces a symmetry transfor-
mation. Consider then the fluctuations of the field, which result from an infinitesimal
symmetry transformation

0D¢ = ~ilp,U(Q)] - (2.1)

In a state of the system preserving the full symmetry group, the vacuum expectation
value of the fluctuations of the field should vanish, and correspondingly so should the
associated commutator

(i[U(Q),9]) =0. (2.2)

Now suppose some subset of symmetries are broken by the ground state of the
system. Then, the ground state of the system is symmetric under some H € GG, where
dim(G/H) = m. In this case, the vacuum expectation value of fluctuations are non-
vanishing

GU(Q). 9l £0., (2.3)

and can be used to define an order parameter. As was originally observed by Nambu
and Goldstone [141-143] from studying gauge theory in the context of superconductiv-
ity, the non-vanishing fluctuations are gapless modes corresponding to long wavelength
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excitations in the manifold of the broken symmetry generators, since these correspond
to directions in which the free energy landscape around the ordered state is flat. There
has been much subsequent work to generalize the original theorem of Goldstone [144] to
a wider class of systems in both high-energy physics and condensed matter, including
applicability to systems which do not exhibit Lorentz invariant actions [145]—such as
the Heisenberg ferromagnet—or with higher form symmetries [146]—such as photons
in electromagnetism, as comprehensively reviewed in [147].

The correspondence of the number of gapless modes to broken symmetry generators
is not always one-to-one [148], and depends on the form of the dispersion relation

w=clk|". (2.4)

The power p in the dispersion relation depends in turn on whether or not the action
of the system is Lorentz invariant [145]. For systems with odd power p, the number
of Goldstone modes n,4q is in correspondence with the number of broken symmetry
generators, called type-I. However, for systems whose dispersion relation is of even
power p, there is an internal coupling of degrees of freedom leading to a reduced
number of Goldstone modes Ny, called type-II. With these definitions in place, the
total number of Goldstone modes is related to the number of broken symmetries by
the relation [148, 149]

Nodd + 2Meven = M . (2.5)

In summary, the dimension of the flat free energy manifold only corresponds to the
number of independent zero energy modes if the system is relativistically invariant.
Otherwise, the zero energy modes couple pairwise.

A simple classical example exhibits how modes can couple to reduce the number of
Goldstone modes corresponding to the broken symmetry generators [150]. Consider a
pendulum of length [ suspended from the ceiling, hanging such that it is oriented along
the z-direction. The direction of gravity can be thought to break the O(3) symmetry
of the pendulum, confining it to dangle along z rather than any other direction on
the sphere. There are two independent modes of the pendulum: it is free to oscillate
independently along x or y directions with arbitrarily low-energy. FEach of the two
modes will carry a non-trivial angular momentum

L,=1l%xp,, (2.6a)
Ly=1§%Dp,. (2.6b)

Now suppose that the pendulum is not simply hanging from the ceiling, but it is
also rotating; that is, it carries an intrinsic angular momentum L, # 0.

In this case, the angular momentum Poisson Bracket places constraints on the
independence of components of angular momentum

{La, Ly} = €L, (2.7)

such that if L, is now fixed, L, and L, can no longer be independent modes and are
instead coupled into one precessing mode. The sign of L, fixes the orientation of the
precession, and breaks the discrete time-reversal symmetry: for a given orientation of



2.1 Goldstone’s theorem and spontaneous symmetry breaking 29

L., the precession looks different when viewed forwards or backwards in time. With
broken time-reversal symmetry, the action describing this system will not be Lorentz
invariant.

Let’s consider next the quantum mechanical version of this example. Instead of a
pendulum, consider a spin moment with intrinsic angular momentum 5. In the absence
of any interactions, the spin moment is free to point anywhere on a sphere. However,
if constrained to point, for example, along the z-direction, then the O(3) symmetry is
broken, with resulting expectation value

(0[5 10) #0-. (2.8)

This breaks the two rotational symmetries with unitary transformations

Ro(0y) = €55 | Ry (6y) = ™5 | (2.9)

such that
(O[[Ry,S:]10) # 0, (2.10)
(0| [R2, 5:]10) # 0, (2.11)

and we therefore expect two Goldstone modes. However, the angular momentum com-
mutation relations

[Sa, Sp] = ie®S, | (2.12)

will not allow for two independent Goldstone modes, given that the expectation value
of S, is fixed. This would seem to suggest that all magnetic systems are doomed to
behave in a way that violates Lorentz invariance; however this example only captures
the exceptional case of the Heisenberg ferromagnet, in which the finite macroscopic
magnetization m # 0 explicitly breaks time-reversal symmetry, and therefore is subject
to the counting for type-II modes. In this case

w o | k|2 - Nepen = 1 . (2.13)

On the other hand, intuitively we can see that time-reversal symmetry is restored for
the Heisenberg antiferromagnet by considering the full unit cell in which

such that
w o |k == Nodd = 2 - (2.15)

In Chapter 3, we will see in more detail why this is the case, and how this allows the
system to be effectively described by the Lorentz invariant non-linear sigma model with
two independent Goldstone modes.
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2.1.1 Coleman and Hohenberg-Mermin-Wagner theorems

Relevant to Chapter 5 of this Thesis, there are conditions under which spontaneous
symmetry breaking is not allowed. This is true in particular in systems of dimension
less than three, as was already suggested in the 1930’s by Bloch [151], Peierls [152]
and Landau [84], and this importantly motivates the existence of topological phase
transitions in a variety of low-dimensional models [46, 47].

Indeed, the tendency to order plays out differently in low dimensional systems, as
introduced by Hohenberg [153], Mermin and Wagner [154] and Coleman [155] indepen-
dently.

Hohenberg first proposed [153] a rigorous demonstration of the absence of long-
range order in two-dimensional systems. However, the precedence of this article is often
omitted or unknown, due to the prior appearance in print of the Letter by Mermin and
Wagner [156]. The range of interactions is important for these results. In the context
of quantum spin models, with short-range interactions that obey

1
ﬁZJij|7‘i—7‘j|<OO, (216)
(i)

the statement holds that there can be no true long-range order at finite temperatures
in dimensions d < 2. Coleman later showed that in the case of (1+1)D field theories
the vacuum expectation value of the fluctuation d¢ of a scalar field ¢ must be vanishing
to avoid singularities [155]. This implies that in (1+1)D all symmetries must remain
manifest. However, importantly for this Thesis, the inability of the long wavelength
Goldstone modes to stabilize an ordered phase does not exclude the existence of other
types of excitation which can induce and stabilize a broken symmetry phase. We can
reconcile the latter possibility in low dimensional systems which exhibit topologically
mediated transitions, as was first proposed by Berezinskii [46] and later Kosterlitz and
Thouless [47] in the context of the 2D XY model.

2.2 (341)D electromagnetism in vacuum

In this Section, I provide technical background on electromagnetism in vacuum and

its massless, spin-1 bosons (photons), which is needed to understand the analogues of

electromagnetism reviewed and presented in Chapter 3. The treatment which follows

adopts conventional notations established in e.g. [157, 158]. Electromagnetism is a

gauge theory of a spin-1 field, described by a 4—vector A, with a U(1) symmetry, and

which is compatible with both special relativity and can be canonically quantized.
Maxwell’s equations in vacuum can be cast in terms of the field A,

;au ("A” — " A") =0, (2.17)

where from here on I use the notation for the components of an arbitrary four-vector

a* = (a° a',a?, a®), instead of a* = (cal,a®, a?,a?). T also use the convention

A= (A A) (2.18a)
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Ay = nAY = (—A° A) | (2.18b)

with 7, = diag(—1,1,1,1).
Suppose that a solution to Eq. (2.17) admits a Fourier decomposition

A (am) =37 AV (K, )etn (2.19)
ky
such that

(070,08, — 0"9,) A* =0, (2.20a)
= (ko) — kuk") At =0, (2.20b)
(2.20c)

where we can define the sparse matrix K,
Ky = (K'kud), = kuk") (2.21)

This matrix has the property that det(K) = 0 for any k,, k,. This is clear since for
non-trivial A*, K must be singular. Furthermore, K has one eigenvector with zero
eigenvalue

K, Al = \A" A=0, (2.22a)
— At =", (2.22D)
from which
KA* = Kk* =0, (2.23a)
= K (A" —iek") =0, (2.23b)
— AW = A" —iek" (2.23c)
= A" = A" 4 e (2.23d)

where A is therefore also a valid solution of Maxwell’s equations. We can therefore
see the gauge symmetry explicitly appear.

Armed with this, we can work backwards to identify the explicit form of the electro-
magnetism Lagrangian. Compatibility with special relativity assumes that the equa-
tions of motion must be Lorentz covariant, and therefore the Lagrangian must have
Lorentz covariant form with terms like

L =c0,A,0"A" 4 ¢20,A,0" A* + ¢30,0"(A,A”) . (2.24)
Invariance of the Lagrangian under the u(1) symmetry
A = AR 4 P (2.25)

implies that ¢; = —co and ¢3 = 0. The Lagrangian can then be factorized leading to
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the following action describing electromagnetism in flat vacuum, which is quadratic in
the vector field A,

1
Sear = — [ Aty (9,404 A — 0,40V AT) (2.26)
equivalent to

Sar = —i / dz'(9,A, — 8,A,)(9" A — 9" AWY |

1
: / dz'F,, " | (2.27)

The action Eq. (2.27) and corresponding equations of motion Eq. (2.17) are invari-
ant under the gauge transformation Eq. (2.25). We will next see how gauge transfor-
mation can be used to make explicit the transverse nature of the propagating modes
allowed by Maxwell’s equations.

2.2.1 Lorentz covariance of the gauge field A" implies the ex-
istence of transverse and gauge modes

In this Section we will learn that the Lorentz covariance of the gauge field A* leads to a
distinction between the physically dynamical components of the gauge field which are
necessarily transverse to the propagation, and the non-dynamical components which
can be gauged away. The transverse nature of the dynamical components will be a key
property to keep in mind when visiting magnetic analogues in Chapter 3.

It turns out that the nature of the gauge freedom Eq. (2.25) will already determine
the minimal set of non-trivial components, reducing the number of components of A*
that are dynamically non-trivial.

Under the right conditions on A*  namely

0,A* =0, (2.28)
Eq. (2.17) contains the wave equation
0"0,A” =0, (2.29)

which we will review here to be consistent with the minimal expression of non-trivial
components. Without loss of generality, consider specifically k* = (k°,0,0, &%)

AP =A° — % | (2.30a)
At =AY (2.30D)
A% =A% (2.30c)
AB =A% — ke (2.30d)

It is clear that at least one component of A#, and A" can be eliminated by appro-
priate choice of the scalar field ¢, while the transverse degrees of freedom will remain
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unchanged by gauge transformation.
For propagating modes which are massless, these must obey the null condition

ik, =0 (2.31)

which in turn implies that if we choose

A" =0, A" + 0,0 =0, (2.32a)
— 0,A" = —9,0", (2.32b)
= k, A" =k, k"e (2.32¢)
— kA" =0, (2.32d)

then A* is orthogonal to the four-momentum, independent of the selection of e.

For the specific case of propagation along the z—axis, it must hold that ky = —ks.
Lightlike propagation in combination with the condition k‘ufl“ = 0 (known as the
Lorenz gauge condition) in turn implies

AY = A3 (2.33)
The scalar degree of freedom € can then be used to set
A"=A=0. (2.34)

In addition, under this condition, it is straightforward to see that Maxwell’s equations
Eq. (2.17) do indeed reduce to the wave equation Eq. (2.29). This makes explicit
the transverse nature of the excitations of electromagnetism in vacuum (photons). In
Chapter 3, we will connect this notion of transverse excitations to the Heisenberg an-
tiferromagnet, which also has two massless dynamically non-trivial degrees of freedom
that are expressed transverse to the order parameter.

To understand why the non-transverse degrees of freedom are in fact unphysical, I
next review how the distinction between the transverse and gauge modes follows from
relativistic transformations of the gauge field, as first indicated by Kim and Wigner
[159-161]. Consider Lorentz transformations A = {R, B}, where R is the set of O(3)
rotations generated by J; and B is the set of boosts generated by K;, for i = x,y, z

000 0 0 —i 0 0
000 0 i 0 00

L=1000 —i|l> ®=|o o0 0ol (2.35a)
00 i 0 0 0 00
0 0 00 0 0 —i 0
0 0 0 i 00 0 0

=10 0 ool ®=|Zio0 o ol (2.35b)
0 —i 0 0 00 0 0
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00 0 O 0 00 —

00 —i O 0 00 O
=lo i ool ™ {000 of" (2.35¢)

00 0 O —i 0 0 0

which satisfy the following commutation relations

[JZ', Jj] = iEiijk 3 (236&)
(K, K] = —ieindy (2.36b)
[JZ', KJ] = —’iEiijk . (236(3)

When elements of the Lorentz group act on a massless particle, they either alter the

4-momentum or leave it intact. For the case considered in the previous section, where
k, = (—ks,0,0, k3), we see that

Rzku = k,u ) (237&)
Rik, £k, i=12, (2.37b)
Bik, #k,,  i=1,23, (2.37¢)

where the generator that leaves the 4-momentum intact must effect a transformation
instead on the internal degrees of freedom of the field.

It is well known that there are two further generators that leave the 4-momentum
intact [159-161]

0 —i 0 0
—i 0 0 —i

Ni=Ko=Jy= " 0 0 ol (2.38a)
0 i 0 0
0 0 —i 0
00 0 0

Ne=K,+ L= 0 o (2.38D)
0 0 0

Together, these generators which affect the internal degrees of freedom are called the
Little Group. The available internal degrees of freedom are spanned by action of the
group elements

G(u,v,0) = e i(uNiFoNat0R:) (2.39)

such that the field A, transforms as

Ao Aju + Agv
| Aicos(0) — Ay sin(6) 0
G(u> U, Q)AM - A2 COS(Q) + A1 sm(@) + 0

Az Ayu+ Ay
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%(Ag — A())(UZ + U2)
(AO — Ag)’u
(A(] — A3)U

(AO — Ag)(UQ —+ U2)

(2.40)

The first term corresponds to physical rotations of the transverse degrees of freedom,
and the remaining two terms affect the gauge. Note that the series expansion for
G(u,v) = e~ {uNi+vN2) jg trivial beyond order O(N}), such that in contrast to G(6),
G(u,v) is not a compact function of u or v. These elements act on the gauge redun-
dant degrees of freedom, leading to effective linear rescaling of components Ay and As.
The components of the field A, can therefore be thought of as living on a 4D cylin-
der of infinite extent in the Ay and As directions, and fixed radius in the transverse
plane. The transverse components correspond to the photon degrees of freedom, which
in Chapter 3, I will show to be in explicit correspondence with the magnons of the
Heisenberg antiferromagnet.

In summary, the action of the Lorentz group on the electromagnetic vector field
corresponds to transverse rotations, acting on the photon degrees of freedom, and
gauge transformations which mix in the longitudinal and temporal degrees of freedom.

2.2.2 Poynting vector, energy conservation and visualization
of the spin-1 field

We have seen how it is always possible to choose Lorenz gauge such that all components
of A, satisfy the wave equation Eq. (2.29). To show this is consistent with energy-
momentum conservation, let’s examine the stress-energy tensor components for EM in
terms of the gauge invariant tensor F*

1

1
T = <FWF5 - 47]“”F°‘5Fa3> : (2.41)

which has scalar component corresponding to the relativistic energy density

1

TOO —
47

l (8°A°‘ - aaAO) (aOAa - aaAO)
(2.42)

+in00 (0uAs — D5A,) (6747 — 0 4°) ] ,

vector components corresponding to the flux of energy density through a surface or-
thogonal to the vector

T =— (F*F}) (2.43)

1
4r
:417T (04" — 97 A%) (D Ay — D, A7) (2.44)
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and tensor components

Tij:i
™

. . 1 ...
(FWF; - 46“F“5Fa5> : (2.45)
which obey the conservation law
0, I =0. (2.46)

This implies that the scalar and vector components are unchanging in time. Using
the definition of electric and magnetic fields, we can reduce these components to the
following expressions

1 1
TOO :Z <€OEaEa + BQBQ) ) (247&)
T Ho
. 1 -
g :ZEmBnemn] : (2.47Db)
T
. 1 o 1 . . .
TV = <60E1E1 + —B'BI — 6“T00> : (2.47c)
T Ho

The components 7% define the Poynting vector. The condition for energy con-
servation on the fields E and B therefore follows from the definition of the Poynting
vector, in terms of the spatial (and not Lorentz invariant) fields E and B

|S| = |E X B| = const , (2.48)

where
E = —@A s (249&)
B=VXxA. (2.49b)

By definition as the flux of momentum density, the Poynting vector is parallel to the
direction of travel of the wave

S-k=0. (2.50)
Next, let’s define explicitly the circular polarizations of respective helicity v = +1

A07AO ’ (251)

which define a pair under time reversal symmetry.
Taking the case of k = kZ, we find that consistency with energy momentum con-
servation leads to the explicit components

cos(kz — wt) cos(kz — wt)
A =|A| | sin(kz —wt) | Ay =|A| | —sin(kz —wt) | , (2.52)
0 0
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with fields
—sin(kz — wt) sin(kz — wt)
E;, =|Alw| cos(kz —wt) |, E;=|Alw|cos(kz —wt) | , (2.53a)
0 0
cos(kz — wt) —cos(kz — wt)
B, = |Alk | sin(kz —wt) | , B =|Alk| sin(kz —wt) |, (2.53b)
0 0
where
E B
Al = 1Bl _ |1<:| , (2.54)
— |E|=c|B|, (2.55)
with
w=ck. (2.56)

In conclusion, conservation of energy-momentum determines the relationship be-
tween the electric and magnetic fields. The self-propagating electromagnetic fields of
a photon are visualized in Fig. 1.5 in Chapter 1.

2.2.3 Canonical quantization of photons

The previous treatments were valid for not only a classical relativistic spin-1 field,
but are also valid for a quantized spin-1 field. We can write the second quantized
decomposition of the photon excitations as [162]

d*p
V2w

where the field operators a* and a' satisfy the Bosonic commutation relations

Njw

A(z) = (27)

(a"(p)e™"P* + 't (p)e™®) (2.57)

[a"(x),a™ (2")] = 6(a" — )" . (2.58)

In conclusion, photons are massless, spin-1 Bosons. In addition, as shown in previous
sections, the non-trivial components of the photon are always transverse. These facts
are critical for the identification of photon analogues in the condensed matter context,
and in Chapter 3, I will explicitly introduce a one-to-one analogue of photons in the
excitations of the Heisenberg antiferromagnet.

2.2.4 Masslessness from symmetry breaking

Massless vector field theories are known to have non-regularizable singularities unless
a gauge degree of freedom is introduced [44]. Here I briefly review an alternative
perspective on the relationship between the gauge freedom and the masslessness of the
photon.
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In Section 2.2.1, I described photons as transverse gauge bosons by assuming they
must be massless, which automatically fixes of residual gauge degree of freedom.

There is a fundamental reason to expect the masslessness of the photon beyond
the need to regularize the vector field theory, namely, that it was long suspected that
photons could be described as the Goldstone mode of a spontaneously broken symmetry
and therefore must be massless [146].

Consider again the U(1) symmetry of Eq. (2.25). If we take Lorentz gauge as before,
we find

0,A* =0, (2.59a)
0,A" = —0,0"¢ , (2.59b)
— 0,0 =0, (2.59¢)
= €(2") =a+w,a”. (2.59d)

That is, if not imposing automatically the masslessness of the photon leading to the
null condition, there is a residual gauge degree of freedom.
If we now consider the differential associated to a continuous gauge transformation

§DAr = g A" — 9, A" = O = w, 8!, = w, (2.60)
which in turn is related to the generator of continuous residual gauge transformations
SOAM = —i[A*, Q"] # 0. (2.61)

This in turn suggests we should be able to think of the photon degrees of freedom as
Goldstone modes related to a broken symmetry, in closer analogy to the Goldstone
modes of e.g. magnetic insulators.

A more formal way to describe the symmetry breaking undergone by electromag-
netism invokes higher form symmetries [147, 163]. Recent extension of Goldstone’s
theorem to higher form symmetries therefore offers a concrete perspective on the mass-
lessness of photons and its relation to broken symmetries [164], though a deeper dis-
cussion goes beyond the scope of this Thesis.

In conclusion, this suggests that it is reasonable to look for analogues of photons in
the Goldstone modes of condensed matter systems.

2.3 Linearized gravity as a spin-2 field theory

In the Thesis’ quest for analogues, including analogue gravitational waves, it is natural
to ask what is the simplest theory which describes the effects of gravitation, and in our
case, gravitational waves. The first and simplest theory of gravity was developed by
Newton, in which the Newtonian force law is related to the potential

F=-Vo¢, (2.62)

Newtonian physics does not predict waves, since within this framework, the gravi-
tational potential generated is assumed to respond instantaneously in a global way to
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local changes of density
V26 = 4nGpy, . (2.63)

This would of course violate causality.
At first glance, a scalar field theory such as

L=~ (0000 + goTY) (2.64)

might seem to be enough. However, a problem arises if we consider that the only scalar
available to couple to the scalar field ¢ is the trace of the energy-momentum tensor
T#. For electromagnetic fields, T} gy = 0 and therefore such a theory of gravitation
could not couple to photons [165]. However, observations of gravitational lensing and
deflection of light indicates empirically that this coupling cannot be trivial.

A massless vector field, such as
1
L= —1(8#14,, — 0,A,)(0"A” — 0" A") — j*A, (2.65)

will also not work since the sign of interactions mediated by a spin-1 vector field is
opposite to that of gravitation. Namely, for spin-1 fields, like charges repel.

The only other possibility for a long-range force carrier is a spin-2 tensor field, since
for higher orders one cannot identify a conserved field with 3 or more space-time indices
to which the force carrier can couple [44]. The question then becomes, in what limit
can one write down a spin-2 field theory which is consistent with general relativity?

2.3.1 From General Relativity to Linearized gravity

In this section and the following, I will review the linearized limit of gravity, following
conventions laid out in e.g. [139, 158, 165, 166]. General Relativity is a geometric
theory of gravity, in which the fundamental notion of geometry is contained in the
metric tensor g, («”). This provides the ruler for defining the inner product between
4-vectors defined on the spacetime manifold, and is defined as a symmetric tensor. The
full Einstein action for gravity in vacuum has the form

63

- 167G

Sy / d'z V=gR . (2.66)

This action is comprised of two contributing scalar terms. The first is the Jacobian

term /—g, defined in terms of

g =det(gu) , (2.67)

where the metric g, in this Universe has negative signature, such that the square root
is well-defined in this form?. The second is the Ricci scalar R, defined in terms of

2A more general way to express the Jacobian term is

J=lgl (2.68)
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successive contractions of the Riemann tensor R,,,,, which can be expressed via the
Ricci tensor R, as follows

Ry, = RAoAu
= " Rpopw , (2.69a)
R =¢""R,,
=97"9"" Rpopw , (2.69b)

where the Riemann tensor is defined to first order in the metric tensor as follows
1
Ryop = 5 (0405 9pr + 0500916 — 0p0uGve — 0v0sGppu) - (2.70)

In the weak field limit, the metric can be written in terms of small perturbations on
the flat spacetime background 7, that is

Guv = N + h,uzz ) (271&)
g = — (2.71b)

where we will use the following convention for the Minkowski metric 7,
n' = diag(—1,1,1,1) . (2.72)
The linearized limit is valid where
[Py | <€ My - (2.73)
In this limit, the Riemann tensor becomes

1
Rpopy = 3 (0405l + 0,0, he — 0,006 — 0,05hyy) (2.74)

such that to order O(h?) the Ricci tensor and Ricci scalar take the forms

1

R,, = 5(77“p — W) R oo (2.75a)
1

1 Rous = 5 (0ot + 0" Dby — 0" Fhure — D0, hL1) (2.75b)
1

—h" Ry = 3 (auh“paghp,, + 0,h""0,h,e — O,h"P O Iy — 8,,h“p80hup) , (2.75¢)
and

R =(1"" — h"")Ry, , (2.76a)
1
1" Roy =5 (070" hyy, + 00 by — 20" 9,1

which describes geometries with positive signature, the simplest example of which is Euclidean space-
time.
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+ Ouh"0 0, b, + O, 0, b, — D, 0, h — 7 WO, hy,) | (2.76D)
vo 1 vo vo vo vo
—h"’R,, zi(h 0°0yhpy + B 0" 0, hyg — B0 Oyhye — K70, 05l + O(h)) |
(2.76¢)

where the terms linear in h in the above are total derivatives and will not contribute
to the action. Therefore, the relevant terms in the Ricci scalar can be collected below

R = — (20"h7" b, — 20,h0uh — 20,017, + 20"y, 0 h) . (2.77)

The Jacobian term in the Einstein action also admits a perturbative expansion
around the background Minkowski spacetime in the weak field limit.

g = det[g""| = —det [**[ det |g;] , (2.78)
and in the linearized limit,
2.79

2.80

2.81
2.82

det |gy| = det [0, + A},
_ 61n(det|5g+h;\) 7

~1+h+O(h?) .

~—~~ —~ —~
~—_— ~— ~— —

Then the gravitational action takes the form 3

03

167G

Sion = — / d'z (0D, hap + 0"hduh — 20,h™9,hf, — 20°ha,Oh) | (2.84)

where
n" 0,0, = 0,0" . (2.85)

In this limit, gravity can be explicitly expressed as a spin-2 field theory without non-
renormalizable singularities arising from self-interaction [43]. This is called the lin-
earized limit.

The free space Einstein equations resulting from the full action take the form

G,=0,
1
gMV(R;w_§g;wR):07
R=2R — R=0.

3Note that including the terms to order O(h?) in the Riemann tensor itself does not change the
form of the final result for the action, though it does lead to additive contributions which reduce the
size of the overall numerical prefactor [165], such that

c3 c?

167G 647G

(2.83)
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Consistent with Eq. (2.84), in the linearized limit the Einstein equations become

R D, 0NN, — DDA, — 0,0,k — D OyhY,) =0 . (2.86)

1
wo 5(
As in the case of electromagnetism, it is clear in this form that with appropriate
conditions on h} the Einstein equations reduce to a wave equation. We will next
justify the grounds on which such conditions apply and arrive from that to the explicit
form for self-propagating gravitational wave solutions.

2.3.2 Gravity as a gauge theory

Despite the fact that the metric tensor of General Relativity, and particularly Lin-
earized Gravity, has many components, it turns out that for propagations in vacuum
only two are dynamically relevant. I review here first the counting argument leading
to this for a general non-linearized metric, further discussed in e.g. [139, 158, 166]. I
then review how in the case of Linearized Gravity, e.g. [165], these two are the trans-
verse components of the tensor wave, and the remaining degrees of freedom can be
gauged away from the symmetry of General Relativity, namely, the symmetry under
coordinate transformations.

According to special relativity, physical law is invariant under the Poincaré group,
such that the symmetry group under which all laws and physical observables remains
invariant is the set of Lorentz transformations (rotations and boosts) between the
frames of inertial observers.

General relativity has a much larger symmetry group: that of all possible coordinate
transformations. This follows from the Strong Equivalence Principle, which is the
statement that the laws of physics are the same in all arbitrary coordinate systems.
This can be interpreted as symmetry under the following transformation

= f(z"), (2.87)

The symmetry of general relativity under such arbitrary coordinate transformation
results in the following tensor transformation properties

oxrH

dz'" = dxaai , (2.88a)
xa

, 0x*0d”

guz/ - gaﬁ 8$‘u 8x”'

(2.88b)

Any rank-n object that transforms with the appropriate Jacobian is called a tensor in
General Relativity. Notice that the transformation is trivial for scalars. Objects that
do not transform this way are non-tensorial.

The selection of an appropriate coordinate system can be thought of as equivalent to
fixing a gauge. It follows that therefore a gauge choice can be imposed by a conditions
that do not transform under coordinate transformation, i.e. they are non-tensorial. A
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canonical example of this in General Relativity is the Christoffel connection

1
[, = (29”’(—9,%0 + Gouw + gya,u)> : (2.89)

which is an object that is invoked to define the covariant derivative of a tensor v, on
a curved spacetime

Vv, = dv, + T us (2.90)
Therefore, for a scalar
vu¢ = au¢ . (2.91)

Returning to the problem of determining the number of dynamical degrees of freedom
of the metric tensor, the simplest combination of non-tensorial object is the following

gTy, =0. (2.92)

This gives four constraint equations, and the choice is referred to as the harmonic
gauge. To see what this implies, consider the fully covariant d’Alembertian of a scalar
quantity

06 = gV, Voo = g (0,006 — 10, 0.8) - (2.93)

In harmonic gauge, the second term vanishes such that
O¢ = ¢"0,0,¢ . (2.94)

Note that the arbitrary coordinate transformation ' — f(x*) can be expanded to
first order in small changes. This amounts to the effective gauge transformation

't =t + H(x) (2.95)

where &#(x) is assumed small. This has 4 components.
Since each coordinate component x® is a scalar quantity, then the harmonic gauge
condition can be reexpressed as the following condition on the coordinates

Oz = ¢"0,0,2% = ¢"0,0%, = 0. (2.96)

We can see there is a residual gauge freedom for the form of £ after choosing
harmonic gauge. One choice that is consistent with harmonic gauge to fix these degrees
of freedom is

O£ =0. (2.97)
This gives a further 4 constraints, such that in total there remain

10-4—4=2 (2.98)
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independent field modes. In Chapter 4, we will see that this matches the number of
independent Goldstone modes available to a quantum spin nematic.

Next, we would like to explicitly identify which two components of the metric tensor
correspond to dynamical self-propagating modes, for which we can focus on the weak
field limit, namely, in vacuum and with the linearized field equations [Eq. (2.86)].

Introduce the conventional notation

06 =8 - (2.99)

and plugging the linearized metric [Eq. (2.71b)] into Eq. (2.88b), and using

In
gZa =g, (2.100)

the gauge transformation in linearized gravity takes the form
h:u/ = h’,ul/ - g,u,l/ - gu,,u, . (2101)

This incidentally defines the Lie derivative along ¢, (using the metricity property).

Therefore, one can interpret the Lie derivative as the change in functional form of the

metric (or other tensorial object) under a linearized coordinate transformation [139].
In linearized theory, harmonic gauge means

T, =0, (2.102)

Explicitly, using 1, = 0 and discarding all terms to O(h?) we find

n‘“’(ég “(=Go + Youw + Gvow ) (2.103a)
n“”(in”’( Pywo + Popy + oo ) ) = (2.103b)
;nw( h 0, +h2 ) =0, (2.103c)
;(—h",,f + 0N, 4+ R ) =0, (2.103d)
W, — ;h”yf =0, (2.103e¢)
h”y, — ;h”w =0, (2.103f)
d,(hYs — ;h‘“aé”A) ~0, (2.103g)
We can use this to motivate the form of the metric perturbation
W', = ht — ;haaaﬂy , (2.104)

which represents the transverse, trace-reversed form of the harmonic gauge. The
origin of the name stems from the properties
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1. Trace-reversed nature of f_z’\,/ is explicitly seen by contracting with 7, and con-

sidering h,,, = h,,, — $hn,,, such that h = —h.

2. The condition 8, (h”, — 3h%,6%y) = 0 in linear theory can be Fourier transformed

to give 0, <> ik,. The condition k:"l_zay = 0 implies that the field distortions
are perpendicular to the direction of the momentum four-vector, ie. they are
transverse.

After imposing, harmonic gauge, there is still a residual freedom which can be used
to impose a further four constraints. One of these constraints can be used to remove
the trace, such that h,, and BW are equivalent. It is then conventional to make the
following set of choices complementary with harmonic gauge

ht, = 0, [traceless] (2.105a)
ho, = 0, [no scalar or vector components| (2.105b)
O"hpm = 0, [no longitudinal dynamics]. (2.105c¢)

This explicit form is critical for the gravitational wave analogue we will explore in
Chapter 4, based on the Goldstone modes of a spin nematic.

2.3.3 An intuitive look at gauge fixing linearized gravity

Here I present an alternative, and I hope intuitive, way to arrive at the reason for the
transverse nature of gravitational waves.

Suppose we attempt a gauge transformation that is meant to “undo” the presence
of propagating waves in h,,, by assuming plane wave form for the gauge degrees of
freedom

() = cu(k)e™ ™, (2.106)
k

where the ¢, are the Fourier transformed gauge degrees of freedom. The gauge trans-
formation then alters the metric as follows

h’;J,V('T)
— h’#y(k)

(@) + 0,6 + 008 (2.107)

h
hyw (k) + ke, + kuey, (2.108)

We see explicitly in energy/frequency space that

h{)O = h()() + 2]{3000 s (2109&)
h{)n = hOn + kOCn + knCO ) (2109b)
bl = hon + kmCo + knCon (2.109¢)

A convenient gauge choice can then be seen to be one that minimizes all non-trivial
components for a given wave-vector k*. Specifically from Eq. (2.109a-2.109¢), we ob-
serve that whenever the gauge terms vanish, then the corresponding component of £,
cannot be trivialized.
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Consider then the cases where the gauge terms make a non-trivial contribution to
Eq. (2.109a-2.109¢) for a given k* considering all 16 component equations indepen-
dently. Since kg # 0 for any wave (which must carry energy), we can always choose a
frame/gauge such that hoy = 0, by fixing the coefficients ¢.

Without loss of generality, let us assume that the wave propagates along a direction
k;. We can see that the components hy; and h;; can be chosen to be vanishing also by
fixing ¢;.

Since components of k; for j # i transverse to the direction of propagation vanish
these do not provide any further constraint on the form of h,,, and generically the
components h;, # 0 for j, k # 1.

This leaves

2

16-—1—-6—-5=4 (2.110)

non-trivial components using the available constraints from setting the value for the
c”. Therefore, not all components can be made trivial and one cannot gauge away the
gravitational waves.

Of the 4 remaining non-trivial components, independence of one component is lost
due to symmetry of the metric, and independence of another is lost to require trace-
lessness of the perturbation h,,. This leaves two independent dynamical degrees of
freedom which describe gravitational waves.

We therefore arrive at the conditions Eq. (2.105). Under these conditions, the action
for linearized gravity on the Minkowski background takes the form

03

167G

Sier = — / a1y, la“haﬁa“haﬁ] : (2.111)

for which the equations of motion become

1
R, =~50h,, =0, (2.112)

where since we only keep terms to O(h), the d’Alembertian is Minkowski, i.e.
O=9"V,V,. (2.113)

In conclusion, we recover the conditions of the previous Section, which make explicit
that the Einstein equations reduce to the wave equation, whose solutions in term are
the transverse gravitational waves that will be explicitly described in the next Section.

2.3.4 Gravitational waves in Linearized Gravity

In this Section, I review the canonical form for gravitational waves in Linearized Grav-
ity, using conventions established in e.g. [158, 165].
The real valued solutions to Eq.(2.112) have the form

h,(t,x) = Zew(k’)eikaxa +cc., (2.114)
k
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where €, is the polarization tensor. To be a valid solution of the wave equation

Oh,, =0, (2.115)
it must hold that &% = 0, and therefore the available modes are linearly dispersing
ko = k| . (2.116)
To find the physical degrees of freedom, conventionally one chooses harmonic gauge, ie
Khe, = k'h,, =0 . (2.117)
Explicitly,

v 1 v a v a
k €y — ik %uﬁ a = k €y — §ku€ a — 0. (2118)

Since we also apply the condition
g, =0, (2.119)
the degrees of freedom ¢ will also be solutions of the wave equation, such that

& =Y c(k)e™ (2.120)

Then the polarization tensor will transform in harmonic gauge as

€ = € — Euw — o = €1 — Ky — Ky . (2.121)

The explicit form of the polarization tensor—and importantly its surviving components—
can now be determined. Making the choice of z as the propagation axis, we can write
in units c =1
k" = (k,0,0,k), (2.122a)
k, = (—k,0,0,k) . (2.122b)

From the components of Eq.(2.118), we find

1
n = 0: k(EOO + 630) = —51{3(—600 + €11 + €29 + 633) s (2123&)
n = 1: k(EOl + 631) =0 R (2123b)
o= 2: k(602 + 632) =0 y (21230)
1
on = 3 : ]{?<€03 + 633) = 51{?(—600 + €11 + €929 + 633) s (2123d)

which sets 4 conditions on the €y and €29 components of the polarization tensor

€01 = —€31, (2.124a)
€02 — —€32, (212413)
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1
€03 — €30 = —§<€00 + 633) s (2124C)
€20 = —€11 - (2.124d)

In addition, the transformation property of the polarization tensor Eq.(2.118) leads to

€00 = €00 — 2kco (2.125a)
€0; = €0i — ki (2.125b)
€1 =€en+0+0, (2.125¢)
€1p =€ +0+0, (2.125d)
€13 = €13 — kcy (2.125¢)
€hy = €20+ 0+0, (2.125f)
€hy = €23 + ke (2.125g)
€hy = €33 + k3 (2.125h)

Choosing the ¢’s such that the boxed components defined in Egs. (2.125a, 2.125¢, 2.125g,
2.125h), vanish in the original, unprimed frame gives four more independent con-
straints. Note that Eq. (2.125b) describes the transformation of components which
are already gauged away at this point. However, if one works first from the transfor-
mation property of the polarization tensor prior to applying any other gauge condition,
then this set of equations is important to consider, and implies that elements that mix-
ing in temporal components can always be gauged away. Collecting the non-vanishing
results

0 0 0 O
i 0 €11 €12 0
w =10 o1 € O] (2.126)
0 0 0 O
where explicitly the gauge conditions Eq. (2.105) lead to
TI“(E) =€ +€71 =0, (2.127&)
€12 = €21 - (2.127b)
We can define the two independent polarization modes by
€4 = €11 = —€22, (2128&)
€x = €12 = €21 . (2.128Db)

Specifically, without loss of generality, we can consider the case of a gravitational wave
propagating along z, for which the classical field h,, can take a linear superposition of
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the two dynamically independent forms

00 0 0
ht = ¢*"@n 8 é _?1 8 : (2.129a)
00 0 0
0000
h* = e one, 8 ? é 8 (2.129b)
0000

We here anticipate for the reader that the mode counting argument presented here will
be echoed by a similar set of physical restrictions on the modes of the ferroquadrupolar
ordered magnet (see Chapter 3), which in turn leads to the same number of relativis-
tically dispersing excitations in the low-energy limit.

In conclusion, we see explicitly that the symmetric polarization tensor is traceless
and has two surviving transverse degrees of freedom.

Finally, let’s generalize the degree of freedom counting argument to arbitrary di-
mension: as a symmetric tensor g,, and also ¢, have

2—d,  dd+1)

. (2.130)

independent components, and d components will be determined by the choice of gauge,
followed by a further d to fix the residual gauge freedom. Then we find

M_d_d:M7 (2.131)
2 2

such that there are no degrees of freedom left for freely propagating modes in a (2+1)D

theory of gravitation. Therefore generically, lower dimensional theories of GR have no

physical excitations, while the (3+1)D Universe has two degrees of freedom available

for gravitational waves. This is also a critical point that we will allude to in discussion

of the connection with excitations in spin nematics in Chapter 4.

2.3.5 Quantized spin-2 excitations

The treatments above describe gravitational waves as excitations of a classical field
(the metric) in the canonical approach, [139, 158, 165, 166]. A next natural step is to
quantize the excitations of the gravitational wave, which leads to a consistent theory
in the linearized limit of gravity at least [43]. We assume from the harmonic form of
the equations of motion that we can express the field with the Fourier decomposition

by (2,t) /d3 ZV al (k)ee™" 4 (e“ )*aa(k)e_ikpxp} . (2.132)
o=+,X

nuv
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where €7, is a tensor encoding information about polarization, and a, (k) satisfies

a,(k),al, (K')] = 6,5:0(k — k') . (2.133)

For a wave with linear polarization, propagating along the z—direction, €7, take the
specific form

00 0 0 0000
1 (o1 0 0 1 (0010
+ _ X —
T Bloo 10| ¢ T Bl0o100 (2.134)
00 0 0 0000

Next we will see that the graviton consistent with linearized gravity corresponds to a
spin-2 particle. Recall that spin is the property which defines how the state of a particle
transforms under action of the rotation subgroup SO(1,3) of the Lorentz group, with
generators J; defined in Eq. (2.35). For an arbitrary state ¢, under rotation through 6

Ri[0]¢p = eigp . (2.135)

For a spin-y particle with internal state described by e, the internal state picks up a
phase

R.[0]e = ¢ . (2.136)

If v = 1, the state returns to itself for every rotation through 27. However, if v = 2,
the state returns to itself for every rotation through .

To verify this transformation property of the graviton and determine its helicity,
consider

¢, = RI[0]e" R.[0] + R 0]e* R.[0] , (2.137)
where explicitly
1 0 0 0
0 cosf —sinf 0
k0] = 0 sinf cosf O (2.138)
0 0 0 1
We can then define two polarizations
€R = €4 — l€g (2.139a)
€ = €4 + i€, . (2.139b)
such that
1
€y = i(eR +e€r), (2.140a)

€r = %(ER —€r), (2.140D)
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the result of the transformation reveals that

én=e*ep (2.141a)

€ =e e (2.141b)
Rotations through 7 therefore return the particle to the same state, and therefore the
graviton must be a spin-2 particle.

2.4 Chapter summary

In concluding this Chapter, we have discussed Goldstone modes, with examples from
the context of symmetry breaking magnetic phases. We are now equipped to identify
analogues of photons as massless spin-1 Bosons and of gravitons as massless spin-
2 Bosons. This now sets the stage for Chapter 3, where I will review and present
magnetic analogues of light, and Chapter 4, where I will present a novel one-to-one
magnetic analogue of gravitational waves.



Chapter 3

Analogues of electromagnetism in
magnetic phases

“As simple as possible, as complex as necessary.” -paraphrased, attribution
to Albert Einstein

Quantum field theories are the most effective tool yet developed for the description
of the vacuum of the Universe, and we learned in the last Chapter how they can be
used to describe the excitations of electromagnetism and gravity.

In this Chapter we will be concerned with analogues of electromagnetism arising in
magnetism, and we will see how effective low-energy field theories of magnetic insulators
play a key role in making such identifications. I will first review the known toy example
of the XY ferromagnet, which reproduces a (2+1)D theory of electromagnetism.

A discussion of magnetic analogues of electromagnetism would not be complete
without mention of the emergent electromagnetism in spin ice. For completeness this
will also be briefly reviewed in this Chapter.

I will finally turn attention to the Heisenberg antiferromagnet, and make explicit a
connection between its spin wave excitations and photons, a fact that has been often
alluded to in the folklore of magnetism, but to the best of my knowledge, never made
explicit. In this Chapter, I make this correspondence concrete and present a dictionary
for explictly connecting the degrees of freedom.

The Heisenberg model describes the exchange interaction between spins in a mag-
netic solid. As we learned in the last Chapter, there are at least two ordered phases
of the Heisenberg model which are distinguished one from the other on the basis of
whether the order breaks time-reversal symmetry or not. The effective field theories
corresponding to these two cases are respectively not Lorentz invariant or they are.

In this Chapter, I will motivate a Lorentz covariant form of the effective Lagrangian,
first from semiclassical arguments. Then, I introduce the reader to SU(2) spin coher-
ent states, and how to use this basis to derive the quantum mechanical low-energy
field theory for the Heisenberg antiferromagnet, whose action is that of a non-linear
sigma model. From the form of this field theory and its excitations, it will become
explicit that the Goldstone modes are in one-to-one correspondence with photons in
electromagnetism.

52
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I conclude the Chapter with brief comments on where these photon analogues could
be observed in experiment.

3.1 The XY model as a toy model for electromag-
netism on a lattice

Analogies to electromagnetism have a long history in magnetism. In this Section, I will
review the reduced dimensional electromagnetism analogue that arises in the (2+1)D
XY ferromagnet [45, 48], which possesses minimally a U(1) symmetry, and is known
possess analogue charges corresponding to the topological point defects, namely, XY
vortices. I will also briefly provide a visual intuition for why vector field theories are
necessarily repulsive for like charges and attractive for charges of opposite sign.
Recall the definition established in Eq. (1.36) for classical O(2) spins, or rotors,

repeated below
S=5 (COS 9) , (3.1)

sin
using which the XY model can be expressed

H:JZSi‘Sj:JSQZCOS(Qi—Gj). (32)
(i) (3)

This model has a ferromagnetic ground state when J > 0. Due to the spin length
constraint, the state space is spanned by the U(1) generator and each spin has only
one dynamical degree of freedom 6. I next briefly describe why this dynamical degree
of freedom corresponds to a scalar Goldstone Boson.

3.1.1 Goldstone modes of the O(2) XY ferromagnet

Here I describe the number of Goldstone modes present in the XY ferromagnet. For
the ferromagnetically ordered states of the O(2) XY model, there is only one broken
rotational symmetry. This is broken by the orientation of the spins in the ground state,
for which a general order parameter is a vector of the form

S = (g) | (3.3)

Notice that the spin degrees of freedom in this case are planar rotors that do not share
the gyroscopic nature of O(3) spins. They are not axial vectors, and as such, do not
break time reversal symmetry. In this case, Goldstone’s theorem is minimally satisfied
by the existence of a single linearly dispersing Goldstone mode, which must have scalar
character since there is only one leftover degree of freedom in the ground state for each
spin. In Chapter 5, I reproduce this result in simulation, cf. Fig 5.5a.
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3.1.2 Hydrodynamic model of planar rotors: a sigma model
for the XY ferromagnet

[ now review the hydrodynamic limit of the XY ferromagnet, and show how the lattice
description of the XY ferromagnet is described in the low-energy limit by a continuum
field theory which takes the form of a Gaussian action known as a sigma model.

For the purpose of this discussion, we can without loss of generality set s> = 1. We
again consider the long wavelength limit, for which the single degree of freedom 6; per
rotor is assumed to vary smoothly over small scales and can be cast into a continuous
field 6(). In this limit, the potential energy associated with a field configuration
becomes

Lﬂ:/fgjaﬁmvmm), (3.42)
z/ﬂ%iu—;va (3.4b)

We can phenomenologically introduce a term capturing the energy stored in the motion
of the field degrees of freedom. Defining a notion of effective mass to be proportional
to the spin susceptibility y, the effective classical kinetic energy contribution from the
entire field will take the form

d?r XéQ
k=[G (3:5)

The Lagrangian describing the system up to constants and terms of O(3) is then

d’rq . 9
E:K—U:/E{W—wve, (3.6)
which has linearly dispersing dynamics described by the wave equation
X 020 = p 070. (3.7)

We next remind the reader explicitly that the low-energy action of the XY model
is equivalent to that of (2+1)D electromagnetism.

3.1.3 A mapping to (241)D electromagnetism, its photon and
charges

I now explain how the XY ferromagnet is connected to (241)D electromagnetism. To
make the connection, there are two key ingredients we need from (2+1)D electromag-
netism beforehand. First, we must describe the field theory and the freely propagating
field modes (i.e. the photon), and second, the allowed charges. Both of these charac-
teristics will be shown to have analogues in the XY ferromagnet.

First, consider that (241)D electromagnetism has a structural peculiarity, namely,
in two dimensions three simultaneously perpendicular vectors in the ordinary sense
cannot exist. As a consequence, the structure of electric and magnetic fields cannot
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be on the same footing while also allowing a propagating mode. This necessitates a
breaking of the symmetry between E and B fields observed in (3+1)D electromag-
netism. Before deciding on a convention that breaks this symmetry, let us introduce
the conventional gauge potential A and a dual potential ﬁl, such that the electric and
magnetic fields could be expressed in one of the following ways

E=—-8A, or E=V,-h, (3.8)
B=V,-A, o B=-0h, (3.9)

where
V. = (8,0, (3.10)

is a 2D equivalent of curl 2, and
V =(0,,0,) . (3.12)

The underlying symmetry between these two formulations is apparent, but each
represents an exclusive choice. The option on the left is the conventional choice, for
which the dual potential field h is chosen to have a scalar nature such that

E=-0A=V.h, (3.13)
B=V,-A=—0h. (3.14)

In this conventional choice, the EM physics in the XY ferromagnet can be mapped
onto the dual gauge field

0(1) <= h(r) , (3.15)
such that
00 =B = 0,A, — 0,A, , (3.16)
—0,0 = B, = —0,A; , (3.17)
0,0 =E, =—-0A,, (3.18)

!Both of these gauge fields have only one independent degree of freedom, but can be cast in vector
form for conventional convenience. Depending on which formulation we work in, it is conventional to
gauge fix the primary gauge field and treat the second gauge field as a scalar.

T am using here the notation @, = (ay, —az) for a 2D vector defined by the property

a-a, =0, (3.11)
such that

1. (@), =—-a,

I

.d"

2..dy-dy

3. @by =a b .
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(2+1)D EM formulation vl v2
Vector and scalar fields E , B B B
E and B fields —0,A=E,—8h, = B oh=B,0,A, = F
V, - A=B,V h,=E |V, A, =B, V, -h=E,
Gauss’ Law §dr- E =27Q, §dr- B =21Q,,
Gauge potential A Gauge fixed to scalar
e.g. A,
Dual gauge potential Gauge fixed to scalar h
e.g. h,
Maxwell’s equation oB-0,E,+0,Ex=0| O£ —0,B,+0,Bx =0

Table 3.1: Summary of the two dual formulations of electromagnetism in (24+1)D.

for which the fields obey the 2D expression of Maxwell’s equations
oB -0, E,+0,E, =0. (3.19)

In this formulation, the electric field has vector character, and the electric field alone
will possess field monopoles, measured by the Gauss law

fd?» B =2rQ. . (3.20)

A more natural way to extract the EM physics of the XY ferromagnet is to map
the rotor degree of freedom 6 directly onto the physical degree of freedom of the gauge
field A. For this purpose, we work with the remaining degree of freedom A of a gauge
fixed ff, leading to

E=V,A=-0h, (3.21)
B=-9A=V, A, (3.22)

Here note that it is the magnetic field that acquires vector character, and therefore
the charges of the gauge theory are magnetic monopoles, described by the Gauss law

fd? B =21Q,, . (3.23)

The reason that either of these approaches is ultimately well-defined is due to the fact
that there is no equivalent of precessional dynamics in (241)D, and therefore there is
no restriction on the existence of either kind of monopole, cf. Appendix C.

In summary, there is only one independent physical degree of freedom present in
either gauge field and its dual, which maps onto the relevant degree of freedom of the
XY model. The two approaches to this mapping are summarized in Table 3.1.
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(a) Attractive charges. (b) Repulsive charges.

Figure 3.1: Spin configurations in an XY magnet, showing the connection with electric charges.
Colour bars represent the angle § € [—m, 7] associated to the spins. (a) Charges with opposite winding
number generate a field configuration whose energy can be minimized by bringing the charges closer
together. (b) Charges with both positive winding number generate a field configuration whose energy
can be minimized by moving charges further apart.

Homotopy of the XY magnet: charges and Gauss’ law

The XY ferromagnet possesses topologically stable point defects, corresponding to
the homotopy group m; of the order parameter space O(2). There are two distinct
windings that can be made around this space, leading to two infinitely degenerate
families of point charge with independent signatures of winding. In the context of
electromagnetism, the charge and the field are related via the Gauss’ law, Eq. (3.23).
The analogous relation in the XY model relates each source to a distinct pattern of
effective electric field.

The interactions between such point charges follow naturally from the Hamiltonian
we started with, such that the system at low energies will endeavour to maximize the
area of domains with parallel or nearly parallel spins.

This leads to effective attractive or repulsive interactions in the dynamics of the
point defects of a vector field, which is consistent with the fact that a vector field theory
must mediate repulsive interactions between similarly charged particles and attractive
interactions between oppositely charged particles.

In summary, in this Section we have discussed the reduced dimensional analogue
of electromagnetism which emerges in the XY model. Due to the reduced dimensional
nature of the theory, it has an unusual formulation in terms of gauge fields, as sum-
marized in Table. 3.1, with one scalar degree of freedom corresponding to the photon
mode, equivalent to the magnon mode in the XY ferromagnet. The homotopy group of
the XY order parameter space permits the existence of point defects which correspond
to sources of the vector electric field.

In the next Section, I review the next analogue to have been developed in the
magnetism context, namely that of spin ice to (3+1)D electromagnetism.
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3.2 Emergent electromagnetism in spin ice

No discussion of electromagnetism analogues in magnets would be complete without
reference to spin ice. I include here a short discussion for historical completeness and
refer the interested reader to other excellent reviews on the subject, such as [52, 167].

Spin ice phases can be effectively modeled as a classical Ising antiferromagnet.
Unlike Heisenberg magnets, whose collective behaviour is determined primarily by
spin exchange interactions, spin ice arises from long-range dipolar interactions which
induce an Ising anisotropy on spins.

On the pyrochlore lattice, spin ice exhibits a parallel with water ice through the
ground state rules which apply to the degrees of freedom on each tetrahedron. In water
ice, the pyrochlore lattice is built from oxygen atoms, which live at the centres of the
tetrahedra of the lattice, and hydrogen atoms which form bonds bridging neighbouring
oxygen atoms. There are four such bonds per oxygen, but they are not equivalent.
The position of each hydrogen atom is either close to or farther from a given oxygen
atom, such that the ground state manifold of water ice is comprised of all the states for
which there are two hydrogen atoms close and two further away. This two-in two-out
structure was first discussed by Bernal and Fowler [49] and receives the name Ice rules.
For classical pyrochlore spin ice, the Ising spins live on the vertices of the lattice, and
each tetrahedron exhibits an equivalent to the Ice rules in water ice, namely a two-in
two-out configuration of Ising spins. This behaviour is captured by the divergence free
condition on the effective field E generated by the Ising spins

V-E=0. (3.24)

This is the classical spin ice equivalent of Gauss’ law. The experimental signature of
this in the equal-time structure factor is the appearance of pinch points, see Fig. 1.3b.

On the pyrochlore lattice, configurations satisfying the Ice rules form a highly-
degenerate ground state manifold. The inclusion of the possibility of quantum tunnel-
ing between the states within this manifold, by allowing spin flips on entire hexagonal
plaquettes, allows for description of quantum spin ice. Including these quantum fluc-
tuations, the sharp pinch points become diffuse e.g. [56, 59].

The effective Hamiltonian

Hg = (V- E)?*, (3.25)

combined with the dynamical term arising from quantum tunneling between different
states obeying the ice rules, one arrives at an effective action equivalent to Maxwell’s
electromagnetism [55, 56]

! (B)2> , (3.26)

c2

§ = [ dria? ((E)2 _

where the wave speed here implicitly encapsulates parameters arising from microscopic
details of the model [56]

c=VUKaoh™", (3.27)
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with U and K corresponding to the constants in the potential and kinetic terms of the
model.

The quantum spin ice analogue is the most complete electromagnetism analogue
which arises in the context of magnetism, and has been the focus of many works of
fundamental interest [55, 56, 168], with particular attention drawn to the presence of
magnetic monopoles [53, 54|, and an effective fine structure constant [57]. The photons
of quantum spin ice, have been inferred in ProHfsO7 [59] through the broadening of
the pinch-point line shape indicative of quantum fluctuations, allowing estimation of
the photon speed in this material, which is on the order of 3.6".

Other features of emergent electrodynamics have been identified in candidate mate-
rials such as magnetic monopoles in YbyTi,O7 [58], and several other dipole-octupolar
quantum spin-ice candidate materials have also been verified, including Ce;ZryO5
[60, 61], CengQO7 [62] and CGQSHQO7 [63]

This makes quantum spin ice a promising platform for electrodynamics analogues
realizable in experiment. However, a strategy for generalization to higher-rank gauge
theories distinct from Maxwell’s U(1) electromagnetism and which instead parallels
gravity is yet unknown. For this reason, I next develop an explicit connection between
the excitations of the Heisenberg antiferromagnet and photons which will serve as the
template for an explicit connection between the Goldstone modes in spin nematics and
gravitational waves, see Chapter 4.

3.3 Low energy excitations of the Heisenberg model
and the collinear Néel Antiferromagnet

The purpose of this Section is to show that in the low-energy limit, excitations of
the collinear Néel antiferromagnetic ground state are in one-to-one correspondence
with the distinct photon polarizations of electromagnetism, where in both cases the
excitations are massless spin-1 Bosons. I conclude this Section having developed the
pieces needed for such a correspondence, and make explicit the connection between
photons and collinear antiferromagnons, starting from a microscopic description of
ordered magnetic phases.

3.3.1 Lorentz covariance from semiclassical treatment of the
equations of motion

In the previous Chapter, we saw briefly in the case of the Heisenberg antiferromagnet
that—contrary to the Heisenberg ferromagnet—there is no explicit time-reversal sym-
metry breaking across the unit cell, and therefore the Goldstone modes arising from
the two broken rotational symmetries remain independent. Therefore, its Lagrangian
description is expected to be Lorentz covariant.

A more explicit way to see why indeed the Lorentz covariance is preserved for
the antiferromagnet, and not for the ferromagnet, is to examine how the presence or
absence of a bipartite lattice affects the respective equations of motion.

The equations of motion for spins described by the Heisenberg Hamiltonian follow
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from the corresponding Heisenberg equations of motion [86], as first conceived of and
named by Dirac [78], namely

8,8) = 3[57 H] (3.28)
K3 Zh (]

which for the Heisenberg Hamiltonian [cf.Eq. (1.16)]

H=J> S;-8, (3.29)
(i)

takes the form

J
OS] =3 3878 sels - (3.30)
)

Let’s consider first a semiclassical description of the ferromagnetic case, specifically
assuming large s. Despite our interest here in the spin—% Heisenberg model, this ap-
proximation nevertheless produces a valid result, which can be motivated by observing
that the Hilbert space of the spin—% degrees of freedom is spanned by the generators
of SU(2). Since SU(2) is isomorphic to O(3), then we can semiclassically think of each
spin degree of freedom as an O(3) vector with components S7. Choosing a basis where
the ground state is ordered along the z-direction

So=295", (3.31)
the fluctuations about the ordered S* moment are captured by

¢; = 5] — 0157 (3.32)

z>r )

where 0] is the Kronecker delta function. In the small fluctuation limit we assume
S s. (3.33)
Without loss of generality, we can consider the equation of motion on a chain where

J

0,57 = (8750 — 5785, + 57571 — 87874 . (3.34a)
0pSy =~ ?(25? — St — Szy—l) ; (3.34Db)
9,5} =~ _(;;(2533 =S — 5’231) ) (3.34¢)
9S7 = 0. (3.34d)

At low energies, the wavelengths of fluctuations are much longer than the lattice con-
stant, and we can treat the insulator in the continuum limit, also referred to as the
hydrodynamic limit. Under this condition, the equations of motion become

J
9,57 ~ aT‘;LVQSy , (3.35)



3.3 Low energy excitations of the Heisenberg model and the collinear

Néel Antiferromagnet 61
Js

0S¥ ~ ———-V?8" 3.35b

2 thV ) ( )

0SS =0, (3.35¢)

or in terms of the non-trivial components of the fluctuations ¢”

005 ~ LV (3.36a)
00!~ IV (3.36b)

which are clearly coupled, and admit plane wave solutions with quadratic dispersion.
The equations of motion are therefore not Lorentz covariant.

Next, let us consider the Heisenberg antiferromagnet, which will have Lorentz co-
variant equations of motion. Taking the Néel state to be the ground state, we can
define two sublattices A and B for which

SP s for 1€A, (3.37a)
SE~ —s for jEB. (3.37Db)
Then for sublattice A
J
05" ~ f( — 257 — Sty — ST4) . (3.38a)
J
0uS! ~ (287 + Sh + ST) (3.38)
957 =0, (3.38¢)
while for sublattice B
Js
0S5 = (28] + 4 + 571 (3.39a)
JS x x x
8,5 ~ —f( — 287 = 87, - S74), (3.39b)
9,57 ~0 . (3.39¢)

Making use of the ladder operators Eq. (1.8) to condense the dynamical expressions,
we find

J
0,57 ~ %(QS;F + S;:—l + 5;1) ) (3.40a)

—1Js

0,8+ ~ (28] + S+ 854) (3.40b)

which can be recast for each sublattice by taking one more time derivative

OSF ~ (‘?)2( — 257 + 8, + 55,) (3.41a)
95T ~ (‘;;)2( — 28] + 85+ 8 ,) - (3.41b)
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In the hydrodynamic limit in terms of the staggered field S* or its fluctuations ¢, the
equations of motion become respectively

925 = V28~ | (3.42a)
0fo™ = V2™, (3.42b)

which is exactly the Lorentz covariant wave equation.
Let us next consider an explicit wave ansatz for antiferromagnetic excitations on a
one-dimensional chain

St = yelnka=wt) (3.43a)

)

Sj — Uei((QTH’l)kafwt) ’ (343b)

where a is the lattice spacing. Substituting into the equations of motion Eq. (3.40)
and defining

4JS
= — 3.44
leads to the following system of equations
u(w 4+ wp) + v wo cos(ka) =0, (3.45a)
v(w — wp) + u wpcos(ka) =0, (3.45b)

from which we obtain the one-dimensional dispersion relation
w = wol| sin ka . (3.46)

Notice that indeed this is linear at low energies, i.e. small k, and consistent with the
Lorentz covariance of the equations of motion, where

w = vlk| . (3.47)

Explicitly we now identify the components of the fluctuation ¢7, for a ground state
oriented along e.g. z. Remembering the definition

ST = 5% 4iSY (3.48)

it is therefore clear that the y-component of the fluctuation will be 7/2 out of phase
with the ansatz specified for the x-component. We can then write the two possible
circularly polarized excitations as

cos(kx — wt)

G, = | sin(kz — wt) | | (3.49a)
0
B cos(kx — wt)
¢ = | —sin(kx —wt) | (3.49b)

0
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which resemble the non-trivial part of the electromagnetic gauge potential, cf. Eq. (2.52),
and hints at the correspondence we develop in this section. The vector transformation
properties of the fluctuations ¢ correspond to a spin s = 1 Boson, consistent with the
difference in angular momentum induced by creation of the ST Boson, defined as

S*imy = \/s(s+ 1) —m(m+1)[m+1) . (3.50)

An alternative approach arriving at the equations of motion for both the ferromag-
netic and antiferromagnetic cases above is to utilize a Holstein-Primakoff transforma-
tion of the quantum mechanical operators St and S~ to diagonalize the Hamiltonian
[72, 169], and leads to the same results as this section. This alternative quantum me-
chanical treatment holds in the limit of small magnon numbers a'a relative to the spin
length s. This approach is fundamental to spin-wave theory, but will not be necessary
in this Thesis.

In conclusion, in the absence of any sublattice, the dipolar spin order characteristic
of the ferromagnet must break time-reversal symmetry and does not lead to Lorentz
covariant equations of motion. However, the presence of a bipartite lattice as in the
collinear antiferromagnet restores time-reversal symmetry. As we shall see in Chapter 4,
with the addition of a biquadratic term, there are non-magnetic forms of order which
do not break time-reversal symmetry, and for which a bipartite structure is therefore
not necessary to obtain Lorentz covariance in the equations of motion.

3.3.2 SU(2) S= % spin coherent states for spin path integrals

The classical intuitions for how spins behave are fundamental for developing a path
integral language applicable to spins, and is therefore an essential part of building a
quantum mechanical field theory. For the unfamiliar reader, these are further developed
in Appendix C. In order to proceed to describe quantum mechanically the low energy
behaviour of the Heisenberg antiferromagnet, it is necessary to introduce the spin
coherent state basis. Further details on this basis can be found in e.g. [169-171].
Coherent states were summarized by Glauber in 1963 [172] to mean three equivalent
things: first, that they are states of minumum Heisenberg uncertainty, and therefore
of minimum distance to an equivalent classical state; second, that coherent states are
eigenstates of the annihilation operator; and third, that they are generated from the
vacuum state of a harmonic oscillator by action of displacement operators specifically
of the Heisenberg-Weyl group. This latter fact was later extended to arbitrary Lie
groups [173, 174]. Coherent states for spin consistent with these definitions were first
formulated by Radcliffe in 1972 [175], perhaps unknown to Feynman who, despite
formulating the path integral, did not succeed in generalizing its application to the
quantum mechanics of spin [169].

Recall that we can think of spin as the internal property leftover by action of
the Wigner group. For massive particles, what is leftover is O(3) or the quantized
angular momentum representations of SU(2), where as for massless particles, this is
the Euclidean group E(2), the algebra of transformations on the flat plane which, after
fixing redundant degrees of freedom, correspond to transverse modes.

For a massive spin—% particle such as an electron, the irreducible representation of
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the generators of SU(2) is the set of Pauli matrices

1/0 1 10 —i 1/0 1

Using these, the spin coherent state can be expressed in the following way
) = €53 ) = 5 1) 4 B |1y (3.52)

In this expression, one degree of freedom is used to fix the global phase of the state,
another degree of freedom specifies the relative phase between the two basis states,
and the last degree of freedom fixes the normalization, such that any arbitrary state
in the Hilbert space can be described in this way. This is the quantum mechanical
representation of the semiclassical O(3) vector we worked with previously. In this case
however, the angular momentum commutation relations must be satisfied, so a single
O(3) vector does not uniquely describe a quantum state. However, Heisenberg spins
can still be appropriately represented by the unit vectors of the spin coherent state

basis A A )
In(¢,0,1)) = e~ *re ez 1) (3.53)

where recall that
[Sav Sﬁ] = ieaﬁ’YSV ) (354)

and |1) is the highest weight state of the representation that points along a direction
ng which I have taken to by convention to be the z-axis. This tells us that any arbi-
trary state can be thought of as a rotation away from the highest weight state. The
implication of this representation is that

(7 - 8) |7) = s |) . (3.55)

Since the phase factor ¢ around the z-axis does not provide new measurable informa-
tion, we can therefore restrict attention to a polar coordinate representation

1 = |n(¢,0)) = (sinf cos ¢, sin Osin ¢, cos ¢) . (3.56)

At face value, this would allow a description of spins on a continuous manifold, the
two-sphere S?, as was the case for classical O(3) spins. However, Heisenberg spins live
in a discrete state space, one conventionally represented by the S, eigenstates, which
satisfy

S, |s,m)y=mls,m) , (3.57a)
S?|s,m) = s(s+1)|s,m) , (3.57Db)

where
—s<(m= 8) <s with peZ. (3.58)
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To reconcile this fact, we observe that the spin coherent state basis must form an
overcomplete basis, with a one-to-many mapping of the form

|77) = Z DY (i, m) |s,m) | (3.59)

where the 3 x s-dimensional matrices D(®) satisfy the algebra[171]
D@ (11, m)D® (ri, m) = D (rg), m) et (TLm210)S= (3.60)

The phase ® of the exponential term is defined as the area of a spherical triangle
formed by the unit vectors 711,175, 15. Since the spin coherent state vectors live on the
the closed manifold S?, this is not uniquely defined. In particular, each set of three
vectors defines two spherical triangles over the sphere (one interior, one exterior), such
that one can only specify the area ® modulo the total area of the sphere 4. Therefore
it must hold that

e =1, (3.61)

which provides a geometric intuition for why spins must have integer or half-integer
quantization for m.

Next, to set the stage for building an action, we will need a few properties of spin
coherent states. The first is that since these are not classical vectors, they are not
orthogonal. In particular, since there are multiple ways to map onto a spin coherent
state as seen above, they form an overcomplete basis, with the overlap between two
states given by .

(i) = e (1250 (3.2
In addition, by considering the appropriate integration measure that normalizes the
overcomplete mapping, the resolution of identity for the spin coherent states defined
on the surface of the sphere is given by

1= /S dulid) [7) (71 (3.63a)
0541 [ a
== / s (i — 1) |7) (7] . (3.63b)

With this, we are now equipped with the prerequisite definitions and properties to
derive the low-energy field theory for the Heisenberg antiferromagnet.

3.3.3 Quantum non-linear sigma model for a Heisenberg an-
tiferromagnet

In this section I review the mapping of the quantum Heisenberg antiferromagnet onto
the O(3) non-linear sigma model, following a combination of treatments found in [5,
169, 171].

Historically this mapping was first developed by Haldane [176] in order to under-
stand the behaviour of excitations beyond the elementary magnons captured by linear
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spin wave theory, ie. topological magnons, leading ultimately to the discovery of the
Haldane gap for which he was awarded the 2016 Nobel Prize. For further historical
details, see [177-182].

For the purposes of this Chapter, this mapping provides a more direct parallel to
the relativistically covariant theory of electromagnetism. The construction starts from
the path integral formulation of the partition function. To explicitly calculate the
path integral, we need a convenient way to sum over all possible paths, for which an
appropriate representation for the quantum mechanical spins is the spin coherent basis.

The (Euclidean) action for quantum spins

At finite temperatures, the partition function for a quantum system can be evaluated
in terms of the Hamiltonian operator

7z =Tr(e "), (3.64)

which takes account of the states in principle accessible to the system via thermal
fluctuations. We will not use the specific form of the Heisenberg Hamiltonian yet in
this subsection.

At zero temperature, there are no longer thermal fluctuations, and the relevant
quantity of interest is the time evolution operator and its propagator

Ulto,t) = Tr(ei“_{”H) , (3.65a)
K (ngy, ny) = (ng,| e COH ) (3.65b)

For real j3, if we identify
B=1=—it, (3.66)

then the Boltzmann weight at finite temperature can be thought of as being equivalent
to the time evolution operator in imaginary  time 7. Working with i = 1

U(r) = Tr(eitH) = Tr(e_TH) . (3.67)

This allows us to evaluate the partition function as a path integral. First, the finite
imaginary time is subdivided into small steps 07 such that

f=1=Not. (3.68)
Substituting this into the expression for the partition function we find

7 =Tr(e ") = lim Te | T(e )N | (3.69)
oT—0

where T is the time ordering operator. Taking the trace over 7, and inserting the

3Also known as Euclidean time, imaginary time can be thought of as an abstract dimension that
shares the transformation properties of spatial dimensions.
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resolution of identity

25 +1\" N
RT - | 530022 o\ /= —8TH —
Z_§%< - ) Z(na|T</dn 572 — 1) |7) (7] e ) 1) (3.70a)

—

e~ ey (e | €7 |ita)

= N [y dpaleg] Y (Falitn) (o7 fi) o (7

P}
T— Na
(3.70b)
i 1
i - - —6TH | =
= lim_ (H / dplit,,] (i, | e nTj+1>>, (3.70c)
or—0 NJj=1

where periodic boundary conditions apply on 7. Expanding the matrix elements of the
Hamiltonian in the limit 7 — 0

(i, ryy ) = 07 (il | H |, ) (3.71a)

- = S
U 1+ n,.n,
~ ez<1>(n7j ,nTj_H,no)( Ti T+ _ 5T <ﬁ7—j

6—57’H

H

Nri+6r > ~ <n7j

H

5 i) . (3.71b)

When evaluating the product over j, we keep only the terms up to first order in d7,
such that

N

i@('fiT.,ﬁT._‘_l,ﬁo) ]‘ + ﬁTjﬁTjJ,-l ° (5 — H — 3 72
-1_[1(6 3" — ] - T<n7j nTj>) , (3.72a)
J:

N — = S
= ( H i@ (e iz 4y Ti0) (1 i nTjnTj+1> )

Jj=1 2

N o a s (T B
_57-2 Hel (nTi7n7¢+1vn0) # <n7'j H nTj> , (372b)
J=1 \izj

N iD(7r, i 4,70) 1 + ﬁTjﬁTj+1 s al <ﬁ7—j H ﬁ‘rj>
= He AN f 1—(57"2 o S |

= I=1 i (firy sfiry yy i0) (H"UQ”T]‘H)

(3.72¢)
N i\ N<ﬁT.HﬁT.>
— (i Ty otl0) [ 2L 7T T 1—0 T 3.72d
(}16 o ( 2 ))( T 1+0<5¢>>’ 372
N 14y, firs S
o T 00 o (L) i ) (3.720)
j=1
Then the partition function can be expressed
Z = lim / Dif e~ 5elil | (3.73)
N—o00

67—0
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using

25 + 1) | (3.74)

N
Dii = /d*?’_(s 72 1
n jgl nT] (n'rj )( 47_(_

and with the Euclidean action

N N 1+, 7, N
SE[ﬁ] = —ZSZ @(ﬁTj,ﬁTjH, ﬁo) — SZln (291“> + Z 5T <ﬁTj H ﬁTj> ’
j=1 j=1 j=1
(3.75a)
= Skin + Su , (375b)

which is the object we are interested in. Note that the contribution of the logarithmic
term is effectively a constant, and will be ignored®. Let’s consider the first term, which
is of the form

Skin = 1SA[1] , (3.76)

where the solid angle spanned by the spherical triangle formed by 7., 7., and 7
given by
Alii] = ®(iiy,, 7ir,,,, o) , (3.77)

is the Berry phase accumulated by a single spin at each step along its trajectory. In
the semiclassical approximation, it is sufficient to assume that the spin trajectories are
closed orbits on the O(3) sphere that do not exhibit any jumps. That is, the evolution
of the spin precession is smooth. This may not always be justifiable for quantum
mechanical objects, and so the path integral method should ideally be checked against
alternative procedures.

The full solid angle swept out cannot be uniquely defined. In particular for every
closed contour there are two areas that can be defined on the sphere such that

A[SH] + A[S_] = 4r . (3.78)

Therefore, modulo 47 and in the continuum limit 67 — 0

8 1
A[Zt] = /0 dr /0 X 7T, - (0,75, X Oniir) | (3.79)

where A smoothly parametrizes the path from 7(7, A) = 7i(7,0) = 7, to the top of the
solid angle cap 7i(7,\) = 7i(7,1) = 7y. Per spin, the contribution to the action then
becomes

1
Spin = iS / dr / X 7T, - (05, X Oniir) . (3.81)
0

Depending on the body of literature, this type of term is called a Chern-Simons term,
or also Wess-Zumino term.
On a lattice of spins, we must sum over the contributions from each spin. In the

4Notice that ﬁTj . ﬁTHl =1,

.- (g, +dily,), where 7., L dii,,
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\/

(a) Interval 7; — 7541. (b) Closed trajectory.

Figure 3.2: Illustration of the origin of the Berry phase arising in quantum magnets. (a) Sketch
of the Berry phase swept out between times 7; and 7j41.. (b) An arbitrary closed trajectory in the
space of spin coherent states delineates two patches of the sphere, showing the ambiguity in defining
areas of closed loops on the sphere.

continuum limit we can write
Sim = 15 / drdrd #(F,7) - (0(F, ™) X O, (7, 7)) . (3.82)

Next, to evaluate the Hamiltonian term of the action, we restrict focus to the antifer-
romagnetic Heisenberg model.

From the Heisenberg Antiferromagnet to an O(3) NLSM

The ordered phase of a non frustrated Heisenberg antiferromagnetic model is charac-
terized by a non-zero staggered magnetization of the form (up to three dimensions x,

Y, ) X
My = Zr;(—l)“y*z ni(7) (3.83)

and described by the Heisenberg Hamiltonian Eq. (C.9) for J < 0. The classical ground
state for this model consists of spins of alternating orientation (the Néel state). While
this picture is not strictly true for the quantum antiferromagnet, it is acceptable to
assume that the true ground state is close to the Néel state and therefore that at
least over short-range we observe the characteristic staggered Néel ordering, consistent
with the range of approximations made so far. This justifies the decomposition of the
spin field 7i(7) into a staggered order component niy(7) and its orthogonal component

I describing the fluctuations, which have a tendency to ferromagnetically align spins.
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Specifically this decomposition looks like

s + [
V2 + 12
In the limit of small fluctuations, the normalization in the denominator is just unity.

Further, due to the spin length constraint, as in the semiclassical case, the fluctuations
must be orthogonal to the order parameter, i.e.

(3.84)

n=

iy 1=0. (3.85)

For simplicity of notation, in the hydrodynamic limit I denote n7, by simply m. For
arbitrary lattice dimension d, the Hamiltonian term then becomes

Sy = [ drde (@7, 7)| H |77, 7)) (3.862)
—J / drda® 3 (7, 7)) S5+ Sy 517, 7)) (3.86h)

— _Js / de;ch A7 7) - AFE+0,7) (3.86¢)

= _JI5 /dea:dZ T, (74 0,7))% + const , (3.86d)
/de:BdZ V" HR(F, 1) 4+ 17, 7) + (= 1) (7 + 6, 7) + 17+ §,7))?

(3.86e)

~ — /5 /dex (8,7, 7) + 20(F,7))% + (Oym (7, T) + 20(7,7))? (3.86f)
J52 /dex 7, 7))2 + (9,17, 7))? + 8I(7, 7) + O(|I]?) . (3.86g)

Following a similar expansion in the fluctuations to first order in [ for the kinetic term,
we arrive at

Sum = i / drda? [(7,7) - ((7, 7) X Qi (7, 7)) . (3.87)

By saddle-point approximation of the action, the fluctuating field [ can be shown again
to be dependent on the staggered magnetization field m.

[= rgm(F.m) X dm(F. 7). (3.88)

The action then becomes

Sp = / drdz? [&](8 )2 + 22 (0pm)? + (9,m)2)] . (3.89)
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After Wick rotation back to Minkowski time, we recover the same result as Eq. (C.33a)
512
Sarm = /dt dz? lXQ(atﬁ%f - g(ﬁjmi)ﬂ : (3.90)

The magnetization can be expressed component-wise in terms of the fields ¢, and
¢, that act as generators for the two rotations breaking the continuous O(3) symmetry

of the action. That is,

with dynamics described by

1

Sarm = g / drdz? Lz(a@? - Z(@&’)Q] : (3.92)

1€EXTy

where again I define the wave speed

p
XS*

: (3.93)

CcC =

We will now compare the excitations as predicted by this low-energy theory with
electromagnetism.

3.4 Light, magnons, action! A dictionary for spin-1
excitations

In Chapter 2, we saw how the masslessness of photons in electromagnetism is con-
nected to the existence of transverse modes. Here, I explicitly identify a one-to-one
correspondence between photons and the antiferromagnons of electromagnetism. This
correspondence is at times alluded to within the magnetism community, but has not
been explicitly documented to the best of my knowledge, and I here provide the missing
details.

From Eq. (3.43) we can identify semiclassical solutions which correspond to effec-
tive electric and magnetic fields that allow us to visualize the antiferromagnons in
parallel with photons, see Fig. 3.3, cf. Fig 1.5. Without loss of generality, consider
an antiferromagnet with order oriented along the z-direction, propagating along the
z-axis.

cos(kz — wt)
Gr, = =2 | sin(kz —wt) | = A, | (3.94)
g 0
with fields
—sin(kz — wt)
—0,¢r, = Eo | cos(kz —wt) | = E,, (3.95)

0
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Figure 3.3: Analogue E and B fields arising in the continuum field description of the antiferromag-
netic Goldstone modes of the Heisernberg antiferromagnet. The field ¢4 represents the non-trivial
transverse components of the staggered magnon field ¢* and equivalently of the gauge field A*.

and
L cos(kz — wt) B
V X ¢, = By | sin(kz —wt) | = B, (3.96)
0

using % = Fy and ¢ = 2. This provides a concrete mapping between the magnetic

canting field gg and an effective vector gauge potential A with respective electric and
magnetic fields.
Meanwhile, the other polarization takes the form

. B cos(kz — wt)
= ?0 —sin(kz —wt) | = A, (3.97)
0
with fields
B sin(kz — wt)
—0yps = Ey | cos(kz —wt) | = E (3.98)
0
and
= —cos(kz —wt)\ 3
V X ¢ = B ( sin(kz — wt) ) oy (3.99)
again using % = FE, and ¢ = 7. This completes the explicit mapping onto electric

and magnetic fields for the Heisenberg antiferromagnet, summarized in Table 3.2.
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Collinear Néel AFM (3+1)D EM
Lagrangian | £ = 3 X(0i0)2 — p(8:0)2| | £ = 2 C%(atff)z — (8;4)?
DOFs 507 ﬁgo I‘Y@ /To
=095, V X @55 B, B
—090), V X ¢ E., B,

Table 3.2: Dictionary connecting AFM and EM excitations

Consider now defining a relativistic tensor for the Heisenberg antiferromagnet

F;w = (au¢u - au¢u) ) (3100)

by promoting the magnon degrees of freedom ¢ to a four-vector, with the necessary
physical restrictions that

¢’ =0, (3.101a)
ko' =0, (3.101b)

for
E|[my = 06" =0, (3.102)

such that the antiferromagnons ¢ can be consistently defined in four-vector notation,
and will transform under the elements of the Lorentz group as four-vectors.
We can then redefine the action Eq. (3.92)

SAFM = - /dewS guugpoau¢pay¢a s (3103)
where
1
aﬂ - (280,81,82,83) 5 (3104)

and g, is a 4-dimensional metric defined as

-1 0 0 0
0 1 00
0 001

clearly equivalent to the Minkowski metric in flat spacetime, and g,, is also a 4-
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dimensional metric which can be defined as

=1 0 0 0
- 0 100
0 001

where the signature of the component gy, does not influence any physical quantity
and can be chosen arbitrarily, since the components ¢° are trivial. Therefore, for
convenience, this metric also can take to be to the Minkowski metric in flat spacetime.
Fundamentally, this metric defines the inner product in the Hilbert space between the
promoted spin degrees of freedom. It is clear from this decomposition that a notion
of a curved spacetime for field degrees of freedom requires modification of the inner
product in Hilbert space. Such modifications will not be discussed in this Thesis, and
the gravitational wave analogue I establish next in Chapter 4 will be discussed only
in flat spacetime. The distinction the Hilbert space and the real space that the atoms
are embedded in is important, since the Hilbert space remains 3-dimensional even in
the lower dimensional systems. This means that we can still nevertheless establish a
parallel to (3+1)D electromagnetism in reduced dimensional magnetic systems. This
point will also hold for the gravitational wave analogy, even more importantly in that
case, since, unlike (2+1)D electromagnetism, there are no self-supporting excitations
allowed in (24+1)D gravity.

In conclusion, we can establish an analogue between the magnons—traveling par-
allel to my—in the Heisenberg antiferromagnet with the physical degrees of freedom of
the relativistic vector gauge potential in a gauge (e.g. Lorenz gauge) which minimizes
redundant components of Au, leaving only the transverse degrees of freedom.

3.5 Analogue photons in experiment

3.5.1 Analogue photons in magnetic insulators

In the context of magnetic insulators, several candidate materials exhibit Néel antiferro-
magnetism with linearly dispersing excitations at low-energy, including e.g. RboMnF,
[183], LayCuOy [8], LaoNiOy [183]. The square lattice spin-3 insulators, in particular
the cuprates and niquelates, have independently attracted significant attention due to
the appearance of superconductivity at large doping [184].

The linear dispersion, see Fig. 1.4a, is the neutron scattering hallmark of the ana-
logue photon excitations described in this Chapter. Direct observation of these ana-
logue photons is readily available with measurements of the dynamical spin-spin corre-
lations S(q,w) defined in Eq. 1.41. Such dynamical structure factors are very revealing
of properties of quantum magnets, and for example within the context of quantum spin-
ice, the analogue photons described in Section 3.2 have also been indirectly inferred
from inelastic neutron scattering measurements of candidate materials, e.g. [59, 60].
Another powerful tool is Resonant Inelastic X-ray Scattering, from which the dynamical
structure factors have also been measured for a variety of antiferromagnetic cuprates
such as La,CuQOy [185, 186], and e.g. CaCuO, [187, 188].
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In discussing candidates for Néel antiferromagnetism, in practice, there is often more
than just the Heisenberg interaction at play. Other effects arising from Dzyaloshinskii-
Moriya interactions, ring exchange and/or longer range exchange interactions, can
complicate the direct analogue to electromagnetic photons [189-191]. Furthermore,
relativistic effects such as spin-orbit coupling can gap out the low-energy excitations
as in CagRuy, where compression of the crystal induces distortion gapping out the low-
energy modes[192], in an analogue of the Anderson-Higgs mechanism. Additionally
in regimes where quantum fluctuations are large, or other exotic excitations become
important, spin-wave theory is insufficient to make full detailed predictions in several
compounds, such as at high energies for LayCuOy4 [193].

3.5.2 Analogue photons in cold atoms

Néel antiferromagnets are also accessible in cold atomic gases in optical lattices, see
e.g.[194-197]. In these systems of neutral atoms, relativistic effects originating from
spin-orbit coupling do not play a role, and there is no impact on the associated analogue
photon spectrum .

An optical lattice consists of a periodic array made from interfering optical laser
beams, e.g. [125], that binds atoms in-situ at the locations of extremized intensity
of the light. This works as follows: the time-varying electric field induces a changing
dipole moment on the rarified atoms, primarily affecting the electrons, in the cold
atomic gas. Choosing laser frequencies that are far from any transition energies in
the atomic species under study, the energy of the electrons in the atoms changes in
response to the field in proportion to the field intensity

AE= Y pn(@)(En(r, ) Eo(r,t)) | (3.107)

m,nex,y,z

where n and m are spatial indices, a,,(w) is the electric polarizability tensor corre-
sponding to the frequency w of the laser’s electric field E,,. As a result, the atoms
experience an effective potential

V =AFE. (3.108)

The use of optical frequencies allows for relatively large sizes of the emerging lattice,
which facilitates significant control at the resolution of individual lattice sites [122, 125].

In addition to the use of optical lattices, it is important to consider the species of
atom being trapped. Alkali atoms used in cold atomic gases can possess different in-
ternal spin states, allowing for simulation of spin systems and preparations of mixtures
of spin components, as required for a Néel antiferromagnet. The spin of a particle
determines if it will behave as a Boson or a Fermion. This also applies to atoms in
their interactions with one another. For neutral atoms, the number of neutrons is the
variable that determines if the atom will have an integer or half-integer total spin. An
even number of neutrons leads to integer total spin, corresponding to bosonic exchange
statistics. An odd number of neutrons leads to half-integer total spin, corresponding
in turn to fermionic exchange statistics.

For the cleanest cold atom realization of the Heisenberg Hamiltonian, we can con-
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sider a Fermi gas, such as “°K®, with two distinct species realized by two hyperfine
states denoted

oe {11}, (3.109)

in an optical lattice. Such interacting Fermions in an optical lattice can be described
by the Hubbard Hamiltonian

H=—t> > [c}acjo. + c}acw} +U> CITCZ‘TCLCN ) (3.110)
(i) @ g

where t is the hopping parameter, U captures the strength of the potential, and cgg and
Ciy are fermionic creation and annihilation operators with anticommutation relations

{Cios Clor} = 0ij00or - (3.111)
In the tight-binding limit where
U>t, (3.112)
the Hubbard model reduces to [67]

42
H= FZS,SJ (3.113)
(i)

equivalent to the Heisenberg Hamiltonian Eq. (1.16).

Cold atom simulations of the Néel antiferromagnet are also motivated by the search
for d-wave superconductivity in the Hubbard model [196, 197], but as the work in this
Chapter suggests, such experimental realizations also possess interest for their analogue
photonic excitations.

Integer-spin alkali atoms, such as ?Na and 8"Rb, are in fact more common than
their fermionic counterparts, since it is energetically less favourable for an atom to have
both an unpaired neutron in addition to the unpaired proton in the nucleus [125, 198].
We will see in Chapter 4 that such species can realize the ferroquadrupolar nematic
phase whose excitations are in Chapter 4 shown to be in correspondence to gravitational
waves.

3.6 Chapter summary

In concluding this Chapter, we have learned that magnetic phases can exhibit Gold-
stone modes which are in one-to-one correspondence with vector field theories of elec-
tromagnetism in (24+1)D and (3+1)D. In addition, we have learned that in models

540K is an atom with total spin %, which in principle possesses a spin manifold with 9 distinct

states. However, for the present discussion, we are interested in mixtures of two distinct hyperfine
species at most. In practice, for 4°K it is known that the pair of states mp = % and mp = %
have populations robust against scattering into other mp states at low temperature, such that their
respectively populations are conserved [194].



3.6 Chapter summary 7

where stable point defects are supported, there is an analogue of the charges of the
vector field theory of electromagnetism. We have also seen examples of how such
analogues have been realized in experiment.

In the next Chapter, we will see how the Goldstone modes of a spin nematic are in
one-to-one correspondence with gravitational waves. We will also see that (2+1)D spin
nematics can support stable point defects that behave like charges, i.e. mass, which
gravitate.



Chapter 4

Analogue of linearized gravity in
spin nematics and spinor
condensates

“More is different.” - Philip Warren Anderson

As we have seen in Chapter 2, in their non-interacting limit, gravitational waves
are harmonic excitations of a free spin-2 field, and are therefore described by a rank-2
tensor field theory. The massless, spin-2 excitations of linearized gravity in (3+1)D can
be characterized by two independent dynamical components of a rank-2 polarization
tensor. Such massless, spin-2 excitations are not exclusive to the context of linearized
gravity, also arising as Goldstone modes in systems with nematic order.

In this Chapter we will dive into the description of quantum spin nematics and their
Goldstone modes, focusing on the realization of ferroquadrupolar order as found in the
Bilinear-Biquadratic model. This system presents tensorial Goldstone modes that I
identify to be in one-to-one correspondence with gravitational waves. To understand
this connection, I will first review spin nematics as realized in spin-1 systems in a model
independent way before introducing the Bilinear-Biquadratic model. I then introduce
the spin coherent states for spin-1 and use this to rederive the corresponding low-energy
limit, which leads to a non-linear sigma model in direct correspondence with the action
of linearized gravity.

I then present the reader with a key result of this Thesis, namely, the dictionary
which explicitly connects the excitations of a ferroquadrupolar spin nematic to gravita-
tional waves in flat spacetime. I present further intuitions that gravitational waves and
the nematic excitations are both quadrupolar excitations with the same fundamental
character. To set the stage for results I will discuss in Chapter 5, I then briefly review
the homotopy class of spin nematics based on their respective order parameter, and
discuss the attractive nature of the point defects, consistent with a spin-2 field theory.

Finally, I review the state of the art in both solid state and cold atom experiments
involving spin nematics, and discuss in particular techniques applicable to spinor con-
densates for observing quadrupolar order.

78
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4.1 Quadrupolar order and spin nematics

In this Section I will introduce the reader to nematic phases of matter, historically
discovered in the context of classical liquid crystals, and will motivate their relevance
as a candidate platform for analogue gravitational waves.

Ultimately, the goal is to identify an ordered phase which preserves time-reversal
symmetry, and has two independent Goldstone Bosons which are spin-2 excitations. We
saw previously in the case of the Heisenberg antiferromagnet that dipolar order on the
bipartite lattice restores time-reversal symmetry as far as the long wavelength physics
is concerned. The corresponding vector order parameter gives us two dynamically
independent spin-1 excitations. We will now see how nematic liquid crystals and spin
nematics are ordered phases whose order parameters are symmetric, traceless, rank-
2 tensors, which in addition preserve time-reversal symmetry. This already signals
possible comparison with the structure of gravitational waves Eq. (1.56).

The first liquid crystals, discovered by Reinitzer in 1888 [199], arose in cholesterol
benzoates extracted from carrot root, a molecule with inversion symmetry along the
long axis. Reinitzer discovered that this substance exhibited two distinct phase transi-
tions from the low temperature crystalline phase to the liquid phase. The intermediate
phase, dubbed a liquid crystal, was characterized by anisotropy of the molecular de-
grees of freedom and led to unique optical properties. Following their initial discovery,
it took a long time for the existence of such liquid crystal phases to be widely accepted
[200].

Much of the early theory of liquid crystals was developed by Oseen by 1933 [201].
In order to revive interest in the topic, this was much later expanded upon by Charles
Frank in his seminal 1958 paper [202]. These works laid out the classification for liquid
crystal phases, one of which is the nematic phase characterized by loss of orientational
symmetry without loss of translational symmetry. In the nematic phase, it is energet-
ically favourable for the long axis of the molecules to align, thus breaking rotational
symmetry through the selection of a direction characterized by the vector w, called a
director. Due to the inversion symmetry of the molecules, there is no way to distin-
guish any sense of their orientation between u and —u, therefore the order parameter
must be a symmetric product of the vector w [203]. As discussed in [110], the minimal
and conventional choice describing a uniaxial nematic phase is the symmetric, traceless
tensor of the form

Q8 — (uauﬂ) _ ;yxﬂuvuv _ (4.1)

As alluded to in Chapter 1, ordered phases of magnetic materials can exhibit phases
characterized by an order parameter analogous to that of nematic liquid crystals, as
shown in Eq. (1.31), defined again here explicitly on the lattice in terms of the SU(2)
spin operators Sy

a 111/, N 1,
(@) = N<[2 (5287 +8755) = 56 ﬁs;s;b . (4.2)

In analogy with the nematic liquid crystal, such phases receive the name spin nematics.
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The most general definition of the order parameter here encompasses the possibility of
bond ordered nematics formed by triplet pairs of spin—% atoms [89-91], in addition to
the case of on-site spin-1 (or higher) atoms. The latter case will occupy the attention of
this Thesis, since spin-1 nematics are expected both in candidate magnetic insulators
e.g. [99, 100] and spinor condensates e.g. [107].

Analogous to the O(3) symmetry breaking of the high-temperature liquid phase
in the transition to the nematic liquid crystal phase, spin nematics break SU(2) sym-
metry while preserving time-reversal symmetry, leading to two independent Goldstone
Bosons. In addition, and also in analogy with liquid crystals, spin nematics are char-
acterized by a well-understood homotopy class and corresponding topological defects
which will be discussed later in this Chapter.

The on-site operator Q*’ arises as the symmetric and traceless component of a
general tensor operator [11, 78, 79, 82]

AP = glagh (4.3)

The A operator decomposes into three spherical tensors which transform under rotation
like objects of angular momentum [ = 0, [ = 1 and [ = 2 respectively. The first is the
scalar

p=St*s>, (4.4)

which measures the length of the spin degree of freedom. Next, the antisymmetric
components define the dipole moment

7 = b1 giagh (4.5)
Finally there is the symmetric and traceless rank-2 tensor operator
1 1
Q=3 (5287 + 575°) — FURCICER (4.6)

corresponding to the quadrupole moment. The symmetric and traceless conditions

Q7 = Q" (4.7a)
Tr(Q) =0, (4.7b)

mean that there are five independent quadrupole moments. These are conventionally
defined by [10]

(@ — QW)
13(2sz _ Q:mv _ ny)
Q= QY : (4.8)
Q¥
sz

&l
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whose components satisfy the relation

Y QY =2Q-Q. (4.9)

a,p

The operators Q*° are non-trivial for all irreducible representations of SU(2) with
s>1, (4.10)

and on-site spin-nematic phases can be thus supported in spin systems with, at least,
spin-1.

In summary, for spin-nematic phases characterized by a non-trivial expectation
value of the single-site quadrupole operators, Eq. (4.2), the following generically holds

(p) =s(s+1), (4.11a)
(S =0, (4.11Db)
(@) #0, (4.11c)

such that SU(2) symmetry is spontaneously broken while simultaneously preserving
time-reversal symmetry. The operator p is non-dynamical in the spin nematic phase,
such that there are no longitudinal oscillations of the spin degree of freedom.

In the next Section, we will see how to describe the dynamical modes of such phases,
and how in the low-energy limit, these modes are purely quadrupolar, corresponding
to spin-2 Goldstone Bosons. I will review the spin coherent state formalism required
to describe a Hilbert space in which quadrupolar degrees of freedom are non-trivial.
This will be necessary to build a low-energy field theory for a quantum spin nematic.

4.2 Representation of nematic order and nematic
Goldstone modes in spin-1 magnets

After having introduced the order parameter for spin nematics, I aim in this Section
to extract the corresponding description of tensor Goldstone Bosons, as they appear in
magnetic insulators and spinor condensates. To this end, I first describe conventional
representations for spin-1 magnets [10] and their excitations. Later in this Chapter, I
will show how the nature of these excitations are in one-to-one correspondence with
the tensor modes of linearized gravity, a key result in this Thesis.

The on-site rank-2 tensor operator describing spin nematic order is only non-
trivially defined for systems with spin-1 or greater. For the purpose of this Thesis,
I will focus on the case of spin-1 magnets and spinor condensates. In this case, the
Hilbert space is spanned by the magnetic basis states

ls=1,m=1)=]1) , (4.12)
ls=1,m=0)=10) , (4.13)
s=1,m=-1)= ‘1> : (4.14)
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(a) Magnetic state |1). (b) Nematic state |0). (¢) Magnetic state |i>

Figure 4.1: (a) The magnetic state with quantum number m = 1 can be represented by an O(3)
vector pointing along the positive z direction. (b) The spin probability surface of the |0) state is
characterized by absence of favoured dipolar orientation, and showcases inversion symmetry reflective
of the preserved time-reversal symmetry. This state is clearly quadrupolar. (c) The magnetic state
with quantum number m = —1 can be represented by an O(3) vector pointing along the negative z
direction. See e.g. [10] or Appendix E for descriptions of how to define these surfaces.

whose probability density surfaces are shown in Fig. 4.1.
For each of the three magnetic basis states, visualized in Fig. 4.1, we find the
following operator expectation values

(118 1) =6, (0|s*[0y=0,  (I|s*[T) = ¢ (4.15a)
(1] (8% 1) = (1] (8*)*[1) =0, (4.15b)
(0] (S)%10) = (0] (8¥)*|0) =0, (4.15¢)
(0] (8%)*|0) # 0 (4.15d)

This indicates that the magnetic states |1) and ’1> have dipolar character, and the

nematic state |0) has a quadrupolar character. For the description of spin nematics in
which the ground state has quadrupolar character, I will adopt a more suitable basis,
following e.g. [10]. This basis is the time reversal invariant basis, see Fig. 4.2, defined
as follows in terms of the magnetic basis !

) =——%—", |2 =-1l0), (4.17)

In time-reversal invariant basis, the representation of any state in the spin-1 Hilbert
space is described by a vector d, which takes the form

[d) =>_d*|a) , (4.18)

!The inverse basis mapping takes the form

) =l2)+ily) . [0 =ilz), [I)=—l2)+ily) . (4.16)
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Figure 4.2: The three time-reversal invariant states defined in Eq. 4.17, with orientations along
the respective coordinate axes. States in this basis are described by the complex vector d defined in
Eq. 4.18.

where the coefficients d* of the director d are generically complex-valued, and with
d| =1, (4.19)

In the time-reversal invariant basis it is explicitly clear that quadrupolar states are
purely real (or purely imaginary), while the dipolar states necessarily mix linear super-
positions of real and imaginary components. It is therefore convenient to decompose
the director in terms of its real and imaginary components

d=u+v, (4.20)

where the normalization of d remains fixed, and the norms of u and v are not inde-
pendent.

Since the dipolar components are finite when w and v are simultaneously finite, the
dipolar expectation value can also be expressed by the antisymmetric composition of
the director components

(S)=uxv, (4.21)

while the quadrupolar components take the form
1 1
apy _ ~ (qtagpb Bae) — Zse84Mq7
Q >_2<d d” + d"”d) 507'd"d
1
= (uo‘uﬂ + U%’B) - 55"‘5 (uu” +0v77) . (4.22)

Equipped with this description, we can return to assessing the expectation value
of the quadrupole operator within a spin nematic, in order to explicitly determine the
channels available to dynamical fluctuations. Explicitly in terms of the spin-1 director
components, the expectation value of the quadrupole operator in matrix representation
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is

2(u™)? +2(v")? — 2 uru¥ 4 vvY uru® 4 v®2v”
(Q*P) = 5 uu? + v*oY 2(u¥)? 4 2(v¥)? — 2 wu® + v¥v? . (4.23)
uu® + vv? uu® + v¥v? 2(u?)? +2(v7)* — 2

Assuming a quadrupolar ordered ground state, with purely real director d aligned
with one of the coordinate axes, e.g. the z-axis,

d = (0,0,u”) = (0,0,1) (4.24)

then the expectation value of the order parameter in the spin nematic ground state
takes a simpler form

-5 0 0
Q=10 —3 0 (4.25)
0 0 2

To leading order, we can semi-classically express the fluctuations away from the ground
state, cf.[11]

d= (¢ +ip" ¢' + i, 1 - O(¢*) — O(¥?)) (4.26)

for real fields ¢* and 1. The oscillations of the ¢ field correspond to real rotations, and
cost no energy at long wavelength. These are the two symmetry restoring Goldstone
modes for the spin nematic. On the other hand, the oscillations of the 1 field correspond
to imaginary transformations which deform a quadrupolar distribution into a dipolar
one, and only play a role at finite energies. Therefore in the low-energy limit, the
semi-classical fluctuations of the ground state take the form

) 0 0 ¢ ] 0 0 0
Q =100 0], Qv=|0 0 ¢|, (4.27)
¢ 0 0 0 ¢¥ 0

and as symmetric tensors, correspond to quadrupolar part of the general tensor Eq. (4.3).
Using the transformation described in Eq. (2.135), these tensors transform as

Rz[e]sz _ ei?Hsz ’ (428)
R.[0]QY* = €*'Qv* (4.29)

where R,[f] is the matrix encoding a rotation about the z-axis, defined previously in
Eq. 2.138. These excitations thus respectively correspond to two independent spin-2
Goldstone Bosons. Fluctuations of the diagonal elements would correspond to lon-
gitudinal spin oscillations, which on physical grounds are disallowed. The remaining
off-diagonal elements contribute to the oscillations only to quadratic order in the fluc-
tuation amplitude ¢®.

We can thus conclude that spin nematics harbour spin-2 Goldstone Bosons. It re-
mains to be shown how these oscillations are harmonic in nature, akin to the spin-2
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field excitations of linearized gravity, and that they are in clear one-to-one correspon-
dence with gravitational waves. In the next Section, I will introduce the reader to
spin-coherent states for spin-1, as will be later used for the development of an effective
low-energy field theory for the spin nematic.

4.3 The s =1 spin coherent states

Recall that in Section 3.3.2 we saw how to construct coherent states for spin—%. Follow-
ing treatments in e.g. [5, 10] we will now learn why this representation is insufficient
for spin greater than %, and equip ourselves with the equivalent notion of spin coherent
states for the spin-1 case. This will be used later in this Chapter in order to later
construct a low-energy field theory for a spin nematic phase.

It is reasonable to assume that the magnetic basis states are at least partly con-
nected by the generators of SU(2). The internal spin state of a massive particle arises
from the part of the Lorentz group that does not affect the four-momentum. That cor-
responds to O(3), or its isomorphism SU(2). In the case of spin-1, the SU(2) generators
are given by

L (010 10
s*=—|10 1|, sv=|i 0 —i|, S =00
010 0 0

NG - (4.30)

—1

This is also a representation of Wigner’s Little group for massive particles, and these
generators internally transform spin states within their respective Hilbert space [204].
However, it turns out that these generators are insufficient to span the landscape of
all possible internal states. To see why this is so, consider the arbitrary superposition
expressed in terms of the magnetic basis of states

Q) = a 1)+ B10) +7]T) , (4.31)

where «, 3, are arbitrary complex coefficients. There are in total six real degrees of
freedom associated to these coefficients, though two are not independent. This is due,
firstly, to the normalization constraint, and secondly, to the gauge freedom associated
to the global phase of the wavefunction. Therefore, to describe an arbitrary spin-1
state we must be able to transform the following number of degrees of freedom

6-2=4. (4.32)

If we next examine the states spanned by the generators of SU(2) acting on the magnetic
basis states

¢iSaA 1) = o 1) + e2Miti%2) |0) 4 ’I> : (4.33a)
¢S |0y = e3Ca=%2) |1y 1 |0y 4 eFu+iN) j> : (4.33b)
RENS T> = 1) + o3 (A—ida) 10) + et I> 7 (4.33¢)
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it is clear that SU(2) transformations cannot map each basis state onto any other
arbitrary basis state. Therefore, we cannot obtain a general expression for |Q2) by
SU(2) transformation. The best we could do is to reach a subsection of the Hilbert
space spanned by

(1 + cosf)
2

sin 6 (14 cosb)
0) + 2%
¢§|> 2

Pragmatically we can see why this is the case: there are only three degrees of freedom
A associated to the SU(2) transformations, and as we have seen before in Section
3.3.2, one of these corresponds to a trivial redefinition of phase. However, to describe
an arbitrary normalized spin-1 coherent state, we need four degrees of freedom at
minimum. This means that there are generators missing from our attempt to describe
the spin-coherent states.

Recall that for the spin—% case, the Hilbert space has only two independent degrees
of freedom. In that case the Hilbert space is coincidentally spanned by the Little group.
However, for spins greater than %, there are more internal degrees of freedom than can
be described by the SU(2) generators alone.

We can reconcile this in the spin-1 case by observing that there is a quadrupole
sector in the Hilbert space. We can see from Eq. (4.33b) that for a state with angular
momentum quantum number

Q) = e 1) + e~

1) (4.34)

m=0, (4.35)

there is no net dipole. The corresponding eigenstate of S, cannot be rotated into a
purely dipolar state. Conversely, by considering e.g. Eq. (4.33a) we see that neither
of the dipolar states can be rotated exclusively onto the |0) state. As observed in the
previous Section, it is clear that real rotations remain within the respective spaces of
dipole and quadrupole, while imaginary rotations mix the states between these two
sectors of the Hilbert space. It is further worth noting that the symmetries of the
Hilbert space are not necessarily in correspondence with the symmetries of the action.
In the spin nematic, the Goldstone modes arise from the broken SU(2) symmetry
present in the action, corresponding to the real rotations that map quadrupoles to
quadrupoles. For a time-reversal preserving state, there will be a purely real or purely
imaginary director. Thus there are two broken generators, and these correspond to the
two Goldstone modes. However, at higher energies the imaginary rotations allowed by
the symmetry generators of the Hilbert space become available.

With these properties in mind, the off-diagonal generators of SU(3) form a natural
representation for transformations between states in the Hilbert space [5, 6]. This
can be generalized to U(3) generators where required, and will be discussed briefly in
Chapter 5 [11, 82].

A complete representation of SU(3) is given by the Gell-Mann matrices

0 —i 0 00 —i 00 0
AM=[i 0 0 A=[00 0 As=[0 0 —i (4.36a)
00 0 i 00 0 i 0
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0 —1 0 00 —1 00 0
M=|1 0 0 A=[0 0 0 A= [0 0 —1 (4.36b)
0 0 0 10 0 01
1 0 0 L (10
Ar=1]0 -1 0 d=—[0 1 0 (4.36¢)
0 0 0 V3lo 0 —2

where \i, A9, \3 are spatial rotation generators and A4, A5, Ag are the generators of com-
plex rotations and the diagonal generators A7, Ag do not physically alter the states. Let
us now use the SU(3) rotation generators to specify the coherent state representation
for an arbitrary spin-1 state. Recall we can decompose the director into real and
imaginary parts as follows

|d) = |u) +i|v) = |u,v) . (4.37)
The general spin coherent state for spin-1 can then be expressed as

lu,v) = > Ulj) , (4.38)

JET,Y,2

with unitary operator U defined as
U = ¢ Loy Ambm (4.39)

where ¢,,, are the respective angles through which the state |j) is rotated by the cor-
responding generators of SU(3).
For these spin coherent states, the resolution of identity takes the form

1= [ duld)ja) (a) (4.40a)
= 2L [ i s v 1) ) fu, o] (4.40b)

where the area of the spheres spanned by the fields u and v is
1
Qrpz = 547r . (4.41)

In conclusion, we have now seen why more general SU(N) representations are needed
to capture the Hilbert space of N-level spin systems, and have seen explicitly the spin
coherent state basis for the spin-1 case. Next we will examine a microscopic spin-1
model and use the spin coherent state basis to rederive the non-linear sigma model for
a ferroquadrupolar spin nematic.
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4.4 Quantum non-linear sigma model for a spin-1
nematic

In this Section, I showcase how the low-energy physics of a ferroquadrupolar spin-
nematic exhibits a Gaussian action, which I here establish to be in correspondence
with that of linearized gravity. Until this point, all the framework developed has been
model independent. In order to provide a more concrete derivation of the analogue
to linearized gravity, and to place it on microscopic grounds, in this Section I first
review the Bilinear-Biquadratic model, and its ferroquadrupolar phase—which is a spin
nematic phase as thus far presented. I then rederive that its low-energy field theory
is a non-linear sigma model, as first shown by Ivanov and Kolezhuk [93], inspired by
treatments in [5, 170, 171, 205].

4.4.1 The minimal spin-1 model: the Bilinear Biquadratic
model

The Bilinear-Biquadratic model is the simplest exchange model which describes both
dipolar and quadrupolar degrees of freedom, as present in magnetic systems whose
atoms possess a spin-1 moment. In terms of dipolar spin operators, its Hamiltonian
takes the following form

HBBQ :ZJ1515]+ZJ2(SZS])2 . (442)
(i) (i5)

This model is generally SU(2) symmetric [11], except at the high symmetry point
defined at

Jl == JQ N (443)

where the model becomes SU(3) symmetric [206, 207]. In terms of the quadrupole
operators

4
QQ5" = 4(S:8,)* + 288, — 52 (s +1)° (4.44)

the quadrupole contribution in the Hamiltonian can be explicitly expressed

J J. « a 2
Hypg =Y (h—3)Si- 8+ 3 FQ7 - Q5 = hozsi(s + 1)°. (4.45)

(i5) (i) 3

Examination of Eq. (4.45) reveals that where the bilinear exchange term in @ is
dominant, it is energetically favourable for the quadrupolar degrees of freedom to order.
Therefore, a spin nematic phase characterized by ferroquadrupolar order is dominant
in this model where negative J, interactions are much larger than the J; interactions
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e.g.[10]. Specifically on the triangular lattice, the ferroquadrupolar phase spans [4, 95]

Joy <0 J1 < Jy —\éﬁ<¢]1<5ir. (446)

This expectation has been confirmed through both mean field calculations and nu-

merical studies on different lattices [4, 6, 95, 208], see e.g. Fig. 1.2a. Ferroquadrupolar

alignment is expected in the region of the phase diagram where negative J, interactions
dominate extending until the enhanced symmetry boundary.

We next use this model to construct a field theory valid for the ferroquadrupolar

phase.

4.4.2 Effective low-energy field theory of the ferroquadrupolar
spin nematic

In this Section, using the spin-coherent states and the bilinear-biquadratic model, as
outlined in [93, 171, 205], we will arrive at a spin-2 field theory for the nematic ground
state.
As we have seen in Chapter 3, the Hamiltonian of a finite temperature quantum
system is related to the partition function through the path integral representation
Z =Tr(e ™) = lim Tr[T(e*"H)N] | (4.47)

N—oo
oT—0

where 7' is the time ordering operator. The partition function is also in turn connected
to the Euclidean action
Z = lim / Dld] eS¢l | (4.48)

From Eq. (4.47), the partition function can be expressed using the spin-coherent
states

N

)N;WmudT(/dﬂ[d] |, v) <U,v’€57H> U, Ue) ,  (4.49)

o

= lim ]_:[ l/ du[dt}e_67<<A>+<H>)] , (4.50)

N
— J&im /d,u[dt]e_ZtléT((mHm) ; (4.51)

where the geometrical Berry-phase term takes the form

(A) = (;_((utvvt|utavt> — (g, V¢|Ut1, Ve41)) (4.52a)
= i ((ut - ivt)(ut + Z"Ut) - (ut - ivt)(ut+1 + ivt+1)) , (4.52b)

0T
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1 . .
=5 (we(wrsr — we) + V:(Ve1 — V) — O (Uer1 — Wp) + iU (Vi1 — V1))
(4.52¢)
which after evaluating the limit 7 — 0 becomes
A~ — (uo,u + v, v +iud,v — v, u) . (4.53)

The Hamiltonian term can be most clearly derived by expressing the Bilinear-
Biquadratic model in terms of the expectation value of the director [5]

(Hppo) th(mﬂjjh J)|d; - dy2 4 Ty (4.54)

In the low-energy limit, we can approximate the on-site degrees of freedom by contin-
uous fields

d; ~d(r,7) . (4.55)

The fields at each of the nearest-neighbour sites can be described to first order in terms
of the Taylor series expansion

di ~d(r + a;j,7)
~d(r, 1)+ al0,d(r,7) + O(02d) (4.56)

where «; is the vector connecting each site to the j™-neighbour, with Cartesian com-
ponents denoted by m. Note that we can always decompose the contributions in the
Taylor expansion for any lattice geometry into the derivatives along the Cartesian
directions m with " representing the appropriate numerical prefactors?.

20n the triangular lattice, there are six nearest neighbour positions defined by

2 2
r+oa;=r+ (cos(gj),sin(gj),O) , (4.57)

for j taking integer values from 1 to 6, where

rtar=7r—0oy, (4.58a)
r+or=r—os, (4.58b)
r+as=r—aqg. (4.58c¢)
and where
lajl=a, (4.59)

with lattice spacing a. Then, for the triangular lattice

d(r +aq,7) ~d(r,7) + add(r,7) + 0(02,d) , (4.60a)
d(r + as,7) ~d(r,7) + %&Ed(r, )+ @ayd(r, )+ 032d), (4.60b)
V3a

d(r + az,7) ~ d(r,7) — %&Dd(m ™)+ 50,d(r,7) + 0(32,d) (4.60c)
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We can then express the interaction terms

did; = d(r,7)d(r + ey, 7)
d(r,7) (d(r,7) + o' Ond(r,7) + O(924)) , (4.61a)

did; = d(r,7)d(r + &}, 7)
~ d(r,7) (d(r,7) + ] Opd(r, 7) + O(0%d)) . (4.61D)

Simplifying the notation by representing the fields d(r, 7) instead as d, leads to the
following formulation of the continuum expectation value of the Hamiltonian

d
(Hppa) /d ile dd + 070, d| + (fo— J)|dd +ar'do,d], (462)

where z is the coordination number of the lattice, specifying the number of nearest
neighbours.

Working explicitly in terms of the component fields u and v, we can explicitly choose
coordinates such that the ferroquadrupolar ground state is described by the purely real
field w, as is convention [93]. This allows the following simplifying assumptions to apply

u? > v? (4.63)
such that the terms
VO, (éknv)2 ~0. (4.64)

One can also make the conventional choice [5, 6]

u-v=0, (4.65a)
— O (u-v)=0, (4.65b)
= ud,v = —vo;u . (4.65¢)

which fixes the global phase degree of freedom of the state d, and allows further sim-
plification using Eq. (4.65¢). Neglecting terms O(v?), the interaction terms become
respectively

H' =, ‘(u + i) (u — ) + o' (u + )0 (u — iv)‘2 (4.66a)
=J; (1 + o (u0nu + 2ivd,u) + (a}”u@mu)Q + 2ia§”u8mua?vanu) , (4.66D)

and
HJJ2—J1 =( ‘(u—i—zv (u +iv) +a§”(u+z’v)8m(u+z’v)‘2 (4.67a)

(1 — 4u*v? + o (u0pu + 2iv0,u) (W + 2iuv — v?)
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+ (aud,u)® + Qia?uamua?vanu> : (4.67b)

Substituting back into the Hamiltonian term of the action, the terms linear in
cancel when summed over j, leaving the sufficiently general result

z

Sy = /de:vd [QZ(Jl — L)uPv® + J, Z(a?‘@mu)ﬂ . (4.68)

J=1

We now return to the Berry phase term, noticing that

wW+v'=1 = udu+vo,v=0,0,(u-v)=0 = ud,v=-vou, (4.69)

(4.69b)
such that,
(A) = —2iud,v = 2ivo,u . (4.70)
Then, the full Euclidean action then takes the form
Sp = / drdz? [22(]1 — L)utv® — 2iud-v + o Y (' Onu)?| (4.71)
j=1

The Euler-Lagrange equations allow us to identify that one field is constrained in terms
of the other. In this case

—i0;u

v 22(]1 — JQ)’U,2

=ix, 0u, (4.72)

where I have defined the susceptibility

1

X1 = 55— ) (4.73)

This means we can interpret v as the fluctuating field, and ultimately the dynamics
of the dominant field will depend exclusively on the configuration of the purely real
u field. This implies that in the small fluctuation limit the surviving components
of the fluctuations will be almost exclusively quadrupolar. At higher energies, where
fluctuations deviate more greatly from the ground state, the mutual dependence of the
real and imaginary fields w4 and v leads to the mixing of the modes into the dipole
channel. We will see this exemplified in dynamical simulation in the next Chapter.
In addition, we can identify a stiffness associated to the order

z

2

p=—Ja) (a])%, (4.74)

i=1

with the minus sign introduced on physical grounds that the stiffness be a positive
quantity.
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Transforming back to real time, finally, the ferroquadrupolar action in the low-
energy limit has the form

Srg = /dtda;d [X((‘?tu)z — p(Onu)?| (4.75)

which is again a non-linear sigma model defined in terms of the real part of a director,
u, whose excitations are the quadrupolar spin-2 field excitations given in Eq. (4.27).
To make explicit the quadrupolar nature of the action and its excitations, consider the
field

QY = Qs+ Q. (4.76)

Choosing coordinates such that ground state is oriented along the z—axis, and the
excitations are as described in Eq. (4.27), we find that the scalar contraction

9,QT Q" = 9,Q1*P Q" | (4.77a)
= 20,(6" — W) (9" + ") + 20,(¢ — W)DM(¢" + "), (4.TTh)
=2(0u(¢)* + 9u(v)?) (4.77c)

reduces to the Lagrangian for the dynamical part of the director. From this, it is clear
that the action can be expressed as

SFQ = —; / dtd’/’d [ — XJ_(atQaﬁatQaﬁ) + ps(amQaﬁamQaﬁ) ) (478)

by defining

Qas = Q7. (4.79)

This form of the action parallels the linearized gravity action 2.111, and gives rise to a
wave equation

;atatq}aﬁ — 0,0"Q** =0, (4.80)

with wave speed 3

v =1/ps/XL, (4.82)

3For the triangular lattice, we can evaluate explicitly

v= \l 22(J1 = J2)(=J2) Z(a}n)?

Jj=1

= 2V3V3Jha=6Jsa. (4.81)
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and relativistic dispersion
w(k) =v|k| . (4.83)

The solutions to the equations of motion are harmonic spin-2 waves

*

QF(x,t) = ¥ /d3k !

2, ) [egﬁal(k)eikpxp n (625)

a, (k)e*o"] (4.84)

that in the next Section I will prove to be in one-to-one correspondence with gravita-
tional waves.

In conclusion, the ferroquadrupolar phase exhibits two tensorial Goldstone modes
which in the low-energy limit remain purely quadrupolar, and are described by a non-
linear sigma model reminiscent of the linearized gravity action.

4.5 What starts with action ends with action: a
dictionary for spin-2 excitations

We have shown explicitly that the microscopic Bilinear-Biquadratic model is equivalent
in the low-energy limit to a spin-2 field theory, whose fluctuations share the same
Gaussian form as captured by the field theory for linearized gravity. Next I will expand
concretely on how to map these respective fluctuations onto one another, and will
present a deeper interpretation of the nature of the fluctuations.

4.5.1 Mapping linearized gravity gauge constraints onto the
physical constraints of ferroquadrupolar order
We have seen that the low-energy field theory for the ferroquadrupolar phase takes

a form reminiscent of the action for linearized gravity Eq. (2.111) after applying the
gauge conditions

h, = 0, [traceless] (4.85a)
hop, = 0, [no scalar or vector components| (4.85b)
O"hypm = 0, [no longitudinal dynamics] . (4.85c¢)

Promoting the tensor description of @ to a 4 x4 representation for closer comparison
to the structure of gravitational waves, we can re-express the ground state and the
fluctuating modes respectively as

Q" = Qs + Q™ (4.86)
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such that the action can be expressed

Srq = —; /dtddﬁl —x1(0"Q" 0, Q)
(4.87)
+ ps(anquanQW)

Note that the background metric in linearized gravity (nor full general relativity) is not
traceless, no matter whether we consider Minkowski or Euclidean backgrounds. As in
the case of the antiferromagnet analogue, it is best not to confuse the symmetry break-
ing ground state with the spacetime background that controls the coupling between
terms in the action.

In this representation, the dynamical modes of the spin nematic are subject at
minimum to the following physical constraints which in part mimic the conditions of
Eq. (2.105).

Q‘lj =0, [traceless], (4.88a)
0

Qo, = 0, [no scalar or vector components], (4.88b)

The freedom to choose the orientation of the ground state means there is not automat-
ically a parallel constraint to Eq. (2.105¢).

For a system with order captured by a director pointing along the z-axis, the
polarization tensors for the corresponding excitations [5, 11] can be described to leading
order by the promoted objects

0000 0000
1{o0 01 1{o 000
A1 22 _
‘w=51lo0 000l “wT3l00 01 (4.89)
0100 0010

The general condition that describes this structure of the degrees of freedom for
the ferroquadrupolar phase is

dodsQ*? =0, (4.90)

which is explicitly analogous to Eq. (2.105¢)?, assuming that the director d and the
wavevector k are parallel.

This therefore motivates the need to develop a unitary basis transformation such
that we can identify a full dictionary between the excitations of the ferroquadrupolar
phase in spin space and deformations of real space effected by a gravitational wave.

To connect these representations, we can define a transformation from real-space

4Note however that this condition does contain matrices Q7 that satisfy the condition analogous
to

deQ=0. (4.91)
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to spin-space and back using a subset of the generators of SU(4), namely, those which
correspond to the real-valued generators of SU(3) up to a zero padded row and column

0000 00 0 0
0010 2 |01 0 0
M=lo 100l M Tloo -1 ol (4.92a)
0000 00 0 0
0000 000 0
0000 e |00 0 0
AG_0001’ A3_001 0| (4.92b)
0010 000 —1
0000 000 0
000 1 .~ 010 0
M=o 000l MTlooo o (4.92¢)
0100 000 —1

whose action on any € or € modifies only the spatial components of the polarization
tensor, and corresponds to rotation of quadrupole moments without mixing in any spin
dipole moments.

I here define a protocol to identify the excitation tensor for arbitrarily oriented ferro-
quadrupolar order with the structure of the tensor for a gravitational wave propagating
along an arbitrary direction. This protocol can be divided into three steps.

1. The director d is mapped onto the z—axis by rotating the polarization tensor
through an angle — arccos(d - 2) around the orthogonal vector vq

dx z

— = —d-%. 4.
R cos 0 z (4.93)

Vg =

2. Then apply an SU(4) transformation that maps the spin-space excitations to the
form of real-space excitations.

3. The 2 aligned excitation now represents a gravitational wave propagating along
the z—axis. To describe an arbitrary direction of propagation, the excitation
tensor is rotated through an angle arccos(k - 2) around the orthogonal vector vy,

kxz .

'Uk:m, COSQb:k'.%, (494)

This transformation can also be carried out in reverse to find the appropriate descrip-
tion for arbitrarily oriented ferroquadrupolar order from the structure of the tensor for
a gravitational wave. I then combine these three steps into the general transformations
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of the form [7]

QO = Rlva, 0%, Rlva, 0], [R[vk,mmvk,w

, (4.95)
oy {/\1 ® Ay + Azgy ® /\G}p aﬁ]
huu = R[’Uk, gb]auR[’Uk, gb]yﬁ th}d, Q]WpR[’Uda e]o—lki
| (4.96)
po
Q'ym {)\4 X )\1 + >\6 ® )\3xy} aﬁ‘|
where R[m, 0] is a padded SO(3) rotation matrix
R[m, 0] =
0 0 0 0
(0 Cos[0] + (1 — Cos[0])m? (1 — Cos[f])mimsa — Sin[0]ms  Sin[f]ma + (1 — Cos[f])mims )
0 (1 - Cos[f])mimz + Sin[f]ms Cos[d] + (1 — Cos[f])m2 —Sin[f]m1 + (1 — Cos[f])mams
0 —Sin[0]ms2 + (1 — Cos[f])mims  Sin[f]m1 + (1 — Cos[0])mams Cos[f] + (1 — Cos[6])m?2
(4.97)

The action of this operator is to rotate a state oriented along the direction of a vector
m to a final state oriented along direction Z as described in the former protocol.

There is one additional point worth significant remark, namely, that the spin ne-
matic excitations exist in a three-dimensional Hilbert space (trivially promoted here
to three dimensions plus one null dimension for ease of representation) independent of
the physical dimension of the system. This means that such analogue waves also exist
in low-dimensional spin nematic phases. Recall however that for gravitational waves,
three dimensions of space and one of time are minimally required to support their
existence. However, the analogue in spin nematics allows us to explore analogue grav-
itational waves in systems of arbitrary dimension, a point which I will use to motivate
attractive charges for this analogue in Section 4.5.3, and an approach to experimental
observation in Chapter 5.

In conclusion, the action describing excitations about a ferroquadrupolar ground
state is in direct correspondence with that of linearized gravity. The quadrupolar
Goldstone modes are in one-to-one correspondence with gravitational waves in flat
spacetime: we can always identify a mapping that transcribes the excitations of a
ferroquadrupolar spin nematic onto those of a gravitational wave in flat spacetime and
viceversa.

4.5.2 Quadrupolar nature of excitations in linearized gravity
and spin nematics

Having so far seen the connection between the Goldstone modes of spin nematics and
gravitational waves, I now turn to a deeper investigation of the nature of the excitations
themselves, and showcase the relationship between the nature of fluctuations in the
Hilbert space to those of spacetime.

In order to visualize the effect of a gravitational wave, and show that it has an
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analogous notion in the spin nematic wave, I will first derive the form for a surface of
constant induced strain and then show the analogous quantity in a spin nematic.
Consider the following measure of distance between spacetime events

ds? " (z — 2')? (4.98a)
= gu(x — ") (2 —2')", (4.98b)

which is invariant under transformations of the Poincaré group
ot — 7t = A +ad! (4.99)

and general coordinate transformations Eq. (2.88a-2.88b). Now if the metric is per-
turbed by h,, separable from the background due to shorter time and length scales
involved, then this becomes

ds® = (G + hyu ) (@ — &) (x — 2")" (4.100a)
= gu(x — ") (@ — ') + hy (x — 2" (x — 2')” (4.100b)
—ds2+ds | (4.100¢)
where
ds" < (z —2')?, (4.101a)
= hy(x — 2" (x —2)", (4.101b)

defines an appropriate contraction over indices to give a scalar measure of distance.
Consider then the quantity

=2
ds ~ hp(r =2 ) (x —a')”

(=@ —a),  (z—a)(z—2),

(4.102)

If we now define the strain induced by a gravitational wave on the distance separating
two spacetime events.

ds

we see that we can identify surfaces of constant induced strain, which can be represented

by

hyw(x — 2" (x — ')\ L
= 4 (H 2 4.104
S S e A 00
with corresponding surfaces of constant strain squared
hmn t? T
V(t,z) (t @)z™a" (4.105)
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Figure 4.3: Equipotential surfaces demonstrating the equivalent quadrupolar breathing behaviour
of the modes of both gravity [cf. Eq. 4.105] and the spin nematic [cf. Eq. (4.107)]. Figure reproduced
from [7] with permission.

where for comparison with the spin nematic, the time and space components of four-
vectors have been explicitly separated. This quantity is visualized in Fig. 4.3 which we
can call a surface of equal field strength, and provides a scalar representation of the
quadrupolar nature of the gravitational wave.

Next I show how we can identify a parallel quantity in the spin nematic. Consider
the expectation value

5y 4] Qusl)
wg) = ) 4.106
Qi) = 1ot (1.106)
This defines surfaces of equal probability to measure a given superposition of the
quadrupole components.
We can also examine the wavefunction amplitude, defined as an analogous equipo-
tential surface to Eq. (4.105)

SQOn(t, x)S"

V(S (t,x)) = 1S|2 )

(4.107)

which is functionally identical to the equal strain surface for the gravitational wave
visualized in Fig. 4.3, and insensitive to which basis we are in. Both of these quantities
showcase the characteristic oscillation of quadrupolar degrees of freedom, and we can
conclude that independent of any basis choice, the underlying nature of such modes is
the same.

4.5.3 Homotopy and defects of the spin nematic phase

Here I will briefly review the order parameter space of the spin nematic, and corre-
sponding topological windings present in two dimensions, with an eye to identification
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of charges which behave like mass.

The Lagrangians of the nematic phases discussed in this Chapter share SU(2) as
their full symmetry group. The nature of symmetry breaking order preserved inversion
symmetry is characterized by the infinite dihedral group, and this in turn defines the
order parameter manifold as [209, 210]

SU(2)/Ds = RP? (4.108)

The order parameter space of the nematic liquid crystal and ferroquadrupolar spin
nematic therefore correspond to the topological space RP?, see Fig. 4.4a.

The order parameter manifold provides us clear predictions about the defects that
can arise. The m; defects in two dimensions—corresponding to point defects—for RP?
are Z? defects, namely, they are their own antidefect, and so their topological charge
does not carry any signature. In fact, all such defects are topologically equivalent, since
any non-trivial loop on RP? can be continuously deformed into any other.

Recall another key property of spin-2 field theories, namely, that they mediate
attractive interactions. As in the case of the XY analogue, the spin nematic state
provides us here with visual confirmation of this fact. Observe in Fig. 4.4c how nearby
domains of directors can reach maximal alignment if the defects are free to approach
one another and annihilate. This provides a visual confirmation of the fact that a
spin-2 field theory mediates attractive interactions between sources of the field, as in
the case of gravity.

4.6 Spin nematics in experiment

Quantum spin nematic candidates have been long investigated, in both the context
of magnetic insulators and spinor condensates. Here I briefly review progress in both
areas, with a view to identify analogue gravitational waves proposed here in experiment.

4.6.1 Spin nematics in magnetic insulators

In the context of magnetic insulators, the possible existence of quadrupolar order in
spin-1 magnets was suggested in 1969 [87]. For spin-1, well known candidate spin-
nematic materials are FeGayS, and NiGasS,, which have an effective triangular lattice
structure of Fe or Ni atoms with effective spin-1. These materials have motivated
extensive investigation to explore the possibility of their spin nematic character [95, 99—
101, 211, 212]. However, quadrupolar order is directly hidden from most solid state
probes, a challenge that has motivated the ongoing search for detectable signatures
that could serve as a smoking gun signatures of nematic order, not exclusive to the
triangular lattice materials [5, 213-216).

In addition to work on spin-1 candidate materials, focus has also been shared by
spin—% candidate materials. In Spin—% materials, the possibility of nematic order was
first discussed to arise from the collective interactions between pairs of spin—% degrees
of freedom in the triplet state on bonds [89-91]. Indirect evidence suggests that such

bond spin-nematic phases can appear in materials such as the frustrated spin-chain
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Figure 4.4: The manifold RP?, the order parameter space of both the nematic liquid crystal and
the ferroquadrupolar liquid crystal, its symmetry restoring excitations, and topological defects in
order parameter space and real-space. All antipodal points on the boundary of the hemisphere are
identified. (a) For a ground state ordered along the z-direction, the two transverse Goldstone modes
are indicated by the blue arrows, denotes @, and @, respectively. (b) The 71 point defects on this
manifold correspond to topologically non-trivial loops such as shown in the blue dashed line, where the
red antipodal points are identified. Such loops are not oriented, as loops of two distinct orientations
can always be smoothly deformed into one another on this manifold, leading to the Z2 nature of the
defects. (c) Topological point defects of a spin nematic on a two dimensional lattice as observed in
the two-dimensional projection of the director field, obtained by Monte Carlo simulation.
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compound LiCuVO, [217], Volborthite [215], and other candidate materials such as
solid ®He films [218] are also suspected to realize bond spin-nematics. It is worth
note that experimental work on these materials has been carried out in-field, and the
applied magnetic field reduces the available Goldstone modes from two to one, not
ideal for work with the analogue gravitational waves here proposed. Bond-nematic
antiferroquadrupolar order has also been discussed in theoretical works [219, 220], and
is also described at low-energies by a non-linear sigma model with linearly dispersing
Goldstone Bosons.

In conclusion, as for the spin-1 materials, definitive experimental evidence has yet
to be provided. For this reason, even though the candidate materials described here
present the correct number of low-temperature Goldstone modes at zero-field, and could
in principle realize analogue gravitational waves, the lack of methods to conclusively
detect these in solid state experiments currently prevent use of magnetic insulators for
their realization.

4.6.2 Spin nematics in spinor condensates

In contrast to the ongoing investigation within the solid state community, the exper-
imental existence of spin nematic phases have been clearly established in spinor con-
densates. Within cold atoms, the investigation of quantum spin nematics spans several
decades [102, 221, 222], with the last decade uncovering the successful detection of
spin nematic phases described by the order parameter Eq. (4.23) in condensates of
23Na [107, 223, 224]. Additionally, spin-1 alkali condensates are known to be described
in the tight binding limit by the Bilinear-Biquadratic model Eq. (1.19) [104], with ?*Na
atoms presenting the appropriate scattering parameters to exhibit a ferroquadrupolar
nematic ground state.

The characterization of spin nematic order is also, at present, more directly acces-
sible in cold atoms than in magnetic insulators due to the existence of a variety of
probes that are free of the technical difficulties associated with magnetic insulators.

Firstly, in spinor condensates the characterization of the relative populations of
the condensate in each of the states |1), |0) and ’T> can be directly measured, and
nematic phases populating the |0) state alone can be distinguished, using for example
Stern-Gerlach measurement after releasing the gas from the trap [103, 121, 223].

Additionally, for phases in which the spin populations are mixtures of the three
levels, it has been shown that the relevant population composition can be deciphered
from statistical treatment of the phase information following spin rotation operations
applied to multiple realizations of the system [107].

In addition, it has also been shown that information from the quadrupolar channel
can be extracted from the interaction between light and the atomic gas [225]. The
optical properties of the atomic gas can be characterized in terms of the internal spin
structure of the atom

Amn, = CO<p>5mn - Z-Cl‘Emnl<Sl> + 02<an> ) (4109)

where «,,, is the electric polarizability tensor, with monopole, dipole and quadrupole
distributions p, S and @),,,, and corresponding coefficients ¢;. The vector and tensor
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properties contribute to the optical birefringence. In terms of passing electromagnetic
wave, which is transverse in nature, the transverse polarizability can be measured from
the phase imprinted on the electric field by passage through a slice of thickness dz [121]

Eout(z,y, 2 +dz) = eik[H%o‘L]dzEm(a:, Y, 2) . (4.110)

where k is the frequency of the light used, and o, are the components of the polariz-
ability tensor defined by equation Eq. (4.109) which are orthogonal to the the direction
of the light (in this case the z-direction). Assuming a thin gas cloud, such as for a
quasi-two-dimensional system, the phase imprinted on the transverse wave takes the
form [121]

(ZL‘, y) ~ e[l‘%(COP(x:yH%Q(sz(x»y)Jrny(x:y)))]

[ ik <622 (sz(l‘,y> - ny(‘ray)) iclSZ<x’y) + 02Q$y<$’y) )] El

L CiaSe(,y) + 02Quy(5,1) —2 (Qual,y) — Q) )| Fim

EJ_

out

(4.111)

such that quadrupolar information in the transverse plane is in principle extractable
from direct imaging of the sample with light.

Independently, the direct measurement of the expectation values of dipole and
quadrupole operators has also been carried out [109]. This technique consists in using
microwave pulses to selectively couple states from distinct hyperfine manifolds, specif-
ically from the F' = 1 manifold to the F' = 2 manifold. Since there are more states
in the larger hyperfine manifold, non-commuting observables can be encoded in a re-
coverable way, such that dipole and quadrupole components can be obtained from the
populations of each state in the two respective manifolds e.g.

S¥=mng 2 —ng 2, (4.112)
QY =ni 41— N1, (4.113)

where np,, represents the population of each species in the F' manifold with magnetic
quantum number m.

All of these independent strategies for measuring nematic order and its quadrupolar
components suggests that the cold atom toolbox is well-suited for the simulation of ana-
logue gravitational waves discussed here. We will return to the prospect of simulating
analogue gravitational waves in cold atoms in Chapter 5.

4.7 Chapter summary

This Chapter has treated spin nematics and their particular realization in spin-1 mag-
nets. We have seen that spin nematics are described in the low-energy limit by a
non-linear sigma model, whose action is in direct correspondence with the action for
linearized gravity. Building on this, I have presented a novel analogue between the
Goldstone modes of ferroquadrupolar spin nematics and gravitational waves—both
of which are massless, quadrupolar waves described by symmetric, traceless tensors—
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which holds independent of the spatial dimension of the realization of the spin nematic.
This is the case since the Hilbert space of the nematic waves is automatically three
dimensional in our Universe, independent of the dimension of the system. With this in
mind, I have then hinted at the existence of attractive defects that mimic the behaviour
of gravitating bodies in two-dimensional spin nematics. I have also reviewed current
state of spin nematics in experiment, with a view to realizing the analogue presented
here in spinor condensates. I will discuss these last two points in more depth in the
next Chapter.



Chapter 5

Numerical investigation of
gravitational wave analogues

“The more one fails, the greater the chance that it works.” - Les Shadoks

The analytic results developed in Chapter 4 identify a connection between the
Goldstone modes of spin nematics and gravitational waves in linearized gravity.

In this Chapter, I expand on this connection by carrying out numerical simulation
leading to the identification of gravitating vortices in a two-dimensional ferroquadrupo-
lar spin nematic which shed analogue gravitational waves during their attractive in-
spiral towards annihilation [7].

I first provide a brief overview of the semiclassical simulation methods I have used
to produce the results in this Thesis. I first review Markov-chain Monte Carlo methods
for the generation of thermodynamic properties and other data at thermal equilibrium,
such as spin-spin correlations. I then review the Molecular dynamics scheme applied to
spin systems. These simulations in combination are then used to produce the keystone
results of this Thesis, corroborating the existence of gravitational wave analogues in
spin nematics. Building on this, I finally outline an experimental protocol for this
analogue in cold atoms.

5.1 Classical Monte Carlo methods

Monte Carlo methods refer to a huge class of numerical methods of continued relevance
within physics and beyond [226]. Named for the famed casino in Monaco, within
the context of statistical physics, these methods refer to simulation techniques from
which specific properties of a physical system can be estimated in polynomial time. In
this Section, I provide an overview of classical Markov-chain Monte Carlo simulation,
discussed further in e.g. [227, 228] and its specific application to spin models discussed
in this Thesis.

The key idea behind Monte Carlo methods is to numerically estimate observables by
averaging over a series of statistically-independent samples drawn from an appropriate
ensemble. For very large state spaces, it is not realistic to wait until the simulation
has sampled the whole space before being able to make an average measurement.
Therefore, one typically employs an appropriate sampling distribution, chosen such

105
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that the estimator corresponding to the observable converges for a large number of
samples N,. This strategy is referred to as Importance Sampling [227].

A Markov-chain Monte Carlo algorithm is one way to achieve just this. The strategy
is to generate a sequence of states drawn from a physically appropriate probability
distribution, where each element of the sequence is obtained from the previous by
updates satisfying a condition called “detailed balance”.

This condition arises from choice of the sampling distribution which describes the
equilibrium distribution of the system. This equilibrium condition is equivalent to
conservation of the probability n, to occupy state a

dng(t)
dt

~0, (5.1)

where
Zna =1. (5.2)

Given that the rate of change for the probability to be occupying configuration a is
determined by all the ways to enter or leave the configuration a, we can define

di}:ft) = S ()P — a) — na(t)Pla — b) . (5.3)
b
It is necessary that the Markov chain be able to sample in principle every state in
the configuration space. Therefore, we expect the transition probabilities P(a — b) of
moving from one configuration a to the next b to be always non-zero, even if very small.
An appropriately chosen distribution function, such as the Gibb’s distribution we will
see momentarily, will ensure this condition holds. This corresponds to the property
that in the large time limit the Markov chain explores the whole configuration space,
and receives the name ergodicity.
Combining Eq. (5.1) and Eq. (5.3) leads to the condition

;nb(t)P(b —a) = zb:na(t)P(a —b), (5.4)

which is the Detailed Balance condition. A Markov-chain Monte Carlo algorithm thus
provides an artificial kind of dynamics that evolves the configuration of the system
towards the equilibrium manifold of configurations.

The simplest Markov-chain Monte Carlo algorithm is the Metropolis algorithm
[229], in which we define the Gibb’s distribution for an ensemble by the set of proba-
bilities

,kEa

T

Mo = < ZB , (5.5)
E;

Z=) e FsT (5.6)

with Z representing the partition function. Direct sampling of such distributions is
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hard in general since it requires calculating F; for all possible configurations. Instead,
by working with the Detailed Balance condition

Pla=b) m -G (5.7)

Plb—a) n,

we can define the ratio of transition probabilities without reference to the partition
function, and depending solely on the gradient of relative energy between two configu-
rations. Therefore, the probability with which we should accept a proposed move from
a to b is

Paccept = min (17 nb) ) (58)
Ng
where in the case
ny
—>1 5.9
Eal 59)

the energy is reduced by accepting the move. Otherwise, the move is energetically
unfavourable, but can still occur with finite probability, as required by ergodicity. For
a system of size N, we define a set of N such moves as a Monte Carlo sweep.

In conclusion, with clever choice of update rule, we can sample from the probability
distribution without us ever having to directly evaluate the full distribution and this
is the most fundamental tool for simulating spin models. There are many additional
tricks one can apply, some specific to certain categories of models, and I will here review
the techniques I have employed in my simulations of O(N) and U(3) models. I will
first describe how we make thermodynamic measurements using Markov chain Monte
Carlo.

5.1.1 Equilibrium measurements, estimators and block aver-
aging

When simulating spin models using Markov-chain Monte Carlo, the goal is to make
reliable estimates of the thermodynamic behaviour of the system at a given temperature
T or other model specific parameters, such as applied field h or internal coupling
strength J. Extracting the dependence of observable equilibrium properties on these
variables teaches us something about the phase of the system. For simple ordered
phases, such as the ferromagnet, while we may a priori know what the low-energy
configurations look like, for many systems we do not always know in advance what the
equilibrium subspace may look like. Indeed, exploring the unknown is the strength of
simulation methods, once appropriately calibrated.

Models with simple interactions, such as the Ising model or the Heisenberg model,
exhibit well-known exactly soluble limits in which have knowledge in advance of the
observable macroscopic properties of the system. These known limits serve as bench-
marks to help iron out systematic errors.

One key observable we can measure in this way is the system energy. Other quan-
tities include macroscopic order parameters, such as the staggered magnetization. We
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can then extract the thermodynamic behaviour of such quantities by constructing quan-
tities such as the heat capacity C' or the magnetic susceptibility x

_O0n(E), _ (E?) - (E)’

C = T ‘h = T2 (510&)
_ar(M), (M) — (M)
=~ = T (5.10b)

where the energy F and macroscopic magnetization M are averaged over the states
sampled at a given temperature and at fixed values of other variables. The heat
capacity sensitively encodes information about how the energy stored per degree of
freedom changes as a function of temperature, and can exhibit critical scaling near
phase transitions.

With a functional algorithm free of systematic error for the simulation of a given
problem, the primary source of errors arising in Monte Carlo data is statistical in origin.
Good approximations to the actual values of the observables rely on large numbers of
measurements Ny, over which we define the estimator for the variable of interest x as
the average

1
with standard deviation defined [227]

(%) -

oN = N1 (5.12)
that provides a measure of the statistical distribution of individual instances x;, as-
suming these are statistically uncorrelated. However, by virtue of the Markov chain
method, subsequent samples are not uncorrelated. It is therefore important to only
measure again after enough time has passed that the individual instances no longer are
correlated. To quantify this, the degree of autocorrelation for a given observable after
some time ¢ can be estimated

At) = Et: etz +t) — 7° (5.13)

t/

where this quantity typically decays exponentially,
A(t) ~ e+ (5.14)

in which case the autocorrelation time 7 can be estimated from examination of the
exponential behaviour, and measurements should be spaced accordingly. It was also
shown by Muller-Krumbhaar and Binder [230] that the standard deviation can be
corrected to account for autocorrelations with knowledge of the autocorrelation time 7.

If we are interested in estimating the error in derived quantities, we can propagate
the error measured by the standard deviation in the originally measured observable.
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(b) Energy and magnetization autocorrelation at low temperatures.

Figure 5.1: Benchmarks for the blocking procedure for error estimation of derived quantities.(a)
Heat capacity as a function of temperature in the O(3) square lattice Heisenberg model at J = 1,
calculated with and without the blocking strategy, both results overlaid. The results are in agreement
within statistical uncertainty. (b) Energy F and order parameter M autocorrelations as a function of
simulation time allow determination of an appropriate choice of Ng, valid to the lowest temperatures

of interest in the system. The autocorrelation decays rapidly, such that Ng on the order of 100 is
more than sufficient.
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This is straightforward to do in the case of simple dependence on the observable, such
as a linear combination. However, in e.g. the case of specific heat, error propagation to
the derivative can be cumbersome, though technically plausible via Taylor expansion.

For this reason, I employ an alternative strategy, called the Blocking method [227,
231]. This involves grouping measurements into blocks of uncorrelated measurements
which are used to make estimates of the derived observable and its uncertainty. To see
how this approach can lead to an appropriate estimate, let us consider specifically the
case of the heat capacity. The relevant estimator without blocking measurements is
given by

1 (1N AR
=== B - — E; : 5.15
€= (3 28 - 53 (2 5) (5.15)
Next I define the equivalent estimator using the blocking procedure. Breaking down
the total measurements into a number of bins N, of respective bin-size Ng

Ns = Np - Npins » (5.16)

the heat capacity estimator then takes the form

1 Nyins 1 Np 1 Np 2
Op=—S | —S - —(SE||. (5.17)
T2 ]zzjl N Z N% Z

B =1

The first term in this estimator is equivalent to that of Eq. (5.15). However, the second
terms are distinct

2

1 Ny Npins 1 Np 2
~3 Z&) £ — |3 E (5.18)
w(xm) # 5

s \i=1 =1

though are known to converge in the case that the measurements F; are uncorrelated
[231], see Fig. 5.1.

In general any derived observable can be evaluated using this procedure, in com-
bination with careful assessment of the maximum autocorrelation time down to the
lowest simulated temperature, thus providing a statistical distribution of values over
which to average and evaluate the statistical deviation of the derived quantity. Having
reviewed the process of measurement in a classical Markov chain Monte Carlo simula-
tion, I will next provide some background on best practices to equilibrate the system
prior to beginning any measurements.

5.1.2 Simulated Annealing

The process of reaching equilibrium takes time, particularly if the starting configuration
of the system is far from the subspace describing equilibrium. For this reason, one
cannot simply start to measure desired observables right from the beginning of the
simulation, particularly if the starting point is somehow out of the ordinary in the
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ensemble. Instead, some time will need to be allowed for the system to thermalize!.

The high temperature state of any system is always entropy dominated. Once we
pick an initial temperature for the system which is roughly an order of magnitude above
the interaction scale of the problem, then any completely random initial configuration
is an equally valid description of the thermally equilibrated state at that temperature.
From this starting point, we can gradually turn the simulation temperature down to
the target temperature of interest. This process of simulating a hot sample which is
gradually cooled receives the name simulated annealing.

The annealing to the target temperature must always be followed by an appropriate
thermalization time. Depending on the details of the system being simulated, annealing
timescales and thermalization timescales on the order of O(10° —10°%) can be sufficient.
For the systems I consider in this Thesis, these timescales are sufficient.

For some systems, particularly frustrated or glassy systems, the free energy land-
scape across the configuration space may have many local minima. In such cases there
could be a danger that local updates such as the Metropolis update in combination
with the annealing as a strategy to reach equilibrium may fail. In such circumstances,
this approach should be used with care in combination with strategies such as parallel
tempering, introduced by Marinari and Parisi [232] or non-local updates e.g. [233, 234].
For the results I show in this Thesis, I will not employ parallel tempering.

5.1.3 Overrelaxation

Another strategy to improve the efficiency of the Monte Carlo sampling consists in
locally decorrelating configurations of the system through a process known as over-
relaxation [235, 236]. In this section, I briefly review how this works for the O(3)
Heisenberg model.

Consider the local environment of an O(3) spin S;, defined by

j=i+o

where site j represents any lattice site in the immediate neighbourhood of site 7.

Now suppose we take the spin at site ¢ and bump it randomnly to another config-
uration within the space of states with equal energies. For O(3) spins, the states with
equal energy are all those whose inner product with H; is constant, and so describes
the boundary of a cone on the sphere. The process of updating the spin ¢ is equivalent
to performing the rotation

S = R(H;,¢)S; (5.20)

defined around the axis H; and by an angle ¢. We could then choose random numbers

1To motivate this, it is helpful to think of the simulation like a real experiment. If we want to make
measurements on a physical sample that we took from the shelf at room temperature and the target
temperature is much lower, then putting the sample too quickly into the low temperature environment
will quench the system far from its equilibrium state and it will take time for the induced dynamics
to quiesce. A better strategy if we are interested in the equilibrium properties is to slowly cool the
sample, allowing it to remain in quasi-equilibrium throughout the process.
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¢ on the interval [0, 27] and perform these rotations in combination with every sweep of
the Monte Carlo update. However the generation of random numbers is computation-
ally expensive in the context of Monte Carlo simulation, where we are repeating large
numbers of such operations to obtain statistically valid data. It is therefore enough
instead to simply rotate every time by a constant ¢ = .

In this case, the corresponding update takes the simple form

Until this point, I have not presented the reader with any reason to suspect that
the local Metropolis update rule may not sample correctly from certain continuous
manifolds of states, such as that of O(3) spins. However, the same non-linearity present
implicitly in the length constraint on |S;|? leads to incorrect sampling if the spin
components are directly sampled with this constraint in effect. An efficient method to
overcome this is discussed in the next Section.

5.1.4 Marsaglia method

An efficient method for sampling points randomly on a 2-sphere was presented by
Marsaglia in 1972 [237]. Starting with the generation of two random and uniformly
distributed variables z; and x5, subject to the constraint

i+ a5 <1, (5.22)

one can define a random point on the surface of the sphere with coordinates

S = (21’1\/1 — 2?2 — 2%, 209\/1 — 22 — 22, 1 — 2y/2? —|—3:§> . (5.23)

This scheme and its generalizations are of use for random sampling of constrained
variables in the context of Metropolis update algorithms, such as for general O(N)
systems and, as I will review in the next Section, for the U(3) representation of spin-1
systems.

5.1.5 U(3) representation for spin-1 in simulation

I here briefly describe how to carry out simulations using the U(3) formalism developed
in [11]. In Chapter 4, we saw that the Gell-Mann basis for SU(3) is sufficient to describe
transformations between states in the Hilbert space. However, the expression of the
commutation relations between S and Q operators in SU(3) is more cumbersome than
it needs to be. An alternative method is to use the U(3) algebra, as originally observed
by Papanicolau [82]. This formalism, explicitly developed in [11], exploits the simplicity
of the commutators in the U(3) representation to provide a linear form for the equations
of motion. While this is not necessary for the thermodynamic simulation discussed in
this Section, it becomes extremely relevant for dynamical simulation. For this reason,
I apply this formalism in both Monte Carlo and later Molecular Dynamics simulations
of the spin-1 Bilinear-Biquadratic model introduced in Chapter 1 and Chapter 4.
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The key idea is to observe that a tensor operator defined in terms of a complex
director d

Anp = dld; (5.24)
spans U(3), c.f. Eq. (4.3). This operator has scalar, vector and tensor components
p=(dida) , (5.25)
which equivalently measures the length of the spin,
Sy = (eapydids), (5.26)

which corresponds to the dipole component, and

1

1
Qus = (5(dids + djda) —

Sapdid"), (5.27)
which has no orientation and measures quadrupole components. This set contains one
scalar operator that is not required for the description of the SU(3) Hilbert space, and
in order to ensure that it does not mix with the other operators, its magnitude is fixed
by setting the trace of the operator A to 1.

In terms of these operators, the Bilinear-Biquadratic Hamiltonian Eq. (1.19) intro-
duced in Chapter 4 then becomes

Hppo =D (JlA?BAf‘” + (o — J) AP A + J2> (5.28)
(i7)

where the new operators encode the antisymmetric dipole component and traceless

symmetric quadrupole components in the following way

S = —je™T AP (5.292)
QP = — AP — AP 4 §5a5 Tr(A) . (5.29b)

Due to implicit constraint on the length of the director defining the U(3) spins,
a naive Metropolis update in which components of A are directly sampled will not
uniformly sample the 5-sphere? corresponding to the state space. I employ a general-
ization of the Marsaglia method that was established in [11]. In this generalization, we
consider five random variables

017 02 € [07 1] 3 (530)
b1, 2, ¢3 € (0,27 , (5.31)

2Recall that the director has a total of six real degrees of freedom, and the length constraint fixes
one of these. Therefore in the scheme described here, the global phase degree of freedom is also be
sampled over, though in principle could be removed, restrictin instead to sampling over the 4-sphere.
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from which the corresponding random director takes the form

d = (21 + ix9, x3 + ixy, x5 + iT6) , (5.32)

with
T = 9;9% sin(¢q) , (5.33a
Ty = 9;01% cos(¢1) , (5.33b

)
)
T3 = 02%\/ 1 — 6y sin(¢e) , (5.33¢)
Ty = Héy/ 1 — 6y cos(¢e) , (5.33d)
25 = /1 — 6 sin(¢s) | (5.33¢)
rg = \/1— 02% cos(¢3) . (5.33f)

The statistical independence of the six resulting components x; is valid in the limit of
large numbers of samples, as showcased by the convergence of the second moments of
the components, see Fig. 5.2.
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Figure 5.2: Convergence of the second moments of the derived components x,, at large sampling
number, revealing firstly that the statistical errors in all components respect the central-limit theorem
and secondly that the expressions Eq. (5.33) components are not biased or correlated.

Within the U(3) formalism, in addition to the equal-time structure factor cor-
responding to dipole-dipole correlations (c.f. Eq. (1.40)), we define the equal-time
structure factors corresponding to the two-point correlations of the A and Q tensor
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operators
1 N
So(q) = N > (O (ry) Q¥ (1)) T rimTa) | (5.34a)
aB i,j
1 N
Salg) = I ST(AY (1) AP (1)) )em 0 rimTa) (5.34D)
aB 4,j

As a necessary precursor for studying the dynamical structure factors, I use these
quantities as benchmarks for my U(3) triangular lattice simulation and obtain results
in agreement with [11], as shown in Fig. 5.3. All Fourier transformations are carried
out using the FFTW3 library [238].

In the next Section, I will describe the procedure I follow for carrying out dynamical
simulations, which can be applied to any model system whose equations of motion can
be decoupled into a system of linear differential equations.

5.2 Molecular Dynamics

The dynamics of the spin systems of interest are governed by sets of linear differen-
tial equations. In this Section, I will review the Runge-Kutta method for integration
of coupled sets of linear differential equations, and showcase its application on XY,
Heisenberg and spin-1 systems, reproducing their excitation spectrum.

5.2.1 Runge-Kutta methods

Following the treatment in [239], I will briefly review how Runge-Kutta methods can
be used to simulate the dynamics of a system whose initial state is known, provided the
equations of motion can be decomposed into a set of linear differential equations. The
application of such techniques to the study of spin systems has been long established,
e.g. [240, 241], and the name Molecular Dynamics has been used in analogy to its use
in the simulation of the positional degrees of freedom of atoms and molecules.

Assume the dynamical quantity of interest is a multivariable function y, with equa-
tion of motion

dy _

i f(y,t). (5.35)

If we know the initial condition gy, then we can to high degree of accuracy approximate
the value of y at the next timestep

i=1N

where h denotes the size of the timestep and we can specify the number of stages n
that we wish to include

k1 = f(vo,t0) , (5.37a)
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Figure 5.3: Sample benchmark plots for classical Monte Carlo simulation of the spin-1 Bilinear-
Biquadratic model Eq. 5.28 on the triangular lattice, showing agreement with results Fig. 15 in [11].
(a) Equal-time structure factor measuring correlations of the A degrees of freedom, evaluated at
T = 0.030J for the triangular lattice Bilinear-Biquadratic model, for J; = 0 and J, = —1. (b) Equal-
time structure factor for Q degrees of freedom, evaluated for the same parameters. The Brillouin
zone boundary is depicted in white dashed line, and the blue dashed line delineates the irreducible
wedge. (c) Corresponding slice of S4(q) along the irreducible wedge, evaluated at T' = 0.030J for
the triangular lattice Bilinear-Biquadratic model, for J; = 0 and J, = —1. (d) Corresponding slice
of So(q) along the irreducible wedge, evaluated at T = 0.030J for the triangular lattice Bilinear-

Biquadratic model, for J; =0 and J, = —1.



5.2 Molecular Dynamics 117

ky = f(yo + hagiki, to + c2h) , (5.37b)
ks = f(yo + h(asiki + aseks),to + csh) (5.37¢)
(5.37d)

n—1
kn = f(y+0+hY ankito+ cah) (5.37¢)

=1

where choice of coefficients that obey

n—1
6= ay (5.38a)

j=1
Ybi=1, (5.38b)

will produce best results. Note that for equations of motion in which time does not
explicitly feature, the ¢ coefficients do not play a role.

Higher order Runge-Kutta schemes provide more accurate results at times far re-
moved from the initial condition. The fourth order Runge-Kutta method is empirically
known to exhibit an ideal balance between algorithmic complexity and accuracy of
results [239], and I employ the fourth-order method in all dynamical simulation results
I present here.

5.2.2 Dynamical structure factors from simulation

One reason to carry out dynamical simulations of magnetic systems can be to study
their real-space dynamics. Another is to reveal statistical properties about the exci-
tation structure of a model. In this Section, I will describe how I use Runge-Kutta
integration to reproduce the dynamical structure factors for the XY, Heisenberg and
U3 spin models to further benchmark my simulations, before moving on to study the
real-space dynamics of analogue gravitational waves.

The dynamics of two-point spin correlations are an important observable which can
be probed in magnetic materials using inelastic neutron scattering experiments. The
relevant observable quantity for spin dipoles is

1 00 . .
Slaw) =2 5— / dt et i) (S (1 0)S% (15, 1)) (5.39)
N J-co —
& 17_7
and can be defined in terms of a discrete equivalent measured from numerical simulation

1 il 1 ol ) i —T [e% @
S*(q,w) = Z NN, z; et Z gla(ri J)(S (ri,0)5%r;, 1)) , (5.40)
o t

= 1,j=1

with the average defined as the thermal ensemble average over a statistically significant
number of independent spin configurations®, which can be generated by classical Monte
Carlo simulation.

3For the results in this Thesis, I average over O(10°) configurations.
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Figure 5.4: Benchmark plots for fourth-order Runge-Kutta simulation of the U(3) equations of
motion Eq. 5.46. (a) Conserved quantities related to the spin length, such as Tr(A) shown here, are
useful diagnostics for correct implementation of the simulation. For all states simulated Tr(A) = 1,
and it remains so to machine precision for the duration of simulation. (b) Deviation of the energy
from the initial configuration for a U(3) ferroquadrupolar state as the system is time evolved with a
fourth-order Runge-Kutta method. Small errors are accrued and can be further reduced in magnitude
by decreasing the simulation stepsize h.
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For the case of spin-1 within the U(3) representation, we can additionally define
the dynamical structure factors for the quadrupole degree of freedom

Z/ e“(Q*"(q,1)Q"(—q,0)) ,

iwt iq(r;—r;j) afs af ) 41
- ¥w.2 Z z @, 00Q P (ry,t) . (541)
and the tensor operator A
Salgq,w) Z “ Z T (AP (1, 0) A% (15, 1)) (5.42)
NNt )

In previous chapters of this Thesis we have discussed several connections between
the Goldstone modes of certain ordered phases of spin systems, such as known for the
ferromagnetic XY magnet, implicitly known for the Heisenberg antiferromagnet and
now established here for spin nematics. The common thread amongst these systems is
the linearly-dispersive character of the low-energy excitations which can be obtained
by Molecular Dynamics simulation.

I next briefly list the equations of motion for XY, O(3) and U(3) spins, which all
can be cast into linear differential equations.

For the classical XY model, the Hamiltonian dynamics give us

o _ = JS* > sin(b; —0;) , (5.43a)
90; <ij>

pi = —

for which I use a fourth-order Runge-Kutta method to simulate dynamics. In Fig. 5.5a,
we observe the linearly dispersing Goldstone mode at low energies, which is analogous
to an electromagnetic wave in flatland.

For Heisenberg spins, we have already seen in Chapter 3 the form of the equations
of motion

8t§i = Z g; X §i+6 (544)
1)

for which I again use a fourth-order Runge-Kutta method to simulate dynamics. In
Fig. 5.5b, we observe the linearly dispersing Goldstone mode corresponding to trans-
verse photons at low energies.

For U(3) spins, it was established in [11] that the equations of motion reduce to a
linear differential equation

9, A% = —i[A*" H] (5.45)

= _ZZ (Jl AaUAH-é AUBAH—&) (‘]2 - Jl)(AaUAH-é AUﬁAH—é)) ) (546)

for which I also employ a fourth-order Runge-Kutta method to simulate dynamics,
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Figure 5.5: S(q,w) evaluated from Molecular Dynamics simulations for different models on the
square lattice, showcasing the different character of the low-energy excitations. (a) S(g,w) on the
irreducible wedge for the square lattice XY ferromagnet at T = 0.010J, showing the linearly dispersing
Goldstone mode. (b) S(gq,w) on the irreducible wedge for the square lattice O(3) antiferromagnet at
T = 0.010, showing the linearly dispersing Goldstone modes. (c¢) S(q,w) on the irreducible wedge for
the square lattice O(3) ferromagnet at T = 0.010.J, showing the quadratically dispersing Goldstone
mode.
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Figure 5.6: Molecular dynamics simulations showing the excitation spectra of a ferroquadrupolar
spin nematic, on the triangular lattice Bilinear-Biquadratic model at J; = 0 and Jo = —1, at T =
0.050. These results are in agreement with Fig. 16 in [11]. (a) Sa(q,w), (b) So(g,w) and (c) S(q,w)
on the irreducible wedge for the specified parameters.
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with stepsize

B 2
10 Winax

h : (5.47)

where wnay is the largest frequency present in the spectrum, which is model dependent.
This resolution of time steps yields an acceptable accuracy for the simulation timescales
of interest, see Fig. 5.4b. Note crucially that in Fig. 5.6b we observe maximal weight
corresponding to the linearly dispersing Goldstone mode corresponding to transverse
gravitational waves at low energies. At higher energies, the weight mixes into the dipole
channel, as alluded to in Chapter 4.

Having discussed my simulation methods and respective benchmarks for both ther-
modynamic measurements and dynamics, I turn to their application to the context of
spin nematic gravitational waves and how these can be generated.

5.3 Connecting it all: nematic gravitational waves
in simulation

We have seen in this Thesis arguments for the ferroquadrupolar spin-nematic phase to
exhibit two quadrupolar Goldstone modes, which are strikingly like gravitational waves
in vacuum. In this final Section, I show numerical results confirming that such waves
exist at low-energies in the quadrupolar channel, by examining the specific case of a
two-dimensional spin nematic? in which they can be generated by the annihilation of
two Z2 vortices. Furthermore, the dynamics of the Z? vortices is attractive, suggestive
of further parallels with mass.

5.3.1 Possible topologically mediated transition in 2D spin
nematics

As was discussed in Chapter 2, true long-range order cannot exist in reduced dimen-
sional quantum systems at finite temperature unless mediated by another mechanism
such as topological excitations, as exemplified by the XY ferromagnet. Previous work
on the triangular lattice O(3) Bilinear-Biquadratic model in Monte Carlo simulation
shows evidence for a topological phase transition [242]. However, recent results from
tensor network calculations do not find evidence for such a topological phase transition
in 2D [243]. The question can also be raised whether in the triangular lattice U(3)
Bilinear-Biquadratic model there is a topologically mediated phase transition.

Here I provide a phenomenological argument to suggest that the ferroquadrupolar
phase in the triangular lattice Bilinear-Biquadratic model could exhibit a topologically
mediated phase transition. This analysis builds on earlier unpublished work by my
collaborator Rico Pohle [244].

The ferroquadrupolar phase of the Bilinear-Biquadratic model exhibits a peak in
the heat capacity at finite temperature, see Fig. 5.7a. As discussed in Chapter 2,

“Recall as discussed at the end of Section 4.5.1 that the dimensionality of the system is unimportant
for the validity of the analogue, which relies on the internal dimensions of the Hilbert space.
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Figure 5.7: Exploration of topological phase transition into the ferroquadrupolar phase. (a) Heat
capacity as a function of temperature in the U(3) triangular lattice Bilinear-Biquadratic model at
J1 = 0 and J = —1, exhibiting a peak in the heat capacity. (b) Order parameter susceptibility as
a function of temperature in the U(3) triangular lattice Bilinear-Biquadratic model at J; = 0 and
Jo = —1, exhibiting as scaling behaviour in good agreement with the scaling analytically predicted

for the BKT transition. This is consistent with the onset of a topologically mediated phase transition
into the ferroquadrupolar phase.
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the Mermin-Wagner theorem prevents the system from undergoing a transition to a
true long-range ordered phase at finite temperature. One could hypothesize that the
heat capacity peak arises for one of two reasons: either the peak is a finite-size effect
driven by the Goldstone modes, and should migrate towards zero-temperature in the
thermodynamic limit; or the finite-size feature is indicative of vortices, signaling that
there is a temperature below which there is an underlying change in the structure of
correlations, akin to the BKT transition in the XY model, characterized by algebraic
correlations at temperatures below the critical temperature.

Specifically, the correlation length in the paramagnetic regime for the BKT transi-
tion in the 2D XY model scales as [45, 47, 245]

§BKT ~ VT ; (5.48)

where b is a critical exponent, in this case specific to the BK'T universality class, and
T. is the critical temperature. The structure factor is expected to scale as [45, 246]

S(q) ~ &art | (5.49)
where for the BKT transition
1
=-. 5.50
=7 (5.50)

The equivalent scaling behaviours for the ferroquadrupolar nematic phase has not
been derived to the best of our knowledge, and was beyond the scope of this project to
derive independently. In the absence of an established RG calculation, we construct a
phenomenological description of the paramagnetic regime, borrowing scaling relations
applicable to other models which share some similarities and compare their scaling to
results from simulation. We consider comparison to the XY ferromagnet and the O(3)
antiferromagnet, each presented in turn below.

We first examine if a parallel to the vortex physics exhibited by the XY model
and its BKT transition can be established. For comparison with simulation we de-
fine a quantity derived from the two-point correlations, called the order parameter
susceptibility, which for the ferroquadrupolar phase takes the form

@(g) = SQT(‘J) | (5.51)

which contains information about the correlations in the paramagnetic regime.
For the BKT transition, the scaling behaviour for this quantity follows from Eq. (5.49)

@ _ ¢ TS 9
XgkT = UBKT € e . (5.52)

Fitting the order parameter susceptibility Eq. (5.51) from simulation in the paramag-
netic regime at the I'-point to the form of the scaling relation Eq. (5.52) leads to the
following values for the exponent b and parameters

b~ 0.8, (5.53a)
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T, =0.39, (5.53b)
CKT ~ 6.0 , (5530)

and the result of the fit is shown in Fig. 5.7b.

Next we analyze the relevance of Goldstone modes on the scaling behaviour, bor-
rowing existing treatments for an O(3) antiferromagnet. The low-energy physics cor-
responding to the ferroquadrupolar phase is described by a non-linear sigma model
Eq. (4.87), with degrees of freedom inhabiting a Hilbert space larger than just SU(2)
alone. That said, we have also seen how the low-energy physics of the Heisenberg
antiferromagnet maps onto an O(3) non-linear sigma model. Therefore, we can phe-
nomenologically motivate a comparison between scaling relations for the classical O(3)
triangular-lattice antiferromagnet (HAFT) and the triangular lattice ferroquadrupole.

The scaling behaviour of the correlation length for the former has been established
[246-248]

Nl

1
T\?2
EHAFT ~ (B) e? ) (5.54)

where B is a parameter specific to the model, and with the corresponding scaling for
the order parameter susceptibility [246]

Sl

4
XtaeT = CharT (g) T (5.55)
where Cyart is a constant. Unlike the 2D XY model, the triangular lattice antiferro-
magnet is not believed to exhibit any order at finite temperature. There is no associated
proliferation of vortices mediating a topological phase transition, and the correlation
length diverges at zero temperature.

Fitting the order parameter susceptibility Eq. (5.51) from simulation again in the
paramagnetic regime at the I'-point to this case Eq. (5.55) leads to the following values
for the parameters

B ~6.994 , (5.56a)
Charr = 3-1077, (5.56b)

and the result of the fit is also shown in Fig. 5.7b.

The thermodynamic results for the order parameter susceptibility at the ferro-
quadrupolar ordering vector ¢ = I' shown in Fig. 5.7b reveal that it exhibits a scal-
ing behaviour in the paramagnetic regime remarkably close to that predicted for the
BKT transition. This is consistent with the possibility that the two-dimensional fer-
roquadrupolar phase exhibits a topologically mediated crossover. However, given the
approximations made in the current analysis, we cannot provide a definitive answer
regarding the nature of the phase transition in the U(3) Bilinear-Biquadratic model.
That said, the presence of vortices is self-evident in 2D, both in experiment [249] and
in the simulations which are presented next in this Chapter. It is these vortices in
the low temperature phase that will next occupy our attention for the purposes of this
Thesis.
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5.3.2 Attractive interactions between vortex pairs

As discussed in Chapter 4, the order parameter space supports vortex point defects.
These show up in abundance in Monte Carlo simulations when the high temperature
paramagnet is quenched quickly to the low temperature phase, freezing in the higher-
energy vortex states that would otherwise be highly improbable to find using local up-
dates alone. The configurations obtained from Monte Carlo can then be time-evolved
using the Molecular Dynamics scheme described Section 5.2. As briefly alluded to at the
end of Chapter 4, the dynamical simulations reveal patterns of attractive interaction
between vortices, much like gravitational interactions, see Fig. 5.8 and Fig. 5.9, de-
scribed in more detail below. However, it should be noted that—in contrast to massive
objects in gravity—the Z2 nature of the vortices ultimately leads to the annihilation of
the attracted defect pair, rather than their coalescence. Nevertheless, as for the case of
massive gravitating objects—such as neutron stars and black-holes—on their in-spiral
leading up to a merger event, there are analogue gravitational waves emitted by pairs
of interacting vortices in close proximity. The amplitude of these waves can be seen
even at finite temperature above the thermal fluctuations of the background.

In Fig. 5.8, we see a series of images from simulation showing the total quadrupole
operator, defined as

Yo, (5.57)
af

The first image, labeled ¢ = 0, shows a sample configuration extracted from Monte-
Carlo simulation of the Bilinear-Biquadratic model, in which periodic boundary condi-
tions were used, at a finite-temperature below the threshold temperature T, =~ 0.39. In
this image, there are many Z2 vortices present. The sample configuration is then time
evolved using the Molecular Dynamics simulation previously described, with periodic
boundary conditions. The next image is taken from the simulation at timestep t = 11,
by which time several pairs of vortices that were in close proximity within the original
configuration have annihilated. By timestep ¢t = 25, several other defect pairs have
attracted and undergone annihilation events. Each annihilation event is both preceded
and followed by emission of ripples in the quadrupolar channel, which I will show in
closer detail in Fig. 5.9.

In order to study the waves emitted by such events in more detail, I initialize a
vortex pair in terms of director configurations as defined in the context of classical 2D
nematic liquid crystals [250]

d(r) — (—sin Q(T)jcos 6(r),0) for ay § r<xy, | (5.58a)
(cosO(r),sinfd(r),0) otherwise
where ) ]
0(r) = -t —1<y_yl>_t _1(3/—?/2). ‘
(r) 5 tan™ ( —— . 5 tan™  ~— o (5.59)

with vortices located at

T = (T4, Y;) . (5.60)
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Figure 5.8: Sequence of images showing the total quadrupolar operator Zaﬁ QP in real-space,
obtained by time-evolution acting on a single configuration extracted from Monte Carlo simulation.
The image is riddled with Z2 vortices, which experience attractive interactions and generate analogue
gravitational waves during the in-spiral leading up to, during and after annihilation events, see also
Fig 5.9.

This indeed describes the point defects that arise in the Monte Carlo study: vortices
whose core has zero radius. In the context of the ferroquadrupolar phase, the sign
associated to either of the above defined defects is in fact not important, since the
nature of the order parameter space connects all such defects, see Fig. 4.4. In this
way, a simulation effectively at zero temperature—therefore free of thermal noise—
can be carried out. Using this scheme, I study the evolution of wave emission from
an interacting defect pair, shown in Fig. 5.9. At the start of the simulation, two
vortices sit at a distance of 15 lattice sites on a lattice of L, = L, = 180 sites. They
experience an attractive interaction, which starts slowly and gradually accelerates,
and is associated with an outpouring of quadrupolar wave trains. There is significant
motion occurring beyond timestep ¢t = 500. Until timestep ¢ = 630, there are still two
distinguishable vortices. After that time, they are annihilated, with a fresh wave train
released associated to the annihilation event. This large amplitude front can be seen
in the subsequent images as it propagates outwards. Waves continue to be emitted
immediately following the annihilation, as is the case for gravitational merger events.

Note that there is a different source of systematic error in this simulation, arises
from the top and bottom boundaries of the system where periodic boundary conditions
provide an interface between regions of distinct director alignment. This noise reaches
the field-of-view shown in these images by timestep ¢ ~ 350, and can be seen faintly in
the results of Fig. 5.9 and Fig. 5.10.

5.3.3 The “chirp” of nematic gravitational waves

The results of dynamical simulation shown in Fig. 5.9 reveal that for each vortex-pair
annihilation there are emitted wavefronts in the quadrupolar channel that correspond to
analogue gravitational waves. To make further comparison of this phenomena with that
of real gravitational wave observations, I next study the frequency decomposition of the
wavefronts as a function of time. We will see that the frequency distribution changes
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Figure 5.9: Sequence of close-up images showing the total quadrupolar operator > 5 QP in real-
space, obtained by time-evolution of an initialized pair of defects. The emission of analogue gravita-
tional waves leading up to and after the annihilation event is shown.
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Figure 5.10: Sequence of images showing the total quadrupolar operator Zaﬂ QP in real-space,
obtained by time-evolution of an initialized pair of defects. The distinct wave trains corresponding to
events identified in Fig. 5.11 are marked by arrows.
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Figure 5.11: (a)Spectrogram of the time-resolved signal corresponding to the total quadrupolar
operator ) 5 QP as “measured” by a line of “detectors” placed on the triangular lattice orthogonal
to the passing wavefront. The line of “detectors” is placed at a positions marked in blue in Fig. 5.10.
(b) A zoom-in on the chirp emitted by the vortex annihilation, characterized by the upturn in the
frequency composition of the wavefronts towards late times. Windowing artifacts are present in the
signal, due to the large size of the time window relative to the duration of the merger event.
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approaching the annihilation event, and that the annihilation event is associated with
a sudden increase in higher frequencies called a “chirp”, in analogy to the result from
the LIGO collaboration reproduced in Fig. 1.7.

Focusing on the real-space data corresponding to the total quadrupolar operator
> 0B Q%8 T extract a time-dependent signal corresponding to the amplitude of a wave-
front at a distance from the source, a pair of in-spiraling vortices. To better sample
the wavefronts and to improve the signal-to-noise ration, I do not extract this sig-
nal at a single point. Rather, I choose a line of points orthogonal to the wavefront
and orthogonal to the boundary noise—therefore along the y-direction in this case—to
serve as "detectors' of the quadrupolar deformation. The chosen points correspond
to those shown in blue in Fig. 5.10, with some discontinuities present along this line
of points due to the geometry of the triangular lattice. In real-space, we can observe
by eye that there are several wave trains which are emitted prior to the annihilation
event. The leading front associated to each of these is tracked in Fig. 5.10, and the
selected timesteps correspond roughly to those at which each leading front arrives at
the “detector” line.

To construct a spectrogram which displays time-frequency information for the sig-
nal extracted from the “detector”, I choose a time window of O(100) units of simulation
time. This is sufficient to resolve features in the time-frequency domain without dis-
torting their position in the time domain, as compared to the real-space data shown
in Fig. 5.10. Smaller windows do not provide sufficient resolution in the frequency
domain. Larger windows risk the overlap of features in the time-domain. The re-
sulting spectrogram is shown in Fig 5.11. The events visible at marked times in the
spectrogram are in turn also marked in real-space in Fig. 5.10, corresponding to the
aforementioned leading wavefronts. The annihilation is associated with a special burst
of wave emissions, as can be seen by eye in real-space, and which is characterized by
a rapid upsweep in frequency content known as a “chirp”. The emissions during the
approach and annihilation process are qualitatively similar to those of gravitational
merger events, and the merger itself in the spin nematic case is also characterized by
a chirp in the spectrogram, see Fig. 5.11.

In summary, the two-dimensional ferroquadrupolar spin nematic harbours vortices
that experience attractive interactions, and emit analogue gravitational waves, shown
in Chapter 4 to be in one-to-one correspondence with gravitational waves. The gravita-
tional wave profile originating from a vortex-annihilation event qualitatively resembles
a black-hole or neutron star merger event through the generation of a characteristic
chirp.

5.4 A proposal to realize nematic gravitational waves
in spinor condensates
In this Chapter, I have simulated analogue gravitational waves in spin nematics and

showcased some characteristic signatures. I now develop estimates suggesting these
waves can be seen with present day experiments.



5.4 A proposal to realize nematic gravitational waves in spinor
condensates 132

5.4.1 Experimental protocol

As discussed in Chapter 4, ferroquadrupolar spin nematics have been realized in spinor
condensates of 23Na, e.g. [103, 107, 223], with several techniques available for measuring
quadrupolar observables in real-space [109, 223, 225].

I now describe an experimental protocol that would lead to the production of ana-
logue gravitational waves in a spinor condensate. The key to this, as illustrated in this
Chapter, is to rely on the annihilation of Z? vortex pairs to excite the quadrupolar
modes. Starting with a spinor condensate of 2*Na atoms, a transverse optical lattice
should be applied in order to isolate quasi-2D slices of the system, as done in e.g. [115].
Another optical lattice may be applied to reproduce the triangular lattice, however this
is unnecessary as this spin-1 condensate is known to reproduce a nematic state without
a microscopic lattice [103, 107, 223].

In order to induce the formation of vortices, the system should go through a rapid
quench from a non-nematic state to the nematic state. In simulation here, I have
quenched temperature from the paramagnetic to ferroquadrupolar phase. However,
an easier strategy within a cold atomic gas is to perform a quench in the parameter
space from a neighbouring low-temperature phase. This has already been carried out
[249] by quenching from the antiferromagnetic phase to the ferroquadrupolar phase,
resulting in 7?2 defect formation.

Then, as illustrated in simulation here, the vortices will attract and annihilate
pairwise, behaviour which can be measured in real-time using imaging with light [225],
and coupling to higher hyperfine manifolds to make readouts of the quadrupolar and
dipolar channels [109], as previously discussed in Chapter 4.

5.4.2 Timescales for gravitational wave analogues

There are two relevant dynamical scales that further determine the experimental ac-
cessibility of the analogue I propose. The first is the wave speed in the condensed
matter medium, and the second is the vortex lifetime. On the triangular lattice, the
microscopic speed of propagation I predict from the field theory is

v=1/22(=J)(Jy — Jo)(a} + 0} + ad) . (5.61)

For spinor condensates, the coupling parameters J; and .J; can be related to the scat-
tering lengths [104]. T use this to make a back-of-the-envelope estimate for the wave
speeds to be on the order O(1 — 103)%. In the solid state context, the coupling Jy
could be on the order of meV, leading to a wave speed on the order O(10%)2.

From simulation, the timescale associated with the annihilation of Z? vortices is of
order 102.J;!, and this can be taken as an order of magnitude estimate for the vortex
lifetime. Converting this figure in terms of the value of the coupling J5, the back-of-
the-envelope estimates I obtain for the relevant timescale are O(1)ns in the solid state
context and O(0.1 — 10)s.

Observation of topological defects in nematics has been carried out [249], with dy-
namical timescale on the order 1s, consistent with estimates I provide. In combination
with the rest of the experimental achievements in the observation of spin nematics in
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spinor condensates, it is highly likely that the dynamics I have studied in this Thesis
can be observed without new experimental breakthroughs.

In conclusion, cold atom experiments can today reproduce all of the elements neces-
sary to recreate and observe the gravitational wave analogues that I have investigated,
and work in magnetic insulator candidates may not be far behind.

5.5 Chapter summary

In concluding this Chapter, we have provided evidence for a topologically mediated
phase transition into the ferroquadrupolar phase of the triangular lattice Bilinear-
Biquadratic model. The corresponding defects experience attractive interactions in
analogy with gravity, and generate a wave profile analogous to that of massive in-
spiraling objects. These simulation results corroborate the analogue presented from
the field theory, and provide a clearer connection with gravitational waves and the
processes that generate them. Finally, I have outlined an experimental protocol for the
realization of these analogue gravitational waves in cold atoms.



Chapter 6

Conclusions and outlook

“There is a theory which states that if anyone ever discovers exactly what the
Universe is for and why it is here, it will instantly disappear and be replaced
by something even more bizarre and inexplicable.” - Douglas Adams

In the beginning, it was once said, there was light. But there were also gravitational
waves, we just couldn’t detect them. Observational astronomy of gravitational waves
promises to provide fresh and clean information to test the limits of General Relativity
in the strong gravity context. However, from such observations alone, we cannot expect
to derive insight into the regime of overlap between quantum mechanics and general
relativity.

In this Thesis, I have combined analytical insights from low-energy field theories
and numerical simulation to make the case for analogues of light and gravity in or-
dered phases of quantum magnets. Following a review of relevant background material
in Chapters 1-2, in Chapter 3, I have explicitly shown how the non-linear sigma model
that describes the low-energy physics of the collinear Néel antiferromagnet is equiva-
lent to a gauge fixed action for electromagnetism in vacuum, and have constructed a
dictionary mapping the excitations of the Heisenberg antiferromagnet onto the photons
of electromagnetism.

In Chapter 4, I have used a similar strategy to identify analogue gravitational waves
in a ferroquadrupolar spin nematic. The dynamics of the quadrupolar order parameter
are enshrined in the action, which shares the same form as that of linearized grav-
ity, allowing a precise connection to be established between the Goldstone modes of a
ferroquadrupolar spin nematic and gravitational waves. There a one-to-one correspon-
dence between the two modes of each theory, and I have made explicit the dictionary
for mapping to and from real-space and spin-space, illustrating both the appropriate
transformation and that the underlying excitations share the same quadrupolar nature
in their respective spaces: gravitational waves induce surfaces of constant strain that
are equivalent to the surface of equal wavefunction amplitude of a quadrupolar wave
in Hilbert space.

In Chapter 5, I have illustrated in simulation that the spin-2 massless excitations
of the spin nematic mediate attractive interactions between Z? vortices, which have
only one signature of charge. This resembles the nature of gravity and gravitational
mass. However, while gravitationally in-spiraling objects merge with total cumulative
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total mass, this is not the case for the ferroquadrupolar Z? vortices, which annihilate.
Nevertheless, the in-spiraling ferroquadrupolar vortices emit analogue gravitational
waves, whose frequency profile undergoes a sudden chirp during the part of the process
associated with vortex annihilation. How much of this process can be described in
analogy with the strong gravity limit remains an open question, and one worth future
attention in the search for a curved spacetime analogue. I finally outline a experimental
strategy for realizing these gravitational waves and the vortex annihilation process in
spinor condensates.

As discussed in Chapter 1, cold atom simulators of scalar gravitational waves and
curved spacetimes have been already developed [39, 41]. The tensor wave analogue I
have developed here provides a new and more complete analogue for the structure of
gravitational waves. Having distilled both sides of the correspondence to the simplest
ingredients needed, this analogue offers a clean, and experimentally accessible avenue
to access the physics of linearized gravity in a laboratory context, once one can realize a
quantum spin nematic. As reviewed in Chapters 4-5, there is a long history of studying
spin nematic candidates in both magnetic insulators and spinor condensates, and spin
nematic states along with quadrupolar observables are detectable in real-space with
techniques applicable to systems of cold atoms.

Linearized gravity, like electromagnetism, is a relativistic gauge theory. These man-
ifest unitarity, locality and Lorentz invariance. That said, with a given gauge choice,
some of these properties are brought to the foreground while others are suppressed, and
this is what allows for the explicit connections explored in this Thesis. However, the
recipe for condensed matter analogues presented in this Thesis does not lead to gauge
theories. Each analogue exhibits unitarity and locality, though is not Lorentz invariant
in the sense that different choice of inertial reference frame change the expression of
the fields in Hilbert space.

To go beyond this, the case of emergent QED in the context of spin ice [55, 56]
may provide inspiration. The emergent gauge theories that can emerge in the context
of magnetism are suggestive that a higher-rank gauge theory analogous—at least in
part—gravity could be found. While investigation of higher rank gauge theories has
been the subject of ongoing research [168], and some features such as attraction between
exotic particles [38] have been identified, no complete gravity analogue has yet been
identified. This interesting line of inquiry merits further development.

A second ingredient missing in the work presented here is curvature. In magnetic
models, aspects of geometry have long been identified [251, 252], and recently similar
notions of geometry are also identified in graphene [253, 254]. A parallel notion of
geometry is needed to bring to bear an analogue with general relativity.

Within the context of more traditional condensed matter questions, this Thesis
work also raises interesting avenues to be further explored.

The thermodynamic properties seen in simulation are here predictive of a topolog-
ically mediated phase transition or crossover. A full characterization this behaviour
using a model specific analysis remains open. One open end here is the field theoret-
ical derivation of the nematic stiffness and its scaling in association with the vortex
mediated transition.

In fact, future work focusing on such characterization need not be confined to
the ferroquadrupolar nematic phase studied here. The antiferroquadrupolar nematic
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phase, for example, is characterized by an SU(2) symmetry breaking order, similar to
the ferroquadrupole. However, the introduction of the sublattice structure changes in
turn which symmetry group is broken, and the corresponding homotopy class predicts
quaternion point defects, which do not annihilate, but instead merge [209, 255].

In both the ferroquadrupolar and antiferroquadrupolar cases, the nature of the
vortex merger processes merits closer study with analogy to gravitational behaviour
beyond the linearized limit. It is unclear to what order the analogy holds as one
introduces stronger gravitational fields.

If nothing else, in now coming to the end, then let us conclude from this Thesis that
you don’t have to look to the extremes of the Universe to find something extraordinary.
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Appendix A

Comparing the strength of
electromagnetism to gravity

If you stop to think about it, it’s quite an extraordinary fact that a small chunk of
lodestone can hold up a steel nail off the floor against gravity that the entire Earth is
otherwise conspiring to draw back down to the ground. That there is such a large differ-
ence of scales between the strengths of electromagnetic and gravitational interactions
is an empirical fact with no known fundamental justification.

That said, to develop a more concrete sense of the discrepancy than the example
above can convey, it is more precise to compare the order of magnitude difference be-
tween the electromagnetic interactions—as described by Coulomb’s law—and gravita-
tional interactions—as described classically by Newton’s law—between two equivalent
charge and mass distributions at the same distance.

Consider two electrons, of mass m, = 9.11 - 1073'kg and charge ¢ = 1.60 - 10~1°C
respectively, separated by a distance of » = 1m. The Coulomb force experienced
between the electrons will repel them will a force

4192 10719.1071
F, = ~
dmegr? 109

N ~107*N (A1)

while they experience a gravitational attraction on the order

Fo = G":;m? ~ 10711073 1073 & 103N (A.2)
from which we see that for electrons the electrostatic interaction is on the order of 104°
times greater than the gravitational attraction.

There are attempts to derive the fundamental constants on consistency grounds
from theories of quantum gravity, which represent an open area of inquiry. The inter-
ested reader is directed to e.g. [256], since a deeper discussion is well beyond the scope
of this Thesis.
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Appendix B

Gravitational-wave-induced
deformation on an object of known
shape

To visualize the deformation induced by the gravitational wave on the spacetime (and
subsequently on objects of known shape and size), we must retain directional informa-
tion in addition to the strain amplitude. Consider a parametric surface given by r(z#),
which describes an object of given shape. From the definition of the scalar invariant

def v
2 = G TH X (B.1)

e x, = Nuwahrg + huwah g (B.2)

we can obtain an expression for z,,, considering that for h,, < 1, 2* ~ x{
x, = Tou + huxg (B.3)

From this, we can identify the resulting strain to each of the components

Azt hHg¥
14

E

(B.4)

Substituting into the given function r(z*) provides a parametric description of the
object’s deformation. For example, Fig. 1.6 shows the induced deformation on a circle
resulting from the passage of a gravitational wave.
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Appendix C

Semiclassical intuitions: from
classical spins to Dirac strings

I here define a classical spin field, and see how this leads to the concept of a Dirac string.
Throughout this section, I review arguments laid out in [66, 257] and the appendix of
[258].

On the basis of their mechanical properties, classical spins are like gyroscopes, with
angular momentum S(7) = Smi(7). To understand their motion, we can examine the
equations of motion for a classical gyroscopic object

ds

_— = _': "~ ﬁ .1
g ST =TXE, (C.1a)
ou
= 7 —_— 1
X oo (C.1b)

where 7 must be carefully defined. There is no physical length associated with the
spin. However, we can identify 7 = Smi, where |m|> = 1. Then the equations of motion
become

?+mx%:0, (C.2a)
mx<?+mx§;>zo, (C.2Db)
(- g%)m - ymF?% — SOm X m =0, (C.2¢)
gg = —SOm X =0. (C.2d)

This tells us that the restoring force generates a precessional movement of the spin
vector. The form of this force is also analogous to a Lorentz-like force law qu X B , if
we identify v = 0ym and ¢B = Sm. We can then define a fictitious vector gauge field
ff, which satisfies

A= A4V, f(R(71) (C.3b)
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The term in the Lagrangian corresponding to a Lorentz-like force takes the form qv- A.
Terms of this form have geometric properties, and can also contain a kinetic term of
the form (9,m)? as we shall see for the antiferromagnet. So for d—dimensional systems
in which the spin degrees of freedom can be described by a single spatially varying
field mi(7, t) related to the order parameter (no sublattice order, ex. ferromagnet) the
action is of the form

S:/MWEﬁM—U%L (C.4)

where U(m) = £0;m0oym.

Let us examine more closely the physical implications of this analogy. The space of
allowed m is the 2-sphere with radially outpointing vectors. Therefore, we can describe
the physical degrees of freedom m by

e le C.5

m=_€, (C.5)
once we restrict attention to the sector where |72 = 1, and now I use polar coordinates
(r,0,¢) to denote the coordinates of the space of m. In this abstract space, this is the
field of a monopole. Let’s examine more closely what happens to the vector field A
itself. It will have a general form

A= A&, + Agly + Ayéy (C.6)

For simplicity in identifying a valid form for A, we can set A, = Ag = 0. Then A, can
be found by

. B e @ €

S =gV x A=—21—15, 9 9y |, (C.7a)

72 sin 0 :

A, 1Ay rsinfAy

. q . .
Sm = i 989(7“ sinfAy)e, (C.7b)
Srsing = g0y(rsinfAy) (C.7c)
Sr / dfsinf = qrsinfA, (C.7d)

cosf + C

qAy = S(sin@ ) (C.7e)

On physical grounds that will become clear, C'+ 1, and ¢ = 1. Additionally, the field
becomes unphysical at § = 7. To shed light on both of these properties, consider the
flux of the gauge field through a solid angle defined on the 2-sphere by the angle 6
away from z. Choosing C' = —1

@:fmﬂzfmmwwm (C.8a)
= 2mS(cosf — 1) (C.8b)

The sign convention I use for the flux is such that a negative flux points downwards
through the solid angle of the 2-sphere. Therefore, near the North pole ® = —7.560? is
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Figure C.1: Sketch of the gauge field A, with Dirac string at South pole

the flux entering the sphere. See Fig. C.1

Consider the flux at the South pole of the 2-sphere (¢ = 7). There is a finite flux
4mS exiting the sphere through this point, exactly canceling the total flux entering
through the remaining surface of the sphere. This artifact is called the Dirac string,
see Fig. C.1.

For the description of spin waves, where the spin degrees of freedom remain within
a finite solid angle about the ordering vector, placing the Dirac string in the opposite
hemisphere allows for a problem free description. A choice of C' = 1 places the Dirac
string at the North pole (# = 0) instead.

The physical implication of the Dirac string is that nature does not allow monopoles
to arise from such gyroscopic/magnetic forces. Additionally, notice that if the Berry
phase ® is a multiple of 27, then the presence of the Dirac string is effectively invisible
since no relative phase shift is accumulated that could lead to a measurable phase
difference. This is satisfied for S = % for b € N, which is consistent with physical spins
coming in integer and half-integer values.
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C.1 Building a semiclassical low-energy field the-
ory: the hydrodynamic limit of the Heisenberg
model

In this section, we continue to make use of insight derived from treatment of spin
degrees of freedom semiclassically, and review an effective low-energy field theory for
the Heisenberg antiferromagnet, as has been shown previously in e.g. [259]. In the
following Sections, I will review the fully quantum mechanical treatment, first derived
by [179].

The Heisenberg Hamiltonian [Eq. (1.16)] penalizes spin configurations that deviate
from the ordered state, with energetic contributions arising from the scalar product
between neighbouring spins, which we will continue to think of as O(3) vectors. Devi-
ations from order that have high spatial frequency are energetically heavily penalized,
and therefore unexpected in the low-energy limit. It is therefore reasonable to assume
that all equilibrium dynamical processes taking place in the lattice are long wavelength
in nature, far exceeding the scale of the lattice spacing a, and we can approximate the
lattice by a continuum. This long wavelength limit is also referred to as the hydro-
dynamic limit, in analogy with the continuum approximations made in the context of
fluid mechanics.

To facilitate the transition to the continuum notation, I denote position on the
lattice by the set of d-dimensional vectors 7, with neighbouring sites separated by 5. ,
such that the Hamiltonian looks like

H=YJS()-S(F+5), (C.9)

=
7,0

In the long wavelength limit, we can effectively describe the behaviour of spins on
the lattice by use of a continuous order parameter field

S(F) = si(F) | (C.10)

where m is a unit vector field valued on the O(3) sphere. Using this hydrodynamic
description, the lattice points 7 are spaced infinitesimally closely such that

OOy =~ (m(7) — m(r 4 6))?, (C.11a)
= 2(7) - (7 + 8) + 1 (F)? + (7 + 0)? (C.11b)

where defining
pa ~ Js* . (C.12)

leads to an effective low-energy description of the Heisenberg model

pa? d
H= T/dr > " 9;mdym + const. (C.13)
i=1
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(a) Torque model for spins that do not cant, as defined by (b) Model allowing for canting between sublattices.
the condition m; = —mso.

Figure C.2: (a) If the mode of excitation is assumed to locally move spins from both lattices away
from the ground state rigidly as shown here, then the resulting restoring force that counteracts the
fluctuation I leads to torques 71 and 75 whose actions oppose each other and the spins cannot move.
This means such fluctuating modes are in fact dynamically disallowed. (b) The allowed modes of the
antiferromagnet result from the two sublattices canting towards one another away from the aligned
state.

where Roman indices here denote the d spatial dimensions, and the sum is hereafter
omitted in accordance with the Einstein summation convention. The constant p is the
spin stiffness, a material constant that captures the resistance to spin deformations,
in turn proportional to the strength of interaction between each magnetic site on the
lattice. Since the terms mi(7)? are spatially and dynamically constant, these represent
a physically irrelevant shift in the absolute value of the energy. Hence Eq. C.13 is the
continuum equivalent of Eq. C.9.

Let us consider what happens if we attempt to describe the 2-sublattice classical
antiferromagnet with a single staggered field

For a collinear ground state, locally perturbed away from the easy axis in a uniform,
staggered way, there will be a restoring force seeking to realign the perturbed spins (see
Fig.C.2a). Each pair of spins will experience a torque as a result of the restoring force,
but if the spins are restricted by the condition Eq. C.14, then they cannot precess since
their torques both have the same orientation. In this deadlocked situation, nothing
happens, that is, the system is not dynamical.

If we instead relax the condition Eq. C.14, then we can instead envision perturba-
tions described by a uniform, but not staggered field I. A local configuration of a pair
of spins might look like FigC.2b, in which we see that spins on each sublattice deviate
away from the ground state towards one another, a behaviour known as canting.
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We can then define the fluctuating canting field as

The staggered magnetization field is defined in terms of the continuum fields on the
two sublattices
1

m = 5 (1 — 1) | (C.16)

where the 2-sublattice fields can be reexpressed

[ [
Tﬁ1:§+m, m2:§—7’ﬁ. (C.17)
Notice that
if? = ) = P =1 = m L1, (C.18a)

From this starting point, we can motivate the appropriate Lagrangian density. It
will have geometric terms, of form motivated in the previous Section e.g. [257], and
potential terms.

Let us consider first which terms contribute to the potential energy. There will
be a term mediated by the spin stiffness of the spin field m. In addition, since there
is a fluctuation field l_: there must be a term which penalizes the fluctuations. This
simplest such term that respects the symmetry of the Hamiltonian is O(|I[2). Fur-
thermore, in more highly magnetizable materials (with larger susceptibility x) these
canting fluctuations occur at lower energy cost, therefore we can write

2
LoD =~ +ga ROy | (C.19)

2x
There will also be geometric terms for each sublattice associated with a gauge field
Alm), each of the gyroscopic form shown in the previous Section

—

L, = Ay [m] 0ty + Asmia] iy (C.20)

We will see that these two geometric terms in combination will give rise to a kinetic
term (9;m)?, where for a system with a single sublattice, such as the ferromagnet,
there would remain a term first order in the time derivative. Massaging the terms
using Eq. C.17 and expanding to first order in [ leads to

—

A, Ver]at(g >+A2B m}at(_m) , (C.21a)
( g;l%l ) ( ) < gizl ) <a;li - &em) . (C.21D)
A0

l atm] . (C21C)

L,

8
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Notice that in the limit of vanishing canting l_: the geometric terms also vanish. The
absence of geometric terms in the absence of canting removes the time derivative terms
from the Lagrangian, and so also demonstrates that a Néel state without canting as
described by Eq. (C.14) is not dynamical.

This expression can be more elegantly expressed after a little bit of work

L, =—0 Al + gA]l 0 (C.22)
 0AOmy, | OA
o ot G b0 (C.23)
04 OA,
- (amj - 8mé)atmzzj : (C.24)
= €k 8tmi l](em X g)k (C25)
= S€jk limjatmk y (026)
=51 (11 X &) . (C.27)

Two things become obvious in this form: first we did not need to choose a gauge for
the geometric field A since the final result is gauge invariant. Secondly, if we consider
the full Lagrangian density
L=sl-(m X 0m) E Py mon (C.28)
=Si-\m m)— — — ZO0;mo; , .
! 2y 2

we observe that 8th does not feature, the implication being that [ does not have in-
dependent dynamical character from m, and therefore we can look for a dependent
expression for f(rﬁ, oym). To do this, we extremize the action by saddle-point approx-
imation, or equivalently consider the Euler-Lagrange equations for the canting field

0S8 oL 8£ oL

5l or o ol
0= s X Ot — - . (C.29b)
X
['= xS (17 x 0pi) . (C.29¢)

Substituting the Lagrangian density into the action, we find

2
S = /dt drd 2 \mx@gnﬁ——@m&m}, (C.30)



165

and where since 17 is unit normalized, then'
17 X Opi|? = |0pmi|? . (C.32)
Finally we obtain
S = / dt dr? [Clz|atmy2 — ] (C.33a)
where the material properties define a wave speed

=L (C.34)

:@

To describe the behaviour of the canting field, we can focus attention on the vector
components orthogonal to m. Without loss of generality, we can choose the ground
state to be described by the constant vector

7’)_”2() = (17 07 0) ) (035)
such that the fluctuations are captured by the field
= (ly,1,,0) . (C.36)

From the Euler-Lagrange equations for the
AR - =0, (C.37)

with wave solutions . A
[ = getitkr—uwt) (C.38)

In this form, if we restrict k || mo it is apparent that each component of the vector
describes a propagating transverse, fluctuation. Also note that in this form, the fluc-
tuations are not yet precessional, and describe a basis of oscillations in the y and z
planes. We can straightforwardly transform this into a circularly polarized basis by
taking

€y = € + 1€y, €5 = €, — i€y . (C.39)

These wave solutions for the long wavelength behaviour of the antiferromagnet
propagate according to the relativistic dispersion

w = vlk| . (C.40)

In conclusion, the semiclassical hydrodynamic treatment leads to an action Eq. C.33a
which predicts linearly dispersing excitations of a continuum field. Next, I will review

1Recall that

(@xb)-@xdy=(@-&b-d —(b-8)(a-d) (C.31)
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a fully quantum mechanical treatment and show we recover this result.



Appendix D

Singlet, triplet and quintuplet for
s=1

Using the fundamental principles of spin angular momentum laid out in e.g. [78], T here
reproduce the two-particle basis of spin states for the well known s = % case and—for
the unfamiliar reader—I subsequently derive the corresponding result for the s = 1
case.

Let us start by identifying the transformation properties of the total spin operator
S? = (8,+85)? on a generic two spin state described in terms of the angular momentum
quantum numbers—obtained by z—projection—|«, )

(S1+ 82)* |, B) =(8T + 83 +25185) |a, B) (D.1a)
= (87 + 83 +25755) |, B) + (S S5 + 5785 ) o, B) (D.1b)

=(s1(s1+ 1)+ sa(s2+ 1) + 2s159) |v, 5)
+ 12\ s1(s1+1) — ala+ 1)y /sa(sa + 1) = BB — 1) Ja+ 1,8 — 1)

+ 12 s1(s1+1) — ala— 1)y/sa(sa + 1) = BB+ 1) Ja — 1,5+ 1)
(D.1c)

Notice how the final two terms will behave differently in terms of whether the individual
spins are integer or half-integer valued.

Consider first s; = 55 = %, with the following two cases.

Case 1: choosing o = f3

(S1+ 82)* e, B) :h?(i + i + 2i) (D.2a)
=2h? |, B) = K?s(s + 1) |a, B) (D.2b)
= s=1. (D.2c)
Case 2: choosing a # f3
(81 + 89)% |, B) :h2<i + i + 21) + hQ(i + i) 13, a) (D.3a)
=1 (|, B) + 18, a)) (D.3b)
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Applying this result to the superpositions

S*(|a, B) + 18, @) =21 (|a, B) + |B, ) (D.4a)
= s=1, (D.4b)
S* (|, B) — 1B, ) =h* (|, B) + |8, @) — |, B) + [B,)) = 0 (D.4c)
— 5=0, (D.4d)

Using «, 5 € 1, allows us to then explicitly construct the eigenbasis Eq. (1.4) of
the S? operator in terms of the triplet and singlet with respective eigenvalues s = 1
and s = 0.

Next I repeat a similar procedure for s = 1, case by case, bearing in mind now that
the magnetic basis includes a ladder of three states o, 5 € 1,0, —1.

Case 1: choosing a = 3 # 0

(814 82)% |, B) = h2(2+2 + 2) |, B) (D.5a)
= 6h% |, B) (D.5b)
= s=2. (D.5¢)

Case 2: choosing . =3 =0

(81 +82)0,0) = A%(2+2+0)]0,0) +2h* (|1, —1) + |1, 1)) (D.6a)
= h2(4]0,0) + 2|1, —1) +2|-1,1)) (D.6b)

Case 3: choosing a = -3 # 0

(S1+ 89)% |, B) = A*(2+2 — 2) |, B) + A |0,0) (D.7a)
= 2h* (|, B) + 10, 0)) (D.7b)

Combining Cases 2 and 3, we can identify respectively the symmetric and antisym-
metric combinations

(814 82)% (|1, —-1) +210,0) + |—1,1)) = 6A% (|1, 1) +210,0) + |-1,1))  (D.8a)
— 5=2, (D.8b)

(S1+ 82)* (|1, 1) = |=1,1)) = 28> (|1, —1) — |-1,1)) (D.8c)

= s=1 (D.8d)

(814 85)% (|1, 1) —10,0) 4+ |—1,1)) =0 (D.8e)
= s=0. (D.8f)

Case 4: choosing a = +1,8 =0

(81 +82)? |, 0) = R*(24+2 +0) |a, 0) + A%s(s + 1) |0, ) (D.9a)
=20 (2]a,0) + |0, ) (D.9b)
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From which we can compose the symmetric and antisymmetric eigenvectors

(81 + 82)* (Ja, 0) + 10, @) = 6R* (|a, 0) + |0, @) (D.10a)
— =2, (D.10b)
(S1+ 82)? (Ja, 0) — |0, ) = 2h* (|, 0) + |0, @) (D.10c)
— s=1. (D.10d)

again with a = £1.
Collecting these results, we can write the nine states of the two particle eigenbasis
of the S? operator in terms of the s = 2 quintuplet

s =2,m=2) = |1 1) (D.11a)
Is=2m=1)= 7<|1 ,0) +10,1)) (D.11b)
s =2,m=0) = 7(\1 ,—1) +2]0,0) + |-1,1)) (D.11c)
Is=2m=—1) = 7(\—1 ,0) + 0, —1)) (D.11d)
|s=2,m=-2)=|-1,-1) , (D.11e)
the triplet

ls=1,m=1) = 7(|1 ,0) — |0, 1)) (D.12a)
s =1,m=0) = 7(|1 1) — |—-1,1)) (D.12b)
Is=1m=—1) = 7(\—1 ,0) — 0, —1)) , (D.12¢)

and the singlet
|s=0,m=0)= 7(|1 ,—1) —0,0) + |—-1,1)) . (D.13)



Appendix E

Spin probability density

The representation of a general state can then be visualized in terms of the probability
density surface, whose parametric form can be obtained by considering a given state

i(|1) = |1)) (1) + |1))
T) +%(T

and evaluating the contours of constant probability density for the overlap of the general
state

|d) = da ) —id- |0) (E.1)

P =[{(d|Q) " (E.2a)
=|d, [“*jgsg)eiw@ (1)1 — “_jgsg)eiw@ (1[1)] (E.2b)
+d, [mjgse)em (1]1) “_jgs@ew (If1)] + dz(—z')sl\;‘; 00y 2. (E.2c)

The contours corresponding to the constant probability density of the magnetic basis
states are shown in Fig. 4.1.
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Appendix F

Enter the A-matrix

The wave-like character of the quadrupolar excitations can be identified in the struc-
ture of the equations of motion, which can be more compactly expressed in the U(3)
formalism derived in [11]. This formalism exploits the simplicity of the U(3) represen-
tation to provide an alternative numerically integrable for the equations of motion of
the BBQ model. This is carried out in terms of the A operators

AYP = qroqf (F.1)
or explicitly as a projector on the time reversal invariant basis

AP =la), (8], (F.2)

such that the Hamiltonian then becomes
Hppo =) (LA?BAJ@CX + (Jo — Jl)Af‘ﬁA?6> (F.3)
(i)

The A matrices encode the antisymmetric dipole component and traceless symmetric
quadrupole components in the following way

§% = e AP (F.4)
Qaﬁ = _ AP _ pBe :235045 Tr(A> (F5)

F.1 U(3) representation of the FQ phase and its
excitations
A state with ferroquadrupolar order corresponds to a state where all sites are oriented

along a specified d-vector.
In terms of A-matrices, this corresponds to a state with corresponding non-trivial
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components. For director order along the z axis, this can be specified by

(000
Ay=100 0 (F.6)
00 1

where the U(3) generators specified by the corresponding A-matrices can be applied to
rotate the state in its state space RP2. However, not all such actions are non trivial.
In particular, only the actions of the generators

AP =2) (2| (F.7a)
A% = y) (2] , (F.7b)
A = |2) (=] , (F.7¢)
=2l , (F.7d)
= |2) (| , (F.7e)

are closed within the Hilbert space, with this last element acting as the identity.
A representation for the state rotations can be expressed then in terms of the
generators in the following way

RY(¢) = 74 (F.8)
which can be asymptotically expressed in the limit of infinitesimal rotations as
R (@) ~ 1 + igpA™P (F.9)
and the rotated state is described by
Ay — RAGRT (F.10)

An example of such a transformation is here provided for further insight. Consider
R¥(¢), which from the generator

00 1
AB(@)=10 0 0 (F.11)
000
can be expressed as
1 0 sin(¢)
RB(@)=[0 1 o0 (F.12)
0 0 cos(o)

this carries out a trace preserving rotation between the |z) and |z) state, resulting in
the following state

A sin?(¢) 0 sin(¢) cos(¢)
A — 0 0 0 (F.13)
sin(¢) cos(¢) 0 cos?(o)
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The A-matrix description here makes explicit the spin-2 nature of the quadrupole
fluctuations about a given state. By virtue of the transformation property, performing
a rotation though ¢ results in the off-diagonal symmetric components of the state being
rotated through a phase 2¢. Specifically, we see in this case that the action

A [2) = cos(@)|2) + sin(@) ) (F.14)

results in the off-diagonal elements |z) (2| and |z) (x| being mixed with amplitude
% sin(2¢) that is periodic in increments of ¢ = 7. Rotations parametrized by real fields
¢ (as exemplified above) map states

o) = Y asli) = 18) X bili) (F.15)

which keeps the site degrees of freedom in the quadrupole channel. However, rotations
parametrized by complex fields can result in magnetic states ’1> or [1) which are dipolar
in nature.

We therefore write together all possible ground state fluctuations in terms of the
A-matrix formalism from the full set of non-trivial generators, which makes explicit
that a complete description requires that the fields ¢ be complex. In the limit of small
fluctuations this gives

A ‘¢1,3‘2 ¢1,3¢2,3 i(bl’?’
6= | ¢18p723 |23 23 (F.16)
it g |2 — |g28)?

Observe that four degrees of freedom remain. Two of these will encode the dipolar
degrees of freedom, and the remaining two the quadrupolar degrees of freedom.

The low energy quadrupolar degrees of freedom can be isolated from the corre-
sponding definition and recast in the following form

R % o 2‘¢1,3|2 _¢1,3¢2,3 . ¢*1,3¢*2,3 —9;Im ¢1‘73
O = | =328 — 18723 2 9|22 2¢ Im ¢>3 (F.17)
—2ilm ¢ 2i Im ¢ —3 + 20613 + 2]

which to first order in the fields reduces to

0 0 —2i Im ¢'3
Q= 0 0 2i Im ¢*3 (F.18)
—2iIm ¢»®  2iIm ¢*3 0

expressed in terms of the two exclusively quadrupolar fluctuations. These are the
degrees of freedom that we will look to map onto the polarizations of gravitational
waves. The requirement that the fields be real is consistent with the finding of the
next section.
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F.2 Equations of motion

One may ask in this context if it is possible to express the wave equations corresponding
to the dipolar and quadrupolar degrees of freedom in terms of the convenient A-matrix
representation.

The Heisenberg equation of motion takes the following form

AN = —i[A% H| (F.19)

:—zz@ AR AT — ATPAZT) 4 (o — ) (AR AT — A"BAM)) (F.20)

We restrict attention to the ferroquadrupolar ordered state, for which it can be
assumed J; =0, Jy = —1.

In the small fluctuation limit, assuming order along z, A** ~ 1. Therefore, we
assume from preservation of the trace that A*™ ~ 0, A% ~ 0. Furthermore, for con-
sistency we expect 0;A™ = 0;AY = 0,A** = 0. The condition necessary for this is
verified below

OAZ =1 Z (AmAera AVFAT s + AJVAY s — AV AT + AT AR — AZZAH(;)

(F.21)
:ZZ<AZIAZ+5 ATPATE s+ AVAY S — AyZAM) (F.22)
~zz<—z¢*”¢z‘i§’ ¢ o) — iy e — ¢23¢Z+5)> (F.23)

which vanishes if we can assume that the components of the fluctuation are symmetric
A8 = AP implying that the fluctuations are purely real, that is ¢! = ¢*13 and
¢2,3 — ¢*2,3‘

Furthermore, if we employ the assumption of real, symmetric fluctuations and ignore
terms O(A?), then we find equations of motion for the off diagonal fluctuations of the
form

AT = V2AP (F.24)

which are wave equations.



Appendix G

Discrete Fourier transform methods

For any periodic function f(z), there exists a Fourier series decomposition f(k) in
terms of its frequency components.

For a periodic function f, defined on a discrete space with N elements, one can
write a similar decomposition, namely the discrete Fourier transform fj,. Despite the
nomenclature, it is more accurate to think of the discrete Fourier transform (FT) as a
Fourier series decomposition as it is ill defined for aperiodic functions.

Specifically, the discrete representation takes the form

N-1
fo= fie RN for j ke N, (G.1)

=0

with inverse transformation
1 N-
—i2mjk/N
fi= N E i2mjk/N (G.2)

In the language of linear algebra, we can rewrite this as

1 1 1 1

f~0 1 ei27r/N ei47r/N o e—i27r/N fO
fjl _ |1 €i47r/N ei87r/N o e—i47r/N jjl (GS)
f 1 o—i2/N  —idm/N ez‘zy}/N In

Notice that Fy is a symmetric and unitary matrix, that is Fi¥ = Fy/, and +F T Fy =
Iy

More compactly, for an N dimensional input vector f, its transform f can be written
fo=F ]If,j f;. Tt is clear that there are N? operations involved in evaluating this matrix
product and thus evaluating the discrete Fourier transform in this way is an O(N?)
algorithm.

The next natural question is, can we do better than O(N?)? As we shall see, the
answer is yes if we use what is called the fast Fourier transform (FFT).
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(a) R6F256 (b) ImF256

Figure G.1: Colour map of the matrix elements of Fbsg4

The premise behind the FFT is that the elements of the matrix product Fiyf can be
decomposed into matrices with blocks of size %, provided N is even. As an elementary

example, consider the case of N = 4. The discrete Fourier transform looks like

fo 1 1 1 1 fo
fl B 1 ein/2 eim eim/2 fi ad
f2 - 1 ei7r €i27r e—iﬂ f2 ( . )
f~3 1 e—i7r/2 e~im ei7r/2 f3

By permuting the elements of Ff to group the elements of f with even and odd
indices, we can observe

1 1 1 1 fo
~ 1 e ei7r/2 e—’iﬂ'/2 f2
f - F4f 11 ez27r eiﬂ‘ e—iTr fl (G5)
1 e im e—zTr/Q e1'71'/2 f3
10 1 0 1 1 0 O 10 0 0\ /fo
i /2 in
_ |01 0 e 1 em 0 0 00 10]|]|A (G.6)
10 -1 0 0 0 1 1 010 1]]|f
01 0 —2J\0 0 1 ¢/ \0 0 0 0/ \fs
where the decomposition on the right hand side has the following block structure
:  (1s Dy 0
This decomposition makes use of the property e2™/% = ¢™/N which allows for

elements of the smaller block F% to be used to reconstruct the elements of Fy. Gen-



177

eralizing to arbitrary even NN, the transformation decomposes in the following way

~ ]1% D% F% 0

where the diagonal matrix D% is defined in terms of the fundamental element e?2™/N

of the Fy matrix

1 0 0 ... 0
0 /N 0 ... 0
Dy:=|0 0 &N 0| (G.9)
2 . )
0 0 0 e

the blocks F% are defined in terms of the element e*™/N

1 1 1 e 1
1 e#n/N  gidx/N  id(N—-1)m/N

F% _ |1 e®TN  giler/N  8(N-1)m/N (G.10)
i p—idm/N  —i8n/N ei47.r/N

and Py is the permutation matrix that maps f into (f e“”),

fodd
fo ?Z
fi .
Pyl fo|= f (G.11)
. 1
)|

Notice that aside from cleanly reexpressing the Fourier transform operation in a
block structure of sparse matrices, a single matrix decomposition of this kind doesn’t
by itself grant any real speed up. The power of the FFT comes from applying this
decomposition iteratively, and thus is most efficient in cases where N = 2™ for M € N.

To understand how such a procedure can be implemented iteratively, consider the
next decomposition in the sequence for the example of N = 4. The matrix F); was
decomposed into

10 1 0 1 1 0 0
01 0 em/2 1 € 0 0 1, Dy F, 0

B=l10 -1 o0 00 1 1 _<]12 D)\ 0 F (G.12)
01 0 —e2/\0 0 1 €~

where the second matrix now contains the F, matrices. Applying the same decompo-
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sition to each F, matrix within this second matrix, and using the fact that D; = 1,
F; =1 we see

1, Dy | O 0 FrL 010 O

F 0y |1, =Dij0 0 0 R0 0

(o F2> o o |1 D 0 0|F 0 (G.13)
0 0 ]11 —D1 0 0 0 Fl

1 1 0 O 1 1 0 O 100 0

1 ¢ 0 0 1 ¢ 0 0 0100

O 0 1 1] (0o 0 1 1 0010 (G-14)

0 0 1 ¢~ 0 0 1 €/ \0 001

In this case, further iteration does not simplify the results any further. However, for
larger N, this procedure is the key behind the speed up associated to the fast Fourier
transform. To see this, consider the number of operations involved in Eq.G.8.

Iy Dy (Fy 0
f= 1% —Dy{] 0 f/g/ Py f (G.15)
o) o2
Fv 0 0 0
ly Dy 1 00 0 Fy 0 0
_(ty Py | Iy =Dxj 0 0 00 Fx 0 |pyf (G16)
iy —=Dx)| 0 0 |1y Du i
2 2 O O ]14 D4 0 0 O F%
- 27 _
O(N) T 0 nat
O(N)

The matrix composed of Fy subblocks is the only place where the number of non-
trivial elements (and thus operations) is of order O(N)?2. However, through iterative
application of the matrix decomposition, this matrix can be reduced to the identity 1
matrix as we shown in the N = 4 example.

By requiring that N = 2™, the matrix Fy can be decomposed into M matrices
with O(V) scaling.

This means in total, the number of operations carried out is O(M)O(N) = O(N log, N).



