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ABSTRACT

Casey Elizabeth Anderson Berger: Circumventing the Sign Problem in Rotating Superfluids Using
Complex Langevin
(Under the direction of Joaquin E. Drut)

Quantum field theories with a complex action suffer from a sign problem in stochastic nonperturbative
treatments, making many systems of great interest — such as polarized or mass-imbalanced fermions and QCD
at finite baryon density — extremely challenging to treat numerically. Another such system is that of bosons
at finite angular momentum; experimentalists have successfully achieved vortex formation in supercooled
bosonic atoms, and have measured quantities of interest such as the moment of inertia. However, the rotation
results in a complex action, making the usual numerical treatments of the theory unusable.

This thesis treats systems of nonrelativistic bosons with finite angular momentum using two approaches.
One approach is to determine the virial coefficients using a semi-classical lattice approximation (SCLA).
Through this approach, we are able to compute the thermodynamic equation of state of the bosons for finite
trapping frequency, rotation, and inter-particle interaction. The second approach uses the complex Langevin
(CL) method — a method which employs an extension of the Langevin equation to complex space and
circumvents the sign problem to compute the full quantum behavior of a low energy system of interacting,
trapped, and rotating bosons.

We examine the density and angular momentum of the system using all three methods, but the CL
method in principal allows us to compute properties unique to rotating superfluids, in particular to show the
formation of density singularities (so-called vortex lattices) and compute the circulation of the fluid around
those vortices. This work advances our understanding of the quantum effects of rotation on ultracold bosonic

gases in two different limits.
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CHAPTER 1: Introduction

Quantum many-body systems are foundational to a wide range of interesting physical topics, from very
small scales (the quark-gluon plasma of the early universe) to very large ones (understanding the structure
of neutron stars). Advances in theoretical treatment of these systems can aid in the development of novel
materials, provide insights into the stability of nuclei, push forward the boundaries of knowledge about the
origin of the universe, and more. However, all but the simplest of these systems can be extremely challenging
to understand at a detailed level. Very few are accessible using analytical methods, and those which must
be calculated computationally frequently have limitations that prevent us from exploring some of the most
interesting physics.

This thesis explores one such system: rotating, interacting bosonic systems. The physics at the heart
of these systems is relevant across disciplines, from astrophysics to quantum materials to nuclear structure.
We begin with the kind of straightforward problem an undergraduate can solve and show how quickly the

complexity grows once we consider interacting quantum systems with many particles.
Section 1.1: From two- to many-body systems

1.1.1: The classical N-body problem

As with all complicated problems, it is best to start with the simplest possible version and build from
there. To understand the challenges of the quantum N-body problem, we begin with a problem that all
undergraduates learn to solve in the early years of their physics courses: the classical two-body problem!.

The classical two-body problem is most often introduced when students learn orbital mechanics, in the
context of the earth-sun interaction. The earth and the sun are two massive objects which exert equal and
opposite force on each other. The motion of the two bodies is determined by the gravitational force between
them. Since this force is a Newton’s third law pair, we are able to take advantage of the symmetries and
conservation laws of this system to greatly reduce the complexity of the problem.

The total momentum of the system is a conserved quantity, so we can perform a change of variables.

Instead of measuring our coordinates r; and ry relative to some external origin, we choose to express the

IThis is a common example in advanced undergraduate physics courses, and can be found worked out in detail in Refs. [2, 3]



equations above in terms of the center of mass coordinate measured relative to that external origin, R, and the
relative separation between the two bodies, r, and then the principles of conservation of momentum can be
applied. Since the total momentum is conserved, the center of mass velocity must be constant, and therefore

the center of mass motion, denoted by R, becomes a simple linear function of time:

R =voum ! (1.1)

and our two-coordinate problem has now been reduced to a one-coordinate problem. All that remains is to
solve for r which, while often not trivial, is something that can be done in a straightforward manner.

This classical two-body problem serves as a starting point for the more complicated classical N-body
problem, which can’t be solved by hand for large N, but can be solved numerically. The equations of motion

are given by

N
m. r._r.
i = -G Z J(—?{) (1.2)
j2ige Tl

This is a 6 N-dimensional ordinary differential equation with time being the only degree of freedom and can
be solved for some large number of objects, N, with memory requirements scaling linearly with the number
of objects.

This is, as mentioned above, a much simpler case than the quantum N-body problem, but it serves to
establish the approaches to problems such as these: use symmetries and conservation laws to reduce the
problem complexity and then solve computationally. Unfortunately, as we shall soon see, this is a necessary
but not sufficient step for studying quantum many-body systems, and quantum many-body problems will

require more sophisticated methods to solve, even computationally.

1.1.2:  The quantum N-body problem

Quantum mechanics has its own canonical two-body problem: the hydrogen atom. Typically studied in
advanced undergraduate quantum courses, this example shows immediately how quantum behavior introduces
its own challenges to the approach. Still, it remains a problem with an exactly-solvable three-dimensional
wave function, in the absence of external fields or interactions. The approach is fundamentally similar to

the classical case, but while in classical mechanics we solve Newton’s equations of motion, in quantum



mechanics we solve the Schrodinger equation. The Schrédinger equation for the hydrogen atom is:

2y2
B RV R2V2 e?

2m,, 2m,  4megr

Y(re,rp) = E¥Y(re, 1)), (1.3)

where r is here defined as the magnitude of the separation between the electron and the proton, r = |r.—r, | [4—
6], E is the energy of the system, and we are solving for the quantum wave-function, V.
This equation has two useful features which make it a relatively simple problem. First, the solutions to

&2
Aregr

this equation have no time dependence; and second, since the Coloumb potential V(r) = — depends
only on the separation r = |r, —r,|, a change of variables can be applied, and the equation can be separated
into two independent equations, just as we did in the classical two-body problem, where our central potential
was gravitational rather than electrical.

The appropriate change of variables is from r, and r,, to the center of mass coordinate R and the relative

coordinate r, defined below:

Me¥e + MpYp

R=— andr=r, —r,. 1.4

Me + my e (1.4)

With the introduction of total (M = m,+m,,) and reduced (u = mjv';‘” ) masses, the new Schrodinger equation
is given by:

h2 V2 h2 9 62
oM R 2u " dmeor

Y(R,r) = EY(R, 1), (1.5)

which can be solved using separation of variables.

The solution to the center of mass equation is that of a free particle of mass M (just as in the classical
case), making it uninteresting to the internal structure of the hydrogen atom. It is the solution to the relative
motion equation which is of interest; the relationship between the proton and electron is what gives the
hydrogen atom its quantized values of energy and angular momentum.

This is an eigenvalue problem, and the solutions to ‘¥ (r, 6, ¢) = Y3,,(0, $)R(r) are the joint eigenstates
of the energy (H) and angular momentum operators (L2 and L.). For simplicity, we define a dimensionless

coordinate, p = a’—o, where
3 Aregh? ~  2uag

ap = ,and E =
0 e h?

E. (1.6)



The constant ag is the Bohr radius, which is a physical constant corresponding to the average distance of the

electron from the nucleus in the ground state. Now the radial equation reads:

~d ( L dR(p)
2R (p)

- o ) +(e(t+1)-2p- Ep*) R(p) = 0 (1.7)

The solutions to this equation are related to the associated Laguerre polynomials L’,‘l [7]:

4
2r _ 2r
Rue(r) = N(—MO) e r/nao) 2641 (—MO), (1.8)

where ¢ and n are integers and N is obtained by normalizing the radial wave function. Thus, the final

hydrogen wave functions are described by

l

2 —_r 2

Y(r) = N(—r ) eas L2041 (—r )Yfm(e, ) (1.9)
nag nag

with #n, £, and m all quantum numbers describing the state. The unperturbed hydrogen energy eigenstates are

Operator ‘ Eigenvalue ‘ State ‘ Range
2
H | -g&==%| In n=12..00
L? R20(€ + 1) |€) =0,..,n-1
L, hm my | m=-(-[-1|,...¢-1¢

Table 1.1: The energy Ho, total angular momentum L2, and z-component of the angular momentum L., are all operators which are
simultaneous eigenstates of the unperturbed hydrogen Hamiltonian.

eigenstates of three operators simultaneously: the Hamiltonian or bare hydrogen atom energy H (principal
quantum number, n), the total angular momentum squared L? (angular quantum number ¢), and the z-
component of angular momentum L, (magnetic quantum number ). Table 1.1 illustrates these values, the
operators they correspond to, their eigenvalues and eigenvectors (states), and the restrictions on their range.

Beyond the hydrogen atom, we quickly depart the realm of exactly-solvable quantum systems. While
in principle, the process is straightforward (i.e. solve the N-body Schrédinger equation), in practice, this
is only possible for a small number of scenarios, often ones which tell us very little about the complicated
physics seen in the universe. The presence of more than two particles with at least a two-body interaction
quickly yields intractable equations.

As most of the questions we can pose about the universe — e.g., what is the atomic structure of a

particular material? Why are some nuclei stable and others not? What is the internal structure of a neutron



star? — are about large numbers of particles interacting with each other and the environment, this provides a
strong motivation for developing new methods to solve for the equations of motion of these systems. Many
approaches have been taken to this challenge, and different disciplines prefer different classes of methods.
Mean-field theories and related approaches are common in condensed matter and materials science; coupled
cluster approaches are often seen both in nuclear theory and quantum chemistry; and lattice gauge theory is
employed largely in relativistic systems like quantum chromodynamics (QCD) and quantum electrodynamics
(QED). These methods are all united by the need for computational resources to evaluate these numerically-

intensive systems.

Section 1.2: Stochastic methods and the sign problem

Computational methods have allowed for great advances in understanding of quantum many-body sys-
tems. However, limitations still exist. The computational complexity of many quantum problems scales
exponentially with the size of the system due to the size of the underlying Hilbert space, meaning that many
systems of great interest are still inaccessible due to lack of fast or powerful enough computers. Nuclear
structure is one such example; numerical solutions to the many-nucleon Schrodinger equation can only
be achieved for nuclei with atomic mass number of up to four. With well-controlled approximations and
innovative methods, calculations can be done for heavier nuclei — up to nickel (A = O(60)) [8]. Innovative
methods are what drive advancement in many-body quantum mechanics. Exact solutions to the many-body
Schrodinger equation simply require more computational resources than exist, and so creative and intelligent
alternatives must be developed.

Among these alternatives are quantum Monte Carlo (QMC) methods. These are a well-established set
of methods for calculating properties of quantum many-body systems. Their applications cover a massive
range of energy scales, from QCD to ab initio nuclear structure to neutron stars, and they provide a stable
technique for calculating properties of these systems. These methods take advantage of similarities between
path integral formulations of quantum mechanics and the statistical mechanics partition function in order to
construct a well-behaved probability distribution from which behavior of the system can be sampled using a
Markov chain method.

In the path integral formulation of quantum mechanics, the probability amplitude for a quantum process

is found by integrating over all possible paths. The contribution of each path is weighted by 5, where S is



the action. This allows for the calculation of observables, as shown here:

z - f@xeism (1.10)

©O) = = (1.11)

|
—
S
=
Q
g
=
)
=

Assuming a real action, S[x], the complex weight can be made real by performing a Wick rotation it — 7,
such that now our observable is the integral of that observable over all paths x weighted by a probability

measure for that path:

(0) %f@x P(x)0(x). (1.12)

P(x) = e Skl (1.13)

This formulation lends itself to a stochastic treatment of the path integral.

Quantum many-body problems can be written in terms of quantum fields, using quantum field theory
(QFT). The fields can then be discretized and placed on a spacetime lattice, a strategy known as lattice field
theory. The benefit of lattice methods is that the resulting path integral can often be evaluated stochastically,

and the expectation value of an observable can be given by

1 N
(0) ~ N;()n, (1.14)

where N is the number of configurations sampled, and O, is the value of the observable calculated with
lattice configuration n. If a good probability measure can be defined for the system, i.e. if P(x) = e~SM
is real and positive-definite, then the solution is exact with systematic uncertainties determined entirely by

lattice parameters and statistical uncertainties due to the number of samples. Thus, overall uncertainty can

be controlled by varying lattice size and spacing and number of samples.

1.2.1: The sign problem in quantum many-body physics

Some quantum many-body systems are inaccessible to QMC methods, for varying reasons. One of the
largest sets of these systems are those which suffer from the sign problem, also called the complex phase
problem. This is part of a larger group in computer science known as NP-hard problems, for which no
general solution is expected to exist (although it remains a topic of ongoing research). The sign problem can

arise when a system doesn’t have the desired behavior: a real, positive-valued weight in the path integral. In



this case, the crucial step for QMC approaches — i.e. treating the weight like a probability distribution from
which we can sample values of the fields and the observables — becomes invalid.

If the action of a quantum many-body system is real and positive, we can use standard Monte Carlo
methods to evaluate the path integrals and compute observables. Howevever, there are many very important
cases when this condition is not satisfied, for example strongly-interacting QCD systems with non-vanishing
chemical potential and superconductors and superfluids under specific conditions. The sign problem con-
founds our ability to make progress in these areas with the methods that have been so effective in so many
quantum many-body systems. In order to move forward in understanding these systems, we must develop

new methods to circumvent the sign problem.

Section 1.3:  Superfluidity
Superfluids, in the simplest terms, are fluids that flow without friction. In slightly less simple terms,
they transport a conserved charge (e.g. mass, particle number, electric charge) without loss of energy due to

dissipation for velocities smaller than some critical velocity:

ve = min 2 (1.15)
p p

where €, is the energy of the excitations on the condensate and p is its corresponding momentum.?

This behavior was first observed in liquid helium, but can appear in a wide range of substances. Su-
perfluidity is in fact a phase of a system, which occurs below a critical temperature. This temperature can
vary wildly across systems, which means superfluidity is a state observed across a dramatic range of energy
scales, from helium and other ultracold atomic gases at one end (7, =~ 1077K) to quark matter at the other
end (T, ~ 101 K).

The frictionless flow of a superfluid is not its only remarkable behavior. Superfluid velocity has no curl,
and therefore is irrotational. However, nonzero hydrodynamic circulation can exist, and must be quantized
in units of 27h/m, where m is the mass of the particles comprising the superfluid. If we try to rotate
superfluid helium — or another cold atomic gas — it develops spontaneous vortices in direct proportion to
the amount of angular momentum imposed on the system. This has been predicted as a direct result of the

properties of superfluids (see e.g. Refs. [11-13]) and observed in experiments with ultracold atoms (see e.g.

2For more information about superfluids, references [9] and [10] provide an excellent framework, on which the discussions in this
section were built.



Refs [14-17]).

Superfluids share much with their phenomenological cousin, superconductors. While the two phenomena
are not identical, superconductors are also a phase of a system in which a conserved charge is transported
without energy loss. Superconductors break a local symmetry, while superfluids break a global symmetry —
this is the fundamental difference that separates them on a theoretical level. The strong connections between
the two — particularly their dissipationless transport — makes them together a subject of active inquiry.

We can build a theory of superfluids using a complex scalar field. The Lagrangian of the system will
be invariant under U(1) symmetry, and a necessary condition for superfluidity is the spontaneous breaking
of this U(1) symmetry, i.e. the ground state of the system will not be invariant under this symmetry even
though its Lagrangian is. The critical temperature is the point above which the superfluid has “melted," i.e.
the point where the ground state is symmetric under U(1).

Our system — which can become a superfluid below some critical temperature — is a complex scalar
field, representing spin-0 bosons with mass m and interacting via a repulsive contact interaction 4 > 0. The

Lagrangian for our system is as follows

L=08,0"0"¢ - m’1¢” - Alol* (1.16)
This Lagrangian is invariant under U(1) rotations of the field, that is £ is unchanged for

b — e % (1.17)

which is a global symmetry, as « is a constant and does not depend on spacetime.

There will also be a conserved charge — this is what is transported by the superfluid without loss of energy
— and this will arise from Noether’s theorem. Generally, the conserved charge of interest with superfluids is
a particle number charge.

While superfluidity is in essence a bosonic phenomenon, it does occur under certain circumstances in
fermionic substances. Cooper pairing allows fermions to form bosonic states: Fermi surfaces are unstable for
attractive interactions between the fermions, no matter how small the attraction strength, and this instability
causes a new ground state to manifest, where the fermions form pairs at the Fermi surface. This is best

known in the case of electronic superconductors, where the Cooper pairing of electrons leads to a state much



like superfluidity, with a vanishing resistivity below some critical temperature.

Helium 3 is also fermionic, but forms Cooper pairs due to an attractive interaction between the atoms,
and can form multiple different superfluid phases. This has been observed in other ultracold atomic gases,
most notably by the Ketterle group [18], where vortex formation in lithium 6 demonstrated a superfluid state.

In high-energy physics, color superconductors may form in quark matter and inside dense stars.

Section 1.4: Superfluids and rotation

The spontaneous appearance of quantized vortices in a lattice structure is a characteristic feature of
superfluids at thermal equilibrium [19-22]. These effects are related to rotation and also external magnetic
fields [23], and the vortices can have dynamics that interact with sound waves [24]. Addition of spin-
orbit coupling creates further complexity in the system, leading to unique phases depending on the type of
coupling [25-28]

In 1949, Lars Onsager first predicted that vortices would form in rotating superfluids [12]. Richard
Feynman expanded on Onsager’s prediction a few years later, reiterating the expectation that quantized
vortices would appear when superfluids were forced torotate [13]. Another thirty years after these predictions,
the first direct observation of quantum vortices was made in rotating superfluid “He [29]. Experimentally,
great progress has been made in studying rotating superfluids since the first direct observation of vortex
formation. In 2000, vortex formation was observed in stirred, magnetically-trapped rubidium atoms [17].
The next year, triangular vortex lattices of up to 130 vortices were observed in rotating ultracold sodium
atoms [14]. Ultracold atoms provide a highly controlled, tuneable setting for studying vortex formation and
other properties of rotating superfluids.

Adding rotation into a complex scalar field introduces new challenges into theoretical treatments of the
system. While a nonrelativistic complex scalar field already yields a potential sign problem in stochastic
treatments, there are ways to get around this sign problem. The additional complexity of the angular
momentum term in the action eliminates those possibilities and yields an irretrievably complex weight for
stochastic sampling. As a result, most theoretical work done on rotating superfluids is done using mean-field
treatments such as the Gross-Pitaevskii Equations (GPE). These equations have been very successful in
describing mean-field behavior of rotation in superfluids, including the spontaneous formation of vortices,
but stop short of a fully quantum examination of the system [19].

Rotating bosons exist in important physical systems that cut across disciplines. They are of interest in



condensed matter for understanding the effect of a magnetic field on superconductors, in nuclear physics for
describing the behavior of rotating nuclei, and in astrophysics for illuminating the physics of neutron stars
and pulsars. In order to continue to progress in these areas of physics, a method to work around the sign
problem must be used. Theoretically, treatment of these systems has stalled due to the presence of the sign
problem, and the subject of this thesis is to explore alternative methods to understanding rotating bosonic

systems.

Section 1.5:  Outline

In Chapter 2, we explore an approximate method for describing the behavior of trapped, interacting, non-
relativistic many-body bosonic systems under rotation. This approximation is known as the virial expansion
and is valid only for certain temperature and density regimes. While useful for elucidating the behavior of
these systems at higher temperatures, we desire to use stochastic methods to understand the full quantum
effects of rotation. To that end, we introduce a method in Chapter 3 called complex Langevin, which allows us
to study systems with a complex action stochastically rather than by using high-temperature or dilute-system
approximations. In Chapter 4, we apply this method to a relativistic Bose gas, as a proof of concept and to
illustrate the finer points of the method. And finally, in Chapter 5, we apply this method to a nonrelativistic,
harmonically-trapped, rotating, and interacting system of bosons, which in the low-temperature regime is a
rotating superfluid. We discuss the results of this method and compare them with our virial expansion, in

order to shed light on some of the challenges of treating this system.
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CHAPTER 2: Semi-classical lattice approximation for trapped, rotating, interacting quantum
matter

Section 2.1: Motivation: why use a semi-classical lattice approximation?

One way to avoid the sign problem quantum many-body systems is to use approximate methods. Despite
their limitations, approximations are excellent tools that can allow us to examine interesting behavior in
particular regimes without having to encounter the sign problem that can arise in a full stochastic calculation.
Often, they are our only way to benchmark numerical results.

In this case, we apply the virial expansion to a system of trapped, rotating, interacting bosons in 2D
and 3D and implement a semiclassical lattice approximation (SCLA) recently put forward in Refs. [30-32],
where it was applied to non-rotating matter.While these systems are not in themselves rotating superfluids,
they have the same field theoretical structure and in the right temperature and density regime could support
superfluidity. The approximation allows us to bypass the requirement of solving the N-body problem
to access the n-th order virial coefficient and describe the thermodynamics of the system using a virial
expansion. The virial expansion is valid in a high-temperature, low-density limit, while the semi-classical
lattice approximation requires that we use a strongly-interacting or weakly-interacting regime. In this case,
we look at the weakly-interacting case, where the interaction potential is significantly smaller than the

noninteracting Hamiltonian.

Section 2.2: Hamiltonian and formalism
We use a Hamiltonian formalism to generate our virial coeflicients, as it lends itself well to the manip-
ulation of the partition function. Our Hamiltonian is composed of both a non-interacting term Hy and an

interacting term Hip:

I:I = I:IO + ‘A/im. (21)

The noninteracting term can be further broken up into three contributions:

Hy=T + Vgt + w, L, (2.2)
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where

. J - R2V2\ .
=) f dx i (x) (— 5 )ws(x), (2.3)
m
s=1,2
is the kinetic energy,
A 1 R .
Vext=§mw?r f d“xx* (i1 (%) + Az (x)), (2.4)

is the spherically symmetric external trapping potential in d dimensions, and
L.=i ) f dx gl (x) (xdy - yoy) s (x), (2.5)
s=1,2

is the angular momentum operator in the z direction. The interaction term is given by

Vine=—g f dx iy (%) 72 (x), (2.6)

with g the bare interaction parameter, and where, for the sake of simplicity, we restrict ourselves to two
particle species with a contact interaction across species (i.e. no intra-species interaction).
In the above equations, the field operators v, ;./A/;L correspond to particles of species s = 1, 2, and 7i5(x) are

the coordinate-space densities. In the remainder of this chapter, we will use units such that 2 = kg = m = 1.

2.2.1: Thermodynamics and the virial expansion
The grand-canonical partition function describes the statistical properties of the the quantum many-body

system, as all the thermodynamic quantities of interest can be determined from it. It has the general form
Z-Tr [e—mﬂ—um] g 2.7)

where f is the inverse temperature, H is the Hamiltonian given in Eq. (2.1), Q is the grand thermodynamic
potential, N is the total particle number operator, and y is the overall chemical potential.
As the direct calculation of Z is a challenging problem in the presence of interactions, we will use the

virial expansion, which is an expansion around the dilute limit z << 1, where z = €f¥ is the fugacity. This

12



is given by
~pQ=InZ =01 b (2.8)
n=1

The coeflicients b,, are known as the virial coefficients, and Q; is the one-body partition function, which
can be calculated directly without too much trouble, as there is no interaction present (we will show this
calculation in Section. 2.2.2). This expansion is valid for small values of the fugacity, which can be affected
by both the temperature (7" « 1/) and chemical potential of the system.

We can compare this virial expansion for the partition function with the expression of the grand-canonical

partition function in terms of the canonical partition functions Q of all possible particle number N:

zZ=) Mow, (2.9)
N=0

and thereby obtain expressions for the virial coefficients

by = 1, (2.10)

by = %_% 2.11)
2

by = %_bZQI_%, (2.12)

and to higher order. The quantity we are interested in is the change in these virial coefficients due to rotation:

by = b (Jwg| > 0) = b (w, = 0) (2.13)

and due to the presence of interactions:

Ab, = b, — bV (2.14)

where bff” is the virial coefficient of the system when there are no interactions.

The Qn can themselves be written in terms of the partition functions Q,  for a particles of type 1 and
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b particles of type 2:

01 = Q10+Qo01=2010 (2.15)
Q> = Q20+ Qo2+011=2020+011, (2.16)
O3 = Q030+Q03+021+012=2030+2021, (2.17)

and so on for higher orders. In the absence of intra-species interactions, only the Q11 and Qo 1 are affected,

such that the change in b2 and b3 due to interactions is entirely given by

AQ11
Aby = 1 2.18
2 o1 (2.18)
2A
Abs = QQ2’1 — Abs Q1. (2.19)
1

We will use these expressions to access the high-temperature thermodynamics of the bosons in this system and
examine their dependence on the rotation frequency (expressed in dimensionless form as Sw,), the strength
of the trapping potential (in dimensionless form, Swy,), and inter-particle interaction (whose dimensionless

form, A, will depend on the bare coupling g and the dimensionality d).

2.2.2: Semiclassical lattice approximation
To calculate the interaction-induced change in the canonical partition functions AQ1, 1 and AQ9 1, we use
an approximation. The exponential of the sum of two non-commuting operators can be related to the product

of the two exponentiated operators via an infinite series (the Baker-Campbell-Hausdorff formula) [6, 33]:

— (A + B)" 1

eAtB = Z%:I+A+B+§(A+B)(A+B)+... (2.20)
n=0 '

AeB = eA+B+%[A,B]+... 2.21)

Our approximation consists in keeping only the leading term in the Magnus expansion derived from the

Baker-Campbell-Hasudorff formula:

e—ﬁ(ﬁ0+\7im) — e—ﬁﬂoe—ﬁvint % e_l%Q[HO,Vim] X ..., (2.22)

where the higher orders involve exponentials of nested commutators of ﬁo with ‘Zm- Thus, the leading order

in this expansion consists in setting [FIO, \A/im} = 0, which becomes exact in the limit where either Hg or Vim
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can be ignored (i.e. respectively the strong- and weak-coupling limits).

Single-particle bases in 2D and 3D

In evaluating the results of the semiclassical lattice approximation, we will make use of the eigenstates
of Hy in 2D polar coordinates and 3D spherical coordinates.

Two spatial dimensions.- The single-particle eigenstates of Hy in 2D are given by

1 .
(x|k) = —=Rim(p)e™?, (2.23)
Var
where
Rim(p) = N2 Nwe ™12 plm LM (p?), (2.24)

where p = \wr and

/ k!

(2D)

= V2| —M 22
Niw' = V2 (k + |m|)!’ 2.25)

with L}I(ml the associated Laguerre functions. We have used polar coordinates r, ¢, and a collective quantum

number k = (k,m), with k = 0,1,... and m any integer value. The corresponding energy is
Eim = we(2k + |m| + 1) + w,m (2.26)

These eigenstates are derived in more detail in Appendix A.1.

Three spatial dimensions.- The single-particle eigenstates of Hy in 3D are
(x|k) = R (p) P (cos 6)e™?, (2.27)
where le (x) are the associated Legendre functions and
Rua(p) = NG w *e ™12 pl LT (o2, (2.28)

r
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where

GD) _ 1 2k+21+3 k!

ke N Vig 2k + 21+ DIV

(2.29)

Here, we have used spherical coordinates r, 9, ¢, where 6 is the polar angle, and ¢ the azimuthal angle. The
collective quantum number k = (k, [, m) is such that k > 0,/ > 0, and —/ < m < [. The corresponding

energy is

Erem = we(2k + 1+ 3/2) + wym. (2.30)

The eigenstates in 3D have been derived in great detail in many references, as the single-particle wave

function is the same as that of an electron in a hydrogen atom. For detailed derivations, see e.g. Refs [4-7].

Single-particle partition function O,

As mentioned above, Q1 can be computed straightforwardly. The single-particle partition function is

described as

0, = Z e BEx, 2.31)
k
Thus, in 2D,
2 e_ﬂwlr
— _BEkm —
01=2) e = ToeFoy o) (2.32)

k,m
where w. = wy = w, and the overall factor of 2 reflects the fact that we have two particle species.

Similarly, in 3D,

1 1 e Pws
(1—e2Pon)(1—ePwz) [1—ePo- 1 —eBor

Q1 = 2e7 P32 (2.33)
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Two-body contribution AQ1 ;.

The calculation of the first nontrivial virial coefficient, Ab, in our semiclassical approximation requires

the above result for Q1 and AQ1, ;. At leading order,
Q11 =Tryy [e‘ﬁﬁoe‘ﬁ“"‘], (2.34)
where Tr; ; represents the trace of the matrix when we have a single particle of each species. This leads to

011 = ), (kikale P xixo)(xixale PV ki ky)

ki,k2,x1,%2

Do e P B My (ks lxixo) (2.35)

k1,k2,x1,X2

where we have inserted complete sets of states in coordinate space {|x1x2)} and in the basis |kjks) of
eigenstates of Hy, whose single-particle eigenstates |k) have eigenvalues Ex. We have also made use of the

fact that Vim is diagonal in coordinate space, such that
My, x, = 1+ Ba %6y, x,» (2.36)

where B = a4 (eﬁng - 1) and we have introduced a spatial lattice spacing a as a regulator. This leads to a

new expression for AQ1 1:

AQ11 =B ) aleFutbio)|(kikslx %), (2.37)
ki,ko,x

which can be computed numerically.
The computationally demanding part of this calculation is the overlap function |(kiks|xx)|?. Note that
this function can be factorized as |(k; [x)|?|(ka|x)|2. Upon summing over k;, however we obtain a simpler

expression

AQi1 =B ) a'nj(x) (2.38)
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where

np(x) = > e PEr(kIx)|%, (2.39)
k

The exponential decay with the energy will enable us to cut off the sum over k in most cases without
significantly losing precision. We show a representative example of such cutoff effects in Figure 2.1. We
can see in this figure that the relationship between the rotation frequency and trapping potential has an effect
on where we can cut off our sum. We see that in 2D when w, = wy,, our sum does not converge as we raise
the cutoff limit for £ and m, but instead grows with that cutoff. This same effect is not visible for values of
W; < Wiy

This shows that at the specific point where w, = w;, we can no longer calculate virial coefficients
efficiently in 2D. Fortunately, we are not concerned with the system at phase transition, but instead we are

interested in what happens below the critical rotation frequency.

0.7 — 2D,k=2,m=1 0.7 2D,k=2,m=1
—— 2D,k=4,m=2 2D, k=4,m=2
0.6 ---- 2D,k=8,m=4 0.6 2D, k=8 m=4
-------- 2D, k=16, m =8 2D, k=16, m =8
0.5 — 3D, k=2,1=2 0.5 3D,k=2,1=2
—— 3D, k=4,1=4 3D,k=4,1=4
"50‘4 ---- 3D,k=8,1=8 "350_4 3D,k=8,1=8
30N\, e 3D, k=16,1=16 3 3D, k=16,1=16
€03 €03 ‘
0.2 0.2
0.1 0.1
0.0 e, 0'0 _____________
00 05 1.0 15 20 25 30 35 40 00 05 1.0 15 20 25 30 35 40
o o

Figure 2.1: The figure shows né (x) as a function of our radial lattice for a few different cutoffs in k and m (2D) or k and [ (3D),

demonstrating where we can cut off our sums. The left figure is for Bw,; = Bw¢,/2, where we see we can cut off our sums at very
small values. The right figure is for fw, = Bwtr, which represents a phase transition in our system. We can see these effects in the
cutoffs, as shown by the figure on the right, where in 2D, né (x) fails to converge as we raise the cutoff in £ and m.

To compute the sum, we refer back to the previously-defined single-particle eigenstates in 2D (Eq. (2.23)),

arriving at an expression in 2D for ng:

D ePEm (07, (2.40)

( ) 62
n’g X) = Wy
k,m

whose units come from the prefactor wy and, as expected from symmetry considerations, is only a function
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of the radial coordinate (concentric with the trapping potential). Here,

2 k! 2
2D 2y — 2|m lm| 2
Jim(P7) = G i? | l(Lkm (p )) , (241)
Similarly, in 3D,
e P’
ng(x) = w?/ QF D ePEm FP(p?) (P} (cos 0))? (2.42)
Am T
where
2k+2l+3 k! 2
3D, 2y _ o (1+1/2, 2
= L 2.43
W )= e n” (L) (2.43)

Which can be used to calculate AQ1 ; using Eq. (2.38).

Calculation of AQ9 1

Following the same steps outlined above, it is straightforward to show that

B
AQy1 =5 e PirFerE) bt lkoks) . (2.44)

kikoks X1X2

The overlap can be simplified slightly by factoring across distinguishable species:
(x1x2x1|k1koks) = (x3x2|kiko)(x1lks), (2.45)
where the matrix element (x;x2|k ko) is a permanent of single-particle states:

(x1x2|k1ko) = (x1]k1 )(x2lko) + (x2|kq )(x1 ko). (2.46)

As in the case of AQ; 1, we will sum over the energy eigenstates first, and then perform the spatial sum.

To that end, it is useful to define

nf(x1,%2) = ) e P BB | (xyx,l Ko) Prg (x1), (2.47)
kiko
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such that,
AQs1 = EZnB(x X3) (2.48)
21 = 3 3 (X1, X2). .
X1X2
As in the case of ng(x), the exponential decay with the energy allows us to cut off the double sum in

ng (x1, x2) without significantly affecting the precision of the whole calculation.

2.2.3:  Gauss-Hermite quadrature
As shown above, the single-particle wavefunctions (Eq. (2.23) and Eq. (2.27)) and the associated density
functions ng(x) and ng (x1,x2) are governed in the radial variable by a Gaussian decay. For that reason, it
is appropriate to calculate the corresponding integrals using Gauss-Hermite quadrature. The corresponding
M points x; and M weights w; allow us to estimate integrals according to
00 , M-1
f dxe™ f(x) = > wif (x). (2.49)
—e0 i=0
In this work we use the same quadrature points and weights as in our previous work of Refs [34-36].

Section 2.3: Results

2.3.1: Noninteracting virial coefficients at finite angular momentum
We present here the calculation of the noninteracting (i.e. g = 0) virial expansion when w, # 0. We

begin with the partition function of spin-1/2 bosons in terms of the single-particle energies E:
InZ =2 Z In(1 — zePF). (2.50)
E

This can be further expanded for small z (the virial expansion) as

nZ = —22 i %e‘”ﬁE. (2.51)
E n=1

Two spatial dimensions.- In 2D, E = Ey;, = we(2k + |m| + 1) + w,m, where k > 0 and m is summed

over all integers. Thus, we may write the sum as

© Zne—nﬁa)tr e

InZ=-2 ZEl ) — Z e Pwnink Z e mpws mi:ll e nmpw-| (2.52)

=1 k m=0
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where w. = wy = w,. Carrying out the sums over k, m, i, we obtain

InZ =01 bud\ (253)
n=1

where

_2 e_nﬂwlr

b, = — .
01 n (1-eBws)(1— e "Bw-)

(2.54)

Finally, to determine b,, we use Q1 as derived above in Eq. (2.32)), such that

bn = __1€_ﬁwlr(n—1) (1 - e‘ﬁ‘”+)(1 _ e‘ﬁ‘“—)

n (1 — eBw+)(1 — e~nBw-)’ (2.55)

Note that, while the b,, are always finite, Q; diverges when w_ — 0. This signals an instability due to the fact
that, for any w_ < 0, i.e. w, > wy, the system does not have a ground state. In terms of In Z, the divergence
may be regarded as a phase transition at w, = wy. In other words, in that limit the centrifugal motion due to
the rotation is strong enough to overcome the trapping potential and the system escapes to infinity.

Three spatial dimensions.- In 3D, E = Ey;, = we(2k + 1 + 3/2) + w,m, where k > 0, [ > 0, and

—I < m < [. Therefore, analyzing the problem as in the 2D case, we obtain

by = =2 ez 2.56
Ql n — 7 (1 — e‘"ﬁ‘”lr)(l _ e_nﬁw+)(]_ _ e_nﬁw—)’ ( . )
and using (Eq. (2.33), we determine
by = Lo tpennn (L= e PO e PO e ) 2.57)
n (1 — eBwn)(1 — e7Bws) (1 — e7"Bw-)

As in the 2D case, the b,, are always finite, but Q1 diverges when w_ — 0.

The impact of rotation, i.e. a finite Sw, on a noninteracting system is displayed in Figure 2.2. In both
2D and 3D, the angular momentum has an approximately linear dependence on the rotation frequency, with
the slope of the line decreasing for larger trapping potentials. In 2D, the trap frequency has a much more
pronounced effect than in 3D, with the angular momentum collapsing to nearly a flat line for Swt, > 2, while

in 3D, the effect is more gradual.
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Figure 2.2: The difference in the second virial coeflicient, 6b2 = ba(w; > 0) — ba(w; = 0) (left) as a function of rotation frequency
Bw; in 2D. Noninteracting b,, normalized by their non-rotating, noninteracting values b, (Sw; = 0) (right), as functions of n for a
few values of Bw; and fixed Bwy = 5. The ratio b, /b, (Bw; = 0) is the same in 2D and 3D.

2.3.2: Noninteracting thermodynamics at finite angular momentum

We can now derive a virial expansion for the angular momentum L, and the z component of the moment

of inertia /,:

- 0lnZ —
(Ly)=—-F—7——=0 L,7", (2.58)
ST 0(Bwy) Z
where
e—nﬂuu _ e—n,Bw,
Ln = bn , 2.59
n (1 — e—nﬁw+)(1 _ e—nﬁw,) ( )
and
. 32InZ >
() =—7——5 =01 ) Ixi7", (2.60)
T 9(Bw,)? 121
where
1 L -nfw; -nfw- 9 -nBws _ ,—nfw-
= _M =-nlL, € te + (e ¢ ) (2.61)
01 0(Bw:) R ()

Note that in the limit wy = w- (i.e. w, = 0), L, — 0 as expected in a system without rotation. In the limit
w- — 0 (i.e. w; = wyy), on the other hand, L, — oo as w- — (. As discussed in the previous section, in

that limit, the rotation overpowers the trapping potential confining the system, resulting in a phase transition
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to a system beyond the scope of our study.

Remarkably, because the dependence of 15, on w; and w_ is the same in 2D and 3D, the relationship
between L, and b, is identical in 2D and 3D. It follows that the relationship between /,, and b,, is identical
in 2D and 3D as well. Thus, any differences in the angular momentum and moment of inertia between two
and three dimensions arises entirely from the differences between the virial coefficients b,,.

Furthermore, at w, = 0, a finite moment of inertia remains, in 2D:

_ ,Pwr)2
1y -@n-1)Bw, (L= e
I, —» 2n(-1)"e (= cPamyT’ (2.62)
and in 3D:
_ pPwr)3
I, — 2n(=1)"e"2Pwu(5n=3) d-e™™) (2.63)

(1 _ e—nﬁwu)5 :

which characterizes the static response to small rotation frequencies within the virial expansion, as a function
of ﬂ(l_)tr.
The impact of rotation on the angular momentum for a noninteracting system is shown in Figure 2.3, and

the impact of rotation on the moment of inertia for a noninteracting system is shown in Figure 2.4
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Figure 2.3: Noninteracting L;/Q1 to third order in the virial expansion in 2D (left) and 3D (right), as functions of Sw; for a few
values of Bwy.

2.3.3: Interacting virial coefficients at finite angular momentum
Once the inter-particle interaction appears, we can compute the change in the virial coefficients due to

this interaction as well as due to the rotation, as in Eq. (2.14). The results for the first two nontrivial virial
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Figure 2.4: Noninteracting /I, /Q1 to third order in the virial expansion in 2D (left) and 3D (right), as functions of Sw, for a few
values of Bwy.

coeflicients, bo and b3 are shown in Figure 2.5 and Figure 2.6 for a range of bare couplings from g = 0 to

g = 1 as a function of w,/ws,. In all cases, the magnitude of the change in the virial coefficient increases

as the interaction strength, g, increases, but the behavior varies with increases in w;/w¢,;. (Recall that as

w;/wy — 1, the system undergoes a phase transition.)

0.4

0.34

Ablz-fo, L,

0.1

0.01

— ¢g=0.0
— g=0.2
g=0.4
g=0.6
g=0.8

0.16
— g=0.0
— g=04 0.141
g=0.6
g=0.8 0.12
g=1.0
0.10
$_0.081
Q9
g
0.06 1
\ 0.041
0.021
0.00
00 01 02 03 04 05 06 07 00 01 02 03
Wzl Wy

0.4
W Wy

05

06 07

Figure 2.5: Change in the virial coeflicient b2 due to the combination of rotation and interaction, for two (left) and three (right)
spatial dimensions.

The change in Ab; is similar in 2D and 3D, although the effect is much larger in 2D. The next virial

coeflicient, Abs, behaves very differently in 2D than it does in 3D. We can see that in 2D, Abs looks very

similar to Aby, while in 3D, Abj3 is negative rather than positive and its magnitude increases rather than

decreases with increasing rotation w;.
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Figure 2.6: Change in the virial coefficient b3 due to the combination of rotation and interaction, for two (left) and three (right)
spatial dimensions.

2.3.4: Interacting thermodynamics at finite angular momentum
We can now use our results for Aby and Abs to calculate the thermodynamics and angular momentum
equations of state to third order in the virial expansion, as well as the static response encoded in the moment

of inertia. Denoting the noninteracting grand canonical partition function by Zj, we have

In(Z/Zo) = Q1 ) Aby", (2.64)
n=2

such that the interaction effect on the angular momentum virial coefficient L, is

1 0(01Aby) 0 (Aby) d (In0y)
AL, = — = Ab, ————, 2.65
01 0Bw) 0By o (Bw) (269
and its counterpart for the moment of inertia is
1 0(01AL,) 0 (ALy) 0 (In Q1)
Al = — = n————, 2.66
01 9wy 9wy " aBw,) (2:60)
where, using Eq. (2.65) for AL,,,
2 2
0 (AL,) 07 (Aby) = 0 (Aby) 0 (In0y) 0° (In Q1) 2.67)

d(Pwy)  0(Bwn)? | I(Pwy) 0(Bwz) I (Pw)?

Using the above formulas, along with the expressions obtained for Aby and Abs from Eq. (2.18), we

are able to obtain expressions for ALy, AL3, Alo, and Als. Therefore, we can obtain the change due to the
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presence of repulsive interactions in the angular momentum and moment of inertia to third order in the virial

expansion:
AL
% = ALyz® + AL3Z3 + 0(zY (2.68)
1
A
% = ALz + A7 +0(Zh). (2.69)
1

These results are shown in Figure 2.7 and Figure 2.8.
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Figure 2.7: Change in the angular momentum (L) due to the combination of rotation and repulsive contact interaction, for two

(left) and three (right) spatial dimensions, at z = e 20,
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Figure 2.8: Change in the moment of inertia (iz) due to the combination of rotation and repulsive contact interaction, for two (left)
and three (right) spatial dimensions, at z = ¢~ 20,

The change in angular momentum looks very similar in 2D and in 3D. It is initially roughly linear, but
as the rotation frequency begins to approach the trap frequency, the change in angular momentum plateaus

and then rapidly crosses zero and increases towards infinity as we approach the phase transition w, = wy,.
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We can see also that the moment of inertia, while initially changing much more slowly than the angular
momentum, starts to grow quickly in magnitude at the same point in rotation frequency where the angular
momentum slows its growth, and then also changes direction and increases towards infinity at the phase

transition.

Section 2.4: Summary and conclusions

In this chapter we have characterized the thermodynamics of a rotating Bose gase in 2D and 3D using
the virial expansion. We implemented the SCLA, which allowed us to bypass solving the n-body problem
to calculate the n-th order virial coefficient [37].

In all cases, a finite angular velocity w, modifies both the single-particle partition function Q1 as well as
the virial coefficients; the latter are further modified by the interactions. We have presented explicit formulas
for the noninteracting case which do not appear elsewhere in the literature, to the best of our knowledge.
As can be anticipated, the system becomes unstable at w, = wy, as the angular velocity allows particles to
escape the trapping potential in that limit. In that case, the virial coefficients remain finite, but Q; diverges,
leading to divergent thermodynamics.

We have also obtained estimates to third order in the virial expansion for the angular momentum L, as
well as the z component of the moment of inertia I, as functions of the angular velocity 0 < w, < wy and

temperature Swy.

27



CHAPTER 3: Stochastic methods: from Markov chain Monte Carlo to Complex Langevin

Section 3.1: Quantum Monte Carlo methods

In order to treat quantum systems fully, we desire to move beyond approximate methods to ones which
capture the behavior of the systems more generally, rather than in a limited set of regimes. Among the most
popular methods for quantum many-body systems are quantum Monte Carlo (QMC) methods. This section
provides an overview of these methods and illustrates them through discussion of the 2D Ising model.

Quantum Monte Carlo methods are a subset of Monte Carlo methods for quantum systems. In these
methods, integrals (such as the path integral or the expectation value of the observables) are evaluated
stochastically, yielding results that are exact up to some statistical uncertainty which depends on the number
of samples used in the stochastic algorithm. This is done by means of a standard approximation scheme,

where a generic integral of some function f(x) with weight p(x)

b
- f dep(0) f(x) 3.1

can be approximated via a sum

N
In = ) Axf(x)p(xi) (3.2)
i=1
where Ax = b%. The exact integral is reproduced in the limit N — oo. From this, is can be seen

that increasingly accurate approximations can be achieved by increasing the size of N. In QMC, this N
corresponds to the number of samples taken in the algorithm. In most cases, evaluating an integral this way
is inefficient, as the sort of integrals we wish to evaluate do not have uniform weight across paths. In fact,
the weight (p(x;) in this notation, which corresponds to the €S of Eq. (1.10) and Eq. (1.11)), is likely to be
significant in just a few high-probability regions. Use of an algorithm which focuses the sampling in those
high-probability regions, therefore, will result in a much more efficient calculation.

Central to importance sampling is the concept of the Markov chain, in which each sampled value’s
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probability depends only on the value immediately prior, i.e.

This property allows for the generation of a set of random samples from a probability distribution via a
sequential sampling process, making it an excellent technique for a computational algorithm. The use of
these Markov chains is known as importance sampling, and — as implied by the name — improves the speed
of our sampling by allowing us to generate configurations according to the probability distribution of the

system, rather than sampling uniformly and weighting the configurations after the fact.

3.1.1: Importance sampling and the Ising model

A classic example from statistical physics of the usefulness of importance sampling algorithms is the
Ising model. In 2D, the Ising model can be solved exactly, while in higher dimensions a stochastic solution
is necessary. This makes this model a helpful point of comparison between stochastic algorithms and the
known solution.

The 2D Ising model is a model for ferromagnetism in which spins are situated on an N, X Ny lattice in

the presence of an external magnetic field. The Hamiltonian is

H=-J) sis; —Hisi, (3.4)
(@.J) i=1

where J is the strength of the spin coupling and H is the strength of the magnetic field multiplied by the

atomic magnetic moment. The partition function is

Z= Z ¢ BEi (3.5)

where 8 = kBLT and the energy of a single spin is calculated by summing over the nearest neighbors (n.n.):

Ei=—JSi(Z Sj+g). (36)

jen.n.

The observables of interest in this model are the energy and magnetization. The energy of a single spin
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configuration is

N2
E(a) = Z E; (3.7)
i=1

and the magnetization of that configuration is

N2

M(@) = ZM,- (3.8)
i=1

Ml' = MS;. (39)

We can see from this description of the magnetization that it depends on the average direction of the spins.
If the spins are largely aligned in the same direction, we find a nonzero magnetization for that configuration,
whereas in a randomly-aligned system, we expect the magnetization to be zero.

The average energy and magnetization are computed by summing over all possible spin configurations

of the lattice in the following way:

1

(Ey = N_a;E("‘) (3.10)
1

(M) = N—azalM(a) (3.11)

where E(a) and M («) come from Eq. (3.7) and Eq. (3.8).

Since the total number of possible lattice configurations N, scales exponentially in lattice size (N, o
2N3), for even moderately-sized lattices (N, > 4), we need to use a stochastic algorithm that prioritizes
sampling from high-probability configurations. This is where importance sampling comes in.

The importance sampling algorithm most often used with the Ising model is the Metropolis-Hastings
algorithm, which uses a random walk in configuration space paired with an accept-reject step to guide the
sampling towards higher-probability regions. In this case, what that means is that the algorithm proceeds as

follows:
1. Initialize the lattice with some random configuration of spins (+1 for up and —1 for down)
2. Calculate the total energy of this spin configuration (using Eq. (3.7))

3. Flip a single spin on the lattice
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4. Calculate the energy of this new configuration (again using Eq. (3.7))

5. Determine the ratio of the probability of this new configuration to the old one

1
Pa) = —ePE@ 3.12
(@) Z (3.12)
P (@new) = ¢ BE(@ew)~E(aold) (3.13)

P(aola)

6. Accept or reject the new configuration by comparing this ratio to a random number generated uniformly

in the range (0, 1).

7. If the new configuration is as probable or more probable than the random number, keep the new lattice
configuration. Otherwise, revert to the previous configuration, choose a new spin to flip, and repeat

the process outlined above

The algorithm continues until N, spin configurations have been collected. The energy and magnetization of
these configurations are the samples, which we average together according to Eq. (3.10) to get our average

values.

3.1.2: Limitations of quantum Monte Carlo algorithms

The previous section relied upon the important assumption that the quantity weighting our observables
(e™BE in this case and e’ more generally) was positive definite. This allows is to treat the quantity like a
probability, and use it to guide our Markov chain. But what happens when we can no longer rely on this
assumption? This is an example of the sign problem arising in quantum lattice calculations.

This is where alternative stochastic methods can help. The remainder of this chapter focuses on the

stochastic method known as complex Langevin, which can be utilized to circumvent the sign problem.

Section 3.2: Complex Langevin: origins and method

The complex Langevin method first appeared in the 1980s and enjoyed a brief surge of interest following
the first successful numerical application for the quantum Hall effect by Klauder [38], which died down
as instabilities and mathematical challenges with the method arose. The method reappeared in relativistic
physics, particularly QFT, in the mid-2000s to early 2010s, as a viable method for circumventing the sign
problem in certain field theoretical studies such as non-equilibrium QFT, which can provide insights into

high-energy physics, particularly heavy ion collisions. Due to the non-perturbative nature of these non-
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equilibrium systems, standard approximation techniques fail. In 2005, Berges and Stamatescu demonstrated
the viability of CL to treat non-equilibrium QFT using first-principles simulations [39]. Later work built
on these results to examine how CL could lead to breakthroughs in our understanding of QCD plasmas in
heavy-ion collisions, early thermalization, and other open questions in quantum field theory [40, 41].

In 2008, Aarts and Stamatescu demonstrated that CL could be applied to models of finite density QCD
that exhibit a sign problem [42]. Shortly after that, Aarts demonstrated that CL could be used to circumvent
the sign problem in the relativistic Bose gas with finite chemical potential (see Refs [1, 43], which will be
discussed further in Chapter 4). This began a resurgence of interest in this method in the field of finite density
lattice QCD (LQCD), in which nonperturbative calculations of strongly interacting matter with finite baryon
chemical potential are inhibited by the sign problem. This renewed interest led to work in the next few years
on optimization of the method to prevent runaways and improve stability, using stochastic reweighting, gauge
fixing, and adaptive step size algorithms [44—46].

The successes of the method, and advances made in treating instabilities and singularities in the fermion
determinant, have generated interest in applying CL to non-relativistic systems — particularly many-fermion
systems, in which sign problems arise frequently [47-52]. Work with the CL method in the context of non-
relativistic systems is just beginning, but is already showing great promise [53]. This dissertation examines
the application of CL to bosonic systems, starting with a re-examination of the relativistic Bose gas, and then
adapting the method for nonrelativistic bosons, to study the behavior of rotating superfluids. This chapter
provides an overview of the CL method, from its derivation to the practical challenges faced in applying the

method.

3.2.1:  Stochastic quantization: the Langevin method

While QMC techniques are extremely prevalent in quantum many-body physics, there exist other stochas-
tic methods for evaluating properties of interest. One of these alternatives, stochastic quantization, has been
used to treat Euclidean field theories since since Parisi and Wu first proposed the connection between the
Euclidean field theories and statistical systems coupled to a heat bath [54]. It is now well-established as a
successful tool for treating quantum many-body systems with a real Euclidean action [55]. At the center
of these methods — just as with Monte Carlo methods — is the use of a Markov process, where a stochastic

evolution yields new values whose dependence on the past values extends only to its immediate predecessor,
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i.e.
Xn+1 = f(xn). (3.14)

One such Markovian process is Brownian motion, described the the Langevin equation: a stochastic differ-
ential equation. Use of the Langevin equation in stochastic quantization has led to an alternative name for the
method: the Langevin method. This method, originally developed for the modeling of dynamical variables
in molecular systems, evolves the Langevin equation to produce sets of solutions distributed according to
some probability.

The Langevin equation is well-established for real-valued fields, ¢ on a real manifold [56]. We can use

it to stochastically evaluate path integrals of the form
Z= fZ)qS ¢Sl (3.15)

by evolving the fields, ¢, with respect to a fictitious time. This fictitious time evolution is governed by the

Langevin equation:

g 5Slg]

k] (3.16)

The first term on the right hand side is called the drift term, sometimes denoted as K:

K[p] = _8ldl (3.17)

0¢

The second term on the right hand encodes the stochastic nature of the equation and is given by white noise.

In order to evolve the Langevin equation numerically, we can express the equation in a discrete form:
A¢ = K[¢p]|At +n, (3.18)

where i must fulfill the conditions:

n(t))
nOm))

0 (3.19)

26(r — 1), (3.20)
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and is generally chosen to be a standard Gaussian random variable. This random process will produce
time-dependent configurations ¢, (¢) distributed according to some probability distribution P[¢,]. The

expectation value of a given observable O|¢] is then given by

(016, ) = [ Do Plo.110l0]. (321)

This illustrates the key ingredient of stochastic quantization, which is that the equilibrium distribution (if
it exists) of the d + 1 dimensional random process in Eq. (3.18) corresponds to the probability measure in
the d-dimensional path integral Eq. (3.15). The extra dimension is simply the fictitious time ¢, which is
integrated out when we compute the observable’s expectation value by taking a long-time average.

To establish the validity of such a Langevin average, we need to investigate the temporal behavior of
the expectation value and show that the time-dependent probability distribution depends on S[¢] in the way
dictated by Eq. (3.15), at least at large enough ¢. Such a property will justify the use of temporal averages
along the Langevin evolution to estimate the true expectation values of the theory.

An instructive discussion can be found in Ref. [56], which we will follow closely.

As a first step, we take the fictitious-time derivative of the expectation value

d(O|¢, (1)
( [::7 ) _ f oo dpx,z] o 3.22)

Note that in the integrand, only the probability distribution carries a fictitious-time dependence. Alternatively,
we may perform the same fictitious-time derivative by expanding the observable to second order in its ¢

dependence

50 16%0
a0lg) = 22 8ap+ ;220

(d¢)*. (3.23)

According to Eq. (3.18) we may write the incremental d¢ as the result of a stochastic process

de = oSl 4 dw, (3.24)

0¢
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where dw is the Wiener increment with the properties

t+dt t+dt
f dr f dt’' (n(t)n(t")) = 2dt (3.25)

0, (3.26)

(dw?)

(dw)

which follows from Eq. (3.19). Substituting this definition for d¢ into Eq. (3.23) and using the properties of

dw yields
_[_50lg] 8S[¢] _ 6°0l4]
(dO[g]) = <— 56 0 + 592 dt, 3.27)
which allows us to write
d©O[g,0)) _[_60I¢]5S[¢]  6°0[¢]
I = <— 50 50 + 562 > =(L), (3.28)
where we have defined the Langevin operator
_ de (2 9
L, = fdrd X (5¢ +K[¢]) 5’ (3.29)
with the drift K[¢] = 52551, according to Eq. (3.18). We may write this expectation value as an integral
over configurations and then integrate by parts:
d©O[¢, D)) _ 50[¢] 8S[¢] | 6°0l4]
Lo, 0D _ f Do (— e )¢[¢, f (3.30)
5 6S[p] &2
f1)¢0 (5¢ 50 6¢2)73[¢, t]. (3.31)

Here we made the important assumption that the probability vanishes at the boundaries (or decays fast enough
if the integration region is non-compact). These assumptions are crucial and will be discussed in more detail
below.

Comparing the above equation with Eq. (3.22) yields the Fokker-Planck (FP) equation:

—Plg.1] = LEP[o.1], (3.32)
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with the formal adjoint of the above Langevin operator

LT = fdrddx % (% - K[¢]), (3.33)

which is also referred to as the FP operator or FP Hamiltonian. To show that the stationary solution of this

equation is indeed our desired probability distribution we perform a similarity transformation

Plo.1] = SU12P.1]. (3.34)
to rewrite the FP equation

d ~ ~

EPW’, t] =L, Plg.1], (3.35)

with

o 1

—K[¢]) . (3.36)

—~ o 1
T _ Slgl/2 T ~S[e]/2 _ d o 1 o
L, =e L;e fdrd dx ( +2K[¢]) (6¢+2

0¢

This last equation reveals that, with a real action S[¢], our modified FP Hamiltonian is a self-adjoint and
positive semidefinite operator, with a unique FP ground state i = ¢~5[%//2 and vanishing FP energy E; = 0.
We can therefore project our probability over the complete set of eigenfunctions and non-negative

eigenvalues of ZrT, and see that our probability collapses to the ground state in the long time limit:

Plot = anme ™™ 5 age™SWI2, (3.37)
n=0

Upon performing the back-transformation according to Eq. (3.34) we obtain

lim P[¢, 1] ~ e S, (3.38)

t—o00

which shows that the Langevin equation produces field configurations distributed according to the Boltzmann
weight e~51#] in the limit of large fictitious time.

The above justifies the use of temporal averages to estimate equilibrium expectation values. In practice,
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we obtain these by performing an integration over a time 7

1 ten+T
(0) = T f dt O[¢, (1)), (3.39)

Ith

where t¢}, reflects the equilibration time that is needed to approach the stationary probability distribution.
Thus, the Langevin equation produces a fictitious time evolution of a system governed by an action S[¢],
and after some thermalization time, the solutions converge to a set that can be averaged to determine the

expectation value of the observable.

3.2.2: Extending the Langevin method to complex variables

The Langevin method has been established as effective in the case of real-valued variables, but we seek
an alternative to QMC that will allow us to examine systems with both real and imaginary components, in
order to circumvent the sign problem that arises when treating those systems with QMC. In this section, we
show that the Langevin equations can be extended to a complex plane, yielding a set of stochastic differential
equations for the real and imaginary components of the fields. This generalization of the Langevin method is
naturally called the complex Langevin (CL) method, and was first suggested in the early 1980s independently
by Parisi [57] and Klauder [58, 59]. One of the benefits of extending the Langevin method to complex
variables is that it replaces the importance sampling process in QMC, which eliminates the the restriction to
real and positive semidefinite measures.

For a complex measure, e~S[9] d¢, with S a holomorphic function S = u(¢) + iv(¢) on a real manifold
M, we cannot treat e ~5[?! as a real probability measure. In that case, the probability distribution in Eq. (3.21)

becomes a complex distribution

e_S[¢]

plo] = z (3.40)

while the field ¢ is still a real quantity. However, if we replace e™> [#] d¢ by areal measure P(¢pr+idr)ddrdo;
defined on a complex manifold M., we can evaluate the equilibrium measure of # using the complex
Langevin process.

Complex Langevin extends the target manifold of the field ¢ to the complex plane by setting

¢ — dr +idy, 3.41)
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and analytically extending the domain of the action functional:

S[¢] — Sler +id1]. (3.42)
Real Langevin Complex Langevin
Fields ¢ QbR + Z’¢I
Action S[¢] Slor +id1]
Lan;_;jevin Ap = KAt + n(t) A¢r = KrAt +ng(t)
P A¢r = KAt +ny(t)
ri 05 — M
o K=-% K = ke |20
Noise (n?) = 2At (nh) = 2NrAL
() = 2N At
Nr—Nr=1
(m =20 (nr) = (nr) =0

Figure 3.1: The Langevin method with real-valued fields versus complex-valued fields.

With such an extension, the CL method proceeds very much in the same way as the real Langevin
method (see Figure 3.1 for a side-by-side comparison), but now with a double system of coupled stochastic

differential equations:

Apr

KrAt +ng(2), (3.43)

KiAt +1;(1), (3.44)

Agy

where the real and imaginary drift functions Kr and K; are found by taking the real and imaginary parts of

the functional derivative of the complex action:

Kr =-Re|Z2], (3.45)
K :—Im[%[f]]. (3.46)

The real and imaginary noise obey the properties shown in Figure 3.1.
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The extension to the complex manifold results in the set of coupled differential equations of Eq. (3.43),
which treat the real and imaginary parts of the fields individually and generate results for both real and
imaginary parts of the observables. While the amplitudes of the real and imaginary noise terms are related,
the two Wiener processes are completely independent. In practice, the imaginary noise is usually set to
zero, which satisfies the constraints shown in Figure 3.1 and it has been found to have the best numerical
properties [60]. Finally, it should be pointed out that, beyond the complexification of each real degree of
freedom, the above (coupled) Langevin processes are themselves real. After thermalization, the expectation

values for the imaginary parts of the observables should average to zero.
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Figure 3.2: Real (blue) and imaginary (red) density generated by Complex Langevin for a relativistic Bose gas at finite chemical
potential.

This can be seen clearly in Figure 3.2, which shows the real and imaginary parts of the density of a

system of relativistic bosons at finite chemical potential in 3 + 1 dimensions. As the chemical potential
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increases, the real part of the density rises (as the system condenses), but the imaginary value stays at zero.

This system is examined in more detail in Chapter 4.

Section 3.3: Formal justification and challenges for complex Langevin

Extension of the Langevin equation to complex variables is not perfect, so naturally some challenges
arise in implementing this method. The challenges faced by the CL method can be roughly divided into
two kinds: mathematical and practical. While these two areas share some overlap, they can be discussed

individually, as we will do in this section.

3.3.1: Mathematical aspects: convergence, correctness, boundary terms, and ergodicity
As described above, the CL process defines a random walk in a complexified manifold, such that for
a given configuration ¢ = ¢g + i¢; there is a well-defined probability P[¢r, ¢1,1] at time ¢. For a given

observable O, there will be an expectation value

(O)pir) = f DprDé; Plér. $1.110(6r +id1]. (3.47)

By virtue of the CL process, as discussed in the previous section, the real probability P [¢g, ¢, ] obeys the

FP equation:
oP T
— =L'p, 3.48
ER P (3.43)
where
1) 1) 1) 0
LT = | drd%{— |Ng— — Kg| + — |[Nj— - K; |} . 3.49
fT x{éasR[RMR R]+6¢1[’6¢1 ’]} (5.49)

It is not obvious a priori whether this process reproduces the desired expectation values of the physical
observables, i.e. whether (O),, ) actually corresponds to the physical expectation value of the theory. It is
not even clear that the process will converge and if it does, whether it converges to the correct answer.

The fundamental question underlying the validity of the CL approach is the relation between the CL

distribution P[¢g, ¢1, t] and the desired complex distribution p[¢] in Eq. (3.40). The latter defines the physics
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of interest and is a fixed point of its own FP equation

dp T
— =L:p, 3.50
ot 0P ( )
where
ngfdrddx J [ o 4 55], (3.51)
OPRr | 0dR  OPR

which is obtained by temporal differentiation of

(©O)) = f Dér plor. 110[¢r]. (3.52)

Here, it is assumed (as in the above section) that the boundary terms vanish at infinity. More specifically, we

want to know whether

Doy =0,y (3.53)

holds.
In Refs. [60, 61] it was shown how the desired relationship Eq. (3.53) can be proven for holomorphic
observables, as long as the action and the associated drift are both holomorphic functions of ¢. The proof

relies on analyzing the behavior of

Fli,7) = f DrDé Plbr. o1, - 710lbx +idr, 7], (3.54)

where 0 < 7 < t. The function F'(¢, T) interpolates between the two expectation values of interest:

where we have assumed that the initial conditions are chosen as
P($r. ¢1,0) = p[¢r,0]6(d1 — d1,0)- (3.56)
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We find that

F@.0) = [ DorDPlor. 01,1000 +i01.0] = O (3.57)

while, using the initial conditions of Eq. (3.56),

F(t,1) = f@¢R@¢IP[¢R, ¢1,0|0[pr +idy 1] = fD¢R plor. 0lO[dr +i¢10,1] = (O0),), (3.58)

where we have used Eq. (3.50) and integration by parts to shift the Langevin evolution operator from O to p.

If F(z, ) is independent of 7, then Eq. (3.53) holds, and the Langevin method is formally shown to be
valid for complex-valued variables. This means that if it converges, it will converge to the correct physical
answers. Naturally, this statement assumes that the expectation values in Eq. (3.53) agree at t = 0, which can
be ensured by choosing the initial condition of the Langevin process as above. The 7 derivative of F (¢, T)

involves an integration by parts:

0
EF(LT) = fD¢R@¢1 {7)[¢R, ¢1,t = T|LO[¢R +id1, 7] — L"P[¢r, 1.1 — 7|0 + iy, T}} , (3.59)

where L is the Langevin operator and L7 its adjoint. If we integrate by parts and the boundary terms are

zero, then %F (t,7) = 0. If the decay of

Plpr, 1.1 — 7|Odr +id1, 7], (3.60)

and its derivatives is not fast enough to ensure that the boundary terms will vanish, then it cannot be
guaranteed that the expectation values of the quantities of interest obtained via a Langevin process will
converge to the correct values [60, 61].

Two general issues for CL are raised by this examination: first, the behavior of the probability distribution

at boundaries and second, the rate of decay of the drift function. We discuss these in more detail below:

Behavior of the probability distribution at boundaries

The behavior of boundaries at infinity is a relevant question for models in both relativistic and non-

relativistic physics. In particular, for gauge theories the complexification of the link variables leads to
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non-compact groups, e.g. SU(3) becomes SL(3,C). A similar effect is seen in nonrelativistic physics when
using compact Hubbard-Stratonovich transformations. In either case, merely assuming that the derivative of
F (¢, 7) in Eq. (3.59) vanishes is a bad idea. For that to happen, the solutions to the FP equation must fall off
sufficiently quickly along non-compact directions in the (complexified) space of field configurations!. That
property is very difficult to determine a priori, but can be checked a posteriori following the arguments of
Ref. [64]. Case studies show that in many cases, while the solutions fall off faster than exponentially in the
real directions, the decay in the imaginary directions may be insufficient [60]. Such an insufficient decay at
infinity can also lead to the so-called excursion problem, where the drift function grows uncontrollably in
the imaginary direction, pulling the results away from the real line.

In addition to the boundaries at infinity in the imaginary space, under some conditions boundaries can
arise in the complex space due to a singular drift function. This singular drift function can occur as a result
of zeroes in the fermion determinant, and the probability distribution must also go to zero in the region of
these poles. While this thesis is concerned with the application of CL to bosonic field theories, it is worth
mentioning that there have been some techniques developed in order to address these issues in fermionic
field theories.

For fermionic actions where poles appear naturally, the results for the holomorphic case can be used,
provided that a region around the poles is cut out [65]. That procedure is justified as long as the probability
measure vanishes around those poles sufficiently fast; in other words, the boundaries around the poles take
on the same relevance as those at infinity. A detailed study of incorrect convergence due to poles in the drift
function showed that the location of these poles, the decay of the probability distribution, and the behavior
of the observables in the region near the poles all played a role in whether the method would return correct

results [64, 65].

Distribution of the drift function

A re-examination of the conditions for correctness in Refs. [64, 66] revealed that failure of CL that in
some cases has been attributed to the excursion and singular drift problems are actually due to the drift
function falling off too slowly. It was argued in Ref. [67], using a semiclassical analysis, that when more

than one saddle point in the complex plane contributes to the ensemble averages, the CL method can lead to

ISee Refs. [62, 63] for an insightful discussion of an exactly solvable case)
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incorrect answers due to the different complex phases associated with each saddle point.

While the condition of fast decay was recognized in [60, 61], the precise rate was not immediately clear.
In Ref. [64], the above arguments were reviewed by considering a finite step-size in Langevin time. It was
then found that the above integration by parts is valid if the probability distribution of the drift term falls
off faster than any power at large drift magnitude. In practice, it is very difficult to establish the behavior of
Eq. (3.59), but it is perfectly possible to study the probability distribution of the drift and establish whether
the decay is exponential. If this condition is satisfied, then the drift function is unlikely to be singular and

the system is a good candidate for complex Langevin without concern about the presence of poles.

3.3.2: Practical aspects: numerical instabilities, gauge cooling, dynamic stabilization, and regulators

On the practical side, several strategies have been identified to tackle specific issues that arise in a
numerical treatment of complex Langevin. While some systems are not well-suited to CL because their
probabilities don’t decay fast enough at the boundaries, others are good candidates until numerical noise
pulls the simulation off the acceptable trajectory. Numerical noise can incorrectly place something on the
wrong trajectory, leading to excursions in the imaginary direction, and so most strategies to resolve issues with
the CL algorithm are attempts to control the numerical instabilities without great sacrifice to computational
resources.

One of the issues recognized early on is the appearance of instabilities in the form of runaway trajectories
along the CL evolution [68, 69]. These can become frequent enough to completely spoil a calculation
performed at fixed step size. In Ref. [45], the need for adaptive step size integration of the complex Langevin
equations was identified. It was found that such an approach provides a solution to the problem of instabilities
and has thus become the standard for CL calculations.

A separate issue for correctness, mentioned above, is that of insufficient decay at infinity. In practice, it
can lead to uncontrolled excursions of the CL process into the complex plane, making calculations unstable.
To that end, a few practical solutions have been explored.

Gauge cooling ([70-74]) is one example of such practical solutions which, though necessary, is often not
sufficient. It remains, however, the best understood approach from a mathematical perspective [73]: gauge
cooling is a mathematically exact procedure. The idea is that at each Langevin step, one can make a gauge
transformation to keep the variables close to the compact subgroup. In gauge fields, this means transforming

in SU(3,C) to maintain the link variables within an acceptable distance from SU(3).
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Dynamic stabilization was developed to further aid with the excursion problem [75-78]. The essential

idea of this approach is to add a term to the Langevin drift K in the schematic form

K—-DS+ i(l’DsM, (361)

where —DS is the standard CL drift, @ pg is a control parameter, and M acts only in the non-SU(3) directions
and grows rapidly with the distance from the SU(3) manifold. The above modification to the Langevin
evolution cannot be derived from the action but it vanishes in the continuum limit and prevents large
excursions into the complex plane.

While gauge cooling and dynamic stabilization first appeared in relativistic calculations, regulators,
or modified actions, first appeared in a nonrelativistic application, namely Ref. [79]. They were also
discussed more recently in Ref. [63] and the idea is similar to dynamic stabilization, except that the resulting
modifications on the Langevin equations are directly derived from the action. In both of those works, the
modification consisted of adding a term of the form £¢?2, which is decreased and the limit as ¢ — 0 examined
in the final results. While the advantages of such a practical solution were clear, it is by no means a full
solution and in many cases — especially at strong coupling or low temperatures — it is not possible to make &

small and obtain a converging calculation.
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CHAPTER 4: The relativistic Bose gas

Section 4.1: Motivation

As discussed in previous chapters, field theories with a complex action suffer from a sign problem when
treated with conventional Monte Carlo approaches. This includes QCD at finite baryon density, but also
bosonic field theories with a chemical potential and an action such that §*(u) = S(—u). The complex
Langevin method was used to tackle the sign problem in the relativistic Bose gas at finite u, and was one of
the first successful examples of CL used in QFT on the lattice [1]. This chapter re-examines this application
of CL to relativistic bosons as proof of concept and to establish the algorithm which will be later adapted to

nonrelativistic bosons.

Section 4.2: Action and formalism: relativistic, interacting bosons at finite chemical potential

The system is a self-interacting complex scalar field in 4 spacetime dimensions, represented by the action:

S= [ dx 10 + @ = 6P + w6 010 - 010°0) + A’ @

where m? > 0, p is the chemical potential, and A represents a contact interaction. It is expected that, at
zero temperature, this system will undergo a phase transition to Bose-Einstein condensation at some critical
chemical potential . > 0.

This action can be discretized, in order to treat the system with a lattice field theory, in the following

way:

d
S =) |Qd+mM)@ipe + Ar00)* = D (Bre A pory + 85 ;€10 | (4.2)
x v=1

where here we have generalized the action to d spacetime dimensions. The lattice spacing in both space
and time is given by a = 1, and the lattice volume is V = N;N9~!, with periodic boundary conditions in
all spacetime directions. The chemical potential, y is an imaginary, constant vector potential function that
points in the ¢ direction. This results in an action such that $*(u) = S(—w), which suffers from the sign

problem in ordinary Markov chain Monte Carlo (MCMC) approaches.
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To circumvent the sign problem, we apply instead the complex Langevin method. As discussed in Chap-

ter 3, the Langevin equations read:

dx(t) _  55[9)
i o0u(tr)

+1x(fL). (4.3)

Here, 11 is the Langevin time and 7 is random noise (real and Gaussian-distributed, as discussed in Chapter 3).
The fields ¢ (¢;.) must then be expressed explicitly in terms of their components, in order to represent the
complex action in terms of real fields. Thus, ¢, (¢r) is written as ¢, = \/%(qﬁl + i¢2). From this point, we
drop the explicit dependence on 7 in the fields in our notation, for simplicity.

The complex action expressed in terms of real fields ¢ =1 2 is:

m2 1 d-1 .
§= ) [+ )00+ L0 = Y baxbycei — COM(ParBy 117) +isinh(Heap Pax b, 1.7) (44)
X i=1

with an implied summation over repeated indices and a = 1,2, and d the Euclidean spacetime dimension.

The real fields ¢, are then complexified:
ba = PN +igl, (4.5)

and the Langevin time, 77, is discretized as f;, = ne. The resulting discretized and complexified Langevin

equations then become:

R m+1) = ¢f . (n)— €KX (n) + Venax (4.6)
oL (n+1) = ¢l .(n)— €Kl (n) 4.7)
With
5S[¢]) }
Kf. = -Re (— (4.8)
’ 0Pax ) pumo i +ish
6S[¢]
Kl = —Im[( ) } (4.9)
’ 0bax | g,k +igh

These equations govern the evolution of our fields in the fictitious Langevin time, which will yield a set of

configurations distributed according to the desired probability distribution P [¢] = ¢~SI?1. The algorithm for
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this process is given below:

1. Initialize the four fields (¢%, ¢!, ¢§, and ¢§) at each site on an N,N)‘él_1 lattice using a uniform random

number distribution centered around zero.

2. Evolve the whole lattice for n steps of size € in complex Langevin time. At each Langevin step:

¢ Generate real, Gaussian distributed noise.

¢ Generate the action from the fields.

Update the four field components at each site using Eq. (4.6).

» After some thermalization time, save decorrelated samples, to calculate averaged observables

with good statistical properties

3. Repeat this over all the different sizes and values for the chemical potentials

We are interested in calculating the average particle density, (i) and the square of the field modulus {(¢* ¢,
both quantities which are real-valued despite the complexity of the action. The density of the system is given

by

2
. 1 . .
) = D0 Gapsinh p—i€ap cosh 1) x5 (4.10)
X a,b=1
The derivation of the density as a function of the four field components (¢f/21 ) is worked out in greater detail

in Appendix B.1. The square of the field modulus is a simpler expression:

2
(¢°9) = % DD anban @.11)

x a=1

which can also be expressed in terms of our four field components by noting that ¢, = qﬁﬁf’ <+ iqﬁﬁl’ .-

At the critical chemical potential, 4 = ., there should be a 2nd order phase transition to a BEC, with

1 olnZ

(n) = v o

£0 4.12)

The critical chemical potential u. is given in the non-interacting case by | ,u(c)l = 2 arcsinh(m/2), while in

the interacting case, it is expected that |u.| > | ,ug. .
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Section 4.3: Results

4.3.1: Statistical and systematic effects
In order to calculate the quantities of interest, we must first determine the thermalization time of the

system, as well as compute the autocorrelation of the observables.

0.150+ ---- Real 1.0 ———- Real
---- Imaginary ---- Imaginary
0.1251 081 —— Nsteps = 500000
0.100
0.075 0.6
(E“ 0.050 :E‘
< < 0.4
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0.000 1 0.2 "
—0.0254 ¥
0.0
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0 50 100 150 200 250 0 50 100 150 200 250

t t

Figure 4.1: Thermalization of the Langevin simulation for chemical potentials below the critical point (left) and above it (right).
After thermalization, the running average remains stable despite fluctuations in the individual samples.

We can see the thermalization point by looking at values of the observables as they evolve in Langevin
time. They will begin at the point of initialization, and change rapidly under the influence of the Langevin
drift function, until eventually they settle into a random walk around some stable, mean value. This is easy
to see in the right panel of Figure 4.1, where our real and imaginary observables differ significantly from
each other at the end of the Langevin evolution. While the samples fluctuate — and even appear to evolve
— a running average shows that the average value remains stable after thermalization. In the left panel, we
see the thermalization for an observable which averages to zero is harder to pick out, as the change from the
initial values to the point of thermalization is not as pronounced. In this case, we can use the thermalization
point for other observables to ensure we capture the correct behavior.

We also must compute the autocorrelation time, 74. This tells us how many steps we must take between
samples in order to truly be using decorrelated samples, and we can also incorporate this into our error
analysis. We use a bootstrap analysis to determine the autocorrelation time (in Langevin seconds), which we

can then convert to autocorrelation steps by dividing the time by the Langevin spacing (e = 5 x 107°). We
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can update the error to include autocorrelation error into our standard statistical error in the following way

2
Ay = \/"—(1 +274), (4.13)

N, samples

where A 4 includes both statistical error and autocorrelation error.
Now that we have established our basic practices for error analysis, we can discuss the results obtained

via the CL method.

4.3.2: The noninteracting case

The noninteracting action can be expressed in the following way:
S = Z ¢;kc,aMx,a;x’a’¢x’,a’- (414)
x,x',a,a’

This can be further simplified and then compared with results obtained using complex Langevin for 4 = 0.

When we write our lattice action of Eq. (4.2) in the form proposed in Eq. (4.14), we find that M is

d
Mm,d, p] = 2d+m*)S = D (0, 5+ 0, 0.0 = (€5, g+ el
j=1

o +d)- 4.15)
Since M only depends on the separation between x and x’, it can be diagonalized by a Fourier transformation.
The derivation of M and its subsequent Fourier transformation is shown in Appendix B, and the resulting

diagonal matrix is:

d
Dy = @d+m?) = > (™7 + ™) = (7 1 o) 6 g, (4.16)
j=1
This diagonal representation of the lattice action is much simpler to work with than the position-space
representation. We can use this matrix to determine analytical values for the density and the field modulus
squared (|¢?|) and check the results of the CL method for this special case of A = 0.

The partition function can be written the following way, for an action that can be expressed as Eq. (4.14)

1

— * =S¢l - -
< fD¢ Dee det M’

4.17)

And we can produce analytical results for observables by taking derivatives of the partition function with
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respect to various parameters, as in

“19InZ _ -1 i =0S [0S
V da V.Zfﬂ¢ Dee da  \dal’ (4.18)

The derivative of the action with respect to the mass squared (m?) gives us ¢*¢:

-10inZ 1

= = * -S[¢*, @] * _ *
ooz~ o= [ DeDse e (60 = (00), @19)

We can compare these analytical results against values produced by the CL algorithm. When we apply
Eq. (4.17), we can find this in terms of our diagonal matrix D, and then compute the result exactly. When

we do this, we find that

Dic
“¢) = , 4.20
0= 2 ih P (4.20)

where the sum is restricted to values of k that correspond to the Fourier transformed lattice sites: k* = 275,
with n € (0, N, — 1).
Additionally, the density is found by taking a derivative with respect to the chemical potential, u:

—_1(9an_
Vo ou

(n). 4.21)

In terms of D, this is

. Dy, (cos k* sinh u + i sin k* cosh p)
y=>"

, (4.22)
| Diic|?

k

with our k sum restricted to the same values as before.
The results are shown in Figure 4.2. We see that the CL algorithm correctly reproduces the exact values

for this case.

4.3.3: Real initialization, no interaction, zero chemical potential
For the special case in which the imaginary fields are initialized to zero, the chemical potential is fixed
to zero, and there are no interactions, the results should be entirely real. In this case, there is technically

no need for complex Langevin, as there is no sign problem, but we should expect our code to return the
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Figure 4.2: The real imaginary components of the density as a function of chemical potential, both exact and CL results, for
Nx = N; = 4 (left) and 6 (right).
appropriate results for an entirely real case.

We found that for ¢{’2(tL =0) =0, u =0, and 4 = 0, the code returned results with no imaginary
parts. The imaginary fields and actions were identically zero, and the imaginary density averaged to zero (the
imaginary density is a combination of real and imaginary fields, so we would not expect it to be identically

zero, but we would expect it to be zero within its standard deviation).

4.3.4: Finite chemical potential and interaction: the full CL treatment

Values of the field modulus squared and density were computed with stepsize € = 5 x 107> for 5 x 10°
steps in Langevin time. For thermalization, the first 5 x 10? steps were left out of analysis. These values
were computed for lattices of size Ny = N; = 4,6, 8, and 10 and chemical potential 0 < g < 1.7. Our results
were qualitatively consistent with Ref. [1], as seen in Figure 4.3 and Figure 4.4. Discrepancies between our
computed values and the values from Ref. [1] are likely due to small differences that arise in digitizing the
data from the original plots, as well as small differences in dealing with systematic effects. While the original
work simply averages all the samples, our recreation takes into account the effects of autocorrelation, taking

fewer, de-correlated samples to average for the final value.

Section 4.4: Summary and conclusions

We have shown in this chapter the ability of the complex Langevin method to treat a system with a sign
problem. The method is able to handle a system whose action is complex, evolving a set of field values from
which observables of interest can be computed. The resulting set of observables, after some thermalization,

can then be averaged, much like with standard QMC methods. The statistical error is related to the number of
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Figure 4.3: Comparison of our results for the density of the relativistic Bose gas at finite potential, against the results of Ref. [1] for
Nx = N; = 4 (left) and 6 (right).
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Figure 4.4: Comparison of our results for the field modulus squared of the relativistic Bose gas at finite potential, against the results
of Ref. [1] for Nx = N; = 4 (left) and 6 (right).

samples by the usual 1/VN factor, and therefore statistical error can be managed by increasing or decreasing

the number of samples computed.

This method provides a useful tool for treating systems with a sign problem in relativistic physics. In the

next chapter, we will apply it to a nonrelativistic bosonic system which also suffers from a sign problem: the

rotating superfluid.
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CHAPTER 5: Interacting Bose gas at finite chemical potential and angular momentum

Section 5.1: Motivation

In 1946, Fritz London first proposed that superconductivity and superfluidity were "quantum mechanisms
on a macroscopic scale" [11]. Additionally, he linked superfluidity with the (then only theoretical and not
observed) mechanism of Bose-Einstein condensation. Since London’s early insights into superfluid behavior,
the system has been studied extensively using super-cooled atoms [11].

In 1949, Lars Onsager predicted that vortices would form in rotating superfluids [12]. Richard Feynman
expanded on Onsager’s prediction a few years later, reiterating the expectation that quantized vortices would
appear when superfluids were forced to rotate [13]. Another 30 years after these predictions, the first direct
observation of quantum vortices was made in rotating superfluid helium [29].

Superfluid velocity has no curl, and therefore is irrotational. However, nonzero hydrodynamic circulation
can exist, and must be quantized in units of 27//m [11]. This disconnect between the finite circulation and
the irrotational superfluid velocity forces the superfluid to form singular regions in the density, leading to
the formation of vortices.

Experimentally, great progress has been made in studying rotating superfluids since the first direct
observation of vortex formation. In 2000, vortex formation was observed in stirred, magnetically-trapped
rubidium atoms [17]. The next year, the Ketterle Group at MIT observed triangular vortex lattices of up to
130 vortices in rotating ultracold sodium atoms [14]. Ultracold atoms provide a highly controlled, tuneable
setting for studying vortex formation and other properties of rotating superfluids. Theoretically, treatment
of these systems has stalled due to the presence of the sign problem. This chapter is an attempt to apply the

complex Langevin method to circumvent the sign problem in a rotating superfluid.

Section 5.2:  Action and formalism

We examine in this chapter a 2 + 1 dimensional system of nonrelativistic bosons of mass m with a contact
interaction A in an external harmonic trap of frequency wy, and experiencing a rotation of frequency wy.
Both the harmonic trap and the rotation are centered around the midpoint of the lattice, and we use hard-wall

boundary conditions in the spatial extent of the lattice and periodic boundary conditions in Euclidean time.
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The path integral for the system is

Z=f©¢e‘5[¢] (5.1)

with action

S:fdxdydr

where

8 (H - - Joir? - w.L) 6+ 2697 (5.2)

rl=(x—x)?+ (y-yo)h (5.3)

with x. and y, the center of the trap. The angular momentum is defined in terms of the quantum mechanical

operator,
wzL; =iw (x0y — yOy). (5.4

The use of complex fields to represent the superfluid generates a sign problem even in the action of external
trap, rotation, or interaction. This sign problem can be overcome with a straightforward rewriting of the
problem in the simple cases — for example, the free gas — but the introduction of the angular momentum
term prevents the use of this rewriting to overcome the sign problem. The imaginary term in the angular
momentum forces the action to be complex, generating a sign problem that must be circumvented another
way.

To take this action to a lattice representation, we must discretize the space. The origin becomes the

Nx-1 Nx-1

center of the lattice, and therefore x and y are measured relative to the point (x¢, yo) = (=5—, =%

) on the
lattice. We use odd values of N, in our simulations to ensure that the center of the lattice falls on a lattice
site, rather than between sites.

Using a backward-difference derivative and denoting the position on the 2 + 1 dimensional spacetime
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lattice as r, we define:

1
aj(b = Z(¢r_j_¢r) (5.5)

1
5o = =4, ;=20 +9, ). (5.6)

We combine d; —u in the lattice representation and similarly represent the angular momentum, interaction, and
external trap as external gauge fields in order to avoid divergences in the continuum limit (see Appendix C.1
for details and justification of these steps). Finally, using spatial lattice site separation @ = 1 and temporal

lattice spacing dt, our lattice action becomes

S = . |d10r - dre™ s —¢:§l—; D (G50, 20000 + 670, ) (5.7)

r =X,y
—idtw, (X = 7)) 6r—¢ = X6} br—y-¢ + b} br—s—¢ )

AT R R 4T b+ dTAG 0|

where X and y are our x and y coordinates shifted by the center of the trap:

Ny -1
2
Ny -1
2 b

=1
Il

<1
I

where lattice sites are numbered from 0 to N, — 1.

Section 5.3: The complex Langevin method for rotating bosons

In order to treat this action composed of complex-valued fields, we use the complex Langevin method
described in detail in Chapter 3 and used in the study of the relativistic Bose gas in Chapter 4. This method
uses a stochastic evolution of the complex fields in a fictitious time in order to produce sets of solutions
distributed according to the weight e~5[%]. While standard MCMC methods produce these sets by sampling
from the distribution ¢~5I¢], this method allows us to stochastically evaluate observables whose physical
behavior is governed by our action, S[¢], without specifically sampling from the distribution as though it

were a probability.
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5.3.1: Evolving the fields

First, we must write our complex fields explicitly as a complex sum of two real fields (i.e. ¢ =
\/% (¢1 +i¢2). This is worked out in Appendix C.3 for all the contributions to our action. We then
complexify the fields and evolve the real and imaginary part of each field according to the complex Langevin

equations, a set of coupled stochastic differential equations shown here:

¢R (n+1) = ¢F (n)+ ekl (n) + Vena,(n) (5.8)

oL (n+1) oL . (n) + €K, (n), (5.9)

where a = 1,2 labels our two real fields, € is the size of our discretized step in Langevin time, and 7 is
Gaussian-distributed real noise with mean of 0 and standard deviation of V2 (this satisfies the requirements

of Eq. (3.19)). The drift functions, K, are derived from the action:

5S

Ky, = —Re[%bawmwz] (5.10)
sS

K., = —Im[mbﬁwﬂq}é] (5.11)

The derivation of the Langevin drift functions is worked out in Appendix C.6, and the results are shown

below. From this point, we scale our parameters by d for simplicity of notation

g = drtu (5.12)
m = mj/drt (5.13)
Oy = dTwy (5.14)
w; = drtuw, (5.15)
A1 = dra. (5.16)
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The real drift function is then given by

R R ¢ R R 2 R 1 R wprd R R
_Ka,r = ¢a,r - ? (¢a,r—i’ + ¢a,r+f’) + %‘pa,r - ﬁ Z ¢a’r+{ - T(¢a,r+f + ¢u,r—f')
=X,y
_ w
402 (0 =Ny = 5[5 (Bry + Bras) =7 (Shss + 0] (5.17)

—2 .2

2 Iri _
+ Z {Gab [% (¢{7,r—‘f' - ¢;7,r+‘?') + wtjlrL (¢2,r+‘?’ + ¢§7,r—f’) - %x (¢§,r—§/ - ¢§,r+)7)
b=1

w R R 3 R R R R 1 1 I R I
+ 5y (08, o= 0 0) | + A (08,08, 08, — 08,0}, 6, - 20L,0%,6,) |

and the imaginary drift function is given by

I I et I 2 g 1 I wpr? I I
_Ka,r = ¢a,r - ? (¢a,r—‘? + ¢a,r+‘?) + %¢a,r - % Z ¢a,r+f - T(¢a,r+‘? + ¢a,r—‘?)
=X,y
_ w
~a,(x = )08, = [y (08, + 08, ) —x (08, + 0F,.5)] (5.18)

2 7 -2 2 _
et R R Wl R R Wy I
+ Z {Eab [_7 (¢b,r—'f - ¢b,r+%) - Z Py T Pori) = 7x(¢b,r—9 = Ppris)
b=1

w -
PGV = 00| ¢ (84,050, + 208,08, 01, 0l0),0],))

These equations are used to update the values of our complexified fields as in Eq. (5.10) at each step in
the Langevin evolution. This evolution continues for a long period in Langevin time (determined by the
observation of thermalization followed by enough steps to produce good statistical error). Observables of
interest can be calculated as functions of the fields at each point in Langevin time and averaged to find the

expectation value.

5.3.2: Calculating observables

The observables of interest in this simulation are the particle density (1), the square of the field modulus
(¢*¢), and the angular momentum (L, ).

Most of these observables can be computed by taking various derivatives of the action expressed as a

function of the fields and the parameters. The details of these calculations are worked out in Appendix C.7.
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The real and imaginary components as a function of the fields are shown here for the density

Re(ii) = —Z Z Sab (06,05 -z = BlrOhrs) = €ab (PrBh,—e + Ohrd,2)| (5.19)
r a,b=1
Im(i) = —Z Z Sab (0, 0h s+ Bhrdh, ) + €an (85,05, = Bhrdh,+)] > (5:20)

r a,b=1

the square of the field modulus

Re(¢"p) = —Z Z (05,05, - 0hrdtr) (5.21)
v a,b= 1
Im(¢"¢) = —Z Z o8l (5.22)

and the angular momentum

- Z Z LY, (5.23)

r a,b=1

Re(L;)

LY, = X(@8, 0L, 5+ birbn. ) =B O o+ Blr bt ) + 205 — DR, O,
+ €ab (f«zsi,w;f,_y — Gl Bhrs) = TPl O = B Bhr )

—Z Z Le (5.24)

r a,b=1

Im(L;)

LI, = S8, o8 =0k, ot ) - %@k, o8, -k, ol , )+ T=5) (657 - (4.,))
+ €ab (F(OR 05,5 + Ob, 00 ) = (SR, 0 s + 0L 08, 5)) -

In all of the above, V = N 3 Ny is the spacetime lattice volume.

Section 5.4: Results
The simulation is allowed to run for ¢;, = eny, = 3000 "Langevin seconds." For a Langevin stepsize € of
0.001, this corresponds to ny = 3x 100 steps in the simulation. Thermalization is determined by observing a

leveling-off of the observables in Langevin time. This is shown in Figure 5.1 for the density of the superfluid.

5.4.1: The free Bose gas
Exact solutions exist for the free, nonrotating, noninteracting bosonic gas — the free Bose gas —in 1, 2,
and 3 spatial dimensions. We can check that our code is producing reasonable results by comparing the

results of our algorithm with @¢; = @, = A = 0 against those exact solutions. The details of these derivations
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Figure 5.1: Averages of the observables are taken after discounting some fraction of the evolution, starting at 77, = 0. This gives the
system time to thermalize and ensures that our observables samples are taken from a set which is independent of the simulation’s
initial conditions.
are shown in Appendix D.

In Figure 5.2, we can see the results of the CL calculation of the density and square of the field modulus

compared with the exact solution. We see that the method accurately reproduces the known solutions, with

some small disagreement in the region of the phase transition close to u = 0.

5.4.2: The trapped, rotating, interacting Bose gas

Now that we have shown that the CL method reproduces exactly-known values for a simplified system,
we can proceed with computing the observables for a trapped, interacting, and rotating system. The real part
of the density is shown in Figure 5.3 as a function of the chemical potential and as a function of the rotation
frequency. The imaginary part of the density evaluated to zero within statistical error, and therefore is not
shown in this figure.

We can see from the behavior of the density as a function of rotational frequency that we encounter a
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Figure 5.2: The field modulus squared (left) and density (right) of the free Bose gas in 2 + 1 dimensions via CL, compared with the
exact solutions.

similar issue to the phase transition discussed in Chapter 2, where the centrifugal force of the rotating fluid
exceeds the force of the trapping potential which is containing the system. This results in negative values of
the density, which is unphysical. We saw in Chapter 2 that when the rotation frequency exceeds the trapping
potential, the angular momentum observable calculated via virial coefficients becomes negative. In addition,
the particle number observable becomes negative at this critical point, which when scaled by the volume of

the system corresponds to the density.

Bwy=0.0 Bu=—-0.5
0.081 Pwy=0.01 0.081 Bu=—04
—4— Bwy=0.02
—4— Buwy=0.03
Bwi 0.06 1
006) —+ BUr=004
' —4— Bwy=0.05
= = 004
Q Q
< 0.041 [~4
0.021
0.02_ 0.00_
0.00{ & —0.021
22000 —1.75 —1.50 —1.25 —1.00 —0.75 —0.50 —0.25 0.00 00 05 10 15 20 25 30
Bu Bw,

Figure 5.3: Density of the superfluid as a function of chemical potential without rotation or interaction and various trapping
strengths (left) and as a function of the rotation with no trap or interactions and various chemical potentials (right).

In Figure 5.4, we see the angular momentum and moment of inertia as a function of the rotation frequency.

The moment of inertia was determined from the angular momentum directly using a numerical derivative.
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Figure 5.4: Angular momentum (left) and moment of inertia (right) as a function of the rotational frequency.
Section 5.5: Summary and conclusions

The results of the previous section have not been as illuminating as one might hope. This system has
proven to be significantly more challenging than it appears from first glance.

The delicate balance of the various system parameters — in particular, the rotational frequency w,, the
trap frequency wy;, and the interaction A — requires extremely careful tuning, which is difficult to achieve
in small systems. This meant that much of the data acquired from the CL simulation was very noisy, and
it was easy to tip the system into an un-physical result (for example, the case of negative density we see
in Figure 5.3) with very minor adjustments of the parameters.

In addition, we still see semi-classical behavior of the fluid, which suggests we are not in the superfluid
regime yet. This is particularly visible in Figure 5.4, where the angular momentum exhibits approximately
linear behavior instead of the quantized step-function behavior we would expect from a superfluid with forced
rotation.

The challenge that arises here is one of computational resources. In order to see more quantum behavior,
we must go to lower temperatures. However, lower temperatures in this non-relativistic treatment corresponds
to longer lattices in the time direction, 7 o< 1/8 = 1/(N;d7). As the algorithm itself scales linearly both
with the lattice volume and the length of the Langevin evolution, a significant increase in the time lattice
results in a massive increase in the computational demand of the algorithm.

It is also possible that there is some information lost due to the finite time step of our Langevin evolution.
However, this again raises the challenge of limited computational resources, as decreasing the Langevin

stepsize € requires a corresponding increase in the length of the Langevin evolution, which controls the
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scaling of the algorithm in the same way that the volume increase does.
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CHAPTER 6: Discussion and Conclusion

The sign problem remains a significant challenge in quantum many-body physics, and no one method
has provided a general solution. A number of attempts in the field of quantum many-body computation
have yielded results that are valid for specific systems or only in specific regimes. This thesis examined one
system — that of non-relativistic, trapped, interacting, and rotating bosons — via two methods intended to
circumvent the sign problem.

The first method, the virial expansion, is able to provide results for trapped, interacting, and rotating
bosons, but only in a high-temperature, low-density regime. These results give us a glimpse into a system
that has not been explored in depth before: that of high-temperature rotating Bose-Einstein condensates.
It also provides benchmarks and insights into the behavior of this system at varying rotations and trapping
potentials that can help us to interpret the results of other methods.

The second method, complex Langevin, does not restrict us to studying a high-temperature, low density
regime. This means we can examine trapped, rotating, interacting bosons as they reach the superfluid regime
and form vortices to sustain their angular momentum. This behavior has long been observed in experiment,
but on the theoretical side has been limited to mean-field theory approaches, which do not capture the full
behavior of this macroscopic quantum phenomenon.

Unfortunately, while the CL method is a well-established method for circumventing the sign problem in
many similar systems, the particular sensitivity of the rotating superfluid to the various system parameters
— rotation frequency, interaction strength, chemical potential, and trapping potential — means that the CL
approach requires much greater computational intensity. The size of the spatial lattices must be increased
in order to accommodate the delicate balance between thermal wavelength, harmonic oscillator scattering
length, and rotational speed. Furthermore, early results from the system suggest that even the largest temporal
lattice size used in this simulation is insufficient to capture the transition to the superfluid regime. The length
of the temporal lattice is inversely proportional to the temperature of the system, meaning to reach the
ultra-low temperatures needed to observe superfluidity in this system require very large lattices.

While the work here presents evidence of the CL method’s effectiveness in treating this system, our

current computational resources do not meet the needs of this particular problem. The CL algorithm has
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shown that it can produce realistic results for a rotating bosonic gas, within the physical limits of the system,
but in order to push this method to its limits and determine whether it successfully captures the quantum
behavior of a rotating superfluid, much greater computational resources will be needed. This work is reserved
for later study, as potential candidate for testing on the Exascale computing machines that will be arising in

the near future through the Department of Energy.
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APPENDIX A: DERIVATIONS FOR CALCULATING VIRIAL COEFFICIENTS

Section A.1: Single-particle basis in 2D
In this appendix we will show the solution of the Schrodinger equation for a harmonically trapped particle

coupled to the z component of angular momentum in 2D. We begin with the Schrodinger equation in polar

coordinates:
92 10 1 02
S el it e + m2wlr? - 2mE) ¥(r,¢) = 0 (A.1)

We then change variables such that p = m+/wyr, and m, A = 1, which yields

1
roo , (A2)
thrp
0 0
— Vg —, A.
or At ap (A.3)
92 0?
We—s (A4)

arz 0p?

With those replacements, we write ¥(p, ¢) as a product of functions of two individual variables, ¥ (p, ¢) =

R(p)®(¢), such that

02 92 E
[— ( ot P% + (9752) +pt - 2&;] R(p)D(¢) =0, (A.5)

This decouples our partial differential equation into two ordinary equations, each of which must be equal to

a constant m2:

_La_zq)(@ = m2 (A.6)
D(p) ¢ S '
2 2
p- 0°R(p)  p OR(p) 4 o E —9
- - —20° = = -2 A7
Rp) dp2  R(p) ap Py " Sl

We can solve the equation for ®(¢) straightforwardly: ®(¢) o €/™¢, with the constraint that 7z must be an

integer to ensure the solution is not multivalued !.

A thorough explanation of this derivation can be found in numerous mathematical methods texts, see e.g. Ref. [7]
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The equation for p, setting 5—‘ = E, is then

9’R(p)  OR(p)
2 2, 4 2 _

P P, (m* + p* = 2p”E) R(p) = 0. (A.8)
At long distances (p — o0) we have a harmonic oscillator equation

9*R(p)

52+ P RGP =2ERCp), (A.9)

which indicates that at long distances the solution behaves as a Gaussian.
At short distances (p < 1), on the other hand, our equation reduces to

20°R(p)  OR(p)
-p -p

~2
R(p) = 0. A.10

We can approach this by proposing proposing R(p0) = Rgp®, which leads to an equation for the power ¢ in

terms of our constant 71:
—c“ =m*, ¢ =+m. (A.11)

The case m = 0 yields two solutions: a constant R(p) = Rg and R(p) = In p. We can discard the second
one since it diverges at the origin, which our wave function should not do. For the same reason we discard
the case i < 0. Therefore, the short-distance behavior is R(p) o p!™!.

Based on the above analysis, we propose for the full solution the form:
R(p) = e 2l F(p), (A.12)

where F(p) is a function to be determined. This captures the behavior of R(p) in our limiting cases. With

that form, the radial equation becomes

2
pga F(p) N OF (p)

(bzp —20%) = 2azp*F(p) = 0, (A.13)
02 dp
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where a; =1 — E+ |m| and bj; = 2|m| + 1. We propose a power series form

F(p)= ) p'cn (A.14)
n=0

and obtain algebraic equations for ¢, from Eq. (A.13). Analyzing the lowest powers we obtain the following
conditions: From the lowest two powers of p, we find that ¢g is not fixed but that ¢; = 0. The remaining
coeflicients are related by the recursion

2(n + az)
n+2)(n+1+by) "

(A.15)

Cn+2 =

Thus, if both ¢y and ¢; vanish, then the solution vanishes identically. On the other hand, setting ¢y = 1, only
the odd coefficients vanish and we obtain the remaining coefficients recursively. The overall normalization
can be set after the fact since the equation is linear. The series terminates if n = —aj; for some n = 2k > 0

(recall only the even n survive), which yields the quantization condition:

E
— = 2k+|m|+1. (A.16)
Wy

Returning to Eq. (A.13) for F(p), we perform another change of variables, such that x = p?

x = p? (A.17)
d 0

— = 20— A.18
op Pas (A.18)
H2 o o2

— = 2— +4p° A.19
0p? ox P gx2 ( )

so that now we have our differential equation in terms of x instead of p:

2
0= amxF(x) + (24° = (b + 1)x) ;—XF(x) - 2x2%F(x) (A.20)

Divide through by x and recall that

br = 2lml+1 (A21)

1—E+|m|=1-@Qk+|m|l+1)+|m| = -2k (A.22)

S
3
Il
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With these substitutions, and slightly rearranging the equation, we see that this is the differential equation

whose solution is the associated Laguerre functions:

2
xa—ZL(x) +(a+1- x)iL(x) +nL(x)=0 (A.23)
0x 0x

The final step is to normalize the full wavefunction, which leads us to the full solution for the single-particle

wavefunctions in 2D:

1

k) =
(x[k) N

NeDNwe ™ pmI LI (p)e™?, (A-24)
where p = Vwr and

N _ 5 k! A.25

km = k + lmD! (A2

(k +|m])Y

with L,Lml the associated Laguerre functions.
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APPENDIX B: DERIVATIONS FOR THE RELATIVISTIC BOSE GAS

Section B.1: The density as a function of the discretized fields

The lattice density is defined as follows:

1
(n) = —an (B.1)
ne = > (Sapsinh p—i€qp cosh 1) a Py (B.2)
a,b=1

2
: . R R 1 1 . R 1 1 R
D @apsink = ieap cosh ) (95 @8 = 8L oh o+i(05.0) o+ 0hoR L))

a,b=1

First, we explicitly compute the sum over a and b:

me = sinhu(of0f - ol.el vilofel L rolof )
—i cosh u (¢§x¢§x+4 - ¢l i [¢fx¢§,x+4 + ¢{,x¢§x+4]) (B.3)
+i cosh u (¢§,x¢fx+;l - ¢§,x¢i Tl |:¢§,x¢ix+21 + ¢§’x¢ix+21])

Now, separating this into real and imaginary parts:

Re[ny] = sinhp (¢1 »P1eii ™ ¢l X¢1 x+d +45 X¢2 x+d G208 2x+4) (B.4)
+ coshy (¢1 « 2,x+4 ¢1 X¢2 x+d ¢2 X¢1 x+d ¢2x 1 x+4)

Im[ns] = sinhp (¢1 X¢1 X+l + 9 X¢1 x+A + 5, X¢2 x+A + ) <P x+4) (B.5)
+ coshy (¢2x Prcsd ™ ¢2X¢1 x+d o, X¢2 x+d 1. 2x+4) ‘

This form can be plugged directly into the code to compute the density.

Section B.2: Analytic solutions for noninteracting Bose gas via diagonalization of the action
The lattice form of the noninteracting relativistic Bose gas at finite chemical potential can be computed
exactly via Fourier transforms for d = 1,2, and 3 spatial dimensions plus time. It can be expressed in a

matrix form, as

Z ¢;,aMx,a;x/a’¢x’,a” (B6)

x,x’,a,a’
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where the matrix, M, is given by

d
Mm,d, u] = (2d + m*)6 v — Z(éx,x'—f L5
Jj=1

x,x’+f) B (e_#éx,x’—fl + eﬂdx,x/+41)‘ (B'7)

This matrix can be diagonalized using a Fourier transformation, which is a unitary transformation
Dy = [U'MU);

where (in three spatial dimensions)

1 =l
U = ————exp(ik-X—iwt)
NN,
X = a(xy, x2 x3)
t = axy
> 2
k = ki, ko, k
aNx( 1, ko, k3)
2
t
(5x’x;+21 = 5t,t’+15x,x’6y,y’5z,z’-

When these unitary matrices are applied and simplified, we obtain the following diagonal matrix:

d
1 2, Do
_ —ik-X+iwt 2 _ R N (M N i N ik’ -x"—iw't
= — E e (2d + m*)6x x E (6x’x/_j+6x’x/+j) (e"6, v gte 6x’x,+4))e

d-1
Ny~ Ny X, x’ j=1
1 : . .
—ik-X+iwt 2 ik’, —ik’, —pu—iw’ +iw’ ik’ X—iw't
=—— > ¢ Q2d+m7)— > (e +e ) = (eTHTY + ) e
W 2 2
1 4 ~ i
_ T Z 2d + m2) _ Z(elkj + e—lkj) _ (e—y—za) 4 pHHiw ) e—lx~(k—k’)+lt(w—w )‘ (B.8)
X t j:l
Using the identity
N
Z el(a_a V= Néa,a’, (B9)
Jj=1

71



our sum over x collapses and our factors of N4~! N, cancel, yielding
d . . . .
Dy = 2d +m?) = " (™7 4+ ™) = (77 4 1) 5, (B.10)

which is diagonal in the momentum space basis.
Now that we have this diagonal matrix, we can determine the density and field modulus squared as a

function of this density in the following way. First, the density:

—161n.Z -10

) = op 78_( In(det(M)))
- %aiTr(ln M) = —— Z In Dyx = lek 65;"
= _ZD_H((COS]{‘lSlnh“-'_lsmk‘l cosh ). (B.11)
And now, the field modulus squared:
(A _71‘;(1;% - 3 o (- Indet(4))
- %%Tr(]nM)=éﬁ;lnDkk:%;igggk) :Zk:Dka' (B.12)
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APPENDIX C: DERIVATIONS FOR ROTATING SUPERFLUIDS VIA CL

Section C.1: Justification for the form of the non-relativistic lattice action
The continuum action for bosons in 2+ 1 dimensions with a non-relativistic dispersion, a rotating external
potential, a non-zero chemical potential, an external harmonic oscillator trapping potential, and an interaction

term is as follows:
2 * 1 o . m“’gr 2, .2 ¥ 2
S = d“xdt | ¢ 67—%V —,u—zcuz(xay—y@x)—T(x + V)| o+ D P . (C.1)
\%

To convert this to a lattice action, we must first discretize the derivatives. We will use a backwards finite
difference discretization for the single derivative and a central difference approximation for the double

derivative, such that:

b = (6 -0, (€2

a

2 % (6,47 = 20r +9,.5) (C3)

4

Vg,

where r = (x,y,7) and the discretization length a (lattice spacing) is 1 for spatial derivatives and dt for
temporal ones.

In order to treat the finite chemical potential, the external trapping potential, the rotation, and the
interaction we must shift our indices on the field that is acted on by u, wy;, w;, and A by one step in the
time direction. This is to make these potentials gauge invariant in the lattice formulation []. Since we have
periodic boundary conditions in time, we don’t have to worry about boundaries is. Therefore, our lattice

action becomes, at each lattice site, r:

drmw?

d
Satr = 01 |br = s —drpdrc = 2m D (6,40- 20, +6,) - —5—2 (7 + ) [ (CH)

i=x,y

—¢, [idTwz (X¢r—% = XPr-y-t = YPr—t + Y¢r—£—%)] +dTA(g)¢r—2)”.

The full action consists of summing over this value at each site on the spatiotemporal lattice as in

Siat = ) Statr (C5)

73



We can combine our time derivative and our chemical potential in the following way:

) dr mwy,
Sur = ¢ [qsr ~ Attt = 5 D (B0i =20+ 6,) = AP 4308, (C6)
=X,y
—¢, [idTwz (X¢r—+ = XPr5-7 — YPr—z + y%—x—%)] +dTA (g dr—2)’.
Note that to second order in the lattice size, this is equivalent to:
" dru dr mwtzr 2 2
Swr = O |6 == o > (0,0 - 200+ 6,5) — AT (P 4 )0 €7
i=x,y

—idrw, ¢, [(x = Vbrt = Xpr_5-¢ + yqﬁr—ﬁ—f] +dTA(drpr—2)°.

This will be our lattice action, which we will complexify and use to evolve our system in Langevin time.

Section C.2: The non-relativistic lattice action

To simplify, let’s divide the lattice action into smaller components:

Stac = Z (ST,r + dTSV,r - dTStr,r - dTSw,r + dTSinLr) (C.8)
with

ST,r = ¢ff¢r - edT'u¢:i¢r—'? (C.9)
2 * 1 * *

Ser = 40— - i;y (6:0,4:+ 616,-;) (C.10)
Mmoo

Strr = — (X*+ Y, Pr—z (C.11)

Swr = lwy [(x ~V)rPr—i — x¢j¢r—§7—‘? + )’¢j¢r—)€—f] (C.12)

Sinr = A(Prdr-2). (C.13)

Note that we are restricting ourselves to two spatial dimensions at this point in the work. The extension of
this method to three-dimensional systems is saved for future work.
This action must next be rewritten with the complex fields expressed in terms of two real fields, ¢ =

\/% (¢1 +igo) and ¢* = \/% (¢1 — i¢2). Each piece of the action is computed below:
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First, the time derivative and chemical potential part of the action:

Ser = ‘ﬁ(br—ed‘md’i(br—‘?

1 . .
= 5 [¢ir + ¢g,r - edT# (¢l,r¢1,r—‘? +idLrd2r—¢ — P2, P1-2 + ¢2,r¢2,r—‘?):|

2 2
1 .
= 5 Z ¢Z,r - edTﬂ¢a,r¢a,r—f' - ledT'u Z Eab¢a,r¢b,r—‘f'j| . (C.14)
a=1

b=1

Next, the spatial derivative part (corresponding to the kinetic energy):

Ser = = 4676, ) (¢i¢r+z+¢i¢r-5)]

i=x,y

= —|4(¢1,+93,)- D (¢1,r¢1,r+;+i¢1,r¢2,r+;—i¢z,r¢1,r+;+¢z,r¢2,r+;)]

| i=%x,y
2
3
dm i

2
4¢Z,r - Z (¢a,r¢a’r+{ +1i Z eab¢a,r¢b,r+{) . (C.15)
Then, for the part of the action due to the external trapping potential:

i=%x,y b=1

2
maw
Str,r = Tm(x2+y2)¢;¢r—f

mw?, (x* + y?) . .
= f [¢1,r¢1,r—‘i‘ +id1,rP2r—2 — P2 ,rP1,—+ + ¢2,r¢2,r—f']

Mmwe (X2 + y2) < =
= %y) Z ¢a,r¢a,r—f‘ +1 Z Eab¢a,r¢h,r—f‘ . (C16)
a=1

b=1

Next, the rotational piece:

Swr = i [(X= V)G r s — X6 br5 5 + YO br_z ]

= MTZ [(x =) (P1r01r—+ + Pord2,r—2) +i(x = Y) (P1rd2r—2 + P2 D1, r—2)]

iw, . )
- X (¢1,r¢1,r—§i—‘f' +ih1r b2 -5+ = 2,1 r-5-2 + ¢2,r¢2,r—)3—‘f')]

lwy . ,
e Y (D1LrP1r—s5—2 +iP1LrP2r—5—2 — iP2 D1 r—5—7 + P2r D2 r—5-7)]

2
= % Zl [Eab (()C - y)¢a,r¢b,r—-i- - x¢a,r¢b,r—y—f- + y¢a,r¢b,r—)2—f-)

a,

+i ((y - x)¢a,r¢a,r—‘?‘ + x¢a,r¢a,r—§:—‘?‘ - y¢a,r¢a,r—)2—‘f')] . (C17)
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And finally, the interaction term in the action:

Sty = A(Prdr_2)?

A
= 3 (Brr —ido, ) (Brri +ido,r )P = ($1,P1rs +id1ro, s —ido,r 1, i + ordo,+)°

2
A
Z Z (2¢a,r¢a,r—f'¢b,r¢b,r—‘f' - ¢?I,r¢i,r—% (CIS)

a,b=1

+2i Eab(¢3,r¢a,r—‘?¢b,r—% - ¢a,r¢z,r_.f¢b,r))

We will work with the lattice action in this form in order to derive the Langevin drift function.

Section C.3: Writing the complex action in terms of real fields
First, we take our complex field, ¢, and represent it as the complex sum of two real fields: ¢ = % (p1+id2).

For each of the action contributions, this gives us:

2
1
Re[S,] — 5;(¢3,r—ed“‘ barbar—t) (C.19)
_edrn 2
In[Se,] = —5— ) €abbardpr (C.20)
a,b=1
(2, 1
Re[Sv,] = Y| =dh,—1- > bard, (c21)
a=1 mn mi:ix,y
1 &
Im[Sv,] - — Z Z €abBarPp 47 (C.22)
a,b=1i=%x,y
m 2
Re[Str,r] - Zw‘?r (x2+y2)z¢a,r¢a,r—% (C23)
a=1
m 2
Im[Str,r] - Zthr (X2+y2) Z 6ab¢a,r¢b,r—% (C.24)
a,b=1
w _ —_ _
Re[Sw,r] - 72 Z €ab ((y _;C)Qba,r(pb,r—f' +x¢a,r¢b,r—§)—‘?‘ _y¢a,r¢b,r—)2—‘?') (CZS)
a,b=1
w 2
Im[S(u,r] - 7Z Z ((55_ y)¢a,r¢a,r—‘?' - f¢a,r¢a,r—§—f‘ + y¢a,r¢a,r—)€—‘?‘) (C26)
a=1
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(2¢a,r¢b,r¢a,r—f’¢b,r—‘f' - ¢§l,r¢i,r—%) (C.27)
€ab (0%, bar—Pbrs — Parborde, + ), (C.28)

where X and y are our x and y coordinates shifted by the center of the trap:

— N,—-1
X = x-—
2
— Ny-1
Vo=t
and S;, = Re[S; ] +iIm[S;,], and €12 = 1, €21 = —1, and €11 = €22 = 0. From here, we can compute the

drift function we will need to evolve our fields in Langevin time.

Section C.4: Derivatives on the lattice

When taking derivatives of this lattice action with respect to the fields, we do the following:

2

¢a,q+;) (C.29)

DM

- 0 5¢a,q
_ 24
("Sa’qm,r"’w 60cs

(S5

g=1a=1 1

8
i

KN

Q
Z0

((bu,qéc,aé‘r,qﬂf + 6"va5%r ¢a,q+f)

M

Il
—

lq

- c,r—i + ¢c,r+i'

Q
Il

Similarly, when we have products of fields with different indices,

N, 2 2
5(,5 Z Z Z €abPaqPp, g+ Z €ch ¢b i t &y, ,+,) . (C.30)
&r q=1a=1b=1 b=1

Section C.5: Computing the derivative of the action with respect to the real fields

The first step in computing the CL Equations is to find 615; .
oS oS oS oS oS oS
A P e LA it A A | s (C.31)
6¢a,r 5¢a,r 6¢a,r 6¢a,r 6¢a,r 6¢a,r
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Again, we proceed by modifying each of the parts of the action. First, the time and chemical potential term:

2 2
0 1 6 .
(5¢a’r ST,,, = 5 5¢a’r aZ:: [¢Z,r - edTﬂ¢a,r¢a,r—f’ - ledT'u bZZI Eab¢a,r¢b,r—‘f'j|
edT dT/J
= dar (¢a r—¢ t ¢a r+T) — €ab (¢b r—t T ¢b r+T) (C.32)

Next, the spatial derivative part:

i=+x,y i=%x,y

-1 1
= E Z (¢a,r+f + ¢a,r—f) + ;¢a,r

i=tx,y

= _1 Z ¢ar+t - a,r

t+xy

1
- Zgba,r - % Z ¢a,r+f' (C.33)

i=+x,y

6¢6a’rSV,r = 4m5¢ar2[ Z Par®y i~ 2¢ar+z;1 Z 6ab¢ar¢br+l]

Then the part of the action due to the external trapping potential:

) mw2r2 5 2 2
- — tr’ L R . A
0ba,r Str,r - 4 0bar azzl <¢a,r¢a,r—7 +i l;l Eab¢a,r¢b,r—7)
ma)?rri ' 2
= 1 bar+t + Par—z +1i Z €ab (¢b,r+-? + ¢b,r—-?)
b=1
mw?r? 2
= ir L ((¢a,r+-? + Gar—2) t+i Z €ab (Pp.ris + ¢b,r—%)) (C.34)
b=1

2 _ 24,2
where r{ = x° + y“.
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Next, the rotational piece:

5
5bar

S =

2

%5;;1] u;I [Eab (xqja”qu’r—f’ - y¢a,r¢b,r—ﬁ) +

i ((x - y)¢31,r —XPa,rPar-5 + y¢a,r¢a,r—£)]

2
% Z €ab | X (Pbr—5 + Bb.rs5) = Bors + G1,re5) |

b=1

2 o 90— (B ) 3 (B )]

2
e > at [ (Bnrs + Ohres) = @i + G0re)]

b=1

i % |2(x = ) dar = % (Bar—s + Barss) + ¥ (Par—s + barss)]

And finally, the interaction term in the action:

S
0¢a,r

Sint, r

2
Zé¢a,r agil (2¢a,r¢a,r—%¢b,r¢b,r—% - ¢a,r¢b,r_f-

+21 Eab(¢?z,r¢a,r—%¢b,r—% - ¢a,r¢3’r_f-¢b,r))

2
g Z (2¢b,r(¢a,r—f’¢b,r—‘?‘ + ¢a,r+f'¢b,r+i’) - ¢a,r(¢12,’r_-; + ¢l27,r+‘i'))

b=1

1 2
+i§ Z €ab (2¢a,r(¢a,r—‘f'¢b,r—‘? - ¢a,r+‘?‘¢b,r+f’) + ((bb,r - (ba,r)((pi,r_f- - ¢

b=1

Section C.6: Complexification of the drift function

(C.35)

(C.36)

2
u,r+‘f'))

The next step is to complexify our real fields, a and b, such that ¢, = ¢R +i¢!,. We do this for each part

of the drift function, K, , = S5,

6¢u,r '

First, the time and chemical potential term:

S
0¢a,r

ST,r =

dru dru

e e
¢a,r - 9 (¢a,r—‘? + ¢a,r+‘?) - ITEab (¢b,r—‘? + ¢b,r+‘?)
dru dru
R _¢ R R ¢ 1 I
¢a,r - 2 (¢a,r—‘? + ¢a,r+‘?) + Tfab (¢b,r—‘? - ¢b,r+‘f)
dru dru

+i

bar — ‘ 5 ((pfz,r—f' + ¢£1,r+‘i') - eTfab (¢§,r—‘? - ¢§,r+-?)]
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So

6 R edH R R el I I
Re STJ = ¢a,r - (¢a,r—i’ + ¢a,r+f’) + €ab (¢h,r—~? - ¢b,r+f')
0dar 2 2

) edT/J edT/.l
Im |:5 S’r,r:| = ¢£,r - 2 (¢{l,r—f' + ¢(Il,r+f') - Teab (¢§,r—‘f‘ - ¢§,r+‘f’)
ba,r

Next, the spatial derivative part:

d
) 1 2
Svr = oo D L2
6¢a,r R 2m i:i1¢a,r+l m¢a,r
_ 1 R 2 R . 1 2 g
= . E ¢a’r+{+a¢a,r_l( E Porsi ™ oy Par
i=tx,y i=tx,y

So

0 1 R R
Re[msw] l %(4%” 2 ¢)

i=£x,y
0
Im [ —— Sy, ] = (]) ,
|:6¢a,r r ( a, l ;y ¢a r+i
Then the part of the action due to the external trapping potential:
0 ma) r 2 2
%Str,r = 4r azzl ((¢a,r+‘i‘ + ¢a,r—‘?’) + l[;l €ab (¢b,r+f’ + ¢b,r—‘f')>
mwy 2,2 2 2
_ tr’ L 1 1
- 4 (¢a ret T ¢a r— ‘r) - €ab (¢b,r+f' + ¢b,r—‘?’))
a= b=1

E
puf

=
ﬁMw“

2
((¢2,r+f— + ¢i,r_7”—) + Z Eab(¢£r+~; + ¢§,r—‘?))
b=1

So
0 mairi : R R : I I
Re [5¢ S“”} - 4r Z Purse t Pars) _Zfab (¢b rat T P e -?)
a,r a=1 b=1
0 mu)thr 2
Im Wstr,r = 4 Z (¢a r+t T ¢a r— T) + Z Eab(¢b r+t T ¢b r— T)
a,r a=1 b=1

2 _ 24,2
where r{ = x° + y“.

80

(C.37)

(C.38)

(C.39)

(C.40)

(C4D

(C.42)



Next, the rotational piece:

0

— S,
Spar

So

[ 5
Re | —
[ 0a.r

Sw.r

0

Im|——
[ 0a.r

S(/JZ,V

%Eab [f(fﬁb,r—y + ¢b,r+y) =¥ (db,r—x + ¢b,r+fc)]

+i% [2(’)‘5— §)¢a,r - f(¢a,r—)7 + ¢a,r+§)) + ’_)7(¢a,r—)2 + ¢a,r+)?)]
o (=) + X5 (0,5 + 0 s) =T (0, + 0 )
+Eab% [35 (¢§,r—§7 + ¢§,r+§) - y(gbﬁr—f + ¢§,r+f)]

G 267 D0l = (0 s 4 0 0s) + 7 (00 000

4% e [T (0,5 + 0h ) =T (0 + 0),0)]

W7

) [; (%,r—& + ¢2,r+ﬁ) - y((p{z,r—ﬁ + ¢£1,r+)2) —2(x - @‘f’é,r]

L e [F(0F 5+ 0% 5) ~ 5 (0 + 0%,0)]

T [2G =00k, ~F (0%, + 0h,5) + 5 (05, + 0h,0)]

+%€ab T (o5 + Phras) =7 (Phrs + S ras) ]

And finally, the interaction term in the action, which requires quite a bit of algebra:

6
6ba,r

Sint,r

1 2
5 2 (206 Bar—ibrs + Parsidorse) = bar (B, i + 6},.0))

b=1

(C43)

(C.44)

(C.45)

1 2
+i§ Z €ab (2¢a,r(¢a,r—f‘¢b,r—% = bar+iPor+t) + (Pbr — ¢a,r)(¢i,r_-; - ¢¢21,r+'?))

b=1
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N |

2
R R R R I I R R R R I 1
Z [2¢b,r¢a,r—%¢b,r—'f - 2¢b,r¢a,r—~?¢b,r—‘? + 2¢b,r¢u,r+f’¢b,r+‘? a 2¢b,r¢0yr+7ﬁ¢b’r+f
b=1
I 4R I I R I gR ! ! y
_2¢b,r¢a,r—%¢b,r—% - 2¢b,r¢a,r—'f¢b,r—'f - 2¢b,r¢a,r+f¢b,r+f - 2¢h,r¢a’r+'f¢b”"+f
R R R I I R R I 1 R 4R R

_¢a,r¢b,r—%¢b,r—‘? + 2¢a,r¢b,r—{-¢b,r—'f + ¢a,r¢b,r—‘?¢b,r—f' B ¢a,r¢b,r+'f¢b,r+‘?

I R I R 1 1
+2¢a,r¢b,r+f‘¢b,r+f’ + ¢a,r¢b,r+‘f‘¢b,r+f']
2

2 e & 0 R R R I R I R
i Z [2¢b,r¢a,r—%¢b,r—f +20, P iy, T 20, By i Db ris T 200 B2 P ris)
b=1

. P I ,R R TV

+20), R bR =20 8L by 20 SR oR L -20] 8L ]
, R R R I R I 1 1 1 R R

— B P = 208 Bl B F Bl By s By i = Pl Dyt Byt

R 4R I Lol gl
_2¢a,r¢b,r+‘f'¢b,r+‘f' + ¢u,r¢b,r+f¢b,r+‘f']
2

2 R .1 R I I I I R R R 4R 1
_E €ab [2¢a,r¢u,r—f'¢b,r—‘?‘ - 2¢a,r¢a,r—%¢b,r—f’ + 2¢a,r¢a,r—‘?‘¢b,r—f‘ + 2¢a,r¢u,r—%¢b,r—‘?‘

b=1

R R I R R I I R pR ;! :
+2¢b,r¢a,r—%¢a,r—‘? - 2¢b,r¢a,r+f¢a,r+‘? + ¢b,r¢a,r—‘?¢a,r—‘f - ¢b’r¢a,r—%¢a,r—f

R R J R I R I R R 1 1 1
—2¢a,r¢a,r+f¢b,r+‘? - 2¢a,r¢a,r+f—¢b,r+'f - 2¢a,r¢a,r+‘?¢b,r+f + 2¢a,r¢a,r+'f¢b,r+‘?

R (R 4l I R 4R Lol ! BB arParsiPa
+2¢a,r¢a,r+‘?¢a,r+‘? _ ¢a,r¢a,r—‘?¢a,r—f + ¢a,r¢a,r—f’¢a"’_f’ + ¢a,r¢a,r+~f'¢a,r+‘? - ¢a,r¢a,r+‘?¢a,r+‘?

I 4R 4R Lol o arbe 0.
_¢b,r¢a,r+-?¢a,r+‘? b PariiParis ~ 2¢ﬂ’r¢a7r—‘f¢a’r_f]

1 2

. Z R ,R 4R I R I -y R R o :
+l§ €ab [2¢a,r¢a,r—%¢b,r—‘? - 2¢a,r¢a,r—%¢b,r—‘f B 2¢a,r¢a,r—‘?¢b,r—f' - 2¢a,r¢a,r—‘f¢b,r—'f

b=1
R R R R J I 1 R 1 1 1 R
—2¢a,r¢a,r+f-¢b,r+f- + 2¢a,r¢a,r+f'¢b,r+‘?‘ + 2¢a,r¢a,r+f¢b,r+‘f' + 2¢a,r¢a,r+‘?‘¢b,r+f’
R R R R LI 1 R R R R I 1
+¢b,r¢a,r—%¢a,r—'f - ¢b,r¢a,r—%¢a,r—‘? - ¢b,r¢a,r+‘f¢a,r+‘? + ¢b,r¢a,r+f¢a,r+‘?

I Rl I R I R pR _oR R ¢! ! arParaiba
_2¢b,r¢a,r—%¢a,r—'f + 2¢b,r¢a,r+‘?¢a,r+~? - ¢a,r¢a,r—%¢a,r—‘?¢a,r¢a,r—‘?¢a,r—‘? + ¢a’r¢a,r+7ﬁ¢”’r+f

R I 1 I pR ! ! o :
_¢a,r¢u,r+~f-¢a,r+‘?‘ + 2¢a,r¢a,r—f‘¢a,r—‘?‘ - 2¢a,r¢u,r+‘f‘¢a,r+‘f’)]
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So when we rearrange this, we have
s 1<
_ 4 R R R o4 R I I R R R
Rﬂ;—ﬁm]—-Qiﬂwm%WMW4 205 B o8 e 205, O8O e
bar v
R I 1 I 4R 1 Y R I R I
_2¢b,r¢a,r+‘f'¢b,r+‘f' - 2¢b,r¢a,r—‘?’¢b,r—f’ - 2¢b,r¢a,r—‘i‘¢b,r—‘? - 2¢b,r¢a,r+f'¢b,r+f'
I 1 R R 4R R I 1 R R I I
20y P4t Pbrit = ParPor—rtPbr—t * 2ParPbr—2Pbr—t + Par P r—sPbr—s

R R R 1 R I R I 1
a0 P12 Ppriz ¥ 2ParPpriz P s + ¢a,r¢b,r+f¢b,r+f]
2

2 €ab [2¢ar¢ar T¢br -t _2¢ar¢ar ‘r¢br -t +2¢a r¢ar ‘r¢br -7
b=1

200 Bar_: Pt T 200, B i Piri = 20 it Barai + PprOariPars
O Oar—iPar—i = 2ParParsiPric ~ 20arParviOprai — 20ar O rii P ra
+2¢£l,r¢£z,r+-?¢{7,r+% + 2¢§,r¢§,r+-}¢2,r+f - ¢£1,r¢§’r_f-¢§’r_f-
+Oar OBz + Par it P rar = Var O riiBiras

1 R R 1 1 1 R 4R 1
_¢b,r¢a,r+~?¢a,r+f + ¢b,r¢a,r+‘?¢a,r+‘? - 2¢a,r¢a,r—?¢a,r—'f]

[\3|>.

2
Z ¢br a,r— T¢br T+ ¢br¢ar T¢br T+2¢br¢ar+7¢br+‘r
1 R R 1 1 1 1 R R
+2¢b,r¢a,r+‘?¢b,r+f’) + 2¢b,r¢a,r—‘?’¢b,r—f’ - 2¢b,r¢a,r—f'¢b,r—‘? + 2¢b,r¢a,r+f'¢b,r+f'

1 1 1 1 R R R 1 R 1 1 1
_2¢b,r¢a,r+f'¢b,r+'f - ¢a,r¢b,r—f¢b’r_-f - 2¢a,r¢b,r—‘?¢b,r—% + ¢a,r¢b,r—‘?¢b,r—%

5
e
0¢a,r

1 R R R R 1 1 1 1
~Blr B 1 0h it~ 200 B8 12O ¥ s B i Bl ]
1 2
R R R 1 R 1 1 1 R
+§ Z €ab [2¢a,r¢a,r—f—¢b,r—f - 2¢a,r¢a,r—‘?¢b,r—f’ - 2¢“’r¢a’r—‘f¢b”’_%
b=1
R 1 1 R R R R I 1 1 R 1
_2¢a,r¢a,r—‘?¢b,r—? - 2¢a,r¢a,r+f¢b,r+‘? + 2¢a,r¢a,r+f¢h,r+f’ + 2¢a,r¢a,r+‘?¢b,r+f
1 1 R R 4R R R 1 1
+2¢a,r¢a,r+‘?‘¢b,r+‘f' + ¢b,r¢a,r—%¢a,r—‘f' - ¢b,r¢a,r—f-¢a,r—f-
R R R R 1 1 1 R 1
_¢b,r¢a,r+‘i‘¢a,r+‘? + ¢b,r¢a,r+‘?‘¢a,r+f’ - 2¢b,r¢a,r—‘i‘¢a,r—‘?
1 R 1 R 4R R R 1 1 R R R
+2¢h,r¢a,r+‘i’¢a,r+‘? - ¢a,r¢a,r—‘?¢a,r—‘?¢a,r¢a,r—‘?¢a,r—‘? + ¢a,r¢a,r+‘?¢a,r+‘?

R I 1 1 R 1 1 R 1
_¢a,r¢a,r+f'¢a,r+f + 2¢a,r¢a,r—‘?¢a,r—‘? - 2¢a,r¢a,r+f'¢a,r+?)]
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Section C.7: Lattice observables
The average density is the sum over the local density at each spatial site, normalized by the spatial lattice

volume:

1
(h) = N Z n, (C.47)

where 7, can be found by taking the derivative of the lattice action with respect to the chemical potential,
and then complexifying the fields as we have done before. We start by noting that dru = Su/N; and take a

derivative with respect to Su:

0 0
LD g (g — g,
5 = "o (e~ 4 0

= N (14,

N;
1 2 2
N+ R 4R 1 1 1 R R I
= Weﬂ#/ Z [¢a,r¢a,r—% - ¢a,r¢a,r—% - Z eab(¢a,r¢b,r—% + ¢a,r¢b,r—%)]
T a=1 b=1

2

. 2

l

+ogr Ny [rpi,,_mi,_f F QR o+ Y ean(BR O - ¢£,r¢2,r_f)l (C.48)
T a=1 b=1

The angular momentum operator, L, can be written

L, = ((x—=x0)py — (y = yo)px) = —ih((x — x0)0y — (¥ — y0)Ox). (C.49)

We are interested in the expectation value of this operator: (L,), which is found by summing over the lattice:

N, -1 Ny
2 )ay_(y_

~1
)0x) br, (C.50)

(L) = —in] ¢*((x — 5

where i — 1. First, let us implement our lattice derivative: 0;¢, = a—12(¢r_ ;= ¢r) (recall that our lattice

spacing is a = 1):

(Lz)

=i ) G ((x = )Py = X = (v = r)Prs + V) (C.51)

i) (0= r)ir s — (x—r)drdrs — (v = X) 7 ¢r)

Nx-1

Here we have also written =5— as r. for simplicity. Let us write ¢ as \/% (¢1 + i¢2); then, our angular
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momentum operator becomes a sum over the lattice sites and the real fields ¢ and ¢»:

(L)) = % Z(y — 1) (BLrdrrs +id1 b2z — idordLrs + orborz)

_% Z(x —re) (¢1,r¢1,r—)3 + i¢1,r¢2,r—§) - i¢2,r¢1,r—)3 + ¢2,r¢2,r—§)) (C.52)

-5 20 =06, + 43,

1

2
D) 22 (0= rbarbar—s = (x =ro)dardars = (6 =06, (C.53)
r a=1

. 2
_% Z Z €ab ((x —re)arbpr—y — (y — ”c)¢a,r¢b,r_,z)

r a,b=1

Next, we must complexify our real fields: ¢, = ¢% +i¢!, leading us to the following equation for the angular

momentum in terms of our four lattice fields:
; 2
(L) = =5 2 ) (= r) @8, 88,5 = 81y 0, ) = O = r) @G 88, s~ #lrbh,20))
r a=1

. 2
Sy (6 - 6?)
r a=l1

i

2
-5 D €an ((x=re) @R Oh 5+ Shrbh ) = (0 =) (PR, 81+ 0L 0K, D)

r a,b=1

1 2
+5 Z Z{ (o= re) (@8 L s+ Gl BN ) = v = 1) (@5, 0L o+ 0L 08, _0)

2
) -0ek el

r a,b=1

1 2
4300 2 Cab (= re) @0, 85, = 048, 5) = 0 = re) G5, 85~ bar b, -5)) -

r a,b=1
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When this is divided into the real and imaginary parts of the observable, we get:

Re(L;)

2
; ) Zl (=) @R, 6L, s + 0L 0, ) = (v =) (@R, 6L+ 0L 0F, )
2
DI CRE (C.54)
r a=1

1 2
+3 D €an ((x=re) @R 88, = bh ) = (= r) @GR o= 800 2))

r ab=1

2
Im(L;) = —% DY (=re) @ 88— bl bl ) = (=) BR o8-l e, D)
r a=l1
2
—% PIDNCEE N (CHREE RS (C.55)
r a=1

1 2
~5 2, 2 €an (=)@, 8) 5+ 0lr b5, 5) = 0= r) (D8, 04, + s, 0))

r a,b=1

Section C.8: Some exact solution for the nonrelativistic system

C.8.1: Nonrotating, noninteracting, nonrelativistic, finite chemical potential in 1, 2, and 3 dimensions

The lattice action for a nonrotating, noninteracting, and nonrelativistic system is the following:

d d
Slat,r = ¢i [¢r - edT'u¢r—‘?' - ﬁ (¢r+f - 2¢r + ¢r_f) . (C56)
i=1

This can be written as fields multiplying a matrix:

d
dt
<1+—)5 p= €8ty = o ) (Sp4i0 + 0, i) [ S0 (CST)
i=1

Slat,r ZZ¢rM¢r’ - ZZ¢r

which we can use to determine analytically the density and field modulus squared of this system in order to

check against our code’s results. Recall that

-190lnZ -1 0

Vv aBu 75(ﬁ )(—ln(def(M))) (C.58)

()

1 0 1 0Dk
- ——% 7 = 9Pkk
vagm va(ﬁ )Z ZDkkawm
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with Su = N:dtu, and note that for a nonrelativistic system,

-10mZ -1 &
V a(d/m) 'V d(d/m)

1 o 1 8
= Vawam "M = s Zk:l”D k

(¢°¢) (=In(det(M)))

1 Z 1 0Dy 1
V44D d(d[m) 44 D
Diagonalizing our matrix, M

We can represent the nonrotating, noninteracting action as
S[A=w=0]= " ;M [dm, ]ty
r,r’

where

drd dr

M, [d, m, /1] =11+ 7)6r,r' - edTﬂér—f,r’ - % Z (6r+f,r’ + 6r—f,r’) :

We want to diagonalize M by applying a transformation matrix, such that Dy = UTMU, where

VB
U = —e‘kotl_[sin(k,-xi)

NEN, 0=l
VI
U;fk = e~ kot l_[ sin(k;x;)
’ d i
NEN; i=1
27ng
ko = , €|1,2,.., N
0 N, no [ T]
n;
ki = —, n;€[1L,2,...N
’ o+ el il
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(C.62)

(C.63)

(C.64)
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Applying the transformation matrix, we get

d

d 1.7 ¢/
Diw = — Z kot l_l sin(k;jx;) [(1 + — dr )6”/] e'ko! l_l sin(k/x!)
N N; r,r’ i= n i=1
d
e kot 1 Lsin(k;x;) [e¥™6s,_: | e™ o | | sin(k/x))
NdNt ; l_[ [ r— t ] !:1[ 171
d d
— dr 4 . ’
- Z ikot l_[ sin(k; x;) 2— Z 6r+z - l ikpt 1_[ sm(kixi)
N Nt rr’ i= i=1 i=1
d d
dr
ekt I Lsin(kix) |[— Y 6., |e*o” | |sin(k!x)).
NdNt ; n m ; r— lr g 1208

(C.66)

Resolving the delta functions, performing the sum over r’, and pulling everything that does not depend on

r = (¢, X) outside the sum, this reduces to

2d drd it (ko—k))
Dy = NN, 1+ —) Z 0~ 1—[ sin(k; x;) sin(k;x;)

24 » . , , ,
—d—edT“e_’kO Z ¢t ko=kg) ]_l sin(k;x;) sin(k;x;)
NX Nt r i=1

2d dt —it(ko—k") d . d . ’ ’
_Nth %m Z e 0 l_[ sin(k; x;) Z sin(k;x; + k;)

24 d
NdN 21:1 Z ~irtkoko) 1_[ sin(k;x; )Z sin(k;x; —
t

To further expand the last two lines, we use the following trig identity: sin(a + b)

sin(b) cos(a), which gives us:

2d de d
D, = 1+ — T —1k0 —it(ko—k{) k; k
k.k NdNt( - ) E | | sin(k;x;) sin(k/x;)

NdN Dy Z cos(k; )Z —it(ko=kg) l_[sm(k x;) sin(k;x;)
t i=1
2¢ dr s it (ko—k?) : ,
- NN, Im Z sin(k;) Z e 0 1_[ sin(k;x;) cos(k;x;)
t i=1 i

2d
NdN ;Z’:l ZCOS(k )Z —ll(kO k ) HSIH(k X; )Sln(k i )
t

24 dr . ,
+ — N sin(k)) Y e *o~ko) | gin(k;x;) cos(k!x;).
v Qm; ; Z ]_1[ i Ix;
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= sin(a) cos(b) +

(C.68)



Using the following Fourier identities

Ny
2

Z sin(kx) sin(k’x)

Ok, k’
X

Z sin(kx) cos(k’x)

X
Z e EK) NS

X

0

we find that
2d drd odr & < N,
Dk,k' 1+ — - edT'ue_lkO - — COS(k{) Nt5k k! —E(Ski’k{
Nlet< m m ; i 0,kj 1:1[ 2 i
2d drd dr & Ne\?
= 1+ — —edHeiko - — KDY N | =] Orxr
Nth< - e“Fe - ;COS( l)) t( 5 k.k
d
drd od
Dk’k/ — (1 + L _ edTﬂe—lkO —_ _T Z COS(k;)) 5k,k/7
m mi3

or, slightly rearranged:

d
-7,/ d
Diw = (1 _ dTH ik a E 1- COS(kl{))) Ok, k-
m i=1

Note that this is a complex matrix, with real and imaginary parts:

d
d
Re [Dy ] = (1 — 9™ cos(k() + ;T Z(l - COS(k,-'))) Ok k’
i=1

Im[Dk,k/] = edT“sin(ké)ék’k/.

C.8.2: Analytical solution for the nonrotating, noninteracting density

(C.69)

(C.70)

(C.71)

(C.72)

(C.73)

We can now use our diagonal matrix Dy x» = Dy i to solve for the density of this system. Recall that

o 1 1 9Dk
=N ; Dy (dtp)’

&9

(C.74)



ODkk .
d(dtu)*

We first need to solve for

0Dk _ 0
du  d(dtw)

= —edHeh Ok.k-

i=1

d
(1 — et ik 4 TN cos(k,f))) 6k,kfl (C75)
m .

Plugging this in to our equation for the density gives us:

1 Dy dru —ik!
iy = —edH ek, 1) C.76
@) = Sy 24Dl ) (€70

C.8.3: Analytical solution for the nonrotating, noninteracting field modulus squared

.o 1 Dy,
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APPENDIX D: THE FREE (NONRELATIVISTIC) BOSE GAS
The lattice action for a nonrotating, noninteracting, and nonrelativistic system in d + 1 dimensions is the

following:

d
Stat,r = ¢: ér — edTﬂ¢r—f - ;1_:’; Z (¢r+f = 2¢r + ¢r—f) : (.1
i=1

This can be written as fields multiplying a matrix, just as we saw in Chapter ??, which we can use to
determine analytically the density and field modulus squared of this system in order to check against our
code’s results. Recall that

-10lnZ -1 &

V a(Bu)  V d(Bu)
1 1 0Dk

0 1 0 1
-~ M= S Dy ==Y —
Vo "M = Vo 2P =Y LB s

() (= In(det(M))) (D.2)

with Bu = Nydtu, and note that for a nonrelativistic system,

. -10mZ -1 4
(#°9) = V a(d/m)  V a(d/m)

1 & 1 &
- Tr(ln M) = Zk:lnDkk

(= In(det(M))) (D.3)

V a(d/m) a(d/m)

Ly e 1
V& Dyi 0(d/m) T D’

Section D.1: Diagonalizing our matrix

We can represent the nonrotating, noninteracting action as

SeBG = ), ¢y My [d,m, frs (D4)

r,r’
where

d
drd d dr
My [dym, ] = | (Lt —=)8r 0 = 5716, 0 = ;(éﬂzw +6,.:,)] - (D.5)
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We want to diagonalize M again by applying a transformation matrix, such that Dy

d
U = NN etkot l—[ sin(k;x;)
x i=1
d
Ut o= e kot I L sin(k;x;)
r,k NdN E[ i
27ng
ko = , el(l,2.. N
0 N, no [ r]
nmn;
ki = ——, n;e|1,2, .., N.|.
‘ o+ el il

Applying the transformation matrix, we get

d

, = —ikot
Dy k NdNt Z l_l sin(k; x;)

r,r’ i=1

d

NdN Z —ikot l_[SHl(k xi) [ dTﬂ(Sr tr] ikt l_ISln(kl,x;)
t

r,r’ i=1

d

r,r’ i= i=1

d d
_mZ(Sr lrl

i=1 =1

1

|
N
QU
d
X
A
@,
B
=
=
><
\_/
r——
Q.
N‘

1+ —)5 ] kot ]_[sin(k{xé)

d

— dr . ’

NdN Z o l—[sm(k Xi) [2 Z‘Srﬂrl W] [ simciix)
t =1

= U'MU, where

(D.6)

Resolving the delta functions, performing the sum over r’, and pulling everything that does not depend on

r = (¢, X) outside the sum, this reduces to

od drd
NZN,

Dk’kl =

—zt(ko ~k() 1—[ Sln(k X; )Sln(k Xi )

2d
Nd N,

2d dr —it(ko—k’) . : ’ ’
NN, I Z e 0 ]_[ sin(k;x;) Z sin(k/x; + k)

eI ko Z ~it(ko=kp) 1_[ sin(k;x;) sin(k;/x;)
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NdN 2; Z ~it(ko=kg) l_[sm(k X; )Z sin(k/x; — k).
t

(D.7)



To further expand the last two lines, we use the trig identity sin(a + b) = sin(a) cos(b) + sin(b) cos(a),

which gives us:

24 drd 4oy —in e 1
;) = - _ o =ik —it(ko—k!) . Nt ',
Dix Nth(1+ i 0) § e 0 | |sm(klxl)sm(klxl)

24 dr &
2T Z cos(k; )Z —it(ko=kp) Hsm(k x;) sin(k;x;)

NN,
foﬁvt 00 5 ot >z iy ﬂsmvc s
. Nidjvt ;1_; ZJ sin(k)) Z ek 1_1[ sin(k;x;) cos(k/x). D.8)

Using the following Fourier identities

N
— Sk

Z sin(kx) sin(k’x) 5

X

Z sin(kx) cos(k’x)

X
Z e—ix(k—k ) - Nxék,k’

X

0

(D.9)
we find that
2d drd gy g AT & 4 N,
Diy = 1+ — —eHeiko - — k) | NiSrowr | | —==0,.10
ke k N;iNt( e e p” ;COS( i) | Ni ko,kOL—ll 5 Okik,
2d drd 4., g AT & Ne\?
_ 1+ _ pdrp =ikl _ =0 s(kD) | N, X S 1
N)?Nt( m ¢ m;mb(’) t(2) o
d
drd o d
Dy = (1 + 79 pdrugmiky _ CT Z COS(k,-/))5k,k',
n A
or, slightly rearranged:
dr &
Dy = (1 — ek 4 — " (1 - cos(k; ))) Stk (D.10)
m
i=1
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Note that this is a complex matrix, with real and imaginary parts:

d

d

Re[Diw] = (1-e¥™ cos(k)) + i >a- cos(k;)))ak,k, (D.11)
i=1

Im[Dyp] = %™ sin(kf)Spp (D.12)

We can now use our diagonal matrix Dy x» = Dy x to solve for the density of this system. Recall that

. 1 1 0Dy
= . D.13
=N ; Dix 0(drp) ©.13)

We first need to solve for 7 dru)'

0Dy 0
du  ddrw)

— /
= —edT’”‘e lk05k’k/.

(1 P Z(l — cos(k! ))) 5k k,} (D.14)

i=1

Plugging this in to our equation for the density gives us:

dT,ue lk06 , D.15
NdN, Z IDkkl2 kk) (B-15)

and doing the same for the field modulus gives us:

(¢°9) = ZDkk ZIDm?' (D.16)
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