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This research subject examines topological defects and phase transitions in
field theory and condensed matter systems. The first introduces “ AB defects,” formed when a field
with an Aharonov-Bohm (AB) phase acquires a vacuum expectation value, producing confined or global
strings and breaking spatial symmetries depending on interactions. The second studies neutron 3P2
superfluids in neutron stars, showing surface phenomena such as symmetry changes, anisotropic energy

distributions, and boojum-like topological defects. The third analyzes a modified XY model and its
continuum counterpart, revealing a two-step BKT and Ising-type phase transition via functional
renormalization group methods and simulations. The fourth explores a generalized Abelian-Higgs model
with Josephson-like couplings, finding fractional magnetic flux in local vortices and classifying
vortex networks. Together, these works deepen understanding of defect formation and rich phase
behavior in diverse physical contexts.
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Topological defects and phase transitions have long played a central role in
the study of both high-energy and condensed matter physics. These
phenomena are responsible for diverse and fundamental processes, such as
the formation of cosmic strings during symmetry-breaking transitions in the
early universe and the dynamics of vortices in type-11 superconductors and
superfluid systems. The interplay between topological configurations and
underlying symmetry structures often dictates the physical properties and
evolution of complex systems.

In recent years, significant theoretical and experimental advances have
broadened our understanding of exotic defect structures, including non-
Abelian vortices, Alice strings, and boojums. These developments have
furthered the exploration of unconventional confinement mechanisms and
have uncovered intricate multi-scale phase transition behaviors that defy the
standard Landau paradigm. Such phenomena arise in systems ranging from
quark-gluon plasmas and neutron stars to ultracold atomic gases and
engineered quantum materials.

This study builds upon this foundation by investigating novel field-theoretical
frameworks that support rich defect structures and nontrivial phase
behaviors. By doing so, it aims to shed light on universal aspects of symmetry
breaking, duality, and emergent gauge phenomena. Importantly, the analysis
is grounded in physical systems that are either directly observable or
experimentally realizable, such as neutron star matter, spin systems, and
condensed matter analogs, thereby ensuring the practical relevance of the
theoretical models.

The overarching goal of this research is to identify and classify new
mechanisms of topological defect formation, interaction, and confinement in
a range of quantum field and condensed matter systems. Specifically, the
study seeks to:

o Elucidate how Aharonov-Bohm (AB) phase structures influence
vacuum expectation values and generate novel defect types, including
AB-induced global strings and domain wall-confined strings.

o Analyze surface-induced topology and defect localization in superfluid
phases, with special focus on the behavior of neutron 3P2"3P_23P2
superfluids under strong magnetic fields.

e Investigate multi-step and dual phase transition mechanisms in
modified XY and Goldstone-type models using renormalization group
approaches, aiming to map the interplay between continuous and
discrete symmetry breaking.

o Classify and understand fractional flux vortices and angular domain
walls within generalized Abelian-Higgs models involving multiple
charged scalar fields and Josephson-type couplings.

By connecting these theoretical insights with experimentally relevant
systems, the project aims to bridge fundamental physics and observable
phenomena, ultimately contributing to a deeper understanding of topological
phases of matter.

To address the outlined objectives, the study employs a wide array of
analytical and numerical techniques customized for each system of interest:
« Gauge Theory & Alice Strings: A U(1)xSU(2) gauge theory is developed
to study defects associated with AB phases and Alice strings. These
configurations are analyzed to understand transitions between global
strings and domain wall-confined structures, which can spontaneously
break spatial symmetries.
e Ginzburg-Landau Theory in Superfluids: Surface effects in neutron



superfluids, particularly those exhibiting 3P2 pairing, are modeled
using Ginzburg—Landau-type equations under external magnetic fields.
Numerical simulations are performed to resolve anisotropic surface
energy distributions and identify topological excitations such as
boojums.

e Functional Renormalization Group (FRG): Modified XY and Goldstone
models are studied via FRG methods to track the flow of coupling
constants and correlation functions across energy scales. This
approach enables the identification of two-step transition sequences,
including BKT and Ising-like behaviors, within a unified framework.

o Abelian-Higgs Model with Two Scalars: A generalized Abelian-Higgs
model with two complex scalar fields and Josephson couplings is solved
both analytically and numerically. The focus is on classifying vortex
solutions with fractional magnetic flux and on deriving angular domain
wall solutions embedded in global vortices.

These methodological approaches are chosen to be mutually complementary,
enabling a comprehensive investigation of both microscopic configurations
and macroscopic phase behavior across multiple physical systems.

Across four key papers, this research uncovers a rich variety of topological
defects and novel phase behaviors that arise from the interplay of gauge fields,
surface effects, and multi-component field dynamics.
o Paper 1: AB Defects and Alice Strings
Introduces the concept of an “AB defect,” which appears when a field
subject to an Aharonov-Bohm phase acquires a nonzero vacuum
expectation value. Utilizing a U(1)xSU(2) gauge theory framework
with Alice strings, it is shown that these defects can interpolate
between global string configurations and strings confined by domain
walls. The system exhibits spontaneous spatial symmetry breaking
and rich topological structures.
e Paper 2: Surface Phenomena in Neutron Superfluids
Focuses on neutron 3P2 superfluid phases under magnetic fields,
revealing surface-localized topological excitations known as boojums.
The study also uncovers anisotropic surface energy distributions and
surface-induced symmetry breaking, which could influence the
macroscopic behavior of neutron stars, including their rotational
dynamics and magnetic field evolution.
o Paper 3: Dual Transitions in Modified XY Models
Applies FRG techniques to a modified XY model and its continuum
version, a Goldstone-type model with additional interactions. The
analysis demonstrates the existence of two distinct phase transitions:
a BKT transition associated with vortex unbinding and an Ising-type
transition corresponding to discrete symmetry breaking. These results
provide a unified picture of dual-phase transitions in low-dimensional
systems.
o Paper 4: Fractional Flux Vortices and Domain Walls
Investigates a generalized Abelian-Higgs model with two charged
scalar fields and Josephson couplings. It classifies vortex solutions
with fractional magnetic flux and derives exact solutions for angular
domain walls embedded in global vortices. The model provides a
theoretical foundation for wunderstanding composite topological
excitations in multi-component superconductors and superfluids.
Together, these studies significantly deepen our understanding of how
topological defects emerge, evolve, and influence phase behavior in complex
guantum systems. The insights gained are not only theoretically compelling
but also experimentally relevant, offering potential applications in condensed
matter physics, astrophysics, and future quantum technologies.
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