COMPACT BINARY MILLISECOND
PULSARS: X-RAY OBSERVATIONS
AND NUMERICAL SIMULATIONS

UNIVERSITAT POLITECNICA
DE CATALUNYA
BARCELONATECH

By
Eda Vurgun

Departament de Fisica
Universitat Politecnica de Catalunya

Supervisors:
Manuel Linares
Domingo Garcia-Senz

A thesis submitted for the degree of
Doctor of Philosophy

Barcelona, July 2024



This thesis is submitted to the Physics Department, Universitat Politecnica
de Catalunya in fulfillment of the requirements for the PhD degree in
Computational and Applied Physics.

Eda Vurgun, July 2024

Copyright © 2024
Eda Vurgun



Acknowledgements

“To my father who never saw this adventure.”



For this thesis, we acknowledge support from the Spanish Ministry
of Economy and Competitiveness (MINECO) under grant AYA2017-
86274-P and the Spanish Ministry of Science and Innovation/State Re-
search Agency (MICINN/AEI) under grant PID2020-117252GB-100.



ENGLISH

Millisecond pulsars (MSPs) represent a fascinating and crucial subset of rotation-
powered pulsars (RPPs). Distinguished by their exceptionally rapid rotation peri-
ods (Ps < 30 milliseconds) and powerful magnetic fields (ranging from 10°® to 10°
Gauss), MSPs are cosmic marvels. These rapidly spinning neutron stars are be-
lieved to form through a process in which mass transfer from a companion star in
a binary system causes the neutron star to accelerate, or “spin up” to millisecond
periods. This “recycling” process not only rejuvenates the pulsar but also sheds
light on the complex mechanisms of stellar evolution. The discovery and study
of MSPs have significantly advanced our understanding of the life cycles of stars,
binary interactions, and the extreme physical conditions in these extraordinary ce-
lestial objects. This thesis comprises two parts, both focusing on phenomena asso-
ciated with MSPs. The first part explores a population of neutron stars using X-ray
observational data. Globular clusters (GCs) are known to be extremely efficient
at forming MSPs and low-mass X-ray binaries (LMXBs), due to their high stellar
densities. Since many of those MSPs and LMXBs are closely packed within the GC
core, their X-ray counterparts can only be fully resolved using Chandra’s subarc-
second angular resolution. In this thesis, a deep study of the GC M28 (NGC 6626)
is presented covering the full 330 ks 2002-2015 ACIS dataset from the Chandra X-
ray Observatory. We investigate the X-ray luminosity (Lx), spectrum, and orbital
modulation of the 7 known compact binary MSPs in the cluster. We discover a
double-peaked X-ray orbital flux modulation in M28I (IGR J18245-2452) during
its pulsar state, centered around pulsar inferior conjunction. We analyze the spec-
trum of the quiescent neutron star LMXB to constrain its mass and radius. Using
both hydrogen and helium neutron star atmosphere models, we infer a neutron
star radius of R = 9.2 - 11.5 km and R = 13.0 - 17.5 km, respectively, for a neutron
star mass of 1.4 M, (68% confidence range). We also search for long-term variabil-
ity in the 46 brightest X-ray sources and report the discovery of six new variable
low luminosity X-ray sources in M28.

In the second part of the thesis, we study the interaction of the magnetic field
of the neutron star with the nearby accretion disk, carrying out detailed magneto-
hydrodynamics (MHD) simulations that incorporate realistic disk structures into
the numerical simulations. The primary objective of this section is to elucidate the
mechanism driving state transitions in transitional MSPs, whose physical origin

remains largely unknown. To perform the simulations, we use an axisymmetric



MHD smoothed particle hydrodynamics (SPH) code recently developed. By im-
plementing the SPH method to our code, we discuss four different interaction sce-
narios taking the distance from the neutron star to the disk inner radius as 0.5, 1, 5,
and 25 times the light cylinder radius. We carry out the simulations using a typical
surface magnetic field value for MSPs, By = 9.6 x 107 G, associated with the well-
known MSP J1023+ 0038 and investigating the magnetic field-disk interaction as a
function of the distance to the disk inner radius and the inclination of the magnetic
axis. The thesis focuses on numerical simulations of disk structures, both with and
without magnetic fields. Initial simulations without magnetic fields established a
stable disk configuration, which served as a further study baseline. Subsequent
simulations introduced a magnetic field with varying inclination angles to observe
its impact on disk stability and the short-term evolution of the simulated portion
of the disk. Our findings showed that aligned rotators maintained stability for
completing multiple orbits, while higher inclination angles led to instability at the
disk.



CASTELLANO

Los pulsares de milisegundos (MSPs) representan un subconjunto fascinante y
crucial de ptlsares impulsados por rotacién (RPPs). Se distinguen por sus periodos
de rotacién excepcionalmente rapidos (Ps < 30 milisegundos) y sus potentes cam-
pos magnéticos (que van desde 10® hasta 10° Gauss), los MSP son maravillas cosmicas.
Se cree que estas estrellas de neutrones que giran rdpidamente se forman a través
de un proceso en el que la transferencia de masa desde una estrella compariera en
un sistema binario hace que la estrella de neutrones se acelere o “gire” en periodos
de milisegundos. Este proceso de “reciclaje” no s6lo rejuvenece el pulsar sino que
también arroja luz sobre los complejos mecanismos de la evolucién estelar. El de-
scubrimiento y estudio de las MSP ha avanzado significativamente nuestra com-
prensioén de los ciclos de vida de las estrellas, las interacciones binarias y las condi-
ciones fisicas extremas en estos extraordinarios objetos celestes. Esta tesis consta
de dos partes, ambas centradas en fenémenos asociados con las MSP. La primera
parte explora una poblacién de estrellas de neutrones utilizando datos de obser-
vacion de rayos X. Se sabe que los cimulos globulares (GCs) son extremadamente
eficientes en la formaciéon de MSP y binarias de rayos X de baja masa (LMXBs),
debido a sus altas densidades estelares. Dado que muchos de esos MSP y LMXB
estan estrechamente empaquetados dentro del nicleo del GC, sus contrapartidas
de rayos X solo pueden resolverse completamente utilizando la resolucién angu-
lar de subarcosegundo de Chandra. En esta tesis, se presenta un estudio profundo
del GC M28 (NGC 6626) que cubre el conjunto completo de datos ACIS de 330 ks
2002-2015 del Observatorio de rayos X Chandra. Investigamos la luminosidad de
los rayos X (Lx), el espectro y la modulacién orbital de los 7 MSP binarios com-
pactos conocidos en el grupo. Descubrimos una modulacién del flujo orbital de
rayos X de doble pico en M28I (IGR J18245-2452) durante su estado de ptlsar,
centrada alrededor de la conjuncién inferior del pulsar. Analizamos el espectro
de la estrella de neutrones en la LMXB inactiva para limitar su masa y radio. Uti-
lizando modelos de atmosfera de estrellas de neutrones de hidrégeno y helio, en-
contramos radios de la estrella de neutrronesde R =9,2-11,5kmy R =13,0-17,5
km, respectivamente, para una masa de estrella de neutrones de 1,4 M, (68% rango
de confianza). También buscamos variabilidad a largo plazo en las 46 fuentes de
rayos X mds brillantes e informamos del descubrimiento de seis nuevas fuentes
variables de rayos X de baja luminosidad en M28.

En la segunda parte de la tesis, estudiamos la interaccién del campo magnético

de la estrella de neutrones con el disco de acrecién cercano, realizando simula-



ciones detalladas de magnetohidrodinamica (MHD) que incorporan estructuras de
disco realistas en las simulaciones numéricas. El objetivo principal de esta seccién
es dilucidar el mecanismo que impulsa las transiciones de estado en los MSP de
transiciéon, cuyo origen fisico sigue siendo en gran medida desconocido. Para
realizar las simulaciones, utilizamos un c6digo de hidrodindmica de particulas
suavizadas (SPH) MHD axisimétrico desarrollado recientemente. Al implemen-
tar el método SPH en nuestro c6digo, analizamos cuatro escenarios de interaccion
diferentes que toman la distancia desde la estrella de neutrones hasta el radio in-
terno del disco como 0,5, 1, 5 y 25 veces el cilindro de luz. Seguimos las simu-
laciones utilizando un valor de campo magnético de superficie tipico para MSP,
By = 9.6 x 107 G, asociado con el valor conocido para el MSP PSR J1023 + 0038 e
investigando la interaccién campo magnético-disco en funcién del angulo de incli-
nacién entre el eje de rotaciéon y magnético de la estrella de neutrones. La tesis
se centra en simulaciones numéricas de estructuras de discos, tanto con como
sin campos magnéticos. Las simulaciones iniciales sin campos magnéticos es-
tablecieron una configuraciéon de disco estable, que sirvié como base para estudios
posteriores. Simulaciones posteriores introdujeron un campo magnético con difer-
entes dngulos de inclinacién para observar su impacto en la estabilidad y evolucion
del disco. Nuestros hallazgos revelan que los rotadores alineados mantuvieron la
estabilidad durante multiples 6rbitas, mientras que los dngulos de inclinacién mas

altos provocaron inestabilidad en el disc.



CATALAN

Els palsars de millisegons (MSPs) representen un subconjunt fascinant i crucial
de pulsars de rotaci6é (RPPs). Distinguts pels seus periodes de rotacié excepcional-
ment rapids (P; < 30 mil-lisegons) i els potents camps magnetics (que van des de
10® a 10° Gauss), els MSP s6n meravelles cosmiques. Es creu que aquestes estrelles
de neutrons que giren rapidament es formen a través d’un procés en qué la trans-
feréncia de massa d'una estrella companya en un sistema binari fa que I’estrella de
neutrons s’acceleri, o “giri” fins a periodes de mil-lisegons. Aquest procés de “re-
ciclatge” no només rejoveneix el pulsar, siné que també aporta llum sobre els com-
plexos mecanismes de ’evoluci6 estel-lar. El descobriment i 1’estudi dels MSP han
avangat significativament la nostra comprensi6 dels cicles de vida de les estrelles,
les interaccions binaries i les condicions fisiques extremes en aquests objectes ce-
lestes extraordinaris. Aquesta tesi consta de dues parts, ambdues centrades en
els fenomens associats als MSP. La primera part explora una poblacié d’estrelles
de neutrons utilitzant dades d’observacié de raigs X. Se sap que els cimuls glob-
ulars (GCs) sén extremadament eficients per formar MSP i binaris de raigs X de
baixa massa (LMXBs), a causa de les seves altes densitats estel-lars. Com que molts
d’aquests MSP i LMXB estan estretament empaquetats dins del nucli del GC, les
seves contrapartides en raigs X només es poden resoldre completament mitjangant
la resolucié angular subarcsegon de Chandra. En aquesta tesi, es presenta un es-
tudi profund del GC M28 (NGC 6626) que cobreix el conjunt de dades ACIS com-
plet de 330 ks 2002-2015 de 1’Observatori de raigs X de Chandra. Investiguem la
lluminositat de raigs X (Lx), 'espectre i la modulacié orbital dels 7 MSP binaris
compactes coneguts al clister. Descobrim una modulacié de flux orbital de raigs
X de doble pic a M28I (IGR J18245-2452) durant el seu estat de ptlsar, centrat al
voltant de la conjuncié inferior del ptulsar. Analitzem l'espectre de l'estrella de
neutrons a la LMXB inactiva per limitar la seva massa i radi. Utilitzant models
d’atmosfera d’estrelles de neutrons d’hidrogen i heli, trobem els radis de l’estrella
de neutrons de R =9,2- 11,5 km i R = 13,0 - 17,5 km, respectivament, per a una
massa d’estrella de neutrons d'1,4 M, (68% interval de confianga). També cerquem
la variabilitat a llarg termini a les 46 fonts de raigs X més brillants i informem del
descobriment de sis noves fonts de raigs X variables de baixa lluminositat a M28.

Enla segona part de la tesi, s’estudia la interacci6é del camp magnetic de l'estrella
de neutrons amb el disc d’acreci6 proper, realitzant simulacions detallades de mag-
netohidrodinamica (MHD) que incorporen estructures de disc realistes a les sim-

ulacions numeériques. L'objectiu principal d’aquesta secci6 és dilucidar el mecan-
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isme que impulsa les transicions d’estat en els MSP de transici6, 1'origen fisic dels
quals segueix sent en gran part desconegut. Per realitzar les simulacions, utilitzem
un codi d’hidrodinamica de particules suavitzades (SPH) MHD axisimétric desen-
volupat recentment. Mitjangant la implementacié del métode SPH al nostre codi,
discutim quatre escenaris d’interacci6 diferents que prenen la distancia de I’estrella
de neutrons al radi interior del disc com 0.5, 1, 5, 25 vegades el radi del cilindre
de llum. Realitzem les simulacions utilitzant un valor de camp magnetic de su-
perficie tipic per als MSP, By = 9,6 x 10" G, associat amb el valor conegut per el
MSP PSR J1023 + 0038 i investigant la interaccié camp magneétic-disc en funcié de
I'angle d’inclinaci6 entre 1’eix de rotaci6 i I'eix magnetic de l'estrella de neutrons.
La tesi se centra en simulacions numeriques d’estructures de disc, tant amb camps
magnetics com sense. Les simulacions inicials sense camps magnetics van establir
una configuracié de disc estable, que va servir de base per a estudis posteriors. Les
simulacions posteriors van introduir un camp magnétic amb angles d’inclinaci6é
variables per observar el seu impacte en 'estabilitat i I'evolucié del disc. Les nos-
tres troballes revelen que els rotadors alineats van mantenir l'estabilitat durant
multiples orbites, mentre que els angles d’inclinacié més alts van provocar inesta-
bilitat al disc.
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Chapter 1

Introduction

1.1 Low-mass X-ray Binaries

Globular clusters (GCs) stand as remarkable astronomical laboratories, offering a
unique environment for the formation of low-mass X-ray binaries (LMXBs) and
millisecond pulsars (MSPs). The high stellar densities within these clusters, as
extensively discussed in Camilo and Rasio (2005a) and Verbunt and Lewin (2006),
foster complex dynamical interactions that lead to the creation of compact objects
and binary systems.

Neutron stars (NSs), the remnants of massive stars after supernova explosions,
are incredibly dense objects, creating gravitational fields that are second only to
black holes (BH). They are the collapsed core of a massive supergiant star with
a radius of 10 km and a mass of about 1.4 M . In the core of a NS, the density
can be extraordinarily high. It is believed to reach up to 10~ g/cm? [Shapiro
and Teukolsky 1983]. They slow down rapidly after birth, reaching spin periods of
0.1-10 seconds, and can reach extremely strong magnetic fields (10'° G). LMXBs,
which consist of a NS (or a BH) orbiting a low-mass companion star such as a white
dwarf (WD), or brown dwarf (BD) with masses ranging from 0.01 M up to a few
solar masses, offer a unique laboratory to study extreme physical processes occur-
ring under conditions of extreme gravity and temperature [Duncan and Thompson
1992, Bombaci 1996]. They also consist of main sequence, sub-giant, or red giant
branch stars with masses ranging between 0.1 — 60 M, . These systems often emit
X-rays powered by accretion, making them observable by X-ray telescopes and re-
vealing information about the accretion flow and stellar components (See Figure
1.1). Henceforth, we will exclude BH accretors and focus solely on LMXBs com-

prising NSs.



1.1. LOW-MASS X-RAY BINARIES 4

One of the defining features of LMXBs is the mass transfer process between the
companion star and the compact object. This mass transfer occurs via Roche lobe
overflow leading to the formation of an accretion disk around the compact object.
The study of mass transfer and accretion in LMXBs provides a critical avenue for
investigating the dynamics of compact astrophysical systems. They are renowned
for their strong X-ray emission, which stems from the accretion of material onto the
compact object. This X-ray emission is often highly variable, with characteristic
patterns such as Type I X-ray bursts produced by thermonuclear shell flashes in

the accreted NS envelope.

Accretion. . . X-ray heat_:fri'g :

| dfsf \
b

/ _ “°  Accretion C Sany
i Rl i - ' Companion
Disc wind =~ stream mp

- star -

Figure 1.1: Representation of an X-ray binary. Credit: NASA /R .Hynes

Most systems, known as X-ray transients, intermittently reveal themselves dur-
ing short X-ray outbursts, showing luminosities ranging from approximately 103 erg s
to 10%® erg s~!. However, they predominantly remain in a quiescent state, charac-
terized by X-ray luminosities typically between 10°* and 10** erg s~!. During this
phase, the X-ray spectrum is often dominated by a soft thermal component, char-
acterized by a blackbody temperature around 0.1-0.3 keV. Additionally, a non-
thermal component, described by a power law with a photon index of approxi-
mately 1-2, is frequently observed alongside the thermal emission [Campana et al.
1998]. In certain instances, this non-thermal component becomes predominant
in the 0.5-10 keV X-ray spectrum, overshadowing any detectable thermal emis-
sion [Campana et al. 2005, Wijnands et al. 2005a;b]. Although the origin of the
non-thermal component is not understood perfectly, it has been suggested that the
magnetic field of the NS could be behind this non-thermal process [Campana et al.
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1998]. Conversely, the thermal component likely originates from the NS’s surface,
potentially representing the cooling emission of its crust, heated during outbursts.
Alternatively, the thermal component could also originate from low-level accretion

down to the NS’s surface [Wijnands and Degenaar 2013].

1.1.1 Quiescent LMXBs

Quiescent LMXBs (QLMXBs) have been identified following intense transient out-
bursts, frequently exhibiting type I X-ray bursts. Their quiescent spectra are gener-
ally modeled with a thermal component roughly consistent with a 10 km NS and
an additional power-law component [Campana et al. 1998]. One of the central chal-
lenges in high-energy astrophysics is determining the mass (M) and radius (R) of
NSs, as these fundamental parameters are linked to the equation of state (EOS) that
governs the behavior of matter under extreme densities within NS interiors. Accu-
rate measurements of M and R offer critical insights into the nature of ultra-dense
matter. Techniques such as pulsar timing, X-ray, and optical observations, provide
substantial constraints on NS and companion masses. Pulsar timing involves sys-
tematically monitoring the rotation of a NS by precisely tracking the arrival times
of its radio pulses. It allows for the determination of the orbital dynamics and the
NS’s influence on its companion, enabling precise mass measurements [Lorimer
and Kramer 2004].

QLMXBs within GCs present promising candidates due to their precisely de-
termined distances (5.5+0.3 kpc for M28; Harris 2010) and comparatively modest
magnetic fields (B < 10'° G; Di Salvo and Burderi 2003). Utilizing X-ray observa-
tions, which offer spectral insights alongside theoretical models, enables the esti-
mation of their radii [Heinke et al. 2006]. These systems typically feature a rela-
tively faint emission (Lx ~ 10%? — 10% erg s™') interpreted with a thermal black-
body, allowing the observed thermal emissions to serve as constraints for the NS’s

radius when coupled with its distance and mass [Guillot et al. 2011].

1.2 Millisecond Pulsars

Millisecond pulsars (MSPs) are recycled NSs and are thought to be born in LMXBs
when the NS has gained enough angular momentum from the accreted material
from the companion star. It is generally accepted that a radio MSP is born when
the NS stops accreting and enters a rotation-powered state. MSPs are old NSs
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with short spin periods (Ps) less than 30 milliseconds and weak surface magnetic
fields (B = 10°-10° G). Pulsars initially slow down swiftly after formation, typically
reaching spin periods of 0.1 to 10 seconds [Manchester et al. 2005, Lorimer 2008;
2019]. The general theory [Alpar et al. 1982] assumes that these rapidly spinning
NSs, with spin periods of milliseconds, are “recycled” through the accretion of
matter and angular momentum in LMXB systems, which are therefore regarded as
the progenitors of MSPs. As matter accretion diminishes, the NS transitions into a
rotation-powered MSP, detectable as a radio pulsar.

1.2.1 Compact Binary Millisecond Pulsars: Stellar Predators

Compact binary MSPs (so-called spiders) represent a growing category of pulsars
in tight orbits with orbital periods (P..) typically less than 1 day [Roberts 2013].
Spiders have two distinct subclasses, known as “black widows” (BWs) and “red-
backs” (RBs). They have been nicknamed after cannibalistic spiders due to strong
irradiation by the relativistic pulsar wind. RBs have revealed two distinct qui-
escent states: the “disk” and “pulsar” states [Archibald et al. 2009a]. The disk
state is characterized by intermediate X-ray luminosity (Lx ~ 10 erg s7!), notable
variability including rapid X-ray mode transitions occurring on timescales shorter
than P, and the presence of broad, double-peaked optical emission lines typical
of accretion disks [Linares 2014b, Linares et al. 2014a]. Conversely, the pulsar state
shows radio pulsations and exhibits the lowest X-ray luminosity (Lx <10%% ergs™!).
The X-ray emission observed in the pulsar state of compact binary MSPs is be-
lieved to arise from an intrabinary shock, where the relativistic pulsar wind in-
teracts with the wind or outflowing material originating from the companion star
[Wadiasingh et al. 2017].

BWs have companions that are a very low mass semi-degenerate stars (< 0.1
M) and they have low X-ray luminosity Lx ~ 103 — 10%! erg s™* (0.5-10 keV). The
study of BW pulsars provides insights into the interplay between mass transfer,
magnetic fields, and the emission of high-energy radiation [Fruchter et al. 1989].
The intense radiation processes in BWs can have a profound impact on the com-
panion star. They may lead to the erosion and eventual evaporation of the com-
panion’s outer layers, leaving behind a highly evolved, degenerate core. The study
of BWs is instrumental in understanding the influence of compact objects on the
evolutionary pathways of their companions.
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RBs are also known for their transformative effects on their companion stars.
In these systems, the NS orbits a low-mass companion star, often a bloated main-
sequence star. RBs have more massive non-degenerate companion stars (0.1 —
0.4 M) and on average higher Lx ~ 10*" — 10%? erg s™!. RB systems can exhibit
variability in their mass transfer rates, occasionally transitioning between the disk
and pulsar states (Section 1.2.2). These transitions provide valuable insights into
the mechanisms driving mass transfer in LMXBs and the effects on the companion
star’s evolution.

Recently, Zhao and Heinke (2023) showed that X-ray luminosities of spider pul-
sars are correlated with the minimum masses of their companion stars. In the
pulsar state, the X-ray emission from the majority of RBs and BWs is predomi-
nantly non-thermal, with its luminosity exhibiting variations across orbital phases
[Bogdanov et al. 2005]. This non-thermal emission is commonly attributed to the
presence of an intrabinary shock (IBS) formed between the pulsar and companion
winds. However, the exact shape and location of this shock remain uncertain, as
they are viewed from varying perspectives along the orbit. Notably, orbital-phased
light curves in most cases reveal double-peaked maxima concentrated around the
pulsar’s inferior conjunction (IC), suggesting that the IBS is curved around the
pulsar (Romani and Sanchez 2016, Wadiasingh et al. 2017; 2018, Kandel et al. 2019,

van der Merwe et al. 2020, see Section 2.1.1).

1.2.2 Transitional Millisecond Pulsars

It was found that a subclass of MSPs experience transitions from a rotation-powered
to an accretion-powered or “outburst” state, as well as an intermediate sublumi-
nous disk state with high/active and low/passive modes on timescales shorter
than the orbital period (P,,) [Papitto et al. 2013, Linares et al. 2014a, Papitto and
de Martino 2020]. A “transitional MSP” (tMSP) which was found in M28 (IGR
J18245 — 2452, or M28-1 hereafter; Papitto et al. 2013) is an example of this subclass.
The system was known as a binary rotation-powered MSP [Bégin 2006] with an or-
bital period of 11 hr, and then in April 2013 showed an outburst (the outburst state
with Lx ~ 103 —10°" erg s7!). This provided the strongest evidence of the recycling
scenario for MSP formation. So far, three of the recognized RBs have undergone
confirmation as transitional MSPs, switching between disk (Lx ~ 10 erg s™') and
pulsar states (Lx ~ 103 ergs™!) (Stappers et al. 2014, Bassa et al. 2014, Linares
2014a, Papitto and de Martino 2020, see Section 2.1.1).
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1.3 Numerical Simulations of the Transitional MSPs

The magnetic field surrounding NS ranks among the strongest observed in the
Universe. Any theoretical investigation or numerical simulation of a NS, as ex-
emplified by MSPs in this study, requires the incorporation of Magnetohydrody-
namics (MHD) principles and methodologies. A very important regime derived
from the collisional one-fluid model is the classical MHD regime. MHD cou-
ples Maxwell’s equations of electromagnetism with hydrodynamics to describe
the macroscopic behavior of conducting fluids and plasmas, of special relevance
in astrophysics.

The basic astrophysical foundations of MHD were developed from the 1950s
through the 1980s. Nowadays, MHD simulations of plasmas are in a mature stage
only limited by resolution issues and available computing resources. This thesis
aims to show how MHD can be used to gain insight into the difficult topic of pulsar
dynamics and, in particular, the evolution of the accretion disks that surround the
NS in tMSPs. MHD simulation studies, combined with observations, will ideally
give clues regarding the physical mechanism driving the transitional phenomena
in MSPs.

1.3.1 The MHD approximation

The equations of MHD are a reduction of the equations of fluid mechanics coupled
with Maxwell’s equations (Stone 2011, see also Appendix B). Compared to general
plasma physics, MHD is a significantly simplified theory. In MHD, the system is
described using the standard fluid dynamics variables, such as density, velocity,
and pressure, with the addition of only one extra vector: the magnetic field. This
allows MHD to effectively model the macroscopic behavior of plasmas, incorpo-
rating the essential effects of electromagnetic fields on fluid dynamics without the
complexity of a full plasma kinetic theory [Priest and Forbes 2000]. The “MHD
approximation” involves three assumptions:

1. The fluid approximation: Assumes that the plasma can be treated as a contin-
uous fluid, rather than a collection of individual particles. This is valid when the
mean free path of particles is much smaller than the characteristic length scales of
interest, and the plasma can be described by macroscopic quantities like density,
pressure, and bulk velocity. The fluid approximation holds well in plasmas with
high density and relatively low temperatures, where collisions between particles
are frequent enough to establish local thermodynamic equilibrium.
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2. Ohm’s law: In MHD, Ohm’s law is often simplified to include the effects
of the electric field, magnetic field, and bulk motion of the plasma. This form of
Ohm’s law assumes that the electric field in the frame moving with the plasma is
proportional to the current density. It is valid when the magnetic Reynolds number
is large, implying that the magnetic field is “frozen” into the plasma and moves
with it.

3. The plasma is electrically neutral: The assumption of quasineutrality implies
that the net charge density in the plasma is zero or negligibly small, i.e., the num-
ber of positive charges (ions) is approximately equal to the number of negative
charges (electrons). This assumption is valid in plasmas where the Debye length
(the characteristic length scale over which charge imbalances are screened out) is
much smaller than the system size. This is often true in many astrophysical and
laboratory plasmas where the density is high and the thermal velocity of the par-
ticles is relatively low (Parker 1979, Priest and Forbes 2000, Mestel and Landstreet
2005, Spruit 2016).

1.3.2 The Smoothed Particle Hydrodynamics Method

The smoothed particle hydrodynamics (SPH) technique [Gingold and Monaghan
1977, Lucy 1977] has been widely used in astrophysics to study highly dynami-
cal, geometrically distorted, and often catastrophic events, such as star formation
[Springel and Hernquist 2003]. SPH is a computational method for solid or fluid
mechanics. The basic concept is reconstructing a continuous field from a group of
particles by interpolating the properties carried by these particles in any point of
space at a given time. Defining a Gaussian-like interpolating kernel function with
a scale factor h (called smoothing length), the continuous functions defining the
main properties of the fluid can be reconstructed. The SPH method was devel-
oped in 1977 by Gingold and Monaghan (1977) and Lucy (1977). It is a mesh-free
Lagrangian method initially designed for astrophysical simulations. Its applicabil-
ity has since expanded to fluid dynamics considerably.

SPH is a Lagrangian particle method for solving the equations of hydrody-
namics. A central point in the SPH technique is how to estimate the fluid density
from an arbitrary distribution of point mass particles. Broadly speaking, there
are three common approaches to computing the density (see Figure 1.2). The first
one (the left panel of the figure) is the mesh-based method which creates a mesh

and calculates density by dividing the mass in each cell by its volume. However,
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Figure 1.2: Computing a continuous density field from a collection of point mass
particles. Left panel: In particle-mesh methods the density is computed by interpo-
lating the mass to a grid (or simply dividing the mass by the volume). However,
this tends to over/under-resolve clustered/sparse regions. Middle panel: An alter-
native not requiring a mesh is to construct a local volume around the sampling
point, solving the clustering problem by scaling the sample volume according to
the local number density of particles. Right panel: This panel shows the approach
adopted in SPH, where the density is computed via a weighted sum over neigh-
boring particles, with the weight decreasing with distance from the sample point
according to a scale factor, h (smoothing length) [Price 2012a].

inefficiencies can arise in highly clustered mass distributions due to over/under-
sampling in dense regions. Additionally, interpolation to and from particles can
lead to a loss of accuracy, speed, and consistency. The second method (the middle
panel of the figure) is local sampling without mesh. It calculates density by sam-
pling the mass distribution locally, often within a sphere centered at the sampling
point adapting to clustered or sparse regions by adjusting the sampling volume
size based on local density. However, this method can produce very noisy esti-
mates. Lastly, the third approach (the right panel of the figure) is the SPH method
with a weighted summation approach which computes density using a weighted
summation over nearby particles with a Gaussian-like kernel that is truncated at
a finite radius. It provides a smooth, accurate density estimate and handles varia-
tions in local particle density effectively. Therefore the density is computed using
a weighted summation over nearby particles, given by

Nneigh

p(r)= 3 mW(r —nyl,h) (L.1)

b=1
where W is a weight function with dimensions of inverse volume and |r — r'| is
the distance between the neighboring particle (r’) and the current particle (r). The
weight function (smoothing kernel) should have symmetry and a flat central por-
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tion so the density estimate is not strongly affected by a small change in the posi-
tion of the nearest neighbor. The Gaussian function fulfills all of the above proper-

ties and reads:

- hd h?

where d refers to the number of spatial dimensions and ¢ is a normalization fac-

W (lr — '], h) = 5 exp {—M} (1.2)

tor. The kernel function serves the dual purpose of averaging values from nearby
particles and determining their interactions. It is radially symmetric, peaking at
the origin particle and decreasing to zero as distance exceeds a few times h. In the
scope of this work, we make use of a flexible family of interpolators called “sinc
kernels”, which have compact support (i.e. they vanish at a distance of 2h) and
suppress the so-called pairing instability [Cabezon et al. 2017a].

A relevant physical magnitude in fluids is viscosity. SPH-based codes typically
consider only bulk viscosity, which is integrated into the equations by introducing
a new term known as artificial viscosity, AV, [Monaghan 1997]. Besides a standard
AV routine, our code incorporates symmetrized Balsara limiters (Balsara 1995).
The Balsara limiter is a technique used in numerical simulations to reduce the dis-
sipation in regions where the flow is dominated by shear. It improves the accuracy
of accretion disk simulations by reducing artificial viscosity in regions of strong
shear and differential rotation, leading to a more realistic representation of angu-
lar momentum transport and disk dynamics.

Cartesian SPH variants incorporating MHD effects represent an advanced ap-
proach to simulating fluid dynamics in astrophysical contexts. These variants
adapt the traditional SPH method by integrating the equations governing mag-
netic fields and fluid interactions. The incorporation of MHD effects involves solv-
ing the combined magnetohydrodynamic equations, which account for the inter-
play between magnetic fields, pressure, viscosity, and other relevant forces. This
enables the simulation of the behavior of plasma in various astrophysical settings,
including accretion disks around compact objects and stellar winds. By leveraging
the strengths of both SPH and MHD methodologies, Cartesian SPMHD variants
provide a powerful tool for investigating the dynamic interactions between mag-
netic fields and fluids.

In spite of the large success achieved by Cartesian SPH codes, there is a scarcity
of SPH calculations taking advantage of the axisymmetric approach, which is the

one used to carry out the numerical simulations in this thesis. Axisymmetric
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SPH is a specialized adaptation of the traditional SPH method designed to effi-
ciently simulate fluid dynamics in systems with rotational symmetry around an
axis. In axisymmetric SPH, the three-dimensional problem is reduced to a two-
dimensional one by assuming symmetry around an axis, typically the z-axis. This
reduction significantly decreases computational load while maintaining accuracy
in capturing the essential physics of the system. The particles are positioned and
interact within this cylindrical coordinate framework, allowing for the effective
modeling of phenomena such as accretion disks, jets, and rotating stars. The ax-
isymmetric SPH method incorporates the necessary equations of motion, continu-
ity, and energy conservation, adjusted to reflect the cylindrical geometry. By lever-
aging the inherent symmetry of such systems, axisymmetric SPH offers a com-
putationally efficient and accurate means of exploring the complex dynamics of
rotationally symmetric astrophysical phenomena.

Cartesian SPH:

1. Full Dimensionality: Cartesian SPH treats the problem fully three dimen-
sions without assuming any particular symmetry from the onset. Particles are
positioned in a Cartesian (X, y, z) coordinates, allowing for a more general and
versatile application to various types of fluid dynamics problems.

2. Computational Complexity: Cartesian SPH requires more computational
power and resources to achieve a good spatial resolution.

3. Applications: Better suited for complex, asymmetric systems where no sim-
plifying assumptions about symmetry can be made, such as turbulent flows, gen-
eral astrophysical processes, and engineering applications where precision in three
dimensions is crucial.

Axisymmetric SPH:

1. Dimensional Reduction: Axisymmetric SPH reduces a three-dimensional
problem to a two-dimensional one by assuming rotational symmetry around an
axis (typically the z-axis). This assumption simplifies the computational problem
while still capturing the essential physical behaviors of systems with this symme-
try.

2. Coordinate System: It uses a cylindrical coordinate system (r, z, ) where
variations in the azimuthal angle (¢) are neglected due to symmetry. This al-
lows for efficient simulation of systems like accretion disks, jets, and rotating stars,
which can be approached in axial symmetry.

3. Computational Efficiency: By leveraging rotational symmetry, axisymmetric
SPH reduces the number of particles and computational resources needed at a
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given level of resolution. This makes the method very suitable to handle specific
astrophysical problems where resolution issues are relevant.

4. Applications: Ideal for scenarios where the physical system has inherent ro-
tational symmetry, such as certain astrophysical phenomena (e.g., the structure of
accretion disks or the behavior of rotating fluids). In summary, the choice between
axisymmetric SPH and Cartesian SPH depends on the specific characteristics and
symmetry of the physical system being modeled. Axisymmetric SPH is computa-
tionally more efficient for the system possessing axial symmetry.

Implementing a consistent, well-verified axisymmetric SPMHD code may broaden
the range of applications of such a technique. In astrophysics, the magnetic field
around stellar objects can often be described with a dipole or toroidal geometries,
both consistent with axial geometry. Good examples are the study of magnetized
accretion discs around NSs (particularly relevant for this thesis) and the gravita-
tional collapse of an initially spherical cloud of a magnetized gas, which is closely
related to the formation of protoplanetary discs. Resolution issues add an ex-
tra degree of difficulty when these studies are conducted in three dimensions.
In some cases, the axisymmetric approach is the only plausible option to study
these scenarios (see, for example, Zanni and Ferreira 2009a, concerning simula-
tions of accretion onto a dipolar magnetosphere with an Eulerian axisymmetric hy-
drodynamic code). Researchers can take advantage of hydrodynamic codes with
axial geometry to carry out convergence studies of the resolution of their three-
dimensional hydrodynamic codes or perform computationally affordable parame-
ter explorations. In this thesis, we study the interaction between pulsars and disks,
utilizing the MHD approach to fluid plasmas (see Chapter 3). Given the consider-
able computational demands stemming from resolution constraints, opting for the
axisymmetric approach is a reasonable choice. Consequently, our first task was to
develop and verify a novel axisymmetric SPMHD code [Garcia-Senz et al. 2023a]
(see Section 1.3.3 below).

1.3.3 Exploring Pulsar-Disk Interactions through SPMHD Simu-
lation

Many astrophysical scenarios involving magnetic fields can be approached in axial
geometry. Although the SPH technique has been successfully extended to MHD, a
well-verified, axisymmetric SPMHD scheme based on such a technique did not ex-
ist when this thesis project began. Such axisymmetric SPMHD code was built and
verified during the second part of the development of this thesis where we adapted
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Figure 1.3: Density distribution of the accretion disk where the inner radius of the
disk is at a distance of 25 Ry from the NS. y represents the magnetic moment
and (2 represents the spin period of the pulsar. R;, is the inner disk radius. The
inclination angle (&) is defined as the angle between p and €.

it to perform SPH simulations of the pulsar-accretion disk interaction in compact
binary systems with the final aim of understanding the state transitions and disk-
tield interactions. The code, called Axis-SPMHD, takes advantage of the existing
cartesian hydrodynamic code SPHYNX described in Cabezon et al. (2017b) but
written in cylindric geometry and extended to MHD [Garcia-Senz et al. 2023a]. In-
terestingly, Axis-SPMHD is the first SPH code of this kind and fills a gap in the
scientific literature regarding the SPH technique. As shown in Garcia-Senz et al.
(2023a) the axial code can be used to simulate many physical and astrophysical
problems that display adequate geometry.

To simulate the disk’s initial state, we used the thin disk approximation by
Shakura and Sunyaev (1973) to build 2D-axisymmetric disks in hydrostatic equi-
librium and with the inner radius of the disk located at varying distances from the
NS. Most analytic accretion disk models assume a stationary and axially symmet-
ric state of the matter being accreted into the compact object. In such models, all
physical quantities depend only on the two spatial coordinates: the “radial” dis-
tance from the center 1, and the “vertical” distance from the equatorial symmetry
plane z. In addition, the most often studied models assume that the disk is not

vertically thick. The thin disk approach considers an axisymmetric thin (= cool,
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nearly Keplerian) disk. The main feature of the thin disk approximation is that all
the physics that determines the time-dependent behavior of the disk depends on a
single variable: the amount of shear viscosity (see Section 1.3.2 for details). Using
such thin disk approximation, we study the reaction of the disk upon its interac-
tion with the pulsar magnetic field (see Figure 1.3). The primary objective is to
clarify the mechanisms that could be connected to the state transitions in transi-
tional MSPs. This involves investigating the main physical agents that drive these
transitions. In this respect, our main assumption is that the stability of the disk de-
pends on the interplay between the pulsar’s magnetic field and the disk through
purely geometrical parameters such as the inner disk-pulsar distance and angle
between the magnetic moment and the rotation axis of the pulsar. As shown in
Section 3.3 some basic understanding and insight into the stability of the disk can
be gained from that simple scenario which neglects the magnetospheric plasma
around and considers Joule dissipation as the principal destabilizing agent.

A detailed analysis of the X-ray transient IGR J18245-2452 in the globular clus-
ter M28, carried out by Linares et al. (2014a), reveals the unique behavior of this
NS, which is the first known to switch between rotation-powered and accretion-
powered pulsations and discusses potential mechanisms for the observed mode
switching, suggesting it could be due to fast transitions between magnetospheric
accretion and pulsar wind shock emission regimes. Eksi and Alpar (2005) ex-
plored the interaction between NSs and surrounding disks under the influence of
radiation pressure from radio pulsars. The study evaluates the balance of electro-
magnetic and kinetic energy densities to determine the inner radius of a thin disk
around a NS and finds that disks can survive the radiation pressure even if their
inner radius extends beyond the light cylinder, depending on the inclination angle.
This survival is crucial for understanding the evolution of accretion-driven MSPs
and certain transients. We aim to add new ideas to bridge theoretical simulations
and observational data, enhancing the overall understanding of the transitions in
NS systems.

Other notable approaches include the work of Parfrey et al. (2017), who focus
on the dynamics of magnetospheres and the impact of disk-magnetosphere inter-
actions on pulsar spin-down rates. Their simulations provide insights into the pro-
cesses governing the angular momentum transfer between the star and the disk.
Additionally, Papitto and Torres (2015) review the observational signatures of tran-
sitions between accretion and rotational-powered states in NS systems, emphasiz-

ing the role of multi-wavelength observations in identifying and understanding
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these transitions. By integrating these various approaches, one might be possible
to achieve a more comprehensive understanding of the complex behaviors exhib-

ited by NS systems.
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This thesis is organized as follows. In Chapter 2, we analyze the most recent
observational data obtained by the Chandra X-ray Observatory. We explore the
NS population in the GC M28 (NGC 6626). We investigate the X-ray luminosity
(Lx), spectrum, and orbital modulation of the MSPs in the cluster. We analyze
the spectrum of the qLMXB to constrain its M-R relation. We search for long-term
variability in the 46 brightest X-ray sources and find six new variable low luminos-
ity X-ray sources in the GC. This chapter of the thesis has been published in The
Astrophysical Journal [Vurgun et al. 2022]. In Chapter 3, we discuss SPMHD simu-
lations and bring information concerning the main features of the electromagnetic
power radiated by a rotating NS and the survival chances of the disk. We perform
the simulations with the novel axial SPHMD method developed by our team and
published in the MNRAS journal [Garcia-Senz et al. 2023a] using initial disk con-
figurations in equilibrium to study the interaction between the accretion disk and
the effective time-averaged magnetic field of the NS. We discuss the main results
of the simulations taking the disk at different distances (R= 0.5R1c, 1R, 5R1c,
25R1,¢) and changing the angle between the spin and magnetic axes.



Chapter 2

Neutron Star Population in M28 and
its Comprehensive Data Analysis

GCs are extremely efficient at forming MSPs and LMXBs, due to their high stel-
lar densities [Camilo and Rasio 2005b, Verbunt and Lewin 2005]. Indeed, more
than 200 MSPs are known in GCs [Ransom 2008, Freire 2021]. Since many of those
MSPs and LMXBs are closely packed within the GC core, and their X-ray counter-
parts can only be fully resolved using Chandra’s sub-arcsecond angular resolution.
Messier 28 (M28, or NGC 6626), at a distance of 5.5 kpc [Harris 2010] is of particu-
lar interest among them, as it hosts one quiescent LMXB (qQLMXB hereafter; source
26 from Becker et al. 2003, see also Servillat et al. 2012) and 14 known radio pulsars
7 of which are compact binary MSPs [Freire 2021].

One of the goals of high-energy astrophysics is to determine the mass (M) and
radius (R) of NSs, since M and R constrain the equation of state in their interiors.
One way of doing so is by fitting the surface thermal X-ray spectra from quies-
cent LMXBs with NS atmosphere models [Rutledge et al. 2002, Heinke et al. 2006,
Steiner et al. 2018]. M and R measurements of NSs in qLMXBs rely on atmosphere
modeling. In early studies, it was assumed that the NS atmosphere is composed
exclusively of hydrogen, since heavier elements are expected to settle quickly be-
low the atmosphere [Heinke et al. 2006, Rutledge et al. 2002]. Later work showed
that a helium atmosphere gives significant departures in the emergent spectrum
and thus systematically affects the inferred M and R [Ho and Heinke 2009, Servil-
lat et al. 2012]. In this study, we perform a spectral analysis to constrain M and
R for the known qLMXB in M28, using hydrogen and helium atmosphere models
and the full available Chandra dataset.

In previous Chandra studies of M28, Becker et al. (2003) detected and analyzed

46 relatively bright X-ray sources in detail and found 13 variable sources. Bog-
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Table 2.1: Chandra ACIS X-ray observations of M28 analyzed in this work

Obs. ID Start Time Date Exp. Time Frame Time Phasepost T Phasepiosn T
MJD ks s
2684 52459.75161 2002 July 4 1291 3.1 0.64 — 0.96 0.29 — 0.45
2685 52490.99057 2002 Aug 4 13.69 3.1 0.65 — 0.98 0.93 —1.28
2683 52526.70489 2002 Sep 9 14.3 31 0.44 — 0.73 0.05 —0.12
9132 54685.86508 2008 Aug 7 144.14 31 - 0.41 —1.10
9133 54688.99333 2008 Aug 10 55.18 3.1 - 0.49 — 1.93
16748 57172.10733 2015 May 30 30.05 32 0.13 —0.86 0.21 —1.18
16749 57241.84265 2015 Aug 7 29.93 32 0.92 — 1.64 0.81 — 1.46
16750 57333.67060 2015 Nov 7 29.95 32 0.78 — 1.52 0.49 — 1.53

1 Orbital phase range covered by each observation for M28I (with 10 bins) and M28H (6 bins).

danov et al. (2011) detected and studied 7 of the 12 MSPs known at the time [Bégin
2006], and found indications of orbital variability in the RB MSP PSR J1824 —
2452H. More recently, Cheng et al. (2020) detected 502 X-ray sources using the full
Chandra dataset, and used them to study the dynamical properties and evolution
of M28.

In 2015, we obtained 3 coordinated Chandra and Green Bank Telescope (GBT)
observations of M28 in order to study M28I and the rest of the neutron star popu-
lation. Here we report the results of our analysis of the full Chandra-ACIS dataset
of the cluster (taken between 2002 and 2015), focusing on the neutron star popula-
tion as well as the 46 brightest X-ray sources. We also report several detections of
radio pulsed emission from M28I in our 2015 GBT observations; two of these ob-
servations (MJDs 57172.16 and 57333.71) are strictly simultaneous with a Chandra
X-ray detection. We report the discovery of X-ray orbital modulation in the transi-
tional MSP M28I. We present improved mass and radius constraints from spectral
tits of the quiescent LMXB in M28, using both hydrogen and helium neutron star
atmosphere models. We also discover six new variable X-ray sources in the cluster.

We analyzed eight observations of M28 collected with the Chandra X-ray Obser-
vatory taken between 2002 and 2015 with a total exposure time of 330 ks (see Table
2.1). We employed the observations performed with the Advanced CCD Imag-
ing Spectrometer (ACIS) providing good spectral resolution'. We used the CIA0?
version 4.13 to extract the spectra and light curves [Fruscione et al. 2006].

First, we computed the relative astrometric correction (with the tools wcs-match
and wcs-update) using the longest observation as reference. We created exposure
maps in the 0.2 —8.0 keV band using fluximage and produced point spread function

TACIS Instrument Information: https://cxc.harvard.edu/proposer/POG/html/
chap6.html.

2Chandra Interactive Analysis of Observations, available at https://cxc.harvard.edu/
ciao/.
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(PSF) maps using mkpsfmap to compute the PSF size at 2.3 keV for a 90% enclosed
counts fraction for each pixel in the image. Then, we created a merged image in
the 0.2 — 8.0 keV band using the merge-obs tool (see Figure 2.1). We also refined the
absolute astrometry of the merged X-ray image, to compare it with the radio pulsar
positions. For M28A (for which the radio—X-ray association is well established),
we found an offset between its radio position and its X-ray counterpart of Az =
0.1 arcsec and Apgc = -0.3 arcsec in right ascension and declination, respectively.
We then applied this correction to the astrometric frame of the X-ray dataset. We
took the centroid coordinates of the X-ray counterparts of I, L and their positional
uncertainties from Becker et al. (2003). Shifted X-ray positions of C, D, E, G, M
and their positional uncertainties are taken from Cheng et al. (2020). The rest of
the X-ray positions and their positional uncertainties are obtained in this work.
We estimated positional uncertainties (95% confidence) using an empirical relation
from Hong et al. (2005). Then, we calculated the angular separation between the
radio and the X-ray coordinates (all reported in Table A.1).

Table 2.2: Counts, rates, and orbital parameters for the known NS systems in M28

Source NetCount” Count Rate log Pg[S/N ]b TypeC TOCl Py Porb MS Refs
Count/s MJD ms hrs Mg
q 13418 4e-02 -[36] quiescent LMXB - - - - 1,2
A 9031 3e-02 -[30] MSP i 3.05 i i 38
B 20 6e-05 - MSP i 6.55 i i 3,5
C 27 9e-05 < -5 MSP, eccentric - 4.16 193.8674 030 3,5
D 18 5e-05 < -5 young, eccentric - 79.83 729.8762 045 35
E 20 7e-05 <=5 MSP i 5.42 i i 3,5
F 28 9e-05 < =5 MSP i 2.45 i i 3,5
G 23 7e-05 <=5 BW 53629.071809(10) 5.91 2.51000803(17) 0.01 3,5
H 117 4e-04 -[3] RB 53755.2263988(13) 4.63 10.4406611(7) 020 3,5
I 10301 3e-02 -[7] RB 56395.216893(1) 3.93 11.025781(2) 0.20 34,5
J 55 2e-04 < =5 BW 53832.2815822(36) 4.04 2.33835171(9) 0.01 3,5
K 52 2e-04 < =5 MspP - 4.46 93.8482 0.16 3,6
L 1347 4e-03 -[5] BW - 4.10 5.4170 002 3,6
M 27 8e-05 < =5 BW 56451.272704(15) 4.78 5.82046126(3) 0.0111L 3,7
N - - - BW 56451.2896713(15) 3.35 4.76383956(3) 0.019TL 7

a Background-subtracted net counts extracted in the 0.2 — 8.0 keV band. b Logarithm of the binomial no-source proba-
bility, taken from Cheng et al. (2020). Sources q,A,H,I L are indicated by S/N ratio from Becker et al. (2003). c Types are
indicated as follows: RB = Redback; BW = Black widow; MSP = Millisecond pulsar. d Epoch of zero mean anomaly. e
Companion mass calculated assuming a pulsar mass of 1.35 M and an inclination of 60°. + The minimum companion
mass calculated assuming a pulsar mass of 1.4 M. i: Isolated pulsar. References: (1): Becker et al. (2003), (2): Servillat
et al. (2012), (3): Paulo Freire’s catalog, (4): Papitto et al. (2013), (5): Bégin (2006), (6): Bogdanov et al. (2011), (7): Douglas
et al. (2022), (8): Lyne et al. (1987)

Following the standard CIAO data analysis threads®, we extracted each spec-

trum using the specextract tool. Response matrices and ancillary response files

3Chandra Interactive Analysis of Observations, available at https://cxc.cfa.harvard.
edu/ciao/threads/pointlike/.
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were generated using the mkacisrmf and mkarf tools, respectively. We created circu-
lar regions for the source extraction with radii between 0.7 - 1.7 arcsec depending
on the nearby surroundings. We used a region of 4 arcsec radius for the back-
ground extraction from a source-free part of the same chip. We fitted our spectra
in the 0.2—8.0 keV energy range using XSPEC 12.11.0 [Arnaud 1996], generally
employing a phenomenological absorbed power-law model. For the brightest pul-
sar M28A, we included the Chandra pile-up model in the spectral fitting [Ho and
Heinke 2009, Heinke et al. 2006, Suleimanov et al. 2014, Davis 2001]. For M28-I in
the disk state, we verified that our reported spectral parameters are not affected
by pile-up. We fit the spectra of the bright sources grouping them to a minimum
of 15 counts per channel and using chi-squared statistics. We fit the spectra of the
faint sources (less than 150 net counts) grouping so that each channel contains a
minimum of 1 count and using Cash’s C-statistic. We used the tbabs model to ac-
count for interstellar absorption [Wilms et al. 2000]. Individual observations were
fitted simultaneously, leaving the spectral parameters free to vary when possible.
For the power-law fits, we kept constant the equivalent hydrogen column density
(Ng) at 0.25 x 10?2 cm ™2, thus assuming that it did not vary between 2002 and 2015.
All spectral fits and luminosities reported herein use a distance of 5.5 kpc [Harris
1996]. For the faint sources, we employed average fit results for each source and
set upper limits on the L for the observation where these are not detected or with
very low counts. We calculated the net counts taking the region size of 1.5 arcsec
for each source (and 3.1 arcsec for M28F since it is outside the center regarding
PSF sizes) and placing 90% c.l. in the range of 0.5 - 10.0 keV. Then, we divided the
upper limits of the net counts by the exposure time of every single Chandra obser-
vation. Then, we calculated fluxes using WebPIMMS* giving Ny and I' parameters
from the average fit results.

In order to constrain the neutron star mass (M) and radius (R), we fitted the
spectrum of the qLMXB using hydrogen (NSATMOS) and helium (NSX) NS atmo-
sphere models, including the Chandra pile-up model [Ho and Heinke 2009, Heinke
et al. 2006, Suleimanov et al. 2014, Davis 2001]. After verifying that they are con-
sistent within the errors, we tied all parameters between different data sets and
fixed the normalization to 1, thereby assuming that all the NS surface is emitting.
We also kept the frame time frozen at 3.14 s for the observations between 2002 and
2008 and 3.24 s for the 2015 observations.

4Portable, Interactive Multi-Mission Simulator https://heasarc.gsfc.nasa.gov/
cgi-bin/Tools/w3pimms/w3pimms.pl.
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Figure 2.1: Full-band (0.2 - 8.0 keV) Chandra merged image of the globular cluster
M28. Left panel: Black dashed circle shows the half-light radius of 1.9 arcmin of the
cluster (J1824-2452F is the only known pulsar outside this circle). The green circles
show the 46 X-ray sources detected by Becker et al. (2003). Right panel: The black
dashed circle shows the core of M28 with a 0.24 arcmin radius [Harris 1996]. The
small blue circles show the X-ray sources detected by Cheng et al. (2020). Magenta
circles show the extraction regions and cyan circles show the new variable sources
detected in this work. Red circles show the X-ray positions obtained in this work.
Orange circles show the exact radio positions of the known radio pulsars. M and
N’s radio positions are taken from Douglas et al. (2022).

For the orbital phase-folded light curves, we studied the five brightest compact
binary MSPs, namely: M28G, M28H, M28I, M28] and M28L (2 RBs and 3 BWs;
see Table 2.2). We applied barycentric corrections to the photon arrival times in
each event and aspect file using the axbary tool and we computed the orbital phase
using dmtcalc. We computed the phases using the P,,;, and the epoch of zero mean
anomaly (T,) of each MSP, as measured from radio timing observations (see Table
2.2). Thus, we define T, and orbital phase zero as the epoch of the ascending node
of the pulsar. Finally, we extracted the phase-binned lightcurves using dmextract.
To obtain the correct count rates, we calculated effective exposure times from the
good time intervals for each phase bin.

We detected 12 (A, C, D, E, E G, H, I, ], K, L, and M) of the 14 known pulsars
in the cluster, by cross-correlating the significant source detections reported by
Cheng et al. (2020) with the radio-timing positions of these pulsars (see Figure
2.1). Indeed, for all pulsars except B, their excess counts have a probability < 10~°
of being produced by background fluctuations [Cheng et al. 2020]. We did not
detect the newly discovered pulsar N, but we were able to measure Ly for the
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new MSP M28-M [Douglas et al. 2022]. In Table 2.2, we give the wide range of net
counts (18-13418) and count rates (6 x 107> — 4 x 1072 ¢/s) for the NSs studied in
this work.

We give the radio and X-ray source positions with their uncertainties in Table
A.1 of the appendix. In all 12 detected X-ray counterparts to the known pulsars
in M28, the X-ray positions agree (within 2-sigma) with the much more precise
radio locations. We quantified the uncertainty in the radio-X-ray cross-correlation
following Bogdanov et al. (2011); we applied multiple random offsets to the radio
pulsar positions (of 2.5-5 arcsec in R.A. and DEC) and compared these with the X-
ray image (Figure 2.1). We find only one source match per offset due to chance, out
of the 11 known pulsars in the core of M28 (where match is defined as coordinate
agreement within 2-sigma).

2.1 X-ray Orbital Variability of Spiders

2.1.1 The Transitional MSP M28I

We extracted source counts from the transitional MSP M28I in the 0.2 — 8.0 keV
range (without background subtraction), including the 2002 and 2015 observations
when the source was in the pulsar state (for a total exposure of 131 ksec, i.e., 3.3
times F,,). We note that this accumulated exposure time in the pulsar state has
increased by 220% with respect to 2002, thanks to our 2015 observations. Further-
more, the three observations taken in 2015 cover altogether the full orbital phase
range, as can be seen in Table 2.1.

We discover and report X-ray orbital modulation of M28I during the pulsar
state, shown in Figure 2.2. We find evidence for a double-peaked light curve, with
two maxima at orbital phases 0 and 0.6 and a broad minimum around phase 0.25.
We extracted a light curve with 8 bins per orbit and found that this double peak
is still apparent. This is consistent with the orbital modulation of most RBs: a
double-peaked maximum centered around the inferior conjunction (IC, where the
PSR is between the companion and the Earth) of the pulsar and a minimum at
the pulsar’s superior conjunction (SC; [Wadiasingh et al. 2017]). The peak-to-peak
semi-amplitude of the modulation is 0.0015 c/s, i.e., about 71% of the average
count rate (0.0022 ¢/s) after subtracting the background rate (9.1 x 107° ¢/s). The
fractional semi-amplitude for some other RBs is typically around 50% in previous
studies [Bogdanov et al. 2011, Hui et al. 2015].
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Figure 2.2: Orbital X-ray light curve of M28I in the 0.2-8.0 keV band including the
observations taken in 2002 and 2015, when this transitional (and RB) MSP was in
the pulsar state. Two cycles are shown for clarity.

In Figure 2.2, the orbital X-ray light curve of M28I shows a double-peaked (DP)
orbital modulation centered around the pulsar’s IC (¢ = 0.75). The maxima of the
X-ray modulation are found at orbital phases ¢ = 0.6 and ¢ = 1.0. Between the two
maxima, there is a dip around ¢ = 0.9. Thus, based on the models of Wadiasingh
et al. (2017), we infer that the intrabinary shock in M28I is curved or “wrapped”
around the pulsar. We find a peak separation of 0.4 in the orbital X-ray light curve
of M28]I, similar to what Archibald et al. (2010) found for the RB PSR J1023+0038.
In a Doppler-boosted shock with a small opening angle [Wadiasingh et al. 2017],
the amplitude of the modulation is positively correlated with the inclination of
the orbital plane, with the maximum possible modulation corresponding to an
inclination angle of 90° [Cho et al. 2018]. We find that the orbital modulation of
M28I shows a remarkably high fractional semi-amplitude (71%), which may be
due to a high (nearly edge-on) inclination.

As a tMSP, M28I also experiences transitions from a rotation-powered to an
accretion-powered or “outburst” state, as well as an intermediate sub-luminous
disk state with high/active and low/passive modes [Papitto et al. 2013, Linares
et al. 2014a, Papitto and de Martino 2020]. Figure 2.3 shows an overview of its
Lx in the different states, as revealed by Chandra observations in 2002, 2008, 2013,
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Figure 2.3: Left panel: X-ray luminosity (Lx) of the transitional MSP M28I as mea-
sured by Chandra and Swift between 2002 and 2015, together with the dates when
the radio MSP was detected (shown with black filled symbols labeled “rMSP”,
with different origins as indicated; vertical grey lines show GBT observation
dates). Red circles, blue/magenta triangles, and gray squares show the Lx mea-
surements taken in the pulsar, disk, and outburst states, respectively. The horizon-
tal dashed lines show the approximate Lx boundaries between these states [Linares
2014b]. Blue/red pentagons show the bright/faint HST detections indicating that
M28I was in the disk/pulsar state in 2009/2010 [Cohn et al. 2013]. Middle panel:
Zoom into the outburst light curve (Swift observations shown with gray squares)
showing the detection of a disk-active/high state 10 d after the end of the outburst
(blue triangle, from a Chandra - HRC observation; Linares et al. 2014a) and the de-
tection of the rMSP 4 d thereafter [Papitto et al. 2013]. Right panel: Zoom into the
2015 coordinated (Chandra+GBT) campaign. The green arrows show the strictly
simultaneous radio/X-ray observations reported in this work.
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and 2015. We found that M28I was in the pulsar state in 2015, and we detected
for the first time radio pulsations simultaneously with an X-ray observation. Since
also two of the GBT observations (57172.16 and 57333.71) were simultaneous with
those from Chandra, the pulsar was definitively in the active radio pulsar state
at the time of the X-ray observations, and likely throughout most of 2015. The
radio timing observations of M28, and detections of M28I, from our GBT campaign
are shown in Figures 2.3 and A.1 (see Vurgun et al. (2022) for the radio analysis
details). So far, M28I was detected in the disk state in 2 of the 4 epochs when it
has been observed with Chandra: in 2008 and 2013. Cohn et al. (2013) and Pallanca
et al. (2013) found another possible occurrence of the disk state in 2009, using HST
optical observations of M28. At present, Chandra observations are the most reliable
and efficient way of constraining the duty cycle of these two states. The detection
of radio pulsations with GBT reveals the pulsar state (by definition), but a non-
detection does not allow a state identification since the pulsar is occulted /eclipsed
for a large fraction of the orbit. This can be seen in the right panel of Figure 2.3,
where we show an Ly measurement indicative of the pulsar state (Chandra), strictly
simultaneous with a radio pulsar non-detection (GBT). As seen in Figure 2.7, the
X-ray photon index I' is approximately constant throughout the pulsar-disk-pulsar

state transitions (the fitted spectra are shown in Figure A.2, panels c and d).

2.1.2 The Redback MSP M28H

We extracted the counts from the RB MSP M28H in the 0.2—10.0 keV range, includ-
ing all observations with a total exposure of 330 ksec. The X-ray orbital variability
of the RB MSP M28H was studied by Bogdanov et al. (2011) using the 2002 and
2008 observations. They found a minimum around orbital phase 0.25 and a maxi-
mum at phase 1.0. We performed the same analysis as explained in §2 in order to
compare with their results, using 6 orbital phase bins.

Our results are shown in Figure 2.4: we find a broad minimum in the orbital
X-ray light curve at phase 0 — 0.4 and a maximum around phase 0.75 (pulsar at IC).
The peak-to-peak semi-amplitude of the modulation is 0.0004 ¢/s corresponding
to a fractional amplitude of 80% of the average count rate (0.0006 c/s) after correct-
ing the background rate (0.0001 ¢/s). The light curve shape is consistent with the
results of Bogdanov et al. (2011), with a difference in the peak phase of about 0.25.
In this case, we do not find a double-peaked light curve, within the lower phase
resolution imposed by the lower X-ray luminosity of M28H compared to M28I in
the pulsar state.
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Figure 2.4: Orbital X-ray light curve of M28H in the 0.2-10.0 keV band including
all observations. Two cycles are shown for clarity.
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Figure 2.5: Left panel: Chandra ACIS-S merged two orbital cycle light curves of
M28G with a bin number 4 including all observations. Right panel: Chandra ACIS-
S merged two orbital cycle light curve of M28] with a bin number 4 including all
observations.

The eclipsing binary pulsar M28H is in a 10.4-hour circular orbit around a non-
degenerate star with a minimum inferred mass of 0.17M, . The orbital separation
of the system is 2.9R, for an assumed inclination of 60° [Bégin 2006]. We find an
Lx for this RB of [2.3+0.4] x 103! erg s~! for a 5.5 kpc distance, consistent with those
measured in other RBs and BWs.

In contrast with M28I, we find an orbital modulation with one single peak in the
orbital X-ray light curve of M28H. As seen from Figure 2.4, the maximum occurs
when the pulsar is at IC (¢ = 0.75), and we find a broad minimum of the X-ray
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emission around SC (¢ = 0 — 0.3) where the radio eclipses are seen [Bogdanov
et al. 2011].

2.1.3 The Black Widow MSPs M28G, M28] and M28L

We performed the same orbital-phased light curve analysis for the BW MSPs M28G
and M28]J, including all observations (Figure 2.5). These are fainter and less lumi-
nous than the RBs (with typical Ly < 10*! erg s~! so we used in this case 4 orbital
phase bins.

The count rates of these two BWs in the 4 phase bins are approximately con-
stant, as can be seen in Figure 2.5. We fit both X-ray orbital light curves with a
constant and find a x?/dof of 3.5/3 and 2.2/3 for M28G and M28], respectively.
We conclude that these two BWs show no evidence of X-ray orbital variability
within the currently available data.

We did not investigate X-ray orbital modulation for the BW MSP M28L since it
is suffering from the contamination of the very nearby RB M28I. This effect is even
more clear in the 2008 epoch when M28I was in the disk state, as seen in Figure 2.6.
The radio position of M28L (see Table A.1) suggests that its count rates are strongly
exposed to source confusion. Indeed, the distance between the radio positions of
these two sources is 1.8 arcsec, while the PSF size (FWHM) is 1.5 arcsec assuming

a circular Gaussian representing the PSF°.
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Figure 2.6: Chandra-ACIS archival observations of the core of M28 in three epochs
taken in 2002 (OBS ID:2684), 2008 (OBS 1D:9132), and 2015 (OBS ID:16750) from
left to right. Blue circles here in the core show the sources from Becker et al. (2003)
from the right to the left: M28A, 521, M28L, M28I, qLMXB, and S29. We see a blend
of three sources: M28I, M28L, and S21.

®https://cxc.cfa.harvard.edu/ciao/ahelp/psfsize_srcs.html.
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2.2 Spectra and Luminosities

We analyzed the spectra of the spider MSPs and the other known pulsars in M28,
respectively, for each observation where they were detected. We fit all the spec-
tra from each source jointly within Xspec, keeping the power law index and nor-
malization linked between different observations and the Ny frozen to the cluster
value. We thereby find the 2002-2015 average flux, Lx, and photon index for each
system, which we present in Table 3. We find photon indices in the range 1-4 and
Lx between 9 x 10% erg s~! and 2 x 10** erg s, for the full variety of pulsar types
and states (see Appendix A for the spectra). Next, we present our results for the
transitional MSP and the other known compact binary MSPs in more detail.
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Figure 2.7: Variability of M28I. Top panel: Luminosity in 10*? erg s~!. Pink dashed-
line shows the average luminosity of 101.11 x 10% erg s™'. Second panel: Photon
index parameter of the power-law model. Third panel: Normalization parameter
of the power-law model. Bottom panel: Reduced Chi-squared. The green vertical
lines separate the epochs visually.

We inspected the spectra of the transitional and redback MSP M28I by dividing
them into three epochs: 2002, 2008, and 2015 (Table 2.3). We find that M28I was
back in the pulsar state in 2015 with Lx=[8.3+0.9] x 10*! erg s!, an X-ray luminos-
ity similar to that measured from the 2002 observations, and a photon index I' =
1.7+0.2. This is the lowest Lx measured for M28I to date (see Figure 2.7). From

our reanalysis of the 2002 observations, we measure Lx=[1.3 + 0.2] x 10%? erg s™!
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Table 2.3: Results of the averaged spectral fits for the known pulsars detected by

Chandra
Name r Flux® Lx Fit statistic/dof
erg cm 257! erg s

M28A  1.33+ 0.03 [4.6+ 0.1]x10713 [1.66+ 0.06]x10%3  446/480(x?)
M28C  2.8+0.9 [6.0+2.0]x1071% [2.0+0.7]x10% 11/16(CS)
M28D 42+ 1.3 [3.0+1.0]x1071 [9.3+ 4.3]x10% 14/11(CS)
M28E  2.6+0.8 [5.0+ 2. 0]><10 16 1.8+ 0.7]x10%° 19/18(C'S)
M28F 255+ 0.9 [3.04+ 3.0]x10 [1.3+ 1.2]x10% 20/26(C'S)
M28G 3.5+ 0.7 [5.0+2.0]x1071¢ [1.7+ 0.6]x10% 23/18(C'S)
M28H  1.0+0.2 [6.0+1.0]x107%% [2.34 0.4]x103! 99/101(CS)

M281—p>e 1.1+ 0.2 [4.0+0.8]x107* [1.44+ 0.3]x10%* 67/82(CS)

M28I-d  1.51+0.02 [5.9+ 0.1]x10713 [2.14+ 0.04]x10%  485/367(x?)

MZSI-p* 1.7+ 0.2 [2.3+0.3]x107* [8.34+ 1.0]x103! 16/12(x?)
M28]  2.8+0.3 [1.0+0.3]x107" [3.6+ 1.0]x10% 52/51(C'S)
M28K  29+04 [1.14+0.2]x107%° [4.1+0.8]x10% 35/36(C'S)
M28L  1.55+ 0.06 [5.0+ 0.8]x10~** [1.8+ 0.3]x10%? 67/71(x?)
M28M 3.6+ 1.3 [7.4+1.9]x1071 [2.7+0.7]x10% 4/12(CS)

a Unabsorbed flux in the 0.5-10.0 keV band. * Includes 2002 observations (M28I-

p: Pulsar state).

Includes 2008 observations (M28I-d: Disk state). * Includes

2015 observations (M28I-p: Pulsar state). CS and x? indicate the fit obtained
with C-statistic and Chi-Squared statistics, respectively.

(slightly lower than that measured by Linares et al. 2014b, yet consistent at the 2-
sigma confidence level). We measure Lx=[2.14+0.04] x 103 erg s~ from the 2008
spectra of M28], i.e., a disk state luminosity consistent with the findings of Linares
et al. (2014b). We also analyzed the spectra from 2002 and 2015 jointly and found

an average pulsar state luminosity of [1.1+0.2] x 10%? erg s~*

and a photon index of

1.3+0.3. We inspected the hardness ratio taking the energy bands 0.2 - 2.0 keV and
2.0 - 8.0 keV and found no significant spectral variability along the orbit.

During the X-ray association analysis, we find that the radio position of M28L

agrees with source 22 from Becker et al. (2003) (see Table A.1 in appendix). Thus,
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we study the possible X-ray counterpart of the black widow M28L using a 0.9
arcsec radius region which includes the radio position and source 22 from Becker
et al. (2003) (manually centered to minimize contamination from nearby sources).
We find an average luminosity of Lx=[1.8+0.1]x10% erg s~! and a photon index
of 1.55 &+ 0.06 (see Table 2.3 and Figure A.5). As mentioned above and as noted
previously [Bogdanov et al. 2011], this region is severely crowded and there may
be contamination from other sources (mainly M28I and perhaps also source 21, see
Figure 2.6). Thus, this luminosity must be interpreted with care, and we consider
the counterpart to M28L as tentative.

The spectra of the RB M28H are well fitted by the power-law model yielding
an Lx = [2.3 £ 0.4] x 10 ergs™' with a photon index I' = 1.0+£0.2. We set an
upper limit on Lx for the second 2015 observation, which appears consistent with
a constant luminosity (see Figure A.5). For the BWs, M28G and M28], we measure
average luminosities of Lx = [1.7 £ 0.6] x 10* erg s~! and [5.2 £ 1.0] x 10* erg s~ !,
respectively. We find photon indices in the 2.5 — 4 range (Table 2.3), indicating
softer spectra than the redbacks above. We analyzed the spectrum of the newly
discovered BW M28M using the best available data from 2008 fitting with a power-
law model (Figure A.4). The best-fit yields Lx = [2.7 + 0.7] x 10% erg s~! which
is similar to the measured luminosities of the other BWs in M28 and in the GC 47
Tucanae [Bogdanov et al. 2006]. We also set upper limits on Lx for the observations
where these are not detected (see Figure A.5).

2.3 Pulsed Radio Emission from M28-1

We reanalyzed seven different GBT observations of M28 from 2015, at MJDs 57137.49,
57172.16, 57186.14, 57187.13, 57261.90, 57333.71, and 57382.80, spanning from 2015
April 25 to 2015 December 26 using SPIDER_-TWISTER and PRESTO (see Figure
A.1). M28I was detected in each of the observations, although with large amounts
(i.e. factors of several) of flux variability, even when the highly irregular eclipses
had not completely eliminated the pulsed radio emission in portions of the scans.

Since two of the GBT observations (57172.16 and 57333.71) were simultaneous
with those from Chandra, the pulsar was definitively in the active radio pulsar state
at the time of the X-ray observations, and likely throughout most of 2015. The radio
timing observations of M28, and detections of M28I, from our GBT campaign are
shown in Figure 2.3.
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Figure 2.8: Luminosity evolution for the faint pulsars. Blue arrows show upper
limits, black filled circles indicate detections. Horizontal dashed lines indicate the
average luminosity for individual sources. The green vertical lines separate the
epochs visually.

2.4 Neutron Star Mass and Radius

We present the X-ray spectral analysis of the qLMXB in M28, and the resulting NS
mass (M) and radius (R) constraints. Measuring the X-ray flux of the qLMXB, we
found that the source shows no significant variability across observations between
2002 and 2015. We find a 25% decrease in count rate in the 2015 observations,
which we attribute to molecular contamination” of the ACIS detector (see Figure
A.6). We analyze the full Chandra dataset, for a total exposure time of 330 ks (39%
longer than what was available for previous studies, Servillat et al. 2012). The
increase in collected net counts is lower (30%), due to the drop in the count rate
mentioned above.

In order to study the effect of different atmosphere compositions on M-R con-
straints, we performed the spectral fits using two different models, NSATMOS [Ho
and Heinke 2009] and Nsx [Heinke et al. 2006], which model a hydrogen and he-
lium NS atmosphere, respectively. These models are valid for negligible magnetic
fields (less than 10° G), in agreement with the weak fields expected for NSs in
qLMXBs [Di Salvo and Burderi 2003]. We also included the pile-up component in

"nttps://cxc.harvard.edu/proposer/POG/html/chap6.html#tth_sEc6.5.1.
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every spectral fit. We show the folded X-ray spectra, best-fit models, and residuals

in Figure 2.9.
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Figure 2.9: X-ray spectra of the qLMXB fitted to a hydrogen atmosphere model
(PILE-UP(TBABS*NSATMOS)). Colors indicate different data sets taken with
Chandra-ACIS observatory.

We first fitted the 2002-2008 spectra to compare directly with Servillat et al.
(2012). We left the o parameter of the pile-up model as well as Ny free to vary,
to include their uncertainties in our results for M and R. For the hydrogen and
helium atmosphere models, our results are consistent with the M and R constraints
of Servillat et al. (2012) within the errors (see panels a and c in Figure 2.10).

From now on, we will present the results of our best fits to the full dataset.
The 68%, 90%, and 99% confidence regions in the M-R plane are shown in Figure
2.10 for the hydrogen and helium model fits. Next, we present single parameter
constraints at the 68% confidence level. From our spectral fits with a hydrogen
atmosphere model, we find that R is between 9.2 — 11.5 km for the once canonical
NS mass of 1.4 M. We found Ny = [0.32 £ 0.02] x 10*> cm~? and a temperature,
T = 0.13 £ 0.01 keV. For the helium atmosphere model, which is performed with
the same fitting procedure as hydrogen, we found higher radii R = 13.0 — 17.5 km
for M = 1.4M, at the same confidence level with an Ny = [0.35 & 0.02] x 10?* cm ™2
and a7 = 0.10 £ 0.01 keV. The 0.5-10.0 keV absorbed flux of the source (after
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Figure 2.10: Confidence levels (687%,90%, 95% in red, green and blue, respectively)
for the mass and radius constraints of the qLMXB, using Hydrogen (upper panel),
and Helium (bottom panel) atmosphere models. Left panels: Only 2002 and 2008
Chandra observations are included. Right panels: All Chandra observations are
used. Top left panel: Hydrogen atmosphere model with an Ny = 0.26 x 10?? cm ™2
(2002-2008). Top right panel: Hydrogen atmosphere model with an Ny = 0.32 x
10?2 cm~? (2002-2015). Bottom left panel: Helium atmosphere model with an Ny =
0.26 x 10*2 cm~2 (2002-2008). Bottom right panel: Helium atmosphere model with
an Ny = 0.35 x 10?2 cm ™2 (2002-2015).

2 s71, which corresponds to

removing pile-up effect) is [1.8 £ 0.2] x 107* erg cm™
L,=[6.5+0.7] x 10> erg s~ .

Our analysis showed that the qLMXB is in a long quiescent regime and its lu-
minosity remains stable over the 13 years. For both hydrogen and helium models,
we obtained fit parameters that are consistent with the expected value range for
a typical neutron star (see Figure 2.10). For the hydrogen atmosphere model and
M=1.4 Mg, our constraint on the radius is in the range R=9.2 — 11.5 km at the 68%
confidence level. From the helium model instead, we find higher radii for a 1.4
Mg NS, in the range R=13.0 — 17.5 km. We note that our updated He model con-

straints are broader and consistent with lower values of R when including the full
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updated dataset, compared to the previous constraints obtained from the 2002-
2008 data [Servillat et al. 2012]. We conclude that, as noted by Ho and Heinke
(2009) and Servillat et al. (2012), the composition of the NS atmosphere is still the
main systematic uncertainty in determining M and R. Other systematic effects,
which we do not explore in this work, include the presence of hot spots, distance
uncertainty, abundances of the interstellar medium, and absolute flux calibration
[Heinke et al. 2014, Bogdanov et al. 2016, Steiner et al. 2018]. We also found differ-
ent temperatures in the Hydrogen and Helium atmosphere models, 0.13+0.01 keV
and 0.10 £ 0.01 keV, respectively (at 1-sigma confidence level).

Recently, joint NICER and XMM measurements have given constraints on R
with a different method: pulse profile modeling with rotating hot spot models [Ri-
ley et al. 2021, Miller et al. 2021]. Their reported radius R= 13.77%3¢ km is formally
consistent with both our H and He constraints. An independent measurement of
the NS atmospheric composition would improve the constraints on M and R from
this and other thermally emitting qLMXBs.

2.5 New Variable X-Ray Sources

We searched for a long-term L, variability on timescales of years (2002-2008-2015)
using the 46 X-ray sources detected by Becker et al. (2003). We performed a spec-
tral analysis for all 46 X-ray sources fitting the spectrum of each observation with
a simple power-law model. Then, we estimated the significance (S) of the flux

variations as:

Fmam - szn
(EF2, + EF?

mazx min

s5=|

)1 /2] (2.1)

Here, F,,.x and F,;, are the maximum and minimum X-ray fluxes, and EF,,ax
and EF,;, are their corresponding errors (see, e.g., Saeedi, Sara et al. 2022).

We find that 13 of the 46 brightest X-ray sources are variable, based on the
threshold S>3 (marked with “v” in Table 2.4). Among these, 6 sources were al-
ready identified as variables in previous studies (4, 17, M28L, M28], 29, and 32; see
Becker et al. 2003 and Papitto et al. 2013). Source 21, in a crowded region inside the
core of M28, is likely contaminated by the nearby and variable M28L (see Figure
2.6), so its variability is questionable and flagged with a question mark in Table 2.4.
We thus find 6 new variable X-ray sources in M28, namely: 1, 16, 20, 25, 31, and 33.
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Table 2.4: Variability of X-ray sources in M28.

*

% *
Fmax-Fmin (EF2 + EFr%in)l/2 S Var # Frmax-Fmin (EFrznaX + EFr%xin)l/2 5 Var

# max

1 3.10 0.90 32 v 24 0.73 0.29 2.5

2 1.50 1.30 11 25 3.50 0.50 72 v

3 023 0.14 L6 26 325 0.80 27

4 24.0 5.0 53 v g7 0.11 0.30 03

5 0.20 0.09 23 28 450 1.90 23

6 0.32 025 13 29 4.80 0.60 84 v

7 0.13 0.14 0.9 30 100 020 ao

8 0.38 0.14 27

9 045 0.19 24 31 092 0.27 34 v

10 322 037 19 32 3.30 0.90 35 v

1 0.29 0.17 17 23 079 021 s v

12 1.10 0.40 25 34 0.19 0.18 1.1

13 0.22 0.09 25

A A A O T -

15 0.50 0.35 14 P 029 030 ”

16 0.85 0.26 33 v 38 093 0.36 25

17 6.40 1.40 45 v 39 0.14 0.10 13

18 0.85 1.55 0.5 40 0.57 0.40 14

19 9.52 023 20 41 0.23 0.17 13
4 091 0.78 12

20 230 0.70 34 v 5 o011 017 07

2290 040 64 V24 016 0.18 09

2 6.40 1.40 46 v s 0.2 017 b

The first column shows source ID number from Becker et al. (2003). * Sig-
nificance of the flux variations. * Variability.  Newly discovered variable
sources. F,.. and F,;, indicate maximum and minimum fluxes in units of
107" erg cm™2 s, EF,,ax and EF,;, are their corresponding errors.

We show zoomed multi-epoch ACIS images of these new variables in Figure 2.12,
together with their best-fit Lx and I'. We also mark their locations in Figure 2.1.

GCs are rich environments in terms of interacting binary systems such as LMXBs,
cataclysmic variables (CVs), active binaries (ABs), MSPs, and perhaps black hole
binaries [Verbunt and Lewin 2005, Bahramian et al. 2020]. In the search for variable
sources in the GC M28 through the years 2002 - 2015, we have found six new vari-
able sources with luminosities Lx < 10*® erg s™! (see Figure 2.12). In this Section,
we discuss their possible nature. In Figure 2.11, we show minimum and maximum
X-ray luminosity values with photon indices for the variable sources that we de-
tected. We do not see any photon index I' > 3, which suggests that the variability
is caused by non-thermal emission in these sources. The X-ray luminosities are
between 103" — 1033 erg s~!. For all these variable sources, as the Ly increases their
photon index I increases (except source 32 where I is constant).

In case of source 1, which is located outside the half-light radius of the clus-
ter (Fig. 2.1), Lx increases monotonically from [1.8 + 0.8] x 10* to [1.1 £ 0.2] x
10%% erg s7*, i.e. a factor of about 60 over 13 years. Source 20 shows a similar mono-
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tonic increase in Ly, by about a factor of 30. In both cases, the photon index stays
approximately constant (within the errors) in the range 1-2.5. This strong variabil-
ity and relatively high Ly (reaching 10 erg s™!) is perhaps reminiscent of quies-
cent LMXBs. While qLMXBs can be strongly variable and reach high Lx values,
typically they get harder as they get brighter (see Rutledge et al. 2002; Fridriks-
son et al. 2010; Bahramian et al. 2014; and most generically, Wijnands et al. 2015).
Sources 16 and 31, are both just outside the core and increasing their luminosity
in 2008, then becoming fainter again in 2015. Source 25 is within the core radius

and its luminosity fluctuates between Lx ~ 10%" — 1032 erg s™*

, changing by about
a factor 4.

In the case of source 33, within the core radius, it is found to be blended with
source 32 in the 2002 observation as seen in Figure 2.12. Source 32 was also de-
tected as a variable in 2003 by Becker et al. (2003), and it was not detected in the
2008 and 2015 observations. Taking advantage of the absence of source 32, we find
variability in the flux of source 33 increasing its brightness from 2008 to 2015. In
the 2008 epoch, Lx of source 33 is [7.8 £ 0.2] x 10%° erg s™' witha ' = [2.5 + 0.2]. In
the 2015 epoch, Lx is [2.9 £ 0.8] x 10*! erg s™* witha T' = [2.1 £ 0.3].

Identifying components at other wavelengths may reveal the true nature of
these intriguing variable low-Lx sources. Some CVs are expected among our vari-
able sources since there are from 100 to 1000 times more white dwarfs than NSs in a
GC [Maccarone and Knigge 2007]. However, since background AGN can produce
high X-ray/optical flux ratios, they can act as CVs [Bassa et al. 2005]. From the
observational point of view, an alternative approach to identifying X-ray sources
could be to simultaneously combine the data taken in different energy bands (X-
ray, UV, optical, IR). In particular, JIWST IR and/or HST optical observations may
help identify the six newly identified X-ray sources in our Chandra study.
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Figure 2.11: Maximum (red +) and minimum (green x) X-ray luminosities vs. pho-
ton index, for the 13 detected variable sources in M28. Source ID numbers are
shown between parentheses, and the 6 newly discovered variables are marked

with red circles. The yellow line on the top left corner represents the average error
for the photon index which corresponds to I' = 3-0.45.
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((a)) Source 1 (OBS ID:2685).  ((b)) Source 1 (OBS ID:9132).  ((c)) Source 1 (OBS ID:16750).
Lx = (1.8+£0.8) x 103% ergs™! Lx = (4.6 +0.5) x 103! erg s~ Lx =(1.1£0.2) x 1032 erg s™!
I'=23+£06 '=19+0.1 '=19+0.2

((d)) Source 20 (OBS ID:2685). ((e)) Source 20 (OBS ID:9132).  ((f)) Source 20 (OBS ID:16749).
Lx = (6.1 £5.0) x 103% ergs™! Lx =(3.14£0.5) x 103! ergs™ Lx =(9.1£0.2) x 103! ergs™1
I'=25+1.1 I'=15£03 '=16+04
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((g)) Source 25 (OBS ID:2685).  ((h)) Source 25 (OBS ID:9132).  ((i)) Source 25 (OBS ID:16750).
Lx = (1.0£0.3) x 1032 ergs™! Lx =(2.6+0.3) x 103! ergs™! Lx =(1.1£0.2) x 1032 erg s !
I'=12+02 I'=20+£0.1 '=16+0.2

((j)) Source 33 (OBS ID:2684).  ((k)) Source 33 (OBS ID:9132). ((1)) Source 33 (OBS ID:16750).
Lx = (2.7+£2.0) x 103 ergs™! Lx = (7.840.2) x 103 ergs™! Lx =(2.940.8) x 103! ergs~!
I'=21+£07 I'=25+02 r=21+03

Figure 2.12: Newly discovered variable sources in M28. Chandra-ACIS archival
observations of six sources in three epochs (from left to right): 2002, 2008, and
2015. Green circles show the sources from Becker et al. (2003).
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((@)) Source 16 (OBS ID:2684). ((b)) Source 16 (OBS ID:9132). ((c)) Source 16 (OBS ID:16750).
Lx = (7.1£) x 103 erg s7! Lx =(1.9+£0.4) x 103T ergs™! Lx =(3.443.2) x 10%° ergs~*
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((d)) Source 31 (OBS ID:2684). ((e)) Source 31 (OBS ID:9132). ((f)) Source 31 (OBS ID:16748).
Lx =(3.940.2) x 103 ergs™! Lx=(5.840.1) x 103 ergs™! Lx = (1.740.9) x 103! ergs~!
I'=10+£0.6 I'=11+£0.1 r=14+07

Figure 2.13: (Cont. of Fig. 2.12) Newly discovered variable sources in M28.
Chandra-ACIS archival observations of six sources in three epochs (from left to
right): 2002, 2008, and 2015. Green circles show the sources from Becker et al.
(2003).



Chapter 3

SPMHD Simulations of the
Pulsar-Disk Interaction

Numerical simulations have become a powerful tool in fluid mechanics. The large-
scale dynamics of astrophysical plasma flows can often be described within a flu-
idistic approximation known as one-fluid magnetohydrodynamics which makes it
accessible to simulations of complex astrophysical scenarios. Among them, pul-
sar electrodynamics and pulsar-disk interaction are of greatest interest and related
to the tMSP enigma. From the theoretical side, the details of the physical mecha-
nisms driving the changes in the state of tMSPs are not yet well understood. Start-
ing with the work by Shvartsman (1970) performed years before the discovery of
the first tMSP, several works identified the different modes of interaction between
the nearby disk and the NS in low-mass X-ray binaries with analytical, albeit phe-
nomenological, approaches [Shvartsman 1971, Pringle and Rees 1972, Davidson
and Ostriker 1973]. According to these works, steady accretion from the disk to-
wards the compact object can only exist in regions where the density of kinetic
energy exceeds the magnetic pressure. A comparison of these two energy densi-
ties allows us to discern between accreting and non-accreting states of the NS as
a function of its polar magnetic strength and orbital parameters, leading to a fur-
ther classification of these sources as accreting X-ray pulsars, and standard radio
pulsars respectively [Lipunov 1992].

Direct numerical simulations of the interaction between the magnetic field of
the central star and the accretion disk in compact binary systems were carried out,
among others, by Zanni and Ferreira (2009b; 2013) in connection with T-Tauri stars
and by Parfrey et al. (2017) in the MSP scenario. These works focused on the study
of the torque exerted by the disk onto the central star by the magnetosphere and
were carried out in axial symmetry and with a general-relativistic (GR) MHD code
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in the last case. An axisymmetric GR-MHD code was also used by Parfrey and
Tchekhovskoy (2017) to numerically reproduce, for first time, the different pos-
sible accretion regimes in these compact binary sources. It is worth noting that
all these studies assumed that the structure of the magnetic field around the NS
can be described with the dipole-like geometry characteristic of an aligned mag-
netic rotator. Promising full three-dimensional MHD simulations of the structure
of the wind around the pulsar have been recently developed by Cerutti et al. (2016;
2020b) and by Romanova et al. (2021). As these calculations are free of geometri-
cal constraints they can hold the pulsar radiation emitted by oblique rotators from
tirst principles.

Eksi and Alpar (2005) investigated the different outcomes of the pulsar-disk
interaction in vacuum by comparing the electromagnetic density of energy esti-
mated with the full Deutsch (1955) solution to the density of gravitational energy.
The solution obtained by Deutsch 1955 (see also Michel and Li 1999) consists of
a suite of analytical expressions giving the time-dependent electric (E) and mag-
netic (B) fields produced by both aligned and oblique magnetic rotators at any
distance from the source of E and B. To carry out the comparisons Eksi and Al-
par (2005) made useful analytical approximations to the electromagnetic density
of energy ((E?) + (B?)) /(87), where the brackets indicate a period averaged mag-
nitude. This way they managed to better understand the different outcomes of the
pulsar-disk electromagnetic interaction on purely energetic grounds.

In this part of the thesis, we study the interaction of the magnetic field with the
nearby accretion disk in a vacuum by varying the inclination angle using energy
arguments, similar to those described in Eksi and Alpar (2005), but carrying out
detailed MHD numerical simulations which incorporate realistic disk structures
into the numerical simulations. To perform the simulations we use an axisymmet-
ric SPMHD code (Axis-SPMHD) that was recently developed by Garcia-Senz et al.
(2023a). To our knowledge, this is the first time that an SPMHD code has been used
to simulate the interaction of an MSP with a surrounding accretion disk. Our study
focuses on the interaction of the time-averaged magnetic field of the NS, <BQ>1/ 2,
with the disk, which, as we will see, is severely affected by heating due to disk-
surface-induced electric currents, especially for oblique rotators. This is perhaps
the simplest setting to get insight into the stability and endurance of the disk in the
presence of the NS magnetic field. In these simulations, the inner disk radius' (R;,)

'Here taken as the closest point of the disk from the NS where the radial velocity is still small,
Uy << Vorb
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and the inclination angle have been taken as free parameters and conveniently var-

ied so that the ensuing impact on the disk structure is further analyzed.

3.1 Electromagnetic pulsar-disk interaction in vacuum

The effects of the electromagnetic radiation from the pulsar onto the nearby accre-
tion disk is a forefront topic of great complexity. It involves many pieces of physics
such as the structure of the time-dependent magnetic B(¢) and electric fields E(t)
radiated by the pulsar and its further interaction with the surrounding plasma. The
electromagnetic radiation may interact directly with the accretion disk [Eksi and
Alpar 2005] or the interaction is mediated by a relativistic pulsar wind [Parfrey
et al. 2017] or perhaps there is a mix of both mechanisms. Nevertheless, the qual-
itative behavior of the pulsar-disk interaction and the connection with the tMSP
phenomena can be understood with a simple energy model, as shown by Cohn
et al. (2013), Papitto et al. (2013), Linares (2014a), Papitto and de Martino (2022a).

Consider first that the energy radiated by the pulsar is that of a magnetized
oblique rotator in a vacuum, whose properties have been thoroughly described
by Deutsch (1955) and Michel and Li (1999). A glimpse at Figure 3.1 gives an
idea of the richness of the B(t) around the spinning NS. The components of B(t)
in spherical coordinates fluctuate from pure dipole (By # 0; 5, = B, = 0) for
strictly aligned rotators (first column) to an azimuthal, B,-dominated radiation
for misaligned rotators at large distances. The latter case corresponds to a typical
electromagnetic wave (e.m.w.) propagating through the vacuum [Cerutti et al.
2020a]. It is worth noting that the aligned rotator solution is unstable and not very
realistic indeed because even a small value of the magnetic axis angle produces a
big change in the electromagnetic field around. Still, the constant field By takes
over the other oscillating components for + = r/R;c < 1 and inclination angle,
£ < 20°, as shown in the two first rows in Figure 3.1.

The accretion of matter, which is ultimately responsible for the X-ray state of
the NS, is only plausible if the electromagnetic pressure remains below the ram
pressure of the infalling matter coming from the disk. Figure 3.2 gives the value
of these pressures, or energy densities u, where x is the associated physical mag-
nitude, as a function of the distance to the NS and for different accretion rates and
magnetic angles [Papitto and de Martino 2022b]. In particular, the green line in
Figure 3.2 shows the approximate electromagnetic density of energy,
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Figure 3.1: Components of the normalized magnetic field (5, stands for the mag-
netic field on the neutron star equator) for tilt angles ¢ = 0° (aligned rotator) and
£ =10°20° 30° (oblique rotators) as function of normalized time (P is the period
of the pulsar) at four normalized distances from the pulsar z = r/r,c = 0.5,1, 5,20
respectively.

2 .
5 dipolar for r < R;¢,

Uey, = 12 . f (31)
W7 em.w. 1orr > RLC,

and the magenta line is that of the gravitational density of energy of the infalling

gas,

V 2G(]\4NS Macc

5
4rra

: (3.2)

Ugray =

where 1 in Eq. 3.1 is the magnetic dipole moment of the NS whereas Mys and Mo
in Eq. 3.2 are the NS mass and mass-accretion rate respectively. The intersection
of lines defined by Egs. 3.1 and 3.2 roughly defines the Alfven radius R, which is
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Figure 3.2: Accretion versus magnetic power for different accretion rates and tilt
angles as a function of the distance to the neutron star. The head of the yellow
arrow points to the accretion radius taken as one-half of the Alfven radius R4. The
vertical lines indicate the neutron star radius, the co-rotation radius, and the light
cylinder radius respectively.

bounded to the accretion radius, usually taken as R,.. = SR (5 ~ 0.5). Depending
on the locus of R,.. the different states of the tMSP ensue.

According to Figure 3.2 we distinguish the three possible tMSP states: [1] pulsar
state (no intersection, first row in Figure 3.2), calculated with the mass-accretion
rate, M,.. = 10" g/s. [2] disk or “propeller” state, with M,.. = 10'° g/s, leading
to Reo < Race < Ric, (second row in Figure 3.2) where R, and Ry stand for the
co-rotation radius and the light cylinder radius (R.c = cP/27, where c is the speed
of light and P is the rotational period of the pulsar). For the tMSP PSR ]J1023+0038,
taken as reference in this work, P, is 1.69 ms, and Ry is 80 km. [3] for larger

accretion rates, Macc > 107 g /s, (third row in Figure 3.2) accretion of matter is not
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blocked and R,.. < R.,). In this last case R,.. ~ Rns and the tMSP settles in the
outburst or “X-ray” state.

Figure 3.2 also shows that the slope of the full Deutsch solution superpose to
the pure dipole for » < Ric but diverges from the line defined by Eq. 3.1 for r >
Ric. Nevertheless, at larger distances, the Deutsch and the e.m.w lines go parallel,
especially at magnetic angles ¢ > 20°. It is worth noting that the slope of the
gravitational energy density ug., o< r~%/% (Eq. 3.2) is that of the free-fall moving
material in the accretion column, which differs from the density of energy stored
in the rotational velocity field in the disk,” u,; =~ pvz o r~23/8. The intersection
between the electromagnetic energy density and u,,; o< r~2%/® better defines the
truncation radius of the disk, Ry, which would settle to the right of R, in Figure
3.2.

In this work we still keep with the energy approach to the pulsar-disk interac-
tion made by Eksi and Alpar (2005) but we go a step forward by introducing the
disk structure in the simulation. This allows us to study the interaction of the mul-
tipolar radiation on different regions of the accretion disk in more detail. To make

the study numerically tractable we adopt two simplifying hypotheses:

* Following Eksi and Alpar (2005) the time-dependent magnetic field is re-
placed by its time-averaged value on a period P so that B only depends of
the spatial coordinates B(r) =< B2 >'/2 i+ < B} >/2 4 < B >1% g,
where (7,0, ) are unit vectors in spherical coordinates and < B? > (r) =
1/P fOP BZ(r). This is justified because the period of the pulsar is so small

that the disk reacts to the average field of many pulsar rotations.

* We consider that the disk has axial symmetry with respect to the NS axis
of rotation. The axisymmetric approach assumes that any magnitude along
a particular longitudinal section of the disk and at a distance (r) from the
rotation axis has, after being time-averaged, the same behavior as that at the
same distance in any other section and can therefore be described with only
two variables (r, z) where r = /22 + y2. Working in axial geometry boosts
the resolution and allows us to simulate a good fraction of the accretion disk

investing moderate computational resources.

2 Admitting keplerian rotating velocity v, = \/GMxys/r and a density profile typical of the thin
disk approach p oc M.~ '%/® [Frank et al. 2002b]
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3.2 Disk Initial Models

The axial MHD code relies upon the 3D-SPMHD code by Price (2012b), Price et al.
(2018) but restricting it to the axisymmetric (r, z) plane (r = /22 + y?) and adding
the pertinent non-cartesian contributions (called the hoop-stress terms) to the hy-
drodynamic Euler equations (see Appendix B for more details). Because of its
Lagrangian nature, it is adequate to describe systems with complicated geometries
surrounded by large voids and immersed in the pulsar’s magnetic field. Assuming
axial symmetry allows for a good spatial resolution, which is a crucial requirement
to study the evolution of thin accretion disks characterized by a low aspect ratio’.

In many binary systems undergoing mass transfer the expelled material has
sufficient angular momentum to form an accretion disk. This is the case of many
millisecond pulsars and more particularly of transitional pulsars oscillating be-
tween pulsar and X-ray states. In these cases, the companion star is usually a low-
mass main sequence star and accretion takes place by means of the Roche-Lobe
overflow mechanism. The structure of the disk around the pulsar can roughly be
modeled with the analytical thin disk approximation [Shakura and Sunyaev 1973].

To build the initial models used in this work we first calculate an analytical
model of the thin disk following the expressions by Frank et al. (2002b) and with
the input parameters summarized in Table 3.1. The data in Table 3.1 correspond
to the well-known tMSP PSR J1023+0038 [Archibald et al. 2009b] which is the one
considered in this work. We produce a suite of 1D disk models at distances z4isx
= Rin/Ric (zaisk = 0.5, 1, 5, 25). We then map the 1D distributions into a 2D ax-
isymmetric distribution of SPH particles. The ensuing disks are further relaxed
to remove the excess of spurious numerical noise with the procedure described
below. Finally, the stability of the disks is checked by running the hydrodynamic
code with the magnetic field switched off during a time 7 > P;, where P, is the
period of the inner disk. The stability is analyzed by monitoring the density and
thermal history of several bunches of particles located at different positions along
the symmetry axis of the disk. These particles are used later to track the evolution
of the disk once the pulsar radiation is turned on.

To relax the disk, we use the technique described in Garcia-Senz et al. (2020).

First, the SPH particles are radially distributed according to the density profile

3A typical ratio between the characteristic thickness, H, and the longitudinal size, ¢, of the disk
in many of our simulations is % ~ 0.03.
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Figure 3.3: Density distribution of the disk with inner radius at R;, = 2000 km
(25R;,c) from the pulsar without the magnetic field. Upper panel shows the disk
before relaxation. Lower panel shows the disk after relaxation. The z-component of
gravity and gradient of pressure along the dotted lines at » = 4000 km and r = 2500
are shown in the sub-figures.

p(r), and randomly in the vertical, z-direction, but with a weight so that p(r, ) ex-

ponentially decays with the altitude at disk coordinate 7, as demanded by the thin

disk solution. Such rough axisymmetric disk is then relaxed so that the angular

velocity of particle a is,
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MSP MNS Mcomp Macc Tdisk Qy RNS BO Ps Porb
My, My g/s Rn/Rie - km G ms  hr

PSRJ1023+ 0038 1.4 0.2 10 0.5,1,5,25 0.5 15 9.6 x 107 1.69 4.75

Table 3.1: Main parameters of the MSP scenario used to build the accretion disks.
Column 6 is the chosen value of the a,-parameter (viscosity) of the turbulent disk.
Mxs , Rxs » Meomp » Mace , Taisk , Bo , Ps , Porp are the mass of the NS, the radius of
the NS, the mass of the companion star, mass-accretion rate, inner disk location,
magnetic field of NS, spin period of NS and orbital period, respectively.

We

()

with m = 3/4 (Keplerian disk), r. = 2 x 10° cm and w. is a time-dependent constant

(3.3)

Wq =

determined enforcing the conservation of the total angular momentum, Jgi, of the
disk at each iteration step [Garcia-Senz et al. 2020]. At each integration step, par-
ticles are displaced a distance proportional to the value of the particle acceleration
and to its smoothing length h. This procedure ensures that all regions of the disk
achieve equilibrium, even those regions of the disk where the characteristic relax-
ation time is larger. Particle positions (r, z) are then updated with the following

prescription,
|ar] ||
r,z ro, 20) + nh Uy, U, 3.4
(r,2) = (7o, 20) TI(—;?T"‘; T 5z+g22 (3.4)

where f,, f;, f. symbolize the pressure, gravity and centripetal forces respectively
and (u,, u.) is the unit vector pointing along the acceleration vector (a,,a.). The
parameter = 107* x (r/R;,)", where R;, is the position of the inner disk and
n ~ 0.6, controls the amount of displacement so that it is larger in the regions
of the disk with » >> R;,. In this way, the initial 2D distribution of SPH particles
settles in a balanced disk structure which preserves the total mass and total angular
momentum obtained with the analytical thin disk approach.

A representative example is shown in Figure 3.3 which depicts the density
color map of the disk before (upper panel) and after (lower panel) the relaxation
process is applied to the R;,/Rrc = 25 configuration. As it can be seen the disk
reacts to keep the vertical equilibrium, resulting in a thicker structure fulfilling

g: = —+%; everywhere. This is shown in the small sub-figures inside the color map

18P

boxes deplctmg g.and P, = ~ along the lines r = 2500, 4000 km respectively.
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Unlike the initial disk, which is not in vertical equilibrium, the particle distribution

after relaxation is fairly well balanced.

3.3 Numerical Simulations

Having obtained stable initial disks (see Figure 3.3), we now examine scenarios
without a magnetic field to check the stability of the disk and with magnetic field
strength (By = 9.6 x 107 G for the pulsar /1023 + 0038, Deller et al. 2012) using the
initial disk models to understand how the disk reacts to the magnetic field. The
plasma resistivity, which controls the amount of magnetic dissipation is taken as
¢ = a, Vo h where o, = 1 (dimensionless resistivity parameter), V4 is the Alfven
velocity and £ is the smoothing length (see Appendix B). Therefore the scale of the
dissipation is artificially expanded to the local resolution of the code which is a
common practice indeed. A default value of o, = 1 was chosen in all simulations.
The location of the inner radius of the disk is an important parameter determining
the outcome of the interaction. Hence, we locate the disk at four different dis-
tances we discuss in this chapter. The numerical simulations in this study employ
the SPMHD method which discretizes the governing equations of MHD using La-
grangian particles, where each particle represents a volume element of the fluid.
A critical aspect of our simulation methodology includes an algorithm designed
to identify and remove problematic particles, ensuring numerical stability and ac-
curacy. When a particle is removed, the algorithm reorders the particle indices
throughout the simulation domain, which involves updating pointers to particles

in various regions of the disk.

Model Number of Particles R, Row Rin P Pt
km km LC S S

A 2 x 10° 2000 6000 25 13 6.7
B 4 x 10° 400 4000 5 016 3.7
C 15 x 10° 80 2000 1 001 1.3
D 15 x 10° 40 2000 0.5 0.004 1.3

Table 3.2: Main parameters characterizing the different pulsar-disk scenarios that
we simulate. R;, and R, represent the inner and outer disk radii, respectively.
P, and P, represent Keplerian periods at inner and outer disks, respectively. LC
stands for the light cylinder.
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3.3.1 R;, at 25LC: The Reference Calculation

Our primary calculations are centered around the position of the inner disk radius,
located at R;, = 25R;,c. To explore the stability of the disk, we initially conducted
simulations without incorporating a magnetic field. After constructing an initial
model of the disk (Section 3.1), we let the particles move freely under the action
of gravity and pressure forces and with B = 0. We monitored the evolution of the
disk during t = 16 s which corresponds to 12 Keplerian orbits of the inner disk
region and found that the disk is fairly stable (Figure 3.4, 3.5, and Table 3.3).
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Figure 3.4: Density (left panel) and temperature (right panel) distribution of the
disk at 25R; ¢ at t=16 s where the magnetic field has been deactivated from the
beginning of the simulation.

3.3.1.1 Aligned Rotator: B # 0, £ =0°

In this part, we activate the magnetic field strength as By = 9.6 x 107 G. In the case
of B # 0, for aligned (£ = 0°) rotators, we manage to simulate the disk evolution
during 4.5 seconds, completing 3.5 Keplerian orbits. During that time the disk be-
haved well without strong signatures of instability, except in a small region around
R;, (Figure 3.6, Table 3.3). Figure 3.7 demonstrates the evolution of the density and
temperature ratios relative to their initial values over the simulation time for three
distinct regions within the disk (close, middle, and far). The left panel illustrates
the density changes, while the right panel shows the temperature variations. We
took three distinct regions within the disk: 2500 km, 4000 km, and 5500 km, each
consisting of 5 particles and taking the average.

The observed variations in density and temperature ratios across the differ-

ent regions of the disk provide insights into the stability of the disk under simu-
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Figure 3.5: The ratio of the temperature/density change to the initial tempera-
ture/density for the 25LC case and B=0. Density evolution is shown on the left
panel and temperature evolution on the right panel (at t=16 s). The x-axis repre-
sents the simulation time normalized by the Keplerian period at the inner edge of
the disk (t/P). The three regions, designated as close, middle, and far, are located
at 2500 km, 4000 km, and 5500 km within the disk, respectively.

lated conditions. The close region, located at 2500 km, demonstrates substantial
instability with pronounced fluctuations in both density and temperature. This
suggests that particles in this region are more affected and unstable, potentially
due to stronger interactions with the NS’s magnetic field. In contrast, the mid-
dle (4000 km) and far (5500 km) regions exhibit more stable behavior with rela-
tively minor fluctuations in density and temperature. This indicates that particles
in these regions are less affected by the magnetic field during the time covered by
the simulation, likely due to weaker magnetic influences as the distance from the
NS increases. These findings highlight the complex dynamics of accretion disks
around NS, where regions closer to the NS are more prone to become destabilized.
This behavior aligns with theoretical expectations, as the intense gravitational and
magnetic interactions near the NS can induce significant perturbations in the disk
[Frank et al. 2002a]. It is crucial to consider that numerical factors can influence the
simulation results, especially around R;, because it is difficult for SPH to estimate
the gradients accurately, although in any case, it affects a very low amount of mass.
Future studies should aim to refine the numerical models and explore the effects
of different initial conditions and simulation parameters to obtain more accurate

results.
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Figure 3.6: Density (left panel) and temperature (right panel) distribution of the
disk at 25R;,c where the magnetic field is activated (§ =0°, t=3.5s).
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Figure 3.7: The ratio of the temperature/density change to the initial tempera-
ture/density. Density evolution is shown on the left panel and temperature evolu-
tion on the right panel ({ =0°, 25LC, t=3.5 s). The x-axis represents the simulation
time normalized by the Keplerian period at the inner edge of the disk (t/P). The
three regions, designated as close, middle, and far, are located at 2500 km, 4000
km, and 5500 km within the disk, respectively.

3.3.1.2 Oblique Rotators: B # 0, £ =5°, 10°, 20°, 30°

For the simulations with inclination angles £ =5°and ¢ =10°, the inner disk com-
pletes one full Keplerian orbit (Figure 3.8). Since the aim is to track the disk for as
much time as we can before numerical reasons impede us from continuing with
the simulation, the stability of the disk in these cases is difficult to maintain as
the inclination angle increases. For inclination angles of 20°and 30°, the simula-
tions ran for approximately 1.7 and 1.6 s (respectively) before crashing, being able
to complete one Keplerian orbit by the inner disk. This occurs because, as the

inclination angle increases, more particles are stripped from the disk. As these
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Model ¢ Time Orbits Model ¢ Time Orbits

sec sec
0° 38 ~3 0° 0.04 3
5° 23 ~2 5°  0.03 2
A 10° 23 ~2 C 10° 0.02 2
200 1.7 1 20°  0.02 2
30° 1.6 1 30°  0.02 2
0° 0.6 ~4 0° 0.02 3.5
5° 04 2.5 5°  0.02 3
B 10° 0.3 2 D 10°  0.02 3
20° 0.3 2 20°  0.02 3
30° 0.3 1.5 30°  0.02 3

Table 3.3: Disk dynamics and parameters summary. & represents the inclination
angle. Time indicates the total simulation duration. Orbits indicate the number of
completed Keplerian orbits at the inner disk.

particles move farther from the disk, they become isolated, leading to numerical
issues. While removing problematic particles mitigates this, it does not completely
resolve the problem. The results from Figures 3.8 and 3.9 indicate that the inclina-
tion angle plays a crucial role in the stability of the accretion disk around NS. At
lower inclination angles (5°and 10°), the disk structure remains more stable, with
less significant changes in density ratios, especially in the middle and far regions
at the disk. As the inclination angle increases (20° and 30° , see Appendix B), the
disk becomes more unstable, as evidenced by the diffuse density structure and

increased density fluctuations.

3.3.1.3 The Role of Induced Surface Currents in Heating Processes

Joule heating and dissipation are important processes in the dynamics of accretion
disks, especially in regions close to the NS. The amount of Joule heating gener-
ated is directly related to the plasma’s resistivity, which governs the conversion of
electrical energy into thermal energy. Specifically, the power of Joule heating, P is
given by P = «,.J?, where o, is the resistivity and J is the current density. Figure
3.10 shows the physical effect of the heating in the disk for the cases £ =10° and
¢ =30°. The origin of this effect is the induced plasma current known as Joule heat-
ing. Joule heating occurs due to the dissipation of magnetic energy as electric cur-
rents interact with the resistive material in the disk [Cairns 2009]. This heating can
increase the temperature and pressure within the disk, contributing to the ablation
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Figure 3.8: Disk structures at 25LC distance (left panels) and the ratios (right
panels) of the density change to the initial density for & =5° (upper panel) and
¢ =10° (bottom panel). The x-axis of the right panels represents the simulation
time normalized by the Keplerian period at the inner edge of the disk (t/P). The
three regions, designated as close, middle, and far, are located at 2500 km, 4000
km, and 5500 km within the disk, respectively.

of disk material and the development of instabilities. The close region’s signifi-
cant instability, as shown in both figures, can be attributed to intense Joule heating
due to strong magnetic fields and electric currents near the NS. This heating can
lead to increased thermal pressure, causing density fluctuations and ejection of
matter. At higher inclination angles, the magnetic field lines can be more twisted
and interact more vigorously with the disk material producing stronger electric
currents, leading to increased Joule heating and greater dissipation of magnetic
energy. This can explain the observed increase in instability for higher inclination
angles, as the enhanced heating and dissipation disrupt the disk structure. These
findings align with theoretical predictions that magnetic and gravitational inter-
actions, combined with Joule heating and energy dissipation, play crucial roles in
the stability of accretion disks [Frank et al. 2002b]. Higher inclination angles exac-
erbate these interactions, leading to more pronounced instabilities.
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Figure 3.9: Disk structures at 25LC distance (left panels) and the ratios (right pan-
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3.3.1.4 Sensitivity of Resistivity parameter o,

Joule heating is a common phenomenon in plasmas subjected to magnetic field
forces, playing a crucial role as a dissipation mechanism in MHD shocks. The
amount of Joule heating generated depends on the physical resistivity, which oper-
ates on scales that multi-dimensional hydrocodes often cannot resolve. To address
this, some numerical formulations incorporate artificial resistivity, scaling the phe-
nomena to the characteristic resolution of the grid or the smoothing length in SPH
codes, which is significantly larger than the true physical resistivity. This approach
is also effectively used to manage shock waves, typically yielding good results.

In our study, while we primarily maintained the resistivity at o,.=1, we also in-
vestigated the impact of varying resistivity parameters on the behavior of the disk
by setting the resistivity to values of 0.2 and 5, which is a considerable variation
compared to the commonly used value of 1 in the literature. Our findings revealed
that with a lower resistivity parameter of o, = 0.2, the disk showed greater expan-
sion (see Figure 3.11). Lower resistivity values tend to reduce the amount of mag-
netic energy transformed into heat with the net effect of increasing the magnetic
destabilization of the disk. Despite the significant variation in o, the qualitative
behavior of the disk remains consistent, although notable quantitative differences
arise. On the other hand, higher resistivity values tend to increase the dissipation
of magnetic energy into heat, potentially leading to more compact disk structures.
These results highlight the critical role of resistivity in dictating the physical state
and evolution of accretion disks in MHD simulations. Understanding this sensi-
tivity is essential for accurately modeling disk behavior and for interpreting obser-

vational data in astrophysical contexts.

3.3.2 Disk behaviors at varying R;, Separations

In this section, we examine the behavior of the accretion disk at various distances
from the pulsar (R;, = 0.5LC, 1LC, 5LC). We conducted a series of simulations,
maintaining a constant magnetic field strength of By = 9.6 x 107 G. The simulations
were performed with inclination angles of 5°, 10°, 20°, and 30°to assess the impact
of these angles on the disk’s stability and dynamics.

3.3.2.1 Closest Point to the Pulsar: 0.5LC

This part discusses the investigation of the dynamic behavior of the accretion disk

at its closest proximity to the pulsar that we chose. This critical zone is where the
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Figure 3.11: An example of the disk structure at 25LC distance with different resis-
tivities for the inclination angle £ =10°, t=1.6 s (left panel: o, = 0.2, right panel:
ar = 5).

gravitational and magnetic forces exert their strongest influence on the disk mate-
rial. Since the location of the inner disk radius is close to the accretion radius, the
study by Eksi and Alpar (2005) suggests that the inner disk radius will be stable
beyond the light cylinder. Our simulations focus on the inner disk’s stability and
response to varying inclination angles under the averaged magnetic field strength.
With the magnetic field switched on, we simulated the system during five Kep-
lerian orbits at inclination angles 5°, 10°, 20°. According to Figures 3.12, B.1, and
B.2 (see Appendix), all these seem to maintain the stability of the disk except in
a very small region around the apex of the disk involving a low amount of mass.
Furthermore, a good deal of the ablated mass in that region falls towards the NS
and is automatically removed from the simulation when r < 30 km. Thus, the ac-
cretion flow is not interrupted. The color map of case £ = 30° (bottom panels in
Figure 3.12) shows a more inflated wing of the disk due to the Joule heating. Also,
the particles at the apex look more unstable when compared to low-inclination an-
gles. However, the other two more distant regions of the disk do not reveal signs
of instability. We therefore conclude that this configuration is stable at not too high
inclination angles and the tMSP is well settled in the X-ray emission mode. Indeed
Ri, is close to the accretion radius for which the energy arguments predict stability
(see Fig. 3.2 or Fig. 4 in Eksi and Alpar 2005).

Examining Figure 3.12, we can vividly compare the behavior of the accretion
disk at an inclination angle of 30° with that at lower angles. Figure 3.12 illustrates
how the disk’s structural integrity is maintained at lower inclination angles, com-

pleting five Keplerian orbits, whereas at 30°, the disk struggles to sustain itself,



3.3. NUMERICAL SIMULATIONS 59

6 -5
210 1x10 015 Close Region =«
Midgle Eegion x
175)‘106 7' ar Region
- 01
. 8x10®
1x10% |
: 005
L
500000 6510 D /\
S 3 \
~N i -
-6
500000 | 4x10 -0.05
¢
-1x105 |, . 0.1
2x10
-15x1068 | 045
-2x108 0
1%107 5x107 2x108 0 05 1 15 2 25 3
r(cm) tiP
13 5
210 1 1x10 Close Region =
! Middle Region =
1.5x108 | 01 L Far Region
8x10®
1x108 |
500000 |, 6x106
- P £
g 0r =
N -
S -6
500000 | 4x10
“1x108 |
2x10°®
-15x108 |
-2x108 0 04
1%107 1x108 2x108 0 05 1 15 2 25 3
r(cm) t/P

Figure 3.12: Upper panel shows the R;,=0.5LC simulations performed with { = 0°
(elapsed time is 0.02 s). Bottom panel shows the R;,=0.5LC simulations performed
with & = 30° (elapsed time is 0.01 s). Left panel: Disk structure with density dis-
tribution. Right panel: The ratio of the density changes to the initial density. The
x-axis of the right panels represents the simulation time normalized by the Kep-
lerian period at the inner edge of the disk (t/P). The three regions, designated as
close, middle, and far, are located at 100 km, 800 km, and 1500 km within the disk,
respectively.

completing only 3 orbits before ablated particles caused numerical problems and
the calculation stopped. At 30°, although Figure 3.12 shows some expansion at the
disk’s edges, the induced perturbation is small compared to scenarios with larger
Ry, and the disk would not be significantly affected. These observations under-
score the critical impact of inclination angles on the accretion disk’s behavior and
highlight the delicate balance required for its stability in the extreme environment

near the pulsar.
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3.3.22 Rj, at1LC

This section investigates the orbital characteristics of the disk at a distance of 1LC
from the pulsar, focusing on specific inclination angles 0°, 5°, 10°, 20°, and 30°.
The results presented in Figure 3.13 show the outcomes of numerical simulations
of the disk, focusing on the density distribution and its temporal evolution. The
upper panels show the results for an inclination angle £ = 0°, while the bottom
panels correspond to { = 30°. At an inclination angle of 0°, where the NS’s spin
axis is aligned with the magnetic axis, the inner disk managed to complete 3 Kep-
lerian orbits in the simulations (Figure 3.13). As the inclination angle increases to
5°, the number of Keplerian orbits completed decreases to 2 according to our sim-
ulations. Similarly, for 10°, the disk completes approximately 2 Keplerian orbits.
Finally, at 20°and 30°inclinations, the disk completes 1 Keplerian orbit before being
stopped by numerical reasons (see Appendix B). The observed density fluctuations
in the close region (purple curve in Figure 3.13) are more pronounced, indicating
stronger heating and dissipation effects near the pulsar. It appears that at low incli-
nation angles, the disk largely maintains its properties. However, at an inclination
of approximately 30°, while there is some disruption in the disk structure, it is not
severe enough to cause significant changes. This can be attributed to the higher
magnetic field strength and stronger gravitational forces closer to the NS, which
enhance the magnetic reconnection and dissipative processes as the Joule heating
process converts magnetic energy into thermal energy, increasing the temperature
and causing density changes [Goodman and Xu 1994].

3.3.2.3 The Inner Disk at 5LC Distance from the Pulsar

Figure 3.14 provides insights into the behavior of accretion disks around neutron
stars when the inner edge of the disk is located at 5LC. Similar to Figure 3.13, the
upper panels represent simulations performed with an inclination angle { =0°,
while the bottom panels show results for £ =30°. The left panels illustrate the disk
structure with density distribution, and the right panels show the ratio of the den-
sity change to the initial density over time for different regions of the disk. At 0°,
the inner disk completes 3.5 Keplerian orbits (Figure 3.14). When we increase the
inclination to 5°, the disk completes approximately 2.5 Keplerian orbits. Moving
outward to 10°, and 20° at each of these angles, the disk completes approximately
2 Keplerian orbits, and 30° completes approximately 1 Keplerian orbit (Appendix
B for more).
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Figure 3.13: Upper panel shows the R;,=1LC simulations performed with { =0°. Bot-
tom panel shows the R;,=1LC simulations performed with ¢ =30°. Left panel: Disk
structure with density distribution. Right panel: The ratio of the density changes
to the initial density. The x-axis of the right panels represents the simulation time
normalized by the Keplerian period at the inner edge of the disk (t/P). The three
regions, designated as close, middle, and far, are located at 200 km, 1000 km, and
1800 km within the disk, respectively.

The left panels of Figure 3.14 depict the density distribution of the accretion
disk with the inner edge at five times the light cylinder radius. As in the previ-
ous figure, the density is highest near the central plane of the disk and decreases
with vertical distance from this plane. The density is more dispersed compared to
the simulations with R, = 1 LC, reflecting the larger radial extent and potentially
weaker gravitational influence at this distance. In the case of { =0° (upper right
panel), the density exhibits fluctuations, yet its values remain similar to those in
the R;, = 1LC scenario. This suggests that the effects of the magnetic field are not
very different when R;, is beyond the LC. The fluctuations in the close region (pur-
ple curve) show some variability, but overall, the changes are relatively moderate.
For £ =30° (bottom right panel), the density fluctuations are more significant, es-



3.3. NUMERICAL SIMULATIONS 62

pecially in the close region but also in the wings of the disk at a larger distance.
The purple curve shows a pronounced decrease in density over time, indicating
stronger dissipation effects and possibly more active magnetic reconnection pro-
cesses in this region. The middle and far regions exhibit more stable density ratios,
with the far region (blue curve) showing the least variation.

At five times the light cylinder radius, the accretion disk experiences different
heating and dissipation dynamics compared to the inner edge at one light cylinder
radius. Joule heating, caused by the interaction of magnetic fields and conducting

plasma, is more intense at this larger distance, as seen in Figure 3.14.
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Figure 3.14: Upper panel shows the R;,=5LC simulations performed with { =0°. Bot-
tom panel shows the R;,=5LC simulations performed with £ =30°. Left panel: Disk
structure with density distribution. Right panel: The ratio of the density changes
to the initial density. The x-axis of the right panels represents the simulation time
normalized by the Keplerian period at the inner edge of the disk (t/P). The three
regions, designated as close, middle, and far, are located at 1000 km, 2000 km, and
3500 km within the disk, respectively.



Chapter 4

Conclusions

4.1 Comprehensive Study of M28 Through X-ray Data

The study presented in Chapter 2 (“The Neutron Star Population in M28”, pub-
lished in The Astrophysical Journal;, Vurgun et al. 2022) focuses on the detailed
analysis of NSs within the globular cluster M28. Using extensive data from the
Chandra X-ray Observatory combined with radio observations from the Green
Bank Telescope, we investigate various characteristics of the cluster’s known com-
pact binary MSPs. Our most significant finding is the discovery of a double-peaked
X-ray orbital flux modulation during the pulsar state of the transitional MSP M28I.
The maximum X-ray luminosity is observed around inferior conjunction of the
pulsar. Based on the theoretical models proposed by Wadiasingh et al. (2017), we
argue that this double-peaked modulation is indicative of an intrabinary shock
structure within M28I. These models suggest that the observed X-ray modulation
is caused by a shock front that forms due to the interaction between the pulsar
wind and the material from the companion star. The “wrapped” or curved nature
of this shock front around the pulsar is consistent with the double-peaked struc-
ture in the X-ray light curve. As the system orbits, the line of sight to the shock
front changes, causing the observed variations in X-ray flux. This discovery pro-
vides valuable insights into the transitional MSPs, particularly the processes that
occur during their pulsar state. This finding not only supports the models of Wadi-
asingh et al. (2017) but also enhances our understanding of the emission processes
and the physical conditions within transitional MSP systems.

Another key finding of this work is the precise constraints we have placed on
the mass and radius of the NS in the qLMXB in the cluster. By analyzing the X-ray
spectra and fitting them with atmospheric models, we have derived robust esti-

mates for the NS radius under different assumptions regarding the composition of
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the star’s atmosphere. Using the hydrogen atmosphere model, our results suggest
that the radius of the NS is between 9.2 and 11.5 km. This model assumes that
the NS atmosphere is primarily composed of hydrogen, which affects the emit-
ted X-ray spectrum and thus our radius estimates. In contrast, when applying the
helium atmosphere model, we find that the NS radius ranges from 13.0 to 17.5
kilometers. This larger radius estimate arises from the different spectral proper-
ties of helium and implies a different interpretation of the X-ray data. Both sets
of radius estimates are based on the assumption of a NS mass of 1.4 solar masses,
a commonly used reference value in such analyses. These findings are significant
because they provide critical insights into the equation of state of NS matter. Our
results indicate that the choice of atmospheric model has a substantial impact on
the inferred NS radius, highlighting the importance of accurate atmospheric mod-
eling in such studies. These constraints on the NS radius also contribute to the
ongoing efforts to discriminate between different theoretical models of the NS in-
terior, thus advancing our understanding of the fundamental properties of dense
matter.

Additionally, we have identified six new variable low-luminosity X-ray sources
in the globular cluster M28. These discoveries add valuable data to the growing
body of knowledge about long-term variability among X-ray sources in globular
clusters. These findings support the recycling theory of MSPs as the variability
observed in these new X-ray sources may represent different stages or phenom-
ena within this recycling process, such as changes in accretion rates, magnetic
tield interactions, or transitions between accretion and rotation-powered states.
By monitoring these sources over extended periods and using multi-wavelength
observations, we can better understand their behavior and the underlying physical

mechanisms driving their variability.

4.2 Stability of the Accretion Disks

The second part of the thesis investigates the interaction between a NS and its sur-
rounding accretion disk under the influence of magnetic pressure from the pulsar.
The study explores under what conditions the disk remains stable for different
values of its inner radius and the inclination angle between the spin and magnetic
axes. Our numerical study is, perhaps, the most simple to approach this prob-
lem as the NS magnetic field is reduced to its time-constant quadratic average

and axisymmetric geometry is adopted from the onset. With these assumptions,
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the stability of the disk upon switching on/off the magnetic field is analyzed by
monitoring the disk evolution during, at least, one rotational period of the disk’s
inner radius. In this context, it is hypothesized that the electromagnetic field op-
erates within a vacuum, devoid of any material medium that could interact with
it. Additionally, it is assumed that Newtonian dynamics provide a suitable and
sufficient approach to describe the system’s behavior, implying that relativistic or
quantum mechanical effects (such as magnetic field quantization or quantum elec-
trodynamics) are not considered significant for the analysis. The study of the inner
accretion disk’s orbital characteristics around a NS reveals significant insights into
the dynamics influenced by the inclination angle (between the NS’s spin axis and
its magnetic axis). The simulations performed in this thesis highlight how the in-
ner accretion disk’s orbital parameters change with different inclination angles at
varying distances from the pulsar. By examining these variations, our findings in-
dicate that the disk, if truncated at 2000 km from the pulsar, remains stable for 5
seconds, completing 4 Keplerian orbits. As the disk location moves closer to the
pulsar, we observe a reduction in the simulation duration.

We also find that increasing the inclination angle of the pulsar spin results in
a notable decrease in the disk stability. This finding underscores the critical role
of the inclination angle in governing the dynamics and stability of the disk sur-
rounding the pulsar. Inclination angles determine the angle at which magnetic
tield lines intersect the disk and the dominant component (polar or azimuthal)
influencing the efficiency of Joule heating processes. A higher inclination angle
typically results in more complex magnetic field configurations and potentially
higher current densities within the disk. This intensification of magnetic interac-
tions enhances Joule heating, where magnetic energy is converted into thermal
energy due to resistive dissipation. Consequently, changes in the inclination an-
gle can lead to variations in the amount of Joule heating experienced by the disk
material, impacting its stability and evolutionary trajectory. Observationally, these
correlations could manifest in observable properties such as emission spectra and
variability, providing crucial insights into the dynamic interplay between mag-
netic fields and disk dynamics in NS systems. According to Eksi and Alpar (2005),
if the inner radius of the disk extends beyond the pulsar’s light cylinder, the disk
can withstand radiation pressure. Consequently, pulsar activity initiates, although
the disk’s presence may disrupt coherent radio band emissions depending on its
inclination angle. Our study also supports that the fate of the disk can depend
on the inclination angles. This is in agreement with Eksi and Alpar (2005) results
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and provides an independent proof of their results but based on direct numerical

simulations.

4.3 Influence of Magnetic and Spin Axis Alignment
on MSP Emission States

To connect the two parts studied in this thesis, we explored how the transitional be-
havior of MSPs between radio and X-ray emissions might be influenced by the in-
clination angles. In general, these transitions are typically associated with changes
in the accretion rate and the magnetic field’s interaction with the accretion disk
[Linares 2014a]. In our study, we already report that M28I experiences transitions
from a rotation-powered state to an accretion-powered state. Figure 2.3 shows that
M28I was detected in the disk state in 2008 and 2013. It is also evident from Fig-
ure 2.3 that, since the radio observations (57172.16 and 57333.71) coincided with
those from Chandra, we confirm that the pulsar was conclusively in an active radio
pulsar state during the X-ray observations and likely throughout most of 2015. We
investigated the disk-pulsar interactions via SPH simulations to explore the rea-
son behind these transitions. We have also demonstrated that the disk structure
is significantly altered by the presence of the pulsar’s magnetic field, particularly
when the inner edge of the disk is far beyond the light cylinder radius. This ef-
fect is especially pronounced in oblique rotators (see Figures B.3, and B.5). This
raises the question of how the inner disk radius and the inclination angle can af-
fect the survival and evolution of the accretion disk. The connection between these
studies can be elucidated by considering the impact of the inclination angle on the
transitional behavior of tMSPs, although transitions between states might also be
influenced by changes in the accretion rate. When the NS is in the radio state, the
alignment of the magnetic axis can make the radio pulses more visible, particularly
if the magnetic poles sweep across our line of sight. Hence, different inclination
angles can affect the efficiency and rate of accretion, thereby influencing the likeli-
hood of state transitions. It can also be inferred that most redbacks, which remain
in the pulsar state, may have high inclination angles. The exerted torque between
the disk and the pulsar appears insufficient to induce significant changes in the
magnetic axis over short timescales, but this point requires further investigation.
In those systems with relatively low magnetic inclination, state transitions might

be triggered by large excursions of the inner disk radius outside the light cylin-
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der. However, an efficient physical mechanism driving these changes has yet to be
identified.



Appendix A

Details of the X-ray and radio analysis

In this appendix, we present the radio and X-ray positions of the known pulsars,

together with their uncertainties and angular separations between the X-ray and

radio positions (see Table A.1). We include the individual X-ray spectral fits for

the pulsars in M28 (Figures A.2, A.3 and A.4). We also present the measurements

and upper limits on the X-ray luminosity of the faint sources in M28 (Figure A.5).

Finally, we show the molecular contamination effect on the long-term count rate
light curve of the qLMXB (Figure A.6).

Table A.1: Radio and X-ray positions of the pulsars in M28 and their positional

uncertainty
Source RARadio DECRadio RAX*lray DECX*lray Perr (%
J2000 J2000 J2000 J2000 arcsec  arcsec

A 1824 32.00799483(72)  -24 52 10.8348902(28) 182432.10 -245210.81 0.3 0.03
B 18 24 32.54585781(35)  -24 52 04.3560436(06) - - - -

C 1824 32.19250199(14)  -24 52 14.6818430(26) 1824 32.20 -245214.80 0.1 0.1
D 1824 32.42200854(39)  -24 52 26.2224825(13) 18243243  -245226.90 0.1 0.6
E 18 24 33.08952070(88)  -24 52 13.4701099(81) 1824 33.05 -245213.30 0.1 0.6
F 1824 31.81278784(22)  -24 49 24.9511809(85) 1824 31.80 -244924.89 0.4 0.2
G 18 24 33.02548892(97)  -245217.1927818(36) 1824 33.03  -245217.00 0.1 0.2
H 1824 31.61052125(72)  -24 52 17.2268378(32) 182431.61 -245217.35 0.3 0.1
I 1824 32.50368185(81)  -24 52 07.4353327(34) 18243251 -245207.66 0.3 0.3
] 18 24 32.73414004(26)  -24 52 10.3208653(08) 1824 32.71  -245210.18 0.3 0.4
K 18 24 32.49746490(59) 2452 11.3661979(78) 18243249 -245211.31 0.3 0.1
L 1824 32.35856942(90)  -24 52 08.1973300(70) 1824 32.34  -24 52 08.02 0.3 0.3
M 18 24 33.1835(5) -24 52 08.179(23) 182433.21 -245208.20 0.1 0.3
N 18 24 33.1418(12) -24 52 11.89(3) - - - -

* Positional uncertainty radius.

Angular separation between the X-ray and radio positions. Units of right ascension

are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. M and N’s radio
positions are taken from Douglas et al. (2022). X-ray positions of I, L and their positional uncertainties (68% c. 1.) are
taken from Becker et al. (2003). X-ray positions of C, D, E, G, M and their positional uncertainties (68% c. 1.) are taken
from Cheng et al. (2020). The rest of the X-ray positions and their positional errors are obtained in this work (95% c. 1.).
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Figure A.1: Green Bank Telescope plus GUPPI detection of M28I on 57172, during
one of the ~8-hr duration observations of M28, simultaneous with Chandra x-ray
observations. The pulsar can be clearly seen to be coming out of the eclipse in the
pulse phase vs the time greyscale plot on the left. The integrated pulse profile is
shown at the top left. The detection was made using prepfold from the PRESTO
package, after optimizing the predicted orbital phasing using SPIDER_TWISTER.
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Figure A.2: Upper panels: X-ray spectra of the spiders in M28. Lower panels: The

best fit residuals.
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Figure A.6: X-ray count rate light curve (0.2-10.0 keV) of the qLMXB in M28, in-
cluding all 8 Chandra-ACIS observations (separated by vertical lines, with arbitrary
time offsets for display purposes). The molecular contamination effect is apparent
as a drop in count rate around AT~170 ksec.



Appendix B

Details of Axisymmetric SPMHD
simulations

B.1 The MHD equations

Magnetohydrodynamics is a reasonable theoretical framework to describe the macro-
scopic dynamics of plasmas, i.e. on typical lengthscales much larger than their
collisional mean free paths and on timescales much longer than their collisional
frequencies. The fundamental equations governing MHD can be expressed as fol-

lows:

% LV (pv) =0 (B.1)
p(g—er(v-V)v)——Vp+pg+i(V><B)><B (B.2)
t Ho
0B
S =V x(vxB) (B.3)
%+V-[(e+p)v]:—pv-g+J-E (B.4)
3= L(vxB) (B.5)

Ho

Here, p denotes the mass density, v is the velocity vector, p represents the pres-
sure, B is the magnetic field, 1 is the permeability of free space, J is the current
density, E is the electric field, g is the gravitational acceleration vector, and e de-
notes the total energy density.

Equation (B.1) represents the conservation of mass, Equation (B.2) is the mo-
mentum conservation equation, Equation (B.3) is Faraday’s law of electromagnetic
induction, Equation (B.4) is the energy conservation equation, and Equation (B.5)
relates the current density to the magnetic field.
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B.2 MHD Equations in Axial Geometry and SPH Form

For completeness, we summarize below the main axial SPMHD equations used in

this work:

e Mass conservation

ny
Na = Z €b mbWab(ha) (B6)
b=1

* Momentum equations

<pa+ Bi _ (B?f)2>

2p0 Ho

a, =27 +
ngy ngri | ’ Sm’ | ’ (B7)
Ta . T .
2> e (B gy h) 4 gy )
; nay ap
b Szi’ra‘ ) SZi]Tb] )
CLZ =27 my (a— ; (ha) + & b Z (hb)) s (B8)
; nay Ny~

) | | B.9)
b i . i ' (
oy (Sa 7ol 5y () + 2,21 zb<hb>> ,

Na™b Nab

where h,, h, are the smoothing lengths of particles a, b respectively (i.e. the

local resolution) and repeated indexes in {i = r, z} are summed.

* Energy equation

dua Pa Pa’T’a| i my . .
= 27—, , +2n—— — ’Ufz Z he)) . B.10
= - ” ;m( p Auw(ha)) (B.10)

where S¥ are the components of the stress tensor of particle a,

» 1 - 1 S
S = — (Pa + —B§> 8 + — (BLBY) | (B.11)
2410 Ho
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The magnitude A, is related to the gradient of the interpolator kernel [Garcia-
Senz et al. 2023b], 7, is the 2D-cartesian density (i.e. the surface density)
and the remaining symbols have their usual meaning. The parameter ¢, is
one for all particles except for ghost particles located across the symmetry
axis for which ¢, = —1. The MHD equations above are complemented with
the induction equation plus fluid and magnetic dissipative terms in axisym-
metric geometry and an efficient divergence-cleaning algorithm [Tricco et al.
2016, Tricco 2023]. The equation of state, EOS, has contributions from the
ideal gas of ions and electrons and from radiation. At each integration step,
the temperature is obtained from the internal energy by means of a standard
Newton-Raphson scheme.

Magnetic Dissipation and Joule Heating

The magnetic dissipation term, £, V2B, where &, is the electrical resistivity, leads to
the generation of heat due to the resistive dissipation of magnetic energy, similar
to the Joule effect in classical electrodynamics. The heating term can be expressed

as:

2
e =& (2
Ho

This term represents the rate at which magnetic energy is converted into thermal
energy, contributing to the overall heating of the plasma. These equations provide
a comprehensive framework for simulating the complex dynamics of magnetized
plasmas in axial geometries using the SPH method, capturing both fluid and mag-
netic field behaviors along with the associated dissipation processes.

In this work, however, we use an expression for the dissipation, (du/dt)¥s
which is equivalent to Q)joue above but more compatible with the conservation
of energy in presence of shocks Wissing and Shen (2020), Garcia-Senz et al. (2022).
The magnetic dissipation which contributes to the rate of change of internal energy

writes,

a HoTla 4= T |Sab]

d diss . ny i ; o
(G) -yt e (g, 4). B.12)
In the tests below, the adopted value of the resistivity &, is,

1

57‘ = 5057‘ Usig,B‘Sab’ . (Bl?})
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where s, is the distance between neighbor particles @ and b and o, = 1. For the

signal velocity, we simply take the Alfven velocity,

B2
Vg = 1/—, (B.14)
Hop

B.3 The Inner Disk Configurations

In our study, disk configurations are characterized by the location of the disk,
which is positioned at varying distances from the NS, specifically at 0.5LC, 1LC,
5LC, and 25LC. We show the disk structures, after interacting with the averaged
magnetic field, at different distances in this Appendix section. We also present
the ratios of temperature and density changes relative to their initial values within

different regions at the accretion disk for all our models.
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Figure B.1: Disk structure showing the density distribution where the inner disk
radius is at 25LC, 5LC, 1LC, 0.5LC.
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Figure B.2: Disk structure showing the density distribution where the inner disk
radius is at 25LC, 5LC, 1LC, 0.5LC.
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Figure B.4: The ratio of the temperature change to the initial temperature. The
x-axis represents the simulation time normalized by the Keplerian period at the
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