Exploring the mass accretion rates of neutron star X-ray
binaries and the properties of Cadmium Zinc Telluride
for hard X-ray astronomy

Thesis by
Sean N. Pike

In Partial Fulfillment of the Requirements for the
Degree of
PhD in Physics

Caltech

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2023
Defended July 18, 2022



© 2023

Sean N. Pike
ORCID: 0000-0002-8403-0041

All rights reserved

11



11

ACKNOWLEDGEMENTS

It’s almost impossible to count the number of people responsible for my success
leading to the submission of this dissertation, much less to list them all, but I will
attempt to acknowledge some of those most impactful during my time at Caltech.
I would of course like to thank my advisor, Fiona Harrison, for many years of
guidance, for encouraging me get involved in all sorts of exciting projects and
collaborations even when I was in way over my head, and for cultivating within the
NuSTAR group an environment of mutual respect and scientific excellence where
each person feels valued as a human being. I would also like to thank everyone in the
NuSTAR group for constantly teaching me new things and answering my constant
and varied questions. I would particularly like to acknowledge Brian Grefenstette,
Kristin Madsen, Hiromasa Miyasaka, and Vikram Rana for their guidance in the lab,
as well as Javier Garcia, Murray Brightman, Amruta Jaodand, and Renee Ludlam

for helping me become an Xspec wizard.

I want to thank each of the SURF students I have mentored for being patient as a I
learned how to guide young scientists through scientific projects, and for pushing
me to be a better scientist in turn. I want to especially thank Julian Sanders and
Andrew Sosanya for working hard to translate my mess of Python scripts into the
first iteration of the nudetect module, which has been invaluable to my work on X-ray

detectors, and which I hope will continue to aid the lab in detector characterization.

I want to thank the CaltechY, and Liz Jackman in particular for doing so much
amazing work running the Rise program, in which I participated as a tutor for
several years. Liz is really one of the most thoughtful people I’ve met at Caltech.
Whatever she’s getting paid, it should be doubled. I also thank the dining, facilities,
janitorial, library, and other staff at Caltech for making this place run, and I believe
their pay should also be doubled. The same goes for Mika and Nam, who have put
so much effort into trying to make the Physics program at Caltech more welcoming

and enjoyable for grad students.

My parents Jon and Diana were the first to teach me to ask questions and to think
hard in order to grasp at answers, and for that they share most of the responsibility for
this thesis. My brother Daniel has been a constant source of laughter and humility,
keeping me from getting too caught up in my own issues. And of course it’s very

likely I would not have completed this thesis without the constant support of my



v
partner in life and in crime, Sarah. Our dogs, Sparky and Snuggles, have also played

an important role in keeping me happy and healthy over the past 6+ years, and I'm

going to give them many treats after I defend.

I acknowledge the many irreplaceable friends I made at Caltech with whom I
spent countless hours playing DnD, dancing, exploring, eating good food, and
commiserating. I didn’t expect to find at Caltech many of the most incredible people
I have ever met in my life. Thanks to Mats and Josh, Rob and Lealia, Reem and
Ivaylo. I want to thank everyone in the Socialists of Caltech for being extremely
cool and smart and for transforming the way I understand the world, for honing my
ability to question my own beliefs, and for developing my skills as an organizer
so that I can feel confident going into the world and producing liberatory change.

Thanks to Jane, Ashay, B, Peishi, Arian, and everyone else in SoC.

Finally, I feel it’s important to acknowledge that this thesis work was undertaken on
occupied Tongva land. I firmly believe that science cannot achieve its potential as
an endeavor which enriches the lives of all people until we bring about the end of

settler colonial capitalist society.



ABSTRACT

My thesis work has consisted of investigations of several X-ray binaries using the
Nuclear Spectroscopic Telescope Array (NuSTAR), as well as characterization of
NuSTAR-like hybrid X-ray detectors for the purpose of future hard X-ray obser-
vatories. I present analyses of three X-ray binaries in particular, probing different
luminosities with the goal of investigating accreting neutron stars at different ac-
cretion rates. At high accretion rates, approaching and moderately exceeding the
Eddington limit, I performed a timing and spectral analysis of the neutron star su-
pergiant X-ray binary SMC X-1. I tracked the transient pulsations of this source
at different apparent luminiosities and analyzed the source spectrum as pulsations
evolved in order to infer that the mechanism leading to pulsation transience is likely
related to periodic obscuration by a warped accretion disk. At lower accretion rates,
I studied the low-mass X-ray binary GRS 1741.9-2853. I proposed for NuSTAR
observations of this source in outburst, and as a result I observed two type-I X-
ray bursts originating from the source. I performed a time-resolved spectroscopic
study of each of these bursts, and I used the results of this analysis to determine
the composition of the burning material and the distance to the source from Earth.
The third X-ray binary I present is MAXI J1848-015. This source was discovered
by the Monitor of All-sky X-ray Image (MAXI) in winter 2020 at which point its
luminosity was abnormally low for an accreting compact object in outburst, making
it a good candidate for the study of neutron star X-ray binaries at low accretion rates.
I performed rapid follow-up of the source with NuSTAR, and I performed a detailed
spectroscopic study of the NuSTAR observations, utilizing relativistic disk reflec-
tion models in order to determine that the source is in fact a black hole rather than a
neutron star. Complementing these observational astrophysics projects, I character-
1zed Cadmium Zinc Telluride (CZT) detectors procured from Redlen Technologies
in order to determine their usefulness for future hard X-ray observatories. Using
Python, I produced an adaptable calibration and analysis pipeline with which to
analyze noise, leakage current, spectral, and other data which I obtained in the lab.
Using this pipeline, I determined that the material available from Redlen shows
good uniformity, yield, and superior spectral resolution up to high photon energies,

making it an excellent candidate for application to hard X-ray astronomy.
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Chapter 1

AN INTRODUCTION TO X-RAY BINARIES

The primary goal of my thesis work has been to study accreting compact objects
across a range of mass accretion rates, with a focus on accreting neutron stars (NS).
Let us start therefore with an introduction to the physics and observable properties
of accreting compact objects in general, then turn our attention towards NS accretors
in particular and the range of phenomena that arise due to differences in accretion

rates.

1.1 A brief overview of disk accretion

X-ray Heating
(Optical/UV)

I A jon Fl Stream & Stream-impact
nner Accretion Flow (Optical/UV)

(X-ray/Gamma-ray)

Outer Accretion Disk Companion Star
/ * Accretion, (Optical/IR)
Jet

(Radio/IR)

Figure 1.1: Figure from Hynes showing an artistic representation of a
compact object accreting via Roche lobe overflow. Each of the physical regions
of the binary system are labeled with the electromagnetic bandpass corresponding
to the majority of their emission. NuSTAR primarily observes the innermost regions
of the accretion disk thanks to its hard X-ray sensitivity.

X-ray binaries (XRBs) represent one of the most important physical laboratories
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in the universe for studying complex interactions between matter, light, gravity,
and magnetic fields. These systems are formed when a compact stellar remnant,
such as a NS or a stellar mass black hole (BH), accretes material from a main
sequence or supergiant companion star, resulting in the formation of an accretion
disk which transforms gravitational potential energy into electromagnetic radiation
with staggering efficiency. These systems are generally broken down into two
categories: low mass X-ray binaries (LMXB) with companion masses $ 2.5Mg

~

and high mass X-ray binaries (HMXB) with companion masses X 6 M.

The channel by which the companion star donates material to the compact object
depends on the radius of the companion star, the mass ratio, ¢, of the companion to
the compact object, and the binary separation. As the companion evolves, and its
radius increases, it may eventually fill its Roche lobe — the equipotential surface
within which material is gravitationally bound to the star. When this occurs, material
begins to flow off the surface of the companion, passing through Lagrange point L1

and falling into orbit around the compact object.

Alternatively, a compact object may accrete from a companion which does not fill
its Roche lobe via capture of stellar winds. This accretion channel, also known
as Bondi-Hoyle-Lyttleton after the work of Bondi and Hoyle (1944) and Hoyle
and Lyttleton (1939), may even account for the majority of low-luminosity X-ray
binaries in our galaxy (Pfahl, Rappaport, and Podsiadlowski, 2002). For a review
of wind-fed accretion see Edgar (2004).

Material which has fallen into orbit around the central compact object circularizes,
and internal friction carries angular momentum from the inner regions of accreting
material outwards, causing the material to spiral inwards towards the compact object,
forming an accretion disk. The standard model of disk accretion was first laid out by
Shakura and R. A. Sunyaev (1973). As material falls inward, gravitational energy
is converted into kinetic and thermal energy, and the latter is radiated as blackbody
emission. The temperature and luminosity of the disk both depend on the rate
of accretion, M, which in turn depends on the efficiency of angular momentum
transport as well as the rate of mass loss from the companion. At high accretion
rates, the disk may reach temperatures on the order 10’ K, corresponding to photon
energies of ~ 1keV, placing accretion disk emission in the X-ray band. A schematic
view of an XRB accreting via Roche lobe overflow is shown in Figure[I.T|reproduced
from Hynes (2010). In addition to X-ray emission from the innermost regions of

the disk, XRBs may also emit radiation in the radio, infrared, optical, UV, and
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gamma-ray bands, making multi-wavelength observation campaigns an important

tool for studies of accreting systems.

1.2 Observational properties of X-ray Binaries

Accreting compact objects exhibit myriad energetic phenomena across the X-ray
band and over a wide range of timescales. Their spectra are generally described by a
combination of a multicolor disk blackbody with a maximum temperature between
0.1-1keV as well as a power law component which originates from a region of hot
plasma known as the corona, the geometry of which and the mechanism by which it
is powered are not currently well understood. The spectral index of the power law
component may vary in the range I' = 0.5 — 2.0, and can therefore extend into the
hard X-ray band. The power law component may also exhibit a high-energy cutoft,
meaning that the spectrum begins to drop off more rapidly in intensity beyond a
certain energy, which is typically above 10keV. In the case of a NS accretor, an
additional continuum spectral component is often present in the form of a single-
temperature blackbody originating from the the surface of the accreting star, or the
boundary layer where accreting material slows down to match the rotational velocity
of the NS. The spectrum of the supergiant X-ray binary SMC X-1, which I present in
Chapter [3] exhibits many of the features described above including two blackbody
components, attributed to the disk and the NS surface, as well as a power law with

a high-energy cutoff.

XRB spectra and relativistic disk reflection

In addition to the thermal and power law continuum components described above,
XRB spectra also exhibit emission and absorption features which can help to illumi-
nate physical properties of the source such as accretion geometry, disk ionization,
BH spin, or NS magnetic field strength. Narrow absorption lines may be indicative
of the presence of a disk wind driven by radiation pressure; discrete cyclotron energy
levels in strong magnetic fields may produce broader absorption features at energies
above 10keV; material in the disk may fluoresce, producing prominent emission

features in the spectra of XRBs.

One of the most common emission features present in the X-ray spectra of accreting
compact objects is fluorescent emission of Fe Ka between 6.4 and 7keV. This
emission is produced by the irradiation of the inner regions of the disk by the
corona, the surface of an accreting NS, or even thermal disk emission which returns

to the disk due to light bending in the strong gravitational field near an accreting
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Figure 1.2: Figure from J. Garcia, T. Dauser, Lohfink, et al. (2014) mapping the
energy shift of photons from an accretion disk with inclination i = 80° around a
maximally spinning black hole as seen by a distant observer.

BH. Because the fluorescent emission originates from the inner regions of the
accretion disk, nearest the compact object where the fluorescing radiation field is
most intense, the otherwise narrow Fe emission lines may be warped and broadened
by gravitational redshifting as well as relativistic beaming and blueshifting due to
rapid orbital velocities in the accretion disk. These effects are illustrated in Figure
@reproduoed from J. Garcia, T. Dauser, Lohfink, et al. (2014), which shows the
energy shift of photons originating from an accretion disk with inclination i = 80°
around a maximally spinning black hole as seen by a distant observer. This warping
of otherwise narrow emission lines, as well as the “Compton hump” at higher
energies due to Compton upscattering of soft photons, are the telltale spectral
features associated with relativistic disk reflection. Physical modeling of these
spectral features using models such as relxill (J. Garcia, T. Dauser, Lohfink, et
al.,[2014; T. Dauser et al.,|[2014), has proven to be a powerful tool for understanding
accreting compact objects thanks to their ability to probe the regions closest to stellar
mass BHs and NSs.

In particular, these models are sensitive to the angular momentum, J, of the compact
object, parameterized as a = ¢J/GM? where M is the mass of the compact object.
The spin may take on values in the range —1 < a < 1, where negative values indicate

that the spin is retrograde with respect to the disk rotation, while positive values
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are prograde. Relativistic disk reflection models can also be used to measure the
inner disk radius, Rj,, or the radius of the innermost orbit in the accretion disk.
Due to general relativistic deviations from classical gravity near the compact object,
the inner disk radius has a physical lower limit at the innermost stable circle orbit,
Risco = 6R, = 6GM / ¢? for a Schwarschild (non-spinning) BH, but can extend all
the way down to 1R, for a maximally spinning BH as frame dragging effects lead
to stabilization of otherwise unstable orbits. Measuring these parameters can be
key to a number of physical questions regarding the formation and growth of BHs
(Christopher S. Reynolds, 2021)), the equation of state for NSs (Ludlam et al.,[2022),
and the truncation of accretion disks (Xu et al., [2020). Additionally, as I show in
Chapter [3] relativistic disk reflection modeling can be useful for identifying whether
a given XRB harbors a BH or a NS.

Variability over many timescales

While some XRBs are persistent in terms of their luminosity and spectral states,
transient XRBs undergo drastic variability in these states as their mass accretion
rates vary. This variation may be due to evolution of the companion star, periodic
changes in binary separation for eccentric orbits, or due to the instability in the rate

of accretion in the disk.

According to the Disk Instability Model (DIM; Lasota, 2001)), the efficiency of
angular momentum transport within the disk depends upon the density of the ac-
creting material. Thus, at low densities, mass accretes onto the compact object
slowly, resulting in a cool, low-luminosity disk. In BH XRBs, this corresponds to
the low hard spectral state, as the spectrum is dominated by hard X-ray emission
from the corona. As material from the companion star continues to accumulate
in the disk, the disk density increases. At a critical density, the ionization of the
accreting material changes rapidly, increasing the efficiency of angular momentum
transport, and therefore speeding up accretion onto the compact object. At this point
radio emission may demonstrate evidence for jet-like outflows from the central ac-
cretor. As the accretion rate increases, the disk heats up and the corona is cooled
via Compton scattering, resulting in a spectrum which is dominated by soft thermal
emission. Therefore this state is referred to as the high soft state for BH XRBs.
Over a timescale of weeks to months, the disk “drains,” eventually returning to the
slowly accreting low hard state. Observational properties, such as spectral hardness
and intensity, associated with different stages of this cycle of outburst are shown in
Figure[I.3|reproduced from R. P. Fender, T. M. Belloni, and Gallo (2004).
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Figure 1.3: Figure from R. P. Fender, T. M. Belloni, and Gallo illustrating
the cycle of accretion states exhibited by many accreting black holes. The top panel
shows a schematic of the hardness (the fraction of hard X-ray photons to soft X-ray
photons) on the x-axis vs. intensity on the y-axis, while the bottom panel plots the
disk and jet properties in different states. These states are also shown as illustrations
on the left and right hand sides of the figure with the jet shown in blue, the disk
shown in red, and the corona shown in yellow. A typical outburst of a black hole
X-ray binary begins in the bottom right corner of the top panel, and traverses the
hardness-intensity diagram in the counterclockwise direction, following the arrows
shown. The source may remain in outburst for months at a time.
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On similar timescales, XRBs may vary in apparent flux due to orbital and super-
orbital modulation. The long-term light-curve of SMC X-1discussed in Chapter
@ demonstrates the former, in the form of eclipses, and the latter in the form of
a superorbital period which varies between 45-60 days. While orbital modulation
is straightforward in its physical origin, superorbital modulation is not as easily
explained. A number of HMXBs exhibit such long-term variability, which is of-
ten attributed to precession of the accretion disk due to radiation-induced torque
(Clarkson et al., [2003; Charles et al., 2008)).

On much shorter timescales, NS XRBs may exhibit coherent oscillations in flux
with frequencies anywhere between 1073 Hz and 10° Hz corresponding to the rate
of rotation of the NS itself. These pulsations often arise due to the interaction of
the NS magnetic field and the accreting material. In the simple picture, the dipolar
magnetic field of a NS threads the surrounding accretion disk, and we may define
a quantity known as the “magnetospheric radius,” roughly defined as the radius at
which the ram pressure of the accreting material is balanced by the pressure of the
magnetic field. At this radius, the accretion flow is disrupted. If the magnetospheric
radius falls outside of the corotation radius, at which the accreting material orbits
with the same angular velocity as the rotating NS, then material may be ejected
from the system by the rapidly rotating magnetic field via the so-called “propeller
effect” (Illarionov and R A Sunyaev, |1975). In this case, angular momentum is
removed from the NS and its rotation frequency decreases. On the other hand, if the
magnetospheric radius falls within the corotation radius then material is funneled by
the magnetic field lines onto the surface of the NS, depositing angular momentum
and increasing the spin frequency of the NS. As material falls onto the magnetic
poles of the rotating NS, it produces excess emission in the form of a hotspot or an
extended column of accreting material, and the periodic passing in and out of line
of sight of this emitting region produces a pulsating lighthouse effect from the point
of view of a distant observer. For a recent review of the theoretical considerations

of accretion onto magnetized NSs, see Lai (2014).

Other forms of variability on short timescales include quasiperiodic oscillations
(QPO) which may occur in both BH and NS XRBs, and type-I X-ray bursts, which
only occur in NS XRBs. Type-I bursts, which I discuss in more detail in Chapter 4]
occur when accreting material builds up on the surface of a NS, eventually reaching a
critical density and triggering runaway thermonuclear burning. This burning rapidly

envelopes the NS surface, resulting in a dramatic increase in brightness which lasts
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Figure 1.4: The approximate ranges of Eddington fractions, corresponding to accre-
tion rates, of different classes of NS XRB. Atoll and Z-track sources have low-mass
companions, while BeXBs, SgXBs, and at least some ULXPs have high-mass com-
panions. The vertical dashed line denotes the Eddington limit itself. Some NS
XRBs move between periods of quiescence and periods of outburst, leading to a
wide range of observed accretion rates. Each class exhibits unique behavior which
evolves depending upon the mass accretion rate.

tens to hundreds of seconds. These events may yield a plethora of information
regarding the accreting NS, including the distance to the source, the composition of
the burning material, and the NS spin frequency (Duncan K. Galloway and Laurens
Keek, 2021)).

1.3 Neutron star X-ray binaries over a range of accretion rates

The observational astrophysics portion of my thesis focused broadly on the study of
XRBs at differing accretion rates, with the aim of studying NS XRBs in particular.
Just as individual sources may vary in their rates of accretion as they undergo periods
of quiescence and outburst, as a class NS XRBs vary in accretion rates depending on
their orbits and the properties of their companions, and the observable properties of
these systems exhibit startling diversity across this range of accretion rates. Because
the luminosity of an accreting source is proportional to its accretion rate — modulo
absorption, beaming, and other distorting effects — we may use luminosity as an

indicator of accretion state:

L =nMc? (1.1)
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Figure 1.5: Figure from Church, Gibiec, and Batuciiska-Church (2014) showing the
hardness-intensity diagrams of prototypical Atoll (left) and Z-track (right) sources
4U 0614+091 and GX 340+0, respectively. Both classes of NS LMXB move
between different accretion states defined by their positions on these tracks.

where M is the mass accretion rate and 7 is the efficiency of gravitationally energy
release which typically has a value of around 10%. The masses of NSs found
in XRBs are rarely known to great precision, but they occupy a narrow range
of allowed masses, 1-2Mg. Therefore, comparison of luminosities between NSs
is relatively straightforward, particularly when written in terms of the Eddington
luminosity, Lggq. This is the luminosity (and therefore accretion rate) at which
radiation pressure balances gravitational force, thereby halting accretion. For a NS
this limit is about 2 x 10® ergs~!. Several classes of NS XRB, which I discuss
below, are listed in Figure|l.4|along with their ranges of observed luminosities with

respect to the Eddington limit.

NS systems with low-mass companions (< 2.5 Mg) can be roughly subdivided into
two classes: Atoll sources and Z-track sources. These are so named due to the tracks
they trace out when their intensities are plotted with respect to their hardness ratio, or
the fraction of high-energy counts to low-energy counts. Two such tracks are shown
in Figure [[.5] which has been reproduced from Church, Gibiec, and Balucifiska-
Church (2014). Atoll sources spend much of their time in the low-luminosity

“island” state, and trace out a signature “banana” state during outbursts, whereas
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Z-track sources move more rapidly between the so-called horizontal, normal, and
flaring branches likely corresponding to continuous changes in accretion rate (M.
van der Klis, [1989; Church, Gibiec, and Batuciniska-Church, 2014)). Atoll sources
tend to have lower luminosities, in the range 0.01Lggg — 0.5Lgqq, While Z-sources
are brighter, approaching and sometimes moderately exceeding their Eddington
luminosities. Both of these sources may exhibit type-I X-ray bursts (e.g. Kuulkers,
M. van der Klis, and J. van Paradijs, |1995; Zhang, Méndez, and Altamirano, |[2011)),
particularly in their lower-luminosity branches when accretion rates are low enough

such that accreted material burns unstably.

These systems rarely exhibit strong pulsations, indicating that they are not highly
magnetized, and making the measurement of their spin periods difficult. However, a
number of LMXBs have shown millisecond oscillations during type-I X-ray bursts
which has been attributed to their rotation (Watts, 2012). Due to their low inferred
magnetic fields and rapid rotation, it is believed that these sources have been spun up
by long periods of accretion and likely represent the progenitors of the millisecond

pulsars observed by radio telescopes.

High mass XRBs harboring accreting NSs with companions of mass g 6 M exhibit
very different properties than their low mass counterparts. This class of binary
system may similarly be further subdivided into supergiant XRBs (SgXB) and
Be XRBs (BeXB) depending on whether the companion is a supergiant star or
an OBe star, respectively. BeXBs are often transient, exhibiting low-luminosity
(L = 107 = 1073 Lgq) persistent states which may be punctuated by type-I X-ray
bursts as well as longer periods of outburst when the NS passes through periastron
and forms a transient accretion disk. During such outbursts, BeXBs may reach their
Eddington luminosities. In addition to having eccentric orbits, BeXBs also tend
to have high magnetic fields (B ~ 10'?G), pulse periods on the order of several to
thousands of seconds, and orbital periods of tens to thousands of days (Reig,[2011).

Due to their large binary separations, the vast majority of SgXBs accrete via stellar
winds rather than Roche-lobe overflow leading to disk accretion. As a result, these
systems tend to persistently accrete at an Eddington fraction of around 1% , although
some, known as Supergiant Fast X-ray Transients (SFXT), only reach this luminosity
during sporadic flares which punctuate periods of persistent emission at much lower
luminosities (Hainich et al.,[2020). A handful of SgXBs reach much higher accretion
rates, even exceeding their Eddington limits by factors of a few. These accretion

rates are achieved by disk accretion rather than Bondi-Hoyle-Lyttleton accretion, and
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the high luminosities that result can induce disk warps which lead to superorbital
modulation. SgXBs exhibit pulsations with periods very similar to those observed
in BeXBs, but they tend to have shorter orbital periods in the range 1-10 days (Reig,
2011).

While the Eddington luminosity is meant to represent a rough limit on the allowed
rate of accretion, in 2014 M. Bachetti et al. (2014) discovered the first ultraluminous
X-ray source (ULX) known to harbor an accreting NS. ULXs are X-ray binaries
defined primarily by their high luminosities, L > 103’ erg s~!, and they are notorious
for their relatively featureless spectra which do not easily reveal the nature of the
accreting object. Due to their high luminosities, however, they were long assumed to
harbor black holes, whose higher masses compared to NSs would allow for higher
Eddington limits. However, pulsation searches have now revealed a number of
ultraluminous X-ray pulsars (ULXPs) which can only be NSs (e.g. F. Fiirst et al.,
2016; G. L. Israel et al., [2017; Gian Luca Israel et al., 2017). The luminosities of
these sources push the limits of the imagination, reaching hundreds of times their
Eddington limits in the most extreme cases. A number of theoretical explanations
have been proposed to explain such high apparent accretion rates, including beaming
and high magnetic field effects. These sources therefore represent an important
new laboratory for understanding the physics of accretion onto compact objects.
However, there are no known sources in our galaxy, making ULXPs difficult to study
without long exposure times. Finding nearby analogues with which to compare them

will be an important step to better understanding these extreme sources.

Determining the nature of a given XRB can pose some difficulty. We may employ
a number of different tools to ascertain whether an X-ray binary actually contains
an accreting NS rather than a BH, as well as to estimate the mass of the companion
star from which the compact object accretes. One of the primary characteristics
distinguishing a NS from a BH is the existence of a stellar surface onto which material
accretes. Thus, evidence of this surface, for example in the form of pulsations or
type-1 X-ray bursts, acts as solid evidence that the source is a NS. The presence or
absence of this surface may also be indirectly inferred via studies of XRB spectra,
quiescent luminosities, and the extents of their inner disk radii. We may also rely on
more circumstantial evidence, comparing a source’s spectral and timing properties
to those of the known population of LMXBs and HMXBs, in order to infer the
natures of the accretor and the companion composing an XRB. There are currently
hundreds of known NS XRBs in our galaxy, which may be found in both HMXB
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and LMXB systems (Reig, 2011).

Additionally, BHs have higher masses than NSs, which are physically restricted to
masses below about 3 Mg (Kalogera and Baym, |1996) and typically have masses in
the range 1 — 2 M. Therefore, whereas the detection of pulsations or type-I X-ray
bursts proves beyond a doubt that an XRB hosts a NS accretor, a mass measurement
significantly above 3 My, is required to confirm with certainty the presence of an
accreting BH. Measurement of the accretor mass and the companion mass require
knowledge of the orbital parameters of the binary system, which are not always
readily available. These dynamical mass measurements may be obtained via a few
different routes, such as by the study of variable absorption features or of eclipses
in the case of high-inclination systems. Among about 70 candidate BH XRBs, the
majority of which reside in LMXBs, 20 have been dynamically confirmed (Corral-
Santana et al., 2016).

In this dissertation, I present studies of three accreting compact objects at different
accretion rates which I was able to see to fruition and which have each been accepted
for publication. The first, presented in Chapter 3] is a study of the supergiant
XRB, SMC X-1, which hosts a NS accreting via Roche lobe overflow thereby
reaching luminosities at or above its Eddington limit. I investigated the superorbital
modulation of the source and characterized the evolution of its pulsations and
its spectrum in order to illuminate the physical mechanism responsible for the
superorbital period and suggesting the source as a nearby analogue for more distant
(and therefore more difficult to observe) ULXPs. Moving to lower accretion rates,
in Chapter 4] I present a study of the NS LMXB GRS 1741.9-2853. The source is
a known type-1 X-ray burster, and I proposed NuSTAR observations which caught
two bursts. Each exhibited unique behavior, which I investigated via timing and
spectral analyses. I was thus able to measure the distance to the source, and to
infer the composition of the material which was burned during the bursts. Finally,
in Chapter [5] I present an investigation of a newly discovered XRB. The nature
of the accreting compact object was unknown at the time of discovery, but its
luminosity was exceptionally low, making it a good candidate for the study of
NS accretors with low accretion rates. I analyzed its spectral and timing properties,
specifically harnessing the power of relativistic disk reflection spectroscopy, in order
to determine whether the system hosted a NS or BH, and to make other important

measurements of its physical properties.

All of these analyses were performed using data collected by the Nuclear Spectro-
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scopic Telescope Array, or NuSTAR (Harrison et al.,|[2013)), which when it launched

in 2012 was the world’s first high-energy X-ray telescope to utilize focusing optics
in order to image the hard X-ray sky. In order to complement my astronomical
research, I have also pursued instrumentation projects which have led me to develop
a deeper understanding for the operation of NuSTAR and other X-ray telescopes.
In the subsequent chapter, I discuss the various instruments used to study XRBs
and other sources, and I describe NuSTAR in more detail in order to introduce the

instrumentation work which I have included as part of my dissertation.
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Chapter 2

INSTRUMENTATION FOR THE STUDY OF HARD X-RAYS

Due to the wide variety of astrophysical phenomena that arises from accretion in
XRBs, as well as the myriad other X-ray sources in the universe, there exist a
variety of instruments with which astronomers observe the X-ray sky. The goals
of a particular instrument influence the choice of detector design and materials.
The Advanced CCD Imaging Spectrometer (ACIS) on board the Chandra X-ray
Observatory is composed of silicon charge-coupled devices (CCD) which produce
images with sharp spatial resolution, and Chandra’s High Resolution Camera (HRC)
utilizes a pair of lead-oxide microchannel plates to achieve a large field of view and
low-energy sensitivity (Weisskopf et al., 2000a). XMM-Newton’s European Photon
Imaging Camera (EPIC; Turner et al., 2001} Striider et al., 2001) and the X-ray
Telescope (XRT) on board the Neil Gehrels Swift Observatory (Burrows et al.,
2005a)) similarly utilize silicon CCDs to achieve good spectral and timing resolution
in the soft X-ray band. Silicon detectors like these are generally effective for

detecting photons with energy in the range 0.1 — 10keV.

While observations of soft X-rays are able to probe thermal emission, absorption
features, and Fe fluorescence features in order to provide a detailed picture of
accreting compact objects and other X-ray sources, instruments which can observe
photons with energy far beyond 10keV play an important role as well, filling in
gaps in our understanding of the X-ray sky which cannot be addressed using only
soft X-rays. Measurements up to and beyond 100 keV are crucial for studying such
astrophysical phenomena as Compton upscattered emission in the hard X-ray band,
and cyclotron resonance scattering features appearing in the hard X-ray spectra
of accreting NSs due to their strong magnetic fields. Additionally, hard X-ray
observatories can provide a closer look at the spin periods and accretion properties
of highly magnetized NSs by tracking their pulsations, which often increase in flux
fraction at higher photon energies. Such is the case for ULXPs, representing a
relatively new and under-studied exotic class of X-ray source which require hard

X-ray observations for adequate study of their spectral properties as well.



15
2.1 A brief history of hard X-ray observatories

While soft X-ray observatories largely utilize silicon detectors in the form of CCDs
or solid state silicon drift detectors, hard X-ray observatories have historically used
proportional counter arrays (PCA) or crystal scintillators in order to achieve good
sensitivity above 10keV. PCA detectors consist of chambers of high-Z gas which
are ionized by the interaction of incoming X-rays. A voltage is applied across
the chamber such that the resulting cascade of liberated electrons are accelerated
towards the anode for readout. The energy of the interacting photon can then be
inferred from the amount of charge collected. Scintillators on the other hand consist
of a clear gas or crystal such as sodium iodide which absorb X-rays and re-emit the
incoming radiation in a flash of visible light. Photomultiplier tubes then amplify
the intensity of this flash and the intensity is registered. The energy of the incoming
photon may be determined according to the brightness of the measured flash of

visible light.

The very first space-based X-ray telescope, Uhuru, launched in 1970, scanned the
X-ray sky in the 2-20keV range using PCA detectors. This was a tremendous
leap for astronomy, as the pioneering observatory discovered the first black hole
and cataloged hundreds of X-ray sources, many of which continue to be important
sources for the field. Later the European X-ray Observatory Satellite (EXOSAT)
probed X-rays with higher energies — up to 80keV — using xenon and argon
scintillators. Reaching even further, the High Energy X-ray Timing Experiment
(HEXTE) aboard the Rossi X-ray Timing Explorer (RXTE) combined a PCA and
an array of 8 Nal/Cal crystal scintillator detectors in order to achieve an observable

energy range of 2-250 keV until it ceased science operations in 2012.

More recently, solid state crystal semiconductor detectors have allowed for improved
spatial and spectral resolution in the hard X-ray band. Pixelated electrodes may be
imprinted on these crystals with small pixel pitch, allowing for the over-sampling
of high-resolution images produced by advanced grazing-incidence-angle optics.
Cadmium Zinc Telluride (CZT) has proved to be a particularly suitable candidate
for semiconductor X-ray detectors. In addition to the high atomic numbers of the
constituent elements, CZT has a high electron mobility which aids in charge collec-
tion, as well as a band gap of a few eV which leads to low leakage, or “dark,” current.
This means that CZT detectors may be operated at or near room temperature with-
out significant degradation of spectral resolution, compared to germanium detectors

which require cooling using liquid nitrogen in order to perform observations suitable
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Figure 2.1: Rendering of NuSTAR with insets showing a focal plane module made
up of 4 NuSTAR hybrids on the left and the Wolter grazing incidence angle optics
on the right.

for scientific analysis. Additionally, CZT crystal can be produced with a relatively
high production yield and uniformity.

2.2 NuSTAR: the Nuclear Spectroscopic Telescope Array

CZT detectors are currently being utilized by a number of space-based observatories,
including the Swift Burst Alert Telescope (BAT) (Barthelmy et al., [2005) and the
CZT Imager aboard AstroSat (Singh et al.,2014). Cadmium Telluride (CdTe), which
shares many of the same qualities as CZT, has also been utilized by instruments such
as the Imager on Board the Integral Satelite (IBIS) and the Hard X-ray Imager (HXI)
on board the Hitomi observatory. The first focusing hard X-ray observatory was
the Nuclear Spectroscopic Telescope Array, or NuSTAR (Harrison et al., 2013).
NuSTAR consists of two separate focal plane modules, FPMA and FPMB, each of
which is paired with a parabolic Wolter optics module (Wolter, [1952) with a focal
length of 10m in order to image the X-ray sky in the 3-79 keV band. Figure [2.1]
shows a render of NuSTAR, with insets showing the Wolter optics on the right and
an example FPM on the left. Each FPM consists of four CZT “hybrids,” produced
by flip-chip bonding a custom application specific integrated circuit (ASIC) with
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Figure 2.2: Schematic showing a sideways cross-section of a NuSTAR hybrid, made
up of a CZT crystal shown in grey, 32 stud bumps in gold, and readout electronics in
green, interacting with an incoming photon shown as an orange dashed line. When
a photon interacts with the detector, it produces a cloud of liberated electrons (blue)
and a positively charged hole cloud (purple). An electric field, E shown in red, is
applied across the detector, causing the electron cloud to drift towards the anode
and the hole cloud towards the cathode. In CZT, electrons move more freely than
holes, meaning the signal measured due to the motion of electrons is stronger than
that of the motion of the hole cloud.

32 x 32 pixels to a CZT crystal with dimensions 2cm X 2 cm X 2 mm. On the top of
the crystal is printed a uniform cathode, while on the electronics side of the crystal is
printed a pixelated anode pattern corresponding to the pixelated ASIC. Accordingly,
each pixel of the detector has a pitch of ~ 600 um.

When a photon interacts with the CZT detector, it liberates an inner-shell electron,
which in turn causes a cascade of liberated electrons. The result is an unbound
electron cloud and a corresponding cloud of positively charged holes. An electric
potential of several hundred volts is applied between the cathode and the pixelated
anode such that the electron cloud drifts towards the anode and the hole cloud
towards the cathode. Figure [2.2] shows a shematic representation of a NuSTAR
hybrid in cross-section and illustrates the interaction of a photon with the CZT
crystal. Rather than simply collecting the liberated electrons, NuSTAR detectors
operate according to the Shockley-Ramo Theorem (Shockley, [1938; Ramo, |1939)
whereby charge is induced on the detector anode due to the motion of charges across
the electric potential in the bulk of the semiconductor. In particular a larger change
in potential traversed by a cloud of charge corresponds to a larger signal measured
by the detector electronics. In the case of a pixelated detector architecture in which
the pixel pitch is much smaller than the detector thickness, the potential gradient is

steepest near the anode, meaning that the electrons, rather than positively charged
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holes, contribute much more strongly to the measured signal (Barrett, Eskin, and
Barber, |1995). This effect, known as the “small-pixel effect,” along with lower hole
mobility compared to electron mobility, combine to produce spectral resolution on
the order of one percent in pixelated CZT detectors like the NuSTAR hybrid.

2.3 The future of high energy X-ray astronomy

Focused hard X-ray astronomy of the kind that NuSTAR is capable has proven an
invaluable tool for the field. The unique combination of spectral, timing, and imaging
capabilities up to 79 keV has made possible the discovery and study of ultraluminous
X-ray pulsars (ULXP), which proved that NS accretors can reach luminosities far
in excess of their Eddington limit (e.g. M. Bachetti et al., 2014)). Additionally,
NuSTAR'’s sharp spectral resolution across the Fe Ka complex, combined with
its sensitivity to Compton reflection features above 10keV have made it a very
successful tool for studies of relativistic disk reflection (e.g. J. A. Garcia, John A.
Tomsick, et al., 2019; Lazar et al., [2021; Connors, J. A. Garcia, J. Tomsick, et al.,
2021). Indeed NuSTAR has been central to my own thesis work, allowing me to
probe the pulsations of accreting NSs, to track the rapidly evolving spectra arising
from type-I bursts, and to measure the rapid spins of black holes. However, after the
NuSTAR mission ends, the community may be left without a focusing hard X-ray
observatory. The mission concept High Energy X-ray Probe (HEX-P) is poised to
fill this gap (K. K. Madsen, Stern, and HEX-P Team, 2019).

HEX-P will inherit much of the technology and design which has made NuSTAR
such a powerful scientific instrument. Like NuSTAR, it will combine grazing in-
cidence angle optics with high-Z semiconductor detectors. With improved optics,
pixel design, and crystal properties, it will achieve a bandpass of 2-200 keV, extend-
ing NuSTAR’s sensitivity in both the soft and hard X-ray regimes. The HEX-P focal
plane will be composed of NuSTAR-like hybrids with four times the collecting area

(see Figure[2.3|for a conceptual schematic of the focal plane module).

In order to prepare for future missions such as HEX-P, it is crucial to understand
the capabilities of various semiconductor detector materials available for purchase.
NuSTAR utilizes CZT from eV Products, which no longer provides CZT suitable
for our purposes. Therefore, we have purchased CZT from Redlen Technologies
in order to determine the uniformity, spectral resolution, and yield we can expect
from currently available CZT. In Chapter [6] I present a study of newly purchased
CZT material from Redlen Technologies and its characteristics when paired with the
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Figure 2.3: Schematic of a proposed design for the hard X-ray mission concept
HEX-P. The focal plane module aboard HEX-P will consist of hybrid detectors very
similar in design to those of NuSTAR, but the collecting area will be increased. The
design shown here consists of 16 hybrids made up of CZT or similar semiconductor
(blue with yellow outlines) bonded to an improved readout electronics (grey).

NuSTAR ASIC for the purpose of hard X-ray spectroscopy. Using a Python module
I produced for the analysis of NuSTAR hybrid data, I determined the spectral
resolution we can hope to achieve with the Redlen material, and I investigated
effects arising from variations in the depth at which photons interact with the
material. Chapter [6| was adapted from a manuscript which, at the time of writing,
has been submitted for peer review in the SPIE Journal of Astronomical Telescopes,

Instruments, and Systems.
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Chapter 3

OBSERVING THE TRANSIENT PULSATIONS OF SMC X-1
WITH NUSTAR

Pike, Sean N. et al. (Apr. 2019). “Observing the Transient Pulsations of SMC X-1
with NuSTAR”. In: ApJ 875.2, 144, p. 144. po1: 10.3847/1538-4357/ab0£2b.
arXiv:1903.06306 [astro-ph.HE].

3.1 SMC X-1: a mildly super-Eddington supergiant X-ray binary

High Mass X-ray binary (HMXB) systems, in which a compact object accretes matter
from a more massive companion, often exhibit variability on multiple timescales
ranging from less than a second to several months. For most HMXBs, accretion onto
the compact object is fed by the stellar winds of the companion. However, in some
cases, the objects may orbit at a small enough distance that the companion fills its
Roche lobe, resulting in higher accretion rates and higher luminosities. In the case
of accreting neutron stars, matter is funnelled along the magnetic field lines onto
the surface of the star, resulting in a column of accreted material at the magnetic
poles. Because the magnetic poles and the spin axes are not perfectly aligned, the
accretion column revolves at the same rate as the neutron star, resulting in emission

which appears pulsed.

One such HMXB which has been well-studied is SMC X-1. This system, residing
in the Small Magellanic Cloud, was first detected by R. E. Price et al. (1971). It was
later resolved as a discrete source by Leong et al. (1971), who reported significant
variability in both the intensity and spectrum of the source. The binary nature of
SMC X-1 was soon confirmed by Schreier et al. (1972) who discovered periodic
occultations with an orbital period of around 3.9 days. SMC X-1 also exhibits
pulsations with a period of about 0.7 seconds, and the pulse fraction and shape are
known to vary significantly over time (Lucke et al., |[1976). The existence of X-ray
pulsations confirms that the accreting compact object is a neutron star. Accretion
onto the neutron star has been attributed to Roche lobe overflow (Hutchings et al.,
1977} Paradijs and Zuiderwijk, [1977) of its companion, Sk 160, which has been
spectrographically classified as a BO I supergiant (Webster et al., [1972). This
classification places SMC X-1 in a subcategory of HMXBs known as supergiant
X-ray binaries (SGXB). Finally, the source exhibits super-orbital variability on a


https://doi.org/10.3847/1538-4357/ab0f2b
https://arxiv.org/abs/1903.06306
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timescale of 45 to 60 days, which has been attributed to obscuration by a precessing
tilted accretion disk (Wojdowski et al., [1998)). Throughout this paper, we assume
a distance to SMC X-1 of 60.6 kpc as reported by Hilditch, Howarth, and Harries
(2005)).
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Figure 3.1: Swift BAT light curve of SMC X-1 during 2012. The moving average of
the BAT flux is shown in gold. A super-orbital period of around 60 days is clearly
visible. The red vertical bars indicate the duration of each NuSTAR observation
presented here. The first observation (10002013001) took place near the end of the
low state, while the second observation (10002013003) took place as the source was
growing fainter shortly after the high state.

One of only a handful of SGXBs known to accrete via Roche lobe overflow, SMC X-
1 exhibits persistent emission near or above its isotropic Eddington luminosity of
Ligq ~ 1.3 x 1038 ergs™! (for a mass of ~ 1.1 M, as reported by Meer et al.[2007)
varying between Lx (2 — 12keV) ~ 10%7 erg s! in the low state and luminosities
in excess of 5 x 103 erg s7!(2 — 12keV), more than three times its Eddington
luminosity, in the high state (Bonnet-Bidaud and Klis, [1981). In addition to this
persistent emission, SMC X-1 has been shown to exhibit type II X-ray bursts with
durations of tens of seconds (Angelini, Stella, and White, 1991} Rai, Pradhan, and
B. C. Paul, 2018). Its near- to super-Eddington luminosity places the source in a
middle ground between less luminous Be/X-ray binaries (BeXB), which exhibit a
range of persistent X-ray luminosities from 10°? erg s=! (John A. Tomsick et al.,
2011) up to 10*> erg s~! (Reig and Roche, [1999), and brighter ultraluminous X-ray
pulsars (ULXPs).

ULXPs, the known examples of which are M82 X-2 (M. Bachetti et al., [2014),
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Figure 3.2: (a) NuSTAR FPMA count rate of the source during the first observation
(10002013001). The gap between 30000 and 50000 seconds is due to a failed data
downlink and is not inherent to the source. We have split this observation into two
epochs. (b) NuSTAR FPMA count rate of the source during the second observation
(10002013003). We define the third epoch as the entirety of this observation. The
apparent variability on timescales of ~ 5000s during Epoch III can be attributed
to movement of the source between detectors. Both light curves are binned into
intervals of 40 s. The orbital phase, which is defined by full eclipse of the source at
¢ =0and ¢ = 1, is included along the horizontal axis as well as the time in seconds
since the beginning of the each observation.

NGC 7793 P13 (F. Fiirst et al., [2016; G. L. Israel et al., [2017), NGC 300 ULX1
(also SN 2010da, Carpano et al. 2018) and NGC 5907 ULX-1 (Gian Luca Israel
et al., 2017), vary between bright pulsing states during which the luminosity can
reach 10*! erg s=! — several orders of magnitude above the Eddington limit of a
typical neutron star — and faint states when the luminosity drops to 1037738 erg s~!
(Kaaret, Feng, and Roberts, 2017). Similar to SMC X-1 (Inam, Baykal, and Beklen,
2010), these sources exhibit pulsations with periods on the order of one second and
spin-up rates of |P| = 107! — 1072 ss7!, with the exception of NGC 300 ULX1,
which has a much longer pulse period of 32 s and a faster spin-up rate on the order
of 1077 ss7 !,

A given ULXP may not exhibit detectable pulsations at all times, and when they
are detected, the fraction of their flux which is pulsed is variable. Pulse transience
has been attributed to the propeller effect in which rotation of the neutron star’s
magnetosphere halts accretion by flinging accreting material out of the system before
it can reach the corotation radius (Illarionov and R A Sunyaev, 1975)). In contrast to

the flux variability of SMC X-1 which occurs quasi-periodically with a continuous
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transition between high and low states, the propeller effect is associated with changes
of more than a factor of 40 in luminosity on shorter timescales which results in a
bimodal flux distribution in ULXPs (Sergey S Tsygankov et al., 2016). In terms of
pulse fraction, this bimodality corresponds to distinct pulsed and non-pulsed states.
However, continuous variability in pulse fraction has also been observed in ULXPs.
In particular, the pulse fraction of M82 X-2 was shown to gradually increase from
8% to 23% in the 10 — 30 keV range over an interval of around 10 days (M. Bachetti
et al., 2014).

Periodic variability on timescales of 60-80 days has also been measured for the
ULXPs NGC 7793 P13, NGC 5907 ULX-1, and M82 X-2 (Motch et al.,[2014; D. J.
Walton et al., 2016; Brightman et al., 2019, respectively). While the 64 day period
observed in NGC 7793 P13 has been attributed to the orbital motion of the binary
(Fiirst, D J Walton, et al., 2018)), this variability has been classified as super-orbital
in the case of M82 X-2. It is still uncertain whether the 78 day period observed in
NGC 5907 ULX-1 is orbital or super-orbital in nature. Given that SMC X-1 displays
super-orbital modulations on similar timescales, as well as its persistent near- to
super-Eddington luminosity and variable pulsations, SMC X-1 may provide a link
between ULXPs and classes of X-ray binaries which have been studied in more
detail.

In this paper, we present timing and spectral analyses of two observations of SMC X-
1. In Section [3.2] we describe the observations of SMC X-1 and our data reduction
methods, including data extraction and corrections. In Section we describe
the methods and results of our timing analysis, and in Section [3.4] we describe the
spectral analysis of SMC X-1. In Section[3.5] we discuss the results of our analyses
and offer a physical interpretation. Finally, in Section we list our conclusions

and discuss possible applications of our analysis to studies of ULXPs.

3.2 Observations and Data Reduction

SMC X-1 was observed twice by the Nuclear Spectroscopic Telescope Array (NuS-
TAR) (Harrison et al., [2013)) in 2012, in the first two months after the launch of
the satellite for the purpose of calibration. NuSTAR consists of two focal plane
modules, FPMA and FPMB, each of which is made up of four pixelated detectors
(DETO-DET?3). Each module has a field of view of about 12 arcminutes, and, com-
bined with focusing optics at a focal length of 10 m, achieves an angular resolution of

18 arcseconds, full width at half maximum (FWHM). The energy resolution, given
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by the FWHM, is 400V at 10keV and 900 eV at 68 keV, and the full energy range
is 3-79 keV. The timing resolution of the onboard clock is 2 us with a dead time of

2.5 ms, leading to a maximum count rate of around 400 eventss~!.

The first observation took place on 2012 July 5 (OBSID 10002013001) and the
second took place on 2012 August 6 (OBSID 10002013003) with exposure times
of 27ks and 15ks, respectively. Figure [3.1] shows the light curve of the source
as observed by the Neil Gehrels Swift Observatory Burst Alert Telescope (BAT)
during a 250 day interval bracketing the NuSTAR observations in 2012. The super-
orbital period of around 60 days is clearly visible, and the red bars show the location
and duration of each observation in the super-orbital cycle. The first NuSTAR
observation occurred at the end of the low state, when the luminosity was just
beginning to rise, while the second observation occurred near the end of the high
state, when the source was growing fainter. The observations were planned such

that they avoided obscuration effects due to the donor star.

We reduced the data using version 1.8.0 of the NuSTARDAS pipeline and NuSTAR
CALDB v20170817. We used DS9 (Joye and Mandel, 2003a) to select a circular
source region with radius 55 arcseconds centered on the position of the source
determined by automatic centroid detection. We also selected a circular background
region with radius 80 arcseconds located on the same detector as the source, taking
care to choose a region free of other sources and outside the source distribution. We
corrected the photon arrival times to the solar system barycenter using the position
of the source used for data extraction. Before analysis, the photon arrival times
were also corrected for the orbital motion of the source using parameters reported
by Falanga et al. (2015) and Inam, Baykal, and Beklen (2010).

We define three epochs of observation, labeled Epochs I, 11, and III. The NuSTAR
light curve for each observation is shown in Figure [3.2] Epoch I is defined as the
first 40 ks (13 ks of exposure time) of observation 10002013001, while the latter
half (14 ks of exposure) of observation 10002013001 makes up Epoch II. The whole
of observation 10002013003 makes up Epoch III, which has an exposure time of
15 ks. During observation 10002013001, the source was positioned on DETO, while
the source was positioned on DET3 near the gap between DET3 and DETO during
observation 10002013003. Movement of the source between the two detectors
accounts for the ~ 5000s variability apparent in Figure 3.2p. The background
count rate did not vary significantly between observations, and for all three epochs,

the background rate remained below 10% of the total count rate for energies up to
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Table 3.1: Results of the folding pulsation search for each

epoch.
Epoch Tyey (MID) P (s) |P| (108 ss!)  Pulse Fraction (%)
1 56113.28661210 cee cee <45
I 56113.92279551  0.70121(20) <1.2 21.5+1.5
11 56145.10372569  0.70117(9) <0.77 40.9+0.5

~ 50keV. To avoid background contamination, we performed spectral analysis for
energies between 3 keV and 40 keV, resulting in 5.2 X 104, 6.3 x 10%, and 6.3 x 10°
spectral counts (combined FPMA and FPMB) for Epochs I, II, and III, respectively.
For the purpose of spectral analysis, we binned the data such that there are at least
50 counts in each energy bin in Epoch I and Epoch II, and at least 100 counts in
each energy bin in Epoch III. We chose to bin Epoch III with more events per bin

due to the significantly higher count rate during that epoch.

3.3 Timing Analysis

We performed a timing analysis of both observations using the Stingray (Hup-
penkothen et al.,[2016) and HENDRICS (Matteo Bachetti, [2015) software packages
in order to determine the pulse fraction, pulse period, and spin-up rate during each
epoch. The results of this analysis are shown in Table[3.1] The pulse fraction, PF,
is defined as follows

pr = fmar = Fuin (3.1)

F, max T F min

where Fyg and F, are the maximum and minimum fluxes in the pulse profile,
respectively. All pulse fractions and corresponding errors quoted were calculated
using a Monte Carlo analysis. Given a measured pulse period and derivative, we
folded the observed events into a pulse profile with sixteen phase bins per cycle.
The uncertainty in flux for each phase bin is given by a Poisson distribution. We
sampled this distribution for each phase bin to produce a large number of simulated
pulse profiles and passed these profiles through a Savitzky-Golay filter (Savitzky
and Golay, |1964). We thus arrived at a distribution of smoothed profiles from
which we extracted the mean pulse fraction and corresponding confidence regions.
All uncertainties and upper limits quoted in this section and following sections

correspond to 90% confidence ranges unless otherwise indicated.

Before searching for and analyzing pulsations, we first determined the orbital phase
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Figure 3.3: Results of pulsation searches applied to each epoch. The left column shows the results of a
dynamic folding search. Pulsations are not detected during Epoch I but seem to appear and gradually increase
in strength after observation continues during Epoch II. Pulsations are clearly detected in Epoch III and do not
appear to vary significantly throughout the epoch. The middle column shows the results of folding searches
over both the pulse period and its first derivative. The results of the dynamic searches allowed us to search over
a narrower period range. The resulting Z‘% distribution (b, e, and h) for each epoch is fitted to a 2-d Gaussian
distribution. The mean of the fitted Gaussian is indicated by a black cross while the white contours represent
the 1- and 2-sigma confidence regions. The apparent correlation between P and P is an artifact of the search
itself and is not intrinsic to the source. The maximum Z‘% value achieved by each search is indicated by a blue
cross and was used to produce pulse profiles shown in blue in panels b, d, and f. In gold are the 90% confidence
regions determined by the Monte Carlo procedure described in Section[3.1] When applied to Epoch I, the search
produces multiple maxima of relatively low detection probability, resulting in a poor fit which cannot constrain
the pulse period and first derivative to within the search bounds. We therefore do not show the fitted Gaussian,
and we choose to fold the pulse profile using the maximum nearest the values measured for Epochs II and III.
The result is a profile with weak pulsations which are not detected when the last 5000 s of Epoch I are omitted.
During Epochs II and III, however, the pulse period is well-constrained, resulting in distinctive pulse profiles,
shown in the right column. Note that the scale of the y-axis in panel (c) is narrower than those of (f) and (i) in
order to better illustrate the pulse profile during Epoch I.
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of the observations. Using the orbital parameters reported by Falanga et al., 2015,
we determined the mid-eclipse times which occurred immediately before and after

the observations according to the quadratic orbital change function
1, .
T, =To+nPorp + En PorbPorp (3.2)

where Tj is the reference epoch (MJD 52846.6888), n is the number of elapsed
orbits, Py, is the orbital period measured at T (3.8919232days), and P, is
the time derivative of the orbital period measured at Ty (=3.77 x 1078 day day™!).
Defining the mid-eclipse times preceding and following each observation as orbital
phases 0 and 1, respectively, we found that the first observation occurred between
orbital phases 0.34 and 0.61, while the second observation occurred between phases
0.52 and 0.61. These orbital phases are determined to better than 10> and lie far
from the eclipse ingress and egress times. Therefore we can be confident that there

were no obscuration effects due to the supergiant companion.

We performed pulsation searches on the combined filtered and calibrated FPMA
and FPMB events for each of the three epochs. When combining the FPMA and
FPMB events for each epoch, we produced common good-time intervals (GTIs) in
order to avoid introducing artificial variability due to non-simultaneous observation
and differences in sensitivity between the two focal plane modules. We began our
pulsation search by performing a dynamic search using the HENDRICS function
dyn_folding_search. This function steps over time and pulse period, folds the
events into a pulse profile with that period, and calculates the Zi statistic (Buccheri et
al.,|1983)), a measure of the probability of pulsation detection, of the profile produced
at each step. The probability density function of the Zﬁ statistic is equivalent to
that of a y? distribution with 8 degrees of freedom. Therefore, one can use the
x? cumulative distribution function to determine the probability that a pulse profile
with a given value of ZZ has been produced by noise. For example, a profile with
Zf = 13 has a 10% probability of being produced by noise, therefore this can be
considered a detection at 90% confidence. A 5-sigma detection, corresponding to a
probability of 5.7 x 1077 that a signal has been produced by noise, would yield a Zf
statistic of 44.

The results of the dynamic pulsation search applied to Epoch III (Figure [3.3)g)
confirm the presence of strong pulsations. The pulsations appear to remain persistent
throughout the observation with a period around 0.701 s and without a large period

derivative. The results of this test are less striking upon application to Epochs I and
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II (Figures and ). The Zf statistic reaches only a fraction of the maximum

value measured during Epoch III, and during Epoch I, there is no sign of pulsations.
However, during Epoch II, pulsations appear to have begun with a period similar to
that observed in Epoch III, reaching a maximum detection probability at the end of

the observation.

We next simultaneously searched for the period and first period derivative of the pul-
sations for each of the three epochs using the HENDRICS function folding_search.
The results of this search are shown in the second column of Figure We were
able to measure the pulse period and to put upper limits on the first derivative
during Epochs II and III by fitting the resulting ZZ distributions to 2-dimensional
Gaussian distribution with mean pulse periods at Py = 0.70121(20) s and Pyp =
0.70117(9) s, respectively. We have obtained upper limits on the instantaneous
spin-up rates of |Py| < 1.2x 1078 ss™! and | Pyyy| < 7.7 x 107 s s~!. Note that there
is a correlation between P and P apparent in Figure This is not intrinsic to
the source itself but is an artifact introduced by the search procedure. In addition
to measuring the pulse periods and constraining the instantaneous spin-up rates, we
have also placed an upper limit on the secular spin-up rate between Epoch II and
Epoch III of |Pg..| < 1071%ss~!. After determining the pulse periods and the spin-
up rates, we then folded the events into pulse profiles at the Zﬁ maxima produced by
the pulsation searches. These pulse profiles are shown in Figures[3.3f and [3.3}. We
observe distinct pulsations in the pulse profiles of Epochs II and III. The probability
that these profiles were produced by noise is vanishingly small, being less than 10737
in both cases.

In stark contrast, we were completely unable to constrain the pulse period during
Epoch 1. There are multiple local maxima of comparable amplitude in the ZZ
distribution. We therefore chose to fold the events into a pulse profile (see Figure
[3.3k) using the maximum nearest the values measured during Epochs II and III.
This corresponds to a pulse period of Pg,;q = 0.70113161 s and a first derivative of
Proia = 2.69x 107 s s7!. The resulting profile has a pulse fraction of < 4.5%. This
is relatively small compared to the pulse fractions of 21.5% =+ 1.5% during Epoch II
and 40.9% =+ 0.5% during Epoch III. In addition to the small pulse fraction during
Epoch I, the Zf value of the calculated pulse profile is less than 15 and corresponds
to a probability of 7% that the detection is due to noise. Furthermore, when the last

5000s of Epoch I are omitted from the pulsation search even this weak detection

IThe uncertainties reported for the pulse periods and the upper limits of the spin-up rates were
determined using the widths of the fitted Gaussian distributions.
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disappears, indicating that pulsations were absent until the very end of Epoch I.

Therefore, we refer to Epoch I as the non-pulsing state.

The pulse periods that we have measured during Epochs II and III and the resulting
pulse profiles are in line with previous measurements (cf. Moon, Eikenberry, and
Wasserman, 2003} Naik and Paul, 2004; Raichur and Biswajit Paul, 2010; Inam,
Baykal, and Beklen, 2010). In particular, we have extrapolated previous results
by applying an orthogonal distance regression to the pulse frequencies reported
by Inam, Baykal, and Beklen. We arrived at a spin up of fpulse = 2.589(8) x
10~ Hz s~! during the interval 50093-52988 MJD. When propagated forward to the
beginning of Epoch III, a pulse period of 0.70093(2) s is predicted. The discrepancy
of 2.39(96) x 10~*s is small but nonzero. This is consistent with a piece-wise spin-
up evolution, reported by Inam, Baykal, and Beklen, in which the spin-up rate
is variable. We also note that, although the pulse fraction increases with energy,
the shapes of the pulse profiles during Epochs II and III do not appear to vary
significantly with energy.

3.4 Spectral Analysis

We also performed a spectral analysis of each of the three epochs using Xspec
(v.12.10.0 Arnaud, 1996)). We simultaneously fit the spectra measured by FPMA and
FPMB while including a relative constant to account for small (< 10%) differences
in flux between the two focal plane modules. In addition, for all spectral models
described in this section, we have included an absorber in the form of the tbabs
component. This component compensates for absorption due to Galactic material.
We fixed the equivalent HI column density of this component at Ny = 4.58 X
102! cm~2, determined from the full-sky HI survey, HI4PI (Ben Bekhti et al.,[2016).
The spectral fits were performed using interstellar medium abundances reported by
Wilms, Allen, and McCray, 2000.

The spectra for each epoch are shown in Figure [3.4] and the results of our spectral
analysis are presented in Table [3.2] Each panel in Figure 3.4 also includes residuals
for three different models, including a simple absorbed power law meant to illustrate
additional structure in the spectra. We have found two models that provide fits of
similar quality and which result in physically reasonable parameters. Motivated by
previous work by, e.g., Woo, Clark, Blondin, et al. (1995), Angelini, Stella, and
White (1991), and Pottschmidt et al. (2014, the first model we investigated was an

absorbed power law with a phenomenological cutoff, named fdcut (Tanaka, 1986))



Table 3.2: Values of spectral parameters determined by y? fitting of observed
spectra. Two models are shown: a fully covered power law with a Fermi-
Dirac-like cutoff modeled by fdcut (top), and a partially covered power law
with an exponential cutoff, modeled by cutoffpl (bottom).

Component Parameter Epoch I Epoch I Epoch III
thabs Ny (10% cm™) 16+5 24% 1.9+3
r 1.0 1.61 1.1
fdcut Ecur (keV) 17.3418 11.0+32 9.1*32
Etora (keV) 6.7708 8.7759 9.6+0.4
-3 1.4 3.2 29
Norm (107) 8.0%07% 13.843:% 107+¢
Eg.4 (keV) 6.36 +0.04 6.36 +0.06 6.5170-09
gauss 0.4 (keV) 0.24 £0.06 0.21+0.10 i
Norm (107%) 3.3£0.5 2.3+08 1.9+£0.7
Ej3.s (keV) 13.50 13.541
gauss o135 (keV) 2.2108 L7408
4 1.6 1.7
Norm (10~%) 2359 L1%S
0.04 0.03
bbody kT (keV) 0.36+0-04 0.31+003 0.26 +0.09
-3 3.5 24.6 195
Norm (107) 3.6197% 19.6%5% 567,z
bhody kT (keV) 1.46 +0.07
Norm (1073) 23104
—11 -2 -1 0.15 0.06 0.8
Absorbed Flux® 10~ ergem™2s71) 6.2670% 6.6770%0 99.3702,
—10 -2 —1 0.56 1.16 4.0
Unabsorbed Flux® 10719 ergcm™2 s71) 1.46%033 2.82%¢o 11.6%5
: : 37 -1 2.48 5.1 17.7
Unabsorbed Luminosity (10°/ ergs™) 6.43*1% 12.45 51.0%,5
x2/d.o.f. 693/630 (1.10)  681/679 (1.00)  1091/1019 (1.07)
23 -2 1.9 0.9 18
tbpcs Ny (108 cm™2) 7.8%19 5.610-9 2618
fcnvering (070) Sltg 61ti 15t76
r 0.98 0.94 0.98
cutoffpl Ecur (keV) 8.4+0.6 8.9%04 9.1£0.2
Norm (1073) 6.7°15 7.5%07 53+4
Eg.4 (keV) 6.3570-04 6.340.06 6.52 +0.08
gauss 6.4 (keV) 0.22 + 0.07 0.24*0-19 il
-4 0.7 0.7 0.8
Norm (10~%) 3.670-7 2.610:7 2.0108
Ej35 (keV) 13.51 13.41
gauss o135 (keV) 4.9+1-3 17433
Norm (107%) 7.8£3.1 1039
+0.08
bbody kT (keV) 0.23*0-08
Norm (1071) 1.1#72:3
+0.08
Bhody kT (keV) 1.46*0:08
Norm (107%) 3.0198
Absorbed Flux® 10~ ergcm=2571) 6.49’:?)'33 6.90’:?)'%2; 105t%8
Unabsorbed Flus®1071% erg cm™2 s71) 1064017 1.18+0.08 12.7711
Unabsorbed Luminosity (107 ergs™!) 4-65t((]):7632 S.ZOtg‘fé 55.8?‘%

x%/d.o.f.

705/632 (1.11)

681/681 (1.00)

1090/1019 (1.07)

2 Fluxes are reported for FPMA in the energy range 2 — 10 keV.
T Values marked with a dagger were frozen during fitting and therefore have
no error estimates.
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for its resemblance to the Fermi-Dirac distribution, which has both a cutoff energy

and folding energy and can be written

E—F
frp(E) = 1 + eE=Ecu)/Efola

(3.3)

where I is the photon index, E,; is the cutoff energy, and E¢,;; is the folding
energy. The absorber in this model is fully covering and is modeled by tbabs
(Wilms, Allen, and McCray, 2000). The second model consists of a power law with
an exponential cutoff, represented by the Xspec model cutoffpl, partially covered
by an absorber modeled by tbpcf. In addition to these base models, we found that
the fits benefited from the addition of secondary components, differing depending

on the epoch. Below, we describe each of these models in more detail.

In order to compare the usefulness of additional model components, we use the
Bayesian Information Criterion (BIC; Schwarz, [1978). In the case of y? fitting in
Xspec, the BIC is given by

BIC = k In(n) + x° (3.4)

where 7 is the number of PHA bins being fitted and k is the number of parameters
estimated by a given model. For a given data set, model selection can be achieved
by minimizing the BIC, which penalizes models with many parameters. For our
analysis, n lies between 600 and 1100 bins, meaning that removing one parameter
from a model without a change in y? results in a decrease in the BIC of ABIC ~
—7. In determining the impact of adding or subtracting components, this may be

considered one “unit” of model improvement.

The spectra observed during the two observations are qualitatively different, as is
visible in Figure [3.4] For Epochs I and II, an absorbed fdcut model alone results
in significant excess residuals below 4 keV, around 6.4 keV, and above 10keV. The
excess around 6.4 keV is consistent with previous detections of an Fe Ka line in
SMC X-1, such as those by Woo, Clark, and Levine (1995) and Naik and Paul (2004).
We included a Gaussian component at this energy to model the line, allowing both
the position and width of the line to vary. To address the low-energy excess, we
added a black body component with temperature kTgp < 0.5 keV. Such a component
has previously been detected in observations of SMC X-1 by the Chandra X-ray
Observatory and XMM-Newton (Neilsen, Hickox, and Vrtilek, 2004; Hickox and
Vrtilek, 2005). Each of these components decreases the BIC by about 100, and
adding both of these components results in a combined improvement to the fit of
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Figure 3.4: Observed spectra for each epoch are shown unfolded against a model
with constant (energy-independent) flux in the top panels, and fitting residuals for
three different models are shown in the lower panels. The FPMA spectra are shown
in black while the FPMB spectra are shown inred. The data is consistently described
well by a partially absorbed power law with a high energy cutoff. While the shape
of the continuum remains relatively constant, the covering fraction and absorbing
column vary between successive epochs, with the covering fraction decreasing
significantly between Epoch II and Epoch III.

ABIC = -304 for Epoch I and ABIC = -214 for Epoch II, indicating that the
improvement is significant. Adding these components does not resolve the “bump”
above 10 keV. This residual resembles the 10 keV feature observed in other accreting
pulsars (e.g. Coburn et al., 2002; Mihara, |1995; Santangelo et al., [1998)), leading
us to include a Gaussian component at £ = 13.5keV. We froze the position of
this component in order to better constrain other parameters, while the width of the
Gaussian was allowed to vary. Adding this component does not result in a significant
improvement to the fit, with ABIC = —7 for Epoch I and ABIC = +6 for Epoch II.
However, because the residuals are clearly reduced, and this feature is consistent

with previous studies of accreting pulsars, the component is included in the final fit.

In the case of Epoch 111, the fdcut model again requires a low-temperature (kTgp <
0.5keV) black body in order to explain excess flux below 4 keV, the addition of
which improves the fit by ABIC = —93. In addition, although the excess near
6.4keV is not as prominent as in the previous two Epochs, adding a line at this
energy improves the fit significantly (ABIC = —46). However, the width of the
line is poorly constrained, leading us to freeze it at o = 0. We also found that
for Epoch III, adding a kT =~ 1.5keV blackbody component, like the one included
by Pottschmidt et al. (2014) in their analysis of this observation, improves the fit
by ABIC = —46 while also eliminating an excess of flux above 20keV. Similar

blackbody components with temperatures ranging between 1.2 keV and 3 keV have
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proved useful for modeling the spectra of several BeXRBs (e.g. Reig and Roche,
1999; La Palombara et al., 2009; Caballero et al., [2013). In contrast to Epochs I
and II, the 13.5 keV bump is not observed during Epoch III, and its addition to the

fdcut model does not improve the fit nor can this component be easily constrained.

The partially covered cutoff power law provides a similarly good fit to the data as
the Fermi-Dirac-like model. However, the secondary components differ somewhat.
Adding a line at E = 6.4keV to the base model again improves the fit significantly
during Epochs I and II, with ABIC = -97 and ABIC = —43, respectively. Adding
this line to Epoch III does not result in a striking improvement (only ABIC = —6),
but the position of the Gaussian is constrained to the same value as in the fdcut
model. The 13.5keV bump is also added to this model for Epochs I and II, again
slightly improving the fits. Unlike the absorbed fdcut model, the partially covered
cutoff power law does not require a low-temperature black body to resolve excess
emission below 4keV during Epochs I and II. This component, along with the
kTgp =~ 1.5keV black body, remains in Epoch III. Adding each of these black
body components individually yields different results. Including only the warm
kTgp =~ 1.5keV black body improves the fit by ABIC = —142, while adding only
the low-temperature k7gp < 0.5 keV black body does not improve the fit, yielding
ABIC = +6. However, when both components are included, the fit is improved
by ABIC = —170. In other words the combination of the low-temperature and
high-temperature black body components improves the fit more than each of these

components individually.

None of the three spectra can be fit to a simple one-component model, instead requir-
ing several secondary components in order to properly fit the NuSTAR observations.
In order to reduce degeneracies resulting from the number of parameters used in
the final models, we froze some key parameters at values which are consistent with
initial estimates. As mentioned above, the position of the bump above 10keV was
frozen at E = 13.5keV, and the width of the Fe Ka-like line in Epoch III was frozen
at o = OkeV. In addition to these, we froze the photon indices across all three
Epochs at I = 1.0 for the fdcut model and I' = 0.5 for the cutof£fpl model.

The final model components, parameter estimates, and fit information are shown
in Table Here we remind the reader that the uncertainties quoted on spectral
parameters represent 90% confidence regions. We found that for both models, the
absorption parameters vary between epochs, while the underlying power law models

show less variability. In the case of the fdcut model, the absorbing column density
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decreases by an order of magnitude from Ny = (2.4t%.§1) x 10?3 cm~2 during Epoch
IL, to Ng = (1.92)%) % 10?2 cm~2 during Epoch III. As we have shown, the pulse
fraction simultaneously increases between these two epochs. The shape of the fdcut
component on the other hand remains consistent between Epochs II and III, with the
cutoff energy of E,; ~ 10keV folding energy of Ef,;q = 9keV. However, Epoch
I has a slightly higher cutoff energy and lower folding energy: E.,; = l7.3t12'g keV
and Egorq = 6.7 8 keV.

On the other hand, in the case of the partially covered cutoff power law, the shape
of the cutoffpl component stays constant. The exponential cutoff is consistent
with E.,; = 9keV during all three epochs. The absorption parameters show little
variation between Epoch I and Epoch II, but the covering fraction drops by a factor
of four from feovering = (61Jj)% in Epoch I1 to feovering = (15%)% in Epoch III.
Between these epochs, the column density appears to increase by a factor of a few,
but this parameter is poorly constrained during Epoch III due to the low covering

fraction.

In both models, the underlying continuum increases in flux between successive
epochs while the flux of the apparent Fe Ka line remains constant. Taken together,
these observations indicate that the increase in total flux between epochs cannot be
attributed solely to the absorption included in the models described above, and that
the source of the Fe Ka line is likely distinct from the source of the continuum (e.g.,
originating in the photoionization region surrounding the central X-ray source). In
addition, the appearance of the kTgp ~ 1.5keV black body in Epoch III, observed
in both the fdcut model and the cutoffpl model, may indicate that the emitting
region responsible for this component either did not exist or was obscured during
Epochs I and II.

3.5 Discussion

Our timing analysis has shown that the source was observed in a non-pulsing state
during Epoch I which subsequently evolved into a pulsing state, observed in Epoch
II. During Epoch III, about a month after Epoch II, the pulsations had increased in
strength, with the pulse fraction increasing by nearly a factor of two. At the same
time, our spectral analysis has shown that for all three epochs, the emission of the
source can be described by two different models: a fully covered power law with a
phenomenological Fermi-Dirac-like cutoff, and a partially absorbed power law with

an exponential cutoff. Each of these models requires additional components, but we



35

found that both models are consistent with variable absorption parameters between
the low and high pulse fraction states. In particular, the Fermi-Dirac model exhibits
a decrease in absorption column density between Epoch II and Epoch III, and the
cutoff power law is consistent with a decrease in the covering fraction (and a poorly
constrained increase in column density), between the low and high pulse fraction
states. In addition, the luminosity was observed to gradually increase between the

non-pulsing Epoch I and the pulsing Epoch II.

In order to synthesize these results, we propose that the pulsing region was observed
emerging from behind absorbing material. Given that Epochs I and II took place
near the end of the low state, as illustrated in Figure [3.1] and that the super-orbital
period has been attributed to a warped precessing accretion disk (Wojdowski et al.,
1998;; Clarkson et al., 2003; Dage et al., 2018), the absorbing material obscuring the
pulsing region is likely part of the accretion disk. In short, the warped accretion disk
absorbs and scatters the pulsed emission from the neutron star, leading to the absence
of detected pulsations in the low state and a gradual turn-on of pulsations as the disk
moves out of the line of sight. This picture is consistent with the opaque inner disk
region described by Hickox and Vrtilek (2005) to explain apparent reprocessing of
pulsed emission. Their analysis describes the case when both the neutron star and
the inner regions of the warped accretion disk are visible to the observer, while ours
describes the opposite case when the warped disk lies between the neutron star and

the observer, obscuring the pulsing emission regions.

The relatively high absorption column density of the partially covered cutoff power
law in Epoch III does not immediately fit within this interpretation. Although this
column density is not particularly well constrained, it is still well above the values
measured during the first two epochs. This increased column density is accompanied
by an increase in the brightness of the power law itself; in other words, the increased
flux between the two observations cannot be attributed solely to the absorption
included in the models presented here. Thus one interpretation of the combination
of arelatively high column density and a relatively low covering fraction is that much
of the absorber is completely Compton thick during Epochs I and II. The partially
covering absorber represented by tbpcf, then, only models the optically thinner
regions of the accretion disk leading the covering fraction and column density to
be underestimated for the first two epochs. During Epoch III, according to this
interpretation, the source is observed through an overall less opaque region of the

accretion disk so that a higher column density is measurable.
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Pulse fraction variability, including pulse drop-out, has been observed in several
other accreting pulsars. In some cases, this variability has been attributed to changes
in accretion via the propeller effect (Illarionov and R A Sunyaev, [1975). These
include HMXBs Vela X-1 and GX 301-2, which have been shown to exhibit off-
states during which the sources drop in luminosity and pulsations are no longer
detected (Kreykenbohm et al., 2008}, Fiirst, Suchy, et al., 2011). LMC X-4, in which
pulse drop-out and turn-on have been observed during the high state (Brumback
et al., 2018), presents a different case. Still others, such as the low mass X-
ray binary Her X-1, exhibit pulse fraction variability attributed to obscuration by
warped accretion disks (Kuster et al., 2001). Of these examples, the case of variable
obscuration in Her X-1 is most analogous to the behavior we have observed in
SMC X-1.

3.6 Conclusions

We have performed spectral and timing analyses of the accreting neutron star binary
SMC X-1 for three separate epochs occurring during two NuSTAR observations.
Our timing analysis confirmed that the source was observed in the midst of a turn-on
of pulsations, which subsequently increased in strength before strong pulsations
were observed a month later. Our spectral analysis, which showed variable absorber
parameters and luminosity, led us to conclude that the non-pulsing state was due to
obscuration of the pulsing region by a warped accretion disk, and that the gradual

turn-on was due to the emergence of the pulsing emission from behind the disk.

Similarly to SMC X-1, ULXPs are also known to exhibit variability in their lu-
minosities and pulse fractions. In particular, the gradual change in pulse fraction
observed in the beginning of the 2014 observation of M82 X-2 (M. Bachetti et al.,
2014) may share the same physical origin as the pulse fraction variability we have
observed in SMC X-1. In that case, the super-orbital periods observed in ULXPs
may be attributable to precessing accretion disks which periodically obscure the
pulsing source, resulting in variability in the observed pulse fractions. Spectral and
timing analyses at different points in the super-orbital cycles of known ULXPs, like
the analysis we have carried out for SMC X-1, may help to illuminate the accre-
tion mechanism and causes of variability in this recently discovered class of X-ray

binary.
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Chapter 4

PHOTOSPHERIC RADIUS EXPANSION AND A
DOUBLE-PEAKED TYPE-I X-RAY BURST FROM GRS
1741.9-2853

Pike, Sean N. et al. (Sept. 2021). “Photospheric Radius Expansion and a Double-
peaked Type-I X-Ray Burst from GRS 1741.9-2853”. In: ApJ 918.1, 9, p. 9. por:
10.3847/1538-4357/ac0®ef9. arXiv: 2106.13312 [astro-ph.HE].

4.1 Type-I X-ray bursts

Accretion onto compact objects produces an array of phenomena, the study of which
can illuminate the nature of these objects and the process of accretion itself. Type-I
X-ray bursts represent a particularly dramatic consequence of accretion, wherein the
flux of an accreting neutron star (NS) is observed to increase by an order of magnitude
or more in the span of only a few seconds or less. In a typical type-I burst, this fast
rise in flux is followed by an exponential decay which can take anywhere from tens
to thousands of seconds to return to a persistent flux level. Type-I X-ray bursts can
provide a wealth of information about the compact stellar remnants from which they
originate. The observed fast-rise exponential-decay behavior is thought to be due to
runaway thermonuclear burning of accreted hydrogen and helium. This is possible
only if the accretor has a surface onto which this material can accumulate in a thin
shell which is unable to effectively cool during burning. Therefore, the detection of
a type-I X-ray burst confirms the nature of an accreting source as a NS rather than a
black hole. Additionally, in some cases type-I bursts allow for the measurement of
other important parameters such as the distance to the source or the rotation period
of the NS. For a recent review of type-I X-ray bursts, refer to Duncan K. Galloway
and Laurens Keek (2021)).

During a type-I X-ray burst, the source spectrum can be described by the addition
of a blackbody component on top of whichever model best describes the persis-
tent emission. Analyzing how the spectrum changes throughout a type-I burst is
necessary in some cases to distinguish between changes in flux which are energy-
independent and those which vary across different energy ranges, reflecting changes
in the blackbody radius and temperature (Tawara et al., 1984)). The latter case is

often evidence for photospheric radius expansion (PRE). During PRE the blackbody
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which models the burst emission is shown to rapidly increase in radius while de-
creasing in temperature as the luminosity remains constant at the peak of the burst.
This behavior has been attributed to radiation pressure lifting material from the NS
surface upon reaching the Eddington limit. Due to the relatively narrow range of
acceptable values for NS mass and radius, bursts which demonstrate PRE are often
considered “standard candles” which can be used to estimate the distance to a burst-
ing source (J. van Paradijs, 1978; W. H. G. Lewin, Vacca, and Basinska, |1984).
Some sources show significant scatter in peak luminosity across many PRE events
however (Kuulkers, den Hartog, et al., 2003). As such, these events may serve as
approximate standard candles, and source properties such as disk inclination and
the composition of burning material must be taken into account when calculating

the Eddington luminosity.

Additionally, timing analysis before, during, and after type-I bursts can reveal os-
cillatory behavior related to burning on the NS surface. Coherent high-frequency
oscillations have been observed during some type-I bursts, most often during the de-
cay in brightness (Watts,|2012). These oscillations have been attributed to brightness
asymmetries induced by burning on the NS surface, implying that the frequency of
burst oscillations corresponds to the rotational frequency of a NS. In some systems,
quasi-periodic oscillations (QPOs) at mHz frequencies have also been observed in
the persistent emission leading up to type-I bursts. This may indicate that as material
accumulates, oscillatory nuclear burning occurs on the surface prior to the onset of

the runaway burning which causes type-I bursts.

GRS 1741.9-2853 is a low-mass X-ray binary (LMXB) which was first reported to
exhibit type-1 X-ray bursts in 1999 (Cocchi et al., [1999). The source resides near
the Galactic Center, about 10" from Sgr A* at @ = 17"45m025, § = —28°54'50"
(M. P. Muno, Baganoff, and Arabadjis, 2003). As it accretes matter from its main
sequence companion, it transitions between a low-flux hard spectral state during
which angular momentum transfer in the cold disk is inefficient, leading to low mass
accretion rates, and a high-flux soft spectral state when the accretion disk enters a
hot, efficiently accreting state (Lasota, [2001). GRS 1741.9-2853 is a member of
the very faint class of transients, meaning that it reaches a peak 2-10 keV luminosity
in the range of 10’ 3%ergs~! (R. Wijnands et al., 2005). The first detection of
GRS 1741.9-2853 was made by the GRANAT satellite and reported in 1990, but
was attributed to the nearby source 1E 1741.7-2850 (Mandrou, 1990). Later analysis
resolved the source (R. Sunyaev, |1990; Syunyaev et al.,|[1991). GRS 1741.9-2853
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undergoes periods of outburst every ~ 2 years, with typical outbursts ranging in

duration from 5 to 15 weeks, resulting in a duty cycle of ~ 10%.

An investigation of the bursting behavior of GRS 1741.9-2853 was presented by
Trap et al. (2009). The authors analyzed 15 type-1 bursts observed during two
periods of outburst in 2005 and 2007 by INTEGRAL JEM-X, Swift BAT and XRT,
and XMM-Newton. The bursts had a typical recurrence time between 79 ks and
2 Ms. From this analysis they were able to infer a distance to the source of 7 kpc,
and they determined that the bursting behavior was consistent with pure He burning.
During another period of outburst in 2013, the source was observed serendipitously
during two observations by the Nuclear Spectroscopic Telescope Array (NuSTAR)
(Barriere et al., 2015). One type-I X-ray burst lasting 800 s was observed which was
consistent with mixed H/He burning. It exhibited mild PRE, allowing the authors
to infer a distance to the source which was consistent with the previous estimate of
7kpc.

Again in April 2020, the source was observed by the XRT instrument aboard the Neil
Gehrels Swift Observatory to be increasing in brightness, rising from ~ 1072 count/s
to ~ 9 x 1072 count/s over the course of two days, indicating that the source was
entering a period of outburst (Degenaar et al., 2020). This detection was followed
up by NuSTAR on May 7, 2020.

We report on the detection of two type-I X-ray bursts during the May 2020 NuSTAR
observation of GRS 1741.9-2853 in outburst, as well as spectral and timing analyses
of the persistent emission. We begin by describing the observation and the methods
of data reduction and analysis in Section 4.2] Next, we present an analysis of the
NuSTAR light curve, including modeling of each of the two type-I bursts in Section
[.3] the first of which is shown to peak twice. In Sectiond.4|we present the persistent
and burst spectra and demonstrate evidence for PRE during the second burst. For
completeness, in Section [4.5| we present an analysis of the timing features of both
the persistent and burst emission, including a search for quasi-periodic oscillations

and burst oscillations. We end with a discussion of our results in Section

4.2 Observation and Data Reduction

NuSTAR, launched in June 2012, is the first high-energy focusing X-ray telescope
(Harrison et al.,[2013). It is composed of two focal planes, each paired with a set of
focusing optics with a focal length of 10 m. The focal planes, FPMA and FPMB, are

each composed of 4 Cadmium Zinc Telluride (CZT) detectors attached to custom
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Figure 4.1: The total, background subtracted, livetime corrected NuSTAR light
curve is shown twice. The light curve in the top panel shows the entire dynamic
range of the light curve and is binned with a resolution of 0.5 s in order to illustrate
the bursting behavior. The light curve in the bottom panel is the same as the top,
but has been rebinned to a resolution of 10 s and has been restricted along the y-axis
in order to illustrate the behavior of the persistent emission.

readout electronics.

GRS 1741.9-2853 was observed by NuSTAR on May 7, 2020, for a total expo-
sure time of 28 ks (OBSID 90601317002). We extracted the data products using
NuSTARDAS version 2.0.0 and CALDB version 20200826. Photon arrival times
were shifted to the barycenter of the solar system to eliminate residuals due to the
orbital motion of NuSTAR. Instrumental effects on the photon arrival times due
to changes in the temperature of the on-board clock were corrected using clockfile
v110 generated on September 12, 2020. For the production of source spectra as
well as cospectra, we used circular extraction regions with radius 100 arcseconds,
centered on the source using automatic centroid detection in DS9. To produce back-
ground spectra, we used extraction regions of radius 60 arseconds, residing on the
same detector as the source region but sufficiently removed from it so as to exclude
source counts. Additionally, we found that in this case, the automated pipeline
overcorrected for changes in the Multi Layer Insulation (MLI) (Kristin K. Madsen,
Grefenstette, et al., 2020) resulting in inconsistencies between FPMA and FPMB
below 5 keV. Therefore, we chose to revert to the previous FPMA ancillary response
file [T

"For more information on how to determine when this is appropriate, refer to the NuSTAR
Science Operations Center homepage!


http://nustarsoc.caltech.edu/NuSTAR_Public/NuSTAROperationSite/mli.php
http://nustarsoc.caltech.edu/NuSTAR_Public/NuSTAROperationSite/mli.php
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Timing analyses, such as the production of cospectra and calculation of epoch
folding statistics, were performed using the Python package Stingray (Daniela Hup-
penkothen, Matteo Bachetti, Stevens, Migliari, and Balm, 2016). Spectral modeling
was performed using the X-ray spectral analysis package Xspec (v12.11.1 Arnaud,
1996). Spectra were binned using the variable binning algorithm described by
Kaastra and Bleeker (2016) which takes into account both the number of photons
in a given energy bin as well as the average energy of the photons in that bin. We
note that this binning procedure does not allow one to specify an exact energy range,
meaning that the binned spectra may not extend all the way down to 3 keV. We re-
stricted our spectral analysis to an energy range of 3-40keV for persistent emission,
and a range of 3-20keV for burst emission. At higher photon energies, background
counts begin to contribute significantly to the overall spectra. All spectral fitting
was performed using the Cash statistic (Cash, |1979), but throughout the paper we
present chi-squared fit statistics in order to provide an idea of the quality of various
fits using a formalism which is easy to interpret and which gives a clear comparison
between models. For the purpose of readability, spectra shown in figures have been
further rebinned such that each bin has at least 5-sigma significance. All light curves
shown in this paper are the sum of the simultaneous light curves observed by FPMA
and FPMB, and have been background subtracted and corrected for variations in
the livetimes of the detectors. Errors quoted throughout this paper represent 90%

confidence regions unless otherwise stated.

4.3 Light Curve Analysis

The total (3-78 keV) NuSTAR light curve is shown in Figure[d.1] where the top panel
shows the light curve binned in 0.5 s increments in order to demonstrate the bursting
behavior, and the bottom panel shows the light curve binned in 10s increments
and restricted to count rates below 85 count/s in order to show the persistent flux
level. Throughout the observation, GRS 1741.9-2853 showed little variability aside
from two dramatic increases in count rate occurring around 12700s and 52600 s.
Additionally, the persistent count rate appeared to increase gradually by about 30%
from about 50 count/s to about 65 count/s.

Due to their short duration and dramatic increase in count rate, the features at roughly
12700s and 52600 s resemble type-I bursts. Indeed upon closer inspection, they
exhibit the fast rise followed by an exponential decay which are characteristic of
type-I bursts, confirming this classification. Figure d.2]shows the burst light curves
for the entire 3-78 keV NuSTAR band binned into 0.5 s intervals. The bursts not
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Figure 4.2: Burst light curves along with their best-fit models and residuals. The
observed light curves are shown in blue and have been plotted in logarithmic space,
where the origin of the x-axis lies 10 s prior to the onset of the corresponding burst,
in order to more clearly illustrate the burst structure. The left two panels correspond
to Burst 1 and the right two panels to Burst 2. The top panels show the bursts fit to
a simple FRED model described by Equation[4.]and shown by the solid lines. The
bottom panels show the bursts fit to more complex models. Burst 1 is fit to a sum
of two FRED sub-bursts, the first of which is plotted as a dashed line and second of
which is dotted. Burst 2 is modeled by adding a power law component at late times
and is described by Equation4.2] The dashed line shows the FRED component and
the solid line shows the total model. Both bursts are described more accurately by
their respective augmented models rather than by a simple FRED model.

only differ in maximum count rate, but in their structure as well. The first burst,
hereafter Burst 1, appears to have a longer rise time and exhibits two clear peaks in
count rate, while the second burst, hereafter Burst 2, exhibits a much faster rise and

a single peak.

In order to better understand the structure of the two type-1 bursts, we began by
fitting the light curves to a simple Fast Rise Exponential Decay (FRED) model,
given by

L —t_t0]+c @.1)

f(t)=Aexp
t—1 ™D

fort > 19, where 1 is the time at burst onset, 7 and 7p are the rise and decay times,
respectively, A is a factor which determines the height of the burst, and C is the
persistent count rate. From Equation [4.1] it can be seen that the burst peak occurs
at fpeak = VTRTp +to. The height of the burst above the persistent contribution is
therefore given by H = f(fpeak) —C = A exp[-2 \/% ]. The fits to the simple FRED
model, including residuals, are shown in the top panels of Figure .2} in which the
light curves are plotted in logarithmic space in order to better illustrate the structure

of each burst.
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Table 4.1: light curve parameters for Bursts 1 and 2. Burst 1
is further broken down into sub-burst 1 and sub-burst 2. The
top seven rows were determined via model fitting, while the
bottom two rows were calculated based on the fitted parameters.
The burst onset times, #g, are given relative to the start of the
observation, f.f = MJD 58976.305553.

Model Parameter ~ sub-burst 1 Value  sub-burst 2 Value  Burst 2 Value  Units

1 12752.5+2.3 12763.9+0.2  52614.7+0.1 s

TR <520 <0.451 1.6+0.3 s

™ 23+13 5.9+0.7 4.9+03 s

A < 1.4x 1040 556 + 174 4032 +£653  counts™!
fail — f0 17414 s

y s e 1.6 £0.2

C 443 +0.3 57.1+0.3 counts™!
fpeak — 1o 73+2.4 1.0£0.6 28+03 s

H < 31008 396 + 69 1298 +55  counts™!

" 90% upper confidence limit.

As expected, Burst 1 shows clear residuals around the peak of the FRED model
indicating a double-peaked structure. We therefore proceeded to model Burst 1 as
the sum of two “sub-bursts” in quick succession, each modeled as a FRED burst.
The fit to this model is shown in the bottom left panel of Figure This results
in a significantly better fit, eliminating the residuals around the two peaks. Fitting
reveals that the first sub-burst has a significantly slower rise time than the second
sub-burst but a somewhat faster decay time. It can also be seen in Figure {.2] that
the two sub-bursts have comparable peak count rates. In Section [4.6| we discuss the

physical mechanisms by which this double-peaked structure could be realized.

The second burst bears more resemblance to a typical type-1 burst. The FRED model
describes the shape of the burst well for early times, but excess emission can be seen
in the tail of the burst. We therefore adopt a phenomenological model similar to
the one used by Barriere et al. (2015), in which the rise, peak, and beginning of the
decay are modeled by a FRED curve, and the late-time emission is modeled as a

power law decay rather than an exponential decay. This model can be written as

Aexp[-& —EL] 4+ C 1<ty
f(t) _ p[ t—to ™ ] tail (42)

11 —
B(;—=-)7"+C > tail

where f,j; is the time at which the emission transitions from an exponential tail to

a power law tail, y is the power law index, and B = A exp[—tt:—’jto - %] such
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Figure 4.3: Persistent and burst spectra and their best-fit models. The persistent
spectra are shown on the left with FPMA in blue and FPMB in red. The solid lines
show the best-fit reflection model, and the dashed lines shows the blackbody compo-
nent, the Comptonized component, and the reflected cutoff power law component.
The burst spectra are shown on the right with Burst 1 shown in orange and Burst
2 shown in green. For clarity, only the FPMA spectra are shown. The solid lines
show the best-fit models which are dominated by the blackbody component which
has been added to the persistent model.

that the exponential tail and the power law tail have the same count rate at ¢ = ;.
This model successfully describes the burst emission both at early and late times, as

demonstrated by the bottom right panel of Figure §.2]

Table[. I]lists the values of the fitted and calculated parameters for Burst 1 and Burst
2. Both sub-burst 2 and Burst 2 show short rise times and similar decay times. The
increase in count rate which is apparent from the the persistent light curve is reflected
by the difference in the fitted values of C between Burst 1 and Burst 2. The magnitude
of the first sub-burst of Burst 1 is not precisely constrained due to degeneracy with
other values and due to the limited number of constraining data points as compared
to sub-burst 2, which dominates the light curve beginning about 8 s after the onset
of Burst 1. With the onsets of each burst well-constrained, we are able to calculate
the recurrence time between Burst 1 and Burst 2, Ar = 39862.2 + 2.3s. This
recurrence time is less than half the shortest recurrence time previously reported for
GRS 1741.9-2853 (Trap et al., 2009). Due to the orbital gaps in the light curve,

however, it is possible that the two bursts were not consecutive.

4.4 Spectral Analysis
In order to better understand the bursting behavior of GRS 1741.9-2853, it is nec-

essary to characterize both the persistent and burst spectra, as well as to understand
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Table 4.2: Spectral parameters determined by fitting the persistent
spectra in Xspec. Model 1 corresponds to a Comptonized blackbody
without disk reflection, Model 2 corresponds to relativistic disk
reflection of an irradiating blackbody, and Model 3 corresponds to
relativistic disk reflection of an irradiating cutoff power law.

Component Parameter Model 1 Model 2 Model 3
tbabs Ny (102 cm™2) 6.5+0-2 6.679- 7.1404
+0.01
bbodyrad kT (keV) 1.26 £ 0.01 1.2370'02 1.24 £ 0.01
(Rign/d10)? 2942 20+ 4 26%)
0.2 0.2 0.2
. r 1470 2.0%07 L7459
nthcomp 0.09 0.20 0.09
kT, (keV) 265500 287706 2.6670 06
-3 1.7 3 1.6
Norm (107) 4.2% ) 105 7.2%073
E (keV) 6.48 +0.07
gaussian 0.10
o (keV) 0.24*7- 02
K (10™* photoncm™2s7!) 45+1.0
Equivalent Width (eV) 39+7
q . 3.9 3.8
Inclination (°) o 13716 17713
relxill/relxillNS Rin (Rg) . 61t714; 441712
-1 0.06 0.05
log & (ergems™1) e 2.59%09% 2.98*0%
Are (Solar) e 3.0+1.9 2.1}
4 1.6 0.9
Norm (10™%) s L1+S 31708
x*/d.o.f. 293.5/246  284.5/244 274.9/244

T The values of the disk emissivity index were fixed during fitting.

how the spectrum changes during each burst. We began by producing good time
intervals (GTI) for the persistent emission as well as for each of the two type-I bursts.
For the first burst, we defined the GTI to begin at the onset of the first sub-burst and
to end after 5 decay times (7p) had elapsed following the onset of the second sub-
burst. This results in an interval with length 41 s. For the second burst, we similarly
defined the GTI to begin at the onset of the burst and to end after 5 decay times
(tp) had elapsed, resulting in an interval with length 24 s. The GTI for persistent
emission was defined such that it excluded the bursts, with a 100 s buffer prior to
the onset of each burst, and a 500 s buffer following the end of each burst’s GTI,
such that in total 1265 s of the observation was excluded. Using these good time
intervals, we were able to extract the persistent and burst spectra. When extracting
burst spectra, we loosened the event filters by specifying the status expression “STA-
TUS=b0000xx000xxxx000” when running nupipeline. We therefore were able

to avoid removing source photons which would otherwise be mistaken for spurious
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Table 4.3: Physical quantities cal-
culated for the persistent emis-
sion, based on the non-reflection
spectral model.

Quantity Value Units
Fpo® 1.20+0.01 1072 ergem™2 57!
Lol 7034004 1036 erg 57!
s 3.9 10 gem=2 57!
i rivggdd 4.5 %
M@ 7.8 10710 Mg yr!

2 Bolometric (0.1-100keV) un-
absorbed flux.

b Bolometric unabsorbed lumi-
nosity assuming a distance of
7 kpc.

¢ Mass accretion rate per unit
surface area as determined by

Equation [4.3]

d Ratio of the mass accretion
rate to the Eddington lim-
ited rate, mggq = 8.8 X
10*gem™2s7!, assuming M =
1.4 Mg and Rns = 10km.

¢ Mass accretion rate assuming
a NS radius of 10 km.

events at such high count rates.

Persistent Emission

The persistent spectrum is described well by the standard physical picture of a NS
surface or boundary layer emitting blackbody radiation which is Compton upscat-
tered into a powerlaw-like component by a hot corona. In Xspec, we represented the
blackbody emission using bbodyrad and the upscattered emission using nthcomp
(Zdziarski, Johnson, and Magdziarz, |1996; Zycki, Done, and Smith, |1999). The
seed photon temperature for nthcomp was tied to the temperature of the blackbody.
An absorbing column, represented by tbabs was also applied to the sum of the
model components, with molecular abundances described by Wilms, Allen, and
McCray (2000) and cross-sections described by Verner et al. (1996). Fitting with
this model resulted in a reduced Chi-squared statistic of y2 = 1.64 (y? = 408.63;

d.o.f. = 249). We observed a clear Fe Ka emission feature in the resulting residu-
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als, so we also included a Gaussian component at ~ 6.5keV. The addition of this
component improved the fit significantly, bringing the reduced Chi-squared down to
X2 =1.19 (y* = 293.5; d.o.f. = 246), confirming that the component is necessary

to accurately describe the observed spectrum.

Additionally, we found that the Fe line emission could be accounted for by replacing
the Gaussian component with a relativistic disk reflection model. We found that the
spectrum could be described well by the reflection off an accretion disk of a cutoff
power law approximating the nthcomp component using the relxill? model (T.
Dauser et al., 2014; J. Garcia, T. Dauser, Lohfink, et al., 2014), or by the reflection
of the blackbody component using a modified version of relxill, relxillNS
(Garcfa et al., subm.). Although reflection of the blackbody using relxillNS can
account for the line emission, it cannot account for the hard emission on its own,
and the nthcomp component is still necessary to accurately model the spectrum up

to high photon energies.

For both of our reflection models, the disk emissivity index was assumed to be
constant throughout the disk, the disk density was fixed at n = 10'> cm™, the spin
parameter was fixed at a = 0, and the reflection fraction was fixed at a value of —1,
such that only the reflected component was modeled by relxill and re1xil1NS (in
other words, we added the reflected component to the non-reflection model described
above, rather than replacing the direct blackbody and Comptonized emission with
the relxill models). In the case of blackbody reflection, the emissivity index
of the disk was fixed to g = 3.5, corresponding to irradiation of the disk by the
NS surface or boundary layer (Wilkins, 2018)), and the temperature of the incident
blackbody was tied to that of the bbodyrad component. For the case of power
law reflection, we fixed the emissivity index at a value of ¢ = 3 corresponding to a
disk corona geometry. We tied the relxill power law index to that of nthcomp,
and we related the relxill cutoff energy to the nthcomp electron temperature
as Ecy = 3kT, — 2keV such that the shape of the incident power law roughly

approximated the component described by nthcomp.

The best-fit parameters for all three models are listed in Table 4.2 where the non-
reflection model is referred to as Model 1, the reflected blackbody (relxillNS) is

referred to as Model 2, and the reflected cutoff power law (relxill) is referred

2We note that although the alternative reflection model relxillCp models the incident power
law using nthcomp, that model assumes that the Comptonized blackbody has a disk geometry with
fixed temperature of k7, = 0.05keV. In order to maintain consistency between model components
we therefore chose to use relxill rather than relxillCp
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to as Model 3. We find that the three models provide a similarly good fit: the
reduced chi-squared statistics for Models 1, 2, and 3 are )(3 = 1.19 (d.o.f = 246),
1.17 (d.o.f = 244), and 1.13 (d.o.f = 244), respectively. The observed spectra as
well as the residuals and components of the Model 3 are shown in the left panel of
Figure The three models are largely consistent with one another, showing little
change between their shared components. Additionally, the spectral parameters are
consistent with previous measurements (Barriere et al.,|[2015) with somewhat lower

column density and blackbody temperature.

From the non-reflection model, we find an apparent blackbody radius of R = 3.8 +
0.1 km assuming a distance to the source of 7kpc. Given that the gravitational
redshift on the surface of the NS, given by 1 + z = (1 — 2GM/(c*Rns))™"?, is
significant, the radius measured by fitting to a blackbody is larger than the radius in
the emitting frame by a factor of (1+z)3/2. Assuming M = 1.4 M and Rxs = 10km,
we get 1+z = 1.31. This yields an actual blackbody radius of 2.5 km, consistent with
accretion onto a small band rather than spherical accretion onto the entire surface of
the NS. The relativistic reflection models provide similar values for the ionization
of the disk, & ~ 103 ergcm s~1, as well as the iron abundance, Ap., which is loosely
constrained at about 3 times the Solar value. The iron abundance, however, depends
strongly on the disk density which cannot be varied using relxill and which
we could not constrain with relxil1NS. We therefore advise against interpreting
the iron abundance as the true physical value. Both relxill and relxillNS
yield a low inclination of ~ 15°, and an inner disk radius consistent with ~ 50 R,,

corresponding to about 100 km for a NS mass of M = 1.4 M,

Having modeled the persistent emission, we were able to constrain the persistent
flux and corresponding mass accretion rate. From Duncan K. Galloway, Michael P.
Muno, et al. (2008), the bolometric luminosity, Ly, is related to the accretion rate
per unit area, ri1, by Ly = 47rR12\ISm(GM/RNS)(1 +2)~!. Solving for 71, as in
Barriere et al. (20135)), gives

-1
i =3280 X Tl M
102 ergcm2s~1

X Rus R —d 2 —1+Z cm 257!
10km| \7km/ \131)%

where Fy 1s the bolometric flux, M and Rygs are the NS mass and radius, respec-

4.3)

tively, d is the distance to the source, and z is the gravitational redshift at the surface
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Figure 4.4: Evolution of the blackbody component which describes the emission for
each type-I X-ray burst. The apparent unabsorbed bolometric luminosity, tempera-
ture, and radius (assuming a distance of 7 kpc) of the blackbody are shown for Burst
1 on the left in orange and for Burst 2 on the right in green. The double-peaked
structure of Burst 1 is observed in the intrinsic luminosity, confirming that it is not
the result of the spectrum dropping below the NuSTAR bandpass. Burst 2 exhibits
a PRE “touchdown” event a few seconds after burst onset in which the blackbody
radius contracts rapidly while the temperature increases at constant luminosity.

of the NS. The values which we measured for the bolometric flux and the resulting
calculated values of bolometric luminosity and accretion rate, assuming a distance
of d = 7kpc, are shown in Table 4.3]

Burst Emission

The burst spectra were modeled by freezing the persistent model (for simplicity,
we used the non-reflection model) and adding an additional blackbody component
which was allowed to vary in both temperature and normalization[’] Rather than
pinning the spectral parameters of the persistent model to the values determined for

the full observation, we determined the persistent model parameters relevant to each

3We also tried allowing the total normalization of the persistent model to vary by introducing a
multiplicative factor, following the approach of Worpel, Duncan K. Galloway, and D. J. Price (2013)
and Worpel, Duncan K. Galloway, and D. J. Price (2015). For Burst 1 we found that this factor was
difficult to constrain, and for Burst 2 the factor was consistent with unity and its inclusion resulted
in a negligible improvement to the fit statistic. We similarly found that adding a second blackbody
component did little to improve the fits and was difficult to constrain.
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burst using spectra extracted near the time of that burst, excluding the interval of

variability between ~ 15ks and ~ 35 ks.

For each burst, we produced GTIs of varying length, beginning at the burst onset
and ending after several decay times. The GTI lengths were set such that each
bin contained a roughly equal number of counts, and so that we could achieve
good temporal resolution during the first several seconds of the burst while also
maintaining enough photons per time bin to enable robust spectral fitting. For
each of these intervals, the spectrum was again extracted and fit to the persistent-
plus-blackbody model described above, allowing the blackbody temperature and
normalization to vary. The resulting parameters, including the temperature, the
unabsorbed bolometric luminosity, and radius of the blackbody (assuming a distance
of 7kpc) are shown in Figure 4.4} Each data point corresponds to a GTI for which
spectra were analyzed.

Time-resolved spectroscopy reveals that the double-peaked structure observed in
the count rate during Burst 1 is also visible in the luminosity and temperature
evolution of the burst. The first sub-burst reached a blackbody temperature of
kTip = 2.2keV and a luminosity of Lyo = 4.4 x 1037 ergs™', while the second
sub-burst reached a blackbody temperature of kTy, = 2.3keV and a luminosity of
Lol = 6.8 X 10%7 erg s™!. This analysis confirms that the double-peaked structure is
intrinsic to the source. That is, it is not the result of an increase in the fraction of
incident photons energies falling below NuSTAR’s lower energy limit of 3 keV due
to a softening of the spectrum at a constant luminosity. The available data do not
suggest that the NS underwent PRE during either of the sub-bursts which make up
Burst 1, but our analysis is limited by our inability to resolve these short sub-bursts

into smaller time bins due to insufficient counts.

We showed in Section [4.3|that Burst 2 exhibited a very different structure compared
Burst 1. This is borne out in our time-resolved spectroscopic analysis as well. The
blackbody luminosity shows a single peak, reaching a bolometric flux of Fyeax =
2.94t%'§% x 108 ergem™2 57! (Lpeax = 1.7 % 108 ergs~!, assuming a distance of
7 kpc) within a few seconds of the onset of the burst, and a long decay time. On the
other hand, the apparent blackbody temperature and radius show variability during
the luminosity peak, with the temperature decreasing rapidly from 2.7 keV to 1.9 keV
in the first second of the burst, followed by an increase up to 2.5keV only a few
seconds later. This temperature evolution is accompanied by a rapid expansion and

contraction of the apparent blackbody radius, which reaches a maximum of 8.7 km



51

before contracting to about 5 km. We note that the observed values of the blackbody
radius and temperature are under- and overestimates, respectively, of their actual
physical values. Scattering of the blackbody emission in the NS atmosphere results
in a harder emergent spectrum. The overall effect of this scattering is to introduce
a color correction factor, f., to the effective temperature so that Tog oc Tops fc_l,
where Typ is the temperature determined via modeling of the observed spectrum.
Similarly, the effective radius is related to the observed radius by Reg oc Rops fcz. The
color correction factor may vary between 1.4 and 1.7 for luminosities approaching
the Eddington limit (Suleimanov, Poutanen, and Werner, 2011)). Therefore at the
peak of Burst 2, the blackbody temperature may be a factor of ~ 0.6 lower than that

observed, and the blackbody radius a factor of ~ 3 larger.

The behavior described above is the signature of a “touchdown” event wherein the
photosphere undergoes expansion due to radiation pressure, then rapidly falls back
down to the surface such that luminosity remains constant while the contraction
causes the temperature to increase. We therefore conclude that the NS underwent
PRE during Burst 2. Because this phenomenon is generally attributed to the balance
of radiation pressure and gravitational force at the Eddington limit (Lggg ~ 2 X
108 ergs™! for a NS with typical mass M = 1.4 M), it is often assumed that
PRE allows for the measurement of the source distance. We defer estimation of the

distance and further discussion until Section

4.5 Timing Analysis

We searched both the persistent and burst emission for timing features including
quasi-periodic and coherent oscillations. We began by producing cross-spectra
between FPMA and FPMB for 113 X 256 s intervals included in the persistent GTI
described in Section 4.4, We analyzed the cospectrum, the real part of the cross-
spectrum, due to its advantages described by Matteo Bachetti, Harrison, et al. (2015)),
namely the fact that it eliminates contributions to the power spectrum introduced
by Poisson noise and dead time, the latter of which can be significant even for
moderate NuSTAR count rates. In order to produce the cospectra, we used Stingray
to produce light curves using only events within the 100” source extraction region
and with energy between 3 and 78 keV. We binned the light curves with a resolution
of 2048~!'s, and ensured that the light curves were simultaneous between FPMA
and FPMB.

We inspected the resulting dynamical cospectrum as well as the averaged cospectrum
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to look for coherent signals, particularly around the previously detected signal at
589 Hz (Strohmayer et al., |1997). There is no indication of such a feature, and
the cospectrum of the persistent emission does not appear to deviate from a simple
power law. We confirmed this visual inspection by performing a chi-squared fit
to a power law model, which yielded a reduced chi-squared of y?/d.o.f. = 0.98.
Nonetheless, we performed an automated search for QPO features by fitting the
average cospectrum to a power law with an added Lorentzian feature, such that the

total model is given by

Fv) = Avi+ B (%) [ y (4.4)

(v —vo)? +7?

where f(v) is the rms-normalized spectral power density at frequency v, A is the
normalization of the power law component, « is the power law index, B is the
integrated power underneath the Lorentzian component, v is the frequency at the
peak of the Lorentzian component, and y gives the width of the Lorentzian and
is related to the quality factor by Q = 5—3 We scanned vg over the frequency
range, bounded on the lower end by the length of the intervals, and bounded on the
upper end by the Nyquist frequency, equal to twice the binning frequency. For each
value of v, we fit the average cospectrum to the model described by Equation §.4]
allowing all parameters aside from vy to vary, and compared the resulting y? fit
statistic to the statistic attained by fitting the cospectrum to a power law alone. This
produced a Ay? distribution over the range of allowed frequencies. The greatest
fit improvement is |Ay?| < 12, compared to a baseline statistic of )(g =2.5x10°,
indicating that the addition of a Lorentzian signal to the underlying power law
spectrum is not warranted. We nonetheless attempted to fit QPO signals at several
peaks in the |Ay?| distribution, this time allowing vq to vary. We found that none
of these signals had significance greater than 1.70-, where significance is defined
as the ratio of the integrated power under the Lorentzian to the error of the power,
B/op.

We performed a similar analysis for the burst emission as well as a more focused
search for QPOs in two 10 ks intervals preceding each burst. We produced cospectra
for 1151 sintervals during Burst 1 and 98x1 s intervals during Burst 2, and averaged
all 213 cospectra together. We note that for the purposes of timing analyses, we
extended each of the burst GTIs by 75 s in order to include the burst decays. For the
pre-burst emission, we produced a total of 34 cospectra, each corresponding to an
interval of 256 s, 18 of which precede Burst 1 and 16 of which precede Burst 2. We
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averaged over each of the pre-burst epochs separately, and, prompted by the work
of Revnivtsev, Churazov, et al. (2001), we filtered the pre-burst emission to include
only photon energies in the range 3-12 keV. Following the QPO search method we
described for the persistent emission yields similar results: we do not significantly

detect QPOs at any frequency during the bursts nor during the pre-burst intervals.

We also investigated the burst cospectra for evidence of coherent oscillations cor-
responding to a spin period. Visual inspection of both the dynamical and averaged
(across both bursts) cospectra does not indicate the presence of coherent oscilla-
tions. We find a 99% confidence upper limit of 16% for the fractional rms integrated
between 588 Hz and 590 Hz, exclusive.

We further searched for burst oscillations by performing a dynamical epoch-folding
search on the burst emission. We analyzed each burst in 1 second intervals, stepping
through the bursts in 0.5 second increments, resulting in overlapping time bins. For
each focal plane module we produced pulse profiles corresponding to a range of
oscillation frequencies near 589 Hz. We folded only events between 3 and 12 keV,
again restricting our analysis to events within the source extraction region used
described above. The resulting pulse profiles were further corrected for variations
in dead time using the method described in Kristin K. Madsen, S. Reynolds, et al.
(2015). For each corrected pulse profile we calculated the Z22 statistic (Buccheri
etal., 1983) as well as the corresponding probability that each of these statistics was
not produced by noise. For each burst, we were thus left with two distributions, one
for FPMA and another for FPMB, of the probability of detection of oscillations over
a range of frequencies. We did not find any significant signal at any time during the
bursts, and those spurious signals which we did observe only appeared in a single

focal plane module.

4.6 Discussion

Explaining the double-peaked burst

Both of the type-I X-ray bursts which we have presented exhibit interesting bursting
behavior. Burst 1 does not adhere to the canonical fast-rise exponential-decay
structure of most type-I bursts, instead showing a double-peaked structure. In some
cases, bursts which show multiple peaks in their observed count rates have been
shown to be associated with PRE (W. H. G. Lewin, Vacca, and Basinska, [1984),
however we do not observe evidence for PRE during Burst 1, as the bolometric

luminosity exhibits the same double-peaked structure as the count rate. Burst 1 is



54

instead more similar to the multiple-peaked non-PRE bursts observed in sources
like 4U 1608-52 (Penninx et al., [1989; Jaisawal et al., [2019), GX 17+2 (Kuulkers,
Homan, et al.,|[2002), and 4U 1636-536 (Sztajno et al., 1985} J. van Paradijs et al.,
1986; Bhattacharyya and Strohmayer, [2006).

Even among this class of multiple-peaked bursters there is some inhomogeneity. The
burst observed by Jaisawal et al. underwent rebrightening about 5 s after burst onset,
resulting in a double-peaked light curve where the second burst reached about half
of the count rate as the first peak. The authors presented several possible physical
explanations including a stalled burning front, waiting points in the rp-process, and
reburning of material. While the double-peaked burst which we have observed bears
some dissimilarities with the double-peaked burst of 4U 1608-52, these mechanisms

could also explain the behavior of Burst 1.

In the case of GRS 1741.9-2853, we have shown that the sub-bursts were character-
ized by quite different rise and decay times, and that the second sub-burst actually
exceeded the peak luminosity of the first. Additionally, whereas Jaisawal et al.
found that the blackbody temperature reached its peak during the dip in brightness
between sub-bursts at the same time that blackbody radius reached a minimum, we
find that the blackbody temperature closely tracks the luminosity, while appearing
to show a slight anti-correlation with the blackbody radius. This is reminiscent of

the double- and triple-peaked bursts originating from 4U 1636-536.

Similarly to the scenario presented by Sztajno et al. and van Paradijs et al., the first
sub-burst may have been the result of a “failed,” slowly igniting type-I burst which
did not manage to spread across the entirety of the NS surface, followed by a second
type-I burst which ignited much more quickly and enveloped a larger fraction of
the NS surface. Alternatively, the double-peaked structure we observed may be
the result of a single burning front which stalled as it traveled from the NS pole
towards the equator. Battacharyya & Strohmayer have shown that models of burning
front propagation are able to reproduce the qualitative features observed during a
double-peaked burst in 4U 1636-536. Indeed, the shape and spectral evolution of
the burst they present strongly resembles those of Burst 1. A third possibility is the
stalling of burning due to waiting points in the process of thermonuclear burning
(Fisker, Thielemann, and Wiescher, 2004). Detailed physical modeling is required

to compare the viability of these scenarios, however this is beyond the scope of this

paper.
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Table 4.4: Comparison of PRE bursts presented in this work and in
Barriere et al.,[2015|

Reference Fper F, peak Xxd LEch-l] a8
(107 ergem™s7h)  (107¥ ergem™2s7") (108 ergs™) (kpc)
Barriere et al., 2015 8.04+0-38 3.5810-29 0 3 8.3+0.7
’ ) 0.7 1.7 6.3+0.5
This work 130+ 2 2.94+028 0 3 9.0+0.5
: 0.7 1.7 7.0+0.4

4 Unabsorbed bolometric flux calculated for the period leading up to the
burst. This period corresponds to epoch O4 in Barriere et al., 2015
and to the final four orbits of the observation presented in this work.

b Unabsorbed bolometric flux calculated for time slice corresponding
to the peak of the burst.

¢ Hydrogen mass fraction assumed when calculating the Eddington
luminosity.

d Eddington luminosity calculated using Equation

¢ Distance calculated assuming that the peak flux corresponds to the
Eddington luminosity.

Photospheric Radius Expansion

Our analysis of the spectral evolution of Burst 2 revealed that the burning material
underwent a process of rapid expansion and contraction. We have interpreted
this behavior as evidence for PRE, during which the burning material reached the
Eddington luminosity and was therefore momentarily lifted from the NS surface
by radiation pressure. The evolution of the blackbody radius, temperature, and
luminosity strongly resembles the PRE burst observed by Barriere et al. (2015),
with the major difference being the overall shorter timescales observed in Burst 2

compared to the Hydrogen-rich burst observed by those authors.

Compared to the burst observed by Barricre et al., the short rise and decay time
observed for Burst 2, in addition to the relatively high persistent flux leading up
to the burst (see Table 4.4) may indicate that at the time of observation the source
was in the stable H-burning regime. In other words, while the accreted material
is likely to contain a mixture of H and He, the accreted H burns stably on the NS
surface rather than leading to runaway thermonuclear burning. This in turn leads to
pure He bursts (Trap et al., [2009). In addition to the burst structure and persistent
flux, the recurrence timescale and burst fluence provide further evidence for pure
He burning during Burst 2. The recurrence timescale, 7., and the mass accretion
rate, 71, can be combined to calculate the ignition column: yjgn = 7t Trec(1 + z)~ L

Next, the energy released per unit mass, €y, can be calculated using the relation
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€nue = Ep(1 +2)/ (4”R1%Isyigﬂ)’ where Ey, is the total energy radiated during the
burst and is related to the burst fluence, f;,, by E}, = 4nd? f,. We may combine the
relations listed above with Equation [4.3]to obtain an equation for e,,c which does
not depend on the distance to the source but rather on the ratio of the observed burst

fluence to the integrated persistent flux:

Jo Tree |1
=2.44 % (
Enue ( 107 ergem=2 ) \ 104 s) @5)

Fiol -
X = x 108 erg g~
(10‘9 erg cm=2 s‘l) e8
for a NS with M = 1.4My and Rns = 10km. Due to the orbital gaps in the
observation, we were only able to determine an upper limit on the recurrence
timescale, Troc < 4x10%s. Integrating the blackbody flux during Burst 2 gives a burst
fluence of f;, = (2.8+0.1)x 1077 erg cm~2. Thus we arrive at an energy per unit mass
of €que 2 1.4 % 10" erg g=! or an energy per nucleon of Qe 2 1.4 MeV nucleon!.
Given Qpue = (1.35+6.05X) MeV nucleon™! (Goodwin, Heger, and D. K. Galloway,

2019), this corresponds to a H fraction, X, consistent with zero.

With this in mind, we may calculate the distance to the source. The Eddington
luminosity as measured by a distant observer is given by (Walter H. G. Lewin, Jan

van Paradijs, and Taam, |1993))

drncGM 26M |12
LEdd,co = 1-

Rc?

kT 0.86
1+ | ——
(39.2 keV)

Ko

(4.6)

X (1+Xx)7!

where kg is the opacity for pure He and is given by kg = 0.2cm? g~!, M is the mass of

the accretor, R is the radius at which the Eddington luminosity is being calculated, T’
is the temperature of the material at touchdown, and X is the hydrogen mass fraction
of the material, which we assume to be zero. We assume a typical NS mass of
M = 1.4Mg, and because the peak flux is achieved at the time of touchdown when
the burning material is assumed to have returned to the NS surface, we similarly
assume a typical NS radius of R = 10km. The temperature, 7, that appears in
Equation [4.6]is that of the material in the emission reference frame. In reality, the
temperature measured by a distant observer via fitting to a blackbody differs from

the temperature in the frame of the emitting material, 7oy = (1+2) fc‘lToo. Given a



57

temperature at touchdown of kT, = 2.44 keV, aredshiftof (1+z) = 1.31 (see Section
4.4), and a color correction factor of f. = 1.7, we arrive at an Eddington luminosity
of Lgddeo = 3 X 1038 ergs~!. Combined with our measured peak unabsorbed,

2

bolometric flux of Fpeax = 2.94+0-28 5 108 ergcm- s™!, this corresponds to a

-0.26
distance to the source of d = 9.0 + 0.5 kpc.

This result is consistent with previous estimates which have placed the source
at distances ranging from 5kpc to 9kpc depending upon the assumed material
composition and the method of calculating the Eddington luminosity (Cocchi et al.,
1999; Duncan K. Galloway, Michael P. Muno, et al., 2008; Trap et al., 2009; Barriere
et al., [2015). Our measurement lies on the most distant end of these estimates.
This could be the result of a number of effects. As we have shown, the material
composition has a significant effect on the Eddington luminosity and therefore on
any measurement of the distance. For example, if we assume solar composition,
X = 0.7, rather than pure He burning, the resulting distance is d = 7.0 + 0.4 kpc. In
order to remain consistent with our measurements of the burst fluence, this would
require a recurrence time which is a factor of ~ 4 smaller than the time which
elapsed between Burst 1 and Burst 2. This in turn would imply that an additional
burst took place during one of the orbital gaps of the observation. It is interesting
to note that the peak flux we have observed is nearly consistent with the peak flux
presented by Barriere et al., while the structures of the corresponding bursts are very
different. This may represent a challenge to the method of inferring the composition

of burning material via light curve analysis alone.

Throughout this paper we have assumed isotropic emission when calculating burst
and persistent fluxes. However, the inclination of the system can have a significant
effect on the actual values of these quantities (Duncan K. Galloway, Psaltis, et al.,
2003). Spectral modeling of the persistent emission suggests that the inclination
of the inner disk is less than 30°. Depending upon the disk geometry, this may
result in an overestimate of the burst flux by a factor of 1.5 — 2, and of the persistent
flux by up to a factor of 2.5 (He and L. Keek, [2016). Therefore, the distance may
be underestimated, both in this work and in previous work which also assumed
isotropic emission, by a factor of up to V2. The bursting behavior presented by Trap
et al. (2009) indicates a possible correlation between peak flux and burst fluence.
We therefore speculate that those bursts could actually have achieved the same
peak luminosity (modulo composition effects) which only appeared to vary due to

changes in inclination. However, because Trap et al. are unable to claim that the
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bursts undergo PRE, it may not be appropriate to assume that the bursts reached
the Eddington luminosity, meaning that this interpretation may not be accurate.
Future investigations of the long-term variability of GRS 1741.9-2853 could reveal
whether changing disk inclination has a significant impact on the measured peak
flux of PRE bursts.

4.7 Summary and Conclusions

We have presented light curve, spectral, and timing analyses of two type-I X-ray
bursts as well as persistent emission originating from the source GRS 1741.9-2853
during a period of outburst observed by NuSTAR. This represents the first time the
source has been observed by NuSTAR at such a high persistent flux — the source
was over 15 times brighter than during the previous NuSTAR observation which
took place in 2013 — which allowed us to analyze the bursting behavior in an
accretion regime previously unexplored by NuSTAR for this source. Additionally,
because we observed two bursts, we were able to obtain an upper limit on the
recurrence timescale between the bursts, Toc < 4 X 10*s. This upper limit is half
of the shortest recurrence time previously reported between bursts originating from
GRS 1741.9-2853 (Trap et al., [2009), and the measurement of the recurrence time
served as an additional piece of evidence that the burning material was H-deficient.
Aside from the two bursts, the source appeared to show only slight variability. We
confirmed this by analyzing the cospectra taken between light curves observed by
the two focal plane modules. In all cases we found the cospectra to be relatively
featureless, being described well by a single power law model. Additionally, we
performed an epoch-folding analysis which did not produce evidence for coherent

burst oscillations.

We found that the spectra of the persistent emission were modeled well by an
absorbed blackbody plus upscattered emission originating from a hot corona or
accretion flow, in addition to Fe Ka emission which can be modeled either phe-
nomenologically using a simple Gaussian emission line or self-consistently using
relativistic disk reflection models. Having modeled the persistent emission, we were
able to perform a time-resolved spectroscopic analysis on each of the type-I bursts.
We found that the first burst exhibited a double-peaked structure, and we showed
that the structure we observed did not appear to result from the rebrightening of
an ongoing burst but rather could be described as two “sub-bursts” occurring in
quick succession. This is the first confirmed case of such a burst originating from

GRS 1741.9-2853, placing it within a population of only a handful of multiple-
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peaked bursters.

The first burst was significantly less bright and energetic than the second burst, which
exhibited a canonical fast-rise exponential decay structure in addition to an extended
tail. Spectroscopic analysis showed that the blackbody describing the emission dur-
ing the second burst underwent a period of rapid contraction accompanied by a rise
in temperature, all occurring at a constant luminosity. We therefore inferred that
the source had undergone photospheric radius expansion, or PRE, which typically
implies that the source has reached the Eddington luminosity. Based on this as-
sumption, we calculated a distance to the source of d = 9.0 + 0.5 kpc, which is
somewhat larger than, but still consistent with, previous estimates. However, the
value of the Eddington luminosity depends strongly on the composition of the burn-
ing material. While the observed properties of the burst as well as the persistent flux
and recurrence timescale are consistent with pure He burning, it is not possible to
determine the composition with absolute certainty. Future observations type-I X-ray
bursts originating from GRS 1741.9-2853 may provide additional opportunities to
determine how the composition of burning material varies with persistent flux and
how this affects bursting behavior, as well as whether changing disk inclination is

responsible for variation in peak flux between PRE bursts at different times.
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Chapter 5

MAXI AND NUSTAR OBSERVATIONS OF THE FAINT X-RAY
TRANSIENT MAXI J1848-015 IN THE GLIMPSE-CO01 CLUSTER

Pike, Sean N. et al. (Mar. 2022). “MAXI and NuSTAR Observations of the Faint
X-Ray Transient MAXI J1848-015 in the GLIMPSE-CO1 Cluster”. In: ApJ
927.2, 190, p. 190. por: 10.3847/1538-4357/ac5258. arXiv: 2202 .02883
[astro-ph.HE].

5.1 An unknown X-ray transient in outburst

X-ray binaries in outburst

Compact objects, such as neutron stars (NS) and black holes (BH), orbiting main
sequence stars often undergo cycles of outburst and quiescence due to modulation in
the rate at which matter from the companion star accretes onto the compact object.
Matter falls from the surface of the companion into the orbit of the compact object
via Roche-lobe overflow or stellar winds (also known as Bondi-Hoyle accretion).
According to the Disk Instability Model (Lasota, 2001), this material eventually
reaches a critical density at which angular momentum can be transported efficiently
outward, resulting in the formation of an accretion disk (Shakura and R. A. Sunyaeyv,
1973). This disk may reach all the way down to the surface or inner-most stable
circular orbit (ISCO) of the compact object. As the gravitational potential energy
of the accreting material is converted into heat, the innermost regions of the disk
can reach temperatures of order 10’ K, emitting photons with energy exceeding
thousands of electron volts, hence these systems are referred to as X-ray binaries.
This cycle of transient disk accretion leads to a variety of observable phenomena.
The X-ray spectra of accreting NSs and BHs vary between a low-luminosity hard
state and a brighter soft state, with intermediate states in between. During the hard
state, emission is dominated by a power-law-shaped component which originates
from a region of hot plasma near the central accretor known as the corona, while
the soft state spectrum is dominated by thermal emission from the inner regions of
the disk.

Additional spectral features result from the disk geometry in an X-ray binary. Iron in
the disk may be irradiated by coronal emission and fluoresce, giving rise to emission

lines around 6.4 keV. Line emission originating from the inner regions of the disk
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may be blurred by Doppler shifts due to the rapid orbital motion of the disk material
and by the strong gravitational potential near the central compact object. Further-
more, soft photons from the corona may undergo Compton upscattering resulting
in a “Compton hump” in the spectrum at high energies. These “reflection” features
encode information regarding the inner disk radius, Rj,, and the spin parameter, a,
of the central accretor. Spectral models such as relxill (T. Dauser et al., 2014; J.
Garcia, T. Dauser, Lohfink, et al., |[2014), which self-consistently model relativistic
disk reflection, are therefore important tools for probing the properties of X-ray

binaries, and can help us to differentiate between NS and BH accretors.

MAXT J1848-015

Each year, the Monitor of All-sky X-ray Image, or MAXI (Matsuoka et al., [2009),
discovers dozens of X-ray sources. Among these sources are accreting black holes,
neutron stars, and white dwarfs. Follow-up with other X-ray observatories can help
to elucidate the nature of these sources and lays the groundwork for their future

study.

One such source, MAXI J1848-015, was discovered with the MAXI/GSC on De-
cember 20, 2020 (Takagi et al.,|[2020). The MAXI/GSC nova alert system (Hitoshi
Negoro et al., 2016) triggered on the source at 05:04 (all times are given in UT),
and the source flux was found to be increasing. The average X-ray flux on eight
scan transits from 00:25 to 11:16 on December 20 was 63 + 10 mCrab in the 4—10
keV band. The MAXI 90% confidence region had a radius of about 0.3 deg and was
consistent with the previously detected ASCA source AX J1848.8-0129 (Sugizaki,
Mitsuda, et al., 2001)). Since the source had an angular separation of 26 deg from
the Sun at the time of detection, neither the Neil Gehrels Swift Observatory X-ray
Telescope (Swift/XRT, Gehrels et al., 2004; Burrows et al., 2005b) nor the Neu-
tron Interior Composition Explorer Mission (NICER, Gendreau and Arzoumanian,

2017) could observe the source.

However, the Nuclear Spectroscopic Telescope Array, or NuSTAR (Harrison et al.,
2013)), was able to perform follow-up observations of the source despite its angular
proximity to the Sun. NuSTAR performed tiling observations to search the MAXI
error region, and the source was detected during the first pointing. The source
exhibited a soft spectrum, and although the source position was further refined to a
region with radius ~ 90”, it could still not be distinguished from AX J1848.8-0129
with certainty (Pike, Harrison, Forster, et al., 2020). Soon after the NuSTAR ToO
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observations, on December 23, the 2—-10 keV source flux rapidly decreased in a day
from about 40 mCrab to less than 15 mCrab (H. Negoro et al.,[2020). About a week
later, the source was again observed by NuSTAR, this time exhibiting a much harder
spectrum (T. Mihara et al., 2021)).

By the end of February 2021, MAXI J1848-015 was far enough from the Sun that it
could be observed by other instruments. Thereafter, the source was localized by both
Swift/XRT and the Chandra X-ray Observatory (Chandra, Weisskopf et al., 2000b) to
90% confidence regions of +2.3” (Kenneaet al.,2021) and +0.8” (Chakrabarty et al.,
2021)), respectively, while radio observations further refined the source position to
@ (J2000) = 18h48m49.824s + 0.003s, 6(J2000) = —01°29"49.99” + 0.05” (Tremou
et al., 2021)[7] Interestingly, the radio position is coincident with a relatively bright
NIR counterpart (Hare, Yang, et al., 2021)). Around the same time, NICER obser-
vations of the source were performed and Miller, Sanna, et al. (2021)) reported a

number of emission lines in the Fe K band and a flux of about 1 mCrab.

Importantly, the precise localization of the source confirmed that MAXI J1848-015
is not consistent with the previously reported position of AX J1848.8-0129, and
that it is spatially coincident with, and likely resides in, the core of the Galactic
cluster GLIMPSE-CO1 (GCO1 hereafter). This cluster was originally discovered
by Kobulnicky et al., 2005, who suggested that the cluster was an old globular
cluster passing through the Galactic disk at a distance of 3.1 — 5.2kpc. Several
subsequent studies have alternatively suggested that GCO1 is a young or intermediate
age massive cluster candidate with an age between 0.3 —2.5 Gyr (Davies et al. 2011}
Davidge et al. 2016). More recently, Hare, Kargaltsev, and Rangelov, 2018|reported
on Hubble Space Telescope observations of GCO1, which they used to estimate a
cluster distance of ~ 3.3 kpc and a cluster age of > 2 Gyr by studying the absolute
magnitudes of red clump stars in the cluster. Unfortunately, the cluster’s large
source density, strong differential reddening across the cluster (ranging between
Ay = 14-22), and unknown metallicity make it difficult to more precisely constrain

the cluster’s age (Hare, Kargaltsev, and Rangelov, 2018]).

In this paper, we present the results of MAXI monitoring of MAXI J1848-015 as
well as spectral and timing analysis of the two NuSTAR observations performed
following the detection of the source by MAXI. In Section we describe the
MAXI observations in detail, including the shape and duration of the outburst.

In Section [5.3] we discuss the NuSTAR observations of the source, beginning

The authors do not specify whether the uncertainties represent 1o~ or 90% confidence regions.
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with a description of the observations and data reduction and continuing onto an
investigation of the source spectra of as well as the results of reflection modeling
applied to these spectra in Section [5.3] Next, we present an analysis of the timing
properties of the NuSTAR light-curves in Section [5.3] Finally, in Section [5.4] we
discuss what our results mean in regards to the questions of whether the source is a
neutron star or a black hole accretor and how its particularly low luminosity can be

understood in the context of disk accretion.

5.2 MAXI Observations

Observations and data reduction

MAXTI has been monitoring about 85% of sky every 92 minutes with the Gas Slit
Cameras, GSCs, in the 2-20 keV band since August 2009 (Tatehiro Mihara et al.,
2011} Sugizaki, Tatehiro Mihara, et al., 2011). The GSCs have two wide fields of
view of 1.5° X 160° to the horizontal and zenith directions, and typically observe

a source for 40-100 seconds every 92 minutes as the International Space Station
(ISS) orbits Earth.

In December 2020, the GSC_1, GSC_2, GSC_4, GSC_5, and GSC_7 cameras and
the degraded GSC_3 and GSC_6 cameras were operating. The source was detected
by all these detectors, but in these analyses we only used those obtained with the
well-calibrated GSC_4 and GSC_5 cameras with a high voltage of 1650V and
GSC_2 and GSC_7 cameras with 1550 V.

We employed a point-spread function (PSF) fit method to obtain MAXI/GSC light-
curves with the best signal-to-noise ratios (Morii et al., [2010). The count rate in
each light-curve bin was obtained by fitting an image with the PSFs of the GSCs
taking into account the presence of nearby sources such as the high-mass X-ray
binary AX J1846.4-0258 (1.60 degree separation) and the Super-giant Fast X-ray
Transient IGR J18483—0311 (1.68 degree separation). On the other hand, the nearby
transient sources in quiescent states, including Swift J185003.2-005627 (0.64 deg),
GS 1843-02 (0.93 deg), and Swift J1845.7-0037 (1.11 deg), were ignored. AX
J1848.8—0129 (0.012 deg ~ 0.74 arcmin) was also excluded. We note that AX
J1848.8—0129 is originally named as AX J184848—-0129 (Sugizaki, Mitsuda, et al.,
2001)), and its position has about 1 arcmin uncertainty. We first produced 1-scan,
6-hr, and 1-day bin light-curves in the 2—4 keV and 4-10 keV bands, respectively.
The 6-hr and 1-day bin data were obtained by fitting 4-scan and 16-scan image

data, respectively. We then subtracted constant background components, mainly
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Figure 5.1: 2—4 keV and 4-10 keV light-curves (upper and middle panels) and their
ratios (lower) of MAXI J1848-015 obtained with MAXI/GSC. Average fluxes in 1
scan (grey), 6 hours (black), and 1 day (red) are shown (1 scan data are omitted in
the lower panel). The average 2—4 keV and 4-10 keV count rates for Crab are 1.065
and 1.172ctcm™2s™!, respectively. The blue and green lines are the start and end
time of the first and second NuSTAR observations, respectively.

originating from the galactic ridge X-ray emission, as the average count rates from
MIJD 58000 (2017 September 4) to 58599 (2019 April 26) were consistent with
zero. Finally, we obtained 2—10 keV curves by summing the background subtracted
2-4 keV and 4-10 keV curves.

As shown later, every ~ 92 days (the ISS precession period), when the source was
at the right side of the GSC_2 and GSC_5, the source was obscured by the Space-X
Crew-1 spacecraft attached on the Harmony module of the ISS for several days.
We did not use data during the periods shown in the current calibration database
(CALDB) and we also excluded data from 1 day before and after this period due to

some ambiguity regarding the shape of the spacecraft shadow.

Long-term light-curve

Figure [5.1] shows the MAXI/GSC 24 keV and 4-10 keV light-curves and their
ratio for MAXI J1848-015 obtained by the PSF-fit method. In the seven scan
transits from 18:37 on December 18 to 01:12 on December 19 (MJD 59201.7763
— 59202.0501), the source was not visible on GSC images (Takagi et al., 2020).
No count excess is recognized in each scan curve. The PSF-fit method provides
two-sided 1o errors based on the likelihood method (Morii et al., 2010). Fitting
eight one-scan data points during the period with a constant model gives the average
count rate of -0.094+0.0128 ctcm =271, Using the size of this error, we estimate a
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Figure 5.2: Long-term 2—-10 keV light-curve of MAXI J1848-015 from MAXI.
Unused data during interference with the Space-X Crew-1 spacecraft are also shown
in grey. A logarithmically rebinned curve and the best fitting curves are also shown
in the inset panel. The data during a dip shown in grey are not used in the fits
(see Section[5.2). Observed fluxes for the two NuSTAR and Swift observations are
indicated with the red filled circle, rectangle, and triangle, respectively, between
the dashed lines showing the observation periods. The orange line shown in the
inset represents a linear fit to the initial rapid decay, while the blue and green lines
represent exponential and power law fits, respectively, to the observed second decay.

1o upper limit of 0.0128 ctcm™2s7!, ~ 5.7 mCra This is consistent with a value
12 mCrab of a typical 30~ detection limit of 1 day of ~ 16 scans (Hitoshi Negoro
et al., [2016). After the scan transit at 01:12 until 22:52 on December 19 (MJD
59202.05-59202.95), the GSC did not fully observe the source region due to Sun
avoidance. During the three scan transits from 11:59 to 15:05, however, some count
excess was recognized at the edge of the detectors, which suggests the outburst
started between 02:22 and 11:59.

The light-curves and hardness ratios in Fig. [5.1|show that the 4-10 keV flux reached
the peak in almost one day on December 20 (MJD 59203) followed by gradual
spectral softening. On December 23, the 2—10 keV flux rapidly decreased to below
the detection limit in one day (H. Negoro et al., 2020) from 0.117+0.016 ct cm2g7!
at MJD 59205.89 (the center time of the 6-hr bin) to —0.003 + 0.009 ctcm™2s™! at
59206.86 (we note that background subtraction may result in nonphysical negative
countrates). However, we note that the light-curve obtained during the first NuSTAR
observation performed on December 23 indicates a flux increase during the 4 hour
observation (see §5.3). This suggests that the rapid decrease observed by MAXI

2We adopt the 2-10 keV count rate and the flux for Crab as 2.237ctcm™>s™!' and 2.4 x
1078 ergcm™2 57!, respectively.
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Table 5.1: Log of NuSTAR observations presented in this paper.

Observatory Observation ID Start time (UTC) Stop time (UTC) Exposure (s)
NuSTAR 90601340002 (NuObs 1)  2020-12-23 02:53:36  2020-12-23 07:06:26 9805
NuSTAR 90601341002 (NuObs 2)  2020-12-31 09:08:34  2021-01-01 03:40:01 36395

on December 23 is not simply due to the occultation by the companion. This flux
drop continued until around December 26.0 (MJD 59209.0), and the 4—10 keV flux

increased again, possibly prior to an increase in the 2—4 keV flux.

We plot long-term variations in the flux of MAXIJ1848-015 in Figure[5.2] The data
when the source is hidden by the Space-X Crew-1 spacecraft are not used and shown
in grey. GIS images for the duration show extended enhancement around the source
region. The origin of the enhancement is unknown, but it is difficult to consider
that it is intrinsic to the source because of the periodicity closely connected with
the interference and the extended image even though there is still some ambiguity

in the shadow shape of the spacecraft.

We also show the 2-10keV light-curve with a logarithmic time axis from the time
December 22 04:48 (MJID59205.2 = T) in the inset panel in Fig.[5.2] We fit the
decay with three different models: a linear decay, an exponential decay, and a power
law decay. The linear fit to the putative rapid decay starting at 7o(= r — T) = 0.69
d (=MJD 59205.89) is shown by the orange solid line. After o = 3.92d the flux
exhibited an exponential (blue curve) or a power law (green) decay. Fitting the data
for 1o > 3.92d with an exponential function gives a time constant of 28.0 + 9.4d
(shown by the blue solid line and its extrapolation by the dotted line). Fitting the
flux decrease from 79 > 0.69d to a power law function, we obtained a power law
index of —0.97 + 0.08, shown by the green solid and dotted line, however we note

that the result of the power law fit depends strongly on the choice of T'.

5.3 NuSTAR Observations

NuSTAR, launched in June 2012, is the first high-energy focusing X-ray telescope
(Harrison et al., 2013). It is composed of two focal planes, FPMA and FPMB, each
paired with a set of focusing optics with a focal length of 10 m. The focal planes are
each made up of 4 pixelated Cadmium Zinc Telluride (CZT) detectors, bonded to a
set of custom readout electronics. NuSTAR has a resulting bandpass of 3—78 keV,

making it a uniquely powerful tool for studying hard X-ray emission.

MAXI J1848-015 was first observed by NuSTAR on 2020 December 23. This
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Figure 5.3: Background-subtracted 3-78 keV NuSTAR light-curve for each of the
two observations, NuObs 1 (left) and NuObs 2 (right). The light-curves have been
split into different CHU combinations. Time is measured in seconds since the
observation start times listed in Table 5.11

observation was taken with the goal of localizing the source, and was therefore
broken down into 5 pointings, forming a mosaic which tiled the error region reported
by MAXI. The source was detected by NuSTAR in the first of these pointings
(OBSID 90601340002, PI Fiona Harrison), which had an exposure time of 9.8 ks.
NuSTAR followed up on MAXI J1848-015 about a week later on 2020 December
31 (OBSID 90601341002, PI Fiona Harrison), after the source had dimmed. This
observation had an exposure time of 36 ks. Hereafter we refer to these observations
as NuObs 1 and NuObs 2, respectively. Table[5.1]lists the NuSTAR observations as
well as their start and stop times and their total exposure times.

During both NuSTAR observations, MAXI J1848-015 was in close angular prox-
imity to the Sun. This limits the aspect reconstruction as the primary Camera Head
Unit (CHU) that NuSTAR uses to project counts onto the sky is blinded by the
Sun. Instead, the ground software must make use of CHUs 1, 2, and 3 which are
attached to the spacecraft bus. As a result, Mode 1 scientific data was unavailable.
Instead, we analyzed Mode 6 scientific data, with which the source image cannot be
perfectly reconstructed. This produces a source image with multiple centroids, each
corresponding roughly to a different combination of CHUs. We reprocessed the
unfiltered event files using NuSTARDAS v2.0.0 and CALDB v20200826. Next, we
split the cleaned Mode 6 event files into event files corresponding to different com-
binations of CHUs 1, 2, and 3 using nusplitsc in the strict splitting mode. Figure
[5.3] shows the background-subtracted light-curve for each NuSTAR observation,
split into different CHU combinations.

For the purpose of extracting spectra, we used DS9 (Joye and Mandel, [2003b)) to
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Figure 5.4: Summed Mode 6 data (all CHU combinations) from NuObs 1. The color
bar is shown in units of counts. The source landed on the gap between detectors,
and due to poor image reconstruction, multiple peaks in the count distribution are
apparent. The green circle, which has a radius of 1’, represents the ASCA error
region for source AX J184848-0129 as reported by Sugizaki, Mitsuda, et al. (2001).

select circular source and background regions for each CHU combination. For
NuObs 1, we chose source regions with radii equal to 60” and background regions
with radii equal to 90”. The centers of the source regions were determined using the
automated centroid detection algorithm provided by DS9. During this observation,
the source fell on the gap between detectors. Therefore, the source centroid fell
on a different detector for different CHU combinations (see Figure [5.4). We chose
background regions which fell on the same detectors as the source centroid for each
CHU combination. This was not a concern when choosing source and background
regions for NuObs 2 because the source did not fall near the chip gap. Due to
the lower count rate and better pointing during this observation, we chose source
regions with radii of 45” in order to reduce the contribution of background counts,

and we again chose background regions with radii of 90”.

Using nuproducts we extracted scientific products for each of these CHU combi-
nations, essentially treating each as a separate observation. We then used the routine
addarf to sum the resulting Ancillary Response Files, and the routine addspec to
sum the resulting source spectra, background spectra, and Response Matrix Files.
The final result for each observation was a single source spectrum, background
spectrum, RMF, and ARF for each focal plane module. We used the spectral fit-
ting package Xspec (v12.11.1 Arnaud, 1996) to analyze the spectra. In order to
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determine best fit models, we used the W fit statistic (Wachter, Leach, and Kellogg,
1979)), and the full NuSTAR band, 3-78 keV, was used for spectral fitting. Spectra
were binned using the optimal binning procedure described by Kaastra and Bleeker,
2016. Spectra shown in figures have been further rebinned for clarity such that
each bin has a significance of at least So-, with the exception of the highest-energy
bins, each of which has a significance between 30~ and 40-. All errors quoted rep-
resent 90% confidence intervals, and upper/lower limits represent 99% confidence

intervals, unless otherwise stated.

We made significant use of the Python modules Scipy (Virtanen et al., 2020)), Astropy
(Astropy Collaboration, Thomas P. Robitaille, et al., |2013; Astropy Collaboration,
Price-Whelan, Sip&cz, Giinther, Lim, Crawford, Conseil, Shupe, Craig, Dencheva,
Ginsburg, VanderPlas, et al., 2018b)), Matplotlib (Hunter, 2007), Corner (Foreman-
Mackey, 2016), and Stingray (Daniela Huppenkothen, Matteo Bachetti, Stevens,
Migliari, Balm, et al., 2019). We used Astropy to easily read and write NuSTAR
event and light curve files, we used Scipy to perform various calculations and curve
fitting, and we used Stingray to calculate and analyze power density spectra. We
used Matplotlib and Corner to produce plots of spectra, light-curves, power density

spectra, and parameter distributions.

Spectral variability

NuSTAR revealed a stark spectral change between the first and second observations.
The spectra are shown in Figure [5.5] along with their best-fit models. We found
that the spectrum during NuObs 1 was significantly softer than that observed during
NuObs 2. We therefore refer to the former as the “soft state” and the latter as the “hard
state”. The spectra are described remarkably well by models which are frequently
used to model the soft and hard states of accreting black holes and neutron stars:
the continuum emission during the soft state is described well by an absorbed disk
blackbody (diskbb) and a power law with index I', while the continuum emission
during the hard state is described well by an absorbed power law with a high-energy
cutoff, E.y, which we modeled using cutoffpl. We modeled absorption using
the tbabs model. We used cross-sections provided by Verner et al. (1996)) and
abundances provided by Wilms, Allen, and McCray (2000).

Each of the spectra exhibits broad emission lines around 6.4 keV corresponding
to Fe Ka. Figure [5.6) shows the Fe line profiles which result from fitting the
continuum emission while ignoring data bins between 5 and 8 keV. The broad,
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Figure 5.5: Soft state (blue) and hard state (orange) spectra with best fit models and
model components shown with solid and dashed lines, respectively. FPMA spectra
are shown with x’s while FPMB spectra are shown with filled circles. The soft state
spectrum is described well by a Comptonized disk blackbody, while the hard state
spectrum does not require a disk component. Instead, the hard state spectrum is
described well by a power law with a high energy cutoff. Both models are improved
by the addition of relativistic disk reflection as well as a narrow Fe line component.
The lower two panels show the residuals resulting from the model fits in units of
x = (data — model) /error.
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Figure 5.6: Broad Fe emission profiles in the soft state (top) and hard state (bottom)
spectra. These residuals were produced by fitting the spectra to a simplified contin-
uum model while ignoring data points in the range 5 — 10 keV. Significant changes
to the shape of the profile can be seen between the two states with the peak growing
stronger and shifting to lower energies during the hard state.
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Table 5.2: Spectral parameters determined by performing a joint fit of the
soft and hard state spectra in Xspec.

Model component Parameter Soft State (NuObs 1)  Hard State (NuObs 2)
thabs N (102 cm™2) 4.249:2 6.1+0.2
1 (keV) 6.8+0.1 6.3+0.1
gauss K (10~Photon cm =2 s71) 17.7+0.4 6.26*0:95
Equivalent Width (eV) 42+3 42 +1
0.02
diskbb kT, (keV) 1.38+0.02
(Rym/D10)?% cos i 6.4+0-2
r 2.42£0.04 1.58+0-00
nthcomp/cutoffpl Eeut (keV) .. 28.9+0.4
Norm (103) 9.6 0.4 21.3%0:7
h (Ry) 5.7+0.2
a 0.967 +0.013
Inclination (deg) 26.4+0.5
relxillNS/relxilllp Rin (Ry) 29402 7.904:%_.112
log(& Jergems™h) 2.58 +0.06 2.77’:3:82
Ag (Solar) 0.770.02
log(N) (cm™3) <153 s
fre® 0.61 +£0.01 0.83+0.02
Foo1 (1070 ergem=2 s~ 1)l 6.9+0.1 2.85+0.04
Lio1 (103 ergs~1)@ 9.1+0.1 3.73 +0.05
W/d.o.f. 834/695

4 We determined the reflection fraction by first fitting with the direct
emission components included in the relxill models (i.e. with a
positive value of fi.q), then we determined the normalizations of the
direct components by freezing the reflection fractions and separating
the direct and reflected components (with a negative value of fieq).

b Unabsorbed bolometric (0.1 — 100 keV) flux.

¢ Bolometric (0.1-100 keV) luminosity assuming a distance of 3.3 kpc.

asymmetrical structure of the Fe line profiles led us to add relativistic disk reflection
to the continuum models described above. We added a reflected component using
relxilllp (T. Dauser et al., 2014; J. Garcia, T. Dauser, Lohfink, et al., 2014)
in order to self-consistently model emission originating from a hot corona with a
lamppost geometry which irradiates and is reprocessed by a thin disk. We tied the
power law index and high energy cutofi] of each power law component to those
of relxilllp. We found that this model was able to describe the the spectrum
well, achieving a fit statistic of W/d.o.f. = 449/323 and W/d.o.f. = 420/373 (and
a reduced Chi-squared test statistic of x2 = 0.98 and y2 = 1.01) for the soft and

3Because the soft state does not require a high-energy cutoff, we fixed the cutoff energy at
1000 keV, far beyond the upper edge of the NuSTAR bandpass.
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hard states, respectively. However, the Fe line emission could not be fully accounted
for, and residuals indicated the presence of a narrow line component. We therefore
added a Gaussian component near 6.4 keV, and we froze its width at o = 1079 keV,
much narrower than the instrumental energy resolution. We allowed the strength
and the centroid of the line to vary while fitting, and we found that the addition of
this narrow line improved the fit by AW = —17.5 and AW = —10.6 for the soft and
hard states, respectively, while decreasing the number of degrees of freedom by 2.
We also found that the addition of this component led to better constraints on other
parameters, such as the spin and the inclination, while still remaining consistent

with their previous estimates.

In order to determine the statistical significance of the narrow components, we
simulated 5000 spectra each for the soft and hard states, originating from the re-
flection models without narrow components. We then added a narrow component,
again leaving the centroid energy and line strength free and fixing the width at
o = 107 keV. By calculating the resulting improvement in the fit statistic for each
simulation, we arrived at a false positive rate for the addition of a narrow compo-
nent. We found that for the soft state, only one of these simulations was improved
by more than AW = —17.5, and for the hard state, 23 out of the 5000 simulations
were improved by more than AW = —10.6. In other words, we estimate a statistical
significance of 3.70 and 2.8¢ for the addition of a narrow Fe component in the soft

and hard state observations, respectively.

Finally, prompted by the clear presence of a hot thermal component, when modeling
the soft state spectrum we replaced relxilllp with the sum of nthcomp (Zdziarski,
Johnson, and Magdziarz, (1996; Zycki, Done, and Smith, [1999), which models
Comptonization of seed photons originating from a blackbody, and relxillNS
(J. A. Garcia, Thomas Dauser, et al.,|2022), which models reflection of a blackbody
spectrum rather than a power law. We tied the disk blackbody temperature to that
of the seed photon temperature for both nthcomp and relxillNS, and we fixed the
electron temperature of nthcomp, k7,, at 1000 keV. We found that the fit was not
affected by the type of seed blackbody specified for nthcomp, so for consistency
we used a disk blackbody seed spectrum. We found that this model improved the
fit (AW = —10, Ad.o.f. = 1) when compared to the relxilllp model. We also
tried modeling the hard state spectrum using a combination of a Comptonized disk
blackbody with a reflected Fe line (diskbb + nthcomp + rellinelp). We found
that this model struggled to describe the hard state spectrum (W /d.o.f. = 472/372),
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particularly at high photon energies (> 20keV). It resulted in a photon index of
I' = 1.8 and an electron temperature of k7, = 9.1 keV.

Having arrived at a suitable model for the spectra during both the soft (diskbb
+ nthcomp + relxillNS + gaussian)and hard (cutoffpl + relxilllp +
gaussian) states, we performed a Markov Chain Monte Carlo analysis in Xspec
in order to explore the parameter space in detail. We used the Goodman-Weare
algorithm (Goodman and Weare, 2010) with a chain length of 10° and a burn-in
length of 10°. We initialized all walkers in a Gaussian distribution about the best
fit parameters, with o~ defined by the covariance matrix resulting from least-squares
fitting. All spectral parameters are therefore given as the median values of the final
posterior distributions, and the errors represent the bounds between which 90%
of the samples lie[] We found that both models recovered a high spin, a > 0.7,
and an inner disk inclination angle around 25 deg. However there was significant
degeneracy such that each model had valid solutions with different values for spin,
disk inclination, inner disk radius, and other key parameters (see Appendix
for details regarding the individual fits). In order to break this degeneracy, we
performed a joint fit wherein the inner disk inclination, the spin parameter, and the

iron abundance were tied between the two spectral states.

Table [5.2] lists the median parameters for the joint fit resulting from the MCMC
analysis described above, as well as the W-statistic of the best fit. Figure @] shows
the spectra as well as the best fit models and residuals for both the soft and the hard
states. By performing a joint fit, we successfully narrowed the parameter space,
resulting in a consistent solution across both the soft and hard states with a spin of
a =0.967 = 0.013 and an inclination of i = 26.4 + 0.5 deg.

The Fe Ka emission line profile (Figure [5.6) shows clear evolution of the region
responsible for this emission, with the peak shifting towards lower energies by about
0.5keV and the overall profile becoming more pronounced as the source evolved
from the soft to the hard state. Interestingly, we found that the centroid of the narrow
Fe line during the hard state was less than 6.4 keV at the 95% confidence level. In
other words, we detect a redshift in the narrow component at a significance of about
20-. We also fit the data while freezing the centroid at 6.4 keV given that this is
still consistent with our measurement of u = 6.3 + 0.1keV, but this resulted in a
somewhat degraded fit (AW = 3; Ad.o.f. = 1), and it led to significantly looser

4See Hogg and Foreman-Mackey (2018) for a discussion of best practices when interpreting the
results of MCMC analyses.
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constraints on parameters such as spin, inclination, and lamppost height.

The evolution of the accretion disk is further reflected in the best-fit relativistic
reflection models, which suggest a significant increase in the inner radius of the
accretion disk. This could constitute evidence for disk truncation in the hard state.
In order to determine whether the choice of spectral model affects the apparent
evolution of the inner disk radius, we performed a joint fit wherein the disk reflection
features of both the soft and hard state spectra were modeled using relxilllp
(rather than using relxillNS/relxilllp for the soft/hard states, respectively).
For this fit, we tied the spin parameter, the inner disk inclination, and the Fe
abundance between the soft and the hard states. This resulted in a slightly larger value
for the inner disk radius in both states — R;, = 3.4 £ 0.2 R, (where R, = GM/ c?)
for the soft state and R;, = 8.6i?'.51 R, for the hard state — but the radii remained
significantly different, indicating that the evolution of the inner disk radius which

we observe is independent of the choice of relxillNS or relxilllp.

The narrow Fe line components may be interpreted as distant disk reflection. There-
fore we investigated whether non-relativistic reflection modeling could describe this
component. We chose to use another member of the relxill suite, xillver (J.
Garcia and Kallman, [2010; J. Garcia, T. Dauser, C. S. Reynolds, et al., 2013)
for this component. In this model, the relxill and xillver components can be
interpreted as reflection from the inner and outer regions of the disk, respectively.
In the soft state, distant reflection, using either xillver or xillverNS to model
reflection of the power law component or the blackbody component, respectively, is
not able to fit the data as well as a simple Gaussian and results in a change in the fit
statistic of AW = 10.

For the hard state, replacing the Gaussian emission line with the distant reflection
model did not change the fit statistic appreciably, but we found that the resulting
parameters show significant degeneracies, such as between the disk inclination, the
power law photon index, and the lamppost height. We tied the photon index, I', and
the cutoff energy, Ey, of the distantly reflected power law to those of the power law
reflected from the inner disk, and we tied the iron abundance of the inner and outer
disk but we allowed the ionization of the two components to vary independently.
Given that we measured a centroid of u = 6.3 + 0.1 keV, slightly lower than the
rest frame energy of the neutral Fe Ka line, when modeling the narrow emission
component using a Gaussian component, we also allowed the redshift of the outer

disk component represented by xillver to vary.
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Table 5.3: Timing properties of the source during
each NuSTAR observation.

Observation  rms (1073-10"' Hz)  rms (0.1-10 Hz) vy
NuObs 1 < 8% < 15% o
NuObs 2 12 + 2% < 14% —2.1+0.1

We found that this model was not sensitive to the inclination of the outer disk. When
allowed to vary independently of the inner disk inclination the model preferred a
high outer disk inclination of iy, = 79i?1 deg (Ai = igy — ijn = 57 £ 10deg), but
tying the inner and outer inclinations did not affect the fit statistic and resulted in
an inclination which was closer to that resulting from the joint fits, i = 22t‘; deg.
In addition to a slightly smaller inclination angle, adding the xillver component
while tying the inner and outer disk inclinations also resulted in an increased inner
disk radius (Rin = 147S Ry).

We also found that allowing the redshift of the xillver component to vary improved
the fit by AW = —4 compared to the same model with the redshift frozen at a
value of zero. We measure a redshift of z < 3.4 x 1072 at the 99% confidence
level, corresponding to an upper limit on the line-of-sight velocity of the emitting
region of v < 10000kms~!, assuming a rest frame energy of 6.4 keV. We found
that performing the same calculations using the posterior distribution of Gaussian
centroids resulting from the joint fit produces upper and lower limits differing from
these by less than 10%. The fit is slightly degraded by fixing the redshift to zero, but
the main effect on the parameters is a decrease in the inner disk inclination by a few
degrees. We note that the source is unlikely to experience a strong redshift due to
the motion of the binary system, and it certainly does not experience cosmological
redshift, but rather any observed strong redshift is more likely to be caused by
motion of the emitting region itself. In Section [5.4] we discuss one scenario —
that of ionized outflows — which could result in red- and blue-shifting of narrow

emission.

Timing analysis

We investigated the source variability by producing cospectra (Matteo Bachetti,
Harrison, et al., 2015]) for each of the NuSTAR observations. We first corrected
the photon times of arrival for the motion of NuSTAR using barycorr. We spec-
ified the Chandra source position reported by (Chakrabarty et al., 2021), and we
used the JPL planetary ephemeris DE-430. In order to minimize the impact of the
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Figure 5.7: Averaged cospectrum calculated for the hard state NuSTAR observation,
NuObs 2, using only CHU12 data. The cospectrum has been rebinned for clarity.
The best-fit power law is shown in red. We did not find evidence for QPOs or
pulsations.

motion of the source on the detectors on our timing analysis, we analyzed each of
the CHU combinations separately. We split the event files into segments of length
1024 s, then binned the events with a time resolution of 2048~! s in order to probe
variability between 107> Hz and 10° H This range of frequencies allowed us to
investigate both the low-frequency noise, and to search for any hint of pulsations
potentially arising from a neutron star source. For each segment, we calculated
the cospectrum between FPMA and FPMB. We found that for both observations,
only CHU combination CHU12 contained continuous good time intervals of length
greater than 1024 s, and therefore this was the only CHU combination for which
we calculated cospectra. For each observation we then averaged all of the cospec-

tra. Finally, we applied deadtime and background corrections by multiplying the

averaged fractional rms normalized power by (1 — 7(S + B))~2(S + B/S)?2, where
7 = 25 ms is the deadtime per event, S and B are the source and background rates,
respectively, calculated from the event list, and bars indicate the geometric mean of
the FPMA and FPMB count rates.

Table [5.3| shows the timing properties of the source during both observations. Be-
cause the source landed on the gap between detectors during NuObs 1, which is
sure to exacerbate any systematic variability due to motion of the source on the
focal plane, we do not present the cospectrum here. The quality of the data was not
sufficient to perform modeling of the cospectrum, but we did not observe a clear
flattening in the low frequency noise of the source. We were able to place an upper

limit on the low-frequency noise of rms < 8% by integrating the measured power

SRecent improvements to the calibration of NuSTAR have greatly improved its timing capabili-
ties, allowing for precision down to the ~ 65 us level (Matteo Bachetti, Markwardt, et al.,|2021)
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in the range 1073 — 107! Hz. In order to estimate the continuum rms variability,
we produced an averaged cospectrum with segment length 64 s (due to the shorter
segment length, we were able to utilize the data from all CHU combinations except
for CHU2) and sampled the resulting error distributions for the power in the range
0.1 — 10Hz. We produced 10° sample cospectra in this range, and calculated the
total rms for each. The result was an upper limit, defined as the 99th percentile of

this sample, of rms < 15%.

The source did not fall on the chip gap during NuObs 2, and we therefore present the
averaged, logarithmically rebinned cospectrum in Figure[5.7} Although there is clear
red noise, similar to the previous observation we do not observe a low frequency
turnover. We fitted the low-frequency (< 0.1 Hz) noise to a power law and found an
index of y = —2.1+0.1. This is consistent with the tail of a zero-centered Lorentzian,
which is often used to describe the low-frequency noise in accreting black holes and
neutron stars (T. Belloni, Psaltis, and Michiel van der Klis, [2002). We integrated the
low-frequency noise and obtained rms = 12 + 2%, and we obtained an upper limit
on the power integrated between 0.1 — 10 Hz of rms < 14% using the same method

as described for the previous observation (in this case only CHU13 was excluded).

Noting a potential feature in the cospectrum at ~ 2x 1072 Hz, we performed a search
for quasiperiodic oscillations (QPO) by stepping logarithmically from 107> Hz to
1024 Hz and fitting the unbinned hard state cospectrum to the power law described
above plus a Lorentzian centered at each frequency step. For each frequency, we
recorded the change in the y? fit statistic compared to the power law alone. Using
this method, we did not find any significant QPO candidates. To determine whether
the potential feature could be due to coherent pulsations, we also folded the events
for each observation, summing all CHU combinations, at 10000 pulse frequencies
between 2 x 1072 Hz and 3 x 107> Hz and calculating the Z statistic (Buccheri
et al., 1983) for each candidate frequency. For the soft state observation, NuObs 1,
we found a peak in the le distribution at ~ 44 s with a significance of 2.1 o, and
for the hard state observation, NuObs 2, the highest peak was at ~ 42s and had a
significance of only 0.7 0. We further searched for pulsations in each observation
by producing cospectra for the frequency range 0.008-2048 Hz, again using the sum
of all CHU combinations. We did not observe any significant peaks during either

observation.
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5.4 Discussion

The nature of the accretor

While there is no “smoking gun” evidence for one particular type of compact object
(for example, the detection of pulsations would prove the presence of a neutron star),

the evidence we have presented thus far favors the case of a black hole X-ray binary.

The soft state spectrum is described well by a Comptonized multi-temperature
disk blackbody with relativistic reflection features, which may represent returning
radiation (c.f. Connors, J. A. Garcia, Thomas Dauser, et al., [2020; Connors, J. A.
Garcia, J. Tomsick, et al., 2021} Lazar et al., [2021), and the hard state spectrum is
described by a reflected power law alone. Joint modeling using relxilllp and
relxil1NS indicates that the accreting object has a high spin, a ~ 0.97. Given the
relation @ = ¢J/GM?, where J is the angular momentum of the spinning compact
object, and M is its mass, and assuming a moment of inertia / = %M R? for a neutron
star, we may estimate the maximum spin that a neutron star can attain. Assuming

a canonical neutron star with M = 1.4Mg and R = 10km, we arrive at a spin

ofa = 0.41V:H"i; , meaning that even the most rapidly rotating neutron stars will not
achieve spin parameters approaching that which we have measured. We consider this
a compelling piece of evidence which favors the classification of MAXI J1848-015
as an accreting black hole — explaining the broad Fe line in the case of an accreting

neutron star would prove difficult.

Additionally, using archival Chandra observations of the GCO1 cluster, Hare, Yang,
et al. (2021) were able to place an upper limit of ~ 3.3 x 103%ergs™! on the
quiescent luminosity in the 0.5-10keV band. Whereas accreting neutron stars
tend to have quiescent luminosities around 10°3 ergs~! (Sergey S. Tsygankov et al.,
2017), the luminosity of MAXI J1848-015 prior to outburst is more in line with
those measured for black holes, perhaps due to the presence of an event horizon

rather than a boundary layer (Garcia et al., 2001)).

The initial outburst observed by MAXI was very short-lived compared to many
black hole X-ray binaries, which tend to show exponential decays with e-folding
times of tens of days (McClintock and Remillard, |2006), however similarly rapid
outbursts are not unheard of (c.f. Maitra and Bailyn, 2006)). Of course, the count rate
in the limited energy band does not always reflect the mass accretion rate, especially
in cases where the source spectrum changes significantly. It is, however, interesting
to note that some objects, e.g. gamma-ray bursts, exhibit power law decays similar
to the flux decrease observed for MAXI J1848-015 by NuSTAR, MAXI, and Swift
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(Miller, Sanna, et al., [2021).

Disk accretion at low apparent luminosity

MAXI J1848-015 reached an unabsorbed bolometric luminosity of ~ 10%6 erg s™!
during the soft state, and dropped to a luminosity of ~ 4 x 10 ergs~! in the hard
state. The general shape of the spectrum observed during each of these states is
consistent with accretion onto a neutron star or a black hole, and despite the low
luminosities, observations of broad emission features around 6.4 keV indicate the
presence of an optically thick accretion disk which extends close to the central
accretor and reaches a high temperature of ~ 1.4keV. Models of accretion onto
black holes predict the formation of an advection-dominated accretion flow, or
ADAF, at mass accretion rates below a few percent of the Eddington limit, resulting
in truncation of the disk at large radii (Esin, McClintock, and Narayan, [1997).
Indeed, observations have demonstrated that X-ray binaries tend to undergo state
transitions at ~ 2% of the Eddington limit (Maccarone, 2003; Vahdat Motlagh,
Kalemci, and Maccarone, 2019). Given the inconsistency we observe between the
low source luminosity and evidence for a small disk radius, we consider two effects

which could suppress the observed luminosity: disk inclination and obscuration.

Reflection features — the broad Fe line profile and excess “Compton hump” above
10keV — allowed us to constrain the inclination of the inner regions of the disk
as well as the inner disk radius. Reflection modeling of the soft state spectrum
resulted in an inner disk radius of Rj, = 2.9 + 0.2R,. Even for a neutron star
accretor with mass M = 1.4Mg, this implies an inner disk radius of about 6 km,
whereas the flux of the disk blackbody implies an effective inner disk radius of
RinVcosi = 0.8 km, assuming a distance to the source of 3.3kpc. Several effects,
including gravitational redshift, Compton scattering of disk photons (Kubota and
Makishima, 2004]), spectral hardening (Shimura and Takahara, 19935)), and boundary
condition corrections (Kubota, Yasuo Tanaka, et al.,|1998)), will increase or decrease
the actual value of the inner disk radius compared to the apparent radius, but in total

these effects are unlikely to introduce a factor of more than order unity.

Thus we are left with a contradiction between inner disk radius measurements which
could presumably be resolved by assuming a high inclination, i, of the inner disk,
resulting in a smaller projected disk flux from the point of view of an observer.
While reflection modeling appears to rule this out, preferring an inclination between

20 and 30 degrees, it has been shown that the inclination inferred from reflection
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modeling can conflict drastically from the actual inclination of a system, possibly
due to obscuration of the blue wing of the broad Fe line (Connors, J. A. Garcia,
Steiner, et al., 2019)).

High inclination of the inner disk alone may not be able to explain the low flux of
MAXI J1848-015. We therefore also consider obscuration of the inner regions of
the disk by the outer disk. In this scenario, the outer regions of the disk intercept
the line of sight between the observer and the inner disk. If the outer regions of the
disk have a clumpy structure, this will result in an effective partial coverer, and may
be consistent with the change in column density we have measured between the soft
and hard states. Alternatively, we may be observing emission from the inner disk
which has been scattered off the outer regions of the disk on the side opposite the

observer.

A combination of these two effects has been proposed for the high mass X-ray
binary, V4641 Sgr (Koljonen and J. A. Tomsick, 2020), which has similarly been
shown to exhibit evidence for a disk extending close to the central black hole
despite a low Eddington ratio (Miller, Fabian, et al., 2002)). In fact, the hard state
of MAXI J1848-015 shares a number of similar characteristics with V4641 Sgr.
Both exhibit power law spectra with indices between 1 and 2 and relatively low
cutoff energies (< 30keV). Additionally, both systems undergo short outbursts with
durations of tens of days or less (Rudy Wijnands and Michiel van der Klis, 2000;
Revnivtsev, Gilfanov, et al., [2002), and on shorter timescales they both exhibit
relatively featureless power spectra with red noise components described by a power
law of slope ~ —2 (Maitra and Bailyn, [2006). However, the amplitude of variability
in the 0.1-10 Hz range that we have observed, while poorly constrained, is somewhat
lower than that of V4641 Sgr (Maitra and Bailyn, [2006). In both of these systems,
reprocessing of emission from the central regions of the accretor could help to

explain this behavior by “smearing out” variability on short timescales.

Given the low luminosity as well as the very short outburst duration, we also suggest
the possibility that the source may reside in a compact binary. A smaller-than-usual
disk could lead to short outbursts, and depending upon the orbital period, the mass
accretion rate may be low (Deloye and Bildsten, 2003)). It is interesting to note that
black hole binaries undergoing mass transfer in globular clusters are likely to harbor
both low-mass donors and relatively low-mass black holes (Kremer et al., 2018).
Because we are unable to detect the orbital period, and due to the fact that a compact

binary would imply a small companion, which is contradicted by the potential NIR
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counterpart of the system, we consider this case speculative. However, given the
rarity of known black holes in compact binaries, it is an interesting possibility

nonetheless and one which warrants further observations of the source.

Evolving narrow line emission

We found that the narrow Fe lines observed in the soft and hard state spectra have
different centroid energies, evolving from ~ 6.8 keV in the soft state to ~ 6.3keV in
the hard state. This change likely corresponds to a change in the ionization of the
emitting region, perhaps originating from the outer regions of the accretion disk,
with neutral or lowly-ionized Fe 1-xviI responsible for the line in the hard state and
highly ionized Fe xxv—xxvI responsible for the line in the soft state (J. Garcia, T.
Dauser, C. S. Reynolds, et al.,[2013)). Indeed, the significantly higher thermal X-ray
flux in the Fe Ka complex energy range during the soft state would lead to a higher

ionization.

Rather than an evolution of the emitting region, it is also possible that narrow
emission from neutral Fe was actually present during both states, but that it did not
increase drastically in flux during the soft state and was therefore not detectable
above the thermal-dominated continuum, which was significantly higher in flux
around 6.4 keV as compared with the hard state. Indeed, when MAXI J1848-015
was observed by NICER during a second, less pronounced increase in flux, Miller,
Sanna, et al. (2021)) not only reported that the spectrum was described well by
a blackbody with temperature k7T = 1.0keV, indicating that the source had again
entered the soft state, but the authors also reported both the detection of a prominent,
narrow emission line at 6.7 keV with flux K = 1.5 x 107 photon cm~2s7 ! as well

as a tentative detection of a weaker line at 6.4 keV.

In order to test whether the lower-energy line could have been present but un-
detected during the NuSTAR observation of the soft state, we added a second
Gaussian component to the soft state in our joint spectral model. We froze the
centroid at 4 = 6.4keV and the width at & = 107 keV. We allowed the flux of
this component to vary, then we calculated the 99% confidence upper limit as de-
fined by a change in fit statistic of AW = 6.63. The resulting upper limit was
K < 7.7 x 1073 photon cm™2 s™!. In other words, we cannot rule out the possibility
that neutral Fe emission was present in the soft state at a similar flux level to that

observed in the hard state.

One alternative scenario to that of differing ionization is an ionized outflow. Given
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that we do not observe clear absorption features which might indicate disk winds,
such an outflow may instead take the form of a jet launched during the short
outburst observed by MAXI. In this case, the narrow emission lines may originate
from fast-moving, ionized blobs of plasma on opposite sides of the accretor along
the jet axis. One would then expect to see a pair of components, one of which
represents the blue-shifted jet component moving towards the observer, and the
second of which originates from the red-shifted jet component moving away from
the observer. Due to relativistic beaming, the blue-shifted component would have a
higher observed flux than that of the red-shifted component. Additionally, depending
on the orientation of the system one may expect a delay between the appearance of
the blue component and that of the red component due to the difference in light-
travel time from each of the emitting blobs. Migliari, R. Fender, and Méndez (2002)
observed a pair of Fe lines during Chandra observations of SS 433, which they were
able to spatially associate with extended jet emission. They determined that the
Fe line emitting regions were located at a distance of > 10'7 cm from the central
accretor. For a source with low or moderate inclination, this would result in a

light-travel time between the two lobes of 30—-40 days.

Indeed, we have shown that the 6.8 keV line had a higher flux than, and was observed
prior to, the 6.3keV line. If the two lines originated from regions with similar
ionization states, and the difference in energy is solely due to blue- and red-shifting,

then we may calculate the velocity of the narrow line emitting regions:

Eobs _ 1
Erest Y (1 - ﬁ COsS 0)

(5.1)

where Eys 1s the energy of the line in the frame of the observer, E.g is the energy
of the line in the rest frame of the emitting region, S is the ratio of the velocity of
the emitting region to the speed of light, y is the Lorentz factor, and 6 is the angle
at which the emitter is moving with respect to the line of sight. If we assume that
the velocities of the red and blue components are equal in magnitude, the result is
B cosf ~ 0.038. Given that we have measured a moderate inclination via spectral
analysis, we arrive at a deprojected velocity of § ~ 0.043 and a rest frame energy

of Erest & 6.55keV, which corresponds to Fe XxX1—xxiil.

Assuming a delay of about a week in the appearance of the red-shifted line, we arrive
at a distance of ~ 10'® cm between the central accretor and the narrow line emitting

regions. This distance is difficult to square with a velocity of 0.04¢ in the case that
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the putative jets were launched during the initial outburst of MAXI J1848-015, but
as we have shown, the 6.3 keV line may have gone undetected early in the outburst.
While the evidence we have presented may be consistent with emission from an
outflow, we are unable to meaningfully distinguish this case with the simpler case
of different ionization states. The jet model may be probed by future observations
of the source by observatories, such as Chandra, with high spatial resolution and

high spectral resolution in the Fe Ka complex.

5.5 Summary and Conclusions

We have presented MAXI and NuSTAR observations of the low-luminosity transient
MAXI J1848-015, residing in the GCO1 cluster. The source was observed twice by
NuSTAR, which was uniquely able to perform observations of the source in outburst
due to low angular separation from the Sun. Spectral and timing analyses of the two
NuSTAR observations demonstrated a clear change in states from a high soft state

to a low hard state. We presented the following results:

* MAXI observed a short period of brightening with duration ~ 5 days, which
then underwent a power law decay for several tens of days.

* In the bright state the source reached a luminosity of only ~ 103¢ ergcm=2s71,

corresponding to an Eddington fraction < 0.5%.

* NuSTAR spectra revealed relativistic disk reflection features. Analysis of

these features showed:

— Reflection of thermal emission in the soft state, representing evidence
for returning radiation.

— An accretor with nearly maximal spin.

— An increase in the inner radius of the accretion disk, providing evidence
for moderate disk truncation in the low hard state.

— Narrow Fe emission components which may differ in energy due to

differences in ionization or due to Doppler shifts in an outflow.

* Timing analysis of NuSTAR data revealed clear red noise in the hard state.
We did not find evidence for features such as QPOs or pulsations, and the

continuum noise in both states was too low for us to constrain.
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Due to the high spin measurement as well as other features such as an anomalously
low quiescent luminosity and spectral shapes that resemble those of black hole X-ray

binaries, we favor the conclusion that the source is an accreting black hole.

However, the low luminosity of the source is difficult to explain at the same time as
evidence for a hot disk which extends very close to the central accretor. We therefore
discussed scenarios such as high disk inclination or scattering of emission from the
outer disk in order to explain this apparent inconsistency. Further observations
of the source during future outbursts — particularly those observations which can
provide measurements of the binary inclination — will help to elucidate the nature

of this intriguing X-ray binary.
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Chapter 6

PROPERTIES OF REDLEN CZT WITH RESPECT TO X-RAY
SPECTROSCOPY

6.1 CZT detectors for X-ray Astronomy

The detection and characterization of astrophysical X-ray emission is a rapidly ma-
turing field which has made significant contributions to our understanding of a
number of astrophysical phenomena. Given that a blackbody whose peak emission
lies in the X-ray band corresponds to a temperature of 10° — 103 K, X-ray obser-
vatories are well-positioned to study some the most energetic events and extreme
conditions in the universe. Phenomena which have been investigated by means of
their X-ray emission include supernovae, disk accretion, stellar flares, and tidal dis-
ruption events. These often represent opportunities for the study of extreme gravity,
magnetic fields, temperatures, and other conditions which cannot be achieved in a
physical laboratory on Earth.

A NuSTAR hybrid records an event when a photon interacts with the CZT detector.
In order to trigger an event, each pixel contains 16 sampling capacitors on which
measured charge is deposited in a loop. When a charge is measured above a certain
threshold, then an event is triggered, and 8 more capacitors are allowed to sample
the current through the detector. Each event, then, consists of a pulse in current,
sampled by the 16 capacitors, and the total charge of an event can be calculated by
integrating this pulse. When one pixel triggers an event, it also triggers readout on
the 8 pixels surrounding it. This way, the hybrid is able to detect events for which
charge is spread out over multiple pixels. If the charge on any of these surrounding
pixels is above a given threshold, known as the “software threshold” because it can
be tuned at the time of analysis, it is included in the integration of the total electrons
liberated in an event. Those pixels below this threshold are not considered when
determining the electron signal, and each event is assigned a “grade” based on what
combination of pixels were above the software threshold. A detailed description of
the operation of the NuSTAR hybrid and the event reconstruction procedure can be
found in Chapter 2 of Bhalerao (2012).

The CZT crystals which are in use aboard NuSTAR were manufactured by eV

Products (since acquired by Kromek). Because eV Products’ crystals are no longer
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available, we must turn to other vendors for hard X-ray detectors. In this paper, we
present a study of CZT material provided by Redlen Technologies. We have previ-
ously presented work-in-progress updates on this topic (Pike, Harrison, Burnham,
W. W. Cook, et al., 2018; Pike, Harrison, Burnham, W. Cook, et al., [2018). Here
we present a third Redlen detector which appears to be unaffected by hybridiza-
tion errors (for a discussion of the errors we encountered during hybridization, see
Appendix [B)). We also attempt to provide a more complete picture with various
corrections applied in order to minimize the unique impacts of the hybrid design
itself. The detector presented here has dimensions 2 cm X 2 cm X 3 mm, making it
50% thicker than the detectors aboard NuSTAR, but the hybrid design is identical.
All experiments presented here were conducted using a custom setup in which we
are able to shield the detectors from outside light sources and cool the detectors to

temperatures below 0° C using a Temptronic Thermostream device.

In Section [6.2] we present measurements of the leakage current and in Section
we present the results of flood illumination of the full detector. We include
a brief description of the corrections applied to each incoming photon event in
Section[6.3] then we move on to present measurements of the pixel-by-pixel gain in
Section [6.3] and variations in the spectral resolution across the detector. In Section
[6.4] we discuss a more detailed investigation of a small region of the detector in
order to better characterize the best-case spectral resolution (Section|[6.4)), depth-of-
interaction effects (Section[6.4), and multiple-pixel spectra (Section[6.4)). Finally, we
compare these results to those for NuSTAR detectors and discuss future applications
of this work in Section

6.2 Leakage Current

We measured the leakage current by applying a voltage across the CZT crystal
without illuminating the detector. We cooled the detector to 5° C and measured
the leakage current for each individual pixel over a range of voltages between
0V and 600 V. We treated the current measured at 0V as a constant offset which
we subtracted from the values measured at nonzero voltages. Additionally, we
measured the leakage current in Charge Pump (CP) mode. When CP mode is
activated, electronic noise is decreased substantially thanks to a charge pump circuit
which mitigates shot noise. However, in this mode, pixels become saturated by

lower levels of leakage current (Miyasaka et al., 2009).

We present a map and the distribution of leakage currents measured in CP mode
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Figure 6.1: Leakage current measured in Charge Pump (CP) mode. Measurements
were taken at 5° C with an applied voltage of 500 V. On the left we show the leakage
currents for each pixel, and on the right we show the distribution of leakage currents.
Outliers, shown in grey, have been omitted for clarity. We find relatively low leakage
currents and good uniformity.

at 5°C and an applied voltage of 500V in Figure OutlierdT are shown in grey,
and may be the result of coupling between pixels at the ASIC level, poor bonding
between the crystal and the ASIC, or they may be a result of the crystal properties in
those regions of the detector. Further investigation is required to determine the root
cause of these regions of high leakage current, which also correspond to bursting
pixels, as seen later in Figure[6.2] Aside from these small outlier regions, the detector
shows good uniformity, with a mean of 5.6 pA and a standard deviation of 4.3 pA.
There is a high-current tail apparent in the distribution, which is concentrated in the
bottom left corner of the detector. This region corresponds to the location of a wire
bond, which may be the cause of the increased leakage current. We estimate that
the noise contribution of leakage current in terms of spectral resolution corresponds
to ~ 300eV FWHM.

6.3 Flood illumination

In order to determine the spectral resolution that can be achieved with Redlen CZT,
we irradiated the hybrid with radioactive sources 241 Am and '°Eu. However, we
first had to perform several corrections in order to properly convert from measured
charge to energy. Below, we give a brief overview of these corrections, which are

th same corrections applied to the detectors aboard NuSTAR. For a more detailed

'Here we defined outliers as those pixels with leakage current greater than 20 median deviations
from the median leakage current for each mode.
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description, see Bhalerao (2012).

Event Corrections

First, we measured the expected contribution of electronic noise by triggering events
without applying a voltage across the crystal or illuminating the detector. This
resulted in a distribution of events with respect to channels for each pixel. Each
event records the number of the sampling capacitor active at the time of triggering,
which we will refer to as the “starting capacitor.” The electronic noise distribution
differs not only between pixels, but also depends upon the starting capacitor. We
measured 16 distributions of electronic noise per pixel, one per starting capacitor,
and recorded the mean of each distribution. During flood illumination experiments,
we subtracted the mean corresponding to the pixel and starting capacitor of each

event triggered by an incoming photon from the raw pulse height of the event.

Given that the capacitors in each pixel sample the current at discrete intervals,
the measured pulse height will differ slightly from the underlying physical pulse
height depending upon the time at which the event actually occurred. We applied a
small “time-of-rise” correction to each event, which was calculated using the charge
samples banked before and after the event was triggered. While the precise time-
of-rise correction may be slightly different for each pixel, for the purposes of this

analysis we used the same coeflicient for all pixels.

Following the time-of-rise corrections, we applied a common mode noise correction
using non-triggered pixels surrounding the triggered pixel. In addition to addressing
common mode noise, this step also helps to correct for the effects of the positively
charged hole cloud on the signal. When a photon interacts with the CZT detector,
both a negatively charged electron cloud and a positively charged hole cloud are
produced. The hole cloud drifts at a much slower rate than that of the electron cloud
and induces an image charge on the anode. This image charge must be subtracted
from the measured charge in order to reconstruct the charge of the electron cloud.
We estimated the contribution of the hole signal per pixel as well as the common

mode noise by calculating the mean charge measured on non-triggered pixels.

Pixel-by-pixel gain

Having arrived at a calibrated pulse height, we then moved on to measuring the gain
across the entire detector. We did this by irradiating the detector with an **! Am
source. We cooled the setup to 5° C and applied a high voltage of 500V across
the detector. 2*! Am exhibits a strong decay emission line at 59.54 keV, which we
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Figure 6.2: The channel-to-energy gain calculated for each activated pixel. We
illuminated the full detector with an *! Am source and determined the conversion
from channel to energy by fitting the 59.54 keV line to a simple Gaussian. Left:
Map of gain calculated for each pixel. Pixels deactivated due to bursting behavior
are shown in grey. The five regions for which we produced spectra are enclosed in
white squares. Right: Distribution of gain values across the detector. We find good
uniformity aside from higher gain measured near the edges due to the guard ring.

used to perform a simple scaling from pulse height to energy. For each pixel, we
accumulated a distribution of counts with respect to pulse height. We then fitted the
line corresponding to 59.54 keV with a Gaussian function. We recorded the gain as
the quotient of 59.54 keV over the centroid of the Gaussian. The resulting gain for

each pixel, in units of eV/channel, are shown in Figure [6.2]

We note that during flood illumination with >*! Am, we turned off a number of pixels
due to high rates of spurious counts, which we attribute mainly to the electronics
rather than the Redlen material. We observed a phenomenon wherein turning off one
bursting pixel resulted in some adjacent pixels beginning to show bursting behavior.
Due to this, we inferred that the bursting was likely related to coupling of adjacent

pixel electronics. The regions which we turned off are shown in grey in Figure [6.2]

Aside from the regions which were turned off, we find that the gain is relatively
homogeneous across the detector with a mean value of 12.4eV/channel, and a
standard deviation of only 0.24 eV/channel. There is visible structure to the gain
distribution however, with lower values clustered in the bottom left corner of the
detector, and high values around the edges. The latter is most likely due to the
effects of the guard ring which applies a transverse electric field to guide charge
away from the edges. The former, however, is probably a result of the CZT itself,
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Table 6.1: Spectral resolution measured for different regions in the detector.

| Region [ FWHMat 14keV (V) | FWHM at 60keV (eV) |

1 45146 610+ 4
2 44446 58444
3 465+ 7 633+ 5
4 51447 650 + 4
5 47546 651+5
| Meanxlo | 470 = 30 \ 630 + 30 \

with slightly different crystal properties resulting in a somewhat smaller band gap
— i.e. more electron-hole pairs are produced per energy of an incident photon —

or different efficiencies in charge collection due to charge trapping.

Uniformity of Resolution

With the gain calculated, we were able to construct energy spectra. In order to
probe how the spectral resolution may vary with Redlen crystal properties, we chose
5 distinct regions on the detector from which to extract spectra, making sure not
to include regions in which pixels were bursting or deactivated. These regions
are indicated using white boxes in Figure For each 5 x 5 region, we made
a spectrum using only single-pixel events, and applied the corrections described
above, including the pixel-by-pixel gain correction. We binned the spectrum into
bins of width 12 eV. We then measured the full-width at half-maxima (FWHM) of
two spectral lines, one at 14 keV and the other at 60 keV, for each spectrum. We
measured the FWHM by fitting each of the two spectral lines, but due to effects
such as charge sharing, the lines do not appear as simple Gaussians, instead showing
low-energy tails. Following the method of Bale (2001)), we modeled each line as a
combination of a normal distribution, an exponential tail, a low-energy shelf, and a
constant offset. The total model, f(E), where E is photon energy, may be written

as

E-Ey\?

FE) = A ) 4 (BeF<E—E0> + C)

+D 6.1

E-E
1 —erf ( 0)
V2
where A, B, C, and D are the normalization factors of the normal distribution,
exponential tail, low-energy shelf, and constant offset, respectively, Eq is the line

centroid, o is the standard deviation of the normal distribution, and I" is the slope of

the exponential tail. We note that we also activate a pulsar pixel at position (10,10)
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which injected a synthetic signal at an energy corresponding to around 92 keV. We
found that this signal had a FWHM of 350¢eV. This number corresponds to the

spectral resolution of the readout electronics themselves.

We list the resulting spectral resolution measurements in Table 6.1, We find that
there is some variability in the resolution across the detector, with the FWHM
varying by about 70 eV at both 14keV and 60 keV, and a standard deviation in the
FWHM values of about 25 eV for both lines. Further investigation beyond the scope
of this paper is required to determine the exact causes for this variability and the

variability in the gain across the detector.

6.4 Investigating a small region of the detector

In order to characterize the best-case spectral resolution achievable with the Redlen
material using more complete calibration, as well as to probe effects due to depth
of photon interaction and multiple-pixel events in more detail, we investigated a
small region of the detector away from regions of bursting pixels and high leakage
current. We irradiated the detector with >*! Am and '>>Eu while only activating a
5 X 5 region bounded on the upper left corner by pixel (14,12) and on the lower
right corner by pixel (18,16), corresponding to region 3 shown in Figure 6.2 We
performed this experiment at a temperature of 5° C and a high voltage of 500 V. We
then accumulated a total of 1.6 million counts with >*' Am and 2.3 million counts
with ' Eu. For each event, we applied the corrections described in Section|6.3] We
recalculated the gain, this time using both the 60 keV line emitted by >*' Am and the
86 keV line emitted by '>>Eu. We calculated the resulting gain for each pixel using

a simple linear regression model where the gain, m, is given by

Zixi)’i
m =

2
iXi

(6.2)

where for each source i, x; represents the centroid of the measured Gaussian in units
of channels and y; represents the known energy of the line (i.e. y; = 59.54keV and
y2 = 86.55keV).

Spectral resolution

Having calculated the energy of each incoming photon, we were able to construct
a spectrum using only single-pixel events. We excluded all events which occurred
within the 16 pixels on the edges of the 5 X 5 pixel region as it is not possible to

reliable determine whether those events were actually single-pixel or not due to the
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Figure 6.3: Spectra measured for a >*! Am source (blue) and a '>Eu source (orange)
using a 5 X Spixel region using only single-pixel events. Several corrections,
described in Section [6.3 have been applied. The FWHM of each singlet emission
line is labeled with black arrows.

fact that some adjacent pixels were not activated. We summed the 9 spectra resulting
from the 3 x 3 pixel region to produce the spectra shown in Figure [6.3] where the
spectrum of ! Am is shown in blue and '>Eu is shown in orange. In order to
characterize the spectral resolution throughout the X-ray band, we fitted four of the
most prominent singlet emission lines using the model described by Equation [6.1]
and measured the FWHM for each line.

We chose to fit the 2*! Am source emission lines at 13.95 keVi2land 59.54 keV and the
I55Eu lines at 86.55keV and 105.31 keV. For each line we chose an energy range in
which the effects of other emission features were not visible, and we fitted the data in
that range to the function above, allowing all 7 parameters to be free. The exceptions
to this are the cases of the 60 keV and 105 keV lines, for which a constant offset was
not necessary due to the absence of strong emission lines at higher energies. For

these lines, we therefore fixed the constant offset at D = 0.

In Figure [6.4] we show the fits to each line, as well as the centroid and the FWHM

The line at 13.95keV is actually due to Lyman-a emission of >>’Np, the decay product of
241
Am.
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Figure 6.4:  Fits to singlet emission lines in the spectra shown in Figure [6.3]
transformed into logarithmic scale for legibility. Each line was fitted to the sum of a
normal distribution, an exponential power law tail, a low-energy shelf, and a constant
offset. These components are plotted as dashed lines while the full model is shown
by the solid orange line. For each line, we also show the residuals to the model in
the lower panels. The centroid of each line was determined via least-squares fitting
to the model, and the FWHM (shown in black) was calculated from the resulting
model. We achieve good resolution across the hard X-ray band, with particularly
good performance at higher energies.

calculated from those fits. We calculated the centroid by performing a Levenberg-
Marquardt least squares fit using Astropy (Astropy Collaboration, T. P. Robitaille,
etal.,[2013; Astropy Collaboration, Price-Whelan, Sip&cz, Giinther, Lim, Crawford,
Conseil, Shupe, Craig, Dencheva, Ginsburg, Vand erPlas, et al., 2018a). We used
the resulting fits to produce a spline from which we subtracted half of the maximum
value and the constant offset, D, and we calculated the roots of this spline to
determine the FWHM of each line. We calculated the 1-0- error for each FWHM

by simulating 1000 spectra using the error distributions of the measured spectrum
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resulting in a distribution of 1000 simulated FWHM values. The typical error in the
FWHM measurements is around 6 eV, or half of the binning resolution. We achieved
very good spectral resolution across the band which we investigated, ranging from
450¢€V at 14 keV to 880eV at 105 keV.

Depth of Interaction

The depth at which a photon interacts within the detector affects the efficiency with
which the electron signal can be collected and the effectiveness with which we are
able to account for the hole signal. As photons interact closer to the anode of the
detector, charge collection is less efficient, leading to systematic underestimation of
the photon energy. The more energetic an incoming photon, the deeper it is likely
to penetrate the detector, meaning that higher energy spectral lines exhibit a telltale

low-energy tail due to depth-of-interaction effects.

Figure starkly demonstrates this effect. The top panels show the **! Am and
I55Ey spectra gathered during the experiments described in Section (multiple-
pixel and edge-pixel events were excluded). The bottom panels show “depth plots:”
2-dimensional histograms of the measured events where events are binned by
positively-charged hole signal along the y-axis and central pixel energy, or the
negatively-charged electron signal, along the x-axis (note that the spectra in the top
panels are projections of the depth plots onto the x-axis). Similarly to the common
mode correction described in Section [6.3] we estimated the hole signal by taking
the mean value of the charge on the 8 pixels surrounding the triggered pixel. The
majority of events occur close to the cathode of the detector, resulting in a very
weak hole signal, near y=0. However, at higher energies, tracks become apparent
in the depth plot. Following these tracks from y=0 as they swoop downward and to

the left, then back upwards, traces out a path of increasing interaction depth.

These paths are most visible for the two highest-energy spectral lines of !> E but
can even be made out for lines down to around 60 keV. Excluding events from lower
regions of the depth plot will sharpen the spectral lines at higher energies. In order
to demonstrate this, we chose to exclude events with a hole signal to central pixel
energy ratio less than -0.01, shown by the red lines in the bottom panel of Figure[6.5]
As expected, performing this depth cut noticeably reduced the low-energy tail effects

for the high-energy lines and also made these lines somewhat narrower compared

3The line at 86keV also shows additional low-energy tailing that can be attributed to down-
scattering within the source itself. Thus, this tail is visible even for events with very small hole
signals.
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Figure 6.5: Spectra (top) and depth plots (bottom) measured for a >*! Am source
(right) and a '>Eu source (left) using a 5 x 5 pixel region using only single-pixel
events. Several corrections, described in Section[6.3] have been applied to determine
the energy of each event. The bottom panels show the distribution of the negative
hole signal observed in pixels surrounding the central pixel in which the electron
signal is observed. This acts as a proxy for the depth of interaction of an event,
where events which lie near O on the y axis occurred near the top of the detector, with
depth of interaction increasing as one follows the tracks downwards and to the left.
By excluding events beyond a certain depth (shown by the red line with slope -0.01
hole signal/keV), energy resolution can be improved, especially at higher energies.

to the same lines without the depth cut (those shown in Figure [6.4), with a decrease
in the FWHM of 3% at 86 keV and 7% at 105 keV. This depth cut results in a 20%
reduction in the number of photons in the full spectrum. The efficiency reduction
at 86 keV is 13% and at 105 keV the efficiency is reduced by 21%. At 60keV the
efficiency is not significantly reduced, with only 0.2% of photons removed by the
depth cut.

Multiple Pixel Events

The depth of interaction will also affect the extent to which the electron cloud is
spread across multiple pixels, as a charge cloud originating near the top of the
detector will have more time to diffuse horizontally as it drifts vertically toward
the anode. We demonstrate this effect in Figure [6.6] which shows the fraction of
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Figure 6.6: The fraction of total events which triggered more than one pixel,
as a function of measured energy. Each line represents the multiple-pixel event
fraction for a different depth cut slope (see Figure [6.5)) between —107> and —0.1.
The shallower the slope, the more aggressive the depth cut. For a slope of —107>,
all events included occurred near the top, or cathode, of the detector.

events which triggered multiple pixels as a function of energy for different values
of depth cut slope. For the most aggressive depth cut, with a slope of —107>, we
exclude all events except those which occurred very near the cathode of the detector.
For this depth cut, then, the increase in multiple-pixel event fraction with energy
can be solely attributed to the increase in the size of the charge cloud created by
each incoming photon. By assuming that the charge cloud has a gaussian profile
in the horizontal plane, and that any event which occurs within a certain radius of
a pixel’s centroid will only trigger that pixel and not its neighbors, we may relate
the fraction of multiple-pixel events to the size of the charge cloud. We thus find a
charge cloud FWHM of 100-120 um for the 20-100 keV energy range. We note that
this corresponds to the size of the charge cloud at the point of measurement (after
the cloud has drifted downwards toward the anode) and not at the time of interaction
itself. However, given that the majority of all events occur closer to the cathode
(see Figure [6.5)), this number is particularly relevant to understanding the tradeoffs
inherent in tuning the pixel size for CZT detectors, as small pixels will decrease

electronic noise while also increasing the number of multiple-pixel events.

Regardless of the depth cut, we find that at least 60% of events triggered multiple
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pixels in the energy range we investigated. This highlights the drawbacks of mea-
suring spectra only using single-pixel events, and demonstrates the need for robust
calibrations in order to incorporate multiple-pixel events without degrading spectral
resolution. In Figure [6.7] we show a spectrum using both single-pixel events and
events for which two adjacent pixels were triggered. We performed a second-order
gain correction in order to correct for gain differences between single-pixel and two-
pixel events. For each two-pixel event, we first determined the energy deposited in
each of the two triggered pixels using the single-pixel gain coeflicients calculated
using equation[6.2]and summed these two energies to get the first-order energy mea-
surement, E. For each combination of two pixels, we then produced a spectrum
from the distribution of £ values. By fitting the prominent singlets, we determined
a second gain coeflicient to map E| to the “true” event energy. This correction

amounted to a change of only 1 — 3%.

We find that including two-pixel events significantly degrades the spectral resolution
with the FWHM of the emission lines varying between 564 eV at 14 keV and 1155 eV
at 105 keV. However, we note that the second-order gain correction described above
was limited in its precision by a lack of events. With a longer exposure, the second-
order gain coeflicient may be determined with less scatter, resulting in a sharper
spectrum. This improved calibration will be important for applications with smaller

pixels than those presented here.

6.5 Summary and Conclusions

We have presented an in-depth analysis of a pixelated CZT detector in order to
characterize the material available from Redlen Technologies. We performed several
experiments, including measurements of leakage current, gain corrections, and
spectral resolution. We primarily aimed to determine two things: how the detector
properties vary across the crystal, and what spectral resolution is achievable with

this material.

We found that, with the exception of a few regions of bursting pixels, most likely
due to the readout electronics rather than the CZT itself, the crystal shows very good
uniformity in terms of leakage current, gain, and spectral resolution. However, some
variability is apparent across the detector, with a slight gradient going from the top
right to the bottom left of the detector in all three of these measured properties.
Thanks to the pixelated design of the detector we have presented, these variations

can be accounted for in pixel-by-pixel calibrations.
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Figure 6.7: Spectra measured for a >*! Am source (blue) and a !> Eu source (orange)
using a 5 x 5 pixel region using single-pixel events as well as events for which two
adjacent pixels were triggered. Several corrections, described in Section [6.3] and
Section [6.4/have been applied. The FWHM of each singlet emission line is labeled
with black arrows.

In order to characterize the spectral resolution that can be achieved with more in-
depth calibrations, and without having to account for significant variations in crystal
properties, we illuminated the detector with both a >*! Am source and a >3 Eu source
while deactivating all but a 5 X 5 region of pixels on the detector. In this way, we
were able to gather sufficient photons to perform precise gain calibrations, depth-
of-interaction measurements, and measurements of multi-pixel event fractions in a

relatively short exposure.

Using only single-pixel events, we found that the detector produced spectacular
resolution across the 14-105 keV energy band. Even at 105 keV, the FWHM achieved
was less than 8% of the line energy. In comparison with similar detectors aboard
NuSTAR, we achieve an improvement in spectral resolution by about 30%. Further
calibrations such as charge sharing and charge loss corrections will only make this
improvement more dramatic. It is important to note that the increased thickness
of the Redlen CZT compared to the eV Products CZT aboard NuSTAR (3 mm vs.
2 mm), is likely one reason for this improvement, as increasing the thickness at the

same pixel pitch will amplify the small-pixel effect. In essence, photons tend to
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interact further from the anode of the detector, decreasing the hole signal compared
to the electron signal. On the other hand, thicker CZT leads to a smaller fraction
of single-pixel events, meaning it’s necessary to properly calibrate multiple-pixel
events. We constructed a spectrum containing events which triggered two adjacent
pixels and found a degradation in resolution of 25-30%, but our second-order gain

calibrations were limited by the number of counts at our disposal.

We also estimated the depth of interaction for each event. We were then able to
exclude events beyond a certain depth from our spectra, thereby improving the
spectral resolution by several percent and significantly reducing the effect of low-
energy tailing at high energies. This combination of increased thickness and depth-
cut corrections will be especially important for applications such as the proposed
X-ray observatory HEX-P (K. K. Madsen, Stern, and HEX-P Team, [2019)) which
intend to measure photons with energies far in excess of 60 keV.

Taken together, these results provide a very promising view of Redlen CZT for
pixelated X-ray detectors which require good detector uniformity and high spectral
resolution. While we have only presented one detector in this paper, our preliminary
investigations of several other successfully hybridized detectors using Redlen CZT
indicate a high yield as well, which we found was a drawback when using eV
Products CZT. We hope to present results from more Redlen detectors in the future
in order to better understand how much variability Redlen material shows in the

properties we investigated in this work.
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Appendix A

BREAKING THE SPECTRAL FIT DEGENERACY

Fitting the MAXI J1848-015 spectra with their respective best fit models (described
in Section[5.3)) individually, rather than performing a joint fit, resulted in significant
degeneracies between a number of parameters. In Figure[A.T|we show the resulting
distributions for those parameters which demonstrate this degeneracy. In particular,
although the spin is consistent with values above a = 0.7, it is not particularly

well-constrained.

In the soft state, the spin and the inclination show a clear dependence on one another,
as do the spin and the inner radius. The latter degeneracy is due to the proximity
of the inner radius with the inner-most stable circular orbit, the physical value of
which depends directly on the spin of the central accretor. The strength of reflection,
parameterized by the reflection fraction, fi.q, also shows a clear correlation with
a number of parameters, including the absorption column density, the spin, the
inclination, and the inner disk radius. In the hard state, on the other hand, the spin
appears to be controlled mainly by the iron abundance, Are, the absorption column
density, the height of the lamppost, and the inner disk radius, and it shows less
dependence on the inclination of the inner disk. In the soft state, the iron abundance
consistently tended towards the lower limit of the model, Ape = 0.5 Ape,0, SO We

froze the parameter at this value.

We also show the parameter distributions for the joint fits in Figure in order
to demonstrate the superior constraints we were able to achieve via this method.
Importantly, the spin and the inner disk inclination were constrained very well
compared to the individual fits. A few distinct correlations remain, with the spin
depending on the inner disk radius of the soft state and the lamppost height during
the hard state, and the inclination being controlled by the ionization of the disk in the
hard state. Both values also show a noticeable dependence on the absorption column
density. Notably, using this joint fitting method, we obtained a well-constrained
distribution for the iron abundance, which we were not able to achieve via the

individual fits.
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Figure A.1: Distributions of selected parameters resulting from MCMC analysis
of each spectrum individually, without joint fitting. The dashed lines shown in the
one-dimensional histograms represent, from left to right, the 5%, 50%, and 95%
quantiles, while the contours shown in the two-dimensional histograms represent
confidence regions of increasing sigma. Top: soft state parameters. Bottom: hard
State parameters.
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Figure A.2: Distributions of selected parameters resulting from MCMC analysis of
the NuSTAR spectra with joint fitting where the parameters a, i, and Ap. were tied
between the soft and hard states. The dashed lines shown in the one-dimensional
histograms represent, from left to right, the 5%, 50%, and 95% quantiles, while the
contours shown in the two-dimensional histograms represent confidence regions of
increasing sigma.
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Appendix B

INVESTIGATING ERRORS IN HYBRIDIZATION

0 0
4.5 4.5
. 4.0
35
10 _ 10 35
>
30g 3.0
15 = 15
252 25
203
20 s 20 2.0
1.5
25 25 15
1.0
1.0
30 0.5 30
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Figure B.1: Electronic noise maps for two hybrids which suffered poor hybridization.
High levels of noise can be seen across the majority of each detector, rendering them
both unusable for scientific applications. Inthe ideal case, the electronic noise should
be less than 1 keV and should show good uniformity across the detector.
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Figure B.2: Interpixel conductance maps for a hybrid which we determined to have
suffered a failure in the application of epoxy during the hybridization process. The
figure on the left shows the conductance in the horizontal direction, while the figure
on the right shows the conductance in the vertical direction. Large regions of the
detector were rendered unusable due to the high conductance between pixels.

In the process of characterizing Redlen CZT, we encountered a small set of hybrids
which exhibited large regions of high electronic noise leading to many bursting

pixels which had to be deactivated in order to mitigate spurious events. All of
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these hybrids were flip-chip bonded in the same batch. Figure [B.T| shows maps of

electronic noise for two such detectors. A properly functioning hybrid should show
good uniformity across the detector with a mean electronic noise contribution of less
than 1 keV. We found that in one extreme case, the regions of high noise corresponded
to regions of very high interpixel conductance as well. Figure [B.2] shows the
interpixel conductance in the horizontal and vertical directions for this hybrid. We
therefore inferred that coupling between pixels may have been responsible for the
high electronic noise seen in this batch of hybrids, and we hypothesized that this
could be the result of an error in the hybridization process, particularly in the
application of the conducting epoxy which is used to bond the CZT crystal to the
gold studs on the custom ASIC.

Gold Stud

Overflowing epoxy

10 pm* Mag= 140KX EHT=3000kV WD=288mm Signal A=VPSE Date :23 Jan 2019

B e

Figure B.3: SEM images of epoxy used to bond the CZT detector to the custom
NuSTAR ASIC. On the left is shown an example of a failed bond, while on the right
is shown a successful bond. It is clear from SEM imaging that the noisy batch of
hybrids suffered from a failure in the application of epoxy which resulted in overflow
onto the detector electronics. We inferred that this was the cause of the large-scale
pixel failure observed in this batch of hybrids.

In order to investigate this hypothesis, 1 took one of the affected hybrids to the
scanning electron microscope (SEM) housed in the Caltech GPS Division Analytical
Facility. Because the detectors had already been hybridized, it was impossible to
investigate the epoxy in the middle of the detectors, but I was able to image the
epoxy along the edges. I found that the epoxy was flaky and that it did not set
correctly on top of the gold studs which connect the CZT and the ASIC. Rather, I
observed dramatic overflow of epoxy onto the detector electronics themselves. We
alerted the firm which performed the flip-chip bonding procedure to this result, and
they performed an investigation into their epoxy application process. They reported

that the epoxy used for this batch was likely poorly mixed and stored, which could
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have caused the hybridization failures which we observed. During the hybridization
of subsequent batches of detectors, they addressed this issue, which appears to have
addressed the noisy pixel behavior. The hybrid presented in Chapter[6]is one of the
successfully hybridized detectors.
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