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X-ray binaries, especially those with a massive stellar companion, provide a unique probe
through which one can study the end-points of high-mass stellar evolution while simulta-
neously tracing recent star formation. In this thesis, I analyze the high-mass X-ray binary
populations of five nearby galaxies using matched observations from the Chandra X-ray
Observatory and the Hubble Space Telescope. The global X-ray properties of the X-ray bi-
nary populations of these galaxies is correlated with the star formation histories of the host
galaxies. Unlike previous studies of the X-ray—star formation connection, which corrects
for contamination by background sources only in a statistical sense, I have developed a
source classification scheme utilizing the resolved stellar populations from Hubble imaging
to separate X-ray binary candidates from contaminating X-ray sources. This thesis vali-
dates the statistical corrective approach typically applied to more distant galaxies, where
it is not possible to resolve individual stars. Additionally, the X-ray binary populations of
these nearby galaxies is used to constrain models of massive star evolution. This includes
an estimate of the fraction of massive evolved binaries that undergo an X-ray luminous
phase, the characteristic timescale of the X-ray luminous phase, and the mass distribution

of stellar companions in X-ray binaries.
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Chapter 1

INTRODUCTION

X-ray binaries (XRBs), especially those with high-mass stellar companions (high-mass
X-ray binaries, or HMXBs), are both a unique probe through which the end-points of
massive star evolution can be studied and useful tracers of recent star formation. In a single
XRB, the physics of mass transfer that occurs between a compact object and its stellar
companion directly influences the quantity of X-rays produced over time. Determining how
the star formation history of a galaxy correlates with its overall XRB population in the
nearby universe sheds light on binary star evolution and is critical for understanding galaxy
evolution at high redshift.

In this thesis, I examine the XRB populations (in particular, HMXBs) of five nearby
galaxies. This sample is used to constrain massive binary evolution models, and to explore

the relationship between HMXBs and star formation.

1.1 A Brief History of X-ray Astronomy

Humans have pondered the mysteries of the heavens for thousands of years. The advent
of telescopes, first pointed at the sky hundreds of years ago by Galileo, allowed humans
to peer beyond what is readily accessible to our eyes. Indeed, for most of human history,
astronomy was comprised entirely of such optical observations, utilizing wavelengths that
the human eye has evolved to detect. Observations at different wavelengths, however, are
relatively new to astrophysics research. The emission of X-rays from astronomical sources
was first detected during a rocket flight in 1962 [148]. Although the significance of X-ray
emission as a probe of the universe at cosmological distances was immediately appreciated,
it was not until several years later that substantial progress was made in understanding the
origin of X-rays.

The first satellite devoted entirely to the study of cosmic X-rays was Uhuru [149], which



launched into orbit on 1970 December 12. Uhuru was designed to search for X-ray-emitting
sources in an energy range of 2-20 keV, to determine their locations to a precision of a few
square arcminutes (for bright sources), to study the structure of extended X-ray sources
with a resolution of ~30’, to detect X-ray spectral features and variability and, whenever
possible, to perform coordinated X-ray observations with multiwavelength facilities [149].

1 more than

The X-ray fluxes measured corresponded to luminosities of up to 103® erg s~
10* times the total energy output of the Sun.

More than four decades have now passed since the era of Uhuru, and what began in the
early 1970s as detailed individual studies of a small number of X-ray sources has blossomed
into numerous mature, rich subjects: X-ray emission from active galactic nuclei (AGN)
and their evolution over the history of the universe; supernovae explosions and gamma-
ray bursts; and the evolution and collective properties of X-ray binaries (XRBs), starting
with the discovery of Cen X-3 [149]. Much of the development in these fields has been
made possible by continually improving X-ray satellites. Today, X-ray astronomy continues
to be carried out using data from a host of satellites that were active from the 1980s
to the early 2000s: the HEAO series, EXOSAT, Ginga, RXTE, ROSAT, ASCA, as well
as BeppoSAX, which detected the first afterglow of a gamma-ray burst (GRB). NASA’s
current X-ray flagship mission is the Chandra X-ray Observatory, launched in 1999 along
with the European Space Agency’s XMM-Newton.

In order to understand how XRBs form, evolve, and how they can be used as tracers of
star formation in nearby and distant galaxies, it is important to first understand the basics
of single star evolution. I will next provide and overview of single star evolution, with an
emphasis on massive stars. Then I will discuss how the evolution of massive binaries differs

from that of single stars.
1.2 Overview of Single Star Evolution

Detailed studies in the 1970s of a small handful of 0 XRBs and early work on binary evolution
models [232] 325] [92] have developed into a mature field, and a “standard picture” of XRB
formation and evolution has emerged [417, [418]. The evolution of binary stars differs from

that of single stars only if the stars are in a close enough orbit to interact with one another.



To understand how neutron stars and black holes can be formed in binary systems, and how
the evolution of binary stars differs from that of single stars, we must first have a strong
knowledge of single star evolution.

All stars begin their lives as interstellar clouds, whose cores contract under the influence
of gravity. The subsequent evolution of the star is driven by the radiative loss of energy,
which causes the gas to contract. Due to the release of gravitational potential energy, the
temperature of the gas increases — a self-gravitating gas in hydrostatic equilibrium has a
‘negative heat capacity.” The more the star radiates to cool itself, the more it will contract,
the hotter it gets, and the more it is forced to go on radiating. This cycle is clearly an
unstable situation over the long-term, and explains why the star, which starts out as an
interstellar gas globe, must end its life as a compact object.

Stars spend the vast majority of their lives in a stage of hydrostatic equilibrium called
the main-sequence (MS), where outward pressure generated by the fusion of hydrogen into
helium balances against the inward pull of gravity. Hydrostatic equilibrium requires that
the pressure within the star (a combination of radiation, gas pressure, and later on partially

degenerate electrons) obey the relation

dpP GM (r)p(r)
= = Z2VRY 1.1

i R (1.1)
where M (r) and p(r) are the stellar mass and density interior to the radius r. There are
three fundamental timescales of MS stellar evolution. When the hydrostatic equilibrium of

a star is disturbed (e.g., because of sudden mass loss), the star will restore this equilibrium

on a so-called dynamical timescale:

Tagn = VR3/GM ~ 30 min (R/Rw)** (M/My)~"?. (1.2)

When the thermal equilibrium of a star is disturbed, it will restore this equilibrium on a
thermal timescale (also called the Kelvin-Helmholtz timescale), which is the time it would

take for the star to emit all of its thermal energy at its present luminosity:

Tth = GM?/RL ~ 30 Myr (M/My) 2. (1.3)



The third timescale is the nuclear one, which is the time needed for the star to exhaust its
nuclear fuel reserve (proportional to M) at its present fuel consumption rate (proportional

to L):

Toue & 10 Gyr (M/M@)_2'5 : (14)

The above timescales were approximated assuming a MS mass-luminosity relation of L
M3 and a mass-radius relation of R o« M1/2. Both these relations are good approximations
for M >Mg MS stars [113] [62] 458], and are therefore appropriate when discussing the
progenitor stars in a primordial HMXB.

Once a star has exhausted its initial hydrogen fuel, it begins its post-MS evolution.
Without support from fusion, the core begins to contract and, therefore, the temperature
increases, which can induce hydrogen shell fusion in the regions of the star outside the core.
The final end-product of this evolution depends on the initial mass of the star (and, by
extension, the star’s core mass). The helium cores of low-mass stars (with initial stellar
masses M < 2.3 M) become degenerate during hydrogen shell burning, and when the core
reaches 0.45 Mg the temperature is hot enough to begin helium fusion. The ignition of
helium in a degenerate core results in a “helium flash.” Although energetic, the helium
flash is not violent enough to disrupt the star.

Helium fusion produces carbon and oxygen as nuclear products. Stars with initial masses
in the range 2.3-8 Mg will eventually ignite carbon. Observations of white dwarfs in
Galactic clusters that still contain stars as massive as ~8M, [342] [437] suggest that even
these higher-mass stars still terminate their lives as white dwarfs.

Massive stars (M > 10 Mg) experience episodes of fusion alternating with stages of
exhaustion of nuclear fuel, until their cores are composed of iron. Fusion of iron requires,
rather than releases, energy; when the core mass exceeds the ~1.4 My Chandrasekhar limit
(the maximum possible mass for an electron-degenerate configuration), the core implodes to
form a neutron star or a black hole. The gravitational energy released during this implosion
(~4x10% erg) is far greater than the binding energy of the stellar envelope, triggering a

violent explosion which ejects the outer layers of the star with speeds up to 10* km s~!. Such



catastrophic explosions are referred to as supernovae (SNe), and result in the formation of
a compact object (either a neutron star or a black hole).
I will next provide a brief overview of the current understanding of supernovae, and the

properties of neutron stars (NSs) and black holes (BHs).

1.3 Compact Object Formation

There is general agreement that most stellar-mass compact objects are formed during the
collapse of a massive star, which powers a supernova explosion. In order to produce an
explosion, the star must eject its outer layers. Instabilities play a key role in increasing the
efficiency with which the gravitational energy from the collapsing star is tapped to drive an
explosion. Just before collapse, the star’s core is composed of iron covered by silicon and
oxygen layers. The initial core collapse is halted when a proto-NS with ~1 Mg, forms, and
the infalling material “bounces” off the suddenly rigid core on a thermal timescale. The
outgoing shock runs into the rapidly infalling outer layers of the star, stalling the explosion
[53]. After the bounce, this dense proto-NS accretes from the turbulent atmosphere at
extremely high rates (up to ~1 Mg s™!; [53]). Depending on the delay time before the
explosion, the mass of the proto-NS may increase via this post-bounce accretion by up to

~1 M.

1.3.1 Instabilities

Some tiny fraction of a strong flux of neutrinos from the proto-NS is absorbed and heats the
“turbulent atmosphere” in between the proto-NS and the stalled shock. A SN is successful
only if this energy can be utilized to revive the shock, allowing it to overcome the pressure
of the infalling material. For sufficiently strong convective motions, the infalling layers may
be pushed out and the explosion can be restarted. However, an initial jolt is required to
start convection [175] 52} 202] 138, [139]. The “turbulent atmosphere” region plays a crucial
role in accumulating the energy from the collapse, and an instability must then trigger the
convective engine leading to a SN explosion [175, 139, [40l 54, 137, 358, 511, 264] 296, 397].
The precise mechanism for the instability and shock revitalization are areas of active

research. Two models have emerged, which can be characterized by their growth times:



the Rayleigh-Taylor (the “rapid” instability model, with a characteristic time of ~10-20
ms) and the standing accretion shock instability (the “delayed” instability model, with a
characteristic time of ~100-150 ms). The Rayleigh-Taylor instability is encountered just
above the surface of the proto-NS. Neutrinos heat the turbulent atmosphere from below,
creating a temperature gradient [28], while the infalling gas from above created a pressure
gradient. As a result, low entropy gas finds itself on top of high entropy material, and a
violent displacement of layers follows. Once the movement of the plasma is initiated, it
turns into a convective engine. The Rayleigh-Taylor instability may appear quickly, ~20
ms after the initial bounce [I137]; however, the convective engine needs ~100 ms to build
up sufficient strength to launch the explosion. In simulations, if this instability does not
launch the explosion within the first 200-300 ms, it means the Rayleigh-Taylor mechanism
has failed and the star will not explode.

The standing accretion shock appears where the initial bounce stalls and gives rise to
additional instabilities [54]. Outer stellar material is essentially in free fall as the star col-
lapses. This material can acquire significant momentum by the time it hits the standing
shock, and the “pounding” that results causes the plasma trapped in the turbulent atmo-
sphere to vibrate and create pressure waves [129]. Interference in these waves transfers
momentum to the plasma, which triggers the convective engine. The growth time for these
“acoustic” instabilities is considerably longer than the Rayleigh-Taylor case: strong stand-
ing accretion shock instabilities require ~500 ms to develop [40], and may result in a SN
explosion as late as one second after the bounce.

As the proto-NS and turbulent atmosphere cool, energy stored in this region begins
to decline. The amount of energy that can be extracted from the turbulent atmosphere,
therefore, depends on how long it takes before the convective engine turns on. The Rayleigh-
Taylor instability appears first; if it strong enough to start the convection, and there is
enough energy accumulated in the turbulent atmosphere, the outer layers of the star can
be ejected and a rapid expansion follows on a timescale of ~200-300 ms. For stars in the
8-12 Mg mass range [198] [48], [456], 294], a strong flux of neutrinos heats the material above
the proto-NS, and the resulting pressure is sufficient to drive the explosion. The Rayleigh-

Taylor instability therefore enhances the explosion, resulting in strong SN explosions. Even



during strong explosions, some degree of fallback is expected (~0.2-0.3 M). Thus, stars in
the ~8-12 Mg mass range experience strong SN explosions and produce low-mass NSs, in
the range of ~1-1.5 M. For example, there are some indications that the Crab supernova

progenitor star was in the 8-11 Mg, range [295, 293 [67, 91 220].

For stars in the range of ~12-20 My, the SN explosions are still strong due to the
density of infalling material, which can hold off the explosion for long enough to allow
significant energy build up in the turbulent region. The delay in the explosion allows for
significant post-bounce accretion to occur. However, the infalling material does not hold off
the explosion long enough for energy in the turbulent region to begin to decline, allowing
the Rayleigh-Taylor instability to trigger the convective engine on a “rapid” timescale. As

a consequence, ~12-20 M, stars form more massive NSs, ~1.5-3 M.

Stars up to ~40 Mg undergo significantly weaker SNe, if there is an explosion at all.
Infalling silicon and oxygen layers prevent the convective engine from launching the explo-
sion, allowing the star to collapse first to a proto-NS and to continue to collapse into a
BH. Even if standing shock instabilities develop prior to the silicon/oxygen layers finishing
their infall, the explosion will be weak and a signifiant amount of fallback will occur. The
resulting BH has a mass of ~3-10 My, depending largely on the star’s initial stellar mass

and the strength of the stellar winds.

For the most massive stars (>40 Mg), neither the Rayleigh-Taylor nor the standing
shock instabilities can launch a convective engine energetic enough to overcome the high
pressure of the infalling material [sometimes called an “unnovae,” 222], 241]. Even if a weak
explosion manages to occur, all of the ejected material is subject to fallback, and the entire

star is accreted onto the newly formed massive BH (~5-15 Mg).

It is widely accepted that there are two main varieties of SN events [454, [I77]: the
thermonuclear run-away in white dwarfs approaching the Chandrasekhar mass and the
direct core collapse of massive stars. Since the former SN explosion mechanism is not
responsible for the creation of compact objects, I will focus the remainder of the discussion
of SNe on two types of core collapse SN: the less luminous electron-capture SNe that occurs

for lower-mass stars, and direct collapse of an iron core.



1.3.2  Core-Collapse Supernovae

Direct collapse of an Fe core, often referred to simply as “core-collapse SN” [CCSN
7, [75), [52] 54, [50], [138], are some of the most energetic events in the Universe, producing

0°3 erg in neutrinos and several 10°! erg of kinetic energy in ejected material

several times 1
— as much energy as the Sun will produce over its entire lifetime. Stars more massive
than ~10 Mg will eventually form iron cores, which implode under the pressure of infalling
material until the electron degeneracy pressure is exceeded and a proto-NS forms.
Electron capture supernovae (ECSNe) are a distinct class of core-collapse supernovae
(CCSN). Stars with initial masses of ~8-10 Mg are the high-mass equivalents to AGB stars
[172], often called “super” AGB stars, and form an electron-degenerate core consisting of
oxygen, neon, and magnesium (O-Ne-Mg) during the final stages of their evolution (instead
of an iron core, as is the case for more massive stars). High rates of mass loss due to strong
stellar winds [up to 10™* My yr~! 455] mean that only a handful of these stars actually
experience a SN explosion and form compact objects [279] 278]. Most of these stars end
their lives as O-Ne-Mg white dwarfs. However, a handful of stars at the very upper end of
this mass range [e.g., the top ~4%; 378, 317] will have collapse induced by electron capture

3 and

when the core mass grows to 1.38 M and the central density reaches 4 x 109 g cm™
explode via an ECSN [220} 55]. ECSNe are powered by neutrino heating, and result in a
low energy explosion typically on the order of 10°° erg [176], 430} 203, 331], with energies of

up to 10°! erg possible in some scenarios [267].

1.3.8 Neutron Stars

Neutron stars represent the strongest gravitational environment in which matter can sta-
bly exist. The state of stable matter at ultra-high densities remains an open question in
subatomic physics. With the addition of strong magnetic fields and intense radiation, NSs
provide a unique view into a density-temperature regime that cannot be explored in any
laboratory setting. The birth properties of NSs also provide one of the most important
constraints on SN theories.

The characteristic physical timescales — the free-fall time, fastest stable orbital period,



and stellar spin period — near a NS are measured in milliseconds. These timescales encode
fundamental physical properties of the NS: its mass, radius, and angular momentum. The
high characteristic temperature of matter in the vicinity of a NS (or BH) leads to a principal
electromagnetic window in the X-rays. With the advent of X-ray astronomy, NSs themselves
could be detected through their thermal emissions, and X-ray timing remains the most direct

way of probing NS structure and dynamics.

The interior structure of a NS is described in a global sense by the equation of state
(EOS), which relates the star’s mass to its radius. The EOS of bulk nuclear matter is still
highly uncertain. While most EOSs predict that R will decrease as M (and therefore the
self-gravitational force) increases, different assumptions about the interior composition of
the NS produce different detailed mass-radius relations [237, 2211, [245]. The two outstanding
issues surrounding NSs are therefore simple to state: what is the maximum mass of a NS,

and what is a characteristic NS radius?

Observations of NS in evolved binary systems — XRBs, or the even more evolved binary
pulsar systems — represent the only practical way of directly constraining either the mass
or radius of individual NSs. A few dozen NSs have had masses reliably determined | some
to +£0.001 Mg; 3511 BI 135, 251] from binary pulsar timing, with all measured masses
having a maximum value of 1.5-1.65 Mg, [consistent at the 4o level; [136] 104} [30, 102].
Other NS mass measurements from XRB observations have resulted in an average mass of
1.354+0.04 M., [401]. Measurements of NS radii from observations of LMXBs are ~11.5 km
[387], consistent with the theoretical range of 10-15 km [173] 388]. Most importantly, no

single NS has had both its mass and radius determined independently of emission models.

The identification of thermal radiation from NSs in XRBs has provided an additional
breakthrough in understanding NS structure. NSs in quiescent XRBs likely have weak
magnetic fields, and in some cases a known composition (a nearly pure hydrogen atmosphere
from accretion from the companion star). When the XRB is actively undergoing mass
transfer, reactions deep in the NS crust heat the interior. When accretion onto the NS star
stops, the increased heat is radiated away from the surface. Spectral fitting of this thermal

radiation can determine the radius,
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R 2G M\ "2
Trad = (D) <1 - RCQ) ) (1.5)

where R and M are the NS radius and mass, respectively. Although both Chandre and
XMM-Newton have been used to constrain the NS radius, the accuracy of this measurement

is not yet sufficient to constrain the EOS.

1.5.4 Black Holes

Black holes are observed to span a large range of masses, from the stellar mass remnants of
massive stars (~3-10 M) to supermassive (109 M) BHs at the cores of galaxies. XRBs
provide some of the best opportunities for obtaining mass constraints on stellar-mass BHs.
Roughly 50 stellar mass BHs [470] have been observed in the local universe [24§], including
about 20 BHs with direct mass measurements.

A defining property of BHs is the event horizon, an immaterial surface that separates
the interior region of space-time that cannot communicate with the external universe. For

a Schwarzschild BH (e.g., non-spinning), the radius of the event horizon is given by

2GM
TSChIC2%30km<

M
10M@> . (1.6)

For an extreme Kerr BH (e.g., rapidly spinning), the event horizon radius can move inwards

by up to a factor of 2.

Black holes provide a key laboratory for testing general relativity. The immediate en-
virons of BHs provide a unique laboratory where the properties of strong gravity can be
directly observed. Near the event horizon of a BH, frame-dragging and gravitational redshift
effects become important and stable circular orbits disappear. Merging BHs are expected
to be a powerful source of detectable gravitational radiation. BHs additionally exhibit
other exotic behaviors, such as plasma jets which accelerate matter to relativistic speeds
and whose energy spectrum peaks near ~1 Gev [436]. Newborn BHs are invoked as an

explanation of gamma ray bursts [314].
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1.4 Binary Star Evolution

The realization that neutron stars and black holes could exist in close binary systems initially
came as a surprise. It was anticipated that the energy imparted during the SN explosion
would act to disrupt the binary [38]. Later studies revealed that the effects of large-scale
mass transfer prior to the SN was responsible for the survival of XRBs like Cen X-3 [419,
410], and that accreting neutron stars and black holes could serve as the energy source for

the strong Galactic X-ray sources [464], 372].

To understand the formation and evolution of XRBs, it is essential to understand the
interactions between the stellar components of a binary star system. Such interactions
may include spin-orbit tidal interactions, mass transfer, and loss of angular momentum.
XRBs can be formed through two main channels: as the direct result of a primordial binary
star system, or through dynamical interactions in dense stellar environments (i.e., globular
clusters). LMXBs are thought to form primarily through dynamical channels [163] [425]. It
has been proposed that globular clusters are the principle (or sole) birth places of LMXBs
in early-type galaxies [443], with natal kicks from compact object formation or evaporation
of the parent cluster being responsive for LMXBs observed in the field [231, 206, 42§].
HMXBs, meanwhile, are believed to form primarily from primordial binaries. In this thesis,
I focus on the evolution of HMXBs from primordial binaries in the disks of galaxies, where

the stellar density is too low for dynamical interactions to play a significant role.

For a primordial binary of two massive stars, the more massive component exhausts
its hydrogen core faster, and will rapidly expand into a giant on a timescale of ~106=7
yr. The giant overflows its Roche lobe and begins transferring its hydrogen envelope to
its lower-mass companion. At this point, there are two possible evolutionary pathways for
the system, depending on the mass ratio of the two stars. If the stars are of comparable
mass to one another (i.e., a high-mass XRB, or HMXB, progenitor system), the lower-mass
star can accept the entire mass of the companion’s hydrogen envelope. This leaves behind
an He core, and the previously lower-mass companion has now become the more massive
component. The He core finishes the remainder of its evolution quickly, on the order of

~10°=6 yr. It explodes as a SN and leaves behind a compact object (most likely a neutron
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star), which will become the main X-ray emitter in the HMXB. The massive companion
now has an accelerated main sequence evolution due to its higher mass, and within ~106

yr expands into a supergiant.

X-rays can be produced in the system in one of two ways: stellar winds driven by the
giant companion are accreted directly onto the compact object, or the giant can overflow
its Roche lobe and begin transferring mass onto the compact object. The former case will
produce lower-luminosity systems (< 10%0 erg s=!), while Roche lobe overflow (RLOF)
system are typically 2-3 orders of magnitude more luminous. The end product of a massive
star’s evolution depends on whether or not the star is in a binary system (see Table ,
with less massive progenitors able to produce higher mass remnants due to mass transfer

from the companion.

Table 1.1: End Products of Stellar Evolution, as a Function of Mass, for Single and Binary

Stars

Final Product

Initial Mass (My) He-core mass (Mp) Single Star Binary Star

(1) (2) (3) (4)

<2.3 <0.45 CO white dwarf He white dwarf
23-6 0.5-1.9 CO white dwarf CO white dwarf
6—8 1.9-21 O-Ne-Mg white dwarf O-Ne-Mg white dwarf
812 2.1-28 neutron star O-Ne-Mg white dwarf
12-25 2.8-8 neutron star neutron star

>25 >8 black hole black hole

I will next discuss the physics behind two important phases of binary star evolution: the
common envelope (CE) phase, and the phase in which accretion onto the compact object

occurs.
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1.4.1  The Common Envelope Phase

It is generally accepted that a common envelope (CE) phase, in which the two binary
components are orbiting about their center of mass within a shared, differentially rotating
atmosphere, is essential for the formation of short-period binary systems containing com-
pact objects [197, 396]. The CE phase of a binary star’s evolution occurs if mass transfer
between the two components of the binary proceeds more quickly than the accreting star
can achieve equilibrium. A CE forms, and both stars begin to orbit one another through
a combined atmosphere. Energy is transferred (via torques and frictional forces) from the
binary components to the CE, which unbind the gases in the combined atmosphere. This
process acts to harden the binaries (i.e., reduce the binary separation between the two com-
ponents), and is thought to be the dominant mechanism for producing closely-interacting
cataclysmic variables [305], 302] and XRBs [116, 12].

Despite widespread acceptance and recent advancements in computational capabilities,
the detailed hydrodynamics and long-term evolution of the CE are still poorly understood.
While trends observed in a handful of XRBs can be reproduced with existing computer
models for a handful of sources [334] [353] 395, [345], accurately modeling entire populations
of XRBs remains a challenge. The current approach to this problem is to parameterize the
efficiency at which energy is transferred from the binary orbit into the ejection of the CE
using a single parameter, acg [435]. Using this efficiency parameter, the relation between

the initial and final orbital separations of the binary component can be written as

GM M, G(M.+ MM,

af (473

QacE = | Ebindl (1.7)

where G is the gravitational constant, a; and ay and the initial and final orbital separations,
respectively, M. is the mass of the donor star’s core, M, is the mass of the donor envelope,
and M, is the mass of the accreting star. Fy;,q is the energy required to unbind the CE,
which includes both the gravitational binding energy and the thermal energy of the plasma
gas, the ionization of H and He, and the dissociation of Hy [168| [169]. One large source
of uncertainty in the calculation of | Eyngl is the definition of the core-envelope boundary,

which is typically assumed to be the radius at which the mass fraction of H drops below a



14

critical value [typically ~10%, although model predictions are not very sensitive to changes
in this parameter; 106}, 252, [244].

Based on the widely accepted theory of XRB formation and the CE phase, one would
expect that HMXBs containing a NS and a “naked He” star (He-HMXBs) would be common.
These systems are thought to form when the stellar companion in the system evolves into a
supergiant and forms a CE with the NS. Nearly two-thirds of all observed HMXBs contain
a Be-type star (B stars with strong emission line spectra) in a wide orbit with a NS [P >30
days; 248], ideal candidates for He-HMXB progenitors. However, there is a puzzling lack
of He-HMXBs in observations. At least 81 Galactic Be-HMXBs have been observed [333,
212, 22| 348, 347, [80], but after several decades of X-ray observations only one He-HMXB,
Cyg X-3, has been found [422]

1.4.2  Accretion onto the Compact Object

Although accreting compact objects, including AGN, are relatively rare in the universe,
they are so efficient at producing light (especially BHs) that their total emission, integrated
over a Hubble time, is only an order of magnitude less than all of the stars in the universe
[125].

I will next discuss two modes of accretion onto a compact object: accretion via a disk,

and direct accretion from the winds of the companion star.

Disk Accretion

Perhaps the most famous model for accretion onto a compact object is the thin accretion
disk, often called the a-disk model [325] 367, 297]. In this model, the companion star fills
its Roche lobe and a narrow stream of gas escapes through the inner Lagrangian (L1) point.
This escaping gas has a high specific angular momentum and cannot accrete directly onto
the compact object; instead, it feeds into a thin disk of matter called an accretion disk. The

a-disk model [367] parameterizes the disk viscosity, v, as

v=aaH, (1.8)
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where a is the sound speed in the accretion disk, H is the disk scale height (which can be
a function of radius), and « is a dimensionless number <1. Typical disk models assume

a ~0.01-0.1.

In the accretion disk, the gas moves in Keplerian orbits with an angular velocity,

Qi = (iﬁ‘f)lﬂ. (1.9)

Viscous dissipation slowly drains energy from the bulk orbital motion, and viscosity
transports angular momentum outward. As a result, the gas gets hotter as it sinks deeper
into the gravitational potential well of compact object. In extreme gravitational fields,
no stable particle orbits are possible close to the compact object [368]. The luminosity

generated by thin disk accretion is given by

1 GMM
2 R* ’

Laisk = (1.10)

where M is the mass of the compact object, M is the mass accretion rate, and R, is the
inner radius of the accretion disk. In other words, half of the gravitational energy to radius
R, is released as luminosity; the remaining gravitational energy goes into rotational energy
and may be advected into the BH or deposited onto the surface of the NS.

For XRBs (and other accreting objects), it is often useful to discuss the luminosity
in terms of the “Eddington luminosity” (or “Eddington limit”). This is the luminosity a
source will achieve when the force of gravity pulling inwards balances the radiation pressure
pushing out. For any accreting object, there is a luminosity beyond which radiation pressure
will overcome gravity, and therefore a natural feedback process limits the accretion rate of
the compact object.

Deriving the Eddington limit is straightforward: assuming spherical symmetry, the in-

ward force of gravity is:

GMm
Fy= "

(1.11)

which must balance the radiation force outward, given by
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km L

Flag = -2 &
T R

(1.12)

where £ is the opacity of the accretion disk material (here, a pure hydrogen disk is assumed).
Since the accreting material in high-energy accretion disks is mostly composed of ionized
hydrogen, the opacity is provided by Thomson scattering. It is useful to approximate that
the radiation force on the disk will be felt almost entirely by electrons, while the mass of
the disk lies almost exclusively in the protons. In other words, k = o7 /m,, where o is the
cross-section for Thomson scattering and m,, is the mass of a proton.

Setting these two forces equal to one another and solving for L yields

4rGM
Ligaa = ——"2, (1.13)
or
For stellar-mass compact objects such as NSs and BHs, it is useful to write
M
Lpaq = 1.3 x 10% (> erg st (1.14)
Mg

When the accretion rate is greater than ~1% of Eddington, the gas density can remain
high, and the ionized gas is able to radiate efficiently and the accretion disk can remain
geometrically thin [367, 242] [178].

If the gas density is low the gas may be unable to radiate energy efficiency, and the heat
will be advected inwards with the flow. The disk becomes hot and “puffs up,” forming a
geometrically thick, but optically thin, and radiately inefficient advection-dominated accre-
tion flow [ADAF; [242] [338, 291] XRBs, especially those containing BHs, are observed to
cycle through different states [268] which are thought to correspond to transitions between

a-disk accretion and more ADAF-like structures [121].

Wind Accretion

Early-type OB stars often possess strong line-driven winds [256], with mass loss rates of
~10719 Mg yr=! up to 107% Mg yr=! [304] 330]. In HMXBs, some fraction of this wind
can be directly accreted by the compact object. Unlike the a-disk or ADAF models dis-



17

cussed above, this accretion mechanism is roughly spherical in nature, and as such is better
described using the Bondi-Hoyle accretion model [44] [43].
The wind speed as a function of distance r from the compact object can be approximated

as:

v(r) ~ v (1 - %)ﬁ, (1.15)
where R, is the radius of the compact object, v, is the ambient ISM velocity very far from
the accreting object. Measurements of the ISM suggest typical values of v ~2000 km s~*
and B ~0.5-1 [186, 144, 329, 229, 230].

The material in the stellar wind will be captured when its kinetic energy is no longer
able to overcome the gravitational pull of the compact object. This occurs when

1 GM
iv?)o = : (1.16)

Tacc

where 7, is the Bondi-Hoyle accretion radius and M is the mass of the compact object.
This expression can be re-arranged to write:

2GM
Tacc = 02 (117)

o0

For Bondi-Hoyle accretion, the mass accretion rate onto the compact object is given by:

4rG2M? poe

3
Uso

: (1.18)

M = T2 o Poolso =
where po is the wind density. The wind density is, in turn, related to the mass loss rate of
the donor star:

My
ATavs

Poo = (1.19)

where Mw is the mass loss rate due to the stellar winds of the donor star and a is the
distance between the donor star and the compact object.
In order to estimate the mass accretion rate onto the compact object, one must addition-

ally take into consideration the orbital motion of the compact object itself. In other words,
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o8] wind

vi ~ 2+ vgompact. Using the wind velocity profile from Equation and assuming an
orbital velocity of the compact object to be (GM/a)'/?, Equation becomes:

G2 M?

CL2’UOO (G?M +’Ugo)3/2 w-

M =

(1.20)

Equation [1.20| can be simplified in cases where the orbital velocity is much larger than

the wind velocity, or vice versa:

12 .
(GM> My, if Vorbit > Voo

M = avs,
G2M2 . .
aZvl My, if Vorbit < Voo

In a realistic HMXB, the accreted material still possesses some angular momentum. As
a result, a small accretion disk may still form, even in cases of wind-dominated accretion
[254), 39, 371l 451]. Typical luminosities due to wind accretion are on the order of a few

x103¢ erg s7! [32, [366], roughly 2-3 orders of magnitude lower than for disk accretors [325].
1.5 X-ray Emission from Normal Galaxies

The X-ray emission from normal, non-active galaxies originates from a mixture of stellar
sources and hot, diffuse gas. It is well known that the Milky Way hosts both HMXBs and
LMXBEs, reflecting the underlying ages of its stellar populations. In late-type galaxies, where
the overall energy output is dominated by the light of massive stars, the X-ray emission is
dominated by HMXBs, and the fast evolutionary timescale of massive stars (~ 107 years)
makes X-ray emission from HMXBs nearly simultaneous with their formation [375]. This
provides a useful tracer of recent star formation, especially since X-ray emission is much
less affected by interstellar extinction than conventional indicators [i.e., stellar population
synthesis models; 213]. The use of X-ray emission as star formation indicator was first
conceived in the late 1970’s [393], and a correlation between X-ray emission from HMXBs
and global far-IR emission from star-forming galaxies was first observed by Einstein [122].
However, it was not until the launch of Chandra that observers obtained the necessary
angular resolution to study discrete X-ray point source populations.

Longer-lived LMXB systems trace older underlying stellar populations [225], [383] [406].
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Early-type galaxies (E and SO galaxies) contain relatively homogenous stellar populations,
resulting in a more uniform population of XRBs that is dominated by LMXBs [354, 217].
Early-type galaxies show a relative lack of high-luminosity sources when compared to star-
forming galaxies [216), [74] [124].

In the luminosity range detectable in most external galaxies with typical Chandra ob-
servations (>10%7 erg s7!), Galactic X-ray emission is dominated by XRBs, while at lower
luminosities other sources (accreting white dwarfs, supernova remnants, colliding wind bi-
naries) are detected [434) 160, 442]. Populations of XRBs in the Milky Way and external
galaxies are typically characterized by the shape of their X-ray luminosity functions (XLF's),
which describe the number density of sources that exist at a given luminosity. Given the
differences in evolutionary pathways, timescales, and environments which govern the forma-
tion of HMXBs and LMXBs, one should expect that the shape of a galaxy’s XLF correlates
with the SFH and age of the parent stellar population [I61], 21, 1T20]. XLF's are typically
parameterized as power laws or broken power laws, and are characterized by their slope,
normalization, and (if present) the break luminosity at which the power law slope changed.
In early-type E/SO galaxies dominated by LMXBs, the normalization of the XLF is related
to the stellar mass of the galaxy as would be expected for a passively evolving population
of old stars [150, 218]. The XLFs of spiral and irregular-type galaxies, on the other hand,
are dominated by HMXBs [I74] and have a normalization that correlates with the recent

star formation rate (SFR) of the host galaxy [465] 216, 161, [162].

1.6 Thesis Outline

In this thesis, Chandra and HST observations of five nearby galaxies are used to provide
insight into the formation and evolution of XRBs and the X-ray luminosity function of
galaxies. These results were also published in a series of papers: [36, 37, 35l 34, 33]. The

remainder of this thesis is organized as follows:

e Chapter 2 describes the Chandra Local Volume Survey (CLVS) and the construction

of the full X-ray point source catalogs.

e Chapter 3 presents the detailed X-ray analysis of the full CLVS source catalogs, in-
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cluding hardness ratio analysis, spectral fitting, timing analysis, and the radial source

distribution.

Chapter 4 describes the multi-wavelength observations available for the full CLVS
source catalogs. This includes both Hubble Space Telescope and publicly-available op-
tical, infrared, radio, and ultraviolet observations. This chapter additionally describes
the X-ray source classification scheme used to separate likely XRB candidates from

background galaxies, foreground stars, supernova remnants, etc.

Chapter 5 describes the construction and analysis of the X-ray luminosity functions for
the XRB candidates found in each galaxy, and implications for binary star evolution

models are also discussed.

Chapter 6 presents a deeper analysis of three individual sources of interest observed
as part of the Chandra Local Volume Survey. These sources are the NGC 404 central
engine, the “supernova impostor” SN 2010da, and the black hole + Wolf-Rayet binary
NGC 300 X-1.

Chapter 7 is a summary of the impact the CLVS catalogs have had on our under-

standing of XRB populations, and presents directions for future research.
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Chapter 2

THE CHANDRA LOCAL VOLUME SURVEY

The Chandra Local Volume Survey (CLVS) is a deep, volume-limited X-ray survey of five
nearby galaxies. Overlapping Hubble Space Telescope (HST) imaging from the ACS Nearby
Galaxy Survey Treasury additionally provides a wide-area multicolor census of stars down
to My ~0 [87] and detailed star formation histories (SFHs) for at least 20% of each galaxy.
When combined with the already well-studied disks of M 31 [224] and M 33 [449, [316] [407],
these galaxies contain ~99% of the stellar mass and ~90% of the recent star formation out

to a distance of ~3.3 Mpc [402, 258, [133].

With its excellent angular resolution (~(//5) and positional accuracy, the Chandra X-ray
Observatory [438] is the only X-ray telescope capable of separating the X-ray point source
populations of nearby galaxies from diffuse emission. When combined with deep, optical
HST imaging, reliable source identification and optical counterpart identification may be
carried out even at distances of a few Mpc. The five galaxies targeted for the CLVS are
nearby enough to perform resolved studies at both X-ray and optical wavelengths, with low

background levels.

The CCD detectors present onboard Chandra (and, also XMM-Newton) provide a data
hypercube of the observed field of view. Each individually detected photon is tagged with
a two-dimensional position, energy, and time of arrival, providing observers simultaneously
with an X-ray image and, for each detectable source, an X-ray spectrum and light curve.
The X-ray CCD detectors are primarily composed of silicon, with a “gate” structure on one
surface that defines pixel boundaries (each CCD is 1024x1024 pixels). Front illuminated
(FI) CCDs have gate structures facing the incident X-ray beam, while back illuminated (BI)
CCDs have their back sides facing incident X-ray radiation. BI devices possess better chip-
average energy resolution than that of FI devices, and the response of the BI devices extends

to energies inaccessible to the FI chips. The CCDs are arranged in two arrays: the I-array
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(ACIS-I), containing 4 FI CCDs (I0-I3) in a square configuration spanning 16'9x 16’9, and
the S-array (ACIS-S), with 6 CCDs (S0-S5, with S1 and S3 being BI and the remaining
four chips being FI) arranged in a linear array with a field of view of 83x506. Since CCDs
are sensitive to optical radiation as well as X-rays, optical blocking filters are placed over
the detectors.

I will next discuss the five galaxies targeted by this Survey: NGC 55, NGC 300, NGC 404,
NGC 2403, and NGC 4214. This will be followed by a description of the observations used
(both new and archival Chandra exposures), the data reduction techniques, and Chandra—
HST image alignment. Then I will describe in detail how the X-ray point source catalogs
were generated for each galaxy, and present the X-ray point source list for the total Chandra

Local Volume Survey.

2.1 The Galaxy Sample

The five target galaxies of the CLVS span a representative sample of disk galaxies, with a
range of stellar masses, metallicities, and morphologies. The basic properties of each of these
galaxies, including their distance, morphology, inclination, stellar masses, and hydrogen
column density Ny are summarized in Table Table summarizes prior X-ray surveys
of all five galaxies, including the number of highly significant X-ray point sources detected

and the limiting unabsorbed luminosity of each study.

2.1.1 NGC 55

NGC 55 is a member of the nearby Sculptor group of galaxies. Classified as an IAB(s)m
type galaxy [98], NGC 55 is an edge-on analog of the Large Magellanic Cloud [362] and is
the nearest bright edge-on galaxy [210]. The optical morphology of NGC 55 is asymmetric,
with a bright region displaced from the geometrical center of the galaxy [346] interpreted
as a bar viewed near- to end-on [97]. The edge-on orientation of NGC 55 offers excellent
insight into the effect of disk-based star formation activity on extra-planar regions, and as
such, NGC 55 has been a popular target for ISM studies [328, 127, [187) B03]. Ionized gas

shells are observed to protrude well above the plane of the galaxy, and at least some of this
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Property NGC 55 NGC300 NGC404 NGC 2403  NGC 4214
(1) (2) (3) (4) (5) (6)
Distance (Mpc) 2.1° 2.0 3.05° 3.3¢ 2.9¢
Morphology® SB(s)m SA(s)d SA0 SAB(s)cd IAB(s)m
R.A. (J2000)° 00:14:53.6  00:54:53.5 01:09:27.0  07:36:51.4 12:15:39.2
Decl. (J2000)¢ -39:11:48  -37:41:04  +35:43:05  +65:36:09 +36:19:37
m— Mg 26.42 26.45 27.74 27.73 27.59
Mg -17.76 -17.68 -16.63 -18.61 -17.39
Inclination’ (°) 83 45 19 56 38
Position Angle® (°) 108 111 0 128 0
Major linear diameter! (kpc) 12.05 12.95 3.25 19.43 7.05
Stellar mass (M) 3x10%  4.3x10%"  6.9x10%°  1.9x10%%7 1.5x10%/
Nu * (10%° cm™2) 1.37 4.19 5.13 4.36 1.99

“[@02), 87, <[133], ¢[©8], °“NED, f[210], ¢[284], "[327], *[400], ’ [95], * Absorption through the ISM

of the Milky Way, from [208]

gas appears to cool sufficiently to form new stars in the halo [409, 408]. The star formation
rate derived from the total infrared luminosity of NGC 55 is 0.22 Mg yr—! [117].

NGC 55 was first observed at X-ray wavelengths by ROSAT, revealing 15 discrete X-ray
sources and localized diffuse emission within the optical confines of the galaxy [337, 360, [85].
One of these sources has been established as a ULX and likely BH-XRB [390]. A detailed
X-ray view of NGC 55 by XMM-Newton [391] revealed 137 X-ray sources detected within

1'em™2 in the 0.3-6 keV energy range.

the field of view down to a flux of ~ 5 x 1071° erg s~
Of these sources, 42 are within the optical confines of the galaxy, and the authors find ~20
X-ray sources to be consistent with an XRB origin, five SNRs, and seven candidate super

soft sources (SSSs).

2.1.2 NGC 300

The first X-ray population studies of NGC 300 were performed with ROSAT between 1991
and 1997 [336], identifying 29 bright X-ray sources including NGC 300 X-1, a highly vari-
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Table 2.2: Prior X-ray Surveys of the CLVS Galaxies

Galaxy Observatory # Detected Limiting Unabs. Luminosity Reference(s)
Sources (within Das) (103 erg s71)*
(1) 2) (3) (4) (5)
ROSAT 22 (7) 16.8 [337, (360
NGC 55
XMM-Newton 137 (42) 2.9 [391)
ROSAT 47 (29) 7.7 [336]
NGC 300 XMM-Newton 163 (86) 1.7 [60]
Chandra 95 (77) 1.5 [34]
Chandra 0 (0) 1.2 [119]
NGC 404
Chandra 72 (30) 0.6 [33]
Chandra 58 0.5 [462)
ASCA 3 ~10° 227
NGC 2403
Chandra 41 320 [361]
Einstein 6 260 [123]
NGC 4214 Chandra 20 (17) 1.0 [171]

®The limiting unabsorbed luminosities are reported for the 0.35-8 keV energy range. In cases where the
original energy range was different, the expected 0.35-8 keV limiting unabsorbed luminosity assuming a

power law with I' =1.9 and the value of Ny for each host galaxy.

able supersoft source, and other bright sources coincident with known supernova remnants
(SNRs) and H II regions. More recently, an XMM-Newton survey of the the X-ray source
population of NGC 300 was presented by [60] down to a limiting luminosity of ~ 3 x 103
erg s~! in the 0.3-6 keV band. A total of 163 sources were detected in the energy range of
0.3-6 keV, and the 86 sources falling within the Do5 optical disk were further characterized

using hardness ratios, X-ray fluxes, and the available ground-based optical imaging.

In addition to the overall X-ray point source population, NGC 300 contains two highly
interesting sources that are discussed further in Chapter 6: the “supernova impostor”

SN 2010da [37] and the Wolf-Rayet + black hole binary NGC 300 X-1 [35].
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2.1.3 NGC 404

At 3.05 Mpc [87], NGC 404 is the closest face-on [ = 11°,[I01] SO galaxy to the Milky Way.
Although its optical morphology suggests NGC 404 is a classic “red and dead” early-type
galaxy, the center appears to have a significant young component [45], [363] 1400} 262] and
may host an intermediate-mass, low-luminosity active nucleus [LLAGN, 36} 363}, 263}, [119].
Here, we focus on the non-nuclear X-ray point source population; the central source is

included as part of the X-ray source catalog, but is not discussed in detail until Chapter 6.

2.1/ NGC 2403

NGC 2403 is an outlying member of the M81 group. Although comparable in Mg, mor-
phology, inclination, and dynamical mass to M 33, it lies more than four times farther away
from M81 (the nearest large disk galaxy) than M33 is from the Milky Way [209], making
it a far more isolated system. NGC 2403 lacks a central bulge, but like M33 hosts a lu-
minous compact nuclear star cluster [90] containing a recently discovered X-ray transient
source [461]. Additionally, NGC 2403 hosts a ULX [394], a recent SN Type IIp [SN 2004dj,
289, 459, 27], 35 spectroscopically confirmed or suspected SNRs [266], and 52 Wolf-Rayet
candidates [110]. NGC 2403 has been observed multiple times with XMM-Newton [126],392].

The dominant age of stars within the nuclear star cluster is ~ 1.4 Gyr [461], while
numerous stars within the inner disk show stellar ages of ~100 Myr [00]. The youngest
(~ 2 —10 Myr) and most massive H II regions are 0.7-1.6 kpc from the center [110]. The
global star formation rate of NGC 2403 is ~ 1.2 M, yr~! [213].

2.1.5 NGC /21

Classified as an SB(s)m similar to the Large Magellanic Cloud [98], NGC 4214 is one of
the nearest examples of a starburst galaxy [191], 355] with an abundant population of Wolf-
Rayet stars. Despite its active star formation [~0.1 Mg yr~! over the past 100 Myr; [446],
only a small percentage of the stellar population is young (<1% formed in the past 50 Myr).
Additionally, there is evidence from HST imaging and spectroscopy that suggests the stellar
initial mass function (IMF) of NGC 4214 is steeper than that of [352] at high masses [>20
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Mg, 4111 [412]. However, the galaxy has formed very little of its stellar mass since z ~ 1, and
the overall stellar populations of NGC 4214 are surprisingly similar to that of the nearby
dwarf SO galaxy NGC 404 [447].

NGC 4214 was the host of a Type Ia supernova [441] and a recent nova [193]. The most
luminous X-ray source in NGC 4214, CXOU J121538.24-361921, is an XRB with a 3.62
hour period and is likely composed of a slightly evolved He-burning donor (of ~ 2 —3 M)
and a NS [I47, 105]. The X-ray point source population of NGC 4214 was investigated
using both Chandra and XMM-Newton observations by [I71], who demonstrated that the
high energy properties of NGC 4214 were comparable to other dwarf starbursts down to a

limiting luminosity of ~ 1036 erg s~1.

2.2 Observations and Data Reduction

The observations used for each of the five CLVS galaxies are summarized in Table Data
reduction was carried out with CIAO v4.3 and CALDB v4.4.2 using standard reduction
procedures. We created images in the following energy bands (keV): 0.35-8.0, 0.35-1.0, 1.0-
2.0, 2.0-8.0 with bin sizes of 1, 2, 3, and 4. To create exposure-corrected images, appropriate
exposure maps were constructed using fluximage in CIAQO. For galaxies with multiple
exposures, images were combined using the CIAO tasks merge_all and reproject_image.
For the instrument maps, spectral weights were computed assuming a power law spectrum
with I' = 1.9 (typical of XRBs and AGN). The average foreground column density Ny was

used.

2.2.1 HST Star Catalogs

The HST star catalogs, and the SFHs derived from them, were presented and discussed in
detail in numerous earlier works emphasizing the SFHs of each of the five CLVS galaxies.
Here I present a brief overview of the HST fields and the construction of the good star
catalogs; more details can be found in the following references: [87], [153], [445], [439]. The
data were retrieved from the Multi-Mission Archive at STSci (MAST). All exposures were
calibrated and flat-fielded using the standard HST pipeline.
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Table 2.3: Summary of Chandra Observations

Galaxy  Observation ID Date Exposure Time (ks) R. A. (J2000) Decl. (J2000) Detector
(1) (2) (3) (@) (5) (6) )
2255 11 Sep 2001 60 00 15 08.50 -39 13 13.30 ACIS-I
NGC 55 4744 29 June 2004 9.7 00 14 54.00 -39 11 49.00 ACIS-I
Total 70
NGC 300 12238 25 Sep 2010 63 00 54 53.05 -37 38 42.10 ACIS-I
12239 21-22 Oct 2010 97 01 09 27.00 +35 43 04.00 ACIS-S
870 19 Dec 2000 24 01 09 26.90 +35 43 03.40 ACIS-S
NGC 404
384 30 Aug 1999 1.8 01 09 26.90 +35 43 03.00 ACIS-S
Total 123
2014 17 Apr 2001 36 07 36 51.90 +65 36 00.60 ACIS-S
4627 9 Aug. 2004 45 07 37 17.10 +65 35 58.30  ACIS-S
4628 23 Aug. 2004 47 07 37 17.10 +65 35 58.30  ACIS-S
NGC 2403
4629 3 Oct. 2004 45 07 37 17.10 +65 35 58.30  ACIS-S
4630 22 Dec. 2004 50 07 37 17.10 +65 35 58.30  ACIS-S
Total 223
2030 16 Oct 2001 26 12 15 38.70 +36 19 41.90 ACIS-S
4743 3 Apr. 2004 27 12 15 38.90 +36 19 40.00 ACIS-S
NGC 4214
5197 30 July 2004 29 12 15 38.90 +36 19 40.00 ACIS-S
Total 82

Advanced Camera for Surveys (ACS): Exposures were combined using multidrizzle
task within PyRAF [223] to produce images, while photometry was performed using all
individual exposures simultaneously. For photometry, DOLPHOT, a modified version of
HSTphotE] [108, 109] optimized for ACS, was used to fit the ACS point-spread function
(PSF, calculated with TinyTimED to all of the stars in the exposure, combine the results
from all exposures, and convert the count rates to the Vega magnitude system using the
Sirianni et al. zero-points for each filter [379]. All sources in the final catalog were classi-
fied as stars, not flagged as unusable (e.g., too many bad/saturated pixels, extending too
far off the chip edge, etc.), have a signal-to-noise (S/N) ratio >4, and have |sharppgosw +

sharppgiaw| < 0.274. “Sharpness” indicates whether a star is too sharp (e.g., a cosmic

'See http://purcell.as.arizona.edu/dolphot.

2See http://www.stsci.edu/software/tinytim/


http://purcell.as.arizona.edu/dolphot
http://www.stsci.edu/software/tinytim/
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ray) or too broad (e.g., a background galaxy). The star catalog is additionally cut on the
crowding parameter, which is defined as how much brighter a star would have been if nearby
stars had not been fit simultaneously. Stars with a high crowding parameter are more likely
to have erroneous photometry, but a very strict cut has the effect of preferentially removing
young stars (which are usually found in clusters). Stars are required to have crowdggosw +
crowdpgiqw < 0.6 mag.

Wide-Field Planetary Camera 2 (WFPC2): The WFPC2 pipeline [184] was used
with standard STScl baseline processing. Photometry was performed using HSTphot [10§],
which is optimized for WFPC2 images and adopts photometric calibrations given in [185]EI
The WFPC2 photometric system is defined such that, in each WFPC2 filter, Vega has
a magnitude corresponding to the nearest UBVRI filter. The different zero-points in the
WFPC2 and ACS systems results in offsets of 0.02-0.04 mag between the two instruments.

In all cases, magnitudes ware determined using the Vega mag system zeropoints.

2.3 Image Alignment

To classify optical counterparts to our Chandra X-ray sources, we place both the Chan-
dra and HST frames onto the International Celestial Reference System (ICRS) by finding
matches between stars or background galaxies in the Two Micron All Sky Survey (2MASS)
Point Source Catalog [381] or the optical USNO-B1.0 catalog [282]. The offset between the
2MASS and USNO-B1.0 catalogs is ~0”057 We performed relative astrometry by individu-
ally aligning each HST and Chandra field to the same reference image frame and coordinate
system.

All available HST fields for each galaxy were used to search for optical counterparts of
each of the X-ray point sources. Typically, 3-6 bright 2MASS or USNO-B1.0 sources were
found, per HST field, to match with either a Chandra X-ray source, a foreground star, or
a background galaxy. The only galaxy to which we were unable to find a suitable number

of matching reference stars was NGC 300. For NGC 300, we retrieved a publicly-available

3Updated with improved calibrations from http://purcell.as.arizona.edu/wfpc2_calib/.

4See http://ad.usno.navy.mil/star/star_cats_rec.shtml


http://purcell.as.arizona.edu/wfpc2_calib/
http://ad.usno.navy.mil/star/star_cats_rec.shtml
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ground-based R band image [see 233, for more details] from NEIﬂ Foreground 2MASS
stars with ground-based R-band counterparts were identified, and we used the IRAF task
ccmap to compute the plate solution and update the image header with corrected WCS
information.

We then aligned the HST images and Chandra image to the 2MASS-aligned ground-
based R-band image by identifying matches between the ground-based R-band image and
the F814W frames. The plate solutions were again computed using ccmap, with r.m.s.
residuals typically less than a few hundredths of an arcsecond in both right ascension and
declination. The Chandra field was searched for X-ray sources that matched the positions
of foreground stars or background galaxies in 2MASS, resulting in five matched sources.
The total alignment error for each field was computed by summing in quadrature the r.m.s
residuals in the individual fields and the ground-based R-band image. For frames with five
or more matches from 2MASS, the plate solutions were computed using the general fit
geometry, frames with four matches were fit using the fit geometry rxyscale, frames with
three matches were fit using the geometry rscale. The results of our 2MASS/USNO-B1.0
astrometry are summarized in Table

®See http://ned.ipac.caltech.edu/


http://ned.ipac.caltech.edu/
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2.4 ACIS-Extract

To create the X-ray source catalogs for each of the CLVS galaxies, we utilize an iterative
detection strategy using the source extraction and characterization tool ACIS-Extract [AE;
19]. The CIAO task wavdetect [I34] was first used to create a list of potential source
candidates, which was then used as input to AE. AE was used to determine various source
properties (source and background count rates, detection significances, etc.) in multiple,
user-defined energy bands, to extract spectra (with appropriate response matrices) and
examine source light curves for temporal variability. The Poisson probability of not being a
source (prob_no_source; hereafter pns) provided by AE for each source (which takes the local
background uncertainty into account) was used as our source significance threshold criteria.
Since numerous other studies involving the detection of X-ray sources have traditionally
used simpler source detection algorithms when generating X-ray source lists, a quantitative

comparison of the two methods was additionally conducted.

2.4.1 Iterative Source Detection

I will first describe the iterative approach to the X-ray source catalog creation. Then, a
comparison with previous methods is discussed.

We ran the CIAO task wavdetect on the merged X-ray images of each galaxy to generate
an initial source list which deliberately contained many more sources than we anticipated
being statistically significant. We used a variety of binning (1, 2, 3, and 4 pixels) and energy
ranges (0.35-8, 0.35-1, 1-2, and 2-8 keV), and wavdetect was run on each bin and energy
combination with the following parameters: the source significance (sigthresh) was set to
10~ (to catch all real sources and many false ones), the cleansing threshold (bkgsigthresh)
was set to 1072 [134], a maximum number of cleansing iterations (maziter) of 5 was used,
and we used scale sizes ranging from 1 to 16 in a power-of-two sequence. All other wavdetect
parameters were left at their default values. The resulting candidate lists were merged and
culled of duplicate sources.

Once the initial X-ray source lists were generated, we applied an iterative procedure to

remove sources with increasing significance thresholds, until only a small number of false
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sources remained in the final source list. Each time the source list was filtered, the output
was visually examined for potentially lost (real) sources. Low rates of false detections using
the AE pns threshold criteria result from values below ~ 1076 [290, 146, 407]. However, due
to the high number of source candidates in our initial list, source crowding posed a serious
issue and made defining background regions problematic. To address this issue, the output
from our first AE iteration was filtered with pns = 1072, The filtered source list contained
revised source properties and improved background estimates. All sources failing to meet
this initial pns threshold were visually examined, and any obviously missed sources were
added back to the candidate source list. We then ran AE again on the filtered source list, this
time raising the pns threshold to 1073, Source crowding was again reduced and spurious
sources were filtered out. Again, sources failing to meet our new pns criteria were visually

examined and returned to the source list if necessary.

AE was run a final time on the resulting source list, and the pns value was computed
in each of the following nine energy bands (in keV): 0.5-8, 0.5-2, 2-8, 0.5-1, 1-2, 2-4, 4-8,
0.35-1, and 0.35-8. To be included in the final source catalog, sources were required to
have a pns value less than 4 x 1076 (which results in ~ 0.5 false detections per megapixel)
in any of the nine energy bands; if only the 0.35-8 keV band were considered, ~4-8% of
significant sources would have been lost. The final CLVS source catalogs contain a total of

629 Sourcesﬁ The number of X-ray sources detected at each iteration, for each galaxy, is

listed in Table

The remainder of this work utilizes these highly-significant sources. However, it is pos-
sible that some marginally-detected sources (i.e., those sources that failed to meet our final
pns requirement) are in fact genuine X-ray sources, and other observers may wish to use
different source selection criteria than we employed here. For that reason, we additionally
release an expanded version of each X-ray source catalog, where X-ray sources are required

only to meet a pns threshold of 1073,

The positions and properties, such as detection significance (pns value), net counts, and

photon fluxes in the 0.35-8 keV band for the expanded X-ray point source catalogs for all

5Source catalogs are available at: http://www.astro.washington.edu/users/bbinder/CLVS/


http://www.astro.washington.edu/users/bbinder/CLVS/

Table 2.5: Number of X-ray sources at each AE iteration

Galaxy Initial First pass Second pass Final
(1) (2) (3) (4) (5)
NGC 55 906 370 220 154
NGC 300 799 224 126 95
NGC 404 762 129 104 74
NGC 2403 1308 648 298 190
NGC 4214 1177 474 211 116
Total 4952 1845 959 629
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five CLVS galaxies are listed in Table Figure 2.1] the soft, 0.5-1 keV X-ray contours, the

highly significant X-ray point sources, and the locations of the HST fields superimposed on

each galaxy.

Table 2.6: Chandra Local Volume X-ray Source List

Galaxy Source Source 1D R.A. Decl. Positional 0 log(pns)  f§35_g X 10-15

No. (CXOLV J+...) (J2000) (J2000) Error (") () (0.35-8 keV) (erg s~! cm~2)
& (2) ®3) (4) (5) (6) (M) (8) (9)

NGC 300

1 005411.98-373951.8 13.5499370 -37.664408 0.70 8.2 22.8J_rg:(53 -9.1 4.0
2 005412.31-373359.6  13.5513190  -37.566583 0.93 9.3 18.27:563:2 -4.8 3.4
3 005413.98-373710.5  13.5582680 -37.619588 0.36 7.9 70.8tg:§ < -10 124
4 005415.57-373316.4  13.5649070  -37.554563  0.59 9.2 45.1t§:3 < -10 11.8
5 005419.92-373744.5  13.5830010 -37.629032 0.61 6.6 12.1t5§:g -6.0 2.0
6 005421.10-374241.2  13.5879360 -37.711458 0.51 7.5 31.1fé:(1) < -10 6.4
7 005422.16-374024.6 ~ 13.5923720 -37.673501 0.67 6.3 9.4f§:g -3.8 1.5
8 005422.52-374312.1 13.5938400 -37.720045 0.59 7.5 22,5tg:§ < -10 3.9
9 005422.52-373850.6  13.5938410 -37.647406 0.45 6.0 16.17:2:3 -9.0 2.7
10 005425.06-374358.2  13.6044550 -37.732836 0.53 7.6 29.4tg:é < -10 5.4
11 005425.22-374441.3 13.6051190 -37.744816 0.41 8.1 65.0tg:g < -10 11.1
12 005425.40-373247.0  13.6058710 -37.546400 0.47 8.1 48.3f§:i < -10 8.7
13 005425.56-373759.3  13.6065210 -37.633147 0.46 5.5 10.5f§:2 -7.0 1.9
14 005428.34-373735.8 13.6181210 -37.626632 0.50 5.0 674532 -4.2 1.1

Continued on next page
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Table 2.6 — continued from previous page

Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  fla5_g X 10715
No. (CXOLV J+...) (J2000) (J2000) Error (") Q) (0.35-8 keV) (erg s~! cm™2)
(1) (2) 3) (4) (5) (6) (7 (8) ()
15 005428.62-374129.7  13.6192570 -37.691584 0.58 5. g.atdd -5.0 1.6
16 005429.51-373628.6  13.62290950  -37.607947  0.43 5.2 9.77%% -6.7 1.9
17 005429.97-374030.8  13.6248990 -37.675247 0.38 4.9 12.9738 <-10 2.1
18  005430.58-374315.7  13.6274510  -37.721040 0.30 6.4 44.87%0 <-10 7.4
19 005430.67-374004.3  13.6277970  -37.667867 0.17 4.6 52.0753 <-10 8.4
20 005431.42-374526.3  13.6309440 -37.757318  0.70 8.0 18.575% -6.9 3.2
21 005431.63-373827.6  13.6317930 -37.641022 0.16 4.2 36.37 51 <-10 5.8
22 005432.05-373742.7  13.6335630 -37.628547 0.34 4.3 8.375% 7.2 1.6
23 005433.82-374426.4  13.6409260 -37.740691 0.26 6.9 82.179%3 <-10 15.7
24 005433.92-374746.9  13.6413660 -37.796388 0.55 9.8 68.71 %" <-10 13.4
25  005433.93-374443.1  13.6413760 -37.745315 0.31 7.1 62.579°3 <-10 11.9
26 005435.60-374059.4  13.6483500  -37.683193  0.36 4.1 8.4%58 7.7 1.4
27 005435.94-373434.1  13.6497590 -37.576156 0.25 5.3 35.57 51 <-10 6.0
28 005437.61-374249.4  13.6567290 -37.713750 0.17 5.1 65.679°2 <-10 10.8
29 005437.72-373232.2  13.6571950  -37.542294 0.40 6.9 37.87¢% <-10 6.8
30 005437.74-373643.6  13.6572760 -37.612131 0.29 3.6 7.6759 -7.9 1.2
31 005438.99-374207.1  13.6624950  -37.702000 0.44 4.4 6.2758 -4.7 1.2
32 005440.52-374043.1  13.6688500 -37.678651 0.18 3.2 167152 <-10 2.5
33 005440.63-373204.0  13.6693150  -37.534468 0.39 7.1 51.375:% <-10 23.0
34 005440.98-374052.0  13.6707900 -37.681137 0.16 3.2 22.775:9 <-10 3.8
35  005441.16-373350.4  13.6715250 -37.564018 0.14 5.4 126.117173 <-10 21.5
36 005442.23-373126.7  13.6759710 -37.524102 0.61 7.6 22.576-5 9.3 4.2
37 005442.27-374327.9  13.6761520 -37.724439  0.38 5.2 14.075-2 -8.8 2.2
38 005442.56-373732.7  13.6773650 -37.625759  0.09 2.4 33.87%-9 <-10 5.2
39 005442.56-374342.7  13.6773750  -37.728547 0.19 5.4 64.1733 <-10 10.9
40 005443.63-374620.7  13.6818040 -37.772424 0.68 7.9 18.715% -8.0 3.7
41 005444.40-374115.2  13.6850010 -37.687556 0.14 3.1 22.775:9 <-10 3.5
42 005445.03-373742.3  13.6876490 -37.628418 0.11 1.9 18.8753 <-10 3.0
43 005445.23-374146.2  13.6884870  -37.696173  0.09 3.4 82.513%2 < -10 13.4
44 005445.48-373233.8  13.6895200 -37.542735 0.28 6.3 57.8759 <-10 10.0
45  005446.02-374520.7  13.6917640 -37.755777 0.34 6.8 43.2779 <-10 7.1
46 005446.33-373129.8  13.6930780  -37.524964 0.68 7.3 15.675% -6.1 3.1
47 005446.90-373324.3  13.6954340  -37.556762  0.60 5.4 71758 -3.7 1.2
48 005447.53-374827.2  13.6980830 -37.807556 1.30 9.8 7.0758 -1.3 1.5
49 005447.84-373258.3  13.6993670  -37.549547  0.46 5.8 146152 -8.7 2.6
50  005448.12-374539.0  13.7005400 -37.760861 0.23 7.0 106.97158 <-10 17.9
51 005448.76-374658.3  13.7032040 -37.782883 0.72 8.3 20.178:S -6.0 3.5
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  f&a5_g x 10718
No. (CXOLV J+...) (J2000) (J2000) Error (") @) (0.35-8 keV) (erg s~ cm—2)
(1) (2) (3) (4) (5) (6) (7) (8) 9)
52 005449.78-373057.0  13.7074570  -37.515847 0.42 7.8 50.178°7 < -10 9.3
53 005450.56-374600.5  13.7107080 -37.766825 0.35 7.3 58.279:9 <-10 11.8
54 005450.58-374128.0  13.7107710 -37.691124 0.12 2.8 29.7752 <-10 4.9
55  005451.67-373535.1  13.7153290 -37.593103 0.21 3.1 107744 <-10 1.9
56 005451.81-373646.0  13.7159110 -37.612798 0.22 1.9 48734 -5.8 0.7
57 005451.92-374706.6  13.7163330 -37.785168 1.13 8.4 6.3759 1.4 1.0
58 005453.29-374309.9  13.7220830 -37.719444 0.61 4.5 3.313:2 2.1 0.7
59 005453.34-374437.1  13.7222880 -37.743666 0.45 5.9 15.5153 9.3 2.7
60  005453.70-374657.8  13.7237500 -37.782722 1.83 8.3 -2.2739 0.1 0.4
61  005454.15-373526.3  13.7256400 -37.590658 0.33 3.3 47734 -4.6 0.8
62 005456.49-374724.4  13.7353750  -37.790138 0.87 8.7 16.0762 4.3 2.7
63  005456.82-374337.7  13.7367760 -37.727160 0.45 5.0 9.7+44 -6.6 1.6
64  005457.24-374311.3  13.7385080  -37.719819 0.17 4.6 49.8752 < -10 8.0
65  005457.36-374537.0  13.7390400 -37.760297 0.68 7.0 12,5752 -5.0 2.3
66 005459.09-374747.7  13.7462480  -37.796603 0.87 9.2 19.075% 5.9 4.5
67  005459.85-373330.5  13.7494120  -37.558477 0.48 5.4 9.17%4 -5.0 1.5
68  005500.93-373948.1  13.7539120 -37.663366 0.11 1.9 20.8751 <-10 3.6
69  005500.94-373440.6  13.7539400 -37.577962 0.20 4.3 26.2753 < -10 4.3
70 005502.87-374537.2  13.7619850 -37.760342 0.69 7.2 14.8%55 6.8 2.7
71 005503.53-373739.9  13.7647330 -37.627752 0.07 2.3 64.8750 <-10 10.1
72 005504.29-374234.7  13.7678990  -37.709659 0.39 4.5 9.0723 -6.7 15
73 005504.84-374143.6  13.7702010 -37.695464 0.11 3.8 69.475% < -10 11.1
74 005505.81-374126.8  13.7742240 -37.690779 0.31 3.7 8.37% % 7.3 1.3
75 005506.24-373754.1  13.7760370  -37.631704 0.19 2.7 107742 <-10 1.7
76 005507.18-373017.7  13.7799250  -37.504917 0.67 8.9 30.37%¢ 9.7 5.7
77 005507.54-374513.2  13.7814400 -37.753684 0.70 7.1 13.9%53 6.3 2.5
78  005507.59-374419.6  13.7816510 -37.738799  0.29 6.3 52.5782 < -10 8.9
79 005508.43-374357.6  13.7851420 -37.732691 0.56 6.1 11.9759 5.8 2.0
80  005510.00-374212.2  13.7916850 -37.703403 0.03 4.8 1962.77553 < -10 343.8
81 005511.09-373925.5  13.7962310 -37.657096 0.24 3.6 12.57%7 <-10 2.0
82  005511.36-374637.5  13.7973750 -37.777084 1.35 8.7 3.375:2 -0.7 0.7
83  005511.56-374042.4  13.7981900 -37.678463 0.31 4.2 11.274¢ 9.9 1.8
84  005512.24-373823.6  13.8010110  -37.639907 0.16 3.8 34.4%7-0 < -10 5.5
85  005515.44-374439.6  13.8143630 -37.744350 0.44 7.4 38.07% 1 <-10 7.0
86 005517.61-374454.5  13.8233810 -37.748482 0.34 7.9 82.81 40 <-10 14.5
87  005518.10-373314.2  13.8254460  -37.553972 0.35 7.4 58.075°% <-10 10.3
88  005519.51-373502.3  13.8312960 -37.583986 0.46 6.4 18.9758 <-10 3.5
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  fla5_g X 10715
No. (CXOLV J+...) (J2000) (J2000) Error (") Q) (0.35-8 keV) (erg s~! cm™2)
(1) (2) () (4) () (6) (7) (8) (9)
89  005521.07-372919.8  13.8378050 -37.488834 0.60 10.9 81.4730:8 <-10 37.1
90  005526.75-373810.1  13.8614630 -37.636154 0.43 6.7 29.97%9 <-10 5.1
91  005527.06-373612.8  13.8627620 -37.603576  0.49 7.2 29.577-0 <-10 5.1
92 005527.45-373651.3  13.8643900 -37.614266 0.44 7.1 36.27 5% <-10 17.1
93 005527.56-374517.6  13.8648750 -37.754890 1.03 9.5 146759 4.1 3.6
94 005531.00-373754.9  13.8791830 -37.631941 0.46 7.6 38.9707 <-10 7.0
95  005531.39-374001.5  13.8808330 -37.667084 0.89 7.7 89759 -3.0 1.6
NGC 404
1 010838.25+354027.3  17.1593960  35.674264  0.23 10.0 655.375¢% <-10 95.3
2 010841.45+354056.8 17.1727100  35.682458  0.47 9.3 11657130 <-10 13.2
3 010842.38+354300.8 17.1765910  35.716903  0.55 8.9 67.475%6 <-10 7.8
4 010847.72+353948.3  17.1988680  35.663419  0.69 8.4 33.27%3 9.5 3.7
5 010848.00+354437.4  17.2000240  35.743725  0.37 7.9 34.2770 <-10 12.3
6 010848.45+354433.4 17.2018810  35.742616  0.37 7.8 37.57%3 <-10 10.1
7 010848.48+353906.9  17.2020350  35.651937  0.22 8.5 454.37238 <-10 51.6
8  010850.31+353843.8  17.2096470  35.645503  0.60 8.3 46.079°% <-10 5.1
9 010853.61+354501.9  17.2234150  35.750537  0.58 6.9 26.2758 <-10 4.2
10 010854.69+354239.7  17.2279010  35.711041 0.41 6.4 40.0773 <-10 4.2
11 010855.37+353927.3  17.2307350  35.657594  0.43 7.1 54.67%0 <-10 6.2
12 010858.32+354246.2  17.2430060  35.712858  0.60 5.6 119750 -5.2 1.3
13 010858.97+353845.9  17.2457420  35.646107  0.32 6.8 91.7 158 <-10 10.3
14 010900.59+354150.6  17.2524900  35.697399  0.52 5.3 12,9750 -6.7 1.5
15 010901.284353821.3  17.2553430  35.639272  0.53 6.7 118757 9.1 3.0
16 010905.23+354541.8  17.2717970  35.761628  0.47 5.1 141152 7.7 1.5
17 010906.014+354245.9  17.2750700  35.712770  0.09 4.1 190.67159 <-10 20.2
18  010906.58+354204.0 ~ 17.2774210  35.701136  0.20 4.0 38.6703 <-10 3.8
19 010909.70+353838.4  17.2904550  35.644014  0.43 5.4 21.47%4 <-10 2.2
20 010909.77+354410.6  17.2907370  35.736294  0.12 3.6 84.91 %3 <-10 8.1
21 010910.01+354348.8  17.2917400  35.730231  0.11 3.4 83.215%? <-10 8.1
22 010910.49+353913.1  17.2937390  35.653640  0.58 4.8 7.5%%% -35 0.8
23 010911.22+4354215.4  17.2967700  35.704305  0.17 3.1 25.2722 <-10 2.4
24 010913.30+354000.7  17.3054370  35.666870  0.21 3.8 30.7187 <-10 3.0
25 010913.91+354112.5 17.3079870  35.686816  0.15 3.0 30.278S <-10 2.9
26 010916.04+354454.6  17.3168550  35.748510  0.17 2.9 20.9758 <-10 1.8
27 010916.82+354555.8  17.3201160  35.765524  0.26 3.6 16.1753 <-10 1.4
28 010917.93+354644.0  17.3247100  35.778909  0.21 4.2 41.0778 <-10 6.1
29 010918.46+354121.3  17.3269320  35.689264  0.27 2.1 4.6753 4.2 0.4
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  f&a5_g x 10718
No. (CXOLV J+...) (J2000) (J2000) Error (") @) (0.35-8 keV) (erg s~ cm—2)
(1) (2) ®3) (4) (5) (6) (7) (8) (9)
30 010918.54+354107.3  17.3272680  35.685377  0.12 2.3 25.579-2 <-10 2.5
31 010920.03+354048.5 17.3334950  35.680148  0.15 2.4 18.6753 <-10 2.2
32 010920.04+353952.1  17.3335070  35.664475  0.08 3.2 128.97114 <-10 12.5
33 010920.87+354654.2  17.3369730  35.781748  0.19 4.2 48.5752 <-10 6.2
34 010921.33+354232.4  17.3389020  35.709002  0.16 1.0 6.675% -6.4 0.6
35  010921.35+354618.8  17.3389930  35.771906  0.10 3.6 124.07133 <-10 10.7
36 010921.87+354336.7 17.3411660  35.726863  0.12 1.1 124147 <-10 1.0
37 010923.73+354339.6  17.3488930  35.727682  0.15 0.9 75758 6.9 0.6
38 010924.21+354300.4  17.3509080  35.716783  0.16 0.4 56156 -5.1 0.5
39 010924.77+354601.0  17.3532100  35.766963  0.09 3.2 102.671573 <-10 8.8
40 010926.32+354523.7  17.3596890  35.756608  0.21 2.6 10.0733 -8.0 0.8
41 010926.994-354305.2  17.3624790  35.718134  0.02 0.3 254.7117-0 <-10 20.7
42 010927.53+354617.4  17.3647430  35.771509  0.24 3.5 16.9753 <-10 1.4
43 010927.79+354316.3  17.3658330  35.721211  0.12 0.6 9.575 % 9.5 0.8
44 010929.56+354522.8  17.3731800  35.756348  0.14 2.6 24.17%0 <-10 2.0
45 010929.83+354022.6  17.3742920  35.672957  0.09 2.6 58.1757 <-10 4.9
46 010930.21+353928.7  17.3758770  35.657995  0.08 3.5 17177133 <-10 14.9
47 010930.54+354158.4  17.3772750  35.699562  0.20 1.3 4.5753 -3.8 0.4
48 010931.93+354352.4 17.3830810  35.731245  0.18 1.6 6.475% -5.5 0.5
49 010932.16+354318.9  17.3840140  35.721927  0.13 1.3 116755 < -10 0.9
50  010932.96+354518.8  17.3873470  35.755246  0.12 2.8 43.01 %7 <-10 3.6
51 010935.14+354558.1  17.3964210  35.766149  0.27 3.6 151753 <-10 1.4
52 010935.73+354648.3  17.3988960  35.780098  0.16 4.4 86.015%° <-10 7.6
53 010935.77+354238.1  17.3990660  35.710592  0.09 2.0 38.4773 <-10 3.2
54 010936.35+354400.6  17.4014690  35.733506  0.09 2.4 45.37 78 < -10 3.9
55 010936.71+354612.9  17.4029930  35.770274  0.14 4.0 81.112%;2 <-10 7.0
56 010939.06+354113.6  17.4127760  35.687132 0.09 3.1 92.8110.7 <-10 7.8
57 010940.22+354041.8  17.4176010  35.678298  0.30 3.6 12.2%3% -8.0 1.1
58  010941.77+354620.3  17.4240540  35.772330  0.19 4.7 73.675°9 <-10 6.4
59  010944.92+354445.6 174371730  35.746017  0.37 4.3 12,7152 -5.5 11
60  010949.49+354543.7 17.4562240  35.762140  0.33 5.6 39.4750 < -10 3.5
61  010950.20+354042.6  17.4591750  35.678503  0.30 5.3 46.8752 <-10 4.2
62 010951.93+354458.7 17.4663880  35.749652  0.43 5.7 22,4788 -7.5 2.0
63 010958.02+354102.0  17.4917590  35.683895  0.55 6.7 23.270% -5.9 2.2
64  010959.17+354140.5 17.4965780  35.694603  0.37 6.8 65.415%2 <-10 6.0
65  010959.34+354206.3  17.4972650  35.701760  0.12 6.8 713.07330 <-10 65.0
66  011001.75+354653.2 17.5073120  35.781461 0.75 8.3 25.27 7% -5.8 2.7
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  f§a5_g X 10-15
No. (CXOLV J+...) (J2000) (J2000) Error (") Q) (0.35-8 keV) (erg s~! cm™2)
(1) (2) () (4) () (6) (7) (8) (9)
67  011005.67+354702.8 17.5236440  35.784136  0.64 9.1 53.8799 <-10 6.3
68  011006.04+354855.3 17.5251750  35.815367  0.65 10.1 (AT <-10 9.0
69  011006.99+354145.9  17.5291450  35.696107  1.07 8.4 4.578% 0.7 0.5
70 011008.83+354244.8  17.5367990  35.712472  0.54 8.7 71.978%7 <-10 8.0
71 011013.46+354417.4 17.5560970  35.738183  0.76 9.7 455198 <-10 5.2
72 011014.73+354624.4  17.5613770  35.773465  0.65 10.5 91.47127 <-10 10.5
73 011018.61+354325.9  17.5775470  35.723865 0.55 10.7 15347151 <-10 17.7
74 011032.59+354321.8  17.6357980  35.722741  0.95 13.5 72.6715°2 <-10 9.5
NGC 55
1 001503.50-391533.8  3.7645870  -39.259401 0.19 2.7 9.873% <-10 1.6
2 001502.09-391646.1  3.7587260  -39.279490 0.25 3.9 116735 <-10 2.1
3 001458.59-392211.3  3.7441560  -30.369828 0.45 9.2 81.173%7 <-10 15.0
4 001459.11-391901.6  3.7463080  -39.317128 0.47 6.4 18.715% <-10 2.8
5 001459.34-391723.1  3.7472760  -39.289762 0.23 4.8 30.07%S <-10 4.3
6 001502.18-391425.2  3.7591020  -39.240335 0.17 1.9 7.9%39 <-10 2.9
7 001451.70-392417.8  3.7154570  -39.404951 0.62 11.6 103.37133 <-10 20.7
8 001448.96-392229.9  3.7040110  -39.374988 0.38 10.1 168.6715°2 <-10 33.0
9 001457.84-391555.7  3.7410040  -39.265498 0.20 3.7 174753 <-10 2.6
10 001500.62-391414.2  3.7525970  -39.237285 0.18 2.2 3.0779 -5.2 1.1
11 001456.08-391618.6  3.7336880  -39.271835 0.11 4.2 79.21 350 <-10 11.0
12 001442.68-392047.1  3.6778680  -39.346439 0.94 9.2 176755 -6.0 35
13 001454.67-391517.5  3.7278040  -39.254888 0.24 3.6 127157 <-10 3.2
14 001451.82-391604.0  3.7159330  -39.267798  0.65 4.5 4.9753 -6.2 5.4
15 001448.83-391615.5  3.7034710  -39.270996  0.19 5.1 54.4733 <-10 8.2
16 001442.73-391723.4  3.6780680  -39.289853  0.50 6.7 4.8757 5.4 2.0
17 001447.26-391602.7  3.6969260  -39.267417  0.48 5.2 9.9733 7.2 2.1
18  001437.70-391701.6  3.6570920  -39.283790 0.70 7.2 145753 -6.6 2.2
19 001446.51-391518.0  3.6938020  -39.255000 0.39 5.0 12.8758 9.9 2.1
20 001425.96-391748.5  3.6082010  -39.296819 1.29 8.3 6.9759 -4.5 8.1
21 001437.12-391616.7  3.6546790  -39.271323  0.38 7.1 48.7732 <-10 8.5
22 001434.57-391559.2  3.6440740  -39.266452 0.72 7.2 12.4153 -4.6 1.9
23 001445.72-391435.6  3.6905350  -39.243239  0.02 4.7 2692.313%35 <-10 379.6
24 001438.30-391518.7  3.6596240  -39.255215 0.17 6.3 35.8700 <-10 12.7
25 001438.31-391518.7  3.6596470  -39.255204 0.17 6.3 34.8770 <-10 125
26 001454.59-391337.1  3.7274920  -39.226997 0.21 3.0 5.975:¢ -8.0 1.2
27 001454.29-391332.1  3.7262280  -39.225607 0.24 2.9 6.675% -6.8 0.9
28 001449.81-391352.3  3.7075740  -39.231207 0.29 3.8 9.475% 9.0 1.3
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Galaxy Source Source 1D R.A. Decl. Positional 0 log(pns)  f§a5_g X 10—15
No. (CXOLV J+...) (J2000) (J2000) Error (") @) (0.35-8 keV) (erg s~ cm—2)
1) (2) ®3) (4) (5) (6) (M (®) 9)
29 001456.77-391317.3  3.7365630  -39.221482  0.09 2.5 36.87701 < -10 5.1
30 001452.57-391334.0  3.7190530  -39.226115 0.20 3.2 115739 <-10 1.6
31 001446.83-391358.9  3.6951490  -39.233042 0.17 4.3 35.27%0 <-10 5.0
32 001452.12-391334.3  3.7171900  -39.226208 0.23 3.5 11.67%8 <-10 1.9
33 001445.44-391341.8  3.6893350  -39.228282 0.36 4.8 4.9734 7.2 2.1
34 001416.04-391347.8  3.5668490  -39.229954 0.72 7.7 19.175:¢ <-10 26.8
35  001459.94-391249.1  3.7497580  -39.213659 0.13 2.0 13.613% <-10 2.0
36 001447.34-391302.5  3.6972530  -39.217382 0.4 4.4 5.475¢ 4.2 0.9
37 001430.40-391257.8  3.6266840  -39.216057 0.25 7.3 123.0712-2 <-10 18.7
38 001454.41-391244.8  3.7267110  -39.212464 0.30 3.0 57756 -5.9 1.0
39 001438.51-391242.2  3.6605000  -39.211724 0.25 5.7 47.3150 <-10 7.1
40 001443.61-391240.0  3.6817090  -39.211124  0.22 4.7 351702 <-10 5.6
41 001501.51-391243.1  3.7562970  -39.211989 0.17 1.7 7.6728 -7.8 1.0
42 001452.59-391224.3  3.7191620  -39.206751 0.12 3.1 36.6701 <-10 5.1
43 001448.62-391215.9  3.7025930  -39.204430 0.32 3.8 74728 -6.3 1.2
44 001419.35-391113.5  3.5806500  -39.187089 0.15 6.8 205.5715% <-10 255.0
45  001425.10-391116.7  3.6046240  -39.187981 0.71 8.4 25.375-9 -9.7 4.1
46 001448.34-391205.8  3.7014280  -39.201628  0.40 3.9 7.47%9 -6.3 1.2
47 001457.16-391227.7  3.7381950  -39.207715 0.22 2.6 77138 8.2 1.3
48 001438.07-391134.6  3.6586410  -39.192952 0.48 5.9 15.41754 7.9 2.7
49 001412.40-391017.8  3.5516680  -39.171618 1.26 8.2 71139 -5.0 9.0
50  001447.97-391156.9  3.6998880  -39.199153 0.30 4.4 4.9733 -7.3 2.1
51 001436.86-391119.8  3.6536090  -39.188858 0.67 6.7 101737 -4.6 1.8
52 001419.22-391014.6  3.5801140  -39.170739  0.55 9.8 65.575% <-10 11.0
53 001452.34-391206.0  3.7181000  -39.201669 0.17 3.2 20.675°7 < -10 2.9
54 001444.61-391135.9  3.6859140  -39.193307 0.06 4.7 439.3122:0 < -10 69.5
55  001443.81-391127.4  3.6825680  -39.190949  0.32 4.8 195157 <-10 3.3
56 001450.90-391154.5  3.7121100  -39.198492 0.34 3.9 6.6738 -6.1 1.2
57 001453.98-391204.8  3.7249530  -39.201341 0.30 3.3 6.6738 -6.2 1.1
58  001445.01-391053.7  3.6875520  -39.181608 0.46 5.4 9.7144 -6.6 1.8
59 001440.81-390937.8  3.6700630  -39.160525 0.24 6.2 70.079:¢ <-10 10.7
60  001429.24-390752.4  3.6218390  -39.131244 0.70 6.1 7.67%% -8.0 9.4
61  001500.68-391218.0  3.7528690  -39.205002 0.07 1.9 446178 <-10 6.4
62  001457.00-391139.1  3.7375220  -39.194219 0.01 2.8 1786.41533 <-10 269.1
63  001452.00-391045.2  3.7166680  -39.179227 0.02 3.7 2986.9155°7 <-10 496.6
64  001447.43-390944.1  3.6976250  -39.162257 0.41 5.1 13.575°9 -9.8 2.0
65  001501.75-391217.4  3.7573180  -39.204846 0.20 1.8 5.873¢ -6.5 0.9
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  fla5_g X 10715
No. (CXOLV J+...) (J2000) (J2000) Error (") Q) (0.35-8 keV) (erg s~! cm™2)
(1) (2) () (4) () (6) (7) (8) (9)
66  001503.43-391239.5  3.7642970  -39.210987 0.24 2.1 4.0132 6.9 4.8
67  001450.55-390901.0  3.7106390  -39.150296 0.13 5.2 139.37179 <-10 20.8
68  001442.91-390630.5  3.6787950  -39.108490 0.50 5.5 10.875% <-10 16.2
69  001455.47-390946.1  3.7311340  -39.162811 0.38 4.4 8.3757% 6.7 1.4
70 001453.14-390656.1  3.7214200  -39.115610 0.74 6.7 10.775°9 -4.3 1.8
71 001502.05-391145.5  3.7585710  -39.195986 0.19 2.1 7.875% <-10 1.2
72 001457.52-390901.8  3.7396740  -39.150524  0.29 4.6 20.875% <-10 3.2
73 001454.51-390405.6  3.7271670  -39.068243 0.70 7.4 16.315% <-10 18.6
74 001500.14-390909.5  3.7506030  -39.152656 0.22 4.2 27.21%% <-10 4.0
75 001502.74-391028.8  3.7614460  -39.174667 0.14 2.9 6.075°% -3.5 2.1
76 001502.04-390618.2  3.7585200  -39.105073  0.59 7.1 19.3759 9.6 4.0
77 001503.67-391018.3  3.7653000  -39.171759  0.30 3.0 6.713% 7.3 1.1
78  001503.79-391241.4  3.7658110  -39.211500 0.18 1.4 5.873¢ 6.7 0.8
79 001504.03-391153.7  3.7668170  -39.198273 0.04 1.8 127.87123 <-10 18.0
80  001504.56-391043.9  3.7690410  -39.178863 0.08 2.7 54.873% <-10 10.4
81  001504.68-391050.5  3.7695030  -39.180707 0.12 2.5 23.8759 <-10 4.1
82  001508.68-390225.8  3.7862000  -39.040505 1.15 9.5 151453 -9.9 20.6
83 001533.63-390306.2  3.8901660  -39.051731 0.71 11.1 66.87 9% <-10 16.1
84  001528.06-390509.0  3.8669440  -39.085839 0.73 8.8 23.715% 7.3 4.7
85  001512.52-391002.3  3.8021690  -39.167310 0.19 3.3 6.875°% -8.7 2.5
86  001510.58-391045.5  3.7940900  -39.179317 0.27 2.5 5.875:¢ -7.8 1.0
87  001521.96-390725.3  3.8415250  -39.123714  0.62 6.2 9.0735 4.3 2.0
88  001508.81-391118.0  3.7867310  -39.188337 0.19 1.9 6.875°% 9.0 11
89  001523.87-390800.1  3.8494840  -39.133383 0.37 5.9 20.9758 <-10 4.2
90  001519.40-390918.2  3.8308640  -39.155081 0.18 4.5 431177 <-10 6.2
91  001530.35-390715.1  3.8764660  -39.120886 0.18 7.3 200.07753 <-10 35.7
92 001511.92-391110.7  3.7996780  -39.186326 0.24 2.3 57758 -6.4 0.8
93 001519.61-390945.9  3.8317450  -39.162774 0.27 3.9 4.9133 -8.2 2.1
94 001504.25-391239.9  3.7677360  -39.211090 0.13 1.4 108753 <-10 1.5
95  001523.78-390946.8  3.8490850  -39.163011 0.12 4.5 10417153 <-10 15.8
96  001513.65-391141.7  3.8068990  -39.194924 0.35 3.8 5.0733 -8.9 5.7
97  001539.27-390857.6  3.9136310  -39.149341 0.54 7.1 23.01%2 <-10 4.6
98 001537.36-390945.6  3.9056880  -39.162678  0.62 6.6 16.9753 -6.6 2.8
99 001514.84-391151.9  3.8118730  -39.197766 0.23 1.6 3.97%2 -5.1 0.7
100 001511.54-391208.1  3.7980930  -39.202258 0.20 1.4 5.875:¢ 7.6 0.9
101 001520.02-391137.0  3.8334440  -39.193637 0.34 2.9 7.675% -7.9 1.2
102 001530.66-391059.2  3.8777660  -39.183112 0.51 4.9 16.1753 <-10 2.3
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Galaxy Source Source 1D R.A. Decl. Positional 0 log(pns)  f§a5_g X 10—15
No. (CXOLV J+...) (J2000) (J2000) Error (") @) (0.35-8 keV) (erg s~ cm—2)
1) (2) ®3) (4) (5) (6) (M (®) 9)
103 001522.25-391136.4  3.8427150  -39.193445 0.12 3.2 47.5789 <-10 7.6
104 001545.89-391022.7  3.9412350  -39.172987  0.48 7.5 38.57 78 <-10 7.4
105 001529.75-391118.1  3.8739720  -39.188377  0.33 4.3 114755 -9.1 1.9
106 001528.17-391151.2  3.8673980  -39.197567 0.28 3.8 115735 <-10 2.0
107 001552.75-391059.9  3.9698150  -39.183327 0.57 8.6 43.6753 < -10 9.3
108 001539.40-391147.3  3.9141830  -39.196496 0.48 5.9 14.8752 -8.6 2.9
109 001520.60-391219.5  3.8358390  -39.205430 0.28 2.6 8.675°% -9.1 1.2
110 001544.31-391208.9  3.9346400  -39.202489 0.18 6.9 17757138 <-10 29.9
111 001538.00-391232.8  3.9083420  -39.209137  0.19 5.9 119.171%0 <-10 17.5
112 001544.33-391232.2  3.9347150  -39.208962 0.67 6.9 14.2753 -5.5 2.4
113 001552.14-391230.6  3.9672770  -39.208512 0.60 8.2 29.7770 <-10 5.7
114 001533.91-391239.2  3.8912930  -39.210913  0.49 4.7 6.575% -4.9 1.2
115 001552.47-391250.3  3.9686600  -39.213988  0.73 8.2 20.879-3 -8.0 3.8
116  001506.45-391246.0  3.7768930  -39.212800 0.18 1.1 5.875:¢ -7.5 0.8
117 001526.03-391256.3  3.8584760  -39.215652 0.31 3.1 57756 -6.0 1.1
118 001556.81-391339.7  3.9867360  -39.227706 0.57 9.1 49.315:S <-10 11.6
119 001528.89-391318.7  3.8703940  -39.221888 0.01 41 11523471084 < .10 1653.6
120 001523.36-391337.9  3.8473430  -39.227216 0.24 2.6 6.875% 7.1 1.3
121 001542.19-391431.9  3.9258010  -39.242203 0.71 6.8 17.3%57 7.3 2.8
122 001534.29-391424.9  3.8928950  -39.240257  0.03 5.3 1516.6135°0 <-10 222.9
123 001514.22-391320.6  3.8092730  -39.222397 0.14 0.8 8.975% <-10 3.0
124 001525.96-391406.5  3.8582070  -39.235155 0.15 3.7 42.8777 <-10 6.1
125  001541.29-391507.3  3.9220430  -39.252051  0.42 6.4 23.0753 <-10 4.3
126 001601.75-391624.9  4.0073230  -39.273587  0.56 10.5 88.9715% <-10 19.8
127 001557.36-391611.8  3.9890270  -39.269966 1.06 9.7 14.2752 -3.3 3.1
128  001608.27-391738.5  4.0344980  -39.294032 0.85 12.1 60.515°;° < -10 13.2
129 001548.20-391613.9  3.9508410  -39.270534  0.48 8.0 39.277-8 < -10 7.1
130 001533.98-391511.7  3.8915890  -39.253277 0.16 5.5 110.3%15% <-10 17.3
131 001543.52-391640.9  3.9313470  -39.278031 0.70 7.4 12,7153 -4.8 2.3
132 001535.69-391558.7  3.8987420  -39.266325 0.37 5.7 58754 -7.3 2.5
133 001522.78-391452.7  3.8449330  -39.247980 0.31 3.0 47153 -4.6 0.8
134 001528.32-391546.8  3.8680400  -39.263019 0.34 4.4 104753 -9.3 1.8
135  001548.25-391839.4  3.9510770  -39.310965 0.26 9.2 246.97170 < -10 47.0
136 001528.49-391636.2  3.8687450  -39.276735 0.4 4.9 9.075% -6.5 1.6
137 001533.11-391736.4  3.8879900  -39.293449 0.24 6.7 84.7130.5 < -10 13.0
138 001507.62-391323.5  3.7817760  -39.223207 0.11 0.9 14.875% <-10 2.0
139 001521.60-391613.2  3.8400400  -39.270345 0.17 3.8 28.4762 <-10 5.1
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  fla5_g X 10715
No. (CXOLV J+...) (J2000) (J2000) Error (") Q) (0.35-8 keV) (erg s~! cm™2)
(1) (2) () (4) () (6) (7) (8) (9)
140 001515.88-391508.7  3.8161950  -39.252432 0.51 3.2 5758 -6.2 1.9
141 001517.69-391616.6  3.8237220  -39.271290 0.38 3.4 4.8133 -5.2 1.2
142 001530.10-392012.3  3.8754530  -39.336767 0.79 8.0 20.6783 7.5 3.7
143 001505.38-391313.7  3.7724200  -39.220479  0.07 1.1 33.9753 <-10 4.7
144 001525.87-391941.8  3.8578300  -39.328279  0.59 7.2 21.17%4 <-10 5.3
145 001521.89-391842.9  3.8412480  -39.311921 0.18 6.0 119.77134 <-10 20.4
146 001522.26-391956.3  3.8427820  -39.332314  0.60 7.1 18.6759 -8.2 3.2
147 001519.92-391907.4  3.8330330  -39.318749 0.24 6.2 7117938 <-10 13.8
148  001513.70-391707.7  3.8070950  -39.285479 0.41 4.0 6.575°% -6.0 1.3
149 001510.66-391631.3  3.7944170  -39.275387 0.27 3.7 18.415% <-10 2.7
150 001508.02-391527.3  3.7834380  -39.257586 0.18 2.3 8.875 4 <-10 1.4
151  001516.43-392059.1  3.8184900  -39.349751 0.32 7.9 95.37101 <-10 16.9
152 001508.89-391648.6  3.7870620  -39.280181 0.13 3.9 66.4753 <-10 11.3
153 001507.70-391657.9  3.7820970  -39.282777 0.15 4.1 40.4775 <-10 7.2
154 001505.16-391519.4  3.7715040  -39.255414 0.15 2.3 11.9739 <-10 2.1
NGC 2403

1 073706.49+652736.5 114.2770800 65.460154  0.72 8.2 30.07%3 -6.7 3.8
2 073707.39+653455.8 114.2808300  65.582175  0.02 1.9 904.77301 <-10 31.4
3 073705.08+653146.7 114.2711900 65.529650  0.21 4.5 54.9759 <-10 3.5
4 073701.86+652751.6 114.2577900  65.464334  0.82 8.0 22.2773 -5.2 3.1
5  073707.11+653515.8 114.2796600 65.587735  0.16 1.6 8.7153 -5.7 0.5
6  073703.99+653241.6 114.2666600 65.544909  0.37 3.6 10.875% 6.9 1.4
7 073706.42+653451.8 114.2767500 65.581057  0.08 1.9 41.5 77 <-10 1.4
8  073701.68+653236.3 114.2570200 65.543435  0.27 3.8 20.378% -8.0 0.9
9 073656.80+653029.4 114.2366800 65.508181  0.29 5.8 82.27132 <-10 5.6
10 073659.27+653149.7 114.2469800  65.530482  0.29 4.5 36.4779 <-10 2.3
11 073639.35+652339.2 114.1639900  65.394231  0.49 12.4 274.97333 <-10 38.1
12 073650.184+652824.3 114.2091000  65.473438  0.45 7.9 90.0177 <-10 7.0
13 073654.75+653043.0 114.2281300 65.511972  0.39 5.7 33.11373 -8.8 2.2
14 073649.61+652844.0 114.2067500 65.478912  0.66 7.6 30.8729 5.7 2.7
15 073634.73+652546.8 114.1447200  65.429694  0.85 10.8 38.77 108 -4.5 3.6
16 073701.74+653411.5 114.2572600  65.569869  0.21 2.8 112739 -5.1 0.6
17 073654.23+653207.9 114.2260000  65.535551  0.24 4.0 39.7178 <-10 4.0
18  073702.94+653438.4 114.2622800 65.577342  0.16 2.2 14375 9.6 0.9
19 073636.47+652838.7 114.1519900  65.477436  0.44 8.2 115.2713% <-10 9.2
20 073700.77+653417.7 114.2532500 65.571609  0.04 2.5 363.6739°2 <-10 13.8
21 073646.23+653128.6 114.1926400  65.524629  0.55 5.3 18.375% -4.9 1.2
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  f&a5_g x 10718
No. (CXOLV J+...) (J2000) (J2000) Error (") @) (0.35-8 keV) (erg s~ cm—2)
(1) (2) ®3) (4) (5) (6) (7) (8) (9)
22 073702.23+653445.9 114.2593200  65.579426  0.14 2.1 18.2757 <-10 0.7
23 073617.36+652639.1 114.0723700 65.444207  0.81 10.8 57.27137 -8.1 6.1
24 073631.53+652939.7 114.1313800 65.494388  0.84 7.1 20.27%-9 -5.2 2.6
25  073653.83+653331.7 114.2243000 65.558810 0.16 3.3 45.973 <-10 2.0
26 073632.22+653031.4 114.1342600 65.508730  0.22 4.6 51.1733 <-10 13.6
27  073648.65+653311.3 114.2027300 65.553162  0.41 3.7 13.1753 4.7 0.8
28 073650.05+653352.5 114.2085800 65.564588  0.30 3.9 14.2%58 -4.9 0.6
29 073632.12+4653201.9 114.1338500 65.533866  0.20 5.6 16117135 <-10 12.5
30  073624.62+653138.4 114.1025900  65.527346  0.34 6.0 73.0135%° <-10 9.0
31 073542.57+652735.4 113.9273900 65.459842  0.81 13.5 148.6715°5 <-10 37.4
32 073559.69-+652032.0 113.9987200 65.492224 1.21 10.9 29.5755 -5.9 7.7
33 073535.35+652748.3 113.8973200 65.463427 1.05 13.9 10137157 <-10 25.9
34 073612.98+653140.4 114.0540900 65.527889  0.80 6.9 21.077-9 -5.2 2.6
35  073559.86+653147.8 113.9994300 65.529949  1.03 9.6 251701 -5.5 5.6
36 073542.68+653107.5 113.9278700 65.518766 1.15 11.5 36.079% -5.8 13.3
37 073552.75+653249.7 113.9698200 65.547140 1.14 9.8 21.7+¢-% -6.5 5.4
38  073632.54+653452.6 114.1356100 65.581293  0.28 3.9 34.2773 <-10 2.1
39 073632.93+653457.9 114.1372500 65.582755  0.08 4.0 62.575% <-10 4.3
40 073653.95+653535.3 114.2248000  65.593149  0.13 2.6 30.178% <-10 1.7
41 073655.60+653540.8 114.2316700 65.594675  0.01 2.1 10033471003 < -10 431.5
42 073625.55+653539.9 114.1065000 65.594420  0.01 4.6 16600.8713%9 < -10 1079.3
43 073604.27+653548.9 114.0178000 65.596939  0.43 7.1 58.8750 <-10 14.5
44 073645.75+653549.6 114.1906600  65.597128  0.27 2.9 13.3755 -7.0 0.8
45  073645.22+653557.4 114.1884400 65.599281  0.12 3.0 744759 <-10 3.4
46 073646.80+653557.4 114.1950300  65.599289  0.26 2.8 13.8757 -6.7 0.6
47 073640.06+653605.6 114.1669300 65.601568  0.34 3.4 13.7+5-2 -4.8 0.6
48  073635.63-+653608.4 114.1484700 65.602361  0.12 3.7 92.5131.0 <-10 5.4
49  073653.39+653559.4 114.2224600 65.599844  0.22 2.3 9.5%5% -4.7 0.4
50  073626.78+653620.7 114.1116200 65.605762  0.31 3.9 13.9753 -6.2 1.4
51 073650.08+653603.8 114.2087000 65.601059  0.03 2.6 658.2725%7 <-10 34.6
52 073538.27+653719.7 113.9095000  65.622155  0.72 9.8 61.5758 <-10 20.1
53  073646.12+653613.7 114.1922000 65.603829  0.07 2.9 109.71757 <-10 5.0
54 073657.22+653603.5 114.2384300 65.600991  0.09 2.0 453179 <-10 1.9
55  073647.55+653619.1 114.1981500 65.605310  0.09 2.8 11167105 <-10 5.2
56  073655.36+653608.3 114.2307000  65.602327  0.10 2.2 44.9779 <-10 1.9
57  073647.66+653623.0 114.1986100 65.606392  0.08 2.8 105017574 <-10 5.0
58  073527.44+653835.8 113.8643500 65.643287  0.91 11.1 54.17%:6 <-10 11.4
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  fla5_g X 10715
No. (CXOLV J+...) (J2000) (J2000) Error (") Q) (0.35-8 keV) (erg s~! cm™2)
(1) (2) () (4) () (6) (7) (8) (9)
59 073624.55+653713.5 114.1023300  65.620425  0.52 3.6 145750 <-10 3.8
60  073702.34+653601.5 114.2597600 65.600425 0.12 1.7 174753 <-10 0.7
61  073645.83+653640.6 114.1909700 65.611302  0.20 3.3 26.9787 <-10 1.6
62 073509.22+654024.5 113.7884400 65.673497 0.15 134 5433.27778 <-10 1216.6
63  073700.66+653606.2 114.2527900  65.601725  0.10 1.8 254153 <-10 1.1
64  073642.01+653651.9 114.1750500 65.614418  0.04 3.4 771.87389 <-10 35.5
65 073624.49+653735.4 114.1020600 65.626522  0.29 4.6 32,9777 <-10 3.3
66  073618.71+653800.7 114.0779600 65.633531  0.47 5.3 18.67%% 6.7 1.9
67  073654.07+653630.8 114.2253300 65.608582  0.21 2.4 9.173% -5.0 0.5
68  073625.82+653757.1 114.1076000 65.632555  0.43 5.1 17.875% <-10 3.3
69  073642.94+653709.6 114.1789400  65.619355  0.26 3.3 152755 -6.6 1.0
70 073652.02+653640.9 114.2167600 65.611379  0.13 2.5 33.2773 <-10 1.5
71 073637.95+653737.4 114.1581500  65.627075  0.26 3.1 11.0755 -8.4 2.4
72 073625.29+653841.0 114.1053800  65.644733  0.23 5.1 53.0753% <-10 6.4
73 073632.59+653820.0 114.1358300 65.638893  0.61 4.3 12.3750 5.1 1.3
74 073620.95+653913.8 114.0873000 65.653854  0.43 5.8 26.870 5 9.8 2.8
75 073702.56+653613.6 114.2606800 65.603798  0.17 1.7 9.5753 6.1 0.4
76 073624.86+653915.6 114.1036000 65.654344  0.36 5.5 30.977% <-10 3.1
77 073637.76+653815.9 114.1573600 65.637755  0.34 3.9 12,6759 -7.0 1.2
78  073634.17+653854.9 114.1423800  65.648586  0.07 4.6 541.2733 <-10 57.7
79 073630.13+653933.4 114.1255500  65.659302  0.36 5.3 28.0779 <-10 3.1
80  073558.88+654410.6 113.9953600 65.736292  0.84 10.9 42.47158 -5.5 9.4
81  073656.10+653715.6 114.2337500 65.621027  0.10 2.5 52.17%3 <-10 2.5
82 073614.52+654230.2 114.0605400  65.708396  0.67 8.6 37.9729 -8.9 5.6
83  073624.584654229.6 114.1024500 65.708223  0.56 8.0 45.7797 <-10 5.6
84  073707.12+653556.6 114.2796800  65.599066  0.06 1.4 58.173% <-10 2.4
85  073702.62+653710.7 114.2609300 65.619666  0.10 2.0 38.07¢0% <-10 1.6
86  073648.45+654108.1 114.2018900  65.685585  0.26 5.8 83.31 %8 <-10 7.9
87  073654.42+654016.0 114.2267800 65.671127  0.34 4.5 18.515% <-10 1.8
88 073659.66+653936.7 114.2485900  65.660205  0.22 3.6 25.0753 <-10 2.3
89  073700.47+653951.8 114.2520000 65.664415 0.23 3.9 28.5758 <-10 2.0
90  073701.19+653939.7 114.2549600 65.661046  0.23 4.0 40.47%3 <-10 1.9
91  073707.01+653613.8 114.2792200  65.603851  0.10 1.4 26.27%-% <-10 1.1
92 073702.32+653934.9 114.2596800 65.659715  0.02 3.9 5375.41732 <-10 254.8
93 073706.93+653621.6 114.2789100  65.606002  0.12 1.1 120737 9.7 0.6
94 073704.05+654311.9 114.2669100 65.719992  0.49 7.6 61.8735%° <-10 7.7
95  073706.99+653837.7 114.2791400  65.643813  0.39 3.2 8.27373 -3.5 0.6
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  f&a5_g x 10718
No. (CXOLV J+...) (J2000) (J2000) Error (") @) (0.35-8 keV) (erg s~ cm—2)
(1) (2) ®3) (4) (5) (6) (7) (8) (9)
96  073707.58-+653919.9 1142815900 65.655529 0.14 3.5 87.0710.7 <-10 42
97  073707.98+654645.4 114.2832600 65.779298  0.70 11.1 118.7713°8 <-10 17.3
98  073708.57+654214.1 114.2857100 65.703917  0.64 5.8 12,6753 -4.8 2.8
99  073716.48+654624.6 114.3186800 65.773505 1.15 9.9 231178 -5.7 5.5
100 073716.56+654455.0 114.3190200 65.748631  0.97 8.4 18.2753 -5.8 4.4
101 073708.69+653649.5 114.2862100 65.613761  0.20 1.5 10.013°§ 5.4 0.6
102 073718.59+654520.7 114.3274600  65.755753  1.00 9.7 28.0792 -4.1 3.8
103 073714.07+654014.1 114.3086300  65.670588  0.40 3.8 8.375% -5.6 1.1
104 073711.34+653813.8 114.2972800  65.637172  0.13 2.0 17.2753 <-10 0.9
105 073721.74+654335.0 114.3406100  65.726400  0.69 8.1 39.1723 -8.5 5.1
106 073725.67+654302.1 114.3569700  65.717268  0.26 7.7 314.7715% <-10 38.6
107 073721.98+654028.3 114.3416200 65.674541  0.40 4.1 10.7755 -6.2 1.1
108  073724.97+654015.0  114.3540600 65.670846  0.32 4.0 149153 -6.6 0.9
109  073726.20+653922.0 114.3591900  65.656114  0.23 3.7 81.075%6 <-10 3.8
110  073812.36+654706.7 114.5515000 65.785218  0.68 12.0 59.1116-¢ -5.0 8.3
111 073742.28+654134.8 114.4261900  65.693014  0.46 5.6 22.2+%% <-10 2.5
112 073717.84+653726.5 114.3243700  65.624031  0.22 1.7 156153 9.3 0.7
113 073818.97+654552.0 114.5790700 65.764454  0.84 11.2 55.7 100 9.2 14.2
114 073757.84+654251.9 114.4910200 65.714439  0.39 7.5 85.37 100 <-10 10.8
115  073731.124653902.9 114.3796800 65.650821  0.14 2.9 30.677% 6.5 2.9
116  073743.60+654042.8 114.4316800 65.678573  0.32 4.9 28.3178-9 <-10 3.0
117 073724.49+653759.0 114.3520500  65.633073  0.11 2.4 61.4%%] <-10 2.7
118  073838.98+654556.2 114.6624200  65.765624  0.92 12.5 54.2715F -5.2 13.3
119  073747.68+654016.9 114.4486700 65.671369  0.17 4.8 90.47 3% <-10 9.8
120 073848.16+654644.3 114.7006900  65.778986  0.86 13.7 83.77161 -8.4 20.5
121 073819.16+654328.8 114.5798600  65.724686  0.80 9.3 33.175%2 -3.3 4.8
122 073755.44+654021.7 114.4810200 65.672705 0.18 5.4 133.51137 <-10 16.4
123 073737.79+653822.0 114.4074700 65.639458  0.24 2.9 121738 7.2 0.7
124 073751.19+653914.9 114.4633300  65.654143  0.18 4.3 59.5759 <-10 6.1
125 073743.97+653839.8 114.4332300  65.644393  0.20 3.6 295757 <-10 1.8
126 073725.13+653708.8 114.3547500  65.619130  0.07 1.1 40.9773 <-10 2.2
127  073758.71+653928.5 114.4946500 65.657926  0.43 5.0 15.975°2 -8.4 1.6
128  073726.06+653656.3 114.3586100 65.615640  0.07 1.6 141.2*+73-0 <-10 5.4
129 073717.53+653623.2 114.3230800  65.606460 0.1 0.9 26.178-3 <-10 1.0
130  073847.56+654112.7 114.6982000 65.686869  0.44 10.1 202.6115°% <-10 51.9
131 073825.00+653917.9 114.6041900  65.654992  0.49 7.2 45.2753 <-10 12.6
132 073713.10+653558.1 114.3046100  65.599477  0.06 1.1 61.172:0 <-10 2.1
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  fla5_g X 10715
No. (CXOLV J+...) (J2000) (J2000) Error (") Q) (0.35-8 keV) (erg s~! cm™2)
(1) (2) () (4) () (6) (7) (8) (9)
133  073738.38+653629.8 114.4099500  65.608303  0.10 2.1 108.9114:2 <-10 5.9
134 073747.02+653630.2 114.4459500  65.608402  0.27 3.0 10.675% 7.2 0.6
135 073717.05+653557.8 114.3210700  65.599390  0.01 1.0 1257.8755°2 <-10 44.7
136 073823.75+653638.6 114.5989900  65.610730  0.30 7.1 12517173 <-10 16.3
137 073759.38+653610.0 114.4974300  65.602786  0.22 4.3 431150 <-10 2.7
138  073735.27+653550.0 114.3969800  65.597228  0.09 1.9 36.11% ] <-10 2.0
139 073744.85+653547.5 114.4368900  65.596552  0.23 2.8 114757 7.2 0.6
140  073740.49+653521.6 114.4187400 65.589342  0.05 2.6 248.5115% <-10 13.5
141  073709.86+653546.8 114.2911100  65.596336  0.06 1.3 57.0757 <-10 2.0
142 073845.24+653327.1 114.6885300  65.557553  0.75 10.0 55.21 %7 <-10 11.7
143 073750.21+653431.8 114.4592200  65.575524  0.23 3.8 28.5768 <-10 1.6
144 073859.75+653217.9 114.7490000 65.538311  1.03 11.8 39.115%8 -5.6 8.8
145 073844.714+653217.0 114.6863300  65.538079  0.70 10.3 81.67 15 % <-10 17.2
146  073752.93+653407.4 114.4705600 65.568734  0.23 4.5 43.9780 <-10 3.8
147 073726.14+653504.9 114.3589400  65.584698  0.16 1.6 917573 -6.9 0.5
148  073757.82+653347.0 114.4909300  65.563062  0.50 5.3 144755 -5.6 2.3
149 073900.55+653110.4 114.7523200 65.519563  1.02 12.3 5277158 -8.3 12.0
150  073749.23+653402.6 114.4551400  65.567399  0.31 4.0 157158 -6.7 0.9
151 073859.94+653027.0 114.7497700  65.507509  0.95 12.6 78.3117% <-10 17.9
152 073826.57+653135.8 114.6107200  65.526635  0.59 9.0 72.015%% <-10 15.2
153 073743.64+653345.6 114.4318400  65.562668 0.19 3.7 35.8773 <-10 2.0
154  073804.384+653229.7 114.5182800  65.541599  0.65 6.6 16.1%5) 4.7 2.7
155 073709.14+653544.1 114.2881200  65.595596  0.01 1.4 1318.475573 <-10 45.4
156 073717.99+653509.4 114.3249900  65.585957  0.08 1.3 27.9785 <-10 1.4
157 073800.35+653208.5 114.5014800  65.535696  0.18 6.5 269.671708 <-10 45.2
158  073739.514+653322.4 114.4146600  65.556226  0.38 3.6 151152 9.8 1.4
159 073725.25+653415.3 114.3552300  65.570918  0.18 2.3 10.673S 6.9 0.6
160  073753.06+653128.5 114.4710900  65.524611  0.58 6.4 19.875% -6.1 3.3
161  073736.55+653251.2 114.4023200  65.547583  0.21 4.0 37.57%8 <-10 2.1
162 073733.39+653307.5 114.3891400  65.552094  0.04 3.6 956.71520 <-10 52.7
163  073801.784+652949.0 114.5074200  65.496955  0.87 8.3 221770 -5.9 5.0
164 073740.48+653139.7 114.4186800 65.527706  0.25 5.4 67.375°2 <-10 5.7
165 073736.984+653200.8 114.4041100  65.533579  0.13 4.8 17051132 <-10 11.0
166  073758.80+652906.7 114.4950300 65.485214  0.93 8.7 27.8770 <-10 6.3
167 073726.96+653312.2 114.3623600  65.553394  0.22 3.5 23.778:3 <-10 1.1
168 073731.80+653158.4 114.3825100 65.532914  0.34 4.7 21.87¢7 -6.9 1.3
169 073721.83+653317.3 114.3409600  65.554821  0.05 3.2 344.9719°7 <-10 15.2
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Galaxy Source Source 1D R.A. Decl. Positional 0 log(pns)  f§a5_g X 10—15
No. (CXOLV J+...) (J2000) (J2000) Error (") @) (0.35-8 keV) (erg s~ cm—2)
1) (2) ®3) (4) (5) (6) (M (®) 9)
170 073714.88+653428.9  114.3120200  65.574716  0.02 2.1 599.37255 < -10 25.4
171 073725.62+653216.1 114.3567700  65.537811  0.17 4.3 68.975°7 <-10 3.2
172 073726.35+653206.7 114.3598000  65.535209  0.30 4.4 21.8753 -9.2 1.3
173 073732.18+653044.7 114.3841100 65.512429  0.29 5.9 66.779%" <-10 6.0
174  073727.30+653102.2 114.3637800  65.517294  0.10 5.4 464.07233 <-10 24.4
175  073716.02+653328.8 114.3167600  65.558010  0.14 2.9 35.37702 <-10 1.6
176 073714.66+653345.4 114.3111100  65.562621  0.27 2.7 6.7759 -4.0 0.4
177 073719.16+653053.0 114.3298600  65.514739  0.30 5.3 459721 -8.5 4.9
178  073709.35+653500.9 114.2889700  65.583604  0.14 1.7 13.9759 <-10 0.8
179 073711.60+653345.8 114.2083500  65.562723  0.02 2.7 1352.6755°% <-10 62.1
180  073727.96+652513.7 114.3665000  65.420477  1.10 11.3 30.375%" -3.9 9.3
181  073714.814+653204.3 114.3117400 65.534548  0.30 4.2 18.41%-9 -4.1 0.8
182  073717.82+652954.5 114.3242500 65.498481  0.25 6.2 104.371573 <-10 9.7
183 073708.23+653525.5 114.2843200  65.590428  0.13 1.5 13.0138 <-10 0.5
184 073714.08+653128.1 114.3087000  65.524474  0.37 4.8 17.273% -5.0 1.1
185 073712.81+653139.7 114.3033800  65.527707  0.22 4.6 48.3157 <-10 2.4
186 073710.20+653311.0 114.2925100  65.553058  0.10 3.2 75.979°9 <-10 3.3
187  073709.58+653305.4 114.2899200  65.551521  0.13 3.3 118.8713 <-10 5.2
188  073714.00+652450.5 114.3083400  65.414029  0.71 11.0 95.6715% <-10 13.6
189  073713.30+652531.4 114.3054300  65.425399  1.25 11.0 28.679°0 -4.9 7.9
190  073711.18+652828.3 114.2966100  65.474547  0.54 6.7 30.3750 <-10 8.4
NGC 4214

1 121537.80+361613.2 183.9075100  36.270343  0.41 3.7 7.0759 -4.7 2.0
2 121531.56+360947.4 183.8815200  36.163172  0.92 9.2 28.3776 -8.1 5.5
3 121533.96+361428.5 183.8915300 36.241258  0.36 3.1 5.875¢ -7.1 1.8
4 121530.29+361203.6 183.8762200 36.201004  0.39 5.6 32.71%9 <-10 10.6
5 121533.02+361531.2 183.8876100 36.258681  0.37 4.2 19.8759 -9.3 2.5
6 121524.05+361252.1 183.8502100 36.214481  0.69 5.5 87133 -5.7 3.4
7 121535.34+361752.0 183.8972800  36.297805  0.19 2.1 111735 9.1 1.0
8  121529.43+361545.4 183.8726600 36.262624  0.24 3.0 16.175% <-10 2.3
9 121528.30+361644.1 183.8679200 36.278920  0.26 3.3 331770 <-10 3.1
10 121536.06+361847.3 183.9002900  36.313160  0.18 2.0 10.37%% 9.3 0.9
11 121526.17+361646.9 183.8590600  36.279696  0.39 3.5 18.675% -10.0 1.8
12 121529.66+361738.8 183.8736000 36.294130  0.19 1.8 75750 -6.4 1.0
13 121452.87+361057.5 183.7203100 36.182650  0.96 114 46.475% <-10 21.6
14 121511.02+361449.9 183.7959200  36.247199  0.58 7.2 43.07%3 <-10 8.3
15 121533.49+361838.8 183.8895700  36.310800  0.21 2.1 11.075¢ -8.7 1.0
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  f§a5_g X 10-15
No. (CXOLV J+...) (J2000) (J2000) Error (") Q) (0.35-8 keV) (erg s~! cm™2)
(1) (2) 3) (4) (5) (6) (7 (8) ()
16 121538.24+361921.0 183.9093700  36.322521  0.01 2.0 1827.6745°8 <-10 167.5
17 121502.05+361430.7 183.7585800 36.241884  0.27 8.5 347.7125-2 <-10 47.2
18 121516.024+361644.9 183.8167500 36.279149  0.81 5.1 110759 -5.2 2.0
19 121505.73+361555.0 183.7738900  36.265292  0.82 7.3 35.8778 <-10 6.2
20 121539.18+361931.1 183.9132600 36.325326  0.11 2.3 29.976-S <-10 9.5
21 121533.42+4361859.8 183.8892900 36.316615 0.11 2.1 40.2775 <-10 3.7
22 121427.34+361415.1 183.6139300  36.237536  0.68 14.0 198.07397 <-10 41.0
23 121522.66+361819.8 183.8444400  36.305521  0.20 1.4 4.9753 -5.5 1.4
24 121415.01+361330.1 183.5625600  36.225045  1.00 15.7 77.97197 -5.6 33.2
25  121512.65+361800.0 183.8027200  36.300001  0.36 3.3 6.775% 6.7 2.2
26 121456.24+361707.6  183.7343600 36.285464  0.88 8.7 30.57%% -6.6 4.1
27 121451.924+361729.4 183.7163400  36.291508  0.71 9.3 58.013%* <-10 8.1
28 121458.44+361858.2 183.7435000 36.316170  0.53 8.0 60.1193 <-10 7.3
29 121507.69+361920.3 183.7820800  36.322307  0.69 5.9 27.3%58 <-10 5.2
30 121445.68+361919.8 183.6903500  36.322170  0.71 10.5 525798 <-10 9.0
31 121535.69+361936.9 183.8987100 36.326928  0.46 2.1 51756 -3.5 0.5
32 121526.36+361944.2 183.8598400 36.328953  0.14 2.7 61.979°% <-10 5.9
33 121440.51+362023.0 183.6688200 36.339734  0.69 10.9 93.97138 <-10 185
34 121509.36+362005.8 183.7890200 36.334954  0.87 5.4 13.575% -5.2 2.8
35  121511.15+362006.1 183.7964700 36.335041  0.35 4.7 72.4798 <-10 16.4
36 121524.20+361955.3 183.8508400  36.332039  0.15 1.0 6.9758 -8.7 1.9
37 121513.93+362014.4 183.8080500 36.337348  0.16 4.8 185.37159 <-10 29.1
38 121455.91+362047.1 183.7329900 36.346423  0.40 8.0 89.37150 <-10 16.8
39 121523.19+362007.4 183.8466600 36.335412  0.37 3.4 13.075°2 6.4 1.3
40 121507.08+362058.3 183.7795100 36.349541  0.54 6.1 35.3775 <-10 7.2
41 121505.814362125.0 183.7742300 36.356958  0.54 4.9 9.97%3 7.2 3.3
42 121538.15+361944.8  183.9090000  36.329124  0.03 2.1 380.0125-¢ <-10 37.8
43 121512.76+362233.8 183.8031700  36.376065  0.59 4.5 6.1758 -4.1 2.4
44 121520.92+362153.6 183.8371800 36.364896  0.35 4.8 28.4179 <-10 2.8
45  121535.94+362006.6 183.8997500 36.335186  0.19 2.3 12,0737 9.8 1.1
46 121529.42+4362107.6  183.8726200 36.352133  0.35 3.1 10.8756 -7.8 15
47 121522.38+362237.7 183.8432700 36.377152  0.44 5.1 304778 <-10 3.3
48 121529.02+362130.9 183.8709500 36.358611  0.28 3.0 13.0738 <-10 1.8
49 121530.78+362204.5 183.8782900 36.367919  0.27 3.9 25.217%2 <-10 2.4
50  121532.25+362156.0 183.8843800  36.365568  0.42 3.7 9.075§ -4.0 0.9
51 121537.26+362030.0 183.9052900 36.341678  0.33 2.6 44732 -3.4 0.6
52 121517.62+362802.7 183.8234500 36.467437  0.73 10.2 69.6715 7 <-10 17.5
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Galaxy Source Source ID R.A. Decl. Positional 0 log(pns)  f&a5_g x 10718
No. (CXOLV J+...) (J2000) (J2000) Error (") @) (0.35-8 keV) (erg s~ cm—2)
(1) (2) ®3) (4) (5) (6) (7) (8) (9)
53 121534.38+362219.6 183.8932800  36.372129  0.10 3.9 18147137 <-10 17.2
54  121517.36+363123.2 183.8223700 36.523133  1.09 12.3 49.313%3 <-10 24.3
55  121538.14+362050.7 183.9089500  36.347436  0.10 1.8 26.8153 <-10 7.4
56 121524.47+363010.9 183.8519700  36.503040 1.1 12.1 44.073%° -7.0 9.4
57 121537.25+362219.3 183.9052500  36.372049  0.13 3.2 47.0759 < -10 6.9
58 121539.36+362055.3 183.9140300 36.348722  0.14 2.7 31.5788 <-10 2.9
59 121539.99+361935.9 183.9166600 36.326657  0.11 2.1 24.676-¢ <-10 2.5
60  121543.07+362725.8 183.9294600 36.457168  0.82 9.4 42,0152 <-10 7.8
61  121543.01+362633.1 183.9292500 36.442533  0.46 9.2 13117158 <-10 50.3
62 121541.39+362114.3 183.9224800  36.353998  0.04 2.9 432.4%28-9 < -10 40.4
63  121553.15+362450.9 183.9714600 36.414155 0.46 4.7 14.0759 -8.7 4.8
64  121548.96+362256.9 183.9540400  36.382498  0.42 4.3 22.37%8 -6.8 3.2
65 121545.87+362137.2 183.9411400 36.360352  0.14 1.3 9.87%3 <-10 2.8
66  121547.74+362156.6 183.9489400 36.365736  0.33 3.8 19.975-1 -8.4 1.9
67  121600.38+362534.9 184.0016200 36.426386  0.47 5.9 26.87%-2 <-10 10.4
68  121547.43+362124.7 183.9476600 36.356873  0.19 3.3 52.7753 <-10 5.0
69  121549.26+362145.5 183.9552900  36.362665 0.23 3.2 38.075°0 7.1 5.3
70 121608.86+362611.8 184.0369300 36.436614  0.90 7.4 145752 -8.3 5.4
71 121554.94+362251.6  183.9789200 36.381016  0.35 3.0 6.875% 7.1 2.2
72 121637.09+362854.2 184.1545600 36.481733  0.94 13.3 84.9715 <-10 34.3
73 121620.59+362609.8 184.0858200  36.436072 1.24 9.0 149155 -6.2 5.7
74 121615.95+362519.6  184.0664800 36.422122  0.95 9.4 41.615°% -8.4 9.1
75 121543.56+362009.9 183.9315100  36.336089  0.18 1.8 135738 <-10 1.8
76 121646.43+362936.2 184.1934900  36.493390  1.09 15.2 81.47753 -4.4 38.4
77 121559.114362228.9 183.9963300  36.374716  0.10 4.5 390.9770°% <-10 99.3
78 121659.114363033.5 184.2463100 36.509309  1.03 17.8 96.17157 <-10 64.0
79 121648.03+362855.8 184.2001600  36.482186  1.11 15.0 64.77157 -7.3 31.4
80  121618.40+362422.5 184.0767000 36.406257  0.80 7.5 20.8759 <-10 7.6
81  121606.20+362138.8 184.0258600 36.360781  0.42 4.1 9.575 -7.4 3.4
82 121540.86+361939.7 183.9202600 36.327702  0.07 2.1 74.579% <-10 7.2
83 121647.98+362337.8 184.1999400  36.393850  0.88 12.8 94.37137 <-10 40.4
84 121633.23+362209.6 184.1384600  36.369337  0.96 9.5 30.8757% <-10 12.0
85  121604.95+362032.8 184.0206600 36.342455  0.34 3.7 104133 -7.5 3.4
86  121545.65+361942.9 183.9402500  36.328607  0.39 3.1 6.9759 -4.5 1.0
87  121639.43+362025.1 184.1643300 36.340317  1.48 10.6 157158 -6.3 19.1
88 121613.63+361953.6 184.0568000 36.331566  0.34 5.4 35.3770 <-10 13.1
89  121604.96+361903.1 184.0206800 36.317529  0.60 3.9 3.87%2 -4.0 1.3

Continued on next page
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Table 2.6 — continued from previous page

Galaxy Source Source ID R.A. Decl. Positional 0 log(pns) f§a5_g X 10-15
No. (CXOLV J+...) (J2000) (J2000) Error (") Q) (0.35-8 keV) (erg s~! cm™2)
(1) (2) 3) (4) (5) (6) (7 (8) ()
90  121620.44+361754.4 184.0852000 36.298450  0.54 10.7 48.6139 <-10 43.4
91  121549.70+361847.0 183.9571000 36.313059  0.38 2.8 111732 5.4 1.0
92 121540.83+361927.5 183.9201600 36.324330  0.21 1.5 6.5758 -5.4 1.8
93 121544.74+361846.3 183.9364400 36.312877  0.09 2.3 91.513%7 <-10 8.3
94  121541.89+361915.3 183.9245700  36.320929  0.13 2.1 249782 <-10 2.3
95  121557.77+361519.5 183.9907500  36.255438  0.39 4.2 12,6747 <-10 4.0
96  121557.59+361510.0 183.9899900  36.252787  0.49 4.3 8.675% -8.6 2.7
97  121541.63+361909.4 183.9234600 36.319284  0.21 2.1 7T 4.8 0.7
98  121548.83+361702.7 183.9534800  36.284108  0.27 2.6 8.47% 3 7.1 1.2
99  121551.56+361610.8 183.9648700  36.269684  0.52 3.2 6.5758 -5.0 1.2
100  121600.89+361309.9 184.0037100  36.219433  0.81 6.8 10.07%7 4.5 1.9
101 121544.634+361810.3 183.9359600 36.302879  0.14 1.7 117746 <-10 1.6
102 121547.614361645.5 183.9484000 36.279330  0.22 2.6 12.3747 <-10 1.7
103 121552.63+361347.8 183.9693100  36.229950  0.33 4.5 22,6159 <-10 7.7
104 121602.97+360902.1 184.0123800  36.150609  0.97 9.6 333705 <-10 13.4
105 121557.69+361057.4 183.9904100  36.182632  0.86 8.5 229756 -8.2 4.7
106 121550.74+361412.5 183.9614200  36.236820  0.50 3.9 5.673¢ 5.4 1.8
107  121541.184361857.9 183.9216100 36.316104 0.17 1.6 7.97%9 <-10 2.1
108  121557.58+360753.3 183.9899200  36.131494  0.98 11.3 49.5730:¢ <-10 11.0
109 121549.454+361212.1 183.9560500 36.203365 0.33 6.8 60.319 <-10 12.3
110 121604.28+360019.1 184.0178400  36.005308  1.31 17.8 8241158 6.5 36.3
111 121547.89+361020.3 183.9495600 36.172327  0.79 8.5 25.71%3 7.2 5.0
112 121556.184360033.1 183.9841200  36.009199  1.23 17.2 75.6715:8 5.7 31.9
113 121551.87+360326.7 183.9661400 36.057432 1.14 14.2 4817143 -4.4 19.4
114 121545.294+361107.0 183.9387200  36.185291  0.56 6.4 231151 <-10 7.7
115  121541.934+361354.6 183.9247200 36.231848  0.35 3.5 8.775% -10.0 2.7
116 121540.004+-361840.7 183.9167000 36.311315  0.10 2.0 322158 <-10 3.0

“Unabsorbed X-ray flux, assuming the power law with I' = 1.9 absorbed by the appropriate Galactic column given in

Table b9 is the off-axis angle from the Chandra ACIS aim point.
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Figure 2.1: Observations of the CLVS galaxies. Soft (0.5-1 keV) X-ray contours superim-
posed in red and highly significant X-ray sources are shown as yellow crosses. Our HST

fields are shown in black.
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2.4.2 Comparison with Traditional Methods

The standard approach to X-ray source catalog generation is to use a pre-written source
detection algorithm (such as wavdetect), with modifications applied to various parameters
to change the threshold for classifying X-ray sources, signal-to-noise thresholds, etc. In this
section, I examine how the traditional approach to detecting point sources differs from the
more rigorous iterative source detection strategy employed to generate the CLVS source
catalog.

The wavdetect algorithm, commonly used to detect Chandra X-ray sources, has a num-
ber of parameters which may be tuned. We investigated the effect of changing three of these
parameters (sigthresh, bkgsigthresh, and maxiter) from their default values. Here, we briefly
describe the three parameters; the reader is referred to the wavdetect help pagdﬂ for addi-
tional information. The parameter sigthresh defines the threshold for identifying a pixel as
belonging to an X-ray source whose default value is 107%; increasing the value of sigthresh
will cause wavdetect to identify background flares as source detections. The significant
threshold for cleansing data during iterations, bkgsigthresh, has a default value of 1073,
and is the statistical criteria for rejecting the null hypothesis that the pixel in question has
data solely sampled from the background. Increasing the value of bkgsigthresh will increase
the number of sources assumed to be genuine (i.e., not background fluctuations). Finally,
maziter is the maximum number of cleansing iterations to perform — increasing the value of
this parameter will increase the number of sources detected. To quantitatively evaluate the
differences between the iterative source catalog creation approach and traditional source
detection algorithm approach, we ran wavdetect on our merged 0.35-8 keV observations of
each of the CLVS galaxies and compared the results to our final X-ray source catalogs.

The impact of bin size on the output source lists was first investigated by running
wavdetect will all parameters left at their default settings for image bin sizes of 1, 2, 3,
and 4 pixels. Using wavdetect on images with a bin size of 1 typically resulted in the
lowest fraction of catalog sources recovered when all flux levels are considered (~50-70%),

but it performed best at recovering faint sources (up to 50% of of significant sources with

"http://cxc.harvard.edu/ciao/ahelp/wavdetect .html
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a 0.35-8 keV flux below 1071% erg s! cm~2 were recovered). Although a larger fraction of
significant sources were detected when wavdetect was run on images with bin sizes of 2,
3, or 4 (~62-85%), these bin sizes recovered a significantly lower fraction of faint sources
(typically less than 50%, and sometimes recovering zero faint sources). All bin sizes returned
~10-20 sources returned by wavdetect but that were determined by AE to not be significant
detections, hereafter referred to as “false positives.” Thus, the assumption of bin size made
when running wavdetect on the merged X-ray images of the CLVS galaxies significantly
impacted the number of faint, but significant, X-ray sources we were able to recover.

We next combined the source lists for each bin size, so that a “total” source list was
made which included all sources detected at any bin size. The overall fraction of recovered
sources (at all flux levels) increased to ~76-91%, while the fraction of faint X-ray sources
increased by ~15-20%. The total number of false positives also increased, with 20-40 false
positives founds in each image.

Total source lists (including all sources found for bin sizes of 1, 2, 3, and 4) were generated
using wavdetect for each of the following modifications: sigthresh = 10°, bkgsigthresh =
1072, and maziter = 5. All methods included a significant number of false positives —
often yielding a more than 50% increase in the overall number of candidate X-ray sources.
Changing the value of sigthresh resulted in a source list that frequently exhibited a 90%
increase in the number of sources, with a majority of significant low-flux sources being
recovered. However, this method returned the largest number of false positives. While
changing bkgsigthresh and maziter each returned equally high fractions of the total sources
for each galaxy, these wavdetect runs failed to recover more than half of the faint sources.

Figure shows the fraction of X-ray sources recovered for each of our wavdetect runs
as a function of source flux. We found that increasing the values of sigthresh, bkgsigthresh,
and mazxiter from their default values all improved the number of faint sources recovered,
albeit at the cost of including many more false positives in the final source lists. For
sufficiently high-flux sources, above ~ 1074 erg s~ cm™2, nearly all of the methods we
investigated converge to 100% recovery for every galaxy. The fraction of highly significiant
sources recovered in each of these runs, and the number of false positives detected, are

summarized in Table
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Figure 2.2: The fraction of highly significant sources in the CLVS X-ray source catalogs
that were recovered by the wavdetect algorithm as a function of source flux. At sufficiently
large fluxes, the iterative approach and the traditional wavdetect method converge. The
top panel shows the fraction of sources recovered when wavdetect is run on images of
different bin size with all default parameters. Red shows the results for bin sizes of 1,
orange shows bin sizes of 2, green shows bin sizes of 3, and blue show bin sizes of 4. The
bottom panel compares the output of wavdetect with all default parameters (shown in red)
to the output when different parameters are changed: i.e., when sigthesh = 10~ (orange),

bkgsigthresh = 1072 (green), and maziter = 5 (blue.)

We conclude that an iterative source detection strategy is necessary to both capture
many low-flux X-ray sources and remove false positives, which is beyond the capability of

the wavdetect algorithm alone.

2.5 Sensitivity Maps

The remainder of the analyses in this work require sensitivity maps, which provide the
energy flux level at which a source could be detected for each point in our survey area. We

convert the AE-provided photon flux for each source (fluz2, which is based on the net source

-12



Table 2.7: Fraction of CLVS Sources Recovered by wavdetect

95

wavdetect run

(1)

all fluxes / < 10715 erg s~! cm™2/ # false positives

NGC 55
(2)

NGC 300
®3)

NGC 404
(4)

NGC 2403
()

NGC 4214
(6)

defaults, bin 1
defaults, bin 2
defaults, bin 3
defaults, bin 4

defaults, all bin sizes
sigthresh = 1072
bkgsigthresh = 102

maziter = 5

72% / 40% / 34
84% / 40% / 29
1% | 0% ] 22
71% / 20% / 20
91% / 50% / 48
94% / 70% / 108
91% / 50% / 55
91% / 50% / 55

72% / 25% / 10
85% / 0% / 10
1% / 0% / 9

76% / 0% / 7

86% / 25% / 18
93% / 75% / 39
86% / 25% / 18
85% | 25% | 17

73% / 45% / 11
84% / 18% / 9
84% / 9% / 13
80% / 0% / 13
84% / 45% / 20
91% / 64% / 53
91% / 45% / 20
92% / 45% | 18

67% | 69% / 23
75% / 56% / 15
76% / 49% / 10
73% / 28% / 17
85% / 69% / 43
92% / 88% / 117
86% / 72% / 42
87% / 81% / 21

53% / 50% / 10
66% / 33% / 17
67% / 33% / 16
62% / 17% / 18
76% / 50% / 27
78% | 67% | 82
75% / 50% ] 27
76% / 50% / 28

counts, exposure time, and the mean auxiliary response file (ARF) in the given energy band)
into energy fluxes assuming a power law with I'=1.9 that is absorbed by the appropriate
Galactic column density for each galaxy. Since the majority of X-ray sources in each catalog
are either XRBs or background AGN, we expect this model to be appropriate and not to
systematically bias our subsequent analyses.

To create sensitivity maps, we calculated the number of source counts that would be
required to meet our pns criteria (< 4 x 1079) for each point in the survey area, following
[146]. Sensitivity maps were constructed for the Chandra field of view in the 0.35-8 keV,
0.5-2 keV, and 2-8 keV energy bands. The limiting fluxes in the 0.35-8, 0.5-2, and 2-8 keV
bands for each galaxy are summarized in Table
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Table 2.8: Limiting Fluxes (erg s~! ecm~2) and Luminosities (erg s~1) of Merged Observa-
tions
Galaxy Energy band 70% 95%

(keV) fx (x1071%) Ly (x10%7) fx (x1071%) Ly (x1037) fx (x1071%) Ly (x1037)
(1) (2) (3) (4) (5) (6) (7) (8)
0.35-8 16.2 0.8 31.5 1.5 94.4 4.5
NGC 300 0.5-2 9.4 0.4 18.5 0.9 56.7 2.7
2-8 44.0 2.1 86.0 4.1 251.8 12.0
0.35-8 62.0 6.9 198.0 22.0 500.0 55.5
NGC 404 0.5-2 3.0 0.3 13.0 1.4 44.0 4.9
2-8 28.0 3.1 87.0 10.0 275.0 30.5
0.35-8 24.9 1.3 33.0 1.7 35.9 1.9
NGC 55 0.5-2 0.8 0.04 0.60 0.03 0.7 0.04
2-8 1.9 0.1 2.8 0.2 3.0 0.2
0.35-8 6.7 0.9 9.8 1.3 10.9 1.4
NGC 2403 0.5-2 0.5 0.07 1.1 0.2 1.3 0.2
2-8 0.3 0.04 1.4 0.2 21.3 2.8
0.35-8 18.2 1.8 29.9 3.0 32.8 3.3
NGC 4214 0.5-2 0.3 0.03 0.6 0.06 0.7 0.07
2-8 1.0 0.1 2.0 0.2 27.1 2.7
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Chapter 3
X-RAY SOURCE CHARACTERISTICS

In this chapter, I present a summary of the X-ray source catalog characteristics for each
of the five CLVS galaxies. The X-ray properties of individual sources, such as their spectral
shape and temporal variability, can be used to constrain the physical origin of the X-ray
emission (see Chapter 4). Bulk population properties, such as the radial distribution of
sources, enable us to identify different X-ray populations in a statistical sense.

The X-ray point source populations of all five CLVS galaxies consist of HMXBs, LMXBs,
SNRs, background AGN, and foreground stars. Other X-ray emitting objects — such as
cataclysmic variables, active binaries, or flaring M-dwarfs — are too faint to be detectable
at distances of a few Mpc, although our catalogs could contain a small number of such
objects in the foreground. The source catalogs provide information on temporal variability
of sources, hardness ratios (for faint sources) and spectral fitting (for bright sources), as

well as the radial source distributions of X-ray sources.
3.1 Comparison Overall Catalog Properties

Figure shows cumulative distributions of the net counts (in the 0.35-8 keV band), the
0.35-8 keV photon flux, Chandra error circle size, and off-axis angle for all five CLVS source
catalogs. Of the 629 X-ray sources detected at high significance, ~97% have fewer than
200 net counts. Nearly half of all X-ray sources have error circles smaller than 2” in radius,
and 21% have error circles less than 1” in radius. Fifty-four percent of sources have off-axis

angles less than 5, and 92% of sources are within 10’ of the center of the host galaxy.

3.1.1 Hardness Ratios

The X-ray spectrum of a source can provide a key diagnostic for separating different popu-

lations. For example, XRBs and AGN are well-described by power laws with photon indices
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Figure 3.1: Cumulative distributions of various source catalog properties for all five CLVS
galaxies. The top row shows the net counts in the 0.35-8 keV band (left) and the 0.35-8
keV photon flux (right), while the bottom row shows the Chandra error circle (left) and the

off-axis angle (right.) On all plots, the 50% level is indicated by a horizontal dashed line.
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ranging from I' ~ 1 — 2, and may show high levels of intrinsic absorption (i.e., in the case
of obscured AGN). Contaminating foreground stars will exhibit significantly softer, thermal
X-ray emission with plasma temperatures of a few keV or less, similar to faint SNRs. How-
ever, when studying discrete X-ray sources at distances of a few Mpc, it is nearly impossible
to constrain spectral parameters to any degree of accuracy for sources with < 50 counts.
The majority of the CLVS X-ray sources fall within this low-count regime, as shown in
Figure [3.Th.

Instead of directly measuring the X-ray spectral shape, we define hardness ratios (HRs;
also called X-ray colors) to separate different populations. HRs measure the fraction of
photons emitted by a source in three energy ranges: soft (5, 0.35-1.1 keV), medium (M,
1.1-2.6 keV), and hard (H, 2.6-8 keV). We evaluate two HRs for each source using the
approach developed in [407] [see also B23]. Source and background counts were determined

by AE in each band, and we define a “soft” color,

M-S

HRl = ——— 3.1
H+M+S’ (3-1)
and a “hard” color,
H-M
HR2= ——. 3.2
H+M+S (3:2)

The Bayesian Estimation of Hardness Ratios [BEHR, [B08| code accounts for the fact
that source and background counts are non-negative, however, it does not directly handle
this form for the HRs. We adopt an approach described in [407]: for each source, the inputs
are source counts, background counts, the AE “backscale” parameter (which accounts for
the ratio of the source and background extraction areas and efficiencies), and a factor
converting from counts to photon flux (i.e., the exposure time multiplied by the mean ARF
over the extraction region). We additionally set the “softeff” and “hardeff” parameters to
exposure time multiplied by the mean ARF values computed by AE for each observation in
which the source was observed. Therefore, the hardness ratio calculations take into account
the variations in effective area and exposure times between the different observations of a

single source, especially important considering the differences in ACIS filter contamination
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between the observations utilized in this work.

The BEHR code is then run twice (once for S and M, and again for S and H). For
each energy band, we set the BEHR “burnin” parameter to 50,000 and the “total draws”
parameter to 100,000. This provides 50,000 samples from the probability distribution for
each energy band. Combining the results from the two BEHR runs, we obtain 50,000 samples
from the probability distribution for the .S, M, and H counts. Using these distributions, we
compute 50,000 values for HR1 and H R2 for each source. The HR value is defined as the
mean of the distribution, and the credible interval is evaluated based on the 68.2% equal-tail
estimates (i.e., 0.682/2 of the samples have values below the lower limit, and 0.682/2 of the
samples have values above the upper limit).

To aid in the interpretation of our HR calculations, we define six categories of X-ray
sources: ‘XRB’ (which is likely contaminated with background AGN, given their X-ray
similarities to LMXBs), ‘BKG’ for likely background sources with an indeterminate spectral
shape, ‘ABS’ for heavily absorbed sources, ‘SNR’, and indeterminate ‘HARD’ and ‘SOFT’
sources [215, B4, 33]. The HR classification categories are listed in Table The HRs
and corresponding source classification is given in Table and Figure shows the HR

values of all five CLVS galaxies with our X-ray color categories labeled.

Table 3.1: Hardness Ratio Source Classification Scheme

Classification Definition
(1) (2)
X-ray binary (‘XRB’) —-04<HR2<04,-04< HR1<04
Background source (‘BKG’) HR2 > —0.4, HR1 < —0.4
Absorbed source (‘ABS’) HR1>04
Supernova remnant (‘SNR’) HR2 < —-04, HR1 < —0.4
Indeterminate hard source (‘HARD’) HR2>04,-04< HR1<04

Indeterminate soft source (‘SOFT’) HR2 < —0.4, —04 < HR1< 0.4
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Figure [3.2] hints at some differences in the X-ray source populations of the five CLVS
galaxies. For example, NGC 404 (cyan dots) shows significantly fewer sources in the ‘SNR/’-
like category than the disk galaxies. This is not surprising, as one would not expect to find
true SNRs in the older stellar populations and earlier morphology of NGC 404. The three
‘SNR’-like sources in NGC 404 are likely foreground stars, whose soft thermal emission is

easily confused with that of a true SNR in hardness ratio analysis.

To compare the X-ray source populations of the five CLVS galaxies in a quantitative
manner, we calculate the fraction of each HR class found for each galaxy and for the total
629 X-ray sources, given in Table We find that most of the X-ray sources fall within the
‘XRB’ category (~ 40—60%), with an additional ~ 20—30% of sources showing evidence for
additional absorption beyond the Galactic column. These two categories comprise roughly
three quarters of all the X-ray point sources and are likely contain the majority of XRBs
associated with their host galaxies with some contamination from background AGN (whose
X-ray properties are similar to many XRBs). We note that NGC 404 contains a higher
fraction of sources classified as ‘XRBs’ than the disk galaxies, deviating from the sample

average ‘XRB’ percentage at about the ~ 1.60 level.

The softer HR categories (i.e., ‘SNR’ and ‘SOFT”) likely contain contamination by fore-
ground stars. This is especially true for the ~4% X-ray sources in NGC 404 designated
as ‘SNR/’-like by their hardness ratios. The fraction of ‘SNR’-type sources in NGC 404 is
below the sample average by more than 30, as would be expected when comparing an SO-
type galaxy with very little recent star formation with the later-type spirals and irregulars.
‘SOFT’ sources are observed in comparable fractions to ‘SNR’-like sources, and may consist
of very soft XRBs, background sources with unusual absorption properties, or foreground
objects. Only a small fraction of X-ray sources, ~ 1 — 4%, are classified as ‘HARD.” These
sources are likely background AGN that have experienced a high degree of absorption.

The information in Table [3.3] is represented graphically in Figure [3.3] The relatively
high fraction of ‘XRB’-type sources and deficit of ‘SNR’-like sources in NGC 404 is easily

observable in this figure.



68

10 e
05 |
10f |
i . ABS ]
E 0.5 : 5=0 5 /
.".o B
E ::: oﬂ‘: 4
@ 00
I [
~ e NGC 300 e
% 0.5 . NGC 04 ;
« NGC 55 ;
NGC 2403  SNR
-+ NGC4214
-1to- . ‘ R |
-1.0 0.5 0.0 0.5 1.0 05 10

HR2 = (H-M)/(H+M+S)

Figure 3.2: X-ray color-color diagram of all X-ray sources detected in the five CLVS galaxies.
The thick cross in the lower-right corner shows the typical size of the errors. The diagram
has been broken into preliminary source identification regions. The regions are labeled
as: ‘ABS’ for absorbed sources, ‘XRB’ for X-ray binaries, ‘SNR’ for supernova remnants,
"SOFT’ for indeterminate soft sources, ‘HARD’ for indeterminate hard sources, and ‘INDET’
for sources with an indeterminate spectral shape (although we do not observe any sources
in this category). The gray lines indicate the zero-count limits in the hard (‘H’), medium
(‘M’), and soft (‘S’) bands. The top and right panels show the cumulative fraction of sources

at each HR for each of the five galaxies.
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Figure 3.3: The percentage of preliminary X-ray source classifications based on hardness

ratios (Table for each galaxy.
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Table 3.3: Percentage (%) of Preliminary Classifications Based on Hardness Ratio Analysis

Galaxy XRB HARD SOFT SNR ABS
(1) (2) (3) (4) (5) (6)
NGC 55 49.443.4 3.9£0.3 9.7+0.8 9.1+0.7 27.9+2.3
NGC 300 41.1+4.2 2.1£0.2 13.7+£1.4 11.6x1.2 31.6+£3.2
NGC 404 63.5x7.4 1.4+0.2 9.5+1.1 4.1+0.5 21.6+2.5
NGC 2403 40.5+2.9 1.6+0.1 11.1+0.8 18.9+1.4 28.9+2.1
NGC 4214 50.94+4.7 4.3+0.4 12.1+1.1 13.841.3 19.0£1.8

Total 47.5+£9.8 2.7£0.6 11.0£2.3 12.6+2.7 26.2+5.5

3.1.2 Radial Source Distributions

We assign an inclination-corrected galactocentric distance to each X-ray sources assuming
the RA, Dec, inclination angle, and position angle for each galaxy. The X-ray sources are
then divided into radial bins based on their inclination-corrected distance from the center
of each galaxy, with bins spaced ~0.5-1 kpc apart. We use the cumulative logN-logS
distribution of [56] to estimate the expected contamination by background AGN, which
should be nearly flat with galactocentric radius. The radial X-ray source distributions
are shown in Figure [3.4] and clearly shows that the number of X-ray sources per square
kiloparsec decreases with galactocentric radius for all five galaxies.

The late-type galaxies in the sample (NGC 300, NGC 55, NGC 2403, and NGC 4214)
do not possess substantial bulges, allowing the background-subtracted radial X-ray source

distributions to be modeled with a simple exponential profile, given by

Nx(r) = Noe 7™ + C, (3.3)

where Nx (r) is the number of X-ray sources per kpc? expected at a given galactocentric
radius r (in kpc), Np is the “core” X-ray source surface density, and r, is the X-ray scale

length of the sources. For the SO galaxy NGC 404, we assumed a de Vaucoulers profile,
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Figure 3.4: Radial source distributions. The total distributions (e.g., for all X-ray sources) is
shown in blue. Red shows the expected contribution from background AGN, and blue shows
the radial source distribution corrected for AGN contamination. The thick dot-dashed lines
show the best fit radial source density profile and the 1o errors. Top row: NGC 300 and
NGC 404. Middle row: NGC 55 and NGC 2403. Bottom: NGC 4214.
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Table 3.4: X-ray Radial Source Distribution Scale Lengths

Galaxy X-ray scale length r90 Optical scale length ~ Reference

(kpc) (kpc) (kpc)
(1) (2) (3) (4) (5)
NGC 55 0.9+0.1 2.2 0.96 [364]
NGC 300 1.740.2 4.0 1.3 [153], [280]
NGC 404 0.9+0.3 1.8 0.9 [11]
NGC 2403 1.64+0.3 3.9 1.7 3]
NGC 4214 0.940.2 1.4 0.6 [446]
N B —7.669{(%) / —1}
av(r) = Nee + D, (3.4)

where now Ny (r) is the number of X-ray sources per kpc?, N, is the effective X-ray source
surface density, and 7. is the effective radius.

The X-ray scale lengths (or, in the case of NGC 404, the effect radius; summarized in
Table are remarkably consistent with the optical scale lengths found for each galaxy.
[364] found an optical scale length of 0.96 kpc for NGC 55, while NGC 2403 has a scale
length of 1.7 kpc [13]. NGC 4214 was found to have a scale length of 0.6 kpc by [446], and
[11] reported an effective bulge radius of NGC 404 of 0.9 kpc. The optical scale length of
NGC 300 is 1.340.1 kpc scale length found by [153], in agreement with estimates derived
from the K-band surface brightness [284].

The X-ray point source populations of the CLVS galaxies (corrected for contamination
by background AGN) appears to follow the underlying stellar population of each galaxy.
In Figure [3.5] we plot our X-ray scale length against the optical scale lengths found in the
literature. The best-fit line through the data yields a slope of 0.9940.08, and a Spearman-
Rank test yields only a 3.7% probability of the X-ray and optical scale lengths being drawn
from different distributions.

Using the optical scale lengths from the literature and assuming an exponential disk,
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Figure 3.5: Our derived X-ray scale lengths, derived from the radial source distribution for
each galaxy, plotted against the optical scale lengths from the literature. The dashed line

shows a one-to-one correlation.

we define for each galaxy a radius rgg at which we expect to enclose 90% of the stars.
At galactocentric distances larger than rgg, we expect the X-ray source population to be
dominated by background or foreground sources. Roughly ~ 40 —60% of the discrete X-ray
sources observed for each galaxy have r > rgg, consistent with the ~ 45—50% contamination

by background AGN predicted by the [56] AGN logN-logS distribution.

3.2 Individual Source Properties

We next examined the X-ray properties the CLVS sources on a more individual level. This
included performing spectral fitting for the brightest sources and searching for X-ray source

variability.

3.2.1 X-ray Spectral Analysis

For sufficiently bright sources (>50 counts), the X-ray spectrum of a source can constrain

the physical origin of the X-ray emission. Both XRBs and AGN are typically described by
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power laws, with photon indices ranging from I' ~ 1 — 2. If the source is a likely XRB, the
photon index can sometimes be used to constrain the nature of the compact object: NS
primaries typically exhibit harder X-ray emission, with I' < 1.5, while BHs produce I" ~2-
2.5 or softer due to the lack of a solid surface [268]. Foreground stars and SNRs exhibit
significantly softer X-ray emission with emission lines indicative of a thermal plasma.

Spectra were extracted for sources with >50 counts by AE using the CTAO tool dmextract,
and response products were created using mkacisrmf and mkarf. Due to the low number
of counts found for most of the sources in our catalogs, we fit spectral models to the un-
binned spectra and use C-statistics in lieu of traditional x? statistics [see e.g., 61, 192]. The
ungrouped spectra of 104 sources (16 in NGC 300, 23 in NGC 404, 11 in NGC 55, 40 in
NGC 2403, and 14 in NGC 4214) were automatically fit in XSPEC with one of four models: a
power-law model or an APEC model [382] with only absorption due to the Galactic column,
or a power-law or thermal model with additional absorption. The Galactic absorption was
modeled with the tbabs model [450]. The best-fit model and parameters for sources with
greater than 50 net counts are listed in Table All errors represent the 90% uncertainties.
The background emission was modeled simultaneously using the AE model cplinear, which
is more appropriate when the C-statistic is used [49].

Because the C-statistic cannot be directly interpreted as a goodness-of-fit, we use a
different approach to select the preferred spectral model for each source. We first rejected
those models that predicted unreasonably high photon indices (I' > 4) or plasma tempera-
tures (kT >6 keV). We next used the XSPEC v12.6.0z goodness command to perform 5,000
Monte Carlo simulations for each spectral model (power law and thermal models, both with
Galactic absorption only and with additional absorption beyond the Galactic column). The
goodness command simulates spectra based on the model parameters and finds the number
of simulations with a fit statistic less than that found for the data. If the observed spectrum
was produced by that model, the “goodness” should be ~50%. For some sources, the choice
of preferred spectral model was obvious: three of the spectral models yielded a goodness of
less than ~2%, while one model produced a goodness in the range of ~ 40 —60%. Where no
obviously preferred model was found, we chose the simple power law (absorbed only by the

Galactic column) unless the spectrum showed indications for emission features (in which
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case, the unabsorbed thermal model was selected).

Table 3.5: Best-Fit Spectral Models for X-ray Sources with More Than 50 Counts

Source Best-fit® Ng ® T kT C/dof¢ fi& (0.5-2keV) f$ (0.5-8 keV) “goodness/”
No. Model (102! cm—2) (keV) (1015 erg s—1 cm~?2) (%)
(1) (2) ®3) (4) () (6) (7) (8) (9)

NGC 300
3 pow 1.740.3 576/1016  6.9+2.3 17.8169 45
11 pow 1.5+0.4 626/1016  5.5+1.5 16.87%8 83
23 pow 0719% 22702 464/1016  5.71%3 21.675°5 33
24 apec 4.8720.7 751/1016  7.1142 16.673°5 98
25 pow <0.4 2.3752 385/1016  6.7+30 13.0750 55
28 pow <0.4 1.440.2 439/1016  5.0+1.5 17.215°7 45
33 pow 0.2%55  1.8702 680/1015 1557575, 35.0755, 55
35 pow 1170 qgtoT 707/1016  15.512) 57.77128 41
39 pow 1.540.4 590/1016  5.2%}3 16.1752 64
43 apec 0.40.1 456/1016  14.3125 142425 67
50 pow 1.6£0.3 631/1016  9.277°7 25.8153 92
52 pow 09702 2517 391/1016  3.4733 12.01%2 56
53 pow <03 21%L9 380/1016  7.3%3¢ 141757 53
87  apec <02 26783 371/1016 57154 10575} 73
89 pow 03792 24708 565/1015  36.375., 58.1134T 71
95 apec 0.670% 541/1016  1.5793 15719 99
NGC 404
1 pow 1.657512 496/510 411713 734752 34
2 pow 0.6£0.3 943/1015  3.8%97 311762, 88
3 pow 1.540.4 819/1016  1.6%95 48719 0.4
7 pow 1.840.1 414/510  65.61%% 40.7148 58
11 pow 0.80.4 964/1016 09104 5.57%9 12
13 pow 1.240.3 953/1016  1.840.4 7.371% 25
17 pow 1.940.2 796/1016  5.0757% 10.873:2 60
20 pow 1.540.3 671/1016 1.6792 5.0718 2
32 apec 0.8+0.1 128/521 8.675% 9.070-2 63
35 apec 3.711139 2.87%:2 830/1015  12.2132 19.4725, 95
39 pow 1.440.3 718/1016  1.5+0.2 48171 66
1 pow 2.140.2 657/1016  4.3%9¢ 8.0tlL 82
45 pow 1.6+0.4 543/1016  0.9703 24799 0.1
46 pow 1.440.2 823/1016  2.715% 8.7118 33
55 pow 0.9+0.3 846/1016  0.94+0.3 55115 62

Continued on next page
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Table 3.5 — continued from previous page

Source Best-fit® Ny ? r kT C/dof® f& (0.5-2 keV) f$ (0.5-8 keV) “goodness?”
No. Model (102! cm™2) (keV) (10715 erg s~ cm™2) (%)
(1) (2) () (4) (5) (6) (7) (8) (9)
58 pow 1.579:3 762/1016  1.14+0.3 3.3753 29
64 pow 1.840.4 781/1016  1.3753 3.0752 55
65 apec 0.571053 106/98 405723 41.2%15 32
67 pow 1.240.5 924/1016  1.1+0.3 473 49
68 pow 1.24£0.4 992/1016  1.5+0.4 6.4732 34
70 pow 1.8£0.5 899/1016  1.9+0.4 4.370% 41
72 pow 1.740.4 1071/1016  2.375¢ 5.813:2 54
73 pow 1.140.3 1109/1016  3.0757 13.1733 72

NGC 55
23 apec+tapec 0.32+0.02, 1.2740.03 455/519  270.4+18.1  330.6+22.1 99
44 pow 11yt 152105¢ 354/521  134.2715% 41877721 41
54 pow 1.4+1.0 1.39%932 428/520  35.1739%  1202.27;508 14
62 pow 3.040.5 1.56+0.11 525/520  180.37231  530.975L% 44
63 brems 1.4+0.3 2.0752 435/520  360.77552 641.2755-3 39
67 pow 1.64+0.2 793/1016  9.17}9 24.8745 66
119  disk+pow  1.8705 2727072 0.3619:02 426/516 1860.87 17575 2571.273070-6 89
122 apec 1.340.5 1.440.1 500/520  120.2758 390.6727-4 34
128 apec <8.9 614/1016  4.8%}3 13.773.5, 35
135 pow 2.3+1.3  2.840.4 294/520  55.1£32.1  100.2£58.4 37
151 pow 1.3793 538/1016  6.3713 23.277°0 36
NGC 2403
2 pow 1.70+0.09 540/521 9.6+0.5 24.4+1.9 99
11 apec 2.7375% 1063/1016  5.2758 9.6752 63
19 apec 2.58753 591/1016  1.975% 3.475°7 18
20 apec 2.41758 622/1016  2.240.2 3.8753 67
23 pow <0.1 1.9£1.9 889/1015 11199 2.2733 30
31 apec 5.6£5.6 725/1016 27197 6.6125 29
41 pow 2.540.1  1.8740.05 646/520  175.8+48.8  488.81123 100
42 pow 4.0£0.2  2.26+0.05 882/520 871.1+154.2  1472.47335 100
43 apec 4.340.2 196158 509/1015  5.0717 7.975% 39
48 apec 40198 2.51752 524/1015  1.6753 2.9763 15
51 pow 3.140.6  2.60703% 340/520  27.27%7 39.274-2 39
62 apectapec 1.22+40.03, 0.3540.02 602/519  393.9771%%  434.0%3%9 100
64 brems 4.140.7 0.2340.03 211/520  101.07308 101.07356 100
72 pow 1.475:¢ 452/1016 1.0793 3.270% 46
78 pow 2.1+0.6  2.867030 393/520  41.3%21 54.173:¢ 96
92 pow 1.540.2  1.5440.07 577/520  104.1+46.3  301.47308 66

Continued on next page
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Table 3.5 — continued from previous page

Source Best-fit* Ng ® T kT C/dof¢ f& (0.5-2 keV) f< (0.5-8 keV) “goodness?”
X X
No. Model (102! cm™2) (keV) (1071 erg s7! em™2) (%)
(1) (2) ®3) (4) (%) (6) (M (8) ()
96 apec 0.39101 341/1016  1.14+0.2 1.140.2 21
106 apec 53047 503/1016  7.240.8 176122 21
109 pow 0.9640.31 523/1016  1.3+0.3 6.97%1 49
110 pow 0.8370:53 1069/1016  2.57%9 1517170 89
113 pow <200  3.697559 850/1015 168.9+26.4  185.2+15.9 55
114 pow <127 1.617578 598/1015 79129 214758, 51
117 apec 2.840.3 611/1016  0.4£0.1 0.8+0.2 50
118 apec 0.775%8 942/1016  1.140.4 1.2739 56
120 pow 1.5370:53 1063/1016  7.47%7 21.41112 80
124 pow W 0.4440.35 494/1016  1.6708 1541125 16
128  apec 127,78 615/1016  0.8£0.1 2.5792 28
135 pow 2.440.4 2417516 475/520 28.171-9 441752 77
136 pow <0.1 <34 608/1015  2.6792 6.5757 78
141 pow 0£0.3 511/1016 <0.2 2.5108 48
145  pow . 1.504+0.36 637/1016  8.6%33 26.0177 15
151 apec 3.7713 851/1016  3.3758 69721 48
155 pow 3.240.6  1.0740.13 546/520  16.473-% 76.0712-5 68
+0.9 +1.2
162 apec 3.76170-2 673/1016  8.5+0.5 18.0712 61
165 apec : 3.6677 7 545/1016  1.940.2 3.940.8 54
170 pow 3.3+£0.7  1.8470:33 445/520  14.4714 32,4168 55
173 pow 1.67903 484/1016  1.0+0.2 2.875-2 31
179 pow 6.840.8  2.1640.15 509/520  60.942.2 109.5732 61
186 apec 3.501%3 507/1016  0.5+0.1 1.1+0.3 22
188 apec 5.14135%4 856/1016  2.4753 57750 33
NGC 4214
16 pow 1.540.3  1.8640.12 422/520  92.0+5.9 203.411922 18
17 pow 2.2375-23 354/521 27.55 28 27.6758 16
22 pow 1.7140.24 497/521  19.7703 4g.7+12:1 28
+1.1 +0.5
24 apec <0.1 < 3.8 1058/1015  4.07}} 6.37%5 35
27 pow 2.040.9  1.367555 705/1015  4.1%3%0 141728 78
28 pow 1.2840-35 559/1016  3.2759% 117448 43
30 pow 1.2870:28 638/1016  3.77123 13.675%° 47
33 apec 4.81381 761/1016  4.3733 101727 33
42 pow 3.440.1 2247326 374/520  33.4751 57.713%8 56
52 pow 1.6479-48 571/1016  9.272:59 24.3791 51
62 pow 1.3640.12 405/521  14.840.2 50.8750 27
68 apec <0.1 <11.8 496/1015  0.840.4 21193 28

Continued on next page



78

Table 3.5 — continued from previous page

Source Best-fit® Ny ® r kT C/dof® f& (0.5-2 keV) f$ (0.5-8 keV) “goodness?”
No. Model (102! cm™2) (keV) (10715 erg s~ cm™2) (%)
(1) (2) ®3) () (5) (6) (7 (8) (9)
76 apec 3.017%0 674/1016  5.0%22 9.7+58 42
77 pow 1.8940.14 367/521 53.7153 115.871%12 28
78 pow 57405  4.387341 413/520  192.0788:8 198.67532 91
83 apec 25773 950/1016  6.677°% 117158 70
109 pow 1657049 462/1016  6.07135 16.07%°3 53
112 pow <0.1 0+0.2 1128/1015  1.4%93 31.4+17.3 98

@ The best-fit model is either a powerlaw or vapec model, depending on which one has the lower C/dof.
b Intrinsic source absorption, if beyond the Galactic column was required.

¢ Degrees of freedom.

d.e Unabsorbed X-ray fluxes.

f Results of the XSPEC “goodness” command, run using 5000 realizations.

These simple, single-component models sometimes provided a poor fit to the most lumi-
nous X-ray sources. Therefore, we also attempted to use multi-component spectral models
to describe those sources with >200 net counts. The NGC 404 central engine is not included
here, and is instead discussed in more detail in Chapter 6. In NGC 300, only one source was
detected with >200 net counts (NGC 300 X-1). Both NGC 300 X-1 and the “supernova

impostor” SN 2010da are omitted in this section and discussed in detail in Chapter 6

Bright Sources in NGC 404

Three sources in NGC 404 have more than two hundred net counts. The 0.35-8 keV spectra,
with the best-fit spectral model superimposed, are shown in Figure (spectra have been

binned for display purposes only).

Background AGN

Source 1 has a total of 655 net counts in the combined spectrum of source 1 from ObsIDs

12239 and 870. We found the best-fit spectral model to be a power law with I' =1.65701%,

yielding C'/dof=496/510. We do not find evidence for additional absorption beyond the
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Galactic column. The 0.35-8 keV flux predicted by our best-fit model is 1.18x107!3 erg
s~! cm™2. We note that source 1 exhibits evidence for rapid variability during our 97 ks
Chandra observation. With a galactocentric radius of r = 4.8 kpc and HRs consistent with
being a background object, source 1 is likely an AGN. The value of I' and variability on
timescales of hours are consistent with the AGN interpretation, and a UV counterpart was
detected by GALEX with a NUV magnitude of 22.07+0.22. To demonstrate the plausibility
of the identification of this source as a background AGN, we note that a quasar with this
X-ray flux and a luminosity of 10 erg s~! would be at a distance of 8.4 Gpc (or z ~ 1.21)

I would be at a distance

and a Seyfert galaxy with this flux and a luminosity of 10*3 erg s
of 84 Mpc (or z ~ 0.02).

Source 7 has a total of 454 net counts in the combined spectrum of source 7 from ObsIDs
12239 and 870. We found the best-fit spectral model to be a power law with I' =1.81+0.13,
yielding C'/dof=414/510. We do not find evidence for additional absorption beyond the
Galactic column. The 0.35-8 keV flux predicted by our best-fit model is 6.54x 10714 erg s=*
cm 2. A UV counterpart was detected by GALEX, with a FUV magnitude of 22.86 4 0.09
and a NUV magnitude 21.74 £+ 0.04. Given its large galactocentric radius (r = 4.1 kpc),
source 7 is unlikely to be associated with NGC 404. As for source 1, we again estimate the
distance to illustrate the plausibility of a background AGN identification. A quasar with
this flux and a luminosity of 10> erg s~! would be at a distance of 11.3 Gpc (z ~ 1.54),
while a Seyfert galaxy with a luminosity of 10%3 erg s~! would be at a distance of 1.13 Gpc

(z ~ 0.26).

Other X-ray Sources

Source 65 is the brightest X-ray source in our total NGC 404 X-ray point source catalog,
excluding the NGC 404 central engine, detected with 708 net counts in the 0.35-8 keV band
during Obs ID 12239. The X-ray source is very soft — 97% of the counts were detected at
energies below 2 keV. Source 65 was detected in two of the observations considered here
(Obs IDs 12239 and 384). The X-ray source was detected on the back-illuminated S3 chip in
Obs ID 12239, while it was detected on the front-illuminated S4 detector in Obs ID 384. The

differences in front and back-illuminated responses make merging the source 65 spectrum
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problematic; we therefore only fit the spectrum extracted from the 97 ks Obs ID 12239
observation (which is much higher quality than the 1.8 ks snapshot taken in Obs ID 384).
Source 65 has a large off-axis angle of ~6'8. The best fit model is a thermal plasma APEC
model, with k7=0.57"003 keV (C/dof=106/98), predicting a 0.35-8 keV flux of 3.6x 1071
erg s~ em™2.

Source 65 is spatially coincident within ~0”6 of a high proper motion F5 star [HD 6892,
183], with My ~ 8.5 (located at a distance of d ~ 110 pc). This optical magnitude implies
an X-ray-to-optical flux ratio log(fx/fy) of -2.9, typical of the X-ray-to-optical flux ratios
reported for F stars [2]. A UV counterpart has also been detected by GALEX, with a FUV
magnitude of 17.60 + 0.07. Our observations support the classification of this object as a

foreground star not previously detected in X-rays.

Bright Sources in NGC 55

FEight of the NGC 55 sources have more than two hundred net counts. The 0.35-8 keV
spectra, with the best-fit spectral model superimposed, are shown in Figure (spectra

have been binned for display purposes only).

X-ray Binaries

Source 44 was best described by single power law. There were 205 net counts detected
for this source. The best fit model has a photon index I" :1.52J_r8gg with an absorbing column
of Ng = (1173 7)x10%" ecm™2, a C/dof = 354/520, and a goodness of 56%. The model
yields an unabsorbed 0.5-2 keV flux of (1.34f8:%)x10_13 erg s~! cm™?2 and an unabsorbed
0.35-8 keV flux of (4.18'_F(2)183)><10*13 erg s™! em~2. The source is within the optical extent
of NGC 55, with a semi-major axis distance of 0.7 kpc. Optical colors are consistent with

a HMXB origin. At a distance of 2.1 Mpc, the unabsorbed 0.35-8 keV luminosity of this

038 1

source is ~ 2x 10°° erg s+, consistent with the Eddington limit of an accreting NS. Previous
analysis of this source [391] their source 20] also found it to be consistent with an absorbed
power law. Their best fit photon index I' :1.67Jj8:82 and Ng = (2.56f8:§3)><1021 cm 2 are
consistent with our best fit spectral model. We see no evidence for long-term variability of

this source, with the 0.35-8 keV luminosity varying by ~12% between the [391] work and
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this work.

Source 54 has a total of 439 net counts. The best fit model was found to be a simple
power law, with no additional spectral components necessary. The best fit photon index
isT :1.39f8:§g, with an additional absorption component Ny = (1.4 & 0.1)x10%! ¢cm—2
(C/dof=428/520). The unabsorbed fluxes in the 0.5-2 keV and 0.35-8 keV bands are

3.5x 107" erg s em™2 and 1.2 x 10713 erg s cm™2

, respectively. The optical colors
of the candidate optical counterparts are red. The location of the X-ray source is within
the optical extent of NGC 55 (with a semi-major axis of 0.9 kpc) and the relatively hard
photon index make it a likely LMXB candidate. The implied 0.35-8 keV luminosity at the
distance of NGC 55 is ~ 6 x 1037 erg s~

Source 62 has a total of 1783 net counts detected for source 62 in the archival Chandra
observations. An absorbed power law yielded a C'/dof=525/520 and a goodness of 41%,
but the addition of a diskbb component improved the C/dof to 518/518 and the goodness
to 53%. We find the best fit photon index to be I :3.465:2? with a disk temperature
kT = 2.04f8:§g keV. There is an additional absorbing column with Ny = (4.2ﬁ:§)><1021
cm™2. The model yields 0.5-2 keV and 0.35-8 keV fluxes of 2.58x107! erg s~! cm™2 and
7.00x10713 flux, respectively. We find that 54% of the unabsorbed 0.35-8 keV X-ray flux
originates in the multicolor disk component. Source 62 is located within the optical extent
of NGC 55 (with a semi-major axis of 0.4 kpc), and with red optical colors is a likely a
LMXB candidate.

An absorbed (Ng ~ 1.1 x 10?2 cm™2) power law plus disk blackbody model was found
to be the best spectral model for XMM-Newton observations of this source [391], their
source 47] Those model parameters were quite different from those found by our archival
Chandra analysis. The best fit XMM-Newton photon index was soft, FXMM:2.08J£8:(1]§,
but it was still harder than Chandra observed, and the disk blackbody temperature was
significantly lower (kTi,xvm = 0.11f8:82 keV). These spectral parameters are consistent
with a steep power law (SPL, also called “very high”) state observed in BH XRBs, while
the archival Chandra observations are consistent with a thermally-dominated state [268]. We
additionally investigate whether the timing properties of the archival Chandra observations

of source 62 are consistent with a thermally-dominated state. The power density spectra
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(PDS) of BHs in the thermally-dominated state show that power scales roughly as v~—!

[characteristic of many physical processes, including turbulence; 24, [42T]. Additionally,
quasi-periodic oscillations (QPOs) — which are observed in intermediate or hard states of
BHBs — are typically absent in the thermally-dominated state. We constructed a PDS of
source 62 but did not find any evidence for QPOs. The spectral index of the PDS is found to
be 1.0940.08. Both the spectral index and lack of QPOs indicate that the timing properties
of source 62 are consistent with a thermally-dominated state.

The presence of such state transitions between the Chandra and XMM-Newton obser-
vations of source 62, along with the soft photon index and PDS spectral index, provide
evidence for a BH primary. The X-ray luminosity of source 62 (~3.7x10% erg s71) is near
the Eddington luminosity of a ~3 Mg compact object, also consistent with a low-mass
BH-LMXB.

Source 63 contained 2962 counts. Although the XMM-Newton observations [391) their
source 43] were best fit by an absorbed power law (I' =0.82 £ 0.04) and disk blackbody
(kT = 4.92'_%):% keV) model, we were unable to obtain an acceptable fit using this model.
We additionally were unable to find a single component power law model which adequately
described the data. Instead, our best fit model to the archival Chandra data was absorbed
bremsstrahlung emission, with Ny = (1.440.3)x10%! cm™2 and a temperature of kT =
2.0102 keV. The C/dof of the model is 435/520, with unabsorbed model fluxes in the 0.5-2
keV and 0.35-8 keV bands of 3.6 x 10713 erg s™! ecm™2 (1.9x10% erg s7!) and 6.4 x 10713 erg
s7!em™2 (3.4x10%8 erg s71), respectively. The goodness of the model was 35%. The X-ray
source has a semi-major axis of 0.1 kpc, within the optical extent of the galaxy, and red
colors indicative of an AGN or LMXB origin — we marginally favor the LMXB interpretation
due to source location.

Source 119 is the NGC 55 ULX designated XMMU J001528.9-391319 [390]. It was
detected in the archival Chandra observations with 11,432 net counts. This source is a
dipping BH binary, with a BH mass of >11 M. Previous spectral modeling with XMM-
Newton [390)] yielded a best fit model consisting of a power law (I =4.2) and a disk blackbody
(kT:,=0.86 keV) with additional absorption (Ng =4.2x10%! cm~2). This model was applied

to the observed counts during three epochs of the XMM-Newton observation, showing a
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variation in luminosity throughout the observation from 8.9x10%® erg s=! to 1.6x10% erg
s~!in the 0.5-10 keV energy range.

Due to the large number of counts detected for this source, pile-up presented an issue in
the archival Chandra observations. We included pile-up in our spectral model, and found a
pile-up fraction of ~32%. Our best fit model was an absorbed power law with a disk black-
body component (C'/dof=426/516). The absorbing column was found to be (1.87475)x10%!
cm ™2 and the power law photon index was I' = 2.72f8:g§. The disk (with temperature ki,
= 0.367003 keV) dominated the spectrum, with >95% of X-ray photons originating from
the disk component. The unabsorbed, pile-up corrected fluxes were 1.86x107'2 erg s~!
cm~? in the 0.5-2 keV band and 2.57x1071? erg s~ cm ™2 in the 0.35-8 keV band, implying
a 0.35-8 kev luminosity of 1.4x103" erg s~!. Taken at face value, this luminosity implies a
BH with a mass of ~ 11 M), consistent with the BH mass predicted by [390].

We note that the Chandra observations of source 119 yields a flatter power law photon
index and cooler inner disk temperature than was observed with XMM-Newton, although
the overall luminosity is comparable to the high-end values found in the XMM-Newton
observations. Unlike Galactic BH-XRBs, ULXs lack obvious spectral state transitions [126),
453), 385). Although the Chandra observations show a relatively cool disk temperature, the
thermal component still dominates the spectrum. This result is contrary to the results in
[390], who observed nearly ~ 100% of the X-ray flux originating in the power law component
at the beginning of the XMM-Newton observation and <27% of the flux from the power
law component towards the end of their observation. The Chandra observations of a disk-
dominated origin for the X-ray emission further suggests that Source 119, unlike other
known BH-XRBs, exhibits spectral state transitions.

Source 122 has a total of 1510 net counts in the archival Chandra observations. We
find the best fit model is an absorbed power law, with Ny = (1.340.5) x 102! cm~2 and
a photon index of I' =1.4+0.1 (C/dof=500/520, and a goodness of 22%). The red colors
of the candidate optical counterparts and location of the source within the optical extent
of the galaxy make it an LMXB candidate. The unabsorbed model fluxes in the 0.5-2 keV
and 0.35-8 keV energy bands are 1.2 x 10713 erg s7! ecm™2 and 3.9 x 10713 erg s cm ™2,

respectively. This source shows some evidence for long-term variability, and the long-term
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X-ray flux varied by a factor of ~6. The implied 0.35-8 keV luminosity of the source is

~2x10% erg s7!

, consistent with accretion by a ~1.4 Mg NS at the Eddington limit.
Source 135 has 246 net counts, which is spatially coincident with a globular cluster
[299] with a metallicity [Fe/H] =-1.61. The 0.35-8 keV spectrum is best fit with an absorbed
power law, with Ny = (2.3+1.3) x 102! cm™2 and I' = 2.840.4 (C/dof=294/520). The best
fit model yielded unabsorbed fluxes of 5.5 x 107'* erg s™! cm™2 in the 0.5-2 keV band
and 1.0 x 10713 erg s™! cm™2 in the 0.35-8 keV band, implying a 0.35-8 keV luminosity
of ~ 5 x 1037 erg s'. Although the luminosity of the source and the spatial coincidence
with a globular cluster provide good evidence for a LMXB origin, the best fit value of '

is unusually soft for a NS primary — such soft photon indices are typically only seen in

BH-XRBs, making source 135 a good BH candidate.

Other X-ray Sources

Source 23 has a total of 2644 net counts. Although the spectrum was obviously domi-
nated by thermal emission, a single-component apec model provided a poor fit (C/dof=755/521).
The addition of a second apec component significantly improved the fit (C/dof=455/519).
We find no evidence for additional absorption beyond the Galactic column, and best-fit
temperatures from the spectral model are k77 = 0.32+0.02 keV and k75 = 1.274+0.03 keV.
We additionally see evidence for rapid X-ray variability in our observations (see Section .
This source was observed using XMM-Newton [391], their source 39], and a Galactic RS CVn
origin was suggested to explain the X-ray emission. Our low value of the absorption column
and consistent thermal plasma temperatures support this conclusion. Our spectral model
yields of 0.5-2 keV flux of 2.7 x 107! erg s™ cm ™2, and 0.35-8 keV flux of 3.3 x 10713 erg
s~! ecm™2. The corresponding luminosities are 1.4x10%® erg s~! in the 0.5-2 keV band and

1.7x10% erg s~! in the 2-8 keV band.

Bright Sources NGC' 2403

The X-ray point source catalog of NGC 2403 contains numerous bright sources; below, we
comment on those 23 X-ray sources with more than 200 net counts. The 0.35-8 keV spectra,

with the best-fit spectral model superimposed, are shown in Figure (spectra have been
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binned for display purposes only).

X-ray Binaries

Source 2 has a total of 904 net counts in the 0.35-8 keV energy range. The best fit
model was a simple power law with no additional spectral components or absorption beyond
the Galactic column. The best fit photon index was I' =1.70+0.09 and C/dof=540/521,
although we were unable to obtain an acceptable goodness (>99%). The model yields 0.5-2
keV flux of (9.640.4)x107% erg s7! ecm~2 and a 0.35-8 keV flux of (2.441.1)x1071* erg s~!
cm™2. At the distance of NGC 2403, these fluxes correspond to luminosities of 1.2x1037
erg s~! and 3.1x10%" erg s~!, respectively. Source 2 additionally exhibits rapid variability.
With a galactocentric radius of 1.4 kpc and red optical colors, this source is most likely an
LMXB.

Source 20 has 364 net counts in the 0.35-8 keV energy range. The best fit model was
a combined power law (I' =2.25703%) and thermal plasma (kT = 0.807025 keV) with no
evidence for absorption beyond the Galactic column (C'/dof=309/519, with a “goodness”

of 72%). The best fit model yields fluxes of 5.6x1071® erg s™' cm ™2 in the 0.5-2 keV energy

0—14 1

range and 1.1x1 erg s~! cm™2 in the full 0.35-8 keV energy range. At the distance
of NGC 2403, these fluxes imply luminosities of 7.2x103¢ erg s7! and 1.4x1037 erg s~ !,
respectively. The red colors and apparent location of the X-ray source within the disk of
NGC 2403 make it an LMXB candidate.

Source 41 was designated source 20 in a previous analysis of Obs ID 2014 only [361].
The spectrum was found to be equally well-fit with bremsstrahlung emission with kT ~
3.5 — 4 keV or a power law with I' ~1.9. A total of 10,033 net counts were detected
in the 0.35-8 keV energy range, and we find the spectrum is best described by a power
law with T =1.877003 (C/dof=646/520), consistent with [361]. An additional absorption
component with Ny = (2.540.1)x10%! cm~2 was required in our model. The best-fit model
yields unabsorbed fluxes in the 0.5-2 keV and 0.35-8 keV bands of 2.2x10713 erg s7! cm™2
(2.9x10% erg s71) and 4.9x1071 erg s7' cm™? (6.4x10%8 erg s7!), respectively. Between

Chandra observations, the flux of Source 41 was observed to fluctuate by a factor of ~11.

With a galactocentric radius of 0.3 kpc and red optical colors, source 41 is most likely an
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LMXB.

Source 42 is a ULX, originally discovered by the Einstein observatory [123], with a
BH mass M ~ 10 — 15 M [201]. Later observations with ASCA revealed a multi-color
disk spectrum, with an innermost disk temperature of k7T;, ~ 1 keV and an innermost disk
radius of Ri, ~130 km [227]. Additional follow-up observations of this source with Suzaku
and Chandra Obs ID 4628 are consistent with this model [201], although the Chandra
observation Obs ID 4630 is consistent with a power law model (I" ~ 2.7), bremsstrahlung
(with kT ~1.8 keV), or a multicolor disk model [kT;, ~0.6 keV [361]. The luminosity of
Source 42 is observed to vary by ~20% over a several year time period.

The 16,601 net counts in the 0.35-8 keV band for this source were well described by a
simple absorbed power law. The best-fit photon index I' =2.26+0.05, with an absorbing
column Ny =(4.040.2)x10%! ecm ™2 (C/dof=634/520). The estimated 0.5-2 keV and 0.35-8
keV fluxes are (8.74:0.5)x10713 erg s7! em™2 and (1.5+£0.8)x107!2 erg s~! cm™2, respec-
tively, corresponding to luminosities of (1.14£0.1)x10% erg s=! and (1.940.6)x 103" erg s—!
at the distance of NGC 2403.

Source 51 has 658 net counts in the 0.35-8 keV energy range. This source was pre-
viously classified as a transient source within the nuclear star cluster of NGC 2403 [461].
Although previous work has found the X-ray spectrum of this source to be consistent with
a disk blackbody model [261], 260], we find the best fitting model to the 0.35-8 keV spec-

trum is a rather soft absorbed power law, with I’ :2.60f8:§é and an absorbing column

Ny =(3.140.6) x10%! ecm =2 (C/dof=340/520). The model yields 0.5-2 keV and 0.35-8 keV

1 1 -2

fluxes of 2.7x107™ erg s7! cm™2 and 3.9x107'* erg s~ cm™2, respectively, corresponding
to luminosities at the distance of NGC 2403 of 3.5x1037 erg s~! and 5.1x10%7 erg s~1. We
find no evidence for rapid variability, although the transient nature of the source is discussed
in [461]. The relativity soft X-ray emission from source 51, and its high X-ray luminosity in
earlier observations (~7x1038 erg s~1, [461]), are suggestive of a BH with M ~ 5 M, [461].

Source 64 has a total of 772 net counts in the 0.35-8 keV energy range. The spec-
trum was best described as thermal bremsstrahlung emission (k7" = 0.23 £ 0.03) with

an absorbing column larger than the nominal Galactic value, Ny =(4.140.7)x10?! cm—2

(C/dof = 211/520). The best fit model yields fluxes in the 0.5-2 keV energy band of
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1x10713 erg s7! em™2, implying a luminosity of 1.3x103% erg s~! at the distance of
NGC 2403. The soft X-ray spectrum and association with UV emission within the op-
tical extent of the disk make source 64 consistent with a young SNR or a very soft HMXB.

Source 92 has a total of 5,375 net counts. The best fit model was an absorbed power
law, with I' =1.544-0.07 and Ny =(1.540.2)x10?* ecm~2 (C/do f=577/520). The unabsorbed
fluxes in the 0.5-2 keV and 0.35-8 keV energy bands are 1x107 erg st cm ™2 and 3x10713

1 em™2, respectively, implying luminosities at the distance of NGC 2403 of 1.4x 1038

erg s~
erg s~! and 3.9x10% erg s7!. This source was previously designated source 1 in an earlier
analysis [361], with a similar spectral shape. The photon index is quite hard, suggestive of
a neutron star origin rather than a black hole, and the luminosity is near the Eddington
limit for a ~3Mg neutron star. We support the interpretation of this source as a LMXB.
Source 140 contained 248 net counts. The spectrum was best described by an absorbed
power law, with a photon index of I" :1.74Jj8:§§ and an absorbing column of (4.3ﬂ:i) x10%!
em™2 (C/dof = 380/520). The best fit model yielded fluxes in the 0.5-2 and 0.35-8 keV

L'em™2 and 2.8x1071 erg s7! cm™2, respectively. At

energy ranges of 1.1x107™ erg s~
the distance of NGC 2403, these fluxes correspond to a 0.5-2 keV luminosity of 1.4x10%7
erg s~ and a 0.35-8 keV luminosity of 3.7x10%7 erg s~'. Although no HST or multiwave-
length observations are currently available for this source, the apparent association with
the NGC 2403 disk and the shape of the X-ray spectrum are consistent with an XRB ori-
gin. We have therefore classified this source as an HMXB candidate, although additional
multiwavelength observations are required to support this conclusion.

Source 155 has 1,318 net counts in the 0.35-8 keV energy range. The spectrum was
best described by a power law with I' =1.07+0.13 and an absorbing column with Ny
=(3.240.6)x10?* ecm~2 (C/dof=546/520). The model yielded unabsorbed fluxes in the
0.5-2 keV and 0.35-8 keV energy bands of 1.6 x 10714 erg s™! em™2 and 7.6 x 104 erg s—*

-2

cm ™2, corresponding to luminosities of 2.1 x 1037

erg s~ ! and 9.9 x 1037 erg s™1, respectively.
With a galactocentric radius of 1.2 kpc and apparent association with the spiral arms of
NGC 2403, we classify this source as an HMXB candidate.

Source 162 is best described by a power law (I"' =1.82+0.09, with C'/dof=673/1016)

with no absorption beyond the Galactic column. This source contains 957 net counts. The
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best fit model yielded unabsorbed fluxes of 1.8 x 1074 erg s~! em™2 in the 0.5-2 keV band
and 4.2 x 107 erg s7! em™2 in the 0.35-8 keV band, corresponding to luminosities of
2.4 x 10%7 erg s~ and 5.4 x 1037 erg s™1, respectively. Source 162 appears to be coincident
with the spiral arms of NGC 2403, so we tentatively classify this source a an HMXB,
although more information is needed to for confirmation.

Source 170 has 599 net counts in the 0.35-8 keV energy band, which were best described
by a power law with I :1.84f8:§g and an absorbing column Ny =(3.3£0.7) x 1021 em 2. The
model yielded a C/dof=445/520 and fluxes in the 0.5-2 keV and 035-8 keV energy bands
of 1.5 x 107 erg s7! em™2 and 3.2 x 10714 erg s~ cm™2, respectively, which correspond
to luminosities of 1.9 x 1037 erg s™! and 4.2 x 103" erg s~! at the distance of NGC 2403.
This source has a galactocentric radius of 1.0 kpc and shows evidence for long term X-
ray variability. We therefore classify this source tentatively as an LMXB, although more
information is needed to support this classification.

Source 174 contained 464 net counts in the 0.35-8 keV energy range. The best fit
model was an absorbed power law, with T’ :2.15f8:§§ and an absorbing column of Ny =
(2.211:5)x10%" em™2 (C/dof=458/520). The best fit model implies 0.5-2 keV and 0.35-8
keV fluxes of 1.8x107™ erg s em™ and 3.7x107'* erg s~ em™2, respectively. At the
distance of NGC 2403, these fluxes imply 0.5-2 keV and 0.35-8 keV luminosities of 2.3x1037

erg s and 4.8x10%7 erg s7!

, respectively. USNO-B1.0 optical observations reveal a red
counterpart, and the apparent association of Source 174 with the disk of NGC 2403 make
it a likely LMXB.

Source 179 has 1,353 net counts. The 0.35-8 keV spectrum is best described by an
absorbed power law (C/dof=509/520), with I' =2.16+0.15 and an absorbing column with
Ny =(6.840.8)x10%! cm~2. The 0.5-2 keV flux is (8.340.1)x10~1* erg s7! cm~2 and the
flux in the 0.35-8 keV band is (1.740.2) x 10713 erg s~ em~2, corresponding to unabsorbed

0% erg s7! and 2.2x103® erg s, respectively. The spectrum of source

luminosities of 1.1x1
179 was previously found to be consistent with either a power law with a photon index of
~ 2 or bremsstrahlung emission with a temperature of k7" ~ 4 keV [361] their source 28].
The apparent association with the spiral structure of NGC 2403, a galactocentric radius of

2.6 kpc and evidence for both rapid and long-term X-ray variability are consistent with an
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HMXB origin, and the softness of the power law photon index is consistent with observations

of BH-HMXBs.

Background AGN

Source 106 has 315 net counts. The best fit spectral model an absorbed power law,
with Ng = (3.57017)x10%" em™2 and T' =2.5710-32 (C/dof=356/520). The best fit model
yields unabsorbed 0.5-2 and 0.35-8 keV fluxes of 4.6x107 erg s™! cm™2 and 8.5x10~ 14
erg s~' cm ™2, respectively. The softness of the power law makes classifying this source
difficult; although it may be a foreground stellar object, we lack the optical HST coverage
to determine whether the X-ray emission is coincident with a foreground star. The red
USNO-B1.0 and 2MASS magnitudes are consistent with an AGN origin. Assuming a typical
AGN luminosity of 10* erg s~! implies a redshift to Source 106 of z ~ 0.7. If we instead
assume a Galactic origin of Source 106 of 2-8 kpc, we derive a luminosity range of 4x103!

erg s~ to 6.5x10%? erg s7!.

These luminosities are typical of luminous CVs [357], which
is also consistent with the relative softness of the power law photon index (we note that,
with so few counts, a thermal model does not improve our fit by a statistically significant
amount). We moderately favor the AGN interpretation, although additional observations
of this source are needed to confirm the origin of the X-ray emission.

Source 130 has 202 net counts. The best fit spectral model is a simple power law, with
r :2.17f8:§g and no evidence for absorption beyond the Galactic column. The C/dof is
337/521, and the model yields unabsorbed fluxes of 2.8x107!* erg s7! cm™2 in the 0.5-2
keV band and 5.8x107™ erg s™! em™2 in the full 0.35-8 keV band. At the distance of
NGC 2403, these fluxes correspond to luminosities of 3.6x1037 erg s7! and 7.5x10%7 erg
s~!, respectively.

Source 157 has 270 net counts in the 0.35-8 keV band that are best described by a single
power law. The best fit photon index with I' =1.73£0.18 with no evidence for absorption
beyond the Galactic column (C/dof=341/502). The unabsorbed fluxes predicted by the
best-fit model are 1.9x107™ erg s~ cm™2 in the 0.5-2 keV band and 5.1x107'4 erg s=*
cm™2 in the 0.35-8 keV band. At the distance of NGC 2403, these fluxes predict 2.5x1037

erg s and 6.6x 1037 erg s7!, respectively. Assuming a typical AGN luminosity of 10** erg
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s~!, we predict the redshift of Source 157 to be ~0.9.

Other X-ray Sources

Source 11 contained 275 net counts in the 0.35-8 keV energy band. The spectrum was
best described by a combined power law and thermal plasma, absorbed by the Galactic col-
umn (C/dof = 511/519). The best fit photon index T' =1.4979-27 and plasma temperature
kT = 0.261’8:848L keV. The best fit spectral model implies fluxes of 1.4x 10~ erg sl em—2
in the 0.5-2 keV energy band, and 3.7x107'4 erg s=! em™2 in the full 0.35-8 keV band.
At the distance of NGC 2403, these fluxes imply 0.5-2 keV and 0.35-8 keV luminosities of
1.9x10%" erg s~ and 4.8x10%7 erg s7!, respectively. The source has a large galactocentric
radius (r ~ 9 kpc), making it unlikely to be associated with the NGC 2403 disk. If the
source were located within the Milky Way (at a distance of 2-8 kpc), we predict a 0.35-8

1 consistent with known

keV luminosity in the range of 1.8x103! erg s=! to 2.8x1032 erg s~
luminous Galactic CVs [357]. We therefore tentatively classify this source as a foreground
star and a possible CV candidate.

Source 62 required two thermal components to obtain a reasonable fit to the 5,433
detected counts, with k77 = 1.22 4+ 0.03 keV and kT = 0.35 £ 0.02 keV (C/dof=602/519).
The best-fit model yields a 0.5-2 keV flux of 3.9x107!3 erg s~! cm™2. The X-ray source
is coincident with a foreground star, with USNO-B1.0 apparent magnitudes of mp = 8.8,
mpr=8.1, and m; = 7.9. This source was also detected in the 2MASS catalog, with J = 7.5,
H =72 and K = 7.1. With a R — I color of ~ 0.2, the star is likely a mid-to-early F
type. Assuming an F-star absolute magnitude of ~3.5 implies a distance to the source of
~100 pc. We therefore estimate the 0.5-2 keV flux of Source 62 is ~ 5 x 10%° erg s~1.
Both the implied luminosity of Source 62 and the two-temperature thermal plasma fit to
the spectrum are typical of other nearby F stars in the Milky Way [274] [326), [86].

Source 78 has 541 net counts, best described by a single soft power law in the 0.35-8 keV
energy range. The best fit model has a photon index I :2.86f8§3 with an absorbing column
Ny =(2.140.6) x10*! cm~2 (C/dof=393/520). The model yields an unabsorbed 0.5-2 keV

flux of 4.1x107 erg s7! cm™2 and a 0.35-8 keV flux of 5.4x107™ erg s~ cm™2. Source

78 additionally exhibits rapid variability, and with a galactocentric radius of 3 kpc is within
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the optical confines of NGC 2403. However, this source was included in the USNO-B1.0
catalog with mp = 11.7 and m; = 13.1 and in the 2MASS catalog with J = 13.4, H = 12.8,
and K = 12.7. The source has been identified as a K4III giant at a heliocentric distance
of ~16 kpc [312]. At this distance, the corresponding X-ray luminosities are 1.2x10%3 erg
s71 in the 0.5-2 keV band and 1.6x103 erg s~ in the 0.35-8 keV band. Following [2], we
find the X-ray-to-optical flux ratio log(fx/fy) of source 78 is -1.7, broadly consistent with
other X-ray emitting K-type stars. We therefore conclude that the X-ray emission is likely
to originate from a foreground star.

Source 135 has 1258 net counts, best described by a single power law. The best
fit photon index was T' =2.41701¢ with an absorbing column Ny =(2.440.4)x10?" cm~2
(C/dof=457/520). The unabsorbed fluxes in the 0.5-2 keV and 0.35-8 keV energy bands

L'em™ and 4.4 x 107 erg s~ cm™2, respectively, and correspond

are 2.8 x 10714 erg s~
to luminosities of 3.6 x 1037 erg s™! and 5.7 x 1037 erg s~! at the distance of NGC 2403.
The X-ray emission is spatially coincident with SN 2004dj, with an estimated progenitor
mass of 14-15 M, [257, [433| [427]. SN 2004d]j is additionally coincident with the compact
cluster Sandage 96 [459], which is thought to host the progenitor star. With only ~1200
counts, the relatively soft power law X-ray spectrum is consistent with a luminous young
SNR (thermal features may not be detectable without a longer exposure) or a soft HMXB.
We favor the SNR interpretation, giving source 135’s spatial coincidence with SN 2004d].
Source 169 contained 345 net counts in the 0.35-8 keV energy band. The spectrum was
best described by a thermal bremsstrahlung model, with k7" = 0.10 £ 0.02 keV (C/dof =
83/41). An absorbing column of (5.1759)x10?! cm™2 was required to adequately fit the
observed spectrum. The best fit model implies 0.5-2 keV and 0.35-8 keV fluxes of 1.8 x10713
ergs—' cm™2 and 9.6x10713 erg s7! cm ™2, respectively. At the distance of NGC 2403, these
fluxes imply luminosities of 2.4x1038 erg s=! (0.5-2 keV) and 1.2x 103" erg s=! (0.35-8 keV).
Although tentatively classified as a SNR, the relatively high luminosity of this source make
it unlikely to be a genuine SNR located in NGC 2403. If we assume that the X-ray emission
is instead Galactic in origin (at a distance in the range of 2-8 kpc), we find an implied
luminosity of 4.6x103? — 7.3x1033 erg s~!. Colliding wind binaries and massive Wolf-

Rayet companions are both observed to emit X-rays in this luminosity range [380], and
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bremsstrahlung emission from Wolf-Rayet stars has been predicted [319] 65]. We therefore
favor the interpretation of this X-ray source as a Galactic, X-ray emitting Wolf-Rayet star,

although further optical observations are required to support this conclusion.

Bright Sources in NGC 421}

The X-ray point source catalog of NGC 4214 contains 5 X-ray sources with more than 200
net counts. The 0.35-8 keV spectra, with the best-fit spectral model superimposed, are

shown in Figure (spectra have been binned for display purposes only).

X-ray Binaries

Source 16 was previously designated CXOU J121538.2+361921 [105), their source 11]
and has been identified as an X-ray binary with a period of 3.62 hours and an X-ray

1

038 erg s

luminosity of a few 1 It has been proposed that the system consists of a
slightly evolved helium star with M ~ 2 — 3 M and either a NS or low mass BH primary
[105, [147], although the favored interpretation is a NS-LMXB. This classification would
make the system a direct progenitor of a double-NS binary. We detect 1827 counts in
the 0.35-8 keV energy range for this source. The spectrum is best described as a power
law (C/dof=422/520) with I'=1.86+0.12 and an absorbing column Ny = (1.540.3)x10%!
cm ™2, consistent with the analysis presented in [T05]. The best fit model yielded fluxes
of 9.2x107 erg s7' ecm™2 in the 0.5-2 keV band and 2.0x107' erg s™! cm™2 in the

037 erg s7! and 2x10%8 erg s71,

full 0.35-8 keV energy band, implying luminosities of 9x1
respectively. We additionally find evidence of rapid X-ray variability. Our observations are
consistent with previous detections of this source, and we support the interpretation as a
helium star-NS LMXB.

Source 42 has 380 net counts in the 0.35-8 keV energy band consistent with an absorbed
power law (C'/dof=374/520). The best fit photon index is T' = 2.247030 with an absorbing
column Ny = (1.3640.12)x10?! cm™2. The model yields fluxes of 3.3x107'4 erg s~ cm ™2
in the 0.5-2 keV band and 5.8x107 erg s~! cm™? in the 0.35-8 keV band, corresponding
to luminosities of 3.3x10%” erg s™! and 5.8x 1037 erg s~! at the distance of NGC 4214. This

model is broadly consistent with the absorbed power law and inferred luminosity found in
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[171], who designated this source as ‘Source 10.” This source is coincident with a young
star cluster (~3.5 Myr old) in NGC 4214, believed to be the dynamical center of the galaxy
[1771], 240, 255]; therefore, we favor an HMXB interpretation of source 42.

Source 62 has 432 net counts in the 0.35-8 keV band. The spectrum is best described
with a power law (C'/dof=405/521) with I" = 1.36+0.12. No absorption beyond the Galactic
column was required. We find the 0.5-2 keV and 0.35-8 keV fluxes from the best-fit model

of 1.5x107™ erg s™! cm™2 and 5.1x107" erg s=! cm™2

, respectively, corresponding to
luminosities of 1.5 x 1037 erg s~ and 5 x 1037 erg s~! at the distance of NGC 4214. These
results are consistent with those found by [147], who also found the spectrum best described
by a power law with I' ~1.4 and a corresponding 0.35-8 keV luminosity of 7x1037 erg s~1.
Source 62 is coincident with a known H II region associated with NGC 4214, and we therefore

consider it an HMXB candidate.

Background AGN

Source 17 contains 348 net counts in the 0.35-8 keV energy band. The spectrum is best
described by a power law with T’ :2.231“8:%? (C/dof=354/521). No absorption beyond the
Galactic column was required. The best fit model yielded 0.5-2 keV and 0.35-8 keV fluxes
of 2.8x107 erg s7! em™2 and 4.7 x 10714 erg s7! cm™2, which correspond to luminosities
of 2.8 x 1037 erg s7! and 4.7 x 103" erg s~! at the distance of NGC 4214. This source does
not appear to be associated with NGC 4214, and the long-term variability and optical/UV

colors are consistent with an AGN origin.

Source 77 contains 391 net counts. The best fit model to the 0.35-8 keV spectrum is
a power law with I' = 1.89+0.14 and no additional absorption beyond the Galactic column
necessary (C/dof=367/521). The best fit model yielded fluxes of 5.4x107'* erg s~! cm™2
in the 0.5-2 keV energy range, and 1.2x10713 erg s™! cm™2 in the 0.35-8 keV energy band.
The X-ray source does not appear to be within the optical extent of the galaxy, and its

optical and UV colors are consistent with an AGN origin.
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Figure 3.6: The 0.35-8 keV spectra (with best fit models superimposed) and residuals for the
NGC 404 sources with more than 200 net counts. Spectra are binned for display purposes

only.
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Figure 3.7: The 0.35-8 keV spectra (with best fit models superimposed) and residuals for

the NGC 55 sources with more than 200 net counts. Spectra are binned for display purposes

only.



96

Source 122 source 135
w
3 3 ;
= =
B B
g 2
g g N
Z z
S S |
al ‘ ‘ i
) )
2 2 2 b 1
El El ++r++ ﬁj +TH1+++ {‘hﬂ»\ L]
% % 0 74’7—% + T T ‘H»MTJA
2 2 S ‘ ]
05 1 2 5
Energy (keV) Energy (keV)

Figure 3.7: continued

3.2.2  Temporal Variability

Many XRBs and AGN exhibit long-term X-ray variability on timescales of months to years
[424], while SNRs and some HMXBs will show persistent X-ray emission. A large fraction
of HMXBs and LMXBs containing BH primaries are observed to experience “outbursting”
behavior [47, 131, 309, [344], often on timescales of minutes to days. More detail about
how X-ray variability is used to aid in source classification is given in the next chaper. To
quantify the degree of variability in the detected X-ray sources, the five X-ray catalogs were
systematically searched for sources showing both significant short-term (i.e., variability that

occurs on timescales less than the observation exposure time) and long-term variability in

the 0.35-8 keV band.

To quantify long-term variability, the catalogs were searched for sources that were de-
tected in at least one exposure, but were not detected in another (despite the source’s
position being within the field of view). We use these non-detections to place an upper
limit on the source flux at the time of the exposure; some of these sources are faint, and so
may have been just below the detection limit of the shallower exposure without requiring
a significant change in flux. Archival XMM-Newton observations were available for some

of the galaxies in our sample; we used the Flux Limits from Images from XMM-Newton
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Figure 3.8: The 0.35-8 keV spectra (with best fit models superimposed) and residuals for the
NGC 2403 sources with more than 200 net counts. Spectra are binned for display purposes
only.
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Figure 3.9: The 0.35-8 keV spectra (with best fit models superimposed) and residuals for the
NGC 4214 sources with more than 200 net counts. Spectra are binned for display purposes

only.
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(FLIXEI) to determine fluxes and upper limits at each source’s position. The variability
threshold 7 was used to determine the degree of long-term variability exhibited by each
source [407], defined as n = (fluxmax — fluxpmin)/Aflux, where fluxpax and fluxyi, are the
maximum and minimum observed fluxes of the source, respectively. The flux error Aflux is

calculated using the Gehrels approximation [appropriate for low count data; [145],

V/ )
Aftuxc — (1 + v/counts + 0.75 s

counts (3:5)
We consider any sources with n > 5 potentially variable.

For rapid variability (i.e., variability occurring on timescales less than the exposure
time), a Kolmogorov-Smirnov (K-S) test was used to compare the cumulative photon arrival
time distribution for each X-ray source to a uniform count rate model in each observation.
The K-S test returns the probability (denoted by &) that both distributions were drawn
from the same parent distribution. Sources with variability exceeding the 3o level (roughly

¢ <5x1073) are denoted as exhibiting potential rapid variability. Table lists all the

X-ray sources showing evidence for either rapid or long-term variability.

Table 3.6: Rapid and Long-Term Source X-ray Variability

NGC 300 NGC 404 NGC 55 NGC 2403 NGC 4214

No. £ "ib f'ma:c/f(;nin 3 N fmaz/Ifmin 3 n fmaz/fmin 3 N fmaz/tmin 3 N fmaz/fmin
1 0.0006 0.1 2.6

2 0.78 6.4 1.7 0.00011 2.6 1.3 0.30 9.0 3.6
3 0.76 5.1 1.9 0.85 119 27.1 0.563 19.5 2.7
4 0.56 16.1 21.8 0.99 6.5 2.4

5

6 0.74 5.8 1.6

7 0.34 5.2 5.2

8

9

10 0.81 11.8 2.3 0.54 9.9 3.3
11

12| 0.53 11.5 15.8 0.92 22.5 36.5 0.08 20.1 1.6 0.94 12.4 7.3
13 0.99 38.5 3.4 0.94 8.6 2.0

14 0.81 11.1 2.7 0.62 13.0 1.5
15 0.34 10.6 5.3

16 0.09 5.2 25.3 0.23 11.7 2.3 0.62 6.6 1.6 0.00001 4.0 3.1
17 0.44 57.6 4.5

Continued on next page

1See http://www.ledas.ac.uk/flix/flix.htmll
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NGC 300 NGC 404 NGC 55 NGC 2403 NGC 4214
No. 3 7lb fmax /ffnin 3 N fmaz/fmin 3 n fmaz /Emin 3 N fmaz/fmin 3 1 fmaz/fmin
18 [0.0036 0.8 1.4 0.87 2.0 14.7 0.48 39.2 3.4 0.48 7.6 3.0 0.89 16.5 1.4
19 0.15 7.4 2.3
20| 0.53 5.8 9.7 0.00001 2255 141 0.00005 13.9 3.1 0.73  49.7 6.1
21 0.48 20.8 9.2 0.55  47.8 18.5
22 0.75 34.6 2.7 0.74 6.2 2.5
23 0.00506 1449 33.5 0.56 11.1 1.2
24| 0.52 15.4 21.8 0.25 24.8 2.9 0.00001 3.1 2.5
25 0.32 30.0 10.6 0.16 8.4 2.9
26
27 0.94 1.8 9.2 0.60 19.8 2.6 0.04 23.5 3.2 0.94 9.6 1.8
28 0.48 5.7 9.0 0.26 11.7 1.7
29| 0.74 9.9 12.5 0.73 11.3 1.8
30 0.52 8.3 2.3 0.84 20.5 3.5
31 0.02 37.7 9.8 0.35 26.0 3.2 0.10 16.1 3.2
32
33| 0.65 32.2 42.5 0.81 10.0 2.6 0.66 11.1 4.6
34 0.00001 92.0 4.4
35 0.68 6.1 2.3 0.17 22.1 5.5
36 0.24 93.0 26.7 0.00018 1.0 1.0 0.39 32.2 2.9
37 0.25 2.6 10.1 0.58 29.2 2.8 0.86 7.0 7.0
38 0.25 10.4 1.4
39 0.06 6.4 1.9 0.54 6.2 3.1 0.13 9.0 1.4
40 0.04 3.4 14.7 0.95 15.0 5.2 0.57 55.5 28.4
41 0.54 3.9 10.8 0.25 8.4 1.6
42 0.28 556 55.4 0.34 15.4 1.2
43 0.01 1269 47.0 0.14 53.7 1.4 0.73 18.7 2.1
44 | 0.92 12.9 18.5 0.20 17.4 5.2
45| 0.52 10.5 27.6
46 0.40 8.1 3.1
47 0.33 5.7 2.0 0.60 6.8 9.5
48 0.72 7.8 4.0
49 0.29 2.1 9.5 0.00001 29.4 3.6 0.12 9.1 5.9
50
51 0.61 13.8 3.2
52| 0.69 12.2 17.3 0.35 46.8 1.1 0.82 80.6 382
53 0.92 1.9 13.8 0.14 5.7 4.1 0.01 24.5 1.9
54 0.69 3.0 23.5 0.61 6.6 2.0 0.39 20.0 125
55 0.79 4.2 42.6 0.79 5.3 3.4
56 0.18 52.2 25.7 0.12 28.6 26.4
57 0.56 2.0 9.2 0.67 10.8 1.2 0.09 7.9 6.6 0.77 10.9 1.5
58 0.00005 29.1 2.8 0.28 15.7 5.6 0.52 11.9 2.9
59| 0.65 5.4 15.6 0.49 5.0 23.2 0.20 117 1.1
60 0.00001 478 1.4
61 0.89 3.4 26.6 0.39 7.9 1.6
62 0.00001 8.1 6.8
63 0.46 26.6 2.2
64 0.99 4.7 42.5 0.20 9.3 51.2
65 0.01 90.5 8.0 0.04 8.8 1.4 0.85 6.0 2.4
66 0.81 8.0 1.8 0.11 6.1 3.2
67
68 0.00001 1.2 1.5
69| 0.05 7.8 20.3 0.34 6.5 5.6 0.77 6.3 2.3
70 0.11 5.9 1.4

Continued on next page



104

Table 3.6 — continued from previous page

NGC 300 NGC 404 NGC 55 NGC 2403 NGC 4214
No. £ "ib f'ma:r,/f(;nin 3 1N fmaz/Ifmin 3 n fmaz/fmin 3 n  fmaz/tmin 3 N fmaz/fmin
71 0.06 4.5 34.8 0.18 8.1 1.7
72 0.0009 0.1 1.1 0.96 9.9 2.6 0.93 7.1 5.5
73| 0.84 13.5 20.5 0.00001 18.6 4.5 0.46 9.9 2.1
74
75 0.44 96.2 28.5 0.12 31.2 4.3
76| 0.52 8.3 10.6 0.30 7.4 2.5
77 0.14 94.7 4.1
78 0.92 31.2 3.4 0.00001 0.7 1.2 0.50 18.0 1.2
79 0.67 7.2 1.6 0.69 24.9 2.3 0.00731 0.4 1.0
80 0.52 14.5 2.5
81 0.63 32.2 3.3
82| 0.92 7.7 5.3 0.00001 3.1 1.9
83 0.67 15.9 2.5
84 0.00130 0.0 1.0
85 0.05 82.5 22.0 0.39 5.6 3.9 0.56 18.4 2.0
86 0.15 20.3 4.0 0.68 5.5 1.6
87| 0.03 12.9 18.8 0.00037 19.4 2.2 0.89 14.1 12.2 0.04 7.2 7.4
88 0.00088 231 35.7 0.40 9.9 1.3
89| 0.32 41.3 68.6 0.41 126 26.1 0.42 5.4 3.7
90 0.94 22.9 5.1 0.68 7.4 4.0
91 0.23 18.9 5.0 0.03 7.7 3.2
92 0.10 18.8 2.5 0.07 8.5 5.4
93 0.81 10.9 6.2 0.03 14.6 1.2
94 0.39 23.4 4.4 0.46 14.5 3.7
95
96 0.81 22.5 19.1
97 0.17 20.7 8.4 0.39 6.7 1.9
98 0.23 18.2 1.8
99
100 0.00004 17.7 1.6 0.85 138.7 2.0 0.96 6.3 6.5
101 0.93 5.3 1.4
102 0.23 87.7 11.9
103 0.49 59.0 7.0 0.10 27.1 4.2
104 0.84 24.6 8.1 0.07 8.0 6.3
105
106 0.54 70.9 6.5 0.38 9.8 1.9
107 0.20 7.9 2.8 0.03 45.9 3.0
108
109 0.00001 6.7 3.4 0.47 5.8 3.7 0.18 7.7 1.3
110 0.36 16576 3254 0.85 21.4 6.2 0.70 17.2 2.4
111 0.56 4439 502
112 0.09 12.7 5.8
113
114 0.84 8.4 1.7
115 0.56 11.5 3.4
116 0.20 7.0 4.9
117 0.00140 0.7 1.0
118
119
120
121 0.26 71.5 6.8
122 0.22 13.8 6.4 0.49 6.4 1.4
123

Continued on next page
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NGC 300

NGC 404

NGC 55

NGC 2403

NGC 4214

No.

ga

7lb

g c
fmaw/thin

3

1N fmaz/Emin

3

n

frmax /fmin

3

7

frmax /fmin

7

fm,a:c/fmin

124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159

161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

0.57
0.94
0.17

0.05
0.33
0.37
0.99

0.43
0.70
0.81
0.00541
0.49

0.92

0.16
0.11
0.29

5.2
44.3
6.2

8.1

6.9
51.2
31.4

13.2
68.2
30.5
0.5
10.3

205

9.8
11.2
22.0

1.5
5.7

2.0

2.0
1.8
4.2
2.9

2.6
14.9
3.7
1.0
2.3

13.7

2.4
16.8
2.0

0.00669 1.5

0.00105 3.7

0.80

0.56

0.01

0.72

67.8

6.5

0.00278 3.2

0.83

0.84

5.9

286

0.00440 3.7

0.94
0.22

18.3
11.2

0.00642 29.5

1.7

2.3

1.8

14.8

427

1.8
1.9

4.8

189

1.3

1.3

119
2.2

2.9

Continued on next page
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Table 3.6 — continued from previous page

NGC 300 NGC 404 NGC 55 NGC 2403 NGC 4214

No. £ "ib f'ma:r,/ffnin 3 1N fmaz/Ifmin 3 n fmaz/fmin 3 N fmaz/fmin N fmaz/fmin
177

178

179 0.00008 5.5 11.4

180 0.11 13.6 1.8

181

182

183 0.33 7.7 1.8

182

183

184

185 0.15 9.5 7.6

186

187

188 0.87 7.9 3.5

189 0.72 8.6 1.5

190 0.69 11.8 2.6

?The K-S probability of the source being constant. Sources with K-S probabilities of £ < 5 x 1073 are likely to show

are likely to show short-term variability, and are shown in boldface.

br] is the long-term variability index [407]. Sources with n > 5 are likely to show long-term variability, and are shown in boldface.

“Sources whose fluxes changed by more than an order of magnitude are shown in boldface.
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Chapter 4

MULTIWAVELENGTH OBSERVATIONS AND SOURCE
CLASSIFICATION

In this Chapter, I present the matched HST observations available for each CLVS galaxy.
These observations were searched for optical counterpart candidates for each X-ray source
contained with the field of view of at least one HST pointing. Additionally, public multi-
wavelength archives were searched for objects matching the X-ray source position.

With the available X-ray and multiwavelength information compiled for each of the 629
CLVS X-ray sources, a classification scheme was developed to place each X-ray source into
the most likely category for the origin of the X-ray emission (e.g., HMXB, LMXB, SNR,
background AGN;, etc.).The ability to identify likely XRB candidates from contaminating
sources is a key strength of the Chandra Local Volume Survey (and this dissertation) when
compared to earlier studies, which were only able to characterize the XRB populations of

galaxies in a strictly statistical sense.

4.1 Optical Counterparts from HST

I will first present the optical counterpart candidates found for each of the five CLVS
galaxies. The typical Chandra error circle of sources contained within one or more HST
fields was ~0”6, and typical limiting magnitudes of the HST observations correspond to
absolute magnitudes of Mpg14 = —1.4 and Mpgogww = —0.6. The optical observations are
therefore sensitive to late-B/early-A type main sequence stars. The X-ray source positions
were matched to the stars in the HST good star catalogs that met the quality cuts (described
in Chapter 3). For many X-ray sources, multiple optical counterpart candidates were found
within the Chandra error circle. In these cases, the optical counterpart candidates are
labeled ‘a,” ‘b,” ‘c,’” etc. in order of increasing distance away from the nominal X-ray source
location.

Figures {4.1 show finding charts for X-ray sources with overlapping HST fields in
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each of the five CLVS galaxies. The box size is given in the upper-left corner; sources
without a size listed are 5’ x 5”. For NGC 300, three HST filters were available for
all HST fields covered; we therefore rendered RGB-images of each finding chart. For the
remaining galaxies, only two filters were available for optical counterpart identification, so
finding charts were constructed using the F606W or F555W filter images only (whichever
is available). The X-ray source position is shown by a cross, with a circle indicating the
extent of the Chandra error circle. Lines are used to indicate the likely optical counterpart.
In cases of multiple optical counterparts, the optical sources are labeled.

In severely crowded fields, dozens of optical sources fall within the Chandra error circle;
in these cases no optical source candidate is indicated to avoid confusion. In a small number
of cases, the X-ray source is coincident with a saturated foreground star or the disk of a
background galaxy. Since both of these optical sources failed to meet the HST quality
criteria of a stellar object in NGC 300, they were not included in the HST star catalogs.
We used the IRAF task imexamine to estimate the magnitudes of these objects.

For each source with at least one optical counterpart candidate, we compute a logarith-
mic X-ray-to-optical flux ratio log(fx/fy), where fx is the 2-10 keV X-ray flux and and
the fy is the optical flux measured in either F'555W or F606W | whichever is available. For
sources with multiple optical counterpart candidates, log(fx/fy) is computed assuming the
bluest counterpart candidate. For sources within the HST footprint but for which no optical
counterpart was found, we assume an optical flux equal to the limiting magnitude in that
filter. Although the F606W has a slightly larger bandpass (by about 22%) than the F555W
filter, we estimate that for the majority of stars accessible in our HST exposures (earlier

than A-type stars, with roughly flat spectra) the affect on log(fx/fy) will be ~ 0.1.

4.2 Multiwavelength Observations: Ultraviolet, Optical, Infrared, and Radio
Counterparts

We have attempted to place additional constraints on the nature of the CLVS X-ray sources
by examining archival multi-wavelength data. We searched for counterparts in the following
point source catalogs: the GALEX GR6 data release (NUV, FUV), USNO-B1.0 (B1, R1),
2MASS All Sky (J, H, K), and NVSS (1.4 GHz).
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UV emission can be a good tracer of young stars and background AGN; however, since
the stellar populations of NGC 404 are primarily old, we expect the majority of UV-detect
sources to be background AGNs. It is possible that some LMXBs will exhibit detectable
levels of UV emission, although their optical colors are expected to be significantly redder
than that of an AGN. The optical USNO-B1.0 catalog is sensitive to Milky Way stars,
compact clusters, and AGN. The infrared data are also sensitive to Milky Way stars, red
giants, associations of older stars located within the parent galaxy, and background galaxies,
while radio emission is indicative of radio-loud background AGN.

Table summarizes the multi-wavelength observations available for each of the X-ray
sources with at lease one multi-wavelength detection. As discussed in §4.1], in many cases
many optical counterpart candidates were found for a single X-ray source. Since the primary
goal of this multiwavelength analysis is to search for strong HMXB candidates, we therefore
provide the optical information for the bluest optical counterpart candidate for each X-ray

source.
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Source 3 Source 4 Source 5 Source 7

Figure 4.1: Optical RGB-rendered HST images for X-ray sources detected in NGC 300.

Finding starts are 5” x 5" in size.



111

Source 22 Source 23 Source 25 Source 26

Figure 4.1: Continued
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Figure 4.2: Optical HST images for X-ray sources detected in NGC 404. Finding charts are

5" x 5" in size.
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Figure 4.3: Optical HST images for X-ray sources detected in NGC 55.
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Figure 4.4: Optical HST images for X-ray sources detected in NGC 2403.
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Figure 4.5: Optical HST images for X-ray sources detected in NGC 4214.
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4.3 Source Classification

We used the detection of optical counterpart candidates, along with any available multi-
wavelength observations, to assign a source classification to each X-ray source. Many X-ray
sources are faint or do not have optical coverage, making their physical nature more am-
biguous — we therefore attempt to combine other statistical quantities (i.e., using the radial
source distribution, location in spiral arms, inter-arm regions, or background regions, etc.)
with individual source properties (variability, X-ray spectral shape, and optical colors) to

determine the most likely source classification.

We first consider the statistical properties of each X-ray source. For example, an X-
ray source with a galactocentric radius within the optical extent of the host galaxy that is
coincident with a spiral arm is very likely to be associated with that galaxy, while an X-ray
source at a large galactocentric radius is likely to be a background object. The “optical
extent” of each galaxy is estimated as ~3x the optical scale length. We visually examined
ground-based, optical R-band and Ha images of each galaxy to identify spiral arms and
inter-arm regions (with the exception of NGC 404, which does not possess spiral arms, and
NGC 55, which is nearly edge-on), and define background regions not obviously associated
with the galaxy.

We next consider the individual X-ray properties of each source. Long-term X-ray
variability is observed for both AGN and XRBs. However, SNRs and some HMXB systems
do not show significant X-ray variability. We therefore do not discount the possibility of an
XRB nature for non-variable sources. The data on galactocentric radius, location relative to
the host galaxy structure, and X-ray variability is then combined with the preliminary source
classifications defined using our hardness ratio analysis. For sources without overlapping
HST exposures, we then assign a likely source classification based on our X-ray observations.
For example: a source with  ~ 0.5 kpc, located within a spiral arm, no significant long-term
X-ray variability, and a soft X-ray spectral shape is classified as a likely SNR. Figure [4.0]
shows a flowchart of the logic of our classification scheme when no overlapping HST images

are present.

To determine a likely source classification for X-ray sources with overlapping HST fields,
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Figure 4.6: Source classification flowchart, when no overlapping HST fields are available.

we generated color-magnitude diagrams (CMDs) of each HST field and candidate optical
counterparts were classified as falling either on the main sequence (MS) or red giant branch
(RGB). Additionally, we constructed X-ray color-magnitude diagrams (XCMDs), where the
optical color was plotted as a function of log(fx/fv). Many authors have utilized optical
and X-ray colors in discriminating between XRBs and background AGN [I89), [374]; pulsars
and HMXBs located in the Small Magellanic Cloud occupy a region of the XCMD bounded
by B—V <0 and log(fx/fv) <1 [270].

Optical counterpart candidates were then compared to the XCMD generated for each
HST field. Sources with blue optical colors (F435W — F555W or FAT5W — F606W < 0.2)
and log(fx/fv) < 1 are likely to match a young massive main sequence star and are
therefore designated as HMXB candidates. Sources falling in the other region of the XCMD
are associated with either RGB stars or background galaxies, and are therefore classified as
either AGNs or LMXBs. For illustration, Figure presents a sample CMD and XCMD
for the field ‘NGC300-5" (top panel) as well as a CMD and XCMD of our X-ray/optical
source candidates. The sample CMD was generated using the HST F435W and F814W
catalog magnitudes for all optical sources in the ‘NGC300-5’ field. For illustrative purposes,

we have created a sample XCMD using the mean X-ray flux of sources in the NGC 300
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catalog (~ 5 x 1071 erg s7! cm™2, corresponding to ~ 2 x 1036 erg s~! at the distance of

NGC 300). Using this X-ray flux, we calculate a log(fx/fv) for every optical source in the
HST ‘NGC300-5" field. The bottom panels show the magnitudes, colors, and X-ray/optical
flux ratios for the candidate optical counterparts only. Regions corresponding to likely MS
and RGB stars are labeled on the CMD, and the regions defining likely HMXBs and AGNs
are labeled on the XCMD.

Figure [.8)shows a flowchart of the logic of our classification scheme when no overlapping

HST images are present.

To expedite the process of classifying each X-ray source based on the plethora of data
available, an IDL routine called xclass.pro was constructed to automatically process each
X-ray source. The routine reads in an input source file containing all X-ray and, if available,
optical information, and returns a preliminary source classification. The routine additionally
tracks which classification channels were utilized by the input sources. The xclass.pro
routine has been made publicly availabld!]

The source classification reported by the xclass routine was then compared to the clas-
sification determined by our hardness ratio analysis. In some cases, the multiwavelength
and hardness ratio classifications disagreed. This was most commonly seen with sources
classified as XRBs by our hardness ratio analysis but with multiwavelength properties con-
sistent with a background AGN. In these cases, we favor the AGN classification. Sources
that are initially classified as AGN but which exhibit a soft X-ray spectrum (i.e., classified
as ‘SOFT’ in our HR analysis) may be potential LMXBs. A summary of all X-ray and
optical data and our final source classification for all 629 X-ray sources in the CLVS catalog
is presented in Table

We use the [56] AGN logN-logS distribution to estimate the expected number of AGN
in our X-ray source catalogs to determine if, statistically, xclass is providing reasonable
classifications. The similarities in both the X-ray and optical properties of AGN and LMXBs
(especially at the distance of a few Mpc) is likely to cause confusion in separating these two

populations. However, our X-ray/optically-classified sources differ from the predictions by,

'See http://wuw.astro.washington.edu/users/bbinder/xclass/
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Figure 4.7: Top row: a sample color-magnitude diagram (CMD; left) and X-ray color-
magnitude diagram (XCMD; right). The MS and RGB regions are marked on the CMD,

and the HMXB and AGN regions are marked on the XCMD. Bottom row: the locations

of our candidate optical counterparts as either MS or RGB stars on a CMD (left), and an

XCMD (right) showing the actual values of the X-ray/optical flux ratio for our candidate

optical counterparts to each X-ray source.
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1 X-ray Source | “lr>r,

|AGN | i | LMXB | G | LMXB? || HMXB'-’

LMXB? | | HMXB | | LMxB? || HwmxB? |v — | AGN? | | HMXB?
HMXB i

| LMXB? | | HMXB'-’ |

vxB? | | HMXB? |

Figure 4.8: Source classification flowchart, when overlapping HST fields are available.
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at most, ~10-15% for each galaxy, and our source classification scheme correctly classifies
several known HMXBs, ULXs, and SNRs. We are therefore confident that our source
classification scheme provides the most reliable indicator of the physical nature of the CLVS
X-ray sources possible with the available data.

Figure shows the fraction of X-ray sources in each galaxy belonging to each of
the following categories: HMXBs, LMXBs, background AGN, foreground stars (FSs), and
SNRs.

Table 4.2: X-ray Point Source Classifications

Source r% Assoc. with Variability® In HST  # Optical Location Location ID. from Final

No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs 1D
nH @ 3) (4) (5) (6) (7 (8) 9) (10)
NGC 300
1 5.2 no none no ABS AGN
2 6.7 no long no XRB AGN
3 5.5 no none yes 2 RGB AGN SOFT LMXB?
4 6.7 no long yes 1 ABS  Galaxy/FS?
5 4.6 no none yes 10 MS HMXB XRB HMXB
6 4.1 no none no XRB AGN
7 3.9 yes none yes 3 MS HMXB SNR SNR
8 4.0 no none yes 3 RGB AGN XRB FS
9 4.1 yes none yes 4 RGB AGN SOFT LMXB?
10 3.9 yes none yes 1 RGB AGN XRB AGN
11 4.2 yes none yes 1 RGB AGN XRB AGN
12 6.2 no long yes 2 MS AGN SOFT LMXB?
13 3.9 yes none yes 7 MS HMXB XRB HMXB
14 3.8 yes none yes 10 MS HMXB XRB HMXB
15 3.1 yes none no SNR SNR
16 4.1 no none no XRB AGN
17 2.9 yes none yes 6 RGB AGN SOFT LMXB?
18 3.1 yes rapid yes 1 RGB AGN ABS LMXB
19 29 yes none yes 2 RGB AGN XRB AGN
20 3.9 no long yes 2 MS AGN ABS AGN
21 3.1 yes none yes 5 MS AGN ABS AGN
22 3.4 yes none yes 3 MS HMXB XRB HMXB
23 3.2 yes none yes 4 RGB AGN ABS AGN
24 4.8 no long no ABS AGN
25 3.3 yes none yes 0 SOFT HMXB

Continued on next page
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Table 4.2 — continued from previous page

Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final

No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs D
Hm @ G (4) (5) (6) (1) (8) ) (10)
26 2.2 yes none yes 4 RGB AGN XRB AGN
27 4.6 no none no ABS AGN
28 2.2 yes none no ABS HMXB?
29 5.7 no long no ABS AGN
30 3.3 yes none no XRB HMXB
31 1.9 yes none no XRB HMXB
32 1.6 yes none yes 5 MS AGN SNR SNR
33 5.8 no long no ABS AGN
34 1.5 yes long yes 0 SNR SNR
35 4.8 no none no ABS AGN
36 6.2 no long no ABS AGN
37 2.0 yes none no XRB HMXB
38 2.3 yes none no SOFT LMXB
39 2.1 yes none no SOFT HMXB
40 3.5 no long no ABS AGN
41 1.1 yes none yes 7 MS HMXB SNR SNR
42 2.3 yes none yes 2 MS AGN ABS AGN
43 1.1 yes none yes 3 MS AGN SNR SNR
44 5.4 no long no ABS AGN
45 2.8 yes long no HARD HMXB?
46 6.0 no long no SNR AGN?
47 4.8 no none no XRB AGN
48 4.7 no none no XRB AGN
49 5.1 no none no SOFT LMXB?
50 2.9 yes none no XRB HMXB
51 3.7 no long no ABS AGN
52 6.3 no long no ABS AGN
53 3.1 no none no SOFT LMXB?
54 0.4 yes none yes 6 MS HMXB SNR SNR
55 3.4 yes none no XRB HMXB
56 2.7 yes none no XRB HMXB
57 3.8 no none no XRB AGN
58 1.3 yes none yes 4 RGB AGN XRB AGN
59 2.2 yes long no XRB AGN
60 3.7 no none no XRB AGN
61 3.5 yes none no XRB HMXB
62 4.0 no none no ABS AGN

Continued on next page
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Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs ID
Hm @ G (4) (5) (©) (7) (8) (9) (10)
63 1.7 yes none yes 4 RGB AGN XRB AGN
64 1.4 yes none yes 4 MS AGN ABS LMXB?
65 2.9 yes none no XRB HMXB
66 4.3 no none no ABS AGN
67 4.8 no none no XRB AGN
68 1.2 yes long yes 4 RGB AGN ABS AGN
69 4.1 no long no XRB AGN
70 3.1 yes none no XRB HMXB
71 2.5 yes none no SOFT HMXB
72 1.6 yes none yes 3 RGB AGN XRB AGN
73 1.5 yes long no XRB HMXB?
74 1.5 yes none no XRB HMXB
75 2.5 yes none no ABS HMXB
76 6.9 no long no HARD AGN
s 3.1 yes none no SNR SNR
78 2.7 yes none no ABS AGN
79 2.6 yes none no XRB AGN
80 2.2 yes none no XRB HMXB
81 2.4 yes none no SNR SNR
82 4.1 no long no XRB AGN
83 2.2 yes none no ABS HMXB?
84 2.9 yes none no ABS HMXB?
85 3.5 yes none no SNR SNR
86 3.8 yes none no SOFT HMXB
87 5.7 no long no SOFT LMXB?
88 4.9 no long no ABS AGN
89 8.1 no long no ABS AGN
90 4.5 no none no ABS AGN?
91 5.1 no none no XRB AGN
92 4.9 no none no SOFT LMXB?
93 4.9 no long no XRB AGN
94 5.0 no none no ABS AGN
95 4.7 no none yes 2 MS HMXB XRB HMXB

NGC 404
1 4.8 no rapid no ABS AGN
2 4.5 no none no XRB AGN
3 4.3 no none no XRB AGN

Continued on next page



146

Table 4.2 — continued from previous page

Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final

No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs D
Hm @ G (4) (5) (6) (1) (8) ) (10)
4 4.1 no none no XRB AGN
5 3.8 no none no SOFT FS
6 3.8 no none no XRB AGN
7 4.1 no none no SOFT AGN
8 4.1 no none no XRB AGN
9 3.3 no none no XRB AGN
10 3.1 yes none no XRB AGN
11 3.5 no none no XRB AGN
12 2.7 yes none no XRB AGN
13 3.4 no none no XRB AGN
14 2.6 yes none no XRB AGN
15 3.3 no none no XRB AGN
16 2.4 yes long no XRB XRB
17 2.0 yes none no SOFT AGN
18 2.0 yes long no ABS AGN
19 2.7 yes none no XRB AGN
20 1.7 yes none no HARD AGN?
21 1.7 yes none no ABS AGN?
22 2.4 yes none no XRB XRB
23 1.6 yes none no ABS AGN
24 2.0 yes none no ABS AGN
25 1.5 yes none no ABS AGN
26 1.4 yes none yes 0 XRB XRB
27 1.7 yes long yes 1 RGB AGN BKG AGN?
28 1.9 yes none no ABS AGN?
29 1.2 yes none yes 1 RGB HMXB SNR SSS?
30 1.2 yes none yes 0 HARD AGN
31 1.3 yes none no ABS AGN
32 1.7 yes none no XRB SSS?
33 1.9 yes none no ABS AGN
34 0.6 yes none yes 0 XRB XRB
35 1.6 yes none yes 0 ABS SSS?
36 0.6 yes none no HARD AGN
37 0.4 yes long no XRB XRB
38 0.3 yes none no XRB XRB
39 1.4 yes none yes 0 ABS AGN?
40 1.1 yes long yes 0 XRB XRB

Continued on next page
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Table 4.2 — continued from previous page

Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final

No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs ID
Hm @ G (4) (5) (©) (7) (8) (9) (10)
41 0.0 yes none no XRB NUCLEUS
42 1.5 yes none yes 0 XRB XRB
43 0.1 yes none no SNR SSS?
44 1.1 yes none yes 0 ABS AGN
45 1.3 yes none no SOFT AGN
46 1.7 yes none no ABS AGN
47 0.6 yes none no XRB XRB
48 0.6 yes none no XRB XRB
49 0.5 yes long yes 0 XRB XRB
50 1.2 yes none no ABS AGN?
51 1.6 yes none no XRB XRB
52 1.9 yes none no XRB XRB
53 0.9 yes long no HARD XRB?
54 1.0 yes long no ABS AGN
55 1.7 yes long no ABS XRB?
56 1.5 yes none no XRB XRB
57 1.7 yes long? no XRB XRB
58 2.1 yes none no XRB XRB
59 1.9 yes none no XRB XRB
60 2.5 yes none no XRB XRB
61 2.5 yes long no XRB XRB
62 2.6 yes none no XRB XRB
63 3.1 yes none no XRB AGN
64 3.2 no long no XRB AGN
65 3.1 yes none no SNR FS
66 3.8 no none no XRB AGN
67 4.2 no none no XRB AGN
68 4.6 no none no XRB AGN
69 3.9 no none no XRB AGN
70 4.0 no none no XRB AGN
71 4.8 no long no XRB AGN
72 4.8 no none no XRB AGN
73 4.9 no rapid no XRB AGN
74 6.3 no none no XRB AGN
NGC 55

1 2.3 no none no XRB AGN
2 3.0 no long no ABS AGN

Continued on next page
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Table 4.2 — continued from previous page

Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs D
Hm @ G (4) (5) (6) (1) (8) ) (10)

3 6.3 no long no XRB AGN
4 4.4 no none no XRB AGN
5 3.2 no none no ABS AGN
6 0.6 yes long no ABS HMXB
7 7.6 no none no SOFT AGN
8 6.4 no none no ABS AGN
9 2.3 no none no XRB AGN
10 0.2 yes long no XRB LMXB?
11 2.1 no none no XRB AGN
12 2.0 no long no XRB AGN
13 0.9 no long no XRB AGN
14 3.9 no long no SNR AGN
15 2.5 no none no SOFT AGN
16 3.6 no long no XRB AGN
17 0.5 no none no XRB AGN
18 3.5 no long no XRB AGN
19 1.7 no none no ABS AGN
20 3.1 no rapid no XRB AGN
21 2.1 no none no XRB AGN
22 1.0 no long no HARD AGN
23 0.2 yes rapid, long no XRB FS
24 2.3 no none no SOFT AGN
25 2.3 no long no ABS AGN
26 0.9 yes none no XRB HMXB
27 0.6 yes long yes 0 AGN XRB LMXB
28 0.5 yes long no XRB HMXB
29 0.2 yes none yes 20 MS HMXB ABS HMXB
30 0.1 yes long yes 0 AGN XRB LMXB
31 0.9 yes long no SOFT HMXB
32 0.5 yes none yes 0 AGN XRB LMXB
33 1.4 yes long no SNR SNR?
34 3.4 no rapid, long no ABS AGN?
35 0.6 yes none yes 23 MS HMXB XRB HMXB
36 0.1 yes long yes 60 MS HMXB XRB HMXB
37 0.5 yes long no SOFT LMXB
38 0.4 yes none yes 26 MS AGN XRB HMXB
39 0.8 yes long no SOFT LMXB?

Continued on next page
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Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs ID
Hm @ G (4) (5) (©) (7) (8) (9) (10)
40 0.4 yes long no ABS HMXB
41 1.1 yes none yes 0 AGN XRB LMXB
42 0.4 yes long yes 33 MS HMXB ABS HMXB
43 0.6 yes long yes 59 MS HMXB XRB HMXB
44 0.7 yes long no ABS HMXB
45 2.6 yes none yes 0 AGN ABS AGN
46 0.6 yes none yes 51 MS HMXB SRN SNR
47 0.6 yes long yes 0 AGN ABS LMXB
48 0.6 yes none yes 0 AGN XRB FS
49 0.5 yes rapid, long yes 0 AGN XRB LMXB
50 0.3 yes none yes 14 MS AGN SNR SNR?
51 1.4 yes long yes 0 AGN SNR SNR?
52 26 yes long yes 255 MS HMXB  XRB HMXB
53 0.2 yes long yes 39 MS HMXB ABS HMXB
54 0.9 yes none no 13 MS AGN XRB LMXB
55 0.6 yes none no XRB LMXB?
56 0.1 yes none yes 41 MS HMXB XRB HMXB
57 0.2 yes long yes 20 RGB HMXB SNR SNR?
58 1.1 yes rapid, long yes 137 MS HMXB XRB HMXB
59 1.7 yes long yes 0 AGN ABS LMXB
60 1.6 yes rapid, long no XRB AGN
61 0.2 yes none yes 15 MS HMXB ABS HMXB
62 0.4 yes none yes 24 MS AGN ABS LMXB
63 0.1 yes none yes 54 MS AGN SOFT LMXB
64 1.1 yes long no XRB HMXB
65 0.2 yes long yes 13 RGB AGN XRB LMXB
66 1.9 yes long no XRB HMXB
67 1.7 no none no ABS AGN
68 1.3 no rapid no XRB AGN
69 0.4 yes none no XRB HMXB?
70 1.0 no long no XRB AGN
71 0.4 yes long yes 19 MS HMXB XRB HMXB
72 0.8 no long no XRB AGN
73 1.2 no rapid no ABS AGN
74 0.5 no none no ABS AGN
75 0.4 yes long no ABS HMXB?
76 2.3 no long no HARD AGN

Continued on next page
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Table 4.2 — continued from previous page

Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs D
Hm @ G (4) (5) (6) (1) (8) ) (10)
7 1.2 yes long no SNR SNR?
78 1.1 yes long no XRB HMXB?
79 1.2 yes long no ABS HMXB?
80 0.4 yes long no ABS HMXB?
81 0.3 yes none no ABS HMXB?
82 0.0 no rapid no ABS AGN
83 5.0 no none no ABS AGN
84 4.5 no rapid no XRB AGN
85 2.4 no long no SNR AGN
86 0.1 yes long no SNR SNR?
87 3.6 no rapid, long no XRB AGN
88 1.8 yes rapid, long no XRB LMXB
89 1.6 no long no XRB AGN
90 1.5 no long no XRB AGN
91 3.4 no long no ABS AGN
92 2.2 yes long no XRB HMXB?
93 3.1 no long no XRB AGN
94 0.7 yes long no XRB HMXB?
95 3.8 no none no XRB AGN
96 3.9 yes long no XRB HMXB?
97 1.1 no long no ABS AGN
98 4.2 no none no XRB AGN
99 0.9 yes none no XRB HMXB?
100 1.8 no rapid, long yes 0 AGN XRB AGN
101 0.6 yes none no XRB HMXB?
102 4.4 no long no ABS AGN
103 0.5 yes long no ABS HMXB?
104 1.0 no long no SOFT AGN
105 3.5 no none no SOFT AGN
106 3.0 yes long no HARD LMXB
107 6.0 no long no ABS AGN
108 5.3 no none no XRB AGN
109 3.1 yes rapid, long no XRB LMXB
110 4.1 yes long no XRB HMXB
111 2.8 yes long no SOFT HMXB
112 0.4 no long no XRB AGN
113 5.0 no none no ABS AGN

Continued on next page
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Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs ID
Hm @ G (4) (5) (©) (7) (8) (9) (10)
114 4.7 yes none yes 28 MS HMXB XRB AGN
115 4.7 no none no XRB AGN
116 1.4 yes none yes 0 AGN XRB LMXB
117 1.6 yes rapid yes 29 MS HMXB XRB HMXB
118 6.7 yes none no ABS HMXB?
119 4.2 yes none yes 54 RGB AGN SOFT ULX
120 2.2 yes none yes 23 MS HMXB XRB HMXB
121 4.0 yes long no HARD HMXB?
122 4.9 yes long yes 135 MS AGN XRB LMXB
123 2.1 yes none yes 0 AGN HARD LMXB
124 0.3 yes long yes 45 MS AGN ABS LMXB
125 1.8 yes long no SNR SNR?
126 6.1 yes long no HARD FS
127 3.9 yes none no SNR SNR?
128 8.8 yes none no XRB FS
129 34 yes none no ABS HMXB?
130 1.0 yes none yes 140 MS HMXB SNR HMXB
131 2.9 yes none no SNR SNR?
132 3.6 yes none no XRB SNR?
133 3.3 yes none yes 26 MS HMXB XRB HMXB
134 4.2 yes none yes 0 AGN SOFT FS
135 1.9 no none no SOFT BH-LMXB?
136 2.2 no none no XRB AGN
137 5.7 no none no ABS AGN
138 1.4 yes long yes 0 AGN ABS LMXB
139 0.8 no long no ABS AGN
140 3.1 yes long no XRB HMXB?
141 3.9 no rapid no XRB AGN
142 6.7 no long no XRB AGN
143 1.0 yes none no XRB HMXB?
144 0.8 no long no XRB AGN
145 0.3 no none no XRB AGN
146 5.2 no none no XRB AGN
147 24 no none no XRB AGN
148 3.1 no none no SNR FS?
149 1.1 no long no SNR FS?
150 2.3 no long no SNR FS?

Continued on next page
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Table 4.2 — continued from previous page

Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final

No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs ID
Hm @ (4) (5) (6) (M) (8) ) (10)
151 1.0 no long no SNR FS?
152 3.5 no none no ABS AGN
153 3.2 no none no ABS AGN
154 0.7 none no SNR FS?
NGC 2403
1 0.5 no none no XRB AGN
2 1.4 yes rapid yes 2 RGB AGN XRB LMXB
3 3.1 yes long no SOFT LMXB?
4 1.7 no long no ABS AGN
5 1.0 yes none yes 3 RGB AGN XRB LMXB
6 2.8 yes none no SNR HMXB
7 1.3 yes long yes 11 MS AGN ABS LMXB
8 3.5 yes none no ABS HMXB
9 4.9 no none no XRB AGN
10 0.8 yes none no XRB HMXB
11 9.0 no none no SNR FS
12 0.4 no long no ABS AGN
13 5.0 no long no SOFT AGN
14 4.5 no none no XRB AGN
15 9.9 no long no XRB AGN
16 1.8 yes long yes 3 RGB HMXB SNR SNR
17 3.5 yes none no ABS HMXB
18 1.6 yes long yes 13 MS AGN SNR SNR
19 6.5 no none no XRB AGN
20 0.0 yes rapid, long yes 12 MS AGN XRB LMXB
21 1.3 yes long no SNR SNR
22 1.6 yes none yes 7 MS HMXB ABS HMXB
23 9.9 no none no XRB AGN
24 6.5 no long no ABS AGN
25 0.8 yes long no ABS LMXB
26 2.3 no none no ABS AGN
27 2.5 yes long no SNR SNR?
28 2.1 yes long no XRB HMXB?
29 3.5 no none no XRB AGN
30 2.4 no none no ABS AGN
31 9.5 no long no XRB AGN
32 8.5 no none no XRB AGN

Continued on next page
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Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs ID
Hm @ G (4) (5) (©) (7) (8) (9) (10)
33 11.2 no none no XRB AGN
34 4.1 no none no XRB AGN
35 4.1 no long no XRB AGN
36 2.0 no rapid no XRB AGN
37 3.9 no none no SOFT AGN
38 1.7 yes none yes 18 MS HMXB  SOFT AGN
39 46 yes long yes 12 MS HMXB  XRB HMXB
40 0.3 yes long yes 8 RGB AGN ABS LMXB
41 0.3 yes long yes 12 RGB AGN XRB LMXB
42 0.2 yes long yes 33 MS HMXB XRB ULX
43 0.9 no long no ABS AGN
44 0.0 yes none yes 15 MS HMXB XRB HMXB
45 1.5 yes none yes 25 MS AGN ABS LMXB
46 1.3 yes long yes 3 RGB AGN XRB LMXB
47 0.9 yes long yes 15 RGB AGN SNR FS?
48 2.4 yes none yes 8 MS AGN SOFT SNR?
49 0.6 yes long yes 1 RGB AGN SNR SNR
50 2.3 yes none yes 12 RGB AGN XRB FS
51 0.3 yes none yes 0 AGN SOFT BH-LMXB?
52 1.3 no long no ABS AGN
53 0.3 yes none yes 19 RGB AGN ABS LMXB
54 0.2 yes long yes 5 RGB AGN SNR LMXB
55 0.9 yes long yes 21 MS HMXB XRB HMXB
56 0.3 yes long yes 7 RGB AGN XRB LMXB
57 0.1 yes long yes 13 MS HMXB XRB HMXB
58 6.5 no long no HARD AGN
59 1.8 yes none yes 8 RGB AGN SNR FS?
60 0.7 yes none yes 8 RGB HMXB SNR SNR
61 0.7 yes none yes 14 MS AGN SNR SNR
62 7.2 no rapid, long no SNR FS
63 0.1 yes none no ABS HMXB
64 0.8 yes none yes 20 MS HMXB SNR SNR
65 1.0 yes long no ABS HMXB
66 3.6 yes none no XRB HMXB
67 0.4 yes none yes 8 RGB AGN XRB LMXB
68 0.8 yes none no XRB HMXB
69 0.3 yes long yes 5 MS HMXB XRB HMXB

Continued on next page
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Table 4.2 — continued from previous page

Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs ID
Hm @ G (4) (5) (6) (1) (8) ) (10)
70 0.2 yes none yes 10 MS HMXB SNR HMXB
71 0.1 yes none no ABS HMXB
72 0.7 yes long no XRB HMXB
73 2.6 yes long no SNR HMXB
74 3.8 yes none no ABS HMXB
75 0.3 yes none yes 6 MS AGN ABS LMXB
76 3.5 yes none no SNR HMXB
7 1.0 yes none no SNR FS?
78 3.0 yes rapid no XRB FS?
79 3.7 yes long no XRB HMXB
80 0.0 no none no XRB AGN
81 0.9 yes none yes 5 MS HMXB ABS HMXB
82 0.2 no none no ABS AGN
83 5.6 no long no SOFT AGN
84 1.6 yes none yes 4 MS HMXB ABS HMXB
85 0.4 yes long yes MS HMXB SNR HMXB
86 3.7 yes none no ABS HMXB
87 1.6 yes long no ABS LMXB
88 1.3 yes none no ABS HMXB
89 0.2 yes long no ABS HMXB
90 3.3 yes long no XRB HMXB
91 1.1 yes long yes 5 MS AGN SOFT LMXB?
92 2.7 yes none no XRB LMXB
93 0.9 yes long yes 3 RGB AGN SNR FS?
94 3.3 no none no ABS AGN
95 2.2 yes none no XRB HMXB
96 2.7 yes none no SNR SNR
97 7.4 no long no XRB AGN
98 3.0 no long no XRB AGN
99 4.2 no none no ABS AGN
100 8.4 no long no ABS AGN
101 1.8 yes long yes 5 RGB HMXB XRB HMXB
102 8.4 no none no ABS AGN
103 3.1 no long no XRB AGN
104 2.2 yes long no ABS HMXB?
105 6.8 no none no XRB AGN
106 4.3 no long no XRB FS?

Continued on next page
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Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs ID
Hm @ G (4) (5) (©) (7) (8) (9) (10)
107 1.7 no long yes 3 RGB AGN XRB AGN
108 4.2 no none yes 2 RGB HMXB XRB AGN
109 2.5 no long yes 2 RGB HMXB XRB HMXB
110 10.6 no long no XRB AGN
111 5.4 no none yes 3 RGB AGN XRB AGN
112 0.9 yes none no SNR SNR?
113 12.2 no none no XRB AGN
114 8.4 no long yes 3 RGB AGN ABS FS
115 4.2 no none yes 0 AGN XRB AGN
116 6.2 no long yes 6 RGB AGN SOFT AGN
117 1.7 yes none no ABS HMXB?
118 2.8 no none no SNR FS
119 4.0 no none yes 1 RGB AGN ABS AGN
120 6.8 no none no SOFT AGN
121 9.6 no none yes 20 RGB AGN XRB FS
122 3.1 no long no XRB AGN
123 3.0 no none no XRB AGN
124 4.5 no rapid no ABS HMXB?
125 3.6 no none yes 3 RGB AGN ABS AGN
126 0.4 yes rapid no ABS LMXB?
127 3.6 no none no SOFT AGN
128 1.8 yes none no ABS HMXB?
129 2.6 yes long yes 4 RGB AGN SNR FS?
130 6.7 no none no XRB AGN
131 7.3 no none no ABS AGN
132 2.0 yes none yes 4 RGB HMXB SNR FS?
133 2.3 yes none no SNR SNR?
134 0.2 no long no XRB HMXB
135 1.6 yes none yes 0 AGN XRB SNR
136 4.7 no long no XRB AGN
137 1.4 no none no ABS AGN
138 4.2 yes none no SOFT LMXB?
139 4.0 yes none no SNR FS
140 0.9 yes none no XRB HMXB
141 1.7 yes long yes 3 RGB AGN XRB LMXB
142 7.1 no rapid no XRB AGN
143 2.5 yes none no ABS HMXB

Continued on next page
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Table 4.2 — continued from previous page

Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs D
Hm @ G (4) (5) (6) (1) (8) ) (10)
144 8.8 no none no SNR FS
145 4.2 no none no ABS AGN
146 4.6 yes none no XRB LMXB
147 3.4 yes none no XRB HMXB
148 3.4 no none no HARD AGN
149 13.6 no none no SOFT AGN
150 5.1 yes none no XRB HMXB?
151 13.0 no none no SOFT AGN
152 0.3 no none no ABS AGN
153 4.3 no none no XRB AGN
154 7.1 no long yes 28 1.15 AGN XRB AGN
155 1.2 yes none no XRB HMXB
156 2.8 yes long no SOFT LMXB?
157 7.8 no none no SOFT AGN
158 0.7 yes none no SNR SNR?
159 2.0 yes none no XRB HMXB
160 6.6 no none no ABS AGN
161 4.9 yes none no XRB HMXB
162 3.4 yes none no XRB HMXB?
163 4.7 no long no XRB AGN
164 5.7 no none no XRB AGN
165 4.4 no none no XRB AGN
166 9.5 no rapid no SNR FS?
167 4.5 yes none no SOFT LMXB?
168 5.7 no none no SNR AGN
169 3.9 yes none no SNR SNR
170 1.0 yes long no XRB LMXB?
171 4.0 no long no ABS AGN
172 5.2 yes none no ABS HMXB
173 5.3 no none no SOFT AGN
174 5.3 yes none no XRB LMXB
175 0.9 yes rapid, long no SNR FS?
176 0.4 yes none no HARD HMXB
177 3.7 yes none no ABS HMXB
178 1.1 yes none no XRB HMXB
179 2.6 yes rapid, long no ABS HMXB
180 5.4 no long no XRB AGN

Continued on next page
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Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs ID
Hm @ G (4) (5) (©) (7) (8) (9) (10)
181 0.1 yes none no SNR SNR?
182 2.5 no none no SOFT AGN
183 1.4 yes long no ABS HMXB
184 4.3 yes none no XRB LMXB
185 4.3 no long no ABS AGN
186 2.1 yes none no SOFT LMXB
187 2.3 yes none no SNR SNR?
188 5.6 no long no SOFT AGN
189 3.2 no long no XRB AGN
190 6.9 no long no XRB AGN

NGC 4214
1 0.8 no none no SNR FS?
2 1.5 no long no XRB AGN
3 1.8 no long no XRB AGN
4 0.0 no none no XRB AGN
5 0.6 no none no SNR FS?
6 0.6 no none no XRB AGN
7 1.2 yes none no XRB HMXB
8 0.8 no none no XRB AGN
9 0.6 no none no ABS AGN
10 1.5 yes long no HARD LMXB
11 0.0 no none no ABS AGN
12 0.1 no long no XRB AGN
13 5.2 no none no XRB AGN
14 0.6 no long no XRB AGN
15 1.3 yes none no ABS HMXB
16 0.7 yes rapid no XRB LMXB
17 1.7 no long no XRB AGN
18 1.6 no long no ABS AGN
19 1.0 no long no XRB AGN
20 1.0 yes long no ABS HMXB
21 1.0 yes long no SNR SNR
22 9.1 no long no SOFT AGN
23 0.1 no long no ABS AGN
24 10.2 no rapid no SNR FS?
25 0.9 no none no XRB AGN
26 6.1 no none no ABS AGN

Continued on next page
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Table 4.2 — continued from previous page

Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final

No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs ID
Hm @ G (4) (5) (6) (1) (8) ) (10)
27 0.9 no long no XRB AGN
28 0.9 no long no XRB AGN
29 1.1 no long no XRB AGN
30 8.1 no long no SOFT AGN
31 0.1 yes long no SNR SNR
32 1.2 no none no XRB AGN
33 7.0 no long no XRB AGN
34 2.2 no none no XRB AGN
35 1.5 no long no XRB AGN
36 1.2 no long no XRB AGN
37 4.0 no long no ABS AGN
38 2.8 no long no XRB AGN
39 3.3 no long no ABS AGN
40 0.6 no none no XRB AGN
41 2.9 no long no XRB AGN
42 3.1 yes none no SOFT SNR
43 3.4 no long no ABS AGN
44 3.8 no none yes 0 AGN SOFT AGN
45 0.1 yes none no XRB HMXB
46 0.4 no none yes 31 MS HMXB XRB HMXB?
47 4.7 no none yes 0 AGN XRB AGN
48 2.2 no long yes 15 RGB AGN XRB AGN
49 3.6 no none yes 0 AGN ABS AGN
50 1.8 no none yes 0 AGN SNR FS?
51 2.3 yes none no ABS HMXB
52 1.4 no none no XRB AGN
53 4.2 no long yes 74 MS HMXB SOFT HMXB?
54 6.3 no none no XRB AGN
55 0.4 yes none no SOFT HMXB?
56 1.0 no long no XRB AGN
57 2.2 no long yes 36 MS AGN SNR FS?
58 0.4 yes long no SNR SNR
59 0.5 yes none no SNR SNR
60 9.1 no none no XRB AGN
61 4.2 no long no XRB AGN
62 0.2 yes none no XRB HMXB
63 4.6 no long no XRB AGN

Continued on next page
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Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs ID
Hm @ G (4) (5) (©) (7) (8) (9) (10)
64 2.5 no none no SNR FS?
65 2.1 no long no ABS AGN
66 4.3 no long no ABS AGN
67 0.6 no none no XRB AGN
68 4.6 no none no SOFT FS
69 3.7 no long no HARD AGN
70 3.4 no none no XRB AGN
71 2.1 no none no XRB AGN
72 3.5 no none no SOFT AGN
73 4.8 no none no XRB AGN
74 7.1 no none no XRB AGN
75 3.5 yes long no XRB LMXB?
76 9.2 no none no XRB AGN
T 0.5 no none no XRB AGN
78 16.5 no long no SOFT FS?
79 14.2 no rapid no SNR FS?
80 7.8 no none no SOFT AGN
81 2.8 no long no XRB AGN
82 2.5 yes none no ABS HMXB
83 6.7 no none no SOFT FS?
84 4.2 no none no ABS AGN
85 1.6 no long no ABS AGN
86 2.7 yes long no SNR SNR
87 2.5 no long no XRB AGN
88 5.4 no long no XRB AGN
89 4.0 no none no SOFT AGN
90 8.5 no none no XRB AGN
91 2.7 no none no SOFT AGN
92 0.3 yes long no SNR SNR
93 0.1 yes none no ABS HMXB
94 1.2 yes long no XRB HMXB
95 0.3 no none no XRB AGN
96 4.5 no none no XRB AGN
97 0.1 yes none no XRB HMXB
98 2.9 no none no ABS AGN
99 2.8 no none no SNR AGN
100 4.3 no long no HARD AGN

Continued on next page
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Table 4.2 — continued from previous page

Source 7% Assoc. with Variability? In HST  # Optical Location Location ID. from Final
No. (kpc) galaxy? footprint? Counterparts on CMD on XCMD  HRs D
Hm @ G (4) (5) (6) (1) (8) ) (10)
101 1.4 yes none no ABS HMXB
102 0.7 no none no XRB AGN
103 4.0 no none no SNR FS?
104 84 no none no XRB AGN
105 6.6 no none no XRB AGN
106 1.4 no none no XRB AGN
107 1.9 yes none no XRB HMXB
108 7.5 no none no XRB AGN
109 3.0 no long no XRB AGN
110 3.4 no long no XRB AGN
111 5.9 no none no HARD AGN
112 13. 0 no none no HARD AGN
113 11.2 no none no SOFT AGN
114 3.6 no none no ABS FS?
115 2.9 no long no XRB AGN
116 1.6 yes none no SNR SNR

“Inclination-corrected galactocentric radius.

bVariability is classified as ‘long’-term, ‘rapid,’ or ‘none.’
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Figure 4.9: The fraction of X-ray sources classified as HMXBs, LMXBs, background AGN,
foreground stars (‘FS’), and SNRs in each galaxy.
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Chapter 5

X-RAY LUMINOSITY FUNCTIONS AND IMPLICATIONS FOR
BINARY EVOLUTION

In this chapter, I present the construction and analysis of the HMXB X-ray luminos-
ity functions (XLFs) for each galaxy. The overall shape of the XLF is a useful tool for

constraining HMXB formation and evolution models.
5.1 X-ray Luminosity Functions

For a survey covering a total geometric area A, the cumulative number of sources N(> S)

(in deg=?) can be evaluated by summing over all sources with fluxes exceeding S (in units

1

of erg s7! cm~2), weighted by the survey area, A(.S), over which a source with flux S could

have been detected:

NES)= 3 A(lsi)' (5.1)

The factor A(S) accounts for survey completeness for sources distributed uniformly over
the survey area. Although there is no reason to assume that sources associated with each
galaxy follow a uniform distribution (and we expect a higher source density near the galaxy
center), we note that the radial source distributions presented in Chapter 3 did not reveal
any major features. Uncertainties in the completeness over the survey area are likely to be
small (less than ~10%). The sensitivity maps allow the area function A(S) to be evaluated
by summing the sensitivity map over the regions where a source with flux S would be
detectable.

Although our point source detection strategy and subsequent source analysis was per-
formed over the full 0.35-8 keV energy range, we restrict our XLF analysis to the 2-8 keV
energy band. The hard band reduces contamination from foreground sources and does not

suffer from absorption to the same degree as the softer bands, leading to lower uncertainties
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in each source’s hard X-ray luminosity. Each galaxy had 2-8 keV images, exposure maps,
and sensitivity maps separately from the 0.35-8 keV analysis (see Chapter 2). The com-

pleteness levels of the luminosity functions is different for each galaxy, owing to different

035

exposure times and distances, ranging from a few x10%° erg s7! to ~1036 erg s~!. Four of

036

the five galaxies have 90% limiting completeness levels of at least 1036 erg s~! in the 2-8

keV band, with the exception of NGC 300 having a limiting luminosity of 3 x 103% erg s~!.

For easy cross-comparison between the galaxies in our sample, the low-luminosity end is

1

036 erg s71.

terminated at 3 x 1

From N (> S), the differential logN-logS distribution can be computed:

S+ AS])) — N(> S)
AS

Ns)as = YO . (5.2)

Using the X-ray source classifications determined in Chapter 4, we construct XLFs for
the strong HMXB candidates in each galaxy. Since NGC 404 has no evidence for a HMXB
population due to its lack of recent star formation, we construct the 2-8 keV XLF using
the LMXB candidates. Although we do not expect the NGC 404 LMXBs to follow the
same trends as the HMXBs identified for the star-forming galaxies, the multiwavelength
approach utilizing the resolved stellar populations to select LMXB candidates has never
been performed outside of the Milky Way. Given the resolved nature of the NGC 404 stellar
populations, it is interesting to compare the LMXB and HMXB populations selected using
the same classification method. We note that uncertainties inherent in our X-ray source
classification scheme will dominate the standard deviations of our XLF best fit parameters,
and these uncertainties are going to be higher at lower luminosities (where contamination

from background AGN will be the highest).

5.1.1 XLFs of Individual Galaxies

We fit the differential 2-8 keV XLFs of individual galaxies constructed from the HMXB

candidates with a single-slope power law:

= ALy (5.3)
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where Lzg = Lx /1036 erg s=!. We only fit the portion of the XLFs with luminosities greater
than 3x10%0 erg s=! (roughly the 90% limiting luminosity for all of our sample galaxies).
Other authors have reported a high-luminosity break in the XLF near ~10%~4! erg !
[161, 204, 275]. However, none of the galaxies targeted in our study contain such luminous
X-ray sources, so we therefore do not impose a high-luminosity cutoff in our power law
model. We note that for NGC 404, the dwarf SO galaxy with no HMXBs, we construct the
XLF from the LMXB candidates only. The NGC 404 XLF is used for comparison purposes

only, and not for determining properties of HMXB populations.

Table 5.1: X-ray Luminosity Function Fits

Galaxy Ay Yd # HMXBs®
(1) (2) (3) (4)
NGC 300 4847 1.5840.18 14
NGC 404 70421 1.737)33 0P
NGC 55 55421 2.037059 21
NGC 2403 7046 1.567011 36
NGC 4214 42410 1.544+0.17 13

“The number of HMXB candidates with
L > 3% 10% erg s7! used for our XLF fitting.
"For NGC 404, 16 LMXB candidates were used

to construct the differential XLF'.

The differential XLFs are fit using a Markov Chain Monte Carlo (MCMC) method. We
use the sampler emceeE] [157), 130], written in Python. Our approach is similar to that
described in [440]; we provide a brief summary of the method here and refer the reader to

the other cited papers for further details. emcee explores parameter space utilizing a set

1See dan.iel.fm/emcee.


dan.iel.fm/emcee
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Figure 5.1: The differential 2-8 keV XLFs for each galaxy, with the best-fit power law

superimposed. The gray shading shows the 1o uncertainty in our XLF fits.
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of “walkers” which, for each MCMC increment, takes a step in parameter space towards
another walker. The step size is selected stochastically, and after each step the posterior
probability distribution function is evaluated using Bayes’ theorem. Steps in parameter
space that increase the probability are always accepted, whereas steps resulting in a lower
probability are only sometimes accepted. In order to ensure we sufficiently explored the
parameter space for each XLF, we chose 32 walkers and random (valid) values for each
walker’s starting point. We used 750 burn-in steps and 500 chain steps per walker. The
best fit parameters for each galaxy are listed in Table [5.1] The differential XLFs, with the
best-fit power-laws superimposed, are shown in Figure [5.1

Some previous works report the slope of the cumulative XLF. Integrating the differential

XLF in Equation results in a cumulative XLF of the form

N(> 1036€rg Sil) = ngﬁ(vdil) (54)

We can define the cumulative XLF normalization A, = A4/(7y4 — 1) and the cumulative
slope 7. = 74 — 1. We fit the cumulative XLF of each galaxy using our MCMC method to
ensure that this approximation was a reasonable one: the best-fit cumulative XLF slopes
agreed with our . prediction to within ~2¢ for all five galaxies. However, the correlated
errors present in each bin of the cumulative XLF, along with the low number of data points
used to derive each XLF, make the cumulative fit parameters less reliable and harder to
interpret than the differential XLF. For the remainder of this work, we use all fit quantities
derived or approximated from the differential XLF.

A linear relationship has been observed between the cumulative XLF normalization, A,
and the SFR [275]. Figure shows the cumulative XLF normalization as a function of
SFR over the last 100 Myr (the dwarf SO galaxy NGC 404, in cyan, is shown for contrast).
We additionally show the previously-obtained best-fitting linear relationship [275], which
was derived for galaxies with typically higher SFRs than we observe in our sample. NGC 55
falls marginally above this relationship, while NGC 2403 falls slightly below it. However,
none of the star forming galaxies deviate from the observed relationship by a large factor.

Earlier works have utilized different approaches for identifying which X-ray sources are
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Figure 5.2: The cumulative XLF normalization versus SFR for the CLVS galaxies, compared
to the best-fitting linear (dashed gray line) and logarithmic (dotted gray line) relationships
found by [275].
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to be used in the construction of the XLFs [216, 275], including differences in determining
the regions used to measure source counts and covering only select portions of each galaxy.
It is therefore possible that the XLFs are contaminated by a residual LMXB contribution
from the bulges of galaxies in some studies [216], while other studies neglect the central
region of the host galaxy entirely [275]. In contrast, the multiwavelength analysis of the
resolved stellar populations associated with each individual X-ray source has enabled us to
identify the strong individual HMXB candidates in each galaxy from which our XLFs are
constructed.

Models of the XLF evolution have revealed that the slope of the cumulative XLF in
the hard X-ray band correlates with the time elapsed since a nearly-instantaneous burst of
star formation [with a SFR of 10 Mg yr~—! and lasting 20 Myr [120]. The models predict
that the “universal” HMXB XLF index of ~1.6 is achieved at ~50-90 Myr after the burst.
The HST images of NGC 300 and NGC 2403 have been used to examine the SFHs of the
resolved (coeval) stellar populations in the immediate vicinity of our HMXB candidates
[444], allowing the approximate ages of the HMXBs to be determined. The typical HMXB
age was found to be to be ~40-55 Myr, consistent with HMXB evolution models [332].
Despite having SFHs very different from those typically examined in models [e.g., [120], the
CLVS star-forming galaxies are consistent with the universal HMXB XLF and predictions

of the age at which X-ray production by HMXBs peaks.

5.2 Star Formation Histories

The exquisite HST imaging and deep Chandra imaging presented in this thesis make an
ideal data set through which the L x—SFR relationship can be investigated in the low-SFR
regime. Previous studies of the L x—SFR relationship (especially important for high-z AGN
studies) have depended on estimates of the SFR from various multiwavelength analyses.
The key advantage of our study is the use of resolved stellar photometry from HST to
calculate the SFHs of each galaxy. HST imaging of all five galaxies in our sample were
obtained through the ANGST survey [87]. Detailed analyses of the SFHs are available in
the literature: NGC 300 [I53], NGC 404 [447], NGC 2403 [448], NGC 4214 [446]. The SFH

of NGC 55 was examined as part of a study of Local Group dwarf galaxies [439].
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Figure 5.3: The SFHs of each of the five CLVS galaxies. The dashed gray lines indicate the

lifetime average SFH.

The SFHs of each galaxy are shown in Figure showing the SFR over the entire
lifetime of the galaxy (back to 14 Gyr). We define the birthrate parameter, b, as the ratio
of the total SFR in the last 100 Myr to the average SFR over the lifetime of the galaxy:

Y SFR(< 100Myr)

b= SET , (5.5)

Figure [5.4] compares the total SFR over the last 100 Myr to the birthrate parameter b
for each galaxy. All four of the star-forming galaxies in our sample show vigorous ongoing
star formation, with b parameters ranging from ~3-5, while NGC 404 has a very low value
of b (~0.15) as expected for an early-type galaxy. It is interesting to note that NGC 4214 is
classified as a “Wolf-Rayet” galaxy due to the high level of relatively recent star formation
over the last 100 Myr, despite the fact that the majority of the NGC 4214 stellar population

is old [~74% of the stellar population has ages >8 Gyr [446].
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Figure 5.4: The SFR as a function of the 100 Myr birthrate parameter, b, for the four
star-forming galaxies in this survey. The vertical dashed line shows where b = 1; i.e., where

the SFR rate over the last 100 Myr is equal to the SFR over the lifetime of the galaxy.

To determine the current SFR for each galaxy, flux measurements were made using
public GALEX FUV and Spitzer 24u images from the Local Volume Legacy survey [LVL;
88, 239]. We utilize a hybrid FUV+244 SFR calibration [I70], which uses the 24 flux to

make a dust correction to the FUV flux using the following relation:

W = LEoy + (389 x Loy, ) erg s~ (5.6)

FUV fluxes are corrected for Galactic foreground extinction [359] and E(B — V') values
[239]. The corrected FUV luminosity is then converted to a SFR using the following relation
[also from [I70],

SFRpyy (Mg yrfl) = LYy (erg sfl) x 1074335 (5.7)

which assumes a Kroupa IMF over a mass range of 0.1-100 M, [228], solar metallicity, and

a constant SFH over the past 100 Myr. Relative SFR fractions are calculated by comparing
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the integrated SF found within the HST footprints to the total SFR found within the
galaxy-wide LVL apertures.
The values of b and and the global SFRs for each galaxy are listed in Table

Table 5.2: Galaxy Sample, Star Formation Rates, and Birthrate Parameters

Galaxy Obs ID SFR b
(Mg yr1)

(1) (2) (3) (4)
NGC 300 12238 0.15 3.00+0.56
NGC 404 384, 870, 12239 <0.01  0.15+0.09
NGC 55 2255, 4744 0.22 4.16+£1.35

NGC 2403 2014, 4627, 4628, 4629, 4630 0.46 3.04+1.52
NGC 4214 2030, 4743, 5197 0.14 5.07£2.54

5.3 Observed Correlations with Star Formation

Although the CLVS galaxies span a similar range of stellar mass as previous studies of the
Lx-SFR relationship, all five galaxies have low SFRs compared to the galaxies examined in
earlier studies. We illustrate this in Figure [5.5, where the cumulative distributions of star
forming galaxies analyzed in the literature (black, [275]; gray, [L61]) are shown compared to
the CLVS galaxies. We have highlighted the locations of the five galaxies considered in this
work. All of our galaxies have significantly lower SFRs than other galaxies studied. The
CLVS galaxies additionally represent a significantly lower rate of specific star formation
(sSFR): SFR /M, (in units of 10719 yr~!) for our star-forming galaxy sample is 0.45, while
the average for the literature data is an order of magnitude larger, at 4.2 [275].

Figure [5.6| shows the cumulative XLF slope as a function of SFR for both our sample
and the sample of star-forming galaxies [216] . For the star-forming sample, we estimate
the SFR of each galaxy using empirical cross-calibration of SFR indicators [350] for either
IRAS 60p emission [283] or GALEV NUV emission [89]. The individual XLF's of the CLVS



172

cumulative fraction

04

02

0.0

0.8

0.6

NGC300

NGC4214

7 Mineo et al.
/

9.0

Il
95
log M. (M)

100

105

cumulative fraction

Mineo et al.

NGC300

NGC4214

1.00
SFR (Mgyr™)

Il
10.00

100.00

Figure 5.5: Cumulative distributions of the stellar masses (left) and SFR (right) of galaxies

examined in three Lx-SFR studies. In both panels, the [275] sample is shown in black and

the [I61] sample is shown in gray. The cumulative distribution of the CLVS galaxies are

shown by the dashed line, with the individual galaxies shown by the colored vertical lines.

Although the CLVS galaxies span a comparable range in stellar masses compared to earlier

studies (left), our sample is at the low-SFR end when compared to these other studies.
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star-forming galaxies have a mean ~y4 of 1.7 with a standard deviation of +0.2, corresponding
to a cumulative slope of ~0.7. This value is consistent with the “universal” XLF reported
in previous studies [161], (68, 275], and somewhat flatter (~ 20) than the average observed
for the star-forming sample [216] sample (7. ~ 0.97 £0.13). The only galaxy in our sam-
ple that deviates from the “universal” slope is NGC 55, which may suffer from increased
contamination in the HMXB candidate sample due to the edge-on nature of the galaxy.

The addition of the CLVS galaxies to the star-forming sample [216] shows evidence in
a decreasing trend in 7. with SFR. This trend is consistent with theoretical models and
earlier observations: initially, star-forming galaxies produce both bright and faint HMXBs,
resulting in a relatively flat XLF [416, 120]. As the HMXB populations age, the brightest
(i.e., most massive) Roche lobe-overflowing systems evolve faster, resulting in a steepening
of the XLF slope. We find the best-fit linear relationship between the cumulative XLF slope
~. and SFR to be:

Ye = (0.59 £ 0.12) — (0.25 £ 0.10)logSFR (Moyr™ ") (5.8)

We performed a Spearman rank correlation to determine the probability that this corre-
lation is genuine. We find this probability to be less than ~5%, providing marginal (~20)
evidence of a correlation. We additionally perform a two-sided KS test to determine the
probability that the observed values of v, were drawn from a uniform distribution with a
mean value of 0.97. We find this probability to be ~2%, providing marginal evidence that
the observed values of 7. were not drawn from a uniform distribution.

In Figure we compare the relationship between the number of HMXBs with 2-10 keV
luminosities above 103® erg s~ and the recent SFR for the CLVS galaxies and a literature
study of star-forming galaxies [161]. We note that sources above this luminosity threshold,
which was chosen based on the completeness limits of the galaxies in the literature sample,
will be dominated by HMXBs with X-ray production driven by Roche lobe overflow. Ad-
ditionally, this luminosity cutoff is approximately at the Eddington limit of a NS, implying
that systems with BH primaries may contribute significantly to the observed relationship.

Both previous studies found linear relationships between the number of HMXBs above 103%
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erg s~! and the SFR [161, 275], with slopes of 2.940.2 and 3.2+0.3, respectively. When
we add the CLVS galaxies, which have significantly lower SFRs, to their samples, we find
a best-fit relationship with a slope of 3.0£0.4, in agreement with both previous studies.
Fitting to CLVS galaxies alone yields a slope of 3.3+0.6.

The simplest assumption concerning the connection of HMXBs and SFR is that the
number of X-ray sources with a high-mass companion is directly proportional to the recent
SFR of the host galaxy. When the XLF is not very steep (i.e., v < 1), this assumption is
easily justified. Using the differential XLF of the form presented in Equation the n =0

and 1 moments can be computed:

ALO Lmax 1=y
Niot = Ip =~ .
N 16 (5.9
and
Liot = I = ALY ( L\ (5.10)
tot — L1 ~ 9 _ ~y LO .

where Nio: is the total number of HMXBs, Liot is the total X-ray luminosity produced
by the HMXBs, and L.« is the highest observed luminosity. Dividing equation by
equation [5.9| results in a relationship between Liot and Nyot:
l—v
Ltot = 27 Lmathot- (511)

Therefore, if the total luminosity is proportional to the SFR of the galaxy (e.g., SFR =
aLiot), then the total number of HMXBs must also scale proportionally with the SFR. This
relationship, however, is also dependent on L.x. The SFR of a galaxy may drastically

under-predict the observed X-ray luminosity if that galaxy hosts a rare, luminous HMXB.

5.8.1 The Lx-SFR Relation in the Low-SFR Regime

Understanding the L x—SFR relation is important not only for the study of HMXBs, but also
for studies of AGN at high redshift. To accurately separate the X-ray luminosity associated
with star formation from that produced by a central AGN, the Lx—SFR for HMXBs must

be constrained down to modest SFRs. The collective HMXB luminosity was computed by
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function of the SFR of the host galaxy. The gray points show the sample from [I61], and
the CLVS galaxies are shown by the colored points. The solid line is the best-fit relationship
found in [I61], while the dashed line shows the best-fit relation obtained in [275]; our low-
SFR sample is consistent with both relationships. NGC 300 and NGC 4214 are shown with

an arbitrary y-axis offset of 0.2 for clarity.



1042 i
e NGC300
NGC55
10"+ o NGC2403
o NGC4214
Grimm et al.
~ 10° ® Mineo et al.
b0
ko)
3 10%

103 -

0.01 0.1

1
SFR (Mgyr™)

10

100

177

Figure 5.8: The Lx—SFR relation. The star-forming CLVS galaxies are shown by the colored

points, while the galaxies from [275] are shown in black and the [I61] primary sample is

shown in gray. The solid line shows the best-fit relationship.



178

Table 5.3: HMXB-SFR Relation Data

Galaxy M, SFR/M. Numx Numx  NumMxB logL%
(10° My) (10710 yr=h) (L >10%7) (L > 10%®) (ergs™)
(1) (2) (3) (4) (5) (6) (7)

NGC 300 4.3 0.35 57 2 1 38.34
NGC 404¢ 0.69¢ <0.01 21 13 0 38.73
NGC 55 30° 0.07 42 2 1 38.33
NGC 2403 19/ 0.24 54 37 2 39.31
NGC 4214 1.5°9 0.93 16 9 1 38.57
CLVS average”  13.7 0.40 42 12.5 1.3 38.85

“The total X-ray luminosity in the 0.35-8 keV energy band of the HMXB candidates;
®[327]; “For NGC 404 we report the number and luminosity of LMXB candidates;
4[@00); ©[@9]; f[95); 9[210]; " Average values are reported for the star-forming galaxies
only (excluding NGC 404).

summing the luminosities of our individual HMXB candidates. Because of our efforts to
reach similar depths for all galaxies, the limiting luminosities only vary by a factor of ~5.
Since this difference in limiting luminosity affects only the faintest detectable sources, the
contribution to the collective HMXB luminosity will be small, < 2%.

Figure [5.8|shows the Lx—SFR relation for the CLVS galaxies compared to the literature
samples (gray points, [161]; black points, [275]). We derived best-fit Lx—SFR relationships
using our sample combined with the star-forming galaxies from the literature. In both cases,
the value of the power law index is consistent with unity; we therefore fix the index at 1

and obtain the best-fitting linear relation:

Lx = (2.3+0.3) x 10% erg s7'x SFR/ (Mg yr ). (5.12)

When we fit the CLVS galaxies alone, the luminosity factor is (2.740.5) x10%? erg s7!. These
results are consistent with that found in previous studies, including the relations found by

including galaxies with AGN components and higher redshifts than we considered here [190,
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and references therein].

This result is notable for two reasons. First, unlike previous studies, our SFRs were
derived from resolved stellar photometry and detailed SFHs for each galaxy, as compared to
the star formation indicators used in other works. Second, our relationship was derived using
only the strong individual HMXB candidates. The fact that our Lx—SFR relation agrees so
well with that found in other works, where the contribution from contaminants (background
AGN, foreground stars, etc.) were subtracted out in a statistical sense only, suggests that
our X-ray source classification scheme is recovering a significant fraction of HMXBs in each
galaxy (and that the statistical corrections work reasonably well for high-SFR galaxies).

Although it has been noted [161],[152] that the Lx—SFR may be non-linear in the low-SFR
regime (i.e., SFR< a few My yr~!), we do not observe any evidence for this in our sample
(with SFRs down to ~0.1 M yr~!). The non-linearity of the Lx—SFR relation is likely the
result of small number statistics and observer bias, suggesting that statistical corrections are
less reliable in the low-SFR regime. Furthermore, previous studies have utilized the Chandra
archive to obtain data, and these observations may have been selectively performed because
the host galaxies were known to have high SFRs and high X-ray luminosities. In contrast,
our survey is volume-limited and designed to match existing HST observations. As a result,
the CLVS galaxies are significantly less X-ray luminous and have lower SFRs when compared
to earlier studies, thereby providing a useful probe of the Lx—SFR relation in the low Lx
and low SFR regime.

As evidenced by Figure only a small number of X-ray sources are responsible for the
observed Lx—SFR relationship in star forming galaxies. We have investigated at what level
the lower-luminosity XRBs, which form the dominant population by number, contribute to
this relationship. For each galaxy, we compute the luminosities for which 90% of the XRB
populations are fainter than (which we refer to as Lggy,) and which 50% of XRBs fall below,

Lggo. The percentile luminosities are defined by

Lp% Lmax
/ f(L)dL = p%/ f(L)dL, (5.13)
L

Lmin

min

where f(L) are the XLFs constructed in Section We assume Ly, = 3 x 10%6 erg
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s~ (roughly the 90% completeness limit for all five galaxies), Lyax was set to the highest
luminosity observed in each galaxy’s HMXB population (typically a few 103® erg s=1).
There is a slight trend towards higher percentile luminosities with SFR, shown in Fig-
ure although it is not significant (a Spearman rank test yields p = 0.5). The average
values of Lggy, and Ly, are 9x 1037 erg s~! and 3 x 1037 erg s™!, respectively. Qualitatively,
these estimates support the theoretical prediction that the formation of bright HMXBs (with

03® erg s—1) is uncommon in galaxies [195] 20, 29], and illustrates

Lx greater than a few 1
that the observed L x—SFR relationship is being driven by less than 10% of the host galaxy’s
HMXB population. However, the uncertainties in the percentile luminosities are quite large

(logLeyy ~0.5), as they depend sensitively on number of sources observed.

5.4 X-ray Binary Formation and Evolution

5.4.1 HMXB Formation Efficiency

HMXBs are a ubiquitous feature of recent star formation. More specifically, HMXBs are
the direct result of massive star formation, which have a significantly higher rate of forming
in binaries or multiple star systems than solar-type stars [see 469 265, and references
therein]. However, in order to form an HMXB, the progenitor binary must survive the
SN explosion that occurs when the more massive companion dies and maintain orbital
parameters conducive to mass transfer onto the resulting compact object. Constraining the
efficiency of HMXB formation (e.g., the probability that a given massive binary will produce
an HMXB) can therefore provide useful insight into the evolutionary pathways that must
be taken by a progenitor massive binary in order to form an HMXB.

Simultaneously measuring the number of HMXBs and OBs stars in a given galaxy is
highly challenging, as deep multiwavelength observations of the resolved stellar population
are required. To date, such studies have focused only on the Milky Way [247, 248] and
the Magellanic Clouds [166] 259] [73, 4]. A correlation between the ratio of the number of
HMXBs to OB stars and the SFR at the age of maximum Be-star production (~ 42 Myr)
was directly observed in the SMC [6], as well as in NGC 300 and NGC 2403 [444].

In addition to being able to identify strong HMXB candidates down to a limiting lumi-
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nosity of Lx ~ 1036 erg s7! with Chandra, our HST observations reach a depth of My ~ 0
for each galaxy, making it possible to resolve individual O and B-type main sequence stars.
To estimate the number of OB stars present in each HST field, we select stars with V — I <
the reddening of each galaxy, typically ~0.03-0.11 (corresponding approximately to the
V — R color of an A0 main sequence star) and absolute magnitudes F'555/W < —1 in each
HST exposure for the four star-forming galaxies in our sample. This cut corresponds to a
minimum detectable stellar mass of ~3 M in each galaxy. We then count the number of
HMXB candidates present within each HST field. The relationship between the number of
HMXBs and number of OB stars is shown in Figure [5.10

The number of observed HMXBs increases with the number of OB stars present in each
field. We fit a linear relationship to this trend:

nixs = (0.4£0.1) (”OB) .

105 (5.14)
This relationship provides an estimate of the efficiency at which OB stars form HMXBs:
only ~1 HMXB (with Ly > 103¢ erg s!) forms for every ~3,800 OB stars that form. We
note that the observed OB stars in our observations are not the direct progenitors of the
observed HMXBs (although some of the observed systems may potentially form HMXBs
later in their evolution). Instead, the observed OB stars are likely less massive than those
that formed the HMXBs. A true HMXB efficiency factor must include the shape of the
IMF at high stellar masses (e.g., for our observations, above ~3 Mg) as well as the IMF of
the secondary star in the massive binary.

Nonetheless, the SFRs of our sample galaxies over the last ~100 Myr (from the resolved
star formation histories) indicate that these galaxies have been actively forming massive
stars over a time period which we would expect to see HMXB formation. Given equa-
tion we can roughly estimate the formation fraction of bright HMXBs from primordial
massive binaries to be ~0.03%.

We note that our HMXB candidates all have X-ray luminosities greater than ~10%6 erg
s~!. We therefore attempt to estimate the efficiency at which lower-luminosity HMXBs form

from primordial OB binaries. HMXBs in the SMC follow a single, unbroken power law down
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Figure 5.10: The number of HMXBs observed by Chandra as a function of the number of
OB stars observed in each HST field. HST fields that did not contain any strong HMXB
candidates are shown by the gray upper limits. The dark gray dashed line shows the best-fit

linear relationship between the number of OB stars to HMXB candidates.
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1 with a differential index of ~0.50, still roughly consistent with the

to Lx ~ 103 erg s~
universal XLF slope [374], although binary simulations suggest the XLF may flatten at very
low X-ray luminosities [<1033 erg s71;[29]. If we assume the “universal” XLF extends down
to ~103* erg s~!, we find the number of predicted HMXBs increases by a factor of ~16. We
therefore expect 1 HMXB (with Ly > 1034 erg s71) to form for every 240 primordial OB

binaries, or ~0.4% of the time.

5.4.2 Timescale of the X-ray Luminous Phase

We can use our cumulative HMXB XLFs of the star-forming galaxies in our sample to
estimate the fraction of compact objects that went through an “X-ray luminous” phase
(Lx > 10% erg s7!). Past attempts to measure this quantity have relied on indirect
measurements of the SFR and the number of HMXBs with luminosities > 10%® erg s~! [275].
The SFRs of the low mass galaxies considered here is low compared to these earlier studies,

resulting in fewer HMXBs with luminosities above 103% erg s=1.

However, our survey is
sensitive to much lower limiting luminosities than previously accessible. We therefore chose
to use the average cumulative XLF of the star-forming galaxies to constrain the fraction of
binaries that underwent an HMXB phase.

To construct the average cumulative XLF, we weighted the two fit parameters (normal-

ization A and slope 7) by the SFR of each galaxy, so that

(4) = % (5.15)
and
(7) = %- (5.16)

We find average differential XLF parameters (y4) = 1.67 £ 0.11 and (44) = 59 £ 6. In-
tegrating Equation yields the number of HMXBs Ny, for four galaxies, with X-ray

luminosities greater than 103° erg s~

Nx (> 10*%erg s71) & 410 =+ 50. (5.17)
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This value corresponds to ~103 HMXBs per galaxy. The corresponding relationship in [275]
predicts ~32 HMXBs (assuming a mean SFR of 0.24 Mg, yr~! for our sample) per galaxy.
Our estimate of the number of HMXBs with a luminosity >10%° erg s=! is 2.40 higher than
predicted in [275].

The total number of luminous HMXBs present at any given time depends on four pa-
rameters: the fraction of the birth rate of compact objects (NCO), the fraction of compact
objects that are in massive binaries (fpin), the fraction of binaries that undergo an X-ray
luminous phase (fx), and the average duration of the X-ray luminous phase (7x). We

therefore can write:

Nx ~ Neo foinfxTx. (5.18)

We can assume the birth rate of compact objects is roughly equal to the birth rate of
massive stars (i.e., those stars with m > 8 Mgy). A Kroupa IMF [22§] predicts ~1% of stars
form with masses sufficient to form a compact object; therefore, the birth rate of compact

objects is:

Neo ~ 1072 x SFR (Moyr ™). (5.19)

Using the mean SFR from our galaxy sample (0.24 Mg, yr—!), we estimate Neo ~ 2.4x 1073
compact objects per year.

The duration of the X-ray luminous phase depends on the nature of the HMXB compo-
nents and the accretion mechanism. Observations of the Milky Way and Magellanic Clouds
suggest HMXBs can be separated into two broad classes: those with supergiant OB-type
companions, and those with a rapidly rotating Be companion [BeXBs; [248]. Approximately
2/3 of HMXBs are BeXBs [309]. While the most luminous HMXBs are powered by Roche-
lobe overflow from the stellar companion into an accretion disk around the compact object
[i.e., NGC 300 X-1,37], the compact objects in a vast majority of lower-luminosity sources
(<1037 erg s™!) are accreting material directly from the stellar winds of their companion
[309] [341]. Theoretical models suggest that the HMXB phase lasts ~10*~5 years [418), 29].

We can now use our estimates for the number of X-ray luminous HMXBs Ny, the birth
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rate of compact objects Neo, and the the typical SFR for galaxies in our sample to find the

fraction of binaries that experience an X-ray luminous phase:

-1
Foindx ~ (0.4%0.1) <1OT;;Y> . (5.20)

In other words, we find that 30-50% of evolved massive binaries become X-ray sources
with Ly > 10% erg s~!, with a characteristic lifetime of 10° years.

In Section [5.4.1] we utilized our matched HST observations to directly measure fui, fx
in each field containing an HMXB candidate down to ~103¢ erg s=!. When we repeat the
above exercise for a limiting lower luminosity of 1036 erg s=!, the factor in equation
becomes 0.3+0.1, consistent with our result here.

We would like to stress that the OB stars observed in our HST imaging are not the
progenitors of the observed HMXBs, with the exception of a small handful of optical coun-
terpart candidates. The observed OB stars either formed at the same time as the HMXB
progenitors, but with a mass too low to form an HMXB, or have formed more recently. In
this section, we considered only stars born with a mass sufficient to form a compact object
(>8 Mg), while our HST observations are capable of detecting individual stars down to ~3
Mg. A Kroupa IMF predicts ~1% of stars will form with a mass >8 Mg, while ~3.5% of
stars will form with >3 Mg.

We therefore estimate that 1 HMXB (with Lx > 1036 erg s7!) forms for every 3800
stars with a companion of mass > 3Mg, while ~40% of evolved massive binaries experience

a luminous HMXB phase at some point during their evolution.

5.4.8 The Mass Distribution of the Stellar Companions

Observations of HMXB populations can be used to place constraints on the mass ratio
distribution of evolved massive binaries. The fraction of X-ray luminous systems (which

03 erg s~1) must be less than or equal to the fraction of binary

we here define as Ly > 1
systems with a compact object and a massive stellar companion [typically > 5Mc); [167].
The Kroupa IMF [22§] over a mass range of 0.1-120 M, predicts ~2% of stars have

masses greater than 5 My. However, in Section we estimated ~40% of massive binaries
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capable of forming an HMXB will produce X-rays at some point in their lives. Thus,
the measured fraction of X-ray producing HMXBs is larger than the predicted fraction of
binaries with stellar companions capable of powering this X-ray emission by a factor of
~20. This discrepancy suggests that the mass distribution of the HMXB secondary stars is
significantly different from a Kroupa IMF, which is not surprising since the masses of the
secondaries increase as they accrete from their more massive companion.

If we assume a general power law model for the mass distribution of the stellar compan-
ions, ¢(ma) x m,“, we can estimate the power law index required by our X-ray observa-
tions. Setting the fraction of HMXB stellar companions ¢(mg > 5 Mg) equal to the X-ray
luminous fraction derived in equation we can constrain the power law index a < 0.3.
This is significantly flatter than the high-mass power law index of the Kroupa IMF. Our
observations strongly exclude the possibility that the masses of the stars in HMXBs are
independently drawn from a Kroupa IMF. This result is comparable to the direct measure-
ments of the companion mass distribution observed in star clusters and associations, where

a=0.4-05 [272,339).

5.4.4 Duty Cycle of X-ray Variability

With the exception of NGC 300, for which we have only a single “snapshot” observation,
all XLF's discussed in this work were created from the merged image of multiple Chandra
observations. Since compact X-ray sources are known to be variable, especially at luminosi-
ties below ~1037 erg s~!, the faint end of the XLFs could be affected by the fraction of time
each X-ray source spends in a high-luminosity or “burst” phase (i.e., the duty cycle). More

formally, the duty cycle (DC) is defined as:

Ty

DC= ',
Tb+Tq

(5.21)

where T}, is the total time the system spends bursting and T; is the total time spent in
quiescence.
We searched our catalog for HMXB candidates that exhibited a change in flux of an order

of magnitude or more over multiple observations. We found five such objects from NGC 2403
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Figure 5.11: Cumulative histogram of the duty cycle upper limits for HMXBs exhibiting a

change in flux greater than an order of magnitude.

and NGC 55, with a total of seven Chandra fields and five XMM-Newton fields, for which we
were able to estimate an upper limit on the DC. This estimate assumes that the observed
“burst” lasted the duration of the exposure where the flux was elevated (T3). Although it
is likely that these “bursts” occurred over some fraction of the exposure time, for our low-
count data we were not able to reliably determine if an outburst occurred for only a portion
of a given observation. All exposures during which the source was either not detected, or
detected to be a least an order of magnitude fainter than the peak luminosity, were taken to
be the quiescent time (7). If we assumed that all the time between observations was spent
in quiescence, the DC becomes ~0.2%. The cumulative distribution of DC upper limits is

shown in Figure The median value of DC for our (albeit small) sample is <41%.

Observations suggest that DC~ 3-10% for many subclasses of variable XRB systems
[100) 132 349]. In both HMXBs and LMXBs, outbursts are thought to originate from
thermal disk instabilities when the mass transfer (MT) rate is lower than the critical rate,

Meyie [423), 219, 111], 271]. Unfortunately, the details of these models are not well under-
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stood, making it impossible to directly calculate the DC from first principles. Studies of
dwarf novae [I07] undergoing similar outbursts due to disk instability have resulted in an

approximate equation for the DC,

DC ~ (Md/Mm,ff, (5.22)

where My is the mass loss rate from the donor star. Our median DC implies a mass-loss
rate from the companion star is <64% the critical rate.

We next expanded our analysis to include all HMXB candidates showing evidence for
long-term variability. The majority (~82%) of these sources have luminosities in the range
of 1036737 erg s71, as is expected for Type I outbursts from HMXBs containing a NS primary
and a rapidly rotating Be companion [309, [341]. BeXBs are the most common variety of
HMXB, making up ~ 70% of all HMXB systems [309]. Since the X-ray production is
caused by the periastron passage of a NS in a moderately eccentric orbit (e ~ 0.3), this
variability occurs on timescales comparable to the orbital period of the system (usually
tens to hundreds of days). We therefore consider it likely that the majority of the variable
HMXB candidates are BeXBs undergoing a Type I outburst.

The low DC implies that only a small fraction of the X-ray-variable XRB population is
expected to be represented in a single “snapshot” XLF'. Ideally, the DC of the XRBs detected
in the CLVS galaxies and their effect on the XLFs could be constrained by constructing
XLFs from individual exposures. The effects of variability on the shape of the XLF have
been investigated for the Antennae [466] and for the starburst galaxy M82 [68], but have only

037 erg s~!. Although there is some indication that

reached a limiting luminosity of a few x1
shorter exposures (e.g., with a higher limiting luminosity of ~ 1038 erg s7!) yield steeper
XLFs, this result is not statistically significant. Unfortunately, the individual observations
for the CLVS galaxies span a wide range of exposure times (and, correspondingly, limiting

luminosities), making it impossible to construct homogeneous individual XLFs that probe

the luminosity regime in which we are interested (< 1037 erg s71).
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Chapter 6
INDIVIDUAL X-RAY SOURCES OF INTEREST

In this chapter, I present a summary of three interesting, individual objects that resulted
from the Chandra Local Volume Survey. These studies were made possible by obtaining the
two new Chandra observations of NGC 404 and NGC 300 for the CLVS.

First, I will discuss the NGC 404 central engine. Then, I will describe two off-nuclear
point sources in NGC 300: SN 2010da and NGC 300 X-1.

6.1 The NGC 404 Central Engine

NGC 404 is the nearest SO type galaxy to the Milky Way and the closest galactic nucleus
to be classified as a low-ionization nuclear emission-line region [LINER, [I80]. Many recent
studies have successfully linked LINERs to AGN activity; for example, the detections of
X-ray cores [112] [128, [156] 467, [155], radio cores [287], and mid-IR coronal lines [356] are
all indicative of an accreting black hole (BH) energy source.

It is well established that the nuclei of active galaxies exhibit a broad range of luminosi-
ties, from the most energetic quasars to more modest Seyferts. AGN with nuclear X-ray
luminosities below ~10*! erg s~! are classified as low luminosity AGNs [LLAGNs, 226], and
are the most common variety of AGN observed in the local universe. About 30% of all
nearby bright galaxies exhibit LLAGN activity, and many host LINERs [180].

While the observed nuclear X-ray luminosity of NGC 404 is low, only a few times 1037
erg s~! [119], the presence of a LLAGN in NGC 404 remains ambiguous. At low nuclear
luminosities, several alternative explanations for the power source have been investigated,
such as circumnuclear starbursts [154 [76], shock heating by supernovae (SNe) in a high-
density environment [3, [300], and photoionization by very hot O stars [398]. Moreover,

a number of studies of the SEDs of weak AGNs in LINERs find that the AGN does not

produce enough photons to power the emission lines [e.g., [179] 118, and references therein].
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The nuclear X-ray luminosity of NGC 404 is consistent with that of a single high mass
X-ray binary (HMXB) or a giant star-forming region such as 30 Doradus [432], and the
soft X-ray emission is consistent with a hot gas origin, potentially blown out by a compact
starburst or SNe. No radio core has been observed in NGC 404 at 15 GHz [to a limiting
flux of 1.4 mJy, 287], however an unresolved 3 mJy continuum source is detected at 1.4
GHz [101], comparable in luminosity to the Crab Nebula. A compact X-ray source was
previously detected in the central region of NGC 404 [246, [119], but its low luminosity and
soft thermal spectrum indicate a possible starburst event origin. Mid-IR observations of the
NGC 404 nuclear region show high ionization lines consistent with AGNs [356]; however,
the [Ne V] lines (a more reliable indicator of AGN activity) are not detected [I].

Additionally, HST observations show Ha emission occurring in both a compact source
0”16 north of the nucleus and in structures reminiscent of supernova remnants [31§], and
[O III] emission originates from a double-lobed structure along the major axis of the galaxy
[315] with a higher velocity dispersion than the central Ha emission [45]. While the UV
spectrum of the nucleus reveals signatures of O stars, the dilution of the lines suggest that
~60% of the UV flux may originate from a non-thermal source [262]. The observed level of
UV variability [the UV emission declined by a factor of three between 1993 and 2002, 263]
provides the strongest evidence for the existence of an accreting, massive black hole in the
NGC 404 nucleus.

Analysis of NICMOS data [335] reveals a nuclear star cluster (NSC) within the central
arcsecond of NGC 404. NSCs are present in ~70% of galaxies [I58, 285], independent
of the host galaxy morphology [41] 57, 81], and are considered to be the foundation of
circumnuclear starbursts and supernovae that could drive LINER activity [273, 403}, 63].
However, if NGC 404 is dominated by star formation, the rate is exceptionally low, with
only two to six O stars being sufficient to explain the observed luminosity [I0I]. Dynamical
modeling of stellar and gas kinematics in the nucleus [363] provide mixed evidence for the
presence of a SMBH. They derive a firm upper limit of ~ 106 M, and a best fitting gas
dynamical mass of 4.5f§:g x10° Mg, (30 errors). Although other low-mass galaxies have been
identified as candidate IMBH hosts through reverberation mapping [i.e., NGC 4395; 311]

and indirect mass measurements [i.e., by narrow optical line measurements; [159], NGC 404
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could be, if confirmed, the lowest-mass central BH ever dynamically detected in the center
of a galaxy.

With both a NSC and possible IMBH, the nuclear region of NGC 404 is a complicated
environment. However, NGC 404 provides an ideal test case to address several key questions
relating to LLAGN activity: is there an intrinsic lower limit to the luminosity of the AGN
phenomenon, and what fraction of LINERs are powered by stellar processes versus those that
host a dwarf version of more powerful Seyferts and quasars? Deep, high spatial resolution
X-ray observations can potentially resolve many ambiguities surrounding the NGC 404
nucleus, such as the morphology of the X-ray emission, the shape of the X-ray spectrum,

and the variability properties of the source.

6.1.1 Imaging

We searched for potential optical counterparts using optical observations in the Hubble
Legacy Archive, but were unable to unambiguously identify any optical sources within the
HST field of view coincident with our X-ray point sources. The nuclear region of NGC 404
has been detected with 2MASS (J = 11.5, H = 10.6, K = 10.6), which was used to align the
X-ray and optical images (see Chapter 2). We thus conclude that our residual systematic
uncertainty in absolute pointing is conservatively 0”4.

We co-added the available Chandra observations to investigate the morphology of the
NGC 404 X-ray emission. Earlier work [I19] saw evidence for extended soft X-ray emission
as far out as 10” (~0.15 kpc) from the nucleus, with potential shell-like structures suggestive
of a hot gas superbubble (see the discussion by Chu & Mac Low 1990).

We divided our Chandra image into three energy bands: soft (0.3-1 keV), medium (1-2
keV), and hard (2-7 keV). Each image was adaptively smoothed using csmoot}ﬂ Figure
shows a smoothed RGB rendering of the NGC 404 nucleus. The image shows a hard core,
coincident with the optical and radio center of the galaxy, and soft surrounding emission.
Extended X-ray emission is detected out to ~15” (~0.2 kpc). We additionally see a soft

source not detected in optical images, ~10” northeast of the nucleus. For comparison, the

!See http://cxc.harvard.edu/ciao/ahelp/csmooth.html


http://cxc.harvard.edu/ciao/ahelp/csmooth.html
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Figure 6.1: Adaptively smoothed image of our Chandra observation of the NGC 404 nuclear
region. This rendering emphasizes the hard nuclear point source and the soft extended region
in the center of the galaxy, as well as a super-soft X-ray source ~10” to the northeast of
the nucleus and low levels of diffuse emission out to ~15”. Red = 0.3-1 keV, green = 1-2

keV, and blue = 2-7 keV.

NSC extends out to 0’7 [~10 pc;[363], and the disk scale length of NGC 404 is ~130" [~2 kpc;
[11]. The adaptively smoothed 0.3-1 keV and 2-7 keV images, with contours superimposed,
are shown in Figure to emphasize the compact nature of the hard central source.

We next used the smoothed soft and hard energy images to construct a hardness ratio
map of the NGC 404 nuclear region (Figure . We define a hardness ratio HR = (hard-
soft)/(hard+soft); dark areas in the hardness ratio map correspond to softer X-ray emission,
while light regions indicate hard emission. There is clearly a point-like region of hard
emission, coincident with the location of the NSC, surrounded by an extended area of

predominantly soft X-ray emission.
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Figure 6.2: The left panel shows the smoothed 0.3-1 keV emission, and the right panel
shows the smoothed 2-7 keV emission. The red contours are set to the same levels for both
images. The soft, 0.3-1 keV contours show extended, asymmetric emission, while the hard

2-7 keV contours are consistent with a point source origin.
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Figure 6.3: The smoothed hardness map of the NGC404 nuclear X-ray emission. Dark
regions indicate soft emission, while light regions indicate hard emission. A hard point

source is clearly visible within a region of extended soft emission.
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Figure 6.4: The HST Ha-I color map of the NGC 404 nucleus with HR map contours
superimposed (red). Dark regions in the map are likely associated with areas of younger
stars, and appear to coincide with the soft, extended X-ray emission region seen in our HR
map and RGB rendering. The center of the radio emission is shown by the yellow cross,

and coincides with the center of the hard nuclear point source.

In Figure we show a Ha-I color map of the NGC 404 nuclear region [363], with
contours from our HR map overlaid. Dark regions on the Ha-I color map correspond to
regions with high Ha flux, likely associated with young stars. We find one such region is

coincident with soft, extended X-ray emission seen in our RGB rendering.

6.1.2 Timing

We find no evidence for long-term (~10 year) variability; our best-fit 0.5-2 keV luminosity
(~10%7 erg s~!, see next section) agrees with previous observations [I19]. We generated
light curves in four energy ranges (the total 0.3-10 keV band, and the soft, medium, and

hard bands described above) to search for short-term variability over the course of our 97
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ks observation. We generated cumulative arrival time distributions of counts for each light
curve, then ran a two-sided KS test against the expected cumulative arrival time distribution

for a constant count rate.

Figure [6.5| shows the cumulative arrival time distributions for our total 0.3-8 keV light
curve and the hard 2-7 keV light curve. As summarized in Table we found no evidence
from our KS tests for variability at energies softer than 2 keV; however, our hard light
curve yields a KS chance probability of 5.8x107%. Both AGNs and XRBs exhibit strong
and rapid variability; the apparent detection of hard X-ray variability on time scales of ~1
day therefore lends support to the idea that the NGC 404 nucleus hosts an accreting object.
Detailed spectral fitting (described in the next section) is needed to constrain the nature of

the compact accreting object further.
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Figure 6.5: Cumulative arrival time of counts during the observation. The dashed lines
represent the predicted arrival times assuming a constant count rate. The left panel is for
the total 0.3-8 keV light curve, and is consistent with a constant count rate. The right panel

is for the hard 2-7 keV light curve, and shows evidence for variability.
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Table 6.1: NGC 404 Temporal Variability as a Function of Energy

Energy range (keV) Net Counts K-S chance probability

(1) (2) (3)

0.3-10 1237 0.756

0.3-1 487 0.811
1-2 261 0.365
2-7 220 5.8x107*

6.1.3 X-ray Spectral Fitting

Hard X-ray spectra of LLAGNs in LINERs are typically well represented by a two-component
model: a power-law component plus soft thermal emission [399], and the Ha luminosities
of LINERs are positively correlated with the X-ray luminosities in the 2-10 keV band (Ho
2001). To test whether the NGC 404 nucleus is consistent with being a LLAGN, we use
our observation with archival Chandra ACIS-S observations to perform spectral fitting in
the 0.3-8 keV energy band. The total nuclear region (<17”) of NGC 404 contained ~1200
counts.

Our imaging analysis of the NGC 404 nuclear region indicated the presence of two
distinct regions within the nucleus: a hard point source coincident with the optical and
radio center of the galaxy, and a soft, extended region likely associated with an area of
recent star formation. Using our HR contours and Ha-I color map, we extracted spectra
using elliptical regions for each of the two distinct sources, with an elliptical area of 11
square arcseconds for the hard point source and 27 square arcseconds for the soft extended
source. The hard nuclear point source contained ~500 counts, and our soft, extended region
contained ~90 counts.

All our models fix an absorption component due to the Galactic column and an intrinsic
absorption inferred from optical extinction [359]. We find no evidence in our spectral fitting
for additional absorption, and we find no evidence for the presence of a reflection component
in any of the 0.3-8 keV spectra. We use the mass-metallicity relation derived in [404] to
estimate the NGC 404 metallicity to be 12 + log(O/H) ~8.6-9 (i.e., near solar abundances).
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We first attempted to model the soft, diffuse emission as a power law, a disk blackbody,
and a thermal plasma. We find the thermal plasma model provides the best fit, with C'/dof
= 5.5/4 and a goodness of 51% for kT" = 0.67£0.11 keV and abundances fixed at their solar
values. The 0.3-10 keV luminosity of the soft X-ray emission is (2.540.2) x 1036 erg s7!,
with an estimated 2-10 keV luminosity of 8.8fg:§x1034 erg s~'. Our data are consistent
with the idea of gas being ejected from the central region in a superbubble.

We attempted to model the hard, nuclear point-source as a simple power law, but
were unable to obtain an acceptable fit (C/dof = 33/25 and a goodness of 76%). Single-
temperature thermal plasma models, with abundances either fixed at their solar values or
allowed to vary, additionally did not result in acceptable fits (C'/dof = 68/25 for Z/Z, fixed
at solar, and C'/dof = 42/24 with Z/Z <0.05). Two-temperature thermal plasma models,
with abundances fixed at solar values or allowed to vary, severely over-parameterized the
data. We find a goodness of 0.4% with C/dof = 11/23 for our model with Z/Zs = 1, and
a goodness of 0.3% with C/dof = 11/22 for Z/Z <0.06.

We next attempted to model the hard, nuclear point source as a power law contaminated
by thermal emission from the soft, diffuse X-ray source. For each fit, we fixed the thermal
plasma temperature to be within the 90% confidence interval of our best-fit model to the soft,
diffuse source. Abundances were kept fixed at solar values. We find the hard, nuclear point
source to be best described by kT = 0.78 keV, with a power law photon index I'" = 1.88:’8:%2
contributing to ~72% of the total 0.3-8 keV photon flux and C/dof = 21/24. We find a
0.3-10 keV luminosity of 2.4f8:1 x 1037 erg s~ and a 2-10 keV luminosity of 1.2f8:1 x 1037
erg s~1. Although the fit moderately over-parameterizes the data (the goodness command
yields 21%), this model produces our best fitting parameters and is consistent with our
imaging analysis.

Finally, we applied the results of our spectral fitting to the soft, diffuse emission and
the hard, nuclear point source to model the entire nuclear region of NGC 404 as a power
law contaminated by thermal plasma emission. We assume the best-fit thermal plasma
temperature (0.67 keV) from the soft, diffuse emission and the best-fit power law photon
index (I' = 1.88) from the hard nuclear point source. We find the power law component

contributes ~55% of the 0.3-8 keV photon flux, with C/dof = 124/126 (goodness = ~30%).
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Table 6.2: Best-Fit Spectral Models for the NGC 404 Central Engine

Region Best-Fit Model Parameter Best-Fit Value
(1) (2) 3) (4)
kT 0.6740.11 keV
C/dof 5.5/4
soft, diffuse emission thermal plasma goodness 51%

Los—10  (2.540.2)x10%¢ erg s7*

L2_10 8.8794%103* erg s7*
kT 0.78 keV (fixed)
r 1.887035
frac. PL 72%

hard, nuclear point source power law + thermal plasmaC'/dof 21/24
goodness 21%
Loz—10 24757 x 10%7 erg s+
L2190 1.2707 x 10%7 erg s*
kT 0.67 keV (fixed)
r 1.857030
frac. PL 55%

total nuclear region power law + thermal plasmaC'/dof 124/126
goodness 30%
Lo.s—10 3.0757 x 10°7 erg s7*

Ly_10 1.3708 x 10°" erg s™*
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To estimate the errors on the power law photon index, we find the best-fit value of I' when
the thermal plasma temperature is set at our 90% confidence interval lower limit (0.56
keV) and upper limit (0.78 keV). We find a best-fit photon index I' = 1.8570-3 using this
approach. We calculate the 0.3-10 keV luminosity to be 3.0Jj8:g x 1037 erg s7! and a 2-10
keV luminosity of 1.3f8:§ x 1037 erg s71.

The results of our spectral fitting are summarized in Table Figure 6 shows the
0.3-8 keV spectra for the soft, diffuse emission, the hard nuclear point source, and the
total nuclear region (with our best-fit models superimposed). The presence of a power law
component in the NGC 404 nucleus, in addition to variability in the 2-7 keV emission, lends
support to the idea that the NGC 404 nucleus hosts an accreting black hole, but its low

luminosity (on the order of a few times 1037 erg s~!) is comparable to that of a single XRB.

6.1.4 Discussion

By modeling the hard nuclear point source and diffuse soft emission found in the NGC 404
nucleus separately, we are able to resolve the ambiguity of the X-ray emission: a hard point
source provides a power law component, and extended, diffuse gas supplies the thermal
plasma emission.

The Eddington luminosity is defined as Lgqq = 1.3x103 (Mpy/My) erg s~1, and the
Eddington ratio £ is commonly defined as & = logio(L/Lgqq), where the bolometric lu-
minosity L is typically estimated as L/Lgo_95kev = 16 for AGNs (Ho 2008), whereas the
bolometric correction factor for XRBs is roughly 2-5 times lower than for AGN [457]. The
relationship between the X-ray power law photon index I' and Eddington ratio has been
investigated for XRBs [457] and LLAGNs [78]. An anticorrelation is found for LLAGNS,
whereas a positive correlation is observed for XRBs and luminous AGNs [431], [370].

We estimate £ for NGC 404 assuming the black hole is an XRB, with Mgy ~10 Mg,
and an IMBH AGN, with Mgy ~ 10° M. In Figure we use our best-fit photon index
for the hard nuclear point source and estimates of ¢ to compare our NGC 404 data to the
observed relationships for both XRBs and LLAGNSs from [457] and C+09, respectively. The

errors in € indicate a factor of three change in BH mass (i.e., an AGN ranging from 3.3x10*
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Mg to 3x10° My and an XRB ranging from 3.3 Mg, to 30 M). We find that while our data
fall well below the relationship for a high/soft state XRB [457], our data are consistent with
the anticorrelation found for the LLAGN sample [78]. However, due to the large scatter
observed in the LLAGN sample and the errors in our observed photon index, we cannot
decisively rule out the possibility that the NGC 404 central engine is powered by an XRB
in the low/hard state. Our data moderately favor the IMBH AGN interpretation; however,
the UV spectrum and nuclear star cluster still allow the possibility of an XRB component.
In Table[6.3] we summarize the observed multiwavelength properties of NGC 404, found
in both the literature and presented in this work, and indicate if the origin is likely to be
an AGN or XRB. Additionally, the upper limits on the radio core [287] and the detection of
an unresolved radio continuum [101] can be combined with our deep X-ray observations to
place upper limits on the central BH mass of NGC 404 — a correlation has been established
relating the radio luminosity Lg and X-ray luminosity Lx [79, [142] 141] over many orders
of magnitude in BH mass and luminosity, forming the “fundamental plane of black hole
activity.” We use the best-fit BH “fundamental plane” [23] and the upper limit on the radio
core flux of NGC 404 to estimate Mpy < 2 x 105 M. If the unresolved 3 mJy continuum
source is indeed powered by an accreting BH, it would imply Mgy ~ 3 x 10° M.
Additionally, we use the following relation between radio luminosity and star formation

rate [77],

Ly s ( v\~ [SFR(M > 5My)
~ 5. 1 1
<WHZ_1> 5310 (GHZ> [ Moyr? ’ (6.1)

where o ~ 0.8 is the nonthermal spectral index and SFR is the star formation rate (in
Mg yr~1), to test whether the observed radio luminosity is consistent with the observed
low star formation rate. Using the SFR upper limit [~ 1073 Mg yr—!, [363], we predict an
upper limit on the radio luminosity at 1.4 GHz to be ~4x10%° erg s~'. This upper limit is
roughly eight orders of magnitude below the observed 1.4 GHz upper limit for the NGC 404
nucleus. We therefore conclude the observed radio luminosity cannot be explained by star
formation alone, and is evidence for the presence of an AGN in the NGC 404 nucleus.

The X-ray luminosity of the AGN in NGC 404 bears directly on the question of whether
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Figure 6.6: The observed relationship between power law photon index and Eddington ratio
for LLAGNs (C+09, blue points) and XRBs (WGO08, red points). The dashed line shows
the best-fitting anticorrelation to the LLAGN sample, and the dot-dashed line shows the
best-fitting correlation for the XRB sample. The estimated Eddington ratio for NGC 404,
assuming a 10 Mg and 10° M, central black hole, along with the best-fit photon index from
our spectral fitting, is shown by the black crosses. Assuming a low Eddington ratio places
NGC 404 well within the typical values for LLAGNs, while assuming a high Eddington ratio
places NGC 404 in a vacant part of the diagram. Our data are consistent with an IMBH

central engine powering the X-ray emission from the NGC 404 nucleus.
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Table 6.3: AGN vs. XRB Properties Exhibited by the NGC 404 Central Engine

Property or Observation AGN XRB
(1) (2) 3)
Radio fluxes and upper limits X
Soft X-ray emission® X
Supernova remnant-like optical Ha emission® X
Mid-IR high ionization lines; hot dust X
UV spectrum X X
UV variability X
Dynamical BH estimates X
Nuclear star cluster X
X-ray 2-10 keV variability X X
X-ray power law emission (I" ~1.9) X

“Observations are not associated with the hard nuclear point source.

accretion power can account for the observed luminosities of the optical emission lines,
whose relative intensities are the defining characteristic of LINERs. In a recent study of
the energy budgets of three dozen LINERs, including NGC 404, it was found that in the
majority of cases the weak AGN does not provide enough ionizing photons to account for
the observed luminosities of the hydrogen recombination lines [I18]. This conclusion is in
general agreement with previous studies. In the particular case of NGC 404 the number
of ionizing photons was found to be deficient by a factor of ~60. The X-ray luminosity of
NGC 404 measured here is only ~25% higher than that measured previously [119], after
accounting for the different distance used in that paper, and is consistent (within errors)
with the result obtained here. Therefore, the situation regarding the ionizing photon output
of the AGN remains the same. However, the estimated ionizing luminosity of hot stars in
the nucleus of NGC 404 [based on measurements of the UV spectrum with HST, 262] is
adequate to power the emission lines. This conclusion was re-iterated in [363]; a relatively
small number of O stars in the nuclear star cluster could provide enough ionizing luminosity.

Therefore, the LINER in NGC 404 appears to be powered by stellar processes.
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Summary

The new 99 ks exposure of NGC 404 obtained as part of the Chandra Local Volume Survey
has allowed us to critically test several forms for the 0.3-10 keV spectrum, and the excellent
spatial resolution has enabled us to investigate the X-ray morphology of the NGC 404
nuclear region. The presence of a power law component and a moderate level of variability
in the hard emission is indicative of X-ray emission powered by accretion onto a BH. The
estimated 0.3-10 keV luminosity (~2-3x1037 erg s=!) is both comparable to that of a single
Galactic XRB and is also consistent with a IMBH accreting at extremely low levels, on
the order of a few times 1072 My yr~—!. We find the NGC 404 X-ray spectral shape and
luminosity to be consistent with observed LLAGNSs, and inconsistent with observed XRBs.
We therefore favor the scenario in which the NGC 404 nucleus is powered by an IMBH,
with a mass on the order of 10° M as dynamically estimated in [363]. Such a weak AGN
does not produce a sufficient quantity of ionizing photons necessary to power a LINER —
we therefore conclude that the LINER in NGC 404 is powered by stellar processes.

Very low accretion rates are common in nearby galaxies with BH masses less than a
few times 106 My, [143) [10, [I81]. Additional, multiwavelength observations of the NGC 404
nucleus are required to robustly determine the mass of the central BH — for example, resolved
stellar populations within the nucleus would enable a robust dynamical mass determination,
and a radio detection of the compact source would verify the location of NGC 404 on the

fundamental plane of BH activity.

6.2 SN 2010da: The “Supernova Impostor” in NGC 300

Supernova (SN) 2010da was first detected as an optical transient on 24 May 2010 in NGC 300
[281]. Within hours of the initial optical detection, SN 2010da was observed by the Swift
X-ray Telescope [XRT, [199], and an X-ray point source with a 0.2-10 keV luminosity of
(4.51“3:?) x 1038 erg s~! was found to be coincident with the optical outburst. Such optical
transients are commonly assigned an official SN designation only to be later recognized

as “impostors,” and frequently result from the outbursts of massive stars. However, the

brightest stellar X-ray emitters have outburst luminosities on the order of 10%° erg s—!
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[165], three orders of magnitude lower than what was observed by Swift.

Such high X-ray luminosities are observed in high mass X-ray binaries (HMXBs), con-
sisting of a compact object primary with a secondary massive star, typically either a Be
(non-supergiant, fast rotating B-type stars with spectral lines in emission) or an OB su-
pergiant. Known Be/X-ray binaries (BeXBs) contain a neutron star in a wide, moderately
eccentric orbit and undergo X-ray outbursts during periastron passage of the compact ob-
ject. The majority of known HMXBs are BeXBs [~60%; see 248, and references therein],
although the true fraction of BeXBs may be higher owing to the transient nature of the
sources. Somewhat less numerous are supergiant X-ray binaries (SGXBs), consisting of a
compact object orbiting within the wind of a supergiant OB star. These systems show
persistent X-ray emission (with X-ray luminosities of 1035736 erg s71) either from direct
accretion of the stellar wind or from Roche-lobe overflow via an accretion disk. Only a few
dozen confirmed or suspected SGXBs are known in the Milky Way [248] 429], although this
number is increasing with higher energy surveys [64]. The relatively low number of SGXB

systems is naturally explained by the short lifetimes of the supergiant companion stars.

During the new CLVS observation of NGC 300, SN 2010da was detected at ~7¢ signifi-
cance RA (J2000) = 00"55™04.585 and Dec (J2000) = -37°41’ 43”5, in excellent agreement
(within 072) with the position of the optical outburst [281]. The source is 3.8’ off-axis from
the Chandra aim point. We detect a net 71 source counts in the 0.5-8 keV band. The back-
ground was estimated using an annular region, centered on the source position, extending

from a radius of 25” to 30" away from the source. The 0.5-8 keV background count rate

1 2

was found to be ~ 2 x 1076 ¢t s~ arcsec™2.

6.2.1 Imaging and Hardness Ratios

Our Chandra observation was divided into three images consisting of different energy bands:
“soft” (0.5-1 keV), “medium” (1-2 keV), and “hard” (2-8 keV). Each image was adaptively
smoothed. Figure[6.7]shows a raw RGB image, a smoothed RGB rendering, and the radial
counts distributions for both our detection and the Chandra PSF. The AE extraction region

is shown in both images, and the surface brightness profile shows emission in excess of
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the PSF out to a radius ~8” (~70 pc) at ~ 4o significance. The largest possible sphere
of influence of the outburst would have a radius of only ~0.1 pc, indicating the diffuse
emission, if associated with the SN 2010da system, is the result of earlier activity in the
system’s history.

The size and shell-shaped structure of the extended emission is reminiscent of a super-
nova remnant (SNR). We therefore calculate the hardness ratio of the diffuse emission, using
the definition from the catalog of SNRs in M 33 [322, B16]: HR = (M — S)/(S+ M + H),
where S is the soft 0.35-1.1 keV band, M is the medium 1.1-2.6 keV band, and H is the hard
2.6-8.0 keV band. The diffuse emission has a HR = —0.4; using the best-fit temperature of
SNRs in M 33 (kT ~ 0.6 keV), we estimate a 0.35-2 keV luminosity of ~ 6 x 103% erg s~1.
All these quantities are consistent with being a SNR; however, with only ~10 net counts, we
are unable to perform detailed spectral fitting to confirm this interpretation. We examined
public Ho imaging of NGC 300 and find a low significance Ha knot coincident with the
northern tip of the shell. We find no obvious, bright Ha emission coincident with the soft
X-ray shell, making the source of the soft X-ray emission difficult to reliably classify.

We estimate the probability of a SNR falling within ~ 8” of the X-ray and optical
outburst location. Due to its similarities in stellar mass, morphology, and star formation
histories to NGC 300, we use the M 33 catalog of 137 SNRs (Long et al. 2010) in our
estimate. NGC 300 covers an area of ~270 arcmin? (from the optical Do isophote), implying
a density of ~ 0.5 SNRs per arcmin? or 1.4 x 10~* SNRs per arcsec?. Within a search area
of 200 arcsec? (the size of the SN 2010da region considered in this work), this produces a
probability of ~3%. This probability is likely a lower limit, since HMXBs and SNRs are
preferentially found in star forming regions.

The detection of diffuse emission surrounding the central X-ray point source has poten-
tially interesting implications. If the emission is indeed a SNR, it may be the remains of the
SN that produced the compact companion and would provide useful constraints on HMXB
evolution models. Alternatively, ejecta from an earlier outburst event may interact with the
surrounding ISM, producing shock-heated gas that radiates as soft X-rays. Assuming an
outflow velocity of ~1000 km s~!, we can roughly estimate the time since the last outburst

to be ~20,000 years.
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Figure 6.7: The top left panel shows a raw RGB image of our observation; the extraction
region determined by AE is shown in yellow. The while 18” by 18" box shows the same
region as the adaptively smoothed RGB image in the top right panel. The same extraction
region is shown in blue in our smoothed imaged. In both cases, red = 0.5-1 keV, green =
1-2 keV, and blue = 2-8 keV. The bottom panel shows a radial profile of the counts in our
SN 2010da detection (black) and the Chandra PSF (red). A clear excess is seen past ~ 6

pixels, corresponding to the diffuse emission in the top left and right panels.
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6.2.2 Spectral Fitting

Soft, thermal X-ray emission (such as from a stellar origin) does not provide an acceptable
fit to our 0.5-6 keV spectrum. Allowing the temperature, abundances, or both to vary
does not improve the goodness of the fit, and all two-temperature thermal plasma models
over-parameterize the data. Similarly, all models that included an absorption component
beyond the Galactic column over-parameterize the data.

The best-fit Swift spectral model is a power law with I' = —0.03f8:éé, an unabsorbed
0.3-10 keV flux of 8.61211:% x 10713 erg s7! ¢cm™2, and a corresponding unabsorbed 0.3-
10 keV luminosity of 4.51“3:? x 10%® erg s~!'. This luminosity implies a super-Eddington
outburst, assuming a 1.4 M neutron star. To directly compare our observation with the
Swift spectrum, we model the 0.5-6 keV spectrum with a power law. We find a statistically
acceptable fit for I' = 0.15+0.42, with C/dof = 276/511 (the goodness command yields
58%). We next use a blackbody model, which yields a temperature of kT = 1.7510-9] keV
with C'/dof = 242/373 and a goodness of 67%. Both cases yield a 0.3-10 keV luminosity of
1.6-2.4x10%7 erg s~ details of our spectral fitting are summarized in Table Our best-fit
blackbody spectral model and residuals are shown in Figure [6.8] In both cases, adding an
additional absorbing column does not improve the quality of the fit; we therefore find no
evidence for absorption beyond the Galactic column.

Continuum (2-100 keV) spectral fitting of several Galactic XRBs containing NS primaries
was performed in [72]; in particular, two HMXB cases (Vela X-1 and GX 301-2) show
continuum I' consistent with zero. Alternatively, some Galactic SGXBs have shown the
spectra to be consistent with a black body, with typical temperatures ranging from 1.6-1.9

keV [B77].

6.2.3 Time Evolution

We attempt to further constrain the nature of the SN 2010da X-ray source using its time
evolution. Figure [6.9] shows the cumulative photon arrival time distribution. While short-
term variability is a common feature of HMXB systems, a two-sided K-S test against a

constant count rate source yields a probability of 0.85. While we do not detect rapid X-ray
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Table 6.4: SN 2010da Spectral Fits

Model Parameter Best-Fit Value Units
1) (2) (3) (4)
Swift power law, dur- r -0.0379-8%

ing outburst

unabs. flux 8.6748 107 erg s™* em™
unab. luminosity 45799 10% erg s™!
C/dof 255/237
Chandra power law, Nu 4.09x10%° (fixed) cm™?
post-outburst
r 0.15+0.15
unabs. flux 4.5+2.5 107" erg s7! em™
unabs. luminosity 2.4+1.3 10%7 erg s7!
C/dof 276/511
goodness 58.14%
Chandra blackbody, Nu 4.09%x10% (fixed) cm™?
post-outburst
kT 1757994 keV

unabs. flux

unabs. luminosity

C/dof

goodness

3.1194

1.670%
242/373
67.29%

107 erg s™ em™

1037 erg s

All reported fluxes and luminosities are unabsorbed, and correspond to a 0.3-10 keV

energy range.
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Figure 6.8: The Chandra 0.5-6 keV spectrum of SN 2010da. Our best-fit spectral model,
a blackbody emitter (kT = 1.75f8:?ﬁ keV) with no evidence for absorption beyond the

Galactic column, is superimposed.
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Figure 6.9: The cumulative arrival time distribution of counts during our observation (solid
line). The dashed line shows the expected distribution for a constant count rate. A two-
sided K-S test against a constant count rate source yields a probability of 0.85, indicating

our observation is consistent with a constant count rate.

variability in our observation, we note that the low number of source counts makes our

observation relatively insensitive to strong, rapid variability.

The long-term X-ray emission from SN 2010da can be constrained using four archival
XMM-Newton observations (taken on 2000 Dec. 26, 2001 Jan. 1, 2005 May 22, and 2005
Nov. 25) which contain the position of the SN 2010da progenitor within the field of view.
During all four observations, the 3o upper limit of the unabsorbed 0.3-10 keV luminosity is
estimated to be ~ 3 — 9 x 1036 erg s~!, two orders of magnitude lower than the observed
outburst X-ray luminosity and ~3 times lower than its current luminosity. These estimates
are relatively insensitive to our choice of spectral model, and including heavy absorption
as observed in the progenitor system changes our luminosity estimates by less than 20%.

Figure shows luminosity estimates from all available X-ray data for SN 2010da and the
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Figure 6.10: The long-term X-ray luminosity of SN 2010da, relative to the date of the
outburst. Downward arrows indicate 3o upper limits derived from archival XMM-Newton

images.

progenitor system.

We additionally compare the decay rate of the SN 2010da X-ray emission to decay of
optical brightness. Multicolor optical photometry of SN 2010da in B, V' , R, and [ filters
was obtained during the outburst [42] and nine days later [324] on the SMARTS 1.3m
telescope at Cerro Tololo using the ANDICAM camera. We calculate the e-folding time for
each optical filter and the X-ray emission. We use the X-ray luminosity derived from the
unabsorbed I' ~ 0 spectral model for both the Swift and Chandra observations to ensure the
luminosity change is not due to a change in assumed spectral model between observations.
We find e-folding times for X-ray, B, V, R, and I bands to be 41, 13, 18, 20, and 11 days,
respectively. Compared to the decay rates of the optical magnitudes, the X-ray emission

decay rate is ~ 2 — 4 times slower.
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6.2.4 SN 2010da: A High Mass X-ray Binary?

The 0.5-6 keV spectrum of SN 2010da is well described by either a I' ~ 0 power law or a
blackbody with kT ~ 1.8 keV, both of which are used in the literature to describe known
HMXB systems. The X-ray hardness and peak luminosity are consistent with the system
possessing a neutron star primary. The X-ray luminosity of the progenitor (< 8 x 1030 erg
s7!) and sharp increase in X-ray emission coincident with an increased mass-loss rate of
the secondary further supports the HMXB scenario. Both the Chandra and Swift X-ray
detections suggest that the X-ray outburst may have been fueled by a mass loss event from
the secondary, or that the optical outburst originated from an accretion event onto the
primary.

We estimate the mass of the progenitor star using a luminosity of 1.3 x 10* Ly as
estimated from the SED of the progenitor system [324] and the mass-luminosity relation of
main sequence stars [above ~ 1 M), [103], we estimate the mass of the SN 2010da progenitor
to be ~11 Mg. Although many ATels have referred to this source as an “LBV outburst,”
our low mass estimate combined with the low luminosity (assuming all optical luminosity

originated from the secondary) suggest a different class of star; for example, a Be-type star.

Be type stars show line emission and excess infrared emission attributed to a circumstel-
lar envelope [452], both which were observed in SN 2010da [214] 69]. Mass loss from the Be
star changes the density of the surrounding disk, and drives the disk to become optically
thick at optical/IR wavelengths [292] 277]; BeXBs are therefore observed to brighten in the
IR prior to outburst events, as was observed in the SN 2010da progenitor [235]. Addition-
ally, the optical outburst spectrum of SN 2010da showed a He II A4686 emission feature,
often used as a signature of accretion around neutron stars [i.e., where streams impact the

accretion disk or from disk winds, 389, 414 [310].

X-ray variability in BeXBs can occur on timescales of seconds to years. Two types of
outbursting activity are observed in these systems: the lower-luminosity, (quasi)periodic
Type I outbursts, and the more luminous, longer-lived Type II outbursts, which show a 3-4
order of magnitude increase in X-ray luminosity (reaching the Eddington limit of a neutron

star) and remaining luminous for months or longer [340], as in SN 2010da. While BeXB
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outbursts are characterized by their X-ray properties, optical spectroscopic surveys of the
Be companions have been undertaken in both the Milky Way [341] and the SMC [73] 4].
The optical magnitudes of the Be companions is roughly four orders of magnitude lower
than the observed SN 2010da outburst. Such an extreme optical outburst that coincides
with an X-ray outburst has not been observed in nearby BeXBs, and may be indicative of
a giant stellar eruption of the secondary, a flaring event originating in the accretion disk
around the neutron star, or some other related phenomenon. Additional optical and infrared
photometric and spectroscopic monitoring of this system is required to confirm the theory
of a Be companion star, and to better constrain the origin of the unusually luminous optical
outburst that SN 2010da exhibited.

Deep follow-up X-ray observations, sensitive to a limiting luminosity of a few 103° erg
s~1, would be capable of verifying the quiescent X-ray luminosity of this system and would
monitor the SN 2010da system for future outburst events that may strengthen the case
for a BeXB origin. Additional sensitive observations may provide further evidence for a
supernova remnant origin of the diffuse emission. Time-resolved optical spectroscopy of the

massive star may confirm the presence of a compact object primary and provide constraints

on the masses and orbital parameters of this system.
6.3 NGC 300 X-1: a Wolf Rayet + Black Hole Binary

If a merger between the compact object and stellar companion is avoided, the OB star
can potentially evolve through a Wolf-Rayet (WR) phase [410]. Such systems are expected
to be exceedingly rare: population synthesis [250] suggests that only ~1 WR+BH binary
and ~1 WR4NS binary may exist as bright X-ray sources in a Milky Way-like galaxy. To
date, only two extragalactic X-ray bright WR+BH binaries are known: IC 10 X-1 in the
dwarf irregular galaxy IC 10 [71], 16] and NGC 300 X-1 [59, 83, 82], while Cyg X-3 in the
Milky Way [250] is also a WR+BH candidate. While other systems with BH primaries and
massive, main-sequence companions (i.e., M 33 X-7, LMC X-1, LMC X-3, and Cyg X-1 in
the Milky Way, [268]) may also be the direct progenitors of BH-BH or BH-NS binaries, WR
stars represent an advanced stage of stellar evolution, making WR+BH binaries close to

their end state.
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X-1 has been observed four times with XMM-Newton, and the X-ray spectra were found
to be consistent with two distinct spectral states: a high state and a steep power law
(SPL) state [14]. Radial velocity measurements of the X-1 secondary [82] have established a
physical link between the compact object and massive star. The orbital period was found to
be ~32 hours, consistent with the X-ray period observed in Swift measurements [58]. The

°  although this value was obtained

orbital inclination angle was found to be i = 60° — 75
through geometrical arguments and not formal dynamical modeling of the system. The BH
mass has been constrained to be ~13-30 M, using optical and X-ray observations [58| [82]. It
has been proposed that heavy stellar-mass BHs may correspond to regions of low metallicity,
where the progenitor star experienced a lower mass-loss rate. The metallicity of NGC 300
has been found to exhibit metallicity gradients [413]; at the location of X-1, the metallicity
is log(O/H)+12~8.44, corresponding to Z = 0.6Z5 [82]. Thus, X-1 is comparable in mass

and metallicity to M 33 X-7 [with a best-fit mass of 15.654+1.45 Mg; 415].

The short orbital period of X-1 (also comparable to the ~35 hour period observed for
IC 10 X-1) indicates that the BH progenitor was larger than the present separation between
the BH and the WR companion, and thus underwent extreme mass loss via a Roche-lobe
overflow [280, 22]. Studies of systems with high BH masses and close orbital separations
are of paramount importance for binary evolution models, as they provide clues to how
extreme mass-loss proceeds and how massive binaries survive the initial SN during BH
formation. Such systems are the direct progenitors of BH-BH binaries, predicted to be the
first detectable sources for gravitational radiation instruments such as LIGO and VIRGO
[18, [19].

X-1 was detected at R.A. (J2000) = 00:55:10.00, decl. (J2000) = -37:42:12.2 (Fig-
ure , in excellent agreement with the position reported in SIMBAD, 4’8 off-axis from
the Chandra aim point for the observation. We detect a total of 1957 net counts, corre-
sponding to a source significance of ~43c. The 0.5-8 keV background count rate was low,

1

~ 7 x 1077 counts s~' arcsec™2, throughout the observation. We estimate the level of

pile-up suffered during the observation to be <5% using PIMMs8 v4.2ﬂ Less than 2% of

2See http://cxc.harvard.edu/toolkit/pimms. jsp


http://cxc.harvard.edu/toolkit/pimms.jsp
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Figure 6.11: The Chandra 0.35-8 keV image of NGC 300 X-1. The green polygon is the
AE source extraction region, and the dashed red circle shows the AE determined background
region. The elongation of the green extraction region reflects the shape of the Chandra

off-axis PSF at the source position.

the total source counts have energies above 5.0 keV, and we find no evidence for diffuse or
extended emission in our observation. Figure shows our Chandra 0.35-8 keV detection
of X-1, with the source extraction region (green) and background region (red) found by AE

superimposed.

6.3.1 Variability

Timing studies have been used to isolate the fast X-ray variability of X-ray binaries (XRBs)
containing NSs and BHs. Many systems containing a NS exhibit rapid periodic X-ray
pulsations indicative of magnetically channeled accretion, whereas BH primaries (lacking
a material surface) cannot sustain a magnetic field anchored to them. Thus, while many

systems containing a BH are observed to be rapidly variable, they do not exhibit periodic
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Figure 6.12: The Chandra 0.5-8 keV light curve of NGC 300 X-1, binned to 3 ks with 1o

error bars.

X-ray pulsations. We first investigate the short-term X-ray variability of X-1. The 0.35-8
keV light curve (shown binned to ~3 ks in Figure was extracted as part of the AE
timing analysis stage, and a two-sided K-S test was performed to determine the probability
of the X-ray source showing significant variability during the observations. We find the K-S
probability of a constant count rate to be 0.08, and fitting a constant count rate (equal to
the mean count rate of the observation, 0.031 ct s~1) to the observed light curve yields a
reduced x? of 4.53. The X-1 light curve exhibits rapid low amplitude (<30%) variability,

with a clear secular decline during the first ~30 ks of the observation.

We searched for evidence of short-term, periodic X-ray pulsations using a periodogram
analysis [I88]. We calculated the 68%, 90%, and 99% confidence levels using Monte Carlo
simulations assuming a null hypothesis of a constant count rate dominated by white noise;
the periodogram and confidence levels are shown in Figure While we find no obvious
peaks in the X-1 periodogram above 99%, there is one peak at 0.785 hours (corresponding
to ~2.8 ks or 47 minutes) that exceeds the 90% confidence level. To determine if this peak

is a genuine signal, we fold the 0.35-8 keV light curve on a 0.785 hour period for multiple
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time binning schemes. The resulting folded light curves do not show evidence for variability
with phase over this period. We additionally evaluate the likelihood that some peaks will
appear significant by chance: the expectation value of a peak at a given significance can be
evaluated by (N) = Np x P, where Np is the number of points in the periodogram and
P is the chance probability. For the ~2000 points in our periodogram, we would expect to
recover at least one peak with a chance probability of 0.05% (i.e., at the 99.95% confidence
level). We therefore find no evidence that the peak at 0.785 hours corresponds to a real
periodic signal.

Studies of XRBs containing both Bondi-Hoyle accreting NSs and disk-accreting BHs
have found their power density spectra (PDS) to be remarkably similar [420], consistent
with a power law with a spectra index v ~ 1; i.e., power < v~ 7, where v is the frequency
[288] 24, [421] . We use the IDL routine psd.pro (a routine which computes the power
density spectrum using the appropriate Fourier transforms and offers options for plotting)
to construct a PDS of X-1, shown in Figure [6.141 We measure the spectral index to be
v =1.02+0.15 with x2/dof =14/25, consistent with previous PDS measurements derived
from XMM-Newton observations of X-1 (Barnard et al. 2008) and typical of BHs in either
the thermal or SPL state [420, 25]. Although the Chandra ACIS read-out time does not allow
us to measure the X-1 PDS out to 10 Hz, we can use the observed 0.1-1 Hz power and the
slope v to estimate the integrated power continuum r. We find r ~ 0.1, significantly higher
than expected for a high/soft state XRB. To measure the PDS above 1 Hz, observations
with higher time resolution (i.e., ~ lus time resolution with RXTE) would be required.
However, the relative softness of the spectrum (RXTE operates over an energy range of
2-200 keV) and distance to NGC 300 make it implausible for such observations to currently
be performed.

Quasi-periodic oscillations (QPOs) are typically observed in low/hard and intermediate
state XRBs [usually at 4-10 Hz 84}, [268]. When coupled with the X-ray spectroscopic photon
index [426] QPOs have been used by some authors to constrain the mass of the accreting BH
[373l B369], although this approach depends on knowing the origin and nature of the QPO
— for example, resonances in the disk due to relativistic effects or “trapping” of oscillations

in the inner accretion disk [343, 9]. We find no evidence for QPOs for the duration of our
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Figure 6.13: Searching for periodicities in the Chandra light curve of NGC 300 X-1 using a

periodogram analysis. The dotted, dashed, and dot-dashed lines represent the 68%, 90%,

and 99% confidence levels, respectively.
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Figure 6.14: The power density spectrum for our observation of NGC 300 X-1. We find the

slope v = 1.02 4+ 0.15, consistent with an accreting black hole in the steep power law state,

and find no evidence for QPOs at our observed frequencies.
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Figure 6.15: The long-term (~10 years) 0.3-10 keV luminosity of NGC 300 X-1 from XMM-

Newton [14] observations and our new Chandra observation.

observation; however, our data are sensitive only to frequencies lower than ~1 Hz.

A long-term (~10 year) light curve of X-1 was constructed using the XMM-Newton
0.3-10 keV luminosities [14], corrected for the different distance to NGC 300 used in that
work. We supplement the existing XMM-Newton luminosities with the 0.3-10 keV luminos-
ity found during the spectral fitting of our Chandra observation (see next subsection). The
long-term light curve is shown in Figure We find the 0.3-10 keV Chandra luminosity to
be comparable to the luminosities found in the XMM-Newton observations, which showed a
factor of ~3 variability in the long-term luminosity of X-1. Persistent X-ray emission within
a factor of a few is a signature of BH HMXBs and ULXs [for example, the most luminous
sources in M 101; [205], with the notable exception of HLX-1 ESO 243-49 [observed to vary
by up to a factor of ~50;236]. The accretion mechanism, however, may be different for nor-
mal BH HMXBs and ULXs: mass transfer in known HMXBs with BH primaries occurs via
wind accretion or Roche lobe overflow, whereas ULXs may be undergoing a different phase

of mass transfer which occurs on the thermal timescale [see 268, and references therein)].
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6.3.2 Spectral Fitting

Previous XMM-Newton observations of NGC 300 X-1 [I4] have shown the X-ray spectra
of two observations to be consistent with that of a HMXB in a high/soft state. The other
two observations yielded spectra that were not consistent with such a model, providing the
first evidence that X-1 may undergo X-ray state changes analogous to a typical XRB. In
general, the XMM-Newton spectra have a photon index I" ~2.4-4.1, with a blackbody disk
temperature kTj, ranging from 1.5-2.0 keV [I4]. The power law component was estimated
to contribute ~60-90% of the total X-ray flux. They concluded that, over the ~5 years
spanned by the XMM-Newton observations, X-1 exhibited qualities of either being in a soft
thermal state or a very high (i.e., steep power law) state.

We extracted the Chandra 0.5-5 keV spectrum of X-1. Due to the high number of source
counts, we grouped the spectrum to contain at least 20 counts per energy bin and evaluated
the goodness of our fits using x? statistics and standard weighting. All models include a
column of neutral absorption fixed at the Galactic column Ny Ga1 of 4.09 X 1020 ¢cm—2 [208],
and we find no evidence for absorption beyond the Galactic column. We fit the spectrum
using two models: a simple power law and a power law with a disk blackbody.

The normalization of the diskbb model is defined as:

= (1()]/%11110/1;1;(3)2 cos b, (6.2)
where R;, is the innermost disk radius, D is the distance to the source, and 6 is the in-
clination angle of the disk. The innermost disk radius is in turn dependent on the BH
mass via Ry, = 6GMpy/c?; however, the normalization suffers from severe limitations that
make it an unreliable estimator of BH mass. For example, the diskbb model does not
adequately capture all the physics of disk emission, nor does it include relativistic effects
[93, 94] and does not correctly treat the inner disk boundary [468]. Moreover, uncertainties
in the distance to NGC 300 [on the order of ~2% [87] and the inclination of the system will
introduce additional error into any mass estimates. However, due to the limited number of

photons originating from the thermal component, our model fits do not improve when using

more sophisticated disk models. Therefore, we make our best interpretation of the physical
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properties of X-1 using the diskbb model.

The 0.5-5 keV spectrum was found to be well described by both a simple power law
with I' = 2.5 £ 0.1 (x?/dof = 66/72) and a two-component model with I' = 2.0 4- 0.3 and
kT = 0237002 keV (x?/dof = 56/70 with a disk normalization of 3.713%) and is shown
in Figure We performed an F-test to evaluate the significance of the fit improvement
when adding the second component; we find the probability of the two models being drawn
from the same underlying spectrum to be less than 1%, strongly indicating the need for the
disk component. The unabsorbed 0.3-10 keV luminosity is found to be 2.6f(1):8 x 1038 erg
s~1, with 74% of the luminosity originating in the power-law component. We therefore find
that the addition of a disk component significantly improves the quality of our spectral fit.

Due to the rapid variability displayed in the light curve and the change in spectral state
between the XMM-Newton and Chandra observations, we next split the X-1 spectrum in
three time intervals: (1) from the start of our observation through 20 ks, (2) from 20 ks to
40 ks, and (3) from 40 ks until the end of the observation. We modeled each spectrum as a
single power law and as a power law with a disk blackbody component. The total spectrum
and the spectrum for the three time intervals are shown in Figure [6.16] The results of our
spectral fitting are summarized in Table and our best-fit models are shown in boldface.
The best-fit model for each time interval was determined by which model yielded the lowest
reduced y2. We initially allowed the normalization of the disk blackbody component to vary
between the three periods, but this resulted in poorly constrained model parameters. Since
neither the mass of the black hole, the spin, nor the inclination of the disk can vary over
the timescales probed by our observation, we chose to fix the disk normalization parameter
to the best-fit value found for the total time-averaged spectrum.

For the first time 20 ks, we favor the simple power law-only spectral model, with T"
=2.6 + 0.2 (unabsorbed 0.3-10 keV luminosity of 2.4753 x 10% erg s~!). For the middle
time interval, ranging from 20-40 ks, we find the power law-only fit is improved by adding a
disk blackbody component with a disk temperature of 0.2640.02 keV. However, our model
is relatively insensitive to the value of the power law photon index: we find Ax?/dof ~ 0.1
over a range of I' from 0.9-2.4; we therefore only constrain I' < 2.4. The two-component

model model yields an unabsorbed 0.3-10 keV luminosity of 3.14_'(1):(6) x 10%8 erg s™1, with 55%
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Table 6.5: NGC 300 X-1 0.5-5 keV Spectral Fitting

Model Parameter Units 0-20 ks 20-40 ks 40-60 ks Total
(1) (2) (3) (4) (5) (6) (7)
r 2.6+£0.2  2.640.2 2.340.1 2.5+0.1
X% /dof 29/26 31/25 27/35 66,72
po
Los—10* 10%® ergs™! 2.475% 27701 3.275-1 2.640.5
KT, keV 02755 0.264+0.02  <0.24 0.237) 52
r 24763 <24 21102 2.0+0.3
disk norm. 3.7 (fixed) 3.7 (fixed) 3.7 (fixed) 3.7+58
Frac. PL® 84% 55% 87% 74%
diskbb+po
x> /dof 28/25 19/24 25/34 56,70
Los—10" 10*® ergs™' 26721 3.17% 3.210% 2.6793

The favored spectral model for each spectrum is shown in boldface. All spectral models include an
absorbing column fixed at the Galactic value, Nu,ga = 4.09 x 10%° cm™2.
¢ The total unabsorbed 0.3-10 keV luminosity predicted from the spectral model.

“The fraction of the unabsorbed model luminosity originating from the power law spectral component.

of the 0.3-10 keV luminosity originating from the power law component. The fit for the final
time interval, lasting from 40 ks until the end of the observation, is not statistically improved
when a disk component is added, however the fit residuals at higher energies are improved
with the second component. We constrain the disk temperature to be < 0.24 keV, with a
photon index I’ :2.1f8:§, yielding an unabsorbed 0.3-10 keV luminosity of 3.2f8:g x 1038
erg s—! (with 87% of the luminosity originating from the power law component). Figure
shows the time-averaged and time-resolved spectra of X-1, with the best-fit models

superimposed.

We find the luminosity of X-1 to be comparable to those reported by [I4], although our
spectral models yield disk temperatures roughly an order of magnitude lower (~0.2 keV,
compared to 1.5-2.0 keV) and a moderately harder photon index (I' ~2.0-2.6, compared
to 3.1-4.1). Despite this, the fraction of the luminosity originating from the power law

component (~55-87%) is similar to what was previously observed.
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Figure 6.16: In each figure, the top panel shows the 0.5-5 keV spectrum with the best-
fit model superimposed. The middle panel shows the fit residuals for a power law-only
spectral model, and the bottom panel shows the fit residuals when a disk blackbody model
is included. The top row shows the time-averaged spectrum for the entire observation (left)

and the first 20 ks (right), while the bottom row shows the middle 20-40 ks (left) and the
final portion of the exposure from 40-63 ks (right).
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Table 6.6: X-ray Spectral and Timing Characteristics of BH XRBs and NGC 300 X-1¢

Parameter Thermal Hard  Steep Power Law NGC 300 X-1
(1) (2) ®3) (4) (5)
T 2.1-4.8 1.4-2.1 >2.4 2.0-2.6
kTin (keV) 0.7-1.5 0.1-0.2 0.1-1.5 0.20-0.26
PL frac. <25% >80% >20% (>50%) ~55-87%
r’ <0.075 >0.1 <0.15 ~0.1

rms of QPOs <0.005 (or absent) present > 0.01 (absent) none at < 1 Hz
v ~1 Lorentzian ~1 1.02+0.15

¢ Compiled from van der Klis (1994) and McClintock & Remillard (2006).

® Integrated power continuum over 0.1-10 Hz.

6.3.83 Summary and Discussion

In Table we list six parameters (both spectroscopic and timing) commonly used to
identify X-ray spectral states in BH XRBs compiled from van der Klis (1994) and McClin-
tock & Remillard (2006), and list the quantities derived for X-1 in this work. The best-fit
power law photon index for our full time-averaged spectrum (I' = 2.040.3) lies near the
boundary between the hard state and the thermal/SPL states; however, our shorter time
period spectra favor moderately steeper values of I', and may be as steep as I' = 2.640.2.
All other parameters listed in Table are consistent with a SPL interpretation of the
Chandra spectrum of X-1.

The physical origin of the SPL state is commonly explained by stable disk accretion
with inverse Compton scattering in a corona providing a nonthermal component [463, [151].
In this scenario, a large fraction of the accretion power is emitted in the stable accretion
disk which produces a soft, multicolor disk blackbody-type spectrum. Models involving
more complicated geometry and feedback have been developed to explain the origin of the
Comptonizing electrons, and typically involve magnetic activity at the surface of the disk
and may be related to jet formation [320] 96, 15I]. This interpretation was favored to

explain the earlier XMM-Newton observations of the NGC 300 X-1 spectrum [14], and it is
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estimated that a small fraction of the ~ 1075 — 107 My yr~! wind from the Wolf-Rayet
companion would provide a sufficient amount of mass and angular momentum to sustain an
accretion disk around the NGC 300 X-1 BH. This scenario predicts that NGC 300 X-1, and
other HMXBs containing BH primaries, would remain in a persistently high state, and is
supported by observations: other known extragalactic HMXB systems with BH primaries
have never been observed to enter a low/hard state (i.e., LMC X-1, [451), 298| 460]; M 33
X-1, B13)).

We compare X-1 with other subpopulations of HMXBs: those containing BH primaries,
NS primaries, and ULXs. While ULXs are statistically consistent with representing a sub-
population of HMXBs [394], no known Galactic BH XRB has been observed to possess
both an Eddington (or higher) X-ray luminosity and a hard power law-dominated spectrum
(with 1.5 < T' < 2.5; [200], 247, [392]. ULXs appear to exist in a persistent high/hard state,
requiring both a high mass accretion rate (1) and either a strong corona or jet. Studies of
HMXBs (especially those in the SMC) containing NS primaries find X-ray spectra that are
significantly harder, with I' ~ 0.7—1.3 [166] [238]. In Figure[6.17, we compare the 0.3-10 keV
luminosities and photon indices of well-studied HMXBs systems (observed to be only in the
high or SPL states), including those containing BH primaries (M 33 X-7, [313]; IC 10 X-1,
[16]; and LMC X-1 and X-3, [460]), ULXs (NGC 1365 X-1 and X-2, [385]; Holmberg IT X-1,
[164]), and HMXBs powered by NSs in the SMC [166]. The three classes of HMXB clearly
occupy distinct regions of the plot, and X-1 is only consistent with known BH-HMXBs in
either the high or SPL states.
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Figure 6.17: We compare the 0.3-10 keV luminosities and photon indices for known, well-
studied HMXBs with BH primaries (black stars, dot-dashed error bars) in the high or steep
power law state, NS primaries (green diamonds, solid error bars), and ULXs (red triangles,
dotted error bars). X-1 (blue square with thick solid error bars) is consistent with other

known BH HMXB systems.
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Chapter 7

SUMMARY AND FUTURE WORK

7.1 The Impact of the Chandra Local Volume Survey

The Chandra Local Volume Survey has examined the resolved X-ray point source popula-
tions of five nearby galaxies using matched Chandra and HST imaging. A total of 629 highly
significant X-ray sources were detected between the five galaxies, of which ~140 are strong
HMXB candidates. The remaining sources are a mix of background AGN, foreground stars,
and bright SNRs. XLFs of the HMXB candidates were constructed for the four star-forming
galaxies in our sample. For comparison, the XLF of the LMXB population of the dwarf SO
galaxy NGC 404 was also examined. The normalization of the XLF is known to correlate
with the SFR. of the host galaxy, and the four star-forming galaxies in our sample follow
this trend while the early-type NGC 404 clearly deviates. For the four star-forming galaxies
in our sample, we find an average differential XLF slope of 0.7£0.2, consistent with the

“universal” XLF of HMXBs.

The power of the CLVS comes from the resolved stellar populations accessible through
the HST imaging. This thesis represented the first time that extragalactic HMXB popu-
lations can be directly studied. Previous studies of the XLF's of different classes of XRBs
have been performed in a statistical sense only — that is, the expected contribution from
contaminating source (i.e., background AGN) has been subtracted only statistically. For the
CLVS galaxies, individual X-ray sources that are highly likely to be XRBs were extracted
from the rest of the catalog and used for analysis — no statistical estimation of background
contamination is required. Additionally, previous studies of HMXBs and their relationship
to the SFR of the host galaxy have relied on various indirect methods of determining SFRs.
With the available HST imaging, complete star formation histories can be constructed, even
for different regions within the same galaxy, giving an unprecedented view into the L x—SFR

relationship.
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The CLVS galaxies are somewhat lower-mass than previously studied galaxies, and have
much more modest SFRs. This sample of HMXBs therefore allows us to probe a region of the
L x—SFR relation that has not been well-vetted in the literature. The fact that our Chandra
and HST analysis of these galaxies produces results that are consistent with previous studies
is evidence that (1) the statistical corrections to the shape of the XLF applied in previous
works are reasonably reliable when resolved imaging of the stellar populations is not possible,
and (2) that our multiwavelength source classification scheme is capturing a large fraction of
HMZXBs while rejecting a large fraction of contaminating sources. Additionally, the Lx—SFR
relationship has been shown to be valid over nearly two orders of magnitude in SFR. While
there is a correlation between the X-ray luminosity and the specific SFR of each galaxy, it is
significantly weaker. Despite some contribution to X-ray emission from LMXBs, Lx alone
is not a useful proxy for the host galaxy’s SFR and stellar mass simultaneously.

Using our deep optical imaging (capable of detecting late-B/early-A main sequence
stars), we have examined the number ratio of HMXBs to OB stars in each galaxy. We
estimate the fraction of compact objects that are X-ray bright (>103% erg s~!) due to ac-
cretion from a massive companion at least once in their lifetimes is ~60-80%. This fraction
can be used to constrain the mass distribution of the stellar companions in HMXBs, which
is significantly flatter than a Kroupa IMF, consistent with optical observations of massive
binaries.

This dissertation has provided a rigorous test of correlations between the star formation
of a galaxy and its resulting HMXB populations. In the next section, I will summarize some
of the possible future research that can be conducted in the area of XLF modeling, massive

binary star evolution, and the effects of XRBs on galaxy formation and evolution.

7.2 Future Research

7.2.1 The Effect of Intermediate- Luminosity Transients on the X-ray Luminosity Function

The XLFs that are used to characterize a galaxy’s XRB population are typically constructed
from a single “snapshot” exposure of a galaxy. Aside from the XLFs presented in this

thesis, most XLFs of extragalactic point source populations do not extend below of 1037
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erg s~ [I50, 161, 162, 275], and attempts to observationally constrain theoretical models
[29, 131], [344] are incomplete at low- and intermediate-luminosities.

These snapshot XLF's are likely to contain many varieties of X-ray variable sources, some
of which may change in luminosity by an order of magnitude or more. We will refer to these
objects as “X-ray transients” (XRTSs), and a brief summary of their properties (e.g., their
quiescent and burst luminosities, and burst timescales) are presented in Table While
these sources enter the measured XLF, their duty cycles are relatively uncertain. The
consistency of the XLF across multiple epochs is therefore poorly constrained, especially at
low- and intermediate-luminosities.

Galactic XRTs exhibit a wide range in variability characteristics, and studies of Galactic
sources have been extremely useful because much information can be gleaned about indi-
vidual sources with very low luminosities. For example, the burst luminosities of nearly all

037 erg s~!. However, the

XRTs reaches 103 erg s~!, and only the very brightest reach >1
large angular extent of the Galaxy, the often (highly) uncertain distances to Galactic X-ray
sources, and potentially severe levels of obscuration along Galactic lines of sight make it
difficult to learn about entire populations of X-ray—variable sources. By targeting nearby
galaxies, we overcome all of these obstacles. The entire XRT population can be observed,
all the X-ray sources are essentially equidistant, and galaxies located far from the Galactic
plane will have low foreground absorbing column.

The majority of Galactic XRTs are detected below the typical 1037 erg s~! limit of
extragalactic studies [29, 268], however studies of Galactic sources suffer from uncertain
distance measurements, obscuration along the Galactic plane, and do not provide a global
view of the XRT population. To put the Milky Way’s faint- and intermediate-luminosity
XRT population into context requires a temporal study of external disk galaxies to lower X-
ray luminosities. To that end, we have successfully proposed for a deep, multi-epoch survey
of NGC 300 to study the global intermediate-luminosity XRT demographics in detail, and
their impact on the shape of the XLF down to ~5x10% erg s—1.

For reasons that are not yet clear, bright XRTs do not appear to make a substantial

contribution to the shape of the high-luminosity end of the observed XLF [466]; however,

this low contribution is likely because very few XRT's reach these high luminosities. Previous
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Table 7.1: Summary of X-ray Transient Properties

Class Quiescent Lx  Burst Lx Burst References
(erg s™1) (erg s™!)  timescale
(1) (2) (3) (4) )
bLMXB® <10% ~10%8 year [405]
fLMXB® <10% ~10%6 year [405]
SFXT 1032 1035737 minutes  [365} [376]

Type I: <103”  hours
BeXB <1033735 [309, [341]
Type II: 10%® days

@ “Bright” LMXBs; ®“Faint” LMXBs

snapshot and archival X-ray observing programs have not had the sensitivity to detect
sources below ~10%7 erg s~!, where the majority of XRTs are detected in the Milky Way.
The effect of these low- and intermediate-luminosity sources on the shape of the XLF is
almost completely unknown, and cannot be accurately determined from Galactic sources
alone.

A pair of new Chandra exposures (130 ks in total) and four new optical and UV HST

pointings will be obtained in 2014, which will be used to address this issue.

7.2.2  X-ray Binary Feedback

Feedback processes are vital in regulating the baryonic content of dark matter haloes, and
it is generally accepted that these feedback processes are required to produce the observed
properties of galaxies [26], 46, 211]. Star formation, SNe, and irradiation and winds from
massive stars are believed to be the dominant feedback processes, especially in dwarf galaxies
[66, 234 269, 386]. Recently, XRB feedback (XBF) has been shown to be important in low-
mass, low-metallicity environments, and hence in early epochs of galaxy formation [207, 276,
321]. With their low masses and metallicities, dwarf galaxies are the best available analogs

to the proto-galaxies responsible for hierarchical galaxy formation in the early universe.

HMXBs, especially those with BH primaries, are capable of depositing a large fraction
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of their energy output into the surrounding interstellar medium [ISM; [307]. For example,
the jets of the Galactic HMXB Cyg X-1 provide kinetic energy equivalent to the bolometric
X-ray luminosity of the system [140], while a single microquasar can provide a kinetic energy
output up to ~10* times its X-ray power [306, 384]. XBF from XRBs can last up to ~10%
yr after the formation of the relevant stellar population, and may be capable of keeping
gas hot in non-star forming regions of galaxies [207]. Additionally, the low cross section
for photon absorption by neutral hydrogen (which decreases with energy as £ 3) means
that X-rays can diffuse through the intergalactic medium and deposit energy far from their
parent stellar populations, thereby influencing galaxy evolution over large distances [321]. If
such output due to XRBs is common, it would suggest XBF is a significant — and overlooked
— contributor to galaxy evolution and the reionization of the early Universe.

XBF is anticipated to be most significant in galaxies with stellar masses of 10°~% M
[207], making dwarf galaxies uniquely suited for studying XBF. Models suggest XBF may
dominate in some systems even before SN feedback begins. The strongest drivers of XBFs
are HMXBs, but predicting the number of HMXBs in a dwarf galaxy cannot be done with
any great accuracy. If one assumes the X-ray luminosity function of HMXBs in massive
star-forming galaxies [161} 275] remains valid down to a few x10%® erg s~!, the SFR of the
SMC predicts ~20 HMXBs, a factor of 3 lower than observed [0 [5 [73]. For the LMC, the
relationship predicts ~30 HMXBs compared to the 36 currently known [247]. In comparison,
the lower-mass Phoenix dwarf galaxy, which has a similar SFH to the SMC, does not appear
to host any HMXBs [15].

Very bright HMXBs (i.e., those with X-ray luminosities above 103® erg s~!) likely pos-
sessing BH primaries. The ratio of BH to NS systems is expected to increase with redshift
[276], and the number of HMXBs formed is strongly metallicity dependent [243]. With
their higher mass compact objects, BH-HMXBs are capable of injecting larger quantities of
energy into the surrounding ISM than their NS-counterpart systems, making the ratio of
BH to NS systems an important parameter of XBF models.

Since multiple low-mass galaxies are expected to merge and form a single massive galaxy,
it is interesting to ask the question: Do the combined HMXB populations of multiple dwarf

galazies resemble that of a single massive galazy? While no BH-HMXBs are currently known
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in the SMC [0, 5], several have been found in the LMC [247]. Differences in the BH-NS
ratios of dwarf galaxies and massive galaxies throughout cosmic time may have important

consequences for the effectiveness of XBF in regulating the baryonic content of galaxies.

7.2.83 Accurate Models of Binary Star Fvolution

Entire populations of XRBs provide a useful diagnostic for galaxy evolution. While indi-
vidual XRBs are excellent laboratories for studying stellar evolution, simply understanding
the orbital mechanics and mass transfer mechanisms at work in a single XRB is not enough
— one must consider the larger environment in which the XRB lives. X-ray population
synthesis (XPS) attempts to simulate the evolution of XRBs and predict the resulting XLF
given the star formation history, metallicity, and stellar mass of the host galaxy. The ulti-
mate goal of XPS is to create a coherent picture of XRB formation and evolution within the
larger context of galaxy evolution, where results of detailed theoretical modeling can be cal-
ibrated against a large sample of well-studied galaxies. At present, there is no one “industry
standard” XPS code readily available with the required capabilities [194} 195|211, 253, 471],
and model comparisons to observational data have typically been limited to only one or two
galaxies at a time. For our understanding of XRB evolution in the context of galaxy-wide
star formation to progress, an easily accessible XPS code that has been rigorously calibrated

against observational data is needed.

HMXBs follow a “universal” XLF (with a slope of 0.6), and LMXBs in elliptical galaxies
show a significantly steeper XLF slope [~1.2;[150]. While the slope of the XLF is dependent
on the age of the underlying X-ray source population [21], 120, 29], the relationship is non-
monotonic with age when traced over a few hundred million years [21]. About 20 Myr after
a star formation event, mostly bright HMXBs have formed, leading to a rather flat XLF.
After ~70 Myr, the most massive stellar companions have ended their lives, allowing fainter
HMXBs to dominate the X-ray emission and causing the observed XLF to steepen. As the
stellar population continues to age past ~170 Myr, lower mass stars begin to undergo mass
transfer to their compact companions and begin to contribute to the high-luminosity end of

the XLF, once again flattening the slope. The ages of HMXBs in NGC 300 and NGC 2403
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have been estimated using color magnitude diagrams to be ~40-60 Myr [444], and other
age have been estimated for HMXBs in the LMC and SMC [374} [5].

With the wealth of observational data about the XRB-host galaxy connection available,
the typical approach to XPS has been the following: make some reasonable assumptions
about initial mass function of the parent stellar population, the binary mass ratio distribu-
tion, and mass loss prescriptions during different phases of stellar evolution, then produce
XLFs with varying metallicities and find the range of star formation histories that best
reproduces the observed XLF. The converse approach, however, has not been explored in
detail: use the star formation history and metallicity evolution of the host galaxy (both of
which can be measured to an accuracy of better than ~20% using HST observations) to find
which initial assumptions need to be modified to re-create the observed XLF. For example,
the fraction of stars that are a part of a binary or multiple-star system can only be measured
for either very luminous or very nearby stars [I15], [114], and may not be representative of all
stars in all environments; additionally, some X-ray observations of stellar clusters hint at a
top-heavy initial mass function [e.g., a higher fraction high-mass stars in clusters than low
density environments, [70]. The number of stars that exist at each mass, the fraction of stars
that form in binary systems, the mass ratio between binary companions, and prescriptions
for stellar mass loss or tidal interactions are difficult to directly measure but will have a
profound influence on a galaxys XRB population. The XPS technique offers a tantalizing

new approach to investigating such open questions.

The Need for an “Industry Standard” XPS Code

The theoretical foundation on which XPS is built is relatively young. Two existing binary
evolution codes dominate XPS studies: StarTrack [21] and Binary Star Evolution [BSE,
194], [195]. StarTrack was originally developed for modeling binary compact objects [17], but
was later updated to treat the formation and evolution of XRBs for a given star formation
history or metallicity of the host galaxy [21]. BSE, initially developed by [194], 195], is
easily available and has been utilized by many authors, but it lacks some critical features

necessary for XLF analysis. Most importantly, it fails to compute the X-ray luminosity
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generated by the binary systems it creates. Thus, authors must modify BSE using their own
prescription for estimating X-ray luminosities and producing XLFs [249, [472]. A great deal
of the literature on XPS studies is spent “reinventing the wheel,” and a thorough, rigorous
comparison between StarTrack and the many varieties of BSE is lacking. The theoretical
results of XRB evolutionary studies must therefore be regarded with some skepticism, and
comparisons to observations are typically limited to only one or two galaxies [131], [132].

Both BSE and StarTrack treat major physical processes operating in binary systems,
including: tidal interactions, which act to synchronize the spins of the stars and circularize
the binary orbit [196]; mass transfer from stellar companion to compact object, both through
stellar winds and through the formation of accretion disks; the common envelope phase, in
which the outer atmosphere of the evolving stellar companion encompasses the orbit of the
stellar remnant and may lead to a coalescence of the two stars or a tightening of the binary
orbit [305]; evolution of the binary orbit due to magnetic breaking and the generation of
gravitational radiation; and supernova explosions and compact object formation. Despite
their outward similarities, BSE and StarTrack have some critical differences. StarTrack
is capable of forming black holes reaching ~10-20 Mg, [consistent with observed Galactic
populations, B01], while the compact objects formed by BSE all have masses below ~2.5
Mpg. StarTrack additionally uses more recent supernova kick distributions [motivated by
observations, [8, [I82] than BSE, which affects the post-supernova binary orbit. StarTracks
ability to directly produce XLF's resembling observations has been demonstrated for galaxies
with dominant LMXB populations [21] I31], 132]. However, because BSE is faster than
StarTrack it is better suited for simulating XRBs from large stellar populations, and BSE
follows in detail the evolution of binary components.

As shown in this thesis, the data needed to guide the construction of a new XPS code al-
ready exists. A natural path for future research involves developing an “industry standard”
XPS code, includes the most up-to-date formalisms of tidal interactions, mass transfer,
magnetic and gravitational braking, compact object formation, and X-ray luminosity pro-
duction. The code should be easily accessible through a web interface and will include tools
to help astronomers plan observations of X-ray point source populations. A thorough com-

parison of the model XLFs to the high quality, resolved observations of X-ray and stellar
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populations in dozens of nearby galaxies should also be performed. Once an XPS code
has been properly calibrated, observational data can be used as input and the validity of

traditional assumptions and prescriptions will be tested.
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