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Abstract

The Galactic Population of Low Mass X-ray Binaries in the Era of Large Sky Surveys

Yuankun Wang

Chair of the Supervisory Committee:
Professor Eric Bellm
Astronomy

Low mass X-ray binaries (LMXBs) are systems where a star with mass < 2Mg, orbits ei-
ther a neutron star (NS) or black hole (BH) so closely that mass transfer occurs due to
Roche lobe overflow (RLOF). Many of these systems exhibit recurring phases of extremely
bright outbursts that peak at X-ray wavelengths, followed by long periods of quiescence.
While our current known population of these objects totals only a few hundred, explaining
the observed features of the population of LMXBs requires understanding of binary stellar
evolution, compact object formation, and accretion physics. Therefore increasing this pop-
ulation, potentially by complementary discovery pathways that have different biases than
current X-ray driven methods, could have a significant impact on our understanding of these
disparate areas of astrophysics.

In this dissertation, I describe my study of LMXBs from both an observational and theo-
retical perspective, and look ahead to a new era when the Vera Rubin Observatory’s Legacy
Survey of Space and Time (LSST) will transform optical time domain astronomy. In Chapter
2, I describe a search for optical outbursts of LMXBs in the Zwicky Transient Facility (ZTF)
alert stream and use a small sample of discovered outbursts to make inferences about the
galactic LMXB population, as well as future prospects for a similar search in LSST. In Chap-
ter 3, I use cogsworth to simulate a population of LMXBs and compare their observable
properties to our currently known population to learn about binary stellar evolution models.

In Chapter 4, I present an exploratory crossmatch between the Rubin Data Preview 1 (DP1),



the first publicly available data released by the Vera Rubin Observatory, and describe some
challenges for making the multiwavelength associations that are crucial for classifying X-ray
emitting sources like LMXBs. In Chapter 5, I summarize the work completed and its place

in the context of the start of LSST.
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CHAPTER 1

INTRODUCTION

1 Why LMXBs Matter?

Low mass X-ray binaries (LMXBs) are interacting binary systems in which a compact object,
either a neutron star or a stellar mass black hole, accretes matter from a low mass companion
star via Roche lobe overflow (Shakura & Sunyaev, 1973). As material is transferred onto
an accretion disk around and ultimately onto the compact object, gravitational potential
energy is released in the form of high energy radiation, often peaking at X-ray energies,
making LMXBs among the brightest X-ray sources in the Galaxy (Remillard & McClintock,
2006). While they are a rare outcome of stellar evolution, understanding the formation and
observational signature of LMXBs combines several areas of astrophysics, including compact
object formation, binary stellar evolution, and accretion physics.

LMXBs are especially important for understanding the galactic population of compact
objects, and in particular stellar mass black holes. Almost all of the stellar mass black holes
that have been discovered in Milky Way were dynamically confirmed via observations of
the donor star radial velocity measurements in quiescent LMXBs (Casares & Jonker, 2014;
Corral-Santana et al., 2016). At the same time, this observed sample is subject to selection
effects as it contains interacting systems that were bright enough to be discovered, usually
during bright transient outbursts, and likely comprises a biased view of the full galactic black
hole X-ray binary population. Our current known population of galactic black holes is only
on the order of 100 objects, while the full predicted population using population synthesis
is thought to total around ~ 10® objects (Wiktorowicz et al., 2019). As a result, while
LMXBs serve as our best window into the population of galactic stellar mass black holes,
the undetected population may be far larger and more diverse than the currently known
sample suggests (Farr et al., 2011). Since the distributions of black holes (and neutron stars)
inform our models for supernova remnant models and the late stage interior evolution of the
progenitor, it is important to have an accurate understanding of the full population.

LMXBs are also essential to our observed neutron star population because they provide the
canonical pathway for the formation of millisecond pulsars (MSPs) (Papitto & de Martino,
2022). In the standard recycling scenario, prolonged accretion from a low mass companion
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Chapter 1. Introduction

transfers angular momentum to an old neutron star, spinning it up to millisecond periods,
which produces rapidly rotating MSPs (Bhattacharya & van den Heuvel, 1991). There
is direct observational evidence for transitional millisecond pulsars (tMSPs) that switch
between accretion powered and rotation powered states, highlighting LMXBs as a crucial
link between accreting neutron stars and radio pulsars (Archibald et al., 2009; Papitto et al.,
2013; Stappers et al., 2014).

LMXBs are also laboratories for studying and observing accretion physics. Many LMXB
systems are transients that undergo dramatic outbursts where the luminosity can increase
by orders of magnitude, separated by long intervals of quiescence. These state transitions
provide some of the clearest observational tests of the disk instability model (Hameury, 2020,
and references therein) and of the possible roles played by irradiation (Tetarenko et al., 2018),
winds, (Neilsen & Degenaar, 2023; Tetarenko et al., 2018), viscosity (Hameury, 2020), disk
truncation (Dubus et al., 2001), and mass-transfer variability in outburst behavior. Because
LMXBs can be monitored in X-rays, optical light, and increasingly in the infrared (John
et al., 2024), they offer a rich view of how accretion flows evolve in real time, including how
disks brighten, how the heating front propagates, and how they sometimes fail to produce
full outbursts (Alabarta et al., 2021).

Finally, LMXBs are valuable as tracers of binary stellar evolution and of galactic stellar
populations. Their spatial distribution reflects the underlying old stellar population from
which most low mass binaries arise, while their numbers, scale heights, and concentration
toward the bulge or plane carry information about star-formation history, binary evolution,
and compact object kicks (Repetto et al., 2017). As a result, LMXBs are not only interesting
as individual systems, but also as a population that can be used to study the physics of
how massive stars evolve in conjunction with companions This population perspective is
becoming even more important in the era of wide-field time-domain surveys, which promise
to uncover many more quiescent counterparts and optical outbursts, turning LMXBs into a
tool for connecting compact binaries to binary stellar evolution. As these systems are also
the progenitors to compact binary systems that are gravitation wave sources in LIGO and
LISA (Wagg et al., 2022), X-ray binaries are useful for understanding the lifecycles needed
to form double compact binaries (Postnov & Yungelson, 2014).

Studies of LMXBs can approach from an observational or theoretical framework, although
each is not of course not exclusive of the other. From the observational side, we can discover
and characterize systems, primarily through multiwavelength and time domain observations
of their accretion driven outbursts, from which we can measure properties of the system such
as compact object mass, orbital period, and time evolution of color/energy and luminosity,
and aim to understand the underlying theory and physics of accretion. From the theoretical
approach, we can use our understanding of binary stellar evolution to synthesize populations
of LMXBs and compare them to our observed galactic population. We will study both
approaches in the remainder of this manuscript.

2 LMXB Formation and Evolution

The standard formation channel for a low mass X-ray binary (LMXB) begins with an isolated
binary system containing a massive primary and a much lower mass secondary. Because the
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more massive star evolves off the main sequence earlier, it initiates mass transfer onto the
lower mass companion first. For the mass ratios present in LMXB progenitors, this transfer is
often unstable, and so the system evolves into a common-envelope (CE) phase Ivanova et al.
(2013); Kalogera & Webbink (1998). During CE evolution, the secondary spirals inward
inside the primary’s envelope, and the orbital energy ejects the common envelope. If the
envelope is successfully ejected before the stars merge, the post-CE binary is left in a much
tighter orbit containing the stripped core of the original primary and the main sequence low
mass companion. This orbital shrinkage is essential, because without it the system would
likely remain too wide to become an interacting X-ray binary.

The core of the primary then continues its evolution until it explodes as a core-collapse
supernova (CCSN) and forms a neutron star or black hole. To form an LMXB, the binary
must survive any natal kick imparted at compact object birth. This post supernova survival
requirement is one of the most restrictive bottlenecks in the standard channel, because a
system that survives CE can still be disrupted when the compact object forms Kalogera
& Webbink (1998); Tauris & van den Heuvel (2006). Thus the canonical picture contains
a strict sequence of stringent filters where the progenitor binary must not merge during
CE evolution, must emerge at the right separation, and then must remain bound after the
supernova with orbital parameters that still permit later interaction.

If the post SN binary remains closely bound, the final step is the onset of Roche lobe
overflow (RLOF) from the low mass companion following angular momentum loss driven
by magnetic braking or gravitation radiation (Tauris & van den Heuvel, 2006). Magnetic
braking is especially important for donors with convective envelopes at relatively longer
periods, while gravitational wave radiation dominants at the shortest periods. Together
these processes shrink the orbit until the companion fills its Roche lobe and transfers mass
to an accretion disk and eventually onto the compact object. Once this mass transfer phase
begins, the system is observed as an LMXB, and its subsequent evolution can produce a
persistent source, a transient source, and sometimes a recycled millisecond-pulsar system

(Podsiadlowski et al., 2003).

3 LMXB Outbursting and Transient Behavior

3.1 Observational Features of Transient LM XBs

X-ray binaries are most readily recognized through their outbursts and variability. In tran-
sient systems, the light curve of the canonical accretion disk outburst shows a comparatively
fast rise followed by a longer plateau and an exponential (radiative) decay back toward qui-
escence (Chen et al., 1997). This morphology, known as FRED, is predicted by the disk
instability model (DIM), in which the outburst begins when a thermal-viscous instability
triggers a heating front that rapidly ionizes the disc, while the subsequent decline is gov-
erned by viscous evolution, irradiation from the compact object, radiative cooling of the
disk, and, at later times, by the propagation of cooling fronts as irradiation weakens (Dubus
et al., 2001; Hameury, 2020; Lasota, 2001). Real outbursts are frequently more complicated,
particularly after the rise where the lightcurve can show plateaus, secondary maxima, re-
flaring events, and rebrightenings, indicating that irradiation, disk truncation, mass-transfer
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variations, and outflows all shape the observed light curve in ways that are not yet fully
captured by the modifications to DIM. The characteristic outburst durations likewise span a
wide range, from weeks to months and in some cases much longer, which is one reason that
long-term continuous monitoring is so important for discovering and characterizing LMXBs.

A key challenge to discovery of these systems is that both the recurrence time and the
outburst duration of X-ray binary outbursts are highly variable from source to source. Some
transients recur on timescales of only a few years, whereas others may remain quiescent
for decades between major outbursts, and even within a given source different outbursts
can have different durations, amplitudes, and morphologies (Tetarenko et al., 2016). The
WATCHDOG catalog of galactic black hole X-ray binaries by Tetarenko et al. (2016) shows
the great variation in outburst duty cycles and recurrence time across the known population
of BH-LMXBs, and that our cataloged population therefore may oversample systems that
are bright, long-lived, or recently active during the era of all-sky monitoring. This matters
physically as well as observationally: recurrence times correlate to how quickly mass is
supplied and stored in the disk before the next outburst, while bright times depend on how
the disk is drained, irradiated, and perhaps depleted by winds or jets during the outburst
itself (Dubus et al., 2001; Tetarenko et al., 2018).

In addition to brightness changes, X-ray binaries are characterized by correlated evolu-
tion in spectral hardness and luminosity, usually summarized in terms of accretion states.
In black hole transients, outbursts commonly begin in a hard state dominated by a hard
Comptonized spectrum (HCS) and strong aperiodic variability, then soften to the intermedi-
ate state (IMS), and in many cases reach a soft, thermally dominated state (SDS) in which
the disk contributes most of the luminosity and the rapid variability is much weaker (Done
et al., 2007; Remillard & McClintock, 2006). In hardness—intensity diagrams, this standard
evolution traces a counterclockwise, g-shaped hysteresis pattern, with the return transition
from the soft to the hard state occurring at a lower luminosity than the original hard-to-
soft transition (Maccarone et al., 2003), meaning that state transitions are not dependent
on instantaneous accretion rate or temperature alone. Additionally, a substantial fraction
of LMXB outbursts are now recognized as failed transition outbursts, in which the source

remains in the hard state throughout and never reaches the fully soft, disc-dominated phase
Alabarta et al. (2021).

3.2 Accretion Disk Outbursts and the Disk Instability Model

As briefly discussed in the previous section 3.1, the standard framework for interpreting the
outbursts of transient low mass X-ray binaries is the disk instability model (DIM), in which
the accretion disk cycles between a cool, netural state and a hot, fully ionized state because
the disk opacity changes abruptly when hydrogen ionizes (Hameury, 2020). In quiescence,
matter transferred from the donor accumulates in the disk until the local surface density
exceeds a critical threshold on the cool branch of the thermal equilibrium curve. At that
point a thermal-viscous runaway is triggered, a heating front propagates through the disc,
and the system enters outburst; later, once the disk has been sufficiently drained and can
no longer remain fully ionized, cooling fronts propagate inward and return the system to
quiescence. DIM provides the basic physical model for why many LMXBs are transients
rather than persistent accretors.
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Figure 1.1: The hardness vs intensity diagram of a canonical full outburst, as well as two
hard-only or failed transition outbursts, taken from Alabarta et al. (2021).

For LMXBs, however, the standard DIM must be modified in several important ways to
reproduce the observed outburst behavior. The most important addition is X-ray irradi-
ation of the disk by the central source, since irradiation can keep a much larger fraction
of the disk in the hot state than would otherwise be possible, prolonging the outburst and
producing the long bright states and slow decays typical of X-ray transients (Dubus et al.,
1999; King, 1998) This also explains why the lightcurve in the soft X-ray state decays at
either an exponential or linear rate under different irradiation conditions, and why LMXB
outbursts are generally longer and more luminous than dwarf-nova outbursts in cataclysmic
variables. Inner-disk truncation/evaporation in quiescence helps explain low quiescent lumi-
nosities and long recurrence times by preventing the thin disk from extending all the way
to the compact object at all times and increasing inner disk stability (Menou et al., 2000).
More recent reviews also emphasize that irradiation of the donor, mass-transfer variations,
and possibly winds and outflows that exert a torque on the disk can materially alter the
light curve morphology, recurrence cycle, and decay profile, especially in systems that show
plateaus, reflaring, or unusually complex outbursts (Hameury, 2020; Lasota, 2001). While
the DIM remains the base model of the theory, a modified version accounting for a irradiated,
truncated, and wind-modified disk reproduces LMXB outbursts more accurately compared
to the simple thin-disk model.

A central issue to all variations of DIM is that accretion onto the compact object requires
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the transport of angular momentum outward. Without this transport, gas cannot spiral
inward and release gravitational energy. The classical Shakura-Sunyaev («)-prescription
parameterizes this transport in terms of a viscosity, but it does not identify the underlying
physical mechanism. A breakthrough came with the discovery by Balbus & Hawley (1991)
of the magnetorotational instability (MRI), where magnetic fields in a differentially rotating
disk produces the viscosity needed for angular momentum loss and accretion of matter onto
the compact object (Balbus & Hawley, 1998). For hot, ionized accretion disks, the MRI is
therefore an explanation for the high mass transfer rate. However, quiescent disks in LMXBs
are expected to be largely neutral, so MRI should be inefficient or absent there, implying
that some other transport channel such as magnetically driven wind may be needed in the
low state, where the accretion rate is low but nonzero (Lasota, 2023).

Despite its success, the DIM still leaves open the question of what triggers an outburst in
a given source and at a given time. The theory predicts the onset of an outburst when one
part of disk locally crosses the critical surface density/temperature for thermal instability,
but the parameters that determine when this happens are much less certain. Also unknown
is whether this occurs near the compact object and propagates outwards (i.e. inside-out), or
whether the reverse (outside-in) is true. The relevant ingredients likely include the secular
mass-transfer rate from the donor, fluctuations in that transfer rate, the degree of inner-disk
truncation during quiescence, the efficiency of irradiation, and the role of winds or other
non-local torques in redistributing mass and angular momentum (Hameury, 2020).

A second set of open problems surrounds failed outbursts and recurrence times. Obser-
vationally, many black hole LMXB outbursts do not execute the full canonical hard-to-soft
cycle. Instead, they brighten and then fade while remaining in the hard state, resulting
in a failed transition outburst. Alabarta et al. (2021) showed that these failed transition
outbursts comprise roughly one-third of all outbursts in their sample of black hole LMXBs.
Their existence implies that launching a heating front and increasing the accretion rate does
not guarantee a full outburst that progresses to the soft state. Likewise, the enormous range
in recurrence times from years to decades shows that we still do not understand how quickly
discs refill, how much mass is left behind after an outburst, or how truncation, irradiation,
winds, and donor behavior combine to set the next cycle (Lasota, 2023). Although the typi-
cal light curves of X-ray transients can often be approximated via DIM, their decay phases in
particular are not simple exponentials, and many observed light curves are far more complex
than the canonical model suggests. DIM therefore remains a useful starting point for LMXB
outbursts, but there remains work to be done to find a theoretical framework that explains
all aspects of LMXB outburst morphology.

3.3 X-ray Driven Discovery

Low mass X-ray binaries (LMXBs) are most often discovered through their accretion-powered
X-ray emission. Because a neutron star or black hole accreting from a low mass donor
radiate from quiescent luminosities of roughly 10%° — 1034 erg s~ up to outburst luminosities
approaching 10%° erg s™! from such a small region, the radiation from these objects generally
peaks in the X-ray and are often some of the brightest sources in the X-ray sky. Early catalogs
of galactic LMXBs (Liu et al., 2007; Ritter & Kolb, 2003a) were therefore assembled from
X-ray detections.
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X-ray all-sky monitors (ASM) have been especially important (Priedhorsky & Holt, 1987)
because their wide FOV means they are likely to catch LMXB outbursts as long as their
flux exceeds the all-sky monitor threshold (i.e. during outburst). The first ASM dedicated
to astronomical observations was launched aboard the Ariel-5 satellite in 1975 Holt et al.
(1979), although earlier ASMs aboard the Vela satellites designed to monitor the Earth for
nuclear detonations had serendipitously discovered a number of high energy transients of
cosmic origin (Klebesadel et al., 1973). The Rossi X-ray Timing Explorer (RXTE) ASM
launched in 1995 was much more sensitive than previous ASMS and repeatedly covered
the entire in the 1.5-12 keV band roughly 5-10 times per day, making it the first tool for
systematically tracking X-ray transient lightcurves at scale (Levine et al., 1996). MAXI scans
the entire sky twice per 90 min orbit from the International Space Station, with two cameras
covering energy ranges of 0.5-12 keV and 2-30 keV Matsuoka et al. (2009). At hard X-ray
energies, the Swift/BAT transient monitor added complementary sensitivity to spectrally
hard and absorbed systems, observing 838% of the sky every day in the 15-50 KeV energy
range (Krimm et al., 2013). More recently, the Einstein Probe (Yuan et al., 2022) observes
the entire sky several times per day at soft X-rays at a sensitively an order of magnitude
fainter than MAXI.

All-sky monitors, however, are only one part of the discovery chain. Survey missions
such as ROSAT, XMM-Newton, Chandra, Swift, and eROSITA have been important for
building X-ray catalogs that capture sources at greater sensitivity than the all sky monitors.
These instruments also provide better localizations and photometric measurements, which
make it possible to connect the transients seen by monitors to persistent source catalogs
and, ultimately, to counterparts at other wavelengths. Many of our known LMXBs were
first discovered via a trigger by an all sky monitor, which prompted followup by one of these
X-ray missions.

Despite these successes, X-ray selection alone has several limitations. X-ray monitors are
intrinsically biased toward bright, long-duration, or frequently recurring outbursts, so the
observed sample over-represents systems with high duty cycles and and short recurrence
times that are bright enough to trigger an all sky monitor. The positional uncertainties of
wide-field instruments are generally too large to identify a unique optical or infrared (OIR)
counterpart in crowded regions of the galactic plane or bulge, which means that X-ray
transients require deeper follow-up to localize and classify successfully (Jonker et al., 2011).
Note that source catalogs do not contain classifications for most of their sources, as the
nature of many sources remain unresolved until they can be combined with multiwavelength
data from OIR observations. In other words, the X-ray-selected LMXB population is shaped
not only by the underlying astrophysics, but also by the cadence, sensitivity, energy band,
and localization precision of the instruments that discovered it.

As such, LMXBs are best found and classified based on a multiwavelength approach in
which X-rays remain essential but are no longer sufficient on their own. The Galactic Bulge
Survey (GBS, Jonker et al., 2011) by the Chandra observatory was designed explicitly around
this logic, first using X-ray observations to find compact accretors, and then combining them
with optical follow-up to enlarge the sample of neutron star and black hole LMXBs suitable
for dynamical study and population inference. Likewise, catalogs such as WATCHDOG and
BlackCAT have made clear that the X-ray selected population of LMXBs is only a subset of
the full galactic population (Corral-Santana et al., 2016).
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Figure 1.2: LMXBs in outburst can be optically discoverable before their X-ray flux exceeds
the sensitivity of X-ray all-sky monitors. Optically discovered outbursts by ZTF (stars) abd

ASAS-SN (diamonds) are plotted in gold:

: Swift J1943.4+0228 (Wang & Bellm, 2022),

XTE J1859+226 (Bellm, 2021a), AT2019wey (Yao et al., 2021), and ASASSN-18y/MAXI
J1820+070 (Tucker et al., 2018). The initial discovery and peak brightness are connected
with dotted lines for AT2019wey and MAXI J1820+070, demonstrating that the optical flux
nears peak levels much earlier than X-ray flux. LSST will observe outbursts too faint for
X-ray monitors. Blue points show peak optical magnitude and X-ray flux for known BH
LMXBs (Corral-Santana et al., 2016). Figure taken from Bellm (Priv. Communication)
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3.4 Optical Signatures of LM XBs

Optical observations are important for the study of LMXBs because they provide information
complementary to the X-ray data. Once an X-ray source has been localized to a few arcsecond
error circle, optical imaging and spectroscopy are often taken to determine which object is
the true counterpart, especially in crowded galactic fields where multiple stars may fall inside
the X-ray positional uncertainty (Jonker et al., 2011; Wevers et al., 2016). Optical data also
probe physical regions of the disk that are complementary to the X-ray emitting inner flow.
The optical band is sensitive to the donor star, the outer accretion disk, and irradiation
of the binary on larger scales than those traced directly by X-rays (Charles & Coe, 2003;
van Paradijs & McClintock, 1995). Just as importantly, optical monitoring can provide
denser and longer-baseline time-domain coverage than is typically available from X-ray all-
sky monitors, allowing one to follow quiescent variability and the earliest phases of outburst
development in systems that remain below X-ray survey thresholds for most of their lifetimes
(Goodwin et al., 2020; Russell et al., 2019).

The optical signature from LMXBs contains contributions from several physically distinct
emission components whose relative importance changes with accretion state (Charles & Coe,
2003). In quiescence, the donor star can dominate the optical and near infrared emission, but
even then the accretion flow can contribute flickering and line emission. During active states,
the thermal emission from the accretion disk makes up a substantial portion of the optical
light, while reprocessed X-ray irradiation of the disk and the inner face of the companion can
boost the optical luminosity and imprint correlations between optical and X-ray brightness
(Ducci et al., 2019; Russell et al., 2006). In black hole systems, compact jets can also make
an important contribution, especially in the hard state and particularly at redder optical and
near infrared wavelengths, where synchrotron emission may dominate over the thermal disk
emission (Russell et al.; 2006). In some systems such as Swift J1357.2-0933, synchrotron
emission may remain dominant even in quiescence (Shahbaz et al., 2013). Because these
components respond differently to changes in accretion rate and spectral state, optical colors,
spectra, and variability provide a powerful diagnostic of which physical channel is dominating
at a given time.

In quiescence, optical observations are especially valuable because they can reveal the
underlying binary geometry needed for dynamical studies. Many quiescent LMXBs show
the double-humped ellipsoidal modulation expected from a donor star overflowing its Roche
lobe, and modeling that modulation is a standard route to constraining the binary inclination
and the relative contribution of the donor and disk light (Casares & Jonker, 2014; Shahbaz
et al., 2013). Optical colors and spectra further constrain the donor type and the amount
of obscuration by the accretion flow, both of which are required to interpret radial velocity
curves and derive robust compact object mass limits (Casares & Jonker, 2014).

During outburst, the optical phenomenology becomes even richer and may offer a window
into the evolving accretion flow, particularly during the disk state change. LMXBs typically
brighten by up to 6 magnitudes in the optical during outburst (Charles & Coe, 2006),
often showing characteristic rise and decay morphologies that broadly track changes in the
accretion disk and irradiation geometry. Optical colors evolve during outburst as the effective
disk temperature changes and as the relative contribution of the disk, reprocessed emission,
and any jet component shifts with luminosity and accretion state (Russell et al., 2006;
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Tetarenko et al., 2021). In some systems, the optical emission can begin rising before the X-
rays become detectable, making optical monitoring a sensitive probe of outburst triggering in
the outer or truncated disk. For example, V404 Cyg brightened by 0.1-0.3 mags compared to
the quiescent orbital modulation roughly a week before the Swift/BAT trigger (Bernardini
et al., 2016), while SAX J1808.4-3658 showed enhanced optical activity starting 12 days
before the first X-ray detection and a 4-day delay relative to the optical in the X-ray rise
delay during the 2019 outburst (Goodwin et al., 2020). Observations taken by the XBNews
group (Russell et al., 2019) also found optical outbrusting preceeding the X-ray outburst in
several systems. These results show that optical observations can be a distinct discovery
and diagnostic channel for the earliest stages of LMXB outbursts, and may allow for earlier
detection of outbursts.

Additionally, Alabarta et al. (2021) found that prior to full outbursts of GX 339-4, the
optical and infrared flux was generally fainter than prior to a failed transition outburst. By
contrast, analysis of a sample of 128 outbursts from 56 black hole LMXBs found that full
and failed transition outbursts were indistinguishable from their X-ray lightcurves, hardness
intensity diagrams, or X-ray variability during the initial outburst onset. Assuming that the
OIR emission was mostly from the outer accretion disk, this would imply that the outer part
of the disk is more massive prior to a failed transition outburst than a full outburst.
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Figure 1.3: Optical and X-ray lightcurve of the optically discovered outburst of the BH
XRB Swift J1357.2-0933 in 2021 (Bellm, 2021b, Priv. Communication)
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4 The Observed Galactic Population

The presently known galactic LMXB population numbers of order a few hundred systems,
although the exact total depends on how candidate systems are treated. The recent XRBcats
catalog lists 349 galactic LMXBs (Avakyan et al., 2023), whereas the LMXBwebcat catalog
lists 339 galactic LMXBs (Fortin et al., 2024). Both catalogs nearly double the number
systems listed in the older Liu et al. (2007) and Ritter & Kolb (2003a) catalogs, illustrat-
ing both the continuing discovery and the progressive classification of previously uncertain
systems over the past 15 years. The sky distribution of the known population are concen-
trated toward the inner Galaxy and bulge, and they have a broader vertical distribution
than HMXBs, with a characteristic scale height of about 410 pc (Grimm et al., 2002a).

Galactic Coordinates (kpc)
N
Galactic plane height [kpc]

-10

=5 0 5 10
Galactic Coordinates (kpc)

Figure 1.4: The distribution of LMXBs throughout the galaxy. Left: edge-on view of
339 LMXBs with emphasis on the galactic height and latitude. Right: face-on view of 98
LMXBs with Gaia parallaxes, with bars showing 1-0 distances. Taken from Fortin et al.
(2024). Background image credits: ESA/Gaia/DPAC (left), NASA /JPL-Caltech/R. Hurt
(SSC/Caltech) (right)

Recent catalogs also make a distinction between systems with verification and sources
whose classification remains more indirect. The most secure black hole identifications are
those with dynamical mass constraints, as reviewed by Casares & Jonker (2014) and cata-
loged by Corral-Santana et al. (2016), while many additional black hole LMXB systems are
candidates identified from their X-ray properties or outburst behavior rather than from a dy-
namical mass measurement. By contrast, many neutron star LMXBs are securely identified
through type I X-ray bursts or coherent pulsations. Fortin et al. (2024) attach reliability flags
to compact object type in their catalog and the current galactic LMXB population should
be taken as a combination of dynamically confirmed black holes, burst/pulsation-confirmed
neutron stars, and a broader set of candidate LMXBs that are more indirectly classified via
lightcurve morphology and other properties measured from the outbursts, such as changes
in state in the X-ray hardness.

The outburst properties of the galactic LMXB population are also diverse. Transient
LMXBs typically span X-ray luminosities from roughly 10364 ergs=! in outburst, while
quiescent luminosities are many orders of magnitude lower. Persistent systems occupy the
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high end of the accretion-rate distribution, whereas transients spend most of their time in
quiescence and are detected primarily during episodic activity (Grimm et al., 2002b). For
black holes, the WATCHDOG database tracked activity from 47 transient and 10 persistent
galactic black hole X-ray binaries and identified 132 transient outbursts between 1996 and
2015, demonstrating that outburst duty cycles, bright times, and recurrence properties vary
substantially from source to source (Tetarenko et al., 2016). For neutron star LMXBs, Heinke
et al. (2025) catalog outbursts from 85 confirmed NS LMXBs and show that 40 of these 85
systems had zero or one recorded outburst between 1996 and 2023, implying long recurrence
times and likely incompleteness below all-sky monitor detection limits. They further argue
that since outburst detection has been relatively efficient since 1996 for events brighter than
about Fh_jpkeV ~ 3 x 10719 ergs™ ecm~2 the observed transient population is still shaped
strongly by X-ray monitoring thresholds.

A further important aspect of the currently known population is that a substantial fraction
of outbursts fail to undergo a full transition into the soft X-ray state. In a sample of 56 black
hole LMXBs undergoing 128 outbursts, 36% of systems experienced at least one failed-
transition outburst and these events accounted for about 33% of the outbursts of the sample
(Alabarta et al., 2021). This is consistent with an earlier result using the WATCHDOG
database that a substantial fraction of galactic black hole outbursts are hard only events
rather than full state transition outbursts (Tetarenko et al., 2016). Because many of these
failed transition outbursts are much shorter in duration or fainter in luminosity than full
transitions, our currently X-ray monitoring may be missing these outbursts due to lack
of sensitivity for wide-field instruments and coverage for more sensitive missions. Long
term optical monitoring of known LMXB systems are already discovering failed transition
outbursts that do not register with X-ray monitors (Baglio et al., 2022; Bellm et al., 2023),
demonstrating the utility of optical observations.

Recent catalogs show an improvement in counterpart completeness, but not every LMXB
has a known optical or infrared (OIR) counterpart. Both recent LMXB catalogs include OIR
counterparts from Gaia, 2MASS and WISE. Even so, both efforts underline the fact that
many systems still lack well-constrained counterparts or basic binary parameters, especially
in crowded or highly extincted regions of the inner Galaxy, where cross-identification and
follow-up remain difficult (Avakyan et al., 2023; Fortin et al., 2024).

Taken together, current catalogs and outburst databases show the known galactic LMXB
population contains roughly 340-350 systems, is concentrated toward the bulge and inner
Galaxy, contains a mixture of securely identified and candidate neutron star and black hole
accretors, and remains strongly shaped by the selection effects of X-ray monitoring and the
incompleteness of optical/infrared follow-up (Arur & Maccarone, 2017).

5 LMXBs in the Time-Domain Era

5.1 The Landscape of Optical Time Domain Surveys

Large sky surveys have repeatedly reshaped our understanding of astrophysics by converting
rare classes into statistical populations. The Catalina Real Time Transient Survey (CRTS;
Drake et al., 2009) imaged over 30,000°% of the sky and was the first survey to send out real
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time information on sources that change in brightness within minutes of discovery. CRTS
substantially increased our known populations of many transient and variable objects, such
as cataclysmic variables, active galactic nuclei, and supernovae, and discovered some rare
transients such as super luminous and long duration supernovae. Subsequent surveys, like
the Palomar Transient Factory (PTF; Law et al., 2009; Rau et al., 2009), Pan-STARRS
(Chambers et al., 2016), the All-Sky Automated Survey for Supernovae (ASAS-SN; Kochanek
et al., 2017), the Zwicky Transient Facility (ZTF Bellm et al., 2019a), and the Asteroid
Terrestrial-impact Last Alert System (ATLAS; Tonry et al., 2018), have provided greater
coverage of the optical transient phase space via increased sensitivity, cadence, or followup
capabilities.

In the coming decade, Rubin Observatory’s Legacy Survey of Space and Time (LSST,
Ivezi¢ et al., 2019) will observe the sky at an unprecedented combination of cadence, depth,
and coverage at optical wavelengths. The Nancy Grace Roman Space Telescope (Spergel
et al., 2015) will survey the near infrared sky, providing a window into the heavily reddened
environments in the galactic bulge. Wide area coverage of the sky at X-ray wavelengths
also provides a complementary high-energy discovery space (e.g. the Einstein Probe, Yuan
et al., 2015). This combination is especially promising for studying low mass X-ray binaries
(LMXBs), which require multi-wavelength observations to fully characterize, and are high
variable and frequently discovered as transients.

5.2 Rubin Observatory and LSST

The Vera C. Rubin Observatory’s Legacy Survey of Space and Time (LSST) is a 10 year,
wide-field synoptic survey of the southern sky, with a survey area of 18,000°% in six bands, (ugrizy),
with 5-o single-exposure point-source depths of u=23.9, g=25.0, r=24.7, i=24.0, z—23.3, and
y=22.1 mag, while the ideal 10-year coadded depths reach u=26.1, g=27.4, r=27.5, i=26.8,
z=26.1, and y=24.9 mag (Ivezi¢ et al., 2019, Table 1).

For transient science, the power of LSST lies in this combination of coverage, depth,
and cadence and makes it an order of magnitude more powerful than any other synoptic
survey (Bellm, 2016). Rare events require large sky coverage, transient events require regular
revisits, and intrinsically faint or distant events require substantial photometric depth. LSST
is unique in that it provides all three simultaneously. LSST will measure not just the existence
of a transient source, but its rise, color evolution, and decay across a very large dynamic
range in brightness and timescale. For galactic transients, this is especially important because
many classes of variable and eruptive systems evolve on day-to-week timescales, so a survey
that is both deep and high cadence can recover events that would be missed by shallower or
more sparsely sampled optical programs.

A second major advantage for transient work is Rubin’s real-time alert infrastructure.
Rubin’s prompt pipelines perform image differencing on new exposures and distribute alerts
within about 60 seconds of shutter close, with roughly ~ 10,000 alerts per visit and about ~
7-10 million alerts per night (Ivezi¢ et al., 2019). These alerts will be distributed to brokers,
where users can then set up their own filters or search criteria to narrow the alert stream to
a list of candidates.

For galactic transient science, the most important consequence of the LSST survey design
is that it enables time-domain studies at both large scale and substantial depth. This is espe-
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cially relevant for low mass X-ray binaries, whose duty cycles are often low, whose outbursts
can evolve on day-to-week timescales, and whose quiescent counterparts are frequently too
faint for previous wide-area surveys to characterize uniformly. The Rubin Observatory will
therefore expand the observational parameter space in which these systems can be studied
by increasing the accessible volume for optical outburst discovery, improving the census of
faint and quiescent counterparts, and providing multi-band light curves for population-level
analyses. These capabilities motivate the use of LSST not only as a discovery instrument for
compact binaries, but also as a tool for constraining the galactic population and evolutionary
history of LMXBs.

LSST should enlarge our sample of quiescent optical counterparts. Monitoring counter-
parts in quiescence is important because ellipsoidal modulations in the light curve constrains
the geometry of the Roche-lobe-filling donor, broadband colors and spectroscopy can give
the donor type and the proportion of disk contamination, and together these measurements
underpin dynamical mass estimates for compact objects (Casares & Jonker, 2014; Charles
& Coe, 2006). The logic of surveys such as the galactic Bulge Survey was already that
enlarging the sample of quiescent accreting binaries is necessary for constraining black hole
masses and binary evolution (Jonker et al., 2011). LSST extends that strategy to a much
deeper, wider, and more uniform time domain dataset, with repeated (ugrizy) imaging over
the southern sky, and should therefore recover counterparts that were too faint, too weakly
variable, or too poorly sampled in previous wide-area optical surveys (Ivezi¢ et al., 2019).

Another major impact is that LSST should discover new outbursting LMXBs directly
through their optical variability, rather than only through triggers from X-ray all-sky moni-
tors. This is important because the known galactic transient population is strongly shaped
by discovery bias, as WATCHDOG showed that the observed black hole X-ray binary sam-
ple is dominated by systems caught during bright X-ray activity between 1996 and 2015
(Tetarenko et al., 2016), and BlackCAT emphasized that only a small fraction of the total
galactic black hole transient population has likely been found so far (Corral-Santana et al.,
2016). Optical monitoring also provides a complementary discovery channel because out-
bursts also brighten substantially at optical wavelengths, and failed transition outbursts may
only substantially brighten in the optical. Prior to the failed outburst in 2020, the LMXB
Centaurus X-4 had not undergone outburst since 1979 (Baglio et al., 2022), and we may be
missing other infrequent LMXB outbursts if we do not discover them in the optical. Finally,
at least some systems, the optical rise precedes the X-ray trigger (Russell et al., 2019), which
may allow us to probe the physics surrounding the initial onset of the state change.

6 The Structure and Outline of this Thesis

In this introduction we have outlined the current state of the field of low mass X-ray binary
(LMXB) theory and observation, and describe the transformative capabilities of the Vera
Rubin Observatory and the upcoming Legacy Survey of Space and Time. We cover the
historical and ongoing X-ray driven discovery and observation, as well as an emerging field
of not only optical followup of LMXB outbursts, but optical discovery and monitoring as
well. We address our current understanding of the physics of LMXB outbursts and remain-
ing questions surrounding the initiation of outbursts, and the presence of failed transition
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Figure 1.5: Left: The number of visits by the Vera Rubin Observatory over the full 10 year
survey. (v3.3 baseline). Many known LMXBs are located in the Galactic Bulge, outlined
in white. This region will be visited over 1000 times. Right: Fraction of XRB outbursts
detected by using simulations of LSST observations. The vast majority of detected XRBs
are in the Galactic Bulge. Figure from Bellm (Priv. Communication).

outbursting. We also discuss how LMXBs are thought to form via binary stellar evolution,
and that our current models have many parameters that are not yet fully constrained.

The subsequent chapters, I describe my study of LMXBs both via observations and via
simulations and theory. I cover the use of sky surveys and alert streams, tools that entered
the mainstream in the previous decade. Then I take a digression to discuss the kinds of
questions a larger population of LMXBs could help answer. Lastly, I look ahead to a new
era when the Vera Rubin Observatory’s Legacy Survey of Space and Time (LSST) will
transform optical time domain astronomy.

In Chapter 2, I cover my search for optical outbursts of LMXBs in the Zwicky Transient
Facility (ZTF) alert stream. I describe my methods of pulling in existing X-ray data and
prior observations to select candidates for further using the X-ray telescopes and optical
spectroscopy. I then use a small sample of discovered outbursts to make inferences about
the galactic LMXB population and look ahead to how Rubin’s increased sensitivity and 10
year baseline could lead to more optical discoveries of LMXBs. This work was originally
published in ApJ (Wang et al., 2024).

In Chapter 3, I use cogsworth to simulate a population of LMXBs and compare their
observable properties to our currently known population. I then vary the configurations of
the simulations to learn how different binary stellar evolution models can impact the number
of LMXBs synthesized, as well as their observable properties, with special focus on properties
that include positional information.

In Chapter 4, I present an exploratory crossmatch between the Rubin Data Preview 1
(DP1), the first publicly available data taken by the Vera Rubin Observatory, and describe
some challenges for making the multiwavelength associations that are crucial for classifying
X-ray emitting sources like LMXBs. This work was originally published in ApJS (Wang
et al., 2026).

Finally, Chapter 5, I summarize the work completed and its place in the context of the
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start of LSST.
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1 Introduction

X-ray binaries (XRBs) are interacting binary systems containing a neutron star or black
hole and a stellar companion. In Low Mass X-ray Binaries (LMXBs), matter from a low
mass stellar companion is transferred into an accretion disk via Roche Lobe overflow. The
accretion of matter onto the compact object does not happen uniformly, which leads the
LMXB to undergo outbursts (King & Ritter, 1998; Shakura & Sunyaev, 1973). The most
widely discussed mechanism for these outbursts is the Disk Instability Model (DIM; for a
detailed review, see Hameury, 2020). In this model, the luminosity of these systems can
increase by many orders of magnitude when an instability (perhaps the Magnetorotational
Instability; Balbus & Hawley, 1998) causes the accretion disk to become ionized, leading the
mass transfer rate onto the compact binary to dramatically increase and causing a transient
outburst event. High Mass X-ray Binaries (HMXBs) are mostly persistent, wind-fed systems.
Many, but not all, of these objects lack accretion disks and prominent optical outbursts (Reig
& Fabregat, 2015).

Accretion outbursts of LMXBs typically exhibit a characteristic fast rise, exponential de-
cay temporal profile (Chen et al., 1997). The initial rise of several days to weeks corresponds
to complete ionization of the accretion disk and increase in mass transfer onto the com-
pact object, followed by a long decay as energy is radiated, cooling the ionized disk. The
decay portion of the outburst can last for hundreds of days or even years, as irradiation
from the compact object can sustain ionization of the inner disk (Dubus et al., 2001; King
& Ritter, 1998). The end of the outburst can transition to a linear decay (King & Ritter,
1998; Tetarenko et al., 2018) as the disk changes back to its neutral state. While the narra-
tive provided by the disk instability model (DIM) matches the overall observed behavior of
outbursts, many key details of the process remain uncertain, including the mechanism that
triggers the outburst onset. The location where this instability originates and the process
by which it propagates throughout the disk are also not well understood. Also uncertain
are why some outbursts fail to progress to the disk-dominated high-soft state, resulting in a
smaller and shorter “failed transition” outbursts (Alabarta et al., 2021).

Many modifications to the model have been proposed to account for observations, includ-
ing irradiation of the disk (King, 1998; Niwano et al., 2023), tidal forces (e.g., Priedhorsky
& Verbunt, 1988), and disk winds (e.g., Neilsen & Degenaar, 2023, and references therein).
Discoveries of both new XRBs and new XRB outbursts may help answer these questions and
clarify the underlying physical processes that necessitate these modifications.

The discovery of X-ray Binaries has largely been driven by X-ray all-sky monitors, such
as the All-Sky Monitor (ASM) on the Rossi X-ray Timing Explorer (RXTE). However, while
the sensitivity of these instruments, around 10~% ergscm=2s~! (about 103 — 10% ergss= at
fiducial galactic distance (Krimm et al., 2013; Matsuoka et al., 2009)), can detect the intense
radiation from outbursts, they miss X-ray Binaries in quiescence (10% — 10335 ergss™!), and
can miss weak /low luminosity outbursts, such as outbursts from very faint x-ray transients
(VFXTs; e.g., Armas Padilla et al., 2014; Heinke et al., 2015). Focusing X-ray telescopes such
as Chandra, XMM-Newton, and Swift have the sensitivity to detect much fainter sources and
their higher resolution also provides more precise spatial localization. However, their smaller
field of view means that their combined sky coverage is much smaller than the all-sky moni-
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tors. Additionally, classification of detected X-ray radiation as an outbursting X-ray Binary
can be difficult with both all sky monitors and the more sensitive X-ray source catalogs,
particularly for fainter, shorter duration outbursts that are only observed serendipitously,
meaning that a number of LMXBs may be catalogued but not classified.

Optical detection and monitoring offers an alternate pathway to discovery and character-
ization of X-ray binaries. Empirically, the initial stages of the outburst can first be observed
at optical wavelengths several days before the X-ray outburst (Russell et al., 2019). For
example, the X-ray binary AT2019wey (Yao et al., 2021) was discovered first in the optical
by ATLAS (Tonry et al., 2019) and was monitored by the Zwicky Transient Facility months
before a detection of an X-ray outburst (Mereminskiy et al., 2020). Since the optical outburst
can precede the X-ray brightening, this can enable earlier X-ray followup during the initial
rise and the study of the mechanisms that trigger the outburst, which are not understood
due to a relative rarity of observations during the earliest phases of outburst onset. How-
ever, an optical search requires a fast cadence to identify candidates in the short brightening
phase, while also needing the depth to catch faint, extincted sources in the Galactic Plane.
In addition, optical fields are much more crowded at typical outburst magnitudes compared
to the X-ray sky and X-ray outbursts. As a result, additional contextual data, such as the
lightcurve history, and prompt followup are needed to identify outbursts as LMXBs early in
the outburst cycle.

The X-ray Binary New Early Warning System (XB-NEWS) collaboration (Russell et al.,
2019) uses observations from the Las Cumbres Observatory to monitor known X-ray binaries
and has made the first detection of several LMXB outbursts (Baglio et al., 2022; Pirbhoy
et al., 2020; Saikia et al., 2023).

This dedicated program ensures consistent monitoring of known XRBs over long peri-
ods, but requires dedicated observations and data processing. Additionally, its narrow-field
targeted observations are not able to discover outbursts from previously unknown XRBs.

Optical synoptic surveys provide an alternative means of discovering outburts from both
known and new LMXBs. The Zwicky Transient Facility (ZTF; Bellm et al., 2019a; Dekany
et al., 2020; Graham et al., 2019) images the northern sky down to ~21 mag at a cadence of
1-3 days (Bellm et al., 2019b). The high cadence and depth of ZTF combined with its real-
time alert system (Patterson et al., 2019), enables multiple detections of LMXBs during the
fast rise phase of outburst and quick investigation of the candidate sources, and motivates
this study to find optical outbursts of LMXBs. The easily accessible lightcurve history in
ZTF also enables us to eliminate a large number of contaminant sources, such as cataclysmic
variables (CVs), by examining the historical outburst behavior and duty cycle of candidate
sources.

For identification of outbursts from known LMXBs in ZTF, we make use of a watchlist
to notify us of any activity from positions of sources in the Ritter and Kolb Ritter & Kolb
(2003b), BlackCAT (Corral-Santana et al., 2016), and WATCHDOG (Tetarenko et al., 2016)
catalogs. This watchlist, implemented using the ANTARES broker (Matheson et al., 2021),
led to the discovery of outbursts from XTE J1859+226 (Bellm, 2021a; Bellm et al., 2023)
and Swift J1357.2—0933 (Bellm, 2021b).

In this work, we focus on searches for previously-unknown LMXBs using the ZTF alert
stream. We describe a live nightly outburst search pipeline which crossmatches ZTF alerts
with catalogs of X-ray sources to narrow down the number of candidates considered. We
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also perform this search over 4 years of archival alert data. In section 2, we describe our
methodology for identifying candidates. In section 3, we present the results of our search,
which includes recoveries of known LMXB outbursts over this timespan. In section 3, we
estimate the percentage of galactic LMXBs are visible to our pipeline. In section 4, we
conclude with a discussion of our pipeline, and the implications of our results for discovery
of LMXBs in future surveys, such as the Vera C. Rubin Observatory’s Legacy Survey of
Space and Time (LSST; Ivezic¢ et al., 2019).

2 Methods

2.1 The ZTF Alert Stream

The alert stream is a data product provided by the Zwicky Transient Facility. An automated
pipeline detects transient and variable sources by differencing nightly images and coadded
reference images and identifying any sources that appear in the difference images' above a
SN > 5 (Masci et al., 2019). Candidates are packaged with metadata, detection history,
and image cutouts into alerts. The ZTF alert distribution system (ZADS; Patterson et al.,
2019) uses Kafka to stream these alerts out in near real time, enabling rapid followup after
identification. The median number of ZTF alerts per observing night for all programs is
363,000, but is highly variable, and can exceed 1M in a single night when observing in the
Galactic plane.

Galactic variables frequently appear in both reference and science images, so to find
the total apparent magnitude we add the reference and difference fluxes. The apparent
photometric magnitudes for each source are determined by adding (or subtracting, in the
case of a negative source in the difference image) the PSF-fitted photometry to the reference
image photometry. Sources that are too close in brightness to the reference image may not
pass the 5-sigma threshold for triggering an alert and show up in the alert history as a
nondetection. We determine the limit of nondetections by averaging the upper and lower
bounds for the nondetection, which are found by adding and subtracting the difference image
limiting magnitude from the reference magnitude. Adding nondetections to the lightcurve
history gives greater temporal coverage to the outburst identification algorithm and provides
a level of comparison between the outburst and quiescent states.

2.2 Live Search Pipeline

Consuming Alerts

The live search over all alerts in the alert stream covered in this paper begins on February
24th, 2021 and ends September 21st, 2022. ZTF provides access to alerts through a number
of community brokers? which consume the public stream and enable users to filter, query,
and otherwise interact with the alerts. However, we consume the alert stream directly from

Thttps:/ /irsa.ipac.caltech.edu/data/ZTF /docs/ztf _explanatory supplement.pdf
2e.g., ANTARES (Matheson et al., 2021); Lasair (Smith et al., 2019); ALeRCE (Forster et al., 2021);
AMPEL (Nordin et al., 2019); Fink (Moller et al., 2021); Pitt/Google (http://pitt-broker.readthedocs.io)
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Archival Search Pipeline
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Figure 2.1: Flowchart showing how packets from the alert stream or alert archive are
processed by our pipeline. We examine lightcurves of candidates passing all cuts by eye and
further investigate their historical observations by ZTF and other surveys.

the ZADS system for greater flexibility and control over the filters and cuts in our search for
LMXBs?®. The filters and cuts on the alert stream are diagrammed in figure 2.1.

We eliminate sources with a deep real bogus score (Duev et al., 2019) under 0.8, as well
as any packets with nearby known solar system objects. The sources passing this initial cut
are then crossmatched to positions of known X-ray sources.

X-ray and SIMBAD Crossmatch

In order to narrow down the number of candidates considered, we first crossmatch all alerts
with positions of previously catalogued X-ray sources using the given spatial uncertainties in
the catalogs as the crossmatch radius. These sources are compiled from 5 X-ray surveys listed
in table 2.1: ROSAT 2RXS (Boller et al., 2016), Chandra CSC2 (Evans et al., 2010), Swift
2SXPS (Evans et al., 2020), XMM DR10 (Webb et al., 2020a), and XMMSL2 (Warwick
et al., 2012). We crossmatched the X-ray source positions to SIMBAD to remove known
extra-galactic sources, such as AGN, as well as other previously-identified X-ray emitting
sources that are not X-ray Binaries. We then created a unified X-ray dataset combining all
5 catalogs. The ROSAT 2RXS and XMMSL catalogs provide comprehensive sky coverage
at the expense of poor localization, and roughly 15% of sources in these catalogs overlap
with better localized sources in the Chandra and Swift catalogs. The total number of X-ray
sources we crossmatch against is 848651.

ZTF alerts within the positional uncertainty of an X-ray source are flagged as matches
and saved for further analysis. Since the positional uncertainty of candidates from ZTF is
usually smaller than their matched X-ray counterparts, we again crossmatch to SIMBAD to

3https://github.com/dirac-institute/alert _stream crossmatch
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Observatory | Catalog Energy Median 1o Sky Number

Range Localization | Coverage | of Sources
Rosat 2RXS 0.1-2.4keV | 15.7 arcsec 100% 135,118
XMM XMMSL2 0.2-12keV 4.2 arcsec 84% 29,393
Swift-XRT | 2SXPS 0.3-10keV 2.7 arcsec 9.1% 146,768
XMM 4XMM-DR10 | 0.2-12keV 1.5 arcsec 3.0% 575,158
Chandra CSC 2.0 0.1-10 keV 0.6 arcsec 1.3% 317,167

Table 2.1: X-ray catalogs used for crossmatching in this work. Citations are as follows:
2RXS (Boller et al., 2016), XMMSL2 (Warwick et al., 2012), 2SXPS (Evans et al., 2020),
AXMM-DR10 (Webb et al., 2020a), CSC 2.0 (Evans et al., 2010)

eliminate any unwanted contaminants. Sources passing the SIMBAD cut are saved into a
SQLite database along with photometric and nondetection data.

Time Series Metrics

We use photometric magnitudes to calculate our timeseries features. Objects with reference
magnitudes brighter than 15 mag are eliminated, since these sources are near ZTF’s satura-
tion limit and are unlikely to be undiscovered LMXBs. Additionally, we eliminate the 0.5%
most uncertain observations (photometric errors greater than 0.5 mag), which are usually the
result of problems in the data quality. This eliminates a number of spurious observations.

We then calculate an 8-day (7 = 8) exponentially weighted moving average (EMA) on
the apparent magnitudes and nondetection limits:

EMA(t) = f*« EMA(t,) + (1 — f) *mag(t)
f=exp{=(t=1,)/7}

Where t is the time of detection and tp is the time of the previous detection. The EMA is
a trailing metric: during an outburst, the photometric magnitude will be brighter than the
EMA at the same time, leading to a positive difference between the 8-day EMA and the
photometric magnitude. For an outburst, we expect this difference to be positive for at least
8 days. We use a 4-day rolling average of this EMA difference as our metric for outburst,
selecting all objects where this metric exceeds 0.25 for at least one observation. We then sort
all candidates from the previous 10 days by the maximum value of this metric and visually
inspect the lightcurves.

The EMA cut typically provides on order 100 lightcurves per day. We examine the
complete ZTF photometric history of lightcurves passing the EMA cut. This allows us
to eliminate a large number of cataclysmic variables, which are by far the most common
contaminant. The recurrence time and outburst duration of CVs (Coppejans et al., 2016)
are both generally much shorter than those for LMXBs (Tetarenko et al., 2016). Additionally,
CV outbursts, which are much less luminous than LMXB outbursts, tend to be closer and
therefore much less extincted (i.e red) than LMXB outbursts.

Candidates exhibiting a lack of outburst history or long-duration outbursts with long
recurrence times are examined further using the ZTF forced photometry service. We also

(2.1)
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check for past observations in X-ray by Swift XRT and BAT, in SIMBAD for publications
and references, and for observations and spectra by other surveys such as SDSS.

We follow up sources by triggering spectroscopic observations in the optical using the 3.5m
telescope at Apache Point Observatory (APO), as well as in the X-ray using a Swift ToO.
The spectroscopic followup enables us to identify the presence of double-peaked Balmer
emission lines. While these lines are also present in the spectra of cataclysmic variables
(CVs), black hole binaries have broader emission lines than CVs at a given orbital period
(Casares & Torres, 2018). The full width half maximum (FWHM) of these emission lines
can both serve as a diagnostic and be used to estimate the mass ratio of the compact object
to the companion star (Casares, 2016).

2.3 Archival search

In addition, we also ran a search for outbursting LMXBs over 4 years of archived ZTF alert
data. Similar to the live search, archived alerts were first crossmatched against our combined
X-ray catalog, with matches then crossmatched to SIMBAD to eliminate extragalactic and
other contaminant sources. We then implemented the same cuts on reference magnitude and
observation uncertainty. We also required each candidate to have at least 4 observations in
a single filter over a stretch of 28 days.

Candidates that passed these basic cuts were then subjected to cuts based on timeseries
features. We again calculate the EMA metric described in 2.2, as well as the Von Neumann
statistic:

T _11)02 ;(mm —mi)” (2:2)

The Von-Neumann statistic assesses the smoothness and stability of the lightcurve by
averaging the square differences of consecutive points and dividing by the variance. The
least interesting candidates never undergo a significant outburst, leading to a very small
value for the Von-Neumann statistic. We exclude sources where the Von-Neumann statistic
is less than 0.004.

3 Results

3.1 Live Search Results

We identified two LMXB candidates in outburst using our live search pipeline. Figure 2.2
presents the lightcurves and outburst metrics associated with these two sources around the
time of discovery. Table 2.2 summarizes these sources along with sources identified in an
archival search (§3.2).

AMXP MAXI J1957+032

MAXI J1957+032 is an accreting milisecond puslsar (Sanna et al., 2022) that was identified in
our live search pipeline as ZTF19acerbwo on June 20th, 2022. This outburst was previously
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Figure 2.2: Two objects found in our live search. The left plot shows an outburst of MAXI
J1957+032, a known LMXB. The right plot shows the outburst of Swift J1943.4+0228,
an LMXB candidate not observed for 10 years. The red and green colors correspond to
observations taken in the ztf-r and ztf-g bands respectively. The lightly plotted lines show
the 8-day EMA and the vertical shading indicates observations meeting our outburst metric
(these are described by pale grey in the legend).

observed and reported by MAXI on June 18th, 2022 (Negoro et al., 2022). Using the ZTF
forced photometry service, we found this source was first observed by ZTF on the same day
as the MAXI report (Wang et al., 2022). Since the source appeared to be already fading in
optical past the followup capabilities of APO, we did not trigger further followup.

Swift J1943.44-0228

Swift J1943.440228 is an X-ray transient source first observed in outburst by Swift in April
2012 by the Burst Alert Telescope (BAT) (Krimm et al., 2013) and subsequently not detected
again until it was detected to be in outburst by our pipeline on September 6, 2022 (MJD
59828) as ZTF22abcvwog after having begun an outburst on August 26th (MJD 59817). On-
going monitoring revealed two more reflares back up to a brightness of m, ~ 18.5 beginning
on September 18th, 2022 (MJD 59840), each lasting for between 20-40 days. These reflares
are visible in the forced photometry lightcurve in figure 2.3. We observed this outburst with
the KOSMOS spectrograph (Martini et al., 2011) on the 3.5m telescope at APO and were
unable to obtain a signal in 40 minutes of observation.

The original Swift detection and monitoring revealed a 2 month long decay period in
the soft X-rays. We obtained a detection with Swift X-ray Telescope (XRT) of around
0.076 & 0.01 countss™! count rate, far below the previous 2012 XRT peak detection of
1.4 £ 0.04 countss™!, indicating that this event may be a failed outburst (Alabarta et al.,
2021). Additionally, the hardness ratio of our detection was 2.82 + 0.88, harder than the
previous outburst, which reached 1.77 4+ 0.08, as shown in the hardness intensity diagram
in figure 2.4.

Using the catalog from Green et al. (2019), we estimate the distance to the system to be
1.2+0.3 kpc. Combining this with our measured X-ray flux, we use WebPIMMs and a power
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Figure 2.3: ZTF22abcvwog (Swift J1943.4-+0228) lightcurve produced by the ZTF forced
photometry service showing no previous detections by ZTF, as well as a reflares on
MJD=59840 and MJD=59890.

law model of the source with photon index of 2 and column density of 1.9 x 10?’'cm™2 (Rau
et al., 2012) to estimate the luminosity of the source to be 1.7 x 103 ergss™'. The calculated
luminosity of the 2012 (1.4 x 103 ergss™) and 2023 outbursts are more characteristic of a
cataclysmic variable than an LMXB. However, the long intervals between activity and the
X-ray lightcurve of the source, which took over two months to fade appeared similar to a
hard-only outburst of an LMXB, making this source worth monitoring for future activity.

3.2 Archival Search Results

Running the archival search from June 1, 2018 to July 14th, 2022, we crosmatched 75,787
ZTF sources to objects in our combined X-ray catalog. Of these sources, 27952 were left
after making the SIMBAD crossmatch cut. After requiring the reference magnitude of the
candidate to be 15th mag or fainter and a galactic latitude of less than 15deg, there were
17966 and 7789 sources remaining, respectively.

We then made further cuts on lightcurve features. First, we required at least 4 observations
in a single filter, in any 28-day stretch. This narrowed our sample down to 3730 sources.
We also required at least 4 observations termed “in outburst”, with the EMA metric 2.1
greater than 0.25 at least 3 times in a 28-day period, resulting in 2584 candidates remaining.
Finally, we required a Von Neumann statistic of at least 0.004 in at least one of the filters,
a threshold that we selected after calculating this metric for known X-ray binary outbursts
found in the live search, as well as XTE J1859+226 (ZTF2laagyzqr, Bellm, 2021a) and Swift
J1357.2—0933 (ZTF19aanxwrq, Bellm, 2021b). Examples of lightcurves passing all cuts are
given in figure 2.5.

After visual inspections and literature searches for lightcurves displaying characteristics
of LMXB outbursting, we recovered 3 known LMXBs in the alert archives: XTE J1859+226
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Hardness Intensity Diagram of Swift ]1943+0228
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Figure 2.4: Hardness v. intensity of the 2012 and 2022 outbursts of Swift J1943.4+0228.
It appears that the 2012 outburst never transitioned into the soft state. The 2022 outburst
is barely detected and also harder than the 2012 outburst.

(ZTF2laagyzqr; Bellm, 2021a, Bellm et al., 2023), Swift J1911.2+0036 (ZTF18accedau),
and MAXI J1807+132 (ZTF19abvioim; Shidatsu et al., 2019). One source from the live
search, Swift J1911.2+0036, was also recovered in the archival search. We also discovered
3 sources (ZTF20abmxtnh, ZTF19acylwtd, and ZTF19aabgjuf) displaying short outbursts
peaking above the limiting magnitude of ZTF; these are shown in figure 2.6 and discussed
below.

Additionally, one known LMXB, Swift J1357.2—0933 (ZTF19aanxwrq), was excluded due
to the galactic latitude cut.

3.3 ZTF20abmxtnh

This source is classified as a Type la supernova (SN2020gbw) in TNS (Dahiwale & Fremling,
2020). The location at galactic latitude 9.58°, as well as the relatively short period of
time above the ZTF limiting magnitude enabled it to pass our cuts and to be flagged as a
candidate. This source peaked at 18.73 mag in g-band and 18.83 mag in r-band two days
later after the first ZTF observation. It was visible to ZTF over a period of roughly 3
months. The lightcurve shows distinct color evolution, with the r-band fading slower than
g-band. The X-ray counterpart for this source was Swift 2SXPS J194138.3+423721. Upon
examining the image cutouts, it appears likely that the g-band "quiescent" flux is actually
contamination from the host galaxy.
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Figure 2.5: Examples of candidates found in the archival search. Both ZTF19aanxwrq
and ZTF19abvioim are known LMXBs (Swift J1357.2—0933 and MAXI J1807.2+132).
ZTF18aagrcve displays a rise and sustained outburst profile similar to that of LMXBs; how-
ever, a literature search revealed it to be a polar. ZTF17aabulyc is a cataclysmic variable,
the short duration of outburst and large duty cycle from its photometric history confirm
this.

3.4 ZTF19acylwtd

This source peaked at 17.11 mag in r-band and the total duration of the outburst was around
30 days. The quiescent magnitude of this source was measured by PS1 to be 20.06 + 0.004 in
the r-band and 21.20 £ 0.05 in the g band (Chambers et al., 2016). The X-ray counterpart
for this source was Swift 1XPS J070927.3—110211. Using a distance of 5 kpc (Bailer-Jones
et al., 2021), we estimate the X-ray luminosity between 0.5 and 7 keV of the source to be
2 x 1033 ergss™!. Based on the quiescent magnitude and X-ray luminosity, this is likely a
CV.

3.5 ZTF19aabgjuf

This source peaked at 17.95 mag in r-band and the total duration of the outburst lasted
around 15 days. The quiescent magnitude of this source was measured by PS1 to be 20.26 £+
0.02 in the r band and 21.60 £ 0.07 in the g band (Chambers et al., 2016). Two other potential

28



Chapter 2. An Optical Search for New Outbursting Low Mass X-Ray Binaries

outbursts with two points in both r and g-band on the rise are seen on the edges of gaps
in photometric data. The X-ray counterpart to this object was found by Chandra: CSC2
J205921.2+543035. We estimate the X-ray luminosity of this source to be 1 x 10%? ergss™!,
assuming a distance of 4 kpc. Based on the quiescent magnitude, recurrence times, and

X-ray luminosity, this source is also likely a CV.
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Figure 2.6: 3 sources displaying outbursts with quiescent magnitudes below the ZTF alert
pipeline detection limit. These lightcurves were obtained using forced photometry and we
relaxed the required signal to noise from 5 to 3.

4 Selection Effects and Estimating the Population of Galac-
tic LM XBs

We estimated the proportion of expected outbursting systems discoverable by our pipeline
by simulating a population of Galactic LMXBs with a bulge/disk/halo distribution (Grimm
et al., 2002b) and subjecting the simulated population to a selection function approximating
the cuts of our search. Each simulated object is assigned parameters such as recurrence
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ZTF id Source Name Source Type | Date Detected (ZTF) | Peak Magnitude
ZTF19acerbwo | MAXI J1957+032 | LMXB Jun-20-2022 19.1
ZTF22abcvwog | Swift1943+4-0228 LMXB? Aug-26-2022 18.5
ZTF19abvioim | MAXI J1807+132 | LMXB Sep-05-2019 15.7
ZTF2laagyzqr | XTE J1859+226 LMXB Feb-04-2021 18.5
ZTF18accedau | Aql X-1 LMXB May-05-2022 16.9
ZTF19aatqkhi | Swift J0636.6+3536 | CV Feb-06-2021 17.4
Z'TF20abmxtnh | SN2020gbw SN1la Jul-16-2020 18.7
ZTF19acylwtd | — CV Oct-28-2020 17.5
ZTF19aabgjuf | — CV Sep-24-2020 18.4

Table 2.2: Sources examined in detail from the live and archival searches.

time, mean outburst duration, and duty cycle drawn from 45 sources from the WATCHDOG
catalog from (Table 8; Tetarenko et al., 2016) of transient black hole X-ray binaries. * Using
bootstrapping, we obtain a maximum likelihood estimate of the number of galactic LMXBs
based on our observation of 4 outbursting objects. We do this by subsampling a number N
of simulated objects, and passing the subsample through a selection function that replicates
our pipeline, including limits due to the survey depth and area of ZTF, the exclusion of ZTF
alerts without an X-ray counterpart, and the likelihood of an outburst during our 4 year
search window.

4.1 ZTF Survey Cut

We used ZTF pointing data to determine the number of simulated objects within ZTF fields
(38.9%) that were observed more than 100 times (37.8%). We calculated the extinction to
each simulated position using three-dimensional dust maps (Green et al., 2019; Lallement
et al., 2019), assumed a fiducial outburst brightness increase of 6 magnitudes based on
BlackCAT outburst magnitudes and distances, and used the simulated distances and absolute
magnitudes to calculate the apparent magnitudes of each source. Absolute magnitudes were
simulated using the orbital period-magnitude relation from Casares (2018), and by sampling
known orbital periods and perturbing them by up to 50%. Using a fiducial limiting magnitude
of m = 20.5 for ZTF, we find that around 75% of outbursting systems reach a brightness
greater than 20.5 mag. Additionally, we note that the galactic latitude cut (|b] < 15deg) in
the archival search excluded less than 4% of the simulated sources, although our model for
the spatial distribution of LMXBs (Grimm et al., 2002b) may underestimate the number of
LMXBs in the halo, due to natal kicks (Gandhi et al., 2020).

4.2 Cut on Sources with X-ray Counterparts

Our decision to require a crossmatch between each alert to a catalog of X-ray sources allows
us to investigate a more tractable number of candidates. However, the aggressiveness of

4We excluded the two long term transient sources (SWIFTJ1753.5—0127 and GRS1915+105) and two
sources with high mass companions (SAXJ1819.3—2525 and XTEJ0421+560).
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Figure 2.7: Cumulative fraction of simulated LMXBs discoverable by the ZTF and LSST
surveys accounting for distance to each object, extinction using 3D dust maps (Green et al.,
2019; Lallement et al., 2019), and location of the observatory. The single-image limiting
magnitudes for ZTF and for Rubin are plotted as vertical dashed lines. Almost all simulated
outbursting XRBs are observable by Rubin Observatory, while only about 39% are expected
to be in the ZTF survey footprint.
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this cut means that we may be excluding many sources that have never been detected by
any X-ray survey. To obtain an order of magnitude estimate of the number of LMXBs
potentially eliminated by this cut, we assumed a quiescent X-ray luminosity of 10%! ergss=!
and an outburst luminosity of 103 ergss™! and calculated the X-ray flux from each source
in quiescence and outburst, using the simulated distances. We then used WebPIMMs to
estimate the counts per second for each simulated source at quiescence and in outburst,
while accounting for extinction. Finally, we estimated the percentage of sources expected
at a signal to noise ratio of 5 for each of the catalogs in our crossmatch (table 2.1) by
sampling the exposure times in each catalog and multiplying by the extinction-corrected
flux to estimate the total counts detected per simulated source. We use 7 to represent the
percentage of sources expected, for each of the 5 catalogs, for sources in both quiescent and
outburst states.

While sources in outburst are almost always bright enough to be observed by each instru-
ment, most sources are in the outburst state only a small fraction of time. This fraction,
known as the duty cycle, is observed to be anywhere between less than 1% to over 50%
(Tetarenko et al., 2016), with a median in the WATCHDOG database of black hole XRBs
of 2.7% and a mean of 10%. We use Monte Carlo sampling to simulate whether each system
is in outburst or quiescence and then use Monte Carlo sampling again to simulate whether
the system is detected and cataloged, where 1 describes the probability of discovery. This
sampling procedure is repeated for each of the 5 catalogs. A simulated source is tagged as
passing this cut if it appears in any one of the catalogs. Using this method, we estimate that
around 8.8% of galactic LMXBs are present in our unified X-ray catalog (see table 2.3).

By using sampled parameters from the WATCHDOG database, we are assuming that
the outburst parameters (mean outburst duration, duty cycle, and recurrence time) of the
known sources are representative of undiscovered LMXBs, including systems with neutron
stars. This is unlikely because of observational biases—sources that are in outburst more often
and more recently are more likely to be discovered. Additionally, many of the WATCHDOG
sources have only one recorded outburst, meaning that the duty cycle and recurrence times
are upper limits. To account for this, we also run this step of the selection function using
the median duty cycle, which could be more representative of the galactic population. Using
this method, we estimate that around 4.4% of galactic LMXBs are present in our unified
X-ray catalog.

4.3 Outbursting LM XBs

We then estimate the proportion of LMXBs that undergo an outburst in any 4 year period
using the WATCHDOG catalog of known black hole XRBs (Tetarenko et al., 2016), calcu-
lating the number of expected outbursts for each simulated object detectable in a T' = 4 year
period using the recurrence time:

T + toutburst

trecurr ence

Expected(Nouipursts) = (2.3)

where T is the length of the archival search (4 years). Since many of the WATCHDOG
sources have recurrence times longer than 4 years, only a fraction of the sources will undergo
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a state change in our data. We can then calculate the probability of at least one outburst
using the cumulative distribution function of the Poisson distribution with A = E(Nyupursts):

Poutburst =1- P(O) (24)

Again using Monte Carlo sampling, we can simulate the sources that undergo at least one
outburst during the 4 year period.

We assume the X-ray outburst parameters are representative of the optical outbursts.
However, there is evidence that short optical outbursts can happen without a state change
or full X-ray brightening, such as in misfired or failed outbursts (e.g., Alabarta et al., 2021;
Baglio et al., 2022; Bellm et al., 2023) and possibly the outburst of Swift J1943-+0228 reported
in this paper. As a result our cut here may be too stringent, as systems may undergo optical
outburst more frequently, particularly as activity without the substantial X-ray brightening
needed to trigger X-ray monitors.

4.4 Estimate of the Galactic Population

Finally, we performed a Monte Carlo simulation to estimate the number of interacting
LMXBs in the galaxy consistent with our observations. We do this by taking 10,000 samples
of size N from our simulated dataset, passing them through the cuts described above, and
finding the percentage of samples returning 4 sources.

Using the sampled outburst parameters, we estimate that 1.6% of sources in outburst
are detectable. Accounting for the duration of our survey, we find that we detect 0.76%
of the total population of LMXBs and obtain an estimate of the number of sources with a
95% confidence interval (CI) of 5307519, This estimate is lower than current estimates of
the number of LMXBs in the galaxy. The 2016 BlackCAT survey (Corral-Santana et al.,
2016) estimates a total of 1300 galactic BHXBs, implying around 4000 LMXBs with either
black hole or neutron star primaries, assuming that there are roughly double the number of
neutron star LMXBs as black hole XRBs (Bahramian & Degenaar, 2022).

If we substitute the median duty cycle instead of the sampling this parameter, we estimate
that 0.79% of outbursts are detectable, meaning we detect 0.012% of the galactic population,
giving to a total of 339077350 galactic LMXBs. This appears to be more in line with current
estimates. However, because we have only 4 confirmed objects recovered by the pipeline,
our results are accompanied by large uncertainties. The large difference between the two
estimates is also due to the frequency of expected outbursts, with many fewer outbursts
expected for an undiscovered population with the fiducial duty cycle.

4.5 Discovery of Outbursts in Optical vs. X-ray

While accretion outbursts of LMXB are intrinsically much energetic at X-ray wavelengths,
the greater single epoch sensitivities of optical observatories means that the flux from many
outbursting LMXBs first exceed the sensitivity limit of an optical survey than an all sky X-ray
monitor. Using 28 black hole XRBs from the BlackCAT catalog (Corral-Santana et al., 2016)
with peak X-ray flux counts, optical or IR (OIR) peak outburst magnitude, and distance
estimates, we calculated both the X-ray and OIR luminosities, correcting for extinction.
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We then fit a 2-component Gaussian mixture model to the resulting set of luminosities
and sampled this model additional X-ray and OIR luminosities, which we combined with
distances and extinctions to obtain a simulated set of outburst fluxes in both X-ray and OIR.

Taking a ZTF limiting AB magnitude of 20.5 and a single orbit MAXI sensitivity of 10
milliCrab between 2-30 keV, we calculated the relative sensitivities of these observatories to
be 3.3 x 10~ ergss ' em™2 and 1.21 x 107" ergss~! cm™2. We assume that if the OIR flux
to X-ray flux ratio is greater than the MAXI to ZTF flux ratio, than the source will first
exceed the sensitivity of ZTF before MAXI. Using this metric, we estimate 21% of outbursts
would first be visible in the optical. This estimate is likely conservative: we assume that the
ratio of optical flux to x-ray flux at the peak of the outburst is similar to the ratio during the
rise, while models for accretion disk outbursts may suggest that the optical radiation begins
to increase before the X-ray increase (Hameury, 2020; Russell et al., 2019). The Einstein
Probe is currently slated for launch by the end of 2023 and carries an ASM with an order of
magnitude sensitivity increase compared to current ASMs (Chen et al., 2022). Comparing
this upcoming probe to LSST, and assuming a sensitivity 10x that of MAXI, we calculate
that about 27% of outbursts would first be detectable to LSST in the optical.

Additionally we ran ZTF forced photometry on all outbursting LMXBs in the past 5 years
with a known optical counterpart. Out of the 11 LMXBs with ZTF observations, we find that
5 of the sources (Swift J1858.6—0814, Swift J1357.2—0933, Aquila X-1, XTE J1859+226,
MAXI J1807+132; see Figure 2.8) had at least one detection by ZTF before the time of
first detection in X-ray, and that 3 of these sources (MAXI J1820-+070, Swift J1910.2—0546,
MAXI J1957-+032; Figure 2.9) showed concurrent optical and x-ray outbursts. Three sources
(4U 1730—22, MAXI J1816—195, IGR J17591—2342; Figure 2.10) showed no visible increase
in optical brightness.

4.6 Optical Discovery of LMXB Outbursts in the Rubin Era

As shown in figure 2.7, due to the location of Palomar in the Northern Hemisphere as well
as the moderate limiting magnitude of ZTF, we only expect < 40% of outbursting LMXBs
to be present in ZTF data. We can estimate the expected proportion of outbursting systems
discoverable by Rubin’s LSST using survey cadence simulations (Bianco et al., 2022; The
Rubin Observatory Survey Cadence Optimization Committee, 2023), plus our simulation of
XRB positions following Johnson et al. (2019) and Grimm et al. (2002b). The location of
Rubin Observatory in the Southern Hemisphere means that it will be much better positioned
to observe the Galactic Bulge, and will observe approximately 86% of the outbursts. Using
an XRB metric® and v3.0 of the LSST baseline observing cadence (The Rubin Observatory
Survey Cadence Optimization Committee, 2023), we simulated 10,000 outbursts following a
fast rise exponential decay template (Chen et al., 1997) and estimate that 43.3% of outbursts
will be detectable in 10-year survey time of LSST by Rubin.

Much of the improvement (in the previous section we estimated our search using ZTF to
detect 2.4% and 1.2% of all outbursts, depending on the assumptions of the distribution of
the duty cycle of undiscovered objects) is due to the elimination of the X-ray counterpart
cut, which eliminates between 91-96% of LMXBs. Using equation 2.3 we estimate 26% of

Shttps://github.com/lIsst /rubin_sim/blob/main/rubin_sim/maf/maf contrib/xrb_metrics.py
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Observatory | Catalog Sky Coverage | Nguiescent | Toutburst
Rosat 2RXS 100% 0.0025% | 99.999%
XMM XMMSL2 84% 0.013% 37.4%
Swift-XRT | 2SXPS 9.1% 0.14% 100%
XMM 4XMM-DRI10 | 3.0% 17.8% 100%
Chandra CSC 2.0 1.3% 1.6% 99.2%

Table 2.3: Estimate of percentage of galactic LMXBs that are expected () in each of the
major catalogs we crossmatch to.

systems to undergo at least one outburst in a ten year period. As a result, we expect LSST to
discover outbursts from approximately 10% of all galactic LMXBs, i.e. roughly 400 objects.

Notably, most of the outbursts we observed and recovered in the live and archival searches
were shorter (on order weeks) than typical outbursts which can last for months to years. The
duration of our search of roughly 4 years means that we will preferentially observe sources
with shorter duty cycles, which tend to correlate with shorter outburst duration.

5 Discussion

The previous section demonstrates that requiring a candidate to have a crossmatched X-ray
source is a fairly stringent criteria. Our order of magnitude estimate of the percentage of
LMXBs catalogued by one of the 5 X-ray surveys we crossmatch against is 4.4% to 8.9%,
meaning our pipeline excludes more than 9 out of 10 potential candidates. One example
of an LMXB candidate missed by both our live and archival searches is ZTF19acwrvzk
(AT2019wey; Yao et al., 2021), which did not have a known X-ray counterpart at the time
of detection. We also have implemented a pipeline without a crossmatching criteria, instead
using EMAs of different exponential decay timescales to detect outbursting events, as well
as additional timeseries features to make cuts on both the live alert stream, and the archival
candidates.

The presence of only very faint hard X-ray emission associated with the optical flaring
and reflaring of Swift J1943+-0228 may be indicative of repeated failure of the heating front
to propagate throughout the disk. If Swift J1943+0228 is indeed an LMXB, the previously
detected 2012 outburst appears also to have never transitioned into the soft state. Tetarenko
et al. (2016) found that around 39% of the outbursts present in the WATCHDOG catalog did
not transition into the soft state and that these hard-only outbursts represent a substantial
component of all events. Postulating that these hard-only outbursts represent sources that
did not reach the required mass transfer rate to transition to the soft state, it is possible
that these optical outbursts represent the lowest energy tails of these phenomena, where the
outburst stalls before increased mass transfer leads to brightening in the hard state.

Because almost all XRB outbursts, even failed transition outbursts, are discovered due
to X-ray brightening, untargeted searches at optical wavelengths of outbursts can provide a
powerful complementary pathway to the discovery and characterization of LMXBs and their
outbursts (e.g., Bellm et al., 2023). Due to their increased sensitivity to low luminosity and
earlier activity, optical searches will offer a unique window into a population of outbursts
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that are not well understood. While we only have a few examples of this behavior in the ZTF
data, the location and greater depth of LSST will enable observations of a greater number
of LMXB outbursts, including observations earlier, closer to outburst onset, and allow us to
build a robust sample of optical outbursts.

6 Appendix: X-ray and Optical Lightcurves of LMXB
Outbursts
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Figure 2.8: ZTF optical and X-ray lightcurves of LMXBs that have been reported in
outburst since June 2018. These 6 sources all have at least one ZTF observation prior to
the date and time of the first observation by an all-sky monitor as reported in the atel in
the legend. The red and green points are ZTF magnitudes in r and g band. The blue
points give counts between 2-10keV as detected by Swift XRT. The back points give counts
observed by Swift BAT (15-150keV) and the purple points are MAXI observations (2—
30keV). Larger BAT and MAXI points are detections exceeding 3o0. Swift J1858.6-0814
was initially discovered in 2018 (Krimm et al., 2018), meaning this source could have been
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Figure 2.9: Optical and X-ray lightcurves of LMXBs that have gone into outburst since
the beginning of ZTF. These 3 sources have simultaneous X-ray and ZTF data. The first
discovery of MAXI J1820 was in the optical by ASAS-SN (Tucker et al., 2018); ZTF did not
observe MAXI J1820 prior to the X-ray detections.
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potentially in outburst. The position of this brightening corresponds to source 3 in atel
#15479 (de Martino et al., 2022)
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1 Background

Most massive stars are born not in isolation, but in binary or higher-order multiple sys-
tems (e.g., Duchéne & Kraus, 2013; Kroupa, 1995; Moe & Di Stefano, 2017; Offner et al.,
2023; Oliva & Kuiper, 2020), making binary interaction an important part of the evolution-
ary process that produces neutron stars, black holes, and compact-object systems in astro-
physics (e.g., de Mink et al., 2014; Podsiadlowski et al., 1992; Sana et al., 2012). Yet despite
decades of work, binary stellar evolution and interaction remains highly uncertain, with open
questions surrounding mass transfer, common-envelope evolution, angular-momentum loss,
supernova kicks, and compact object (CO) formation.

Low-mass X-ray binaries (LMXBs) provide a potential test case for evaluating these un-
certainties. LMXBs are systems with tightly bound orbits where a neutron star or black
hole accretes from a lower-mass (> 2 M) companion due to Roche lobe overflow (RLOF).
Formation of LMXBs involves multiple poorly constrained evolutionary phases and therefore
may be sensitive to the assumptions built into binary evolution models.

To form an LMXB, a system with a much more massive primary star evolves off the main
sequence, leading to an interaction with the lower-mass companion. A common-envelope
(CE) phase then is thought to shrink the orbit of the system, so that the binary survives the
supernova that forms the CO and the associated natal kick (Ivanova et al., 2013; Kalogera
& Webbink, 1998; Tauris & van den Heuvel, 2006). The orbit must tighten enough during
the CE phase before the envelope is ejected, but the envelope must be ejected before the two
stars merge completely. After the supernova, angular-momentum losses through magnetic
braking and gravitational radiation can then drive the low-mass companion into Roche lobe
overflow (RLOF), leading to accretion onto the CO, which forms an LMXB. RLOF can
also be initiated if the low-mass companion evolves into the giant, or via the Kozai-Lidov
interaction if the system is in a hierarchical triple (Naoz et al., 2016).

LMXBs form our only robust observed population of galactic stellar mass black holes, and
along with millisecond pulsars form a sizable sample of interacting neutron stars. We have an
observed population of LMXBs in the Milky Way from which we have spatial distributions,
orbital periods, donor properties, and transient/persistent behavior (Avakyan et al., 2023;
Fortin et al., 2024; Heinke et al., 2025; Tetarenko et al., 2016). Population synthesis there-
fore offers a powerful way to connect theory and observation, by evolving large ensembles of
binaries under different physical prescriptions and asking which assumptions best reproduce
the observed LMXB population. In this way, LMXBs serve not only as an interesting end-
point of massive binary evolution, but also as an empirical testbed for improving models of
binary stellar evolution itself.

Previous studies of LMXB population synthesis have struggled to form BH-LMXBs, as
a primary star with a mass great enough to form a BH, and a secondary less massive than
around 1.5 M may not have the energy to eject the envelope before merger under most
prescriptions of CEE (e.g., Kiel & Hurley, 2006; Podsiadlowski et al., 2003). This “CE-
bottleneck” leads to a smaller number of BH-LMXB systems in simulated populations rel-
ative to observations (Kalogera & Webbink, 1998; Kiel & Hurley, 2006). Under standard
binary stellar evolution assumptions, population synthesis models underproduced galactic
BH LMXBs by more than an order of magnitude, and just tuning the CE prescription was
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not enough to solve the problem and that modifications to other aspects of stellar evolution
were needed to match the observations.

In one class of proposed solutions, the isolated binary pathway remains the primary LMXB
formation channel, but envelope ejection becomes more efficient, either explicitly through a
larger effective CE efficiency («) or implicitly through stellar models that leave the primary
with a less tightly bound envelope (Yungelson & Lasota, 2008). Kiel & Hurley (2006) also
found that reducing helium-star wind mass loss substantially improves BH-LMXB produc-
tion, because weaker winds leave progenitors in a state more conducive to later interaction.
A closely related idea is that many present-day BH-LMXBs may descend not from binaries
born with truly low mass secondaries, but from intermediate-mass X-ray binaries (IMXBs),
whose more massive donors are better able to survive CE and later evolve to lower masses,
although it appears the resulting donor stars can be too hot compared with the observed BH-
LMXB population (Kiel & Hurley, 2006). Another proposed solution involving the standard
CE channel argues that if many BHs form through failed supernovae, the BH progenitor stars
can be less massive and their envelopes less tightly bound, meaning low mass companions
are more likely to survive the CE phase (Wang et al., 2016).

A second family of solutions attempts to bypass the CE bottleneck altogether. One pro-
posal is that BH-LMXBs can form from very wide binaries in dense galactic environments,
where dynamical encounters gradually increase the eccentricity of orbit until the stars pass
close enough for tides to shrink and circularize the orbit, eventually producing a close in-
teracting system without a prior CE phase (Klencki et al., 2017; Michaely & Perets, 2016).
Another explanation is that most LMXBs form in hierarchical triples where the Kozai-Lidov
effect can drive the inner binary to a much tighter orbit (Naoz et al., 2016). These channels
convert the CE problem into a dynamical problem instead. These diversity of explanations
shows that there is still no single universally accepted solution to the BH-LMXB formation
problem.

cogsworth (Wagg et al., 2025b) can create and evolve our populations of binary systems
(Breivik et al., 2020, via COSMIC,) while tracking their positions and kinematics throughout
the galaxy (Price-Whelan, 2017, via Gala,). COSMIC allows users to initialize populations of
binary systems that are likely to form with specified components, such as compact objects,
and then derive meaningful distributions on the parameters characterizing the binary and the
stellar components. Gala enables the galactic evolution of orbits, including through a time-
varying galactic potential. By combining the two, cogsworth can track populations of binary
systems over the course of their evolution through the galaxy, which allows the calculation of
observable parameters, such as flux and spatial distribution, with fewer assumptions about
e.g. the fiducial distance and locations of these systems throughout the galaxy.

Binary population synthesis provides a framework for connecting the physics of binary
evolution to the observed population of LMXBs. In these simulations, we begin with a
distribution of binaries, sampling component stars from an initial mass function, and then
evolve them through the main sequence, common-envelope evolution, supernovae, compact
object formation, angular-momentum loss, and Roche-lobe overflow to predict the present-
day properties of X-ray binaries under a chosen set of physical prescriptions governing the
binary stellar evolution. Tools for doing this include the Binary Stellar Evolution code (BSE,
Hurley et al., 2000), StarTrack (Belczynski et al., 2008), and COSMIC (Breivik et al., 2020).

These simulations are useful because simulated populations can be compared directly
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to real observables, such as numbers of LMXBs, the ratio between MS and BH LMXBs,
the observed X-ray luminosity function (XLF), the orbital period distribution, the donor
properties, and the number of persistent and transient systems. For example, Wang et al.
(2016) used binary population synthesis of galactic BH-LMXBs and compared the predicted
donor mass, donor temperature, and orbital period distributions to the observed sample.
They then placed constraints on the supernova mechanism, the binding-energy parameter,
the common-envelope efficiency, and the initial companion-mass distribution, and proposed
that BH-LMXBs are easier to form if many black holes are born in failed supernovae. Repetto
et al. (2017) approached the problem from a different angle by synthesizing BH and NS X-
ray binaries and evolving them in the galactic potential, showing that the root-mean-square
height above the galactic plane is a powerful observable for discriminating among compact
object formation scenarios and for constraining natal kicks. When a model fails one or more
of these tests bestween observed and predicted population properties, the discrepancy can
inform revisions of the input physics, such as the CE efficiency, natal kicks, and stellar-wind
mass loss.

Motivated by these considerations, in this chapter I use cogsworth to simulate the Galac-
tic population of LMXBs. In section 2, I detail the methods for initializing our populations
of binaries using cogsworth, as well as the binary stellar parameters I vary to examine their
effects on the resulting LMXB population. In section 3, I detail the outcomes of the simula-
tions in terms of the observables: spatial distribution of the LMXBs, fluxes and luminosities,
and relative numbers compared to default parameters. In section 4, I compare our simulated
results to observations of LMXBs and discuss the implications for different formulations of
binary stellar evolution models, as well as any modifications needed to COSMIC for more
robust population synthesis of LMXBs.

2 Methods

2.1 Population Synthesis and Binary Evolution

[ first sampled an initial population of 2 million binary systems following the Kroupa (2001)
initial mass function, using the star formation history from Sanders & Binney (2015). I
specifically sample systems where at least one star is likely to become a neutron star or
black hole. I then run binary stellar evolution with default COSMIC v3.7.2 binary evolution
parameters. I also evolve the orbits of these systems in a galactic potential to obtain present
day positions and kinematics.

I then take the same sample of binary systems and vary one binary stellar evolution
parameter at a time in COSMIC. The full suite of parameters I vary can be found in table
3.1. In the following subsections I discuss how each parameter could have an effect on the
numbers and types of X-ray binaries formed.

kickflag

The natal kick prescription, or kickflag, sets the particular natal kick prescription to
use. The standard COSMIC kick distribution, with kickflag of 1, uses the Pfahl et al.
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Cartoon Binary Evolution
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Figure 3.1: Canonical isolated formation of one simulated NS LMXB.
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Table 3.1: COSMIC parameter variations used in this work.

Parameter Description Default Varied Values

kickflag Natal kick prescription selector 5) 1

alphal Common-envelope efficiency parameter 1.0 0.1, 0.2, 0.5, 2, 5, 10,
() 20, 50

eddfac Max accretion rate is (eddfac x the Ed- 10 0.1, 0.5, 1, 5, 20
dington rate)

qcflag Critical mass-ratio prescription for un- 1 0,2, 34,5
stable mass transfer / CE onset

windflag Wind mass-loss prescription selector 3 0,1,2

remnantflag Remnant-mass prescription selector for 4 3
NS/BH formation

LBV_flag Model for Luminous Blue Variable 1 0,2

(LBV) mass loss

(2002) prescription for handling natal kicks, with kicks for iron core collapse supernovae
(FeCCSN) drawn from a Maxwellian distribution with o = 265kms™! and electron capture
supernovae (ECCN) and ultra stripped supernovae (USSN) drawn from a Maxwellian with
o =20kms™!. Kicks are also modulated in the case of black holes by fallback following Fryer
et al. (2012). For our default case, I use a kickflag of 5, which uses the kick prescription
in Disberg et al. (2025) for core collapse supernovae (CCSN).

Natal kicks are one of the strongest controls on XRB populations, since a strong kick can
disrupt the binary system, widen the orbit, or lead to a more eccentric orbit. Stronger kicks
can also lead to a puffier distribution of XRBs relative to the overall galactic distribution of
stars. The strength of neutron star kicks compared to the modulated kicks due to fallback
onto black holes can also change the fraction of NS-XRBs vs BH-XRBs.

alphal

alphal is the common-envelope efficiency (CE) parameter, which is the efficiency the orbital
energy ejects the envelope at. I use a default value of alphal = 1. At lower CE efficiencies,
the system will tend to spend more time in the CE phase, leading to more mergers and
fewer binaries that survive the CE phase. More moderate alphal may be more effective
at tightening the orbits into the close binary systems that form XRBs without excessive
mergers. Higher alphal can mean more surviving binaries, but the resulting systems may
be too wide to start the Roche lobe overflow (RLOF) needed for LMXBs. However, if the
donor star is massive, these wide binaries may still form wind-fed HMXBs.

eddfac

The eddfac, or Eddington-limit factor sects the maximum accretion rate onto the compact
object relative to the Eddington limit of 1. The default value used is eddfac = 10, which
aligns with the observed super-Eddington luminosities of transient LMXBs, where the short

45



Chapter 3. Simulating the Galactic Population of X-ray Binaries Using cogsworth

term mass transfer rate in outburst exceeds the Eddington limit in the high viscosity outburst
state (King, 2002). A lower Eddington factor would mean lower accretion rates and lower
luminosity systems.

qcflag

The qcflag selects the model to determine the critical mass ratio (ge.;) for the onset of
unstable mass transfer and/or a common envelope during RLOF. Different prescriptions of
qcflag have different criteria for the onset of CE from stable RLOF mass transfer, par-
ticularly for giant branch (GB) and AGB stars. The default qcflag of 1 uses the BSE
prescription from Hurley et al. (2002), but follows the criteria from Hjellming & Webbink
(1987) for GB and AGB stars. qcflag =0 follows all the BSE stability criteria from Hurley
et al. (2002). qcflag =2 follows the criteria from Claeys et al. (2014), while qcflag =3
follows the same, but follows the criteria from Hjellming & Webbink (1987) for GB and
AGB stars. Finally, qcflag =4 follows the StarTrack prescriptions from Belczynski et al.
(2008), except for white dwarf donors, which follow Hurley et al. (2002), and qcflag =5
follows the stability criteria from Neijssel et al. (2019), where mass transfer from stripped
stars is always assumed to be dynamically stable.

For LMXB formation, more restrictive stability criteria tend to produce more CE events,
which can help increase the potential number of systems that undergo the orbital tightening
needed to create LMXBs. In particular, the treatment of giant donors and especially helium-
star donors is significant, since those phases are often necessary to produce the compact
object component of an LMXB.

windflag

The windflag determines the stellar-wind model. A windflag of 0 uses the standard
SSE/BSE model from Hurley et al. (2000), and windflag of 1 uses the StarTrack model
from Belczynski et al. (2008). windflag = 3 adds metalicity dependence for O/B and Wolf
Rayet stars (Vink & de Koter, 2005; Vink et al., 2001), and the default value of windflag = 3
is the same as 2, but includes LBV-like mass loss for giants and non-degenerate stars beyond
the Humphreys-Davidson limit.

Stellar winds can shape the compact object progenitor in several ways. A strong stellar
win can reduce stellar mass and core mass before collapse and the subsequent type of CCSN.
Large mass loss can also widen the binary system and change when and whether Roche lobe
overflow happens. Stronger winds that from the companion in wind-fed HMXBs can also
increase the luminosities of those systems.

remnantflag

The remnantflag determines the remnant mass prescription used for NSs and BHs. The
default value of remnantflag = 4 follows the delayed prescription from Fryer et al. (2012)
and fills the mass gap between neutron stars and black holes. Setting remnantflag = 3
gives remnant masses following the rapid prescription from Fryer et al. (2012) and results in
a mass gap between neutron stars and black holes.
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The remnant mass model could potentially affect whether the produced compact object
is a neutron star or black hole, and therefore the mass and fallback fraction of the compact
object. This could lead to differences in the fraction of BH-XRBs as well as the overall
number of XRB systems formed.

Table 3.2: Model counts, normalized counts, and ratios compared to default parameters for
BH and NS LMXB populations over the entire history of the galaxy. Ratios are rounded to
the nearest hundredth. Ratios below unity are shaded red and ratios above unity are shaded

green.

Parameter  Value

Model Counts

Norm Counts

Ratios

BH NS BH NS BH ratio NS ratio

kickflag 1 60 93 26307 40777  0.88 0.75
0.1 10 122 4384 53492 0B 0.98

0.5 21 128 9207 56123 | 0.31 1.03

eddfac 1 32 105 14030 46038 | 0.47 0.85
5 53 127 23238 55684  0.78 1.02

20 58 113 25430 49546  0.85 0.91

0 182 207 79800 90762 268 1.67

9 12 74 5261 32446 | 0.18 0.60

qcflag 3 8 62 3507 27184 | 0.12 0.50
4 144 238 63138 104354  2.12 1.92

5 36 112 15784 49107  0.53 0.90

0 61 115 26746 50423  0.90 0.93

windflag 1 24 104 10523 45600 0135 0.84
9 53 106 23238 46477  0.78 0.85
remnantflag 3 16 106 7015 46477 024 0.85
LBy £1 0 49 109 21484 47792  0.72 0.88
188 9 59 113 25869 49546  0.87 0.91
0.1 61 27 26746 11838  0.90 0.22

02 102 72 44723 31569  1.50 0.58

0.5 56 116 24553 50861  0.82 0.94

9 124 126 54369 55246  1.82 1.02

5 192 177 84185 77608 | 2.82 1.43

alphal 10 148 189 64892 82869 = 2.18 1.52
20 72 128 31569 56123  1.06 1.03

50 29 113 12715 49546 | 0.43 0.91

default - 68 124 29815 54369  1.00 1.00
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2.2 Evaluation of Outcomes

From the evolved populations, I then select the timesteps for systems containing either a
NS or a BH, with a non-degenerate companion where the companion radius is greater than
the Roche lobe radii. I then re-run stellar evolution at time resolution of 10 Myr by setting
dtp = 0 to get a more detailed view of the mass transfer onto the compact object. Using the
prescription for X-ray binary luminosity from Misra et al. (2023), I calculate the luminosity
of the systems due to mass transfer onto the compact object. Setting a fiducial “Earth
location” in the galactic plane 8kpc from the galactic center, I also calculate simulated
fluxes and galactic latitudes.

Our final set of simulations consists of the population of binaries that experienced an
LMXB period across the history of the galaxy for the default parameters, and for each of
the variations in the binary evolution parameters. Each LMXB population was created by
evolving the same initial sample of binaries through different binary evolution parameters,
allowing us to make direct comparisons on how each parameter affects the formation of
LMXBs. COSMIC tracks the mass of total binaries and total single stars sampled from the
IMF needed to create our sample of compact object binaries. I take the total of these
stellar masses and divide into the total Milky Way stellar mass (Licquia & Newman, 2015,
5.7 x 101 M) to find a normalization factor needed to compare our numbers to the galactic
numbers in the Milky Way.

3 Results

We defer a full statistical treatment on the observed numbers of LMXBs and distributions of
all observables for future work (see 4.2. However, I compare our distributions from cogsworth
to some summary statistics of the observed galactic population and run some basic statistical
tests between the two. I use Tetarenko et al. (2016) for BH-LMXB outburst statistics on the
luminosities of systems. I also refer to peak fluxes from Avakyan et al. (2023). I compare
the galactic heights of the LMXBs to a random sample of stars from the same simulations,
and calculate galactic latitude to compare to our observed distribution of LMXBs from
(Fortin et al., 2024). I focus on these observables because they requre both the binary stellar
evolution and galactic orbital evolution components, and thus use different measurements
than previous population synthesis studies, which use fiducial values and distributions to
place simulated LMXBs in the galaxy.

3.1 Relative Numbers of LM XBs Formed

Table 3.2 gives the total number of each type (NS or BH) of LMXB at formation for the
default COSMIC parameters, as well as each variation tested. The model counts columns give
the number present in the 2 million binary sample, while the norm counts columns multiply
the model counts by a factor to account for the relative total stellar mass sampled compared
to the total stellar mass of the Milky Way from Licquia & Newman (2015). Note that these
numbers give the total number of systems created over the entire simulated lifetime of the
galaxy in cogsworth.
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Figure 3.2: Observed X-ray fluxes and simulated X-ray fluxes from binary stellar evolution
models. The vertical lines give the sensitivity limit from 3 different X-ray all sky monitors.

The ratios column shows how the number of LMXBs changes in each variation relative
to the default parameters. Somewhat surprisingly, the simulations do not reproduce the
CE bottleneck problem for this particular set of simulations, with the overall ratio of one
BH-LMXB to two NS-LMXBs similar to our observed ratios (Corral-Santana et al., 2016).
However, I do find certain regimes where the proportion of BH-LMXBs formed is quite low
compared to NS-LMXBs. In particular, I find that low values of eddfac, qcflag of 2 and
3, windflag of 1, remnantflag of 3, and alphal greater than 20 seem to result in this
mismatched ratio of compact objects. I also find that proportionally fewer neutron stars
are formed at low alphal and while qcflag of 0 or 4 boosts both NS and BH formation,
more BH systems are formed relative to NS systems. For discussions of potential reasons,
see section 4.1

3.2 Flux and Luminosity

The plot of the flux and the luminosity of the simulated systems and the observed outburst
fluxes and luminosities from X-ray observations is shown in figure 3.2. The histogram of
observed fluxes is created using absorbed X-ray flux at soft X-ray bands from the XRBcats
catalog (Avakyan et al., 2023), and the modeled flux is from the cogsworth simulations
with default COSMIC parameters. For the modeled fluxes, I select the median flux during the
LMXB phase of the binary.

Because cogsworth tracks the positions of the binary systems as their orbits evolve within
a galactic potential, the distances and the fluxes I calculate are not based on fiducial distances
and observations of the distributions of known LMXBs. I find that the simulations and
the observations line up well for fluxes in excess of about 107 ergs™! cm™2. The observed
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Figure 3.3: Top: Observed luminosity of outbursts from transient LMXBs. Bottom: sim-
ulated luminosity from running binary stellar evolution.

flux histogram shows a drop-off below the MAXI sensitivity limit, which is matched in the
simulated fluxes. It is possible this is a coincidence, since there drop-off occures at the
sensitivity limit of MAXI, and there may be selection bias unaccounted for. Additionally,
the tail of histogram at fainter end shows a low flux population (i.e. < 107 ergs™! cm™2)
not present in the simulated population.

Figure 3.3 plots the histogram of observed peak luminosity of transient LMXBs in outburst
(Heinke et al., 2025; Tetarenko et al., 2016) against the modeled median luminosity from
the simulated systems, broken out by compact object. These plots appear similar to the
histogram of flux. There appear to be very few simulated systems with median luminosity
less than ~ 103" ergs™!, which is why so few simulated systems are in the low flux tail end
of the simulated fluxes. While the histograms are more aligned at the upper end of the
luminosity range, there are roughly equal proportions of neutron stars and black holes in
each bin for the modeled luminosity, but the observed luminosity of BH LMXBs tends to
exceed the observed NS LMXBs.

3.3 Galactic Latitude and Spatial Distribution

Since many LMXBs do not have distance measurements, I compare the distribution of the
galactic latitude of the full sample from Fortin et al. (2024) to the galactic latitudes of our
simulated system, after taking the absolute value of the galactic latitude. The distributions
are plotted in figure 3.4. To compare the distributions, I run a 2-sample KS test between the
observed and modeled distribution with the null hypothesis that the two samples of galactic
latitude are drawn from the same distribution. The p-value of the test was 0.213 meaning
I did not reject the null hypothesis and conclude that the simulated galactic latitudes are
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Figure 3.4: Galactic latitude of simulated and observed systems.

consistent with the observed ones.

4 Discussion

4.1 Differentiating Binary Evolution Parameter Values

Since the distributions of the observed parameters like flux and luminosity span orders of
magnitude, and also are highly irregular, we use the permutation test to determine whether
we can distinguish between the different outcomes for each variation of a parameter. For
the evaluation of our binary stellar evolution models, I define a simple test by computing
the difference between the median observed value (e.g. of flux) to the median simulated
value. The permutation test is a nonparametric method that compares the test statistic
when applied to our simulated and observed values, to the test statistic when applied to
many random partitions of the same sizes of the combined set of values. The p-value of the
test is found by calculating the proportion of random partitions that result in a test statistic
as extreme as the originally observed statistic.

To quantify if we can evaluate the difference between the outcomes as measured by this
test statistic at a significance of p < 0.05, I ran the permutation test between each variation of
each parameter. The results are summarized in table 3.3. I find that there are two parameters
that produce statistically significant differences in the median flux values: eddfac, and
qcflag. These can also be seen visually in the vertical dotted lines in figure 3.5.
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Table 3.3: Pairwise comparison tables for the p-values of permutations tests between simu-
lations. The p-values less than 0.05 are shaded in green, and the default parameter is bolded.

(a) eddfac

0.1 0.5 1 5 10 20
0.1 — 0.000 0.000 0.000 0.000 0.000
0.5 0.000 -~ 0.046 0.000 0.000 0.000
1 0.000 0.046 ~— 0.239 0.094 0.000
5 0.000 0.000 0.239 -~ 0.613 0.248
10 0.000 0.000 0.094 0.613 — 0.278
20 0.000 0.000 0.000 0.248 0.278 -

(b) gcflag

0 1 2 3 4 5

- 0.950 0.021 0.974 0.045 0.695
0.950 — 0.046 0.983 0.089 0.729
0.021 0.046 — 0.368 0.007 0.025
0.974 0.983 0.368 — 0.481 0.853
0.045 0.089 0.007 0.481 - 0.143
0.695 0.729 0.025 0.853 0.143 -

T W N = O

4.2 Future Directions for cogsworth Simulations of LMXBs

Persistence vs Transient LM XB Behavior

LMXBs are known to be either persistent, showing high rates of accretion onto the compact
object, or transient, where the system alternates between episodes of high mass transfer
rate outbursts and low mass transfer rate quiesence, at a typical duty cycle of a few %s for
known systems (Tetarenko et al., 2016). However, the LMXBs in COSMIC appear to be solely
made up of persistent systems. A more accurate simulation would determine whether the
mass transfer via Roche lobe overflow meets the criteria for stability, resulting in a transient,
outbursting system. A majority of known LMXB systems are made up of transient systems,
so it is important to capture the correct behavior of these systems. The stability criteria in
Lasota (2001) equation (36) contains the threshold for accretion by a hot stable irradiated
disk, like one that would be found surrounding the black hole of an LMXB.

Other Observables

Recent studies have isolated the peculiar velocity of systems of X-ray binaries (Zhao et al.,
2023), and accounted for kinematic heating during their galactic orbital evolution to place
a lower bound on the initial kick on the black hole at the time of formation (Nagarajan
& El-Badry, 2025). Preliminary results show that many of the BH-LMXB systems have
near zero kick, due to fallback. Some BH LMXB systems also form from black holes with a
higher kick. This appears consistent with the result of Nagarajan & El-Badry (2025), which
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Figure 3.5: Histogram of simulated fluxes for variations of each binary stellar evolution
parameter. The vertical dotted lines give the median flux, and the grey dashed line gives
the median flux using default parameters.

found that some black hole binary systems show evidence of near zero kick (< 10kms™),
while others form with black holes that receive a significant kick (= 100kms™!). A future
statistical treatment of kicks and peculiar velocities may provide further and more robust
confirmation of this result.

Other observables such as companion mass and orbital period have been used to evaluate
population synthesis of LMXBs (Wang et al., 2016), including joint values of these parameters
(e.g., Kiel & Hurley, 2006; Shao & Li, 2020). Future work should explore the parameter space
that LMXBs form at and compare to the observed distributions of these features.
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Figure 3.6: Lifetimes of simulated LMXBs, and the time of their formation in galactic
time.

Unexplained Behavior in COSMIC

One particularly strange outcome from COSMIC was that during mass transfer, the primary
would sometimes gain more mass than the secondary lost. This sometimes resulted in non-
physical situations, such as the formation of a BH-LMXB from accretion induced collapse
of a NS-LMXB for a companion with < 1M, (although accretion induced collapse of a NS
LMXB into a BH LMXB has been found as an outcome of stellar evolution models (Siegel
et al., 2023)). To restrict the impact of this on the analysis, I excluded BH LMXBs formed
via this pathway. However, this makes analysis of a "present day" LMXB population im-
possible, since almost every simulated NS LMXB collapses into a BH LMXB, meaning the
simulated NS LMXB lifetimes may be artificially shortened. The distribution of simulated
LMXB lifetimes is given in figure 3.6, and the median simulated lifetime is slightly below 1
Gyr, which is shorter than the commonly accepted lifetime of 2 1 Gyr (Kar et al., 2024).

5 Conclusions and Future Work

I ran the first population synthesis study of galactic LMXBs using COSMIC for binary stellar
evolution and find success in reproducing some key characteristics of the galactic LMXB pop-
ulation, such as the correct order of magnitude for the flux and luminosity distributions, the
overall shape of the galactic height, and the ratio of NS LMXB to BH LMXB systems. Sev-
eral formulations of binary stellar evolution were found to result in CE bottleneck, including
certain formulations of the critical mass (qcflag) to begin mass transfer.

The simulated systems appear to reproduce the high end of the flux and luminosity distri-
butions of LMXBs in outburst. However, the simulations fail to capture a lower luminosity
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series of systems. Further development of COSMIC may be necessary to capture the transient
population of LMXBs, as there currently is no way to distinguish between persistent and
transient systems, even though most galactic LMXBs are discovered due to their accretion
disk outburst. Since the mass transfer rate in transient LMXBs is lower than in persistent
LMXBs, this may also help explain the missing lower luminosity and flux systems. This may
also prolong the lifetimes of the simulated LMXBs, which evolve past LMXBs more quickly
than expected.

I find a simple test statistic, the difference between the median flux of two LMXB simu-
lations, was sufficient to differentiate between the two binary stellar evolution models when
the parameter varied was the eddfac or some values of qcflag. While the permutation
test is robust to the irregular distributions that make up the flux and luminosity, a more
nuanced test statistic should be formulated to better capture the differences between the
distributions.

While anomalies in the mass transfer rates may complicate the latter three observables,
future work should also examine the compact object kicks that result in the formation of
LMXBs, as well as the orbital period of those systems, and the donor and compact object
masses.
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1 Introduction

The X-ray sky provides a window into high-energy processes in extreme environments across
the universe. X-ray surveys offer an important way to discover a range of interesting and
rare objects such as low mass X-ray binaries (LMXBs), high mass X-ray binaries (HMXBs),
binary and isolated millisecond pulsars (MSPs), cataclysmic variables (CVs), as well as other
objects like active stars, galaxies, AGN, and galaxy clusters. Over the last 25 years, missions
such as Chandra, XMM-Newton, Swift, and eROSITA have revealed about a million sources,
a small fraction of which have been classified with the aid of multiwavelength observations,
while the majority remain unidentified.

Since the localization of X-ray sources is generally less precise than that of optical catalogs,
the higher density of the latter often results in multiple optical sources falling within a single
X-ray error circle. As a result, a variety of techniques have been developed to evaluate the
strength of each potential match. One common technique is known as the likelihood ratio
(LR) method, which estimates the probability that a given counterpart is the true match
given the local stellar densities and distribution (Richter, 1975; Sutherland & Saunders,
1992). This is among the most widely adopted techniques, such as in the crossmatch between
X-ray and optical sources in the ROSAT Bright source catalog and the USNO A-2 optical
catalog (Rutledge et al., 2000), or the Chandra Galactic Bulge Survey (Wevers et al., 2016).
More recently, Bayesian methods that incorporate priors and probabilities for probabilistic
cross-identification have been developed (Budavari & Basu, 2016; Budavari & Szalay, 2008;
Shi et al., 2019) and these methods have been also applied to the ROSAT all sky survey
(Haakonsen & Rutledge, 2009). Some of these techniques, such as NWAY (Salvato et al.,
2018) can evaluate multiple candidates or null matches across multiple catalogs jointly. In
the past few years, Bykov et al. (2022) used machine learning techniques, training a neural
network to perform an optical crossmatch of eROSITA sources in the Lockman Hole.

All of these techniques assume knowledge of the photometric priors, which is typically
derived from known matched samples. However, the training and validation datasets for these
models must be based on unambiguous matches (Salvato et al., 2018). In addition, many
published crossmatches focus on a small area of the sky, such as the Lockman Hole Field,
which display advantageous qualities, such as relative uniformity in density and absorption.
Additionally, these methods assume that the depth in the X-ray sample used to develop the
model is the same as for the X-ray catalog being crossmatched to. Quantities such as X-ray
depth and absorption vary across the sky, making a reliable all-sky crossmatch difficult.

Compounding this fact, the upcoming Legacy Survey of Space and Time (LSST) by the
Vera C. Rubin Observatory (Ivezic¢ et al., 2019) will provide the deepest all-sky optical catalog
to date. LSST will observe more than 18,000 sq. deg. of the southern sky in six broadband
filters (u, g, r, i, z, y) to single-visit depths of 24.5 mag and co-added depths of 27.5 mag. A
crossmatch between LSST and the latest X-ray all-sky surveys, such as eROSITA, has the
potential to uncover vast numbers of rare objects. The high density of optical sources will
make building a reliable set of unambiguous matches more difficult than ever. However, with
roughly 3-4 days between visits, the cadence of LSST will enable an orthogonal approach
towards evaluating potential optical counterparts, as each candidate will include not only
color information, but time domain data as well. Many X-ray emitting objects are also
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transient or variable at optical wavelengths (see table 4.1) and we thus aim to leverage this
fact to aid in the identification of optical counterparts.

To evaluate the difficulty of performing an X-ray/optical crossmatch at LSST depths,
as well as the concept of using variability to aid in counterpart identification, we perform
a crossmatch between a combined X-ray catalog of sources from several X-ray missions,
and the first data preview from Rubin Observatory. The Rubin Observatory Data Preview
(DP1; NSF-DOE Vera C. Rubin Observatory, 2025a), released June 30, 2025, is the first on
sky “science-grade” dataset and the second of three data previews from LSST. It comprises
about 2,000 exposures from seven fields captured with the LSST Commissioning Camera
(LSSTComCam) in November and December 2024. DP1 includes raw and pipeline-processed
visit images, visit-level source catalogs, co-added images with object catalogs, forced source
catalogs, difference images and difference image analysis (DIA) catalogs, and other Science
Support Products delivered via the Rubin Science Platform for early-science testing. This
preview allows the community to validate the pipelines, explore real early data, and prepare
for the full LSST survey.

In Section 2, we present the X-ray catalogs we selected and combined, as well as the
contents of and data products we utilized in DP1. We also discuss challenges of performing
the crossmatch to dense optical fields and how we utilize LSDB (Caplar et al., 2025) to
perform the crossmatch. In Section 3, we present the crossmatched catalog and evaluate the
most likely optical counterparts. In Section 4 compare to crossmatches to known sources
in the DP1 fields, and examine where the most reliable matches fall in X-ray and optical

feature space. In Section 5, we summarize our findings and look ahead to our expectations
for LSST.

2 Methods

2.1 X-ray Catalog

We began by assembling a combined X-ray catalog from the most up-to-date releases for
five X-ray catalogs: the Chandra source catalog (CSC2.1; Evans et al., 2024), the XMM-
Newton serendipitous source catalog (4XXM-DR14; Webb et al., 2020b), the XMM-Newton
slew survey catalog (XMMSL3; Saxton et al., 2008), the Swift-XRT point source catalog
(2SXPS; Evans et al., 2020), and the eROSITA all-sky survey source catalog (eRASS DE
DR1 (hereafter just eRASS1); Merloni et al., 2024). From each catalog, we selected the
name, right ascension, declination, positional uncertainty, and broadband X-ray flux.

The column names for the broadband flux and positional uncertainty are listed in Table
4.2. In each case we choose the column that accounts for both systematic uncertainty and
positional uncertainty from source detections. For Chandra, we take the major axis of
the error ellipse as our uncertainty radius. We take this uncertainty and scale it to a lo
error radius R;,. Then, assuming Gaussian errors, we multiply to get the 95% error radius
Rgs = 1.96 Ry, .

Since the energy range of the broadband flux is different for each instrument, we list
the energies in Table 4.2, as well as an additional description of the flux pulled from the
documentation for each catalog. The eRASS1 broadband flux was calculated by adding bands
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Object Type

X-ray Mechanism

Optical Signature

Timescale

Flare Star Coronal reconnection Flares Minutes—hours
Active Binary Coronal reconnection Ellipsoidal variations, eclipses Hours—days

YSOs Magnetic activity, Flares, bursts, dips Hours—days

accretion

Cataclysmic White dwarf Outbursts, eclipses Hours—days

Variable accretion (outbursts)

Low Mass X-ray NS/BH accretion Ellipsoidal  variations, out- Hours—days (orbital);
Binary bursts weeks—months

(outbursts)
High Mass X-ray NS/BH wind Pulsations, periodic brighten- Hours—days
Binary accretion ing, super-orbital modulation  (pulsations);

days—years (orbital);
weeks-months
(super-orbital)

AGN / Quasar Accretion disk corona Aperiodic variability

around SMBH

Days—years

TDE Stellar disruption by  Power-law decay Days—months
BH
Galaxies Bremsstrahlung, line — -

emission, and X-ray
binary accretion

Thermal - -
bremsstrahlung

Galaxy Clusters

Table 4.1: Summary of X-ray emitting objects with their optical variability features and
timescales.

1 to 5 for each X-ray source, provided the source is detected with DET LIKE P|[band| > 7,
for a moderate strength detection in that band. The distribution of positional errors in each
catalog are plotted in Figure 4.1.

We then performed a 1.5 degree conesearch around the center of each of the 6 DP1 fields
we include in our crossmatch to isolate only the X-ray sources near these fields, yielding
10,307 sources. We then de-duplicated the catalogs by crossmatching between all pairs of
X-ray catalogs to get all sources that fall within the 95% error circle for another source. For
1:1 matches, we assume the two sources are the same and keep the source with the smaller
positional uncertainty. For sources with multiple matches, we keep only the sources from the
catalog with the smaller positional uncertainty. This leaves 9248 sources. We finally impose
a 15" limit on the 95% error radius, which eliminates outliers and leaves 9089 total sources.

Finally, we eliminate all sources that are never observed as part of DP1. The data process-
ing pipelines divide the celestial sphere into tracts, with each tract covering approximately
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Positional Error by Catalog
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Figure 4.1: Histogram of Ry5 positional errors of all X-ray sources in DP1 observed fields
by catalog.

2.8deg?. Each tract is then further divided into 100 equally sized patches in a 10 by 10
grid (NSF-DOE Vera C. Rubin Observatory, 2025a). We find the tract and patch of each
position using the DP1 skymap, leaving a total of 4481 final sources in our X-ray catalog.
The number of X-ray sources in each DP1 field, broken out by X-ray survey, is given in
Figure 4.2.

2.2 Optical Catalog

The LSST Data Preview 1 (DP1) contains the first data collected by the Vera C. Rubin
Observatory and offers the first look at the characteristics and capabilities of the data that
will eventually be in LSST. The dataset consists of images taken by LSSTComCam between
November 9 and December 12, 2024 and covers an area of approximately 15 sq. deg. We
selected six of the fields observed by DP1: 47 Tucanae (47 Tuc), the Extended Chandra Deep
Field South (E-CDF-S), the Euclid Deep Field (EDF-S), the Fornax Dwarf Spheroidal Galaxy
(Fornax dSph), and two science validation fields, one at low galactic latitude (SV_95 -25)
and one at low ecliptic latitude (SV_37 _7) (NSF-DOE Vera C. Rubin Observatory, 2025a),
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Catalog Column Significance / Notes
Range
cgcoq  eFr-ellipse_r0 1.9600 (95%) Major axis of the error ellipse

flux_aper90_avg_b 0.5-7.0 keV  Background-subtracted, aperture-corrected,
90% ECF aperture

AXMMDR14 SC_POSERR 0.9330 (63%) Weighted average of the total POSERR for
source
SC_EP_8_FLUX 0.2-12.0 keV ~ Mean, error-weighted combined band flux
XMMSL3 radec_err lo (68%) Stat'lstlcal error on source position from de-
tection software
flux_b8 0.2-12.0 keV  Total energy band flux
sgxpy ~ ErT90 1.6450 (90%) 90% confidence radial position error on the
source position
PowFlux 0.3-10.0 keV  From power-law indicated by WhichPow
RADEC_ERR 1o (68%) Combined positional error, raw output from
eRASS1 .
PSF fitting
ML_FLUX_P[1..5] 0.2-8.0 keV  Sum of bands 1-5 where DET_LIKE_P [band]
>17

Table 4.2: Positional uncertainty and flux column details for each X-ray catalog.

excluding the Seagull Nebula field which contains extensive nebulosity. These fields were
observed repeatedly in the ugrizy bands over several nights. Observations were made in
observing epochs on a given target field, with 5-20 visits in each of three loaded filters at
a time. Each visit consists of one 30 second exposure covering approximately half a square
degree.

The spatial distribution and coverage of the DP1 fields, and the temporal distribution
of observations by field and filter can be found in the DP1 science paper (NSF-DOE Vera
C. Rubin Observatory, 2025a, figures 4-6). The fields were not observed equally and in
particular, the E-CDF-S field approaches 10 year survey depths. The number of visits per
filter is given in Table 4.3. The cumulative imaging depth at S/N = 5 expressed as a
limiting magnitude in each field exceeds 26th in the most observed regions in each field
and is visualized in figure 3 of the Rubin Observatory Plans for an Early Science Program
document (Guy et al., 2025).

For DP1 data, we adopt the Rubin convention of referring to a single-epoch detections
within science images as a Source and the astrophysical object associated with a given detec-
tion as an Object. To draw this distinction, we refer to Rubin data products such as Sources
and Objects in teletype for the remainder of the paper. In other words, every Object will
usually have multiple associated Sources, with each Source corresponding to an observation
in one single-epoch science image, also known as a visit_image. DP1 consists of five types
of data products, which are described in detail in NSF-DOE Vera C. Rubin Observatory
(2025a): images, catalogs, maps, metadata, and ancillary data products. We utilize the
Object catalog (NSF-DOE Vera C. Rubin Observatory, 2025b), which contains 2,299,726
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Number of X-ray Objects in Each DP1 Field
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Figure 4.2: Number of X-ray sources by X-ray catalog in each DP1 field. The majority of
X-ray sources are found in the Extended Chandra Deep Field - South (E-CDF-S), which is
well observed by X-ray telescopes.

Objects—detections on deep_coadd images (NSF-DOE Vera C. Rubin Observatory, 2025¢)
made by stacking all available visit_images NSF-DOE Vera C. Rubin Observatory (2025d).
To produce lightcurves and calculate time-series features, we require per-visit photometry.
We use the ForcedSource catalog (NSF-DOE Vera C. Rubin Observatory, 2025¢), which
contains forced photometry at the position of detected Objects in each visit_image.

The Rubin difference image analysis (DIA) pipeline also detects sources in difference_images
(NSF-DOE Vera C. Rubin Observatory, 2025f), known as DiaSources (NSF-DOE Vera C.
Rubin Observatory, 2025g). By associating DiaSources at the same position, the DIA
pipeline also builds DiaObject catalogs. We also crossmatch to this catalog, which contains
1,089,818 DiaObjects (NSF-DOE Vera C. Rubin Observatory, 2025h). The DIA pipeline
bypasses the deblending step that fails in the densest crowded fields (Choi et al., 2025),
such as inner regions of the 47 Tuc and Fornax dSph fields. Other studies have shown that
matching to the DiaObject table can recover photometry from some of the denser fields
(Wainer et al., 2025). More discussion of the DiaObject catalog match is found in 4.4.

DP1 catalogs are a proprietary data product with access specified by the LSST data
rights policy (Blum & the Rubin Operations Team, 2020). Rubin data rights holders can
run our code, available at Wang (2026), on the Rubin Science Platform (RSP) to replicate
our analysis.
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Target u g T i zZ y
47 Tuc 6 10 33 19 0 5
Rubin SV 38 7 0 44 55 57 27 O
Fornax dSph 0 5 26 13 0 0
E-CDF-S 53 230 257 177 177 30
EDF-S 20 61 90 42 42 20
Rubin SV 95-25 33 8 97 29 60 11

Table 4.3: Number of visits by field for DP1.

2.3 Crossmatch to Object table

LSDB was developed by the LSST Interdisciplinary Network for Collaboration and Com-
puting (LINCC) Frameworks project to enable scalable analysis of large catalogs (Caplar
et al., 2025). We use the LSDB Hierarchical Adaptive Tiling Scheme (HATS) formatted DP1
Object catalog (Malanchev et al., 2025) and the LSDB crossmatch function to crossmatch
the combined X-ray catalog to all Objects detected in the six DP1 fields. We set the match
radius to 15” and return up to the 10 closest matches for each X-ray source. We then elimi-
nate all matches where the candidate optical counterpart does not fall within the 95% error
radius of the X-ray source. We are left with 4513 candidate Object counterparts for 2314
unique X-ray sources.

Since we had narrowed down our catalog of X-ray sources by keeping all sources in tracts
and patchs observed by LSSTComCam, some of these sources are just past the outskirts of
the DP1 fields and are not in the observed footprint. To further eliminate these sources, we
find the convex hull, the smallest convex polygon that encloses all matches in each field. We
then assume that sources interior to the convex hull were observed as a part of DP1 and are
therefore optical nondetections. This eliminates 651 of the X-ray sources and leaves us with
a final total of 3830 X-ray sources in the footprint of DP1.

Lastly, we repeat the crossmatching, adding 30” to the declination of each X-ray source
to obtain a random set of matched Objects, so we can compare our matches to a control
sample of field objects.

2.4 Evaluation of crossmatch reliability

We calculate the reliability®, which we define as the probability of finding no chance object
closer to the X-ray source than the counterpart Object (Sutherland & Saunders, 1992).
The expected number of background sources within the separation between the source and
counterpart is:

Y =md®- N, (4.1)

!The crossmatch reliability should not be confused with the Rubin-reported reliability score for
DiaSources, which is a machine-learned probability that a given DiaSource is astrophysical in origin.
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where item Y is the expected number of background sources, d is the separation between
the source and counterpart, and N is the local background source density (Sutherland &
Saunders, 1992). We calculate the background by counting the number of Objects in an
annulus with an inner radius of the 4 ¢ X-ray error circle, Ry, and outer radius of Rg, around
each counterpart. We obtained these radii by scaling up the R;, calculated in Section 2.1.
We set the inner radius to Ry, in order not to bias the number density by including the
real counterpart. If there are no Objects in the annulus, we increase the outer radius by
10 arcsec until we have at least one. Assuming Poisson statistics, the reliability of the match
is given by

Reliability = Pr(0,Y) = e, (4.2)

2.5 Quantifying variability

We also calculate the Stetson .J index to quantify the variability of each potential counterpart
(Stetson, 1996). Let the standardized residual for observation i be defined as

n Vi — VU
0i = 4/ 2 , 4.3
n—1 o; (43)

where v; is the observed value (e.g., flux or magnitude), © is the weighted mean value, o;
is the uncertainty in v;, and n is the total number of observations in the band. Since each
LSSTComCam epoch consists of a single observation, we define the product P;

P=0-1. (4.4)
The Stetson J index is then defined as

7= > sen(R) - V1P (4.5)

We calculate the Stetson J index in each band using the psfFlux and psfFluxErr columns
from the forced source table for each Objects.

2.6 Value added crossmatches to SIMBAD, Milliquas, Gaia

After we obtained the crossmatch between DP1 Objects and our X-ray catalog, we also
matched these Objects to several other catalogs to provide additional context to our matches
and to build up a value-added catalog. We used LSDB to find all Gaia DR3 sources (Gaia
Collaboration et al., 2023), within 0.5arcsec of the LSST DP1 objects. Since Gaia provides
parallaxes and distances, we can use the data to distinguish between Galactic and extragalac-
tic objects for some of the brighter Objects. We also find all DP1 sources within 2arcsec
of any Gaia source brighter than 15th magnitude—these Objects are flagged because they
may either be saturated, or have inconsistent photometry due to the nearby presence of a
bright star.

We also crossmatched the positions of the optical LSST DP1 objects to the Million Quasar
(Milliquas) catalog (Flesch, 2023), using radius of 1” since most of the objects in the catalog
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are sourced from optical surveys with high precision, such as Gaia eDR3, DESI, and SDSS-
DR18. We expect many of our matches in the E-CDF-S and EDF-S fields, which are away
from the galactic plane, to be extragalactic, and this crossmatch will enable us to compare
the properties of known active galaxies to our broader set of matches.

Lastly, we used astroquery (Ginsburg et al., 2019) to query any existing object type
(otype) from SIMBAD (Wenger et al., 2000) within 1” of the position of the Object location,
and any associated photometry in the ugr: and V' bands. We then drop duplicate matches
such that all remaining matches are between one SIMBAD source and one DP1 Object.

3 Results

3.1 Crossmatch results

A total of 4513 candidate Objects are found within the 95% error radius for 2314 unique
X-ray sources, as some X-ray sources have multiple DP1 Objects within the Rgs;. Figure
4.3 shows the locations of all objects in the original combined X-ray catalog from Section
2.1 that were observed in the DP1 fields, as well as whether a counterpart was identified in
DP1. 1600 X-ray sources did not have a counterpart in the DP1 Objects table. Many of
the unmatched X-ray sources lie in the cores of 47 Tuc (466/567) or the Fornax dSph galaxy
(129/220), where the LSST pipeline performance is reduced due to the high stellar density
and there are no Objects detected. Additionally, 669 out of 2910 sources in the E-CDF-S
field have no match in our crossmatched dataset. We find matches for all X-ray sources in
the EDF-S field, the low galactic latitude science validation field (SV_95 -25), and the low
ecliptic latitude field.

The magnitude distribution of the counterparts in each field can be seen in Figure 4.4.
Taking fiducial limiting magnitudes of 21, 23, and 24 for Gaia (Gaia Collaboration et al.,
2023), SDSS (York et al., 2000), and PanSTARRS (Kaiser, 2004), we find that 78%, 45%,
and 27% of DP1 objects were fainter than these surveys, respectively, in all bands. This
indicates that during the full survey, we should expect to vastly increase the number of
X-ray counterparts.

The total numbers of matches broken out by field and instrument are given in Table 4.4.
We also present the number of matches to external catalogs: Milliquas, Gaia, and SIMBAD,
by field. We find a total of 444 matches between our DP1 Objects and the Milliquas catalog,
345 between our DP1 Objects and Gaia DR3, and 1046 unique matches between our DP1
Objects and SIMBAD.

3.2 Reliability of crossmatch

Next, we look at the reliability of crossmatch for the most likely counterpart for each unique
X-ray source. The reliability is influenced both by the radius of separation between the
X-ray source and DP1 match and the local density. As expected, the fields with the most
constrained X-ray observations - those made by Chandra and XMM-Newton - have the
highest proportion of high reliability matches.
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Feature Subset Field Total
47 E- Fornax SV SV
Tue CDF-S PPFS 4sph 38 7 95 -25
X-ray sources 567 2910 89 220 14 30 3830
X-ray sources with o pg 0 8 8 0 6 0o 2
Object match
4XMMDR14 4 1279 0 2 0 0 1285
CSC2.1 3 821 0 0 0 0 824
XMMSL3 2 24 1 3 8 0 38
eRASS1 10 4 76 27 0 28 145
Total 19 2136 85 32 14 28 2314
X-ray sources with
DiaObject match 91 810 64 71 10 21 1067
Any Object or
DiaObject match 101 2241 89 91 14 30 2566
No Object or
DiaObject match 466 669 0 129 0 0 1264
Nopject in Rys 75 3560 429 195 57 197 4513
Nbpiagbject in Ros 249 1587 176 106 31 127 2276
Crossmatch reliability > 90% 8 1295 21 10 3 7 1344
refExtendedness point-like (0) 7 379 23 14 1 8 432
extended (1) 7T 1617 53 16 10 11 1714
unknown (NA) 5 140 9 2 3 9 168
External xmatches Gaia 10 235 45 19 8 28 345
Milliquas 2 434 3 0 5 0 444
SIMBAD 1 1036 2 1 2 4 1046

Table 4.4: Breakdown of matches by field. The first section details the number of X-ray
sources with DP1 Object matches (detections in deep_coadds) for each X-ray catalog, and
the X-ray sources with matches to DiaObjects (detections in difference_images). Since
some sources are only detected in either the deep_coadds or difference_images, as seen in
Figure 4.3, we also present numbers of X-ray sources with any Object or DiaObject match,
as well as those with no match. The second section gives the total numbers of Objects
and DiaObjects found in the 95% error radius of any X-ray source—some sources having
multiple matches. We also show the number of high reliability matches (> 90%), the number
of point-like vs. extended Objects, and the number of Objects with matches to external
catalogs

Figure 4.5 plots the distribution of reliability in each field. We define a match where
the probability of a chance association is less than 10%, i.e. the reliability > 90% to be a
high-reliability match and we create a subset of 1344 matches meeting this criteria. The
E-CDF-S field has the highest proportion of reliable matches, with a total of 1295, or 60.6%
of all matches in that field. On the other hand, the proportion of reliable matches is much
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Figure 4.3: Spatial distribution of all X-ray sources in the combined X-ray catalog. Matches
to Objects are colored green. We also crossmatched diaObjects, which are detections based
on difference_images. X-ray sources only detected in the DiaObjectcatalog are plotted in
blue and sources found in both catalogs are plotted in black. X-ray sources with no optical
match in DP1 are plotted in red. Due to the crowdedness of the 47 Tuc and Fornax dSph
fields, we have better success matching to the DiaObject table (see Section 4.4). Many of
the unmatched sources are also in the cores of these two fields for the same reason.

lower in the EDF-S and the two science validation fields at between 21% and 25%.

The calculation of the reliability depends on an accurate measurement of the back-
ground source number density. This in turn assumes that the Object catalog has high
completeness—otherwise the density will be underestimated and the reliability will be falsely
high. Because we know that the two crowded fields 47 Tuc and Fornax dSph may not meet
this requirement, we should treat the reliabilities calculated in these fields with caution.

We also find that due to the definition of our reliability criteria, the X-ray positional error
and the local density of Objects has the greatest impact on reliability, with well localized
sources in less crowded areas having the highest reliability scores. Figure 4.6 plots the
fraction of X-ray sources with any counterpart in DP1, as well as the fraction of sources with
a reliable counterpart. We see that the fraction of sources with a match and a reliable match
tend to fall off with X-ray flux in non E-CDF-S fields. In these fields, most of the X-ray
sources are from eROSITA and the XMM slew surveys, which are less sensitive and have
comparatively poorer localizations when compared to sources in CSC2.1 and XMMDR14
catalogs, and there are very few sources fainter than 107 ergs—'cm=2. The uppermost
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Figure 4.4: The magnitude distribution of the counts of candidate counterparts in each
of the 6 fields, by band. Many of the crossmatched counterparts are fainter than the Gaia,
PanSTARRS and SDSS limiting magnitudes. Only measurements where the SNR > 5, where
SNR = psfFlux/psfFluxErr are in the histograms.

subplot is dominated by matches in the E-CDF-S field, where most matches are to sources
in the CSC2.1 and XMMDR14 catalogs, which are fairly well localized. This leads to an
increase in sources with reliable matches at lower fluxes, as these sources tend also to be
observed out of these catalogs.

4 Discussion

4.1 Comparison to E-CDF-S crossmatch in Luo et al. (2017)

Out of 1055 total objects in the E-CDF-S X-ray catalog in Luo et al. (2017), we find 777
counterparts in the Object catalog within the 20 error radius and 900 counterparts in the
3o error radius. Of the remaining 155 Chandra sources, 79 are only detected in bands with
wavelength longer than LSST y-band, or have no optical or IR counterpart in the original
study either. The final 75 sources with Hubble Space Telescope (HST') counterparts in either
R or z band only contains 21 sources brighter than 24th magnitude. We also have one match
(LSST-DP1-0-611255759837095315) to one of the 16 X-ray sources with no match in the
original paper (No 896). We find that log(Fx/F, psfrius) = —0.84 > —1, and the DP1
refExtendedness parameter for this Object is 1, i.e. extended, which satisfies two of the
criteria in the paper for an active galactic nucleus (AGN) classification.
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Figure 4.5: The reliability of crossmatch of the closest counterpart to each X-ray source,
broken out by field. The reliability is the probability the counterpart is not a random
association.

4.2 Variability

We also examine whether the Stetson J index has any relation to the reliability of the closest
Object counterpart, to test our hypothesis that the optical counterparts to X-ray sources
will tend to be more variable. As an example, we plot the lightcurve of high-reliability match
with the largest r-band Stetson J in Figure 4.7. This turns out to be the SU UMa type
cataclysmic variable CRTS J033349.8-282244 (Drake et al., 2014; Kato et al., 2017), which
completed a full outburst cycle during commissioning observations, and was also found by
Malanchev et al. (2025) in their variability search. We also plot the lightcurve of one AGN,
3D-HST 38237 in the Milliquas catalog, with a fairly large Stetson J. We note that for both
objects, the intra-day variation in each band much greater than the estimated error, hinting
at possible systematics in the PSF photometry of these bright objects.

Plotting the reliability of crossmatch against the Stetson J index in Figure 4.8, we find
that there appears to be no strong association between these two metrics in the left subplot.
Instead, our Stetson J appears correlated with the magnitude of the Object. Additionally,
almost all objects brighter than 20th magnitude have Stetson J > 1. The intra-day variation
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Figure 4.6: Top: The fraction of sources in each X-ray Flux bin with a match and with
reliable match in the DP1 Object catalog. The error bars show the standard error. The
fainter X-ray sources are dominated by sources from the CSC2.1, which are generally well
localized, leading to an increase in fraction of sources with reliable matches. Middle: Exclud-
ing the E-CDF-S field, which is both the best observed by X-ray observatories and by DP1,
we see that the fraction falls off strongly with absorbed X-ray flux. This is more indicative
of what we expect a crossmatch to early Rubin (e.g. DR1) data may look like. Bottom: The
main factors impacting our reliablity score are the X-ray positional error and the density of
Objects around the X-ray source.
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visible in each band in the lightcurves in figure 4.7 suggest that systematics may play a role in
the larger Js at brighter magnitudes. We expect these sources to be fairly stable in brightness
over the course of each set of same-band observations, which are observed in blocks of 5-20
visits, lasting a total of less than an hour each.

We perform a 2-sample KS-test with the null hypothesis that the distribution of Stetson
J for field Objects is the same or greater than as the distribution of Stetson J for our
matches. Due to the magnitude dependence of the Stetson J, we perform this test on
samples for matches and field objects of magnitude 17 to 25 in bins of width 2 magnitudes.
We also split the samples into ugri bands, for a total of 12 tests. We set our overall threshold
a = 0.05 for rejecting the null hypothesis and apply the Bonferroni Correction to obtain a
per-test threshold of a/m = 0.0042, where m is the number of hypotheses. We find that
since we reject the null hypothesis for only two of these subsets at the p < 0.0042 level, so
we have at best weak evidence that the matches are more variable than the field Objects.

We repeat the procedure above, comparing the distribution of Stetson J index for reliable
matches against the distribution for matches that do not meet our reliability criteria. Here,
we find that we reject the null hypothesis for only one of these subsets at the p < 0.0042
level, so we again have minimal evidence that the reliable matches are more variable than
the unreliable matches.

The dense cadence of the commissioning observations means the Stetson Js are most
sensitive to variability on timescales of seconds to days, since the majority of the DP1
observations will be on these timescales. This differs from much of the expected longer
variability timescales of most X-ray counterparts, particularly AGN (see table 4.1), which
we expect to make up the vast majority of our counterparts.

The optical variability of an AGN is commonly quantified with the (noise-subtracted)
structure function (SF), which describes how the typical magnitude change grows with the
time lag At between two observations. For a light curve in magnitudes m(t) with measure-
ment uncertainties o, wWe take the definition of the structure function by di Clemente
et al. (1996):

SP(80) = /2 (e + 80) = (@) — (o)’ (4.6

where (-) denotes an average over all pairs of epochs separated by At. The factor 7 is included
assuming that both the intrinsic variability and the observational noise follow Gaussian
distributions. Intuitively, SF(At) is the intrinsic root-mean-square magnitude difference on
timescale At, after accounting for photometric noise.

De Cicco et al. (2022) used 3.3 years of VLT Survey Telescope (VST) COSMOS data to
quantify AGN optical variability at LSST depths. The maximum baseline for Objects in the
DP1 dataset with a reliable counterpart to a known AGN is 32 days. Using the structure
functions obtained from their data, we would expect a difference of around 0.1 magnitudes
for a 32 day time difference.

To evaluate the expected Stetson J statistic, we used 100 mock AGN lightcurves from
Fagin et al. (2025) observed with a daily cadence for 32 days at fiducial uncertainty of
5 mmags to calculate a median Stetson J of 3. While this number is low, it also differs
significantly from our observed sample, where only 10% of our reliable matches to AGN have
a Stetson J greater than 3. However, by changing the fiducial uncertainty to 0.03 mag, we
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find a similar simulated distribution of Stetson .J as our observed sample.

Using the same mock AGN lightcurves, we also simulated full 10 year lightcurves with
observations at LSST Wide Fast Deep (WFD) cadence from the v5.0.0 10yrs baseline,
incorporating Rubin errors using the Rubin Operations Simulator (OpSim) (Reuter et al.,
2016). The median r-band Stetson J over this baseline is 18.0, and the median Stetson .J
after one year is 13.0. Thus the upcoming LSST survey will probe nearly the full range
of variability timescales, and so similar analyses may be more informative in the future,
including after the release of DR1.

4.3 Plots in optical-X-ray parameter space

A full classification of all the X-ray sources with DP1 counterparts is beyond the scope of
this paper. However, we take advantage of our crossmatch to the Milliquas catalog and our
SIMBAD queries to show where a sample of objects of known object type lie in our optical-
X-ray parameter space. In Figure 4.9, we make two sets of two plots each. On the left, we
plot “control samples” of classified objects. On the right, we plot all matched DP1 Objects
that have a reliability greater than 90%.

The top left subplot shows our 444 Object sample of matches to the Milliquas catalog in
the i-magnitude / X-ray broadband flux plane, similar to figure 3 in Hasinger (2008). Our
results are consistent, with most sources falling between the lines of constant X-ray to optical
flux ratio of log(Fx/F,y) £ 1, where F,,; is the optical flux over all available ugrizy bands.
For sources with fluxes between 107! and 1072 ergs~'cm=2. Below 10 *ergs tem=2 it
appears some of the AGN in our sample have smaller log(F'y /F,,:). We also see much more
scatter in the top right plot, even though we expect most of the sources to be extragalactic
as well.

The bottom left subplot shows the log flux ratio log(Fx /F,,:) against the color. We choose
to plot g — i color, and plot the empirical cut from Rodriguez (2024) onto our subplot using
the following transformation:

y = —0.079 + 1.184x + 0.22182* — 0.10132* (4.7)

where y is LSST g — ¢ color and x is Gaia BP — RP, for x between approximately —1 and
2 (Gwyn, 2024). This cut and diagram, termed the X-ray Main Sequence, is a useful tool
for separating Galactic X-ray sources into stellar and compact object regions. Although the
vast majority of our sources are extragalactic, we plot our Milliquas matches plus a handful
of known Galactic stars and one cataclysmic variable (CRTS J033349.8-282244). We note
that this CV was actually in outburst (see Figure 4.7), and we calculate the optical flux and
color in quiescence by selecting the forced photometry before and after the outburst. The
known stars fall on the opposite side of the cut as the CV. We also see that the quasi-stellar
objects (QSOs) are much bluer and have a higher flux ratio than the AGN.

On the bottom right, we again plot the matched DP1 Objects that have a reliability
greater than 90% in the same parameter space. On color, we have the refExtendedness, a
measure of whether the DP1 Object is point-like (0) or extended (1). These classifications
are roughly meant to correspond to star-like and galactic sources. However, from our sample
of known sources, we find that this is not always dependable, as QSOs are classified as point-
like about 1/3 of the time (77/221). We also notice that our CV is classified as an“extended”
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Figure 4.7: Example lightcurves of our counterparts. The top plot shows the SU UMa type
cataclysmic variable CRTS J033349.8-282244, which was observed in outburst. This Object
had a r-band Stetson J of 450, highest out of all of our high-reliability matches. The bottom
plot shows the AGN 3D-HST 38237, an AGN with a r-band Stetson J of 24.
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Figure 4.8: There may be a slight association between the reliability of a crossmatch and
the Stetson J index of the object, as seen in the histogram on the left. The Stetson J appears
to increase with a subset of brighter Objects, shown by the spur in the right plot. A possible
explanation for the spur is a systematic underestimate of the photometric error. We use a
symmetric logarithmic (symlog) scale for the y-axis.

source as well. For future followup, we would begin by selecting the set of sources in the
upper right of the plot with point-like refExtendedness and in fields other than E-CDF-S
and EDF-S for investigation as potential accreting systems.

4.4 difference_images and crossmatch to the DiaObject catalog

DP1 also contains catalogs of detections by the Difference Image Analysis pipeline (DIA)
in the difference_images. Detections on individual difference_images are known as
DiaSources and the difference image analysis pipeline associates DiaSources together to
create a catalog of DiaObjects, the equivalent to the Object table for difference image anal-
ysis. We expect transients and variables to show up in the DiaObject catalog and thus this is
another way to assess whether an Object is variable. Similar to the ForcedSource catalog,
DP1 also includes a ForcedSourceOnDiaObject (NSF-DOE Vera C. Rubin Observatory,
20251) catalog containing forced photometry on the visit_images at the location of each
DiaObject. Additionally, the DiaSource catalog contains all photometry of each DiaSource
that is associated with a given DiaObject.

We crossmatch the locations of all the X-ray sources to the DiaObject catalog and find
2276 candidate DiaObjects for 1067 unique X-ray sources. 815 X-ray sources have coun-
terparts in both the Object and DiaObject catalogs, although we cannot confirm that the
DiaObject and Object are the same astronomical object for all 815 sources. Thus, of the
3830 X-ray sources in the combined X-ray catalog, 2566 have at least one match between the
Object and DiaObject tables. We note that many X-ray sources in the 47 Tuc and Fornax
dSph fields only have matches to the DiaObject catalog.

Since there is no difference_image equivalent to a co-added image, we calculate the
error-weighted mean magnitude in each band of every DiaObject using the psfMag and
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Figure 4.9: TOP: On the left, we plot the X-ray flux vs i-band magnitude, only for objects
with matches to the Milliquas catalog. The solid grey line delineates log(Fx/F,,) = 0, and
the dashed and dotted lines are at log flux ratios of +1 and £2 respectively. Most of the X-ray
bright galaxies fall between 41, as expected for AGN. We expect many of the matches with
log(F'x /Fopt) < —1 to be galaxies. The right plot shows all matches with reliability > 90%,
a total of 1344 Objects, on the same axes. The open circles show matches with some optical
variability as defined by Stetson J; however, it appears there is a strong correlation between
optical magnitude and Stetson J as mentioned previously. BOTTOM: We plot the X-ray-
to-optical flux ratio against color. The left plot contains matches to Milliquas, plus some
stars from SIMBAD and Gaia, and one CV (CRTS J033349.8-282244). The right plot again
shows all matches with reliability > 90% on the same axes. Extendedness measures whether
the matched DP1 Object is point-like (0) or extended (1). We use color transformations as
defined in our Equation 4.7 to plot the empirical cut from Rodriguez (2024).

I6)



Chapter 4. Optical Counterparts to X-ray sources in LSST DP1

psfMagErr columns in the ForcedSourceOnDiaObject table as the per-band photometry of
each DiaObject.

5 Conclusions

We performed a crossmatch between a consolidated catalog of all objects in the DP1 fields
in five X-ray catalogs to DP1 Objects and diaObjects. Our results demonstrate that we
are able to find many candidate counterparts with high reliability. Many of the candidate
counterparts are fainter than Gaia, PanSTARRs, and SDSS limiting magnitudes. We find
that 2566 out of 3830, or roughly 67% of our X-ray sources have a match in one of the DP1
catalogs. After examining the X-ray to optical flux ratios of these matches, we do not follow
up any of these sources at the present. A list of X-ray sources with optical non-detections,
which may also be of interest for future followup, can be found in the linked GitHub.

Many previous studies with deeper X-ray to optical crossmatches focus on a specific field
such as E-CDF-S (Luo et al., 2017), the Lockman Hole (Bykov et al., 2022; Salvato et al.,
2018), or the galactic bulge (Wevers et al., 2016). The LSST DP1 dataset contains six
fields with very different density, observing depth, and coverage by X-ray catalogs, and we
attempted to apply the same crossmatching procedure to each field. We find that many of
our crossmatches are reliable in fields that are well observed by X-ray missions, i.e. the E-
CDF-S field and that in this field, the percentage of X-ray objects with a reliable counterpart
does not seem to depend on its X-ray flux. In the non-crowded fields where we expect the
completeness of the Object catalog to be high, we find that at roughly 20% of our matches
met our criteria for reliability when the X-ray flux exceeds 1073 ergs tcm=2, and steadily
drops off to zero for the faintest sources in these fields, at 107! ergs~tem=2. Observations in
these fields are primarily from eROSITA, and are limited by the sensitivity and the positional
error of the eRASS1 data.. In the crowded fields 47 Tuc and Fornax dSph, the majority of
matches are found only on diaObjects, which bypass the deblending on co-add image step
of the pipeline. We expect that it will be feasible to build up the large datasets of reliable
optical-X-ray matches across the LSST all-sky survey to extract the local magnitude and
sky density by magnitude distributions needed to implement and train more sophisticated
crossmatching models but that this will require much larger survey area than the current DP1
fields. For example, Euclid Collaboration et al. (2025) use an X-ray emitter prior in their
crossmatch between X-ray sources and Euclid data based on a machine learning algorithm.

The variability quantified by the Stetson J index does not appear to strongly correlate
with the reliability of the crossmatch in the DP1 data, and it remains inconclusive whether
increased optical variability can indicate a higher likelihood counterpart, despite our expec-
tation that should be the case. As the Rubin data processing continues to be improved we
will check back to see if this effect persists. Additionally, the continuous cadence of the com-
missioning observations mean the Stetson Js are most sensitive to variability on timescales of
seconds to days, since the DP1 observations were on these timescales. This differs from much
of the expected longer variability timescales of most extragalactic X-ray counterparts. How-
ever, the upcoming LSST full survey will probe nearly the full range of variability timescales
and we plan to redo this analysis in the future once the survey is underway.

Overall, while challenges remain, the DP1 data shows promise for X-ray optical asso-
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ciation. Continued improvements to the Rubin Science Pipelines and in-kind programs,
particularly those dedicated to crowded-field stellar photometry, are expected to deliver
even better results in future data previews and data releases. These broader datasets should
permit the utilization of more advanced statistical and machine learning based crossmatch-
ing techniques that can that will enable comprehensive classifications of X-ray sources and
searches for rare and exotic new objects.
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CHAPTER 5

CONCLUSIONS

The purpose of this thesis is to outline our efforts to advance our understanding of the galactic
population of low mass X-ray binaries from both a theory and observational perspective. For
observations, I focus specifically on how the advance in time domain astronomy has enabled
the discovery of LMXB outbursts with optical observations, despite the much higher density
of objects of comparable brightness in the sky when compared to X-ray observations.

In Chapter 2, I cover my search for optical outbursts of LMXBs in the Zwicky Transient
Facility (ZTF) alert stream. Using a small sample of 5 discovered outbursts during four
years of ZTF data, I infer a galactic population consistent with a much larger sample of
X-ray discovered LMXBs. The limiting magnitude of a single frame taken by ZTF is around
40 times brighter than a single frame LSST image, while the bi-nightly cadence of ZTF is
a quicker than the 3-night cadence of LSST’s wide fast deep survey. I look ahead to how
increased sensitivity, the survey area, and the cadence of LSST can lead to the discovery of
up to 400 LMXB outbursts over the 10 year survey baseline.

In Chapter 3, I use cogsworth to simulate a population of 2 million binary systems,
which resulted in the formation of a few hundred LMXBs. I then vary the configuration of
the binary stellar evolution models used by COSMIC to evolve the systems to see how this
impacts the number and properties of LMXBs created. I find that some combinations of
parameters reproduce the CE bottleneck and result in the creation of many fewer BH LMXBs
when compared to NS LMXBs. I also found the simulations to reproduce the brighter end
of fluxes, as well as the distribution of systems in galactic latitude. Further work is needed
to compare the kicks, companion masses, and orbital periods between the simulations and
known systems.

In Chapter 4, I look at the first publicly released Rubin dataset, DP1. I perform a
crossmatch between all objects discovered in DP1 and a comprehensive catalog of X-ray
sources, which are comparatively less dense and not as well localized when compared to the
optical. I demonstrate that outside of fields that are well observed by X-ray observatories
with high resolution, such as Chandra, most X-ray sources can be matched to several optical
objects in LSST. This means that more sophisticated methods for crossmatching that involve
priors for these multiwavelength sources are needed.

It is our hope that the number of LMXBs by discovered by Rubin will augment our existing
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sample considerably, particularly by increasing our known sample of LMXBs undergoing
failed transition outbursts, or are otherwise fainter in the X-rays. By increasing the sample
of both systems and outbursts, we may learn more about both the physics of accretion, and
also the physics of binary stellar evolution.
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