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Abstract

We explore the production and observation of high energy (X-ray and ul-
traviolet/UV) radiation in the context of Galactic, compact binary systems.
At the end of the stellar lifecycle, a star collapses into one of three compact
objects (COs) depending on the mass at the time of collapse: a white dwarf
(WD), neutron star (NS) or a black hole (BH). These dense, stellar remnants
are often found in close orbits (a ~ R) with another star whose atmosphere
can flow to the CO, releasing massive amounts of gravitational energy in the
process. These systems are known as X-ray binaries (XRBs) for the complex
interaction of the stellar pair and constituent matter manifests in bright X-ray
luminosities of Ly ~ 10%? —10%? erg/s making them among the brightest X-ray
emitters in the sky. The formation and distribution of XRBs is still not fully
understood, in part because a homogeneous sample of Galactic XRBs is not yet
available due to selection effects biased towards bright and transient sources.
The Galactic Bulge Survey (GBS) was designed to identify a large, quiescent
population and found 1640 unique X-ray sources in 12 square degrees near the
Galactic Plane. Most systems are still unclassified, specifically those in dense
optical or infrared (IR) fields where the true source of X-ray emission can be vi-

sually ambiguous. We avoid this ambiguity for 269 of 1640 systems by using UV
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data from GALEX to identify the correct optical /IR counterparts, making use
of the low GALEX surface density (and high correlation with X-ray sources).
We then create and model spectral energy distributions for each system. We
identify a new group of 15 — 25 likely compact binary systems by their excess
UV fluxes and classify ~ 150 GBS systems as nearby, chromospherically-active
stars. Finally, we discuss our results in the context of the GBS and suggest

future research directions.
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Chapter 1

Introduction

1.1 Ultraviolet & X-ray Radiation in Astro-

physics

Light of shorter wavelengths than our optical spectrum (A < 320 nm) is re-
garded here as high energy radiation. This is because it is light that is too
energetic for the receptors in our eyes to process - just beyond the colour vi-
olet, the wultraviolet is the wavelength range between 10 nm < A < 320 nm
(ultra means ‘beyond’ in Latin). At even smaller and more energetic wave-
lengths is the X-ray regime between 0.1 nm < A < 10 nm. Like any part of
the electromagnetic spectrum, UV and X-ray photons are emitted by astro-
physical particles accelerating from forces, and all four fundamental forces are
responsible for high energy astrophysical radiation. The majority of processes
discussed in the context of Galactic X-ray sources originate from electromag-

netic and gravitational forces.

In general, Larmor’s Formula describes the power emitted by a particle of

charge ¢ undergoing acceleration a (non-relativistic, v << c¢):

2 2
a
P pr— 3

67ege

(Watts) (1.1)



where ¢ ~ 3 x 10® m/s (the speed of light) and ¢y ~ 8.854 x 107" F m~*. A
careful consideration of the acceleration mechanism for each particle and a sum

over all accelerating particles yields the volume emissivity j,. X-ray emission

mechanisms usually require high energy electrons (large 3, where 3 = %) and

so the special relativistic formulation is useful:

pP= QQSZG B—(BxB)? (Watts) (1.2)

where v = (1 — g2)71/2,

There are a variety of X-ray emitting objects and associated processes span-
ning a range of X-ray luminosities Lx. Although our focus will be on Galactic
X-ray emission we mention some extraGalactic X-ray sources here for com-
pleteness. X-ray point sources include both degenerate and non-degenerate
stars, compact and non-compact binary systems, active Galactic nuclei (AGN)
and star forming regions (e.g., Orion Nebula or h Per). Diffuse X-ray sources
include supernovae remnants (e.g., Crab Nebula, Cassiopeia A), all types of
galaxies, galaxy groups and clusters (e.g., Perseus Cluster, M87) and even
planets (e.g., Jupiter) and comets (e.g., 73P/Schwassman-Wachmann). The
focus of this work is to identify compact binary systems and therefore the bulk

of this discussion will be focussed on X-ray point sources.

The most basic production mechanism of high energy light is thermal emis-
siton from hot, optically thick matter where particles accelerate due to electro-
magnetic interactions from neighbouring particles. A star is roughly a black-
body emitter due to high temperature and densities (at least below the pho-
tosphere) and its light spectrum is governed broadly by Planck’s Law or ‘the
blackbody function’

2hc? 1

B\, T) = (W st m™?) (1.3)

where h = 6.63 x 1073* m? kg s™! (Planck’s constant), k = 1.38 x 1072 m?



kg s7! (Boltzmann’s constant) and T the effective temperature of the star in
Kelvin. The Planck Distribution describes the spectral density of emitted pho-
tons in equilibrium and is the unique, stable such distribution (Planck 1914).
It describes hot, dense matter like the thermal emission from a star or a hot,
optically thick accretion disk in both CVs and X-ray binaries (XRBs). As
temperature increases the peak of emission shifts to higher energies following

Wien’s Law:

b

Apear = 7= (m) (1.4)

where b = 2.898 x 1073 m K. Stars peaking at the least energetic part of the
UV spectrum (~ 320 nm) need to achieve effective temperatures of 7' ~ 9000K
or an earlier spectral type than ~A3V. To peak in the X-ray (say at lnm)
the temperature needs to reach T ~ 3 x 10° K. These (effective) tempera-
tures cannot be reached by non-compact stars in regular stellar evolution but
are easily achieved in material liberating its energy in the steep gravitational
potential of a CO. Thermal emission from a single non-degenerate star is usu-
ally insufficient to explain observed X-ray luminosities Lx > 10% erg/s and
it is non-blackbody processes responsible for X-ray emission in regular stars.
Optically thin radiation from hot, ionized material is common in binary accre-
tion scenarios and stellar atmospheres. The principal non-relativistic radiation
mechanism from hot, ionized material is thermal bremsstrahlung or ‘braking
radiation’, where high speed electrons accelerate around more massive protons
in the plasma. The volume emissivity of thermal bremsstrahlung emission as

a function of temperature is:

(V) =Cg(v, T, Z)ZQneni? (Wm™ Hz ™) (1.5)

where C'= 6.8 x 107! J m Kz, g(v,T, Z) is the Gaunt factor (a quantum
correction of order ~ 1), Z is the atomic number of the atomic species, n

is density, and T temperature. For temperatures between 10° — 10® K this



distribution peaks in the extreme ultraviolet (EUV) or soft X-ray.

1.1.1 Single Stars

Thermal emission from both optically thick and thin bodies explains a large
portion of the spectral energy distribution of single stars. The stellar tem-
perature profile 7'(r) is generally a decreasing function of radius but inverts
in the outermost region or corona of many cool stars (including the Sun); we
observe spectral features only produced in temperatures of 105-107 K (for ex-
ample, transitions of the ionic species Fe-XIV at 5303 A and Fe-X at 6374 A
in the Sun) prompting an explanation of some unknown coronal energy source.
Temperature inversion and emission in excess of radiative equilibrium is more
or less the definition of the corona itself (Hall, 2008).

The behaviour of hot, magnetically-confined coronal plasma is known as
chromospheric or coronal activity observed as emission in excess of the black-
body at short wavelengths (UV, X-ray, v-Ray). All late-type stars (past ~ A7)
are coronal X-ray emitters (Vaiana et al., 1981). Stellar coronae are physically
extended, optically thin plasmas that are a source of both line and continuum
UV/X-ray. They are highly ionized by the photospheric flux below and emit at
T ~ 107K soft-X-ray continuum via thermal bremsstrahlung (Section 1.1). The
layer beneath the corona (the chromosphere) produces Ca II H & K emission
lines in abundance and these lines are generally used as indicators of coronal
activity levels (West et al., 2008).

The interaction of the coronal plasma and the stellar magnetic field is likely
the source of coronal heating. Velocity shear from differential rotation between
the convection cells and the radiative zone energetically drive large-scale, vari-
able magnetic structures which thread high through the corona (the dynamo
mechanism). These fields interact strongly with the plasma by induction, and
production of magnetohydrodynamical (MHD) waves that heat the surround-
ings (Hall, 2008). The plasma and the magnetic field lines are both mag-



netic - the movement of either component induces complex changes in both.
The short-timescale variability of the corona (seconds to minutes) reflects the

timescale of changes in the magnetic field structure itself.

Although it is not our intent to study stellar rotators in general, a macro-
connection between late-type stars and their induced X-ray luminosities is help-
ful. The ability for the dynamo to produce magnetic activity or the dynamo
efficiency is typically characterized by the Rossby Number (Noyes et al., 1984)
which combines the rotation rate P,, and convective turnover time 7, (the

rotation rate of the convection cell):

(1.6)

Stellar activity typically increases with decreasing Ry and it is observed that
late-type stars saturate in their coronal X-ray emission at Ry ~ 0.1 (Vilhu,
1984; Stepien, 1994; Patten and Simon, 1996; Pizzolato et al., 2003) where
higher rotation rates do not add any extra flux in the X-ray and in fact may
decrease with a further increase in rotational frequency. The relation between
Ry, Rx = Lx /Ly and P, is shown in Figure 1.1 (Wright et al., 2011, Figure
2).

The convective turnover time can be estimated as a function of stellar mass

following Wright et al. (2011) as a second-order log-log polynomial,
log(7.) = 1.16 — 1.49log(M /M) — 0.54log?(M /M), (1.7)

with an rms dispersion in log(7.)-space of ~0.028. This relation is valid for
MS masses 0.09 < M/M; < 1.36 but is highly uncertain for M < 0.15M
due to a lack of data for the lowest-mass stars. Other parameterizations as
functions of V' — Ky and B — V exist but they are not nearly as tight, and
even be piece-wise; convection may be driven primarily by the stellar mass and

complex-colour dependencies on various stellar parameters make a 7(M /M)
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Figure 1.1: (left) Rx = Lx /Ly, by rotational period and (right) by the
Rossby number. Notice the parameterization with Ry is far tighter than P,
and as expected X-ray luminosity increases with decreased rotational period

or Ry. The piece-wise, red dashed line represents the unsaturated (sloped)
and saturated (flat) regimes (Wright et al., 2011, Figure 2).

parameterization most useful.

Summarily, the rotation period and stellar mass are connected via the
Rossby number, which is itself connected to X-ray luminosity. We summa-
rize this discussion by showing X-ray luminosity versus stellar mass (Figure
1.2) using Equations 1.6 and 1.7 together for some values of rotational period
P.

Stellar magnetic fields can undergo explosive, short-timescale changes (mag-
netic reconnection) that produce solar flares and coronal mass ejections that
manifest as a burst of hard X-ray emission, followed by a soft rise from the
X-ray heating of the upper atmosphere. Magnetic reconnection occurs when a
magnetic field loop pinches in two after being highly stressed. The rapid change
in the B field strength over only a few seconds creates an intense DC electric
field E that accelerates electrons beyond ~20 keV (Hall, 2008). These electrons
stream back into the stellar atmosphere and undergo (inefficient) Coulomb col-
lisions with ambient protons, emitting a burst of hard X-rays - this process is
known as non-thermal bremsstrahlung or thick target bremsstrahlung. A short
burst of hard X-rays is almost always observed at the beginning of a flare event

and is usually used as an indicator of the event itself. The hard X-rays heat and
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Figure 1.2: Rx as a function of stellar-mass for a few values of rotational
period P,,. Saturation occurs at Rx = 1073, Only Mg > 0.1 are shown, for
the relationship is uncertain beyond this range (Wright et al., 2011). It
appears that no stellar mass can saturate at a rotational period above
~ 10 — 15d.



create a pressure gradient driving bulk plasma motion that emits soft X-rays
in the process. This bulk flow is likely responsible for the time delay between
the rise in hard versus soft X-rays immediately after a flare (Giidel, 2004).
Non-thermal bremsstrahlung is thought to be the main contributor of hard
X-rays in single-stellar atmospheres and their presence is often more sporadic
(burst-like) than the soft coronal continuum.

In summary, single-stars are X-ray/UV emitters up to Lx ~ 10%° erg/s due

to their hot, coronal plasma interacting with the stellar magnetic field.

1.1.2 Compact Binary Systems
Formation of a Compact Object

All stars undergo stellar evolution where the temperature, composition, and
radius of the star change over their lifetime. The outcome of stellar evolution in
isolation is almost entirely determined by the initial mass of the star. In general,
a star maintains a quasi-equilibrium between the inward pull of gravity and
outward thermal pressure that originates from formation energy and ongoing
nuclear fusion in the core.

A star spends the majority of its lifetime on the main-sequence (MS) fus-
ing core H into He until H runs out and the burning equilibrium is disrupted.
Without the core pressure from H fusion, the core begins to contract and H
fusion is initiated in a shell around the predominantly He core, stabilizing the
contraction. This shell burns hotter than the core-burning itself and increases
the luminosity of the star leading to an envelope expansion. As each burn-
ing layer runs out of fuel, the resultant fusion products add to the core mass,
shrinking it further, igniting the new shell layers and expanding the star while
ascending the red giant branch (RGB). From here, the star moves through
the horizontal branch (HB) and asymptotic giant branch (AGB), where large

mass-loss can occur from stellar winds before the end of its life. What happens



next is strongly dependent on the core mass (~ original mass - mass lost dur-
ing lifetime): for stars with M < 8M; thermal pressure eventually becomes
insufficient to balance gravity and the star contracts until it is supported by
degenerate electron pressure, resulting from both Heisenberg’s uncertainty and
Pauli exclusion principles. Heisenberg’s Uncertainty Principle states that the
ignorance of a particle’s momentum and position in space has a lower limit of
roughly A:

AxAp >

g (1.8)

The core of a star with an initial mass M < 8 M can be supported by electron
degeneracy pressure. Such a core is referred to as a white dwarf (WD). The
Pauli exclusion principle forbids the electrons from occupying the same phase
space cell manifesting as a resistive pressure. WDs are ~ the size of earth
and typically ~ 0.6M, with densities of p ~ 10 kg/m?; binaries with a WD
primary accreting from a companion are known as cataclysmic variables (CVs;

see Section 1.1.2).

Electron degeneracy pressure cannot support the cores of stars of initial
mass M > 8M, against collapse and instead neutron degeneracy pressure
exists, leaving a neutron star. It is thought to be the size of a small city
(R ~ 10 — 15 km) with average densities exceeding ~ 10'7 kg/m3. Neutrons
are ~ 2000 times heavier than electrons and thus their momentum uncertainties
Ap can be quite large. Thus, Az can be much smaller than the electron allowing
neutrons to spatially pack themselves more closely (neutron stars are ~ a factor
of a billion more dense on average than WDs). If the stellar core mass is high
enough (M > 20M) there exists no degenerate pressure strong enough to

counter the gravitational collapse, and the star becomes a black hole.



Accretion in Compact Binaries

The deep gravitational wells of a CO can inject hugh energies into nearby ma-
terial, including other stars. Binaries with one or more components consisting
of a WD, NS or BH in a close orbit (a ~ order of the donor’s radius) are
referred to here as compact binary systems. They can emit a copious amount
of X-rays (103 ~ 10% erg/s) and show distinct states of activity that dra-
matically change the emission behaviour. The movement of material from the
companion star to the compact primary is known as accretion, and this process
is responsible for the macroscopic behaviour of compact binaries. Different
stages of accretion and the response of the mass ratio ¢ and orbital separation

a to these modes ultimately decides the long-term evolution of the binary.

There are two types of accreting binaries: transient systems that go in and
out of outburst and persistent systems that are in constant outburst. The
mass ratio ¢ = Mco/Monor and donor radial velocity K are two fundamental
binary parameters that describe the accretion. It is not our intent to review
accretion theory entirely, a basic understanding of these parameters is helpful.
The parameters ¢ and Ky are usually obtained in quiescence with optical or
IR spectroscopy when the dimness of the accretion disk allows study of the
companion. Combining Ky and P, directly limits the value of ¢, where this
relation is detailed by the mass function (derived from Kepler’s 3rd Law):

PK3  M;sin®(i)

fM) = 2rG (14 q)2

(1.9)

where i is the inclination (the angle between a line perpendicular to the system
orbital plane and our line of sight, e.g., an edge-on system has inclination
90°); this parameter is often difficult to obtain. If the system in quiescence
still has a large optical contribution from the disk, K5 can be derived from its
linear relation with the full-width-half-maximum (FWHM) of the Ha line in

the accretion disk (Casares, 2015, 2016). Persistent sources are constantly in

10



outburst and therefore bright in the optical, UV and X-ray. These bands are
dominated by the CO and disk and are never in quiescence which wash out the
companion’s spectral features. In these cases, the companion’s radial velocity
can be derived by tracking a series of fluorescent emission lines from the X-ray
irradiated companion face during certain parts of the orbit. These emission
features from the companion face are known as Bowen fluorescence transitions
(Casares et al., 2003, 2004; Sanchez et al., 2015).

Finally, the mass ratio ¢ and semi-major axis a define the geometry of the
gravitational potential in the system of two stars. It is this geometry that
controls the accretion process; local extrema in the potential (Lagrange points)
represent places where material can remain in a stable co-orbit or where matter
can leave one star and be bound to the other. As the companion expands
during stellar evolution, it may fill the volume around it known as the Roche

Lobe which is the smallest surface of equipotential, defined by the scale radius

R;:

% ~ %(%q)l/?’ (1.10)
Material exceeding this volume is no longer bound to the donor; material pref-
erentially leaves through the first Langrangian point (L1) at a distance ~ Ry,
from the center of the donor. The ability for a star (at a particular part of
its life cycle) to fill this lobe and lose mass depends solely on a and the mass
ratio, q. The Coriolis force deflects the accretion stream into Keplerian motion
around the primary, but the stream may couple to the field and accrete directly
onto the primary if its magnetic field is strong enough. Small collisions of the
streaming particles with each other (e.g., viscous friction) spread the orbital
radii of the particles forming an accretion disk truncated at the Alfven radius
of the primary. The interactions between the donor, accretion stream/disk,
magnetic field(s), stellar winds and compact object create the variety of high

energy radiation we attribute with the name “X-ray binary”.

Here we review compact systems relevant to this thesis: CVs, symbiotics

11



and low-mass XRBs with specific focus on the systems appearance in the X-ray,

UV and optical components of the spectral energy distribution (SED).

Cataclysmic Variables

Cataclysmic variables or CVs are close binary systems of a WD primary and
a Roche-Lobe-filling donor, with orbital periods 75 min < P,.;, < 8 h capable
of X-ray luminosities of Lx ~ 10%" — 10% erg/s (Ritter and Kolb, 2003). The
majority of CV donors are Roche-lobe-filling MS stars but there exist systems
with a less massive WD donor (AM CVn) or a giant donor (symbiotic systems).
The short and long-term behaviours of CVs depend primarily on the mass
transfer rate M and magnetic strength B of the WD and their interaction
determines the accretion state (Lewin and van der Klis, 2006).

CVs with weak WD magnetic fields (B < 10* G) are essentially ‘non-
magnetic’; accreting material can accumulate in an accretion disk that inter-
acts with the WD close to its surface, in a region called the boundary layer.
This boundary layer is thought to be the primary source of both soft and hard
X-rays in CVs. The accretion disk acts as a resevoir of gas and ultimately
energy for the outburst behaviour of CVs and XRBs alike. Non-magnetic CVs
can be in either quiescence or outburst, controlled by M: when M is low, the
disk is cool and has a low viscosity. When the disk heats, its viscosity in-
creases allowing movement of material inward towards the WD inducing direct
accretion - this is the high M regime. The inward movement of disk material
liberates gravitational energy producing a bright, explosive outburst known as
a dwarf nova (DN). Nova-like (NL) systems have a high enough M that the disk
is maintained in high temperature/viscosity equilibrium and does not exhibit
typical DNe (Honeycutt, 2001). The accretion stream, disk and the boundary
layer can in principle be seen in a spectral energy distribution (SED) and are
inherently variable in the optical, UV and X-ray outside of that expected from

orbital geometry changes on timescales 7 ~ P,.,. In short P,., non-magnetic

12



CVs, the accretion disk usually contributes 40-75% of the observed optical light
while the WD contributes 75-90% of observed UV (Szkody et al., 2017). Sys-
tems with disks (DNe or NLs) ostensibly can be identified by their SED given
the large fractions of optical/UV light emitted from the WD and surrounding

material.

If the WD B field is strong enough (B > 10* G) it either completely prevents
an accretion disk from forming (a polar system) or truncates the disk at some
distance from the WD (an intermediate polar system). In polars, the accretion
stream couples to the magnetic field lines between the donor and the WD and
is channeled to one or two regions near the WD surface. This produces a
noticeable cyclotron spectrum from the IR to the UV (Wickramasinghe and
Ferrario, 2000; Williams et al., 2007) from spiraling electrons in the B field
and X-rays from shock heating at WD surface (Lewin and van der Klis, 2006).
Polars are primarily soft X-ray sources, typically peaking in the EUV where
instrument sensitivity is low and interstellar absorption is extremely high. This
leaves polars far less studied than non-magnetic CVs. Although polars lack an
accretion disk, the accretion stream and shock-spot near the WD surface can
be incredibly bright, contributing ~50% of the total optical emission (Harrop-
Allin et al., 1999).

In summary, both magnetic and non-magnetic CVs emit X-ray light beyond
the active single-stellar emission discussed in Section 1.1.1. The emission of
X-rays comes primarily from the WD surface, where direct accretion takes
place. However, many components of the system emit relevant radiation: the
boundary layer, the disk and/or magnetic field structure, the accretion stream
and collision point and the irradiated companion face. In Section 1.1.2 we will
explore how similar systems with a neutron star (NS) instead of a WD changes

the system’s dynamics.
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Symbiotic Stars

Symbiotic binary stars (SBs) are a distinct class of CV where a WD accretes
the stellar winds of a red giant donor (Kenyon and Webbink, 1984; Sokoloski,
2003). These systems exhibit various outburst-like behaviours, probably re-
lated to Bondi-Hoyle type accretion onto the WD surface but this is not yet
fully understood (Sion and Starrfield, 1994). We refer to those with a WD
primary as SBs and those with a NS or BH primary as symbiotic XRBs. Un-
like typical CVs, SB accretion is fed by the giant’s wind where only a small
portion is actually accreted (owing to the geometrical extent of the wind and
the comparatively small cross-section of the WD). SBs show prominent emis-
sion features in low resolution spectroscopy (e.g., TiO features from the red
giant photosphere and H I, He II and OIII in emission) thought to be emitted
from H shell-burning on the WD surface and photoionization of the giant’s
wind. These emission features have been used historically to identify such sys-
tems, however there are SBs that show peculiar outburst behaviours, lack one
or more distinct emission features or have a NS or BH primary making the
definition of SBs broader than previously thought. Luna et al. (2013) adopt a
more general definition of any compact object accreting enough material from
a red giant companion to be observed at any wavelength, but we limit this
summary to the most abundant WD SBs. In light of this updated definition,
the known population of Galactic SBs is probably biased towards shell-burning
types which show the aforementioned prominent optical lines in low-resolution
spectroscopy (Mukai et al., 2016). Shell-burning SBs burn H steadily on the
surface of the WD similar to post-novae behavior or supersoft X-ray emission,
and show steady UV emission while non-shell burning systems show variable
UV emission on short timescales, interpreted as a flickering of the accretion
disk (Luna et al., 2013). UV timeseries data in combination with confident
counterpart identification in IR surveys like 2MASS and WISE could uncover

previously unidentified SBs given recent advancements in near and mid IR
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classifications of SBs (Akras et al., 2017).

Low Mass X-ray Binaries (LMXBs)

Low-mass XRBs (LMXBs) consist of a NS or BH primary with a low mass
(M < 1Mg), Roche-Lobe-filling donor with short orbital periods (< 6h) and
X-ray luminosities between 1032 < Ly < 10% erg/s. These are observed as
steady X-ray systems; X-ray studies typically determine the primary proper-
ties and optical /IR studies determine the companion properties. LMXBs allow
us to study various physical mechanisms that define the current Galactic pop-
ulation such as the common-envelope formation efficiency, gravitational wave
emission, magnetic field evolution and strength in old NSs and the age of a
stellar population in general.

The accretion disk mediates the accretion flow onto the NS/BH analogous
to CVs (Section 1.1.2). van Paradijs and McClintock (1994) found that the
absolute visual magnitudes of 18 LMXBs are between ~ 5 and ~ —5, with
such a large range attributed to the range of X-ray luminosities and accretion
disk size. This indicates it is the reprocessing of X-rays through the disk that
dominates the optical spectrum in outburst although it has been suggested
an irradiated face of the companion could contribute to the optical (however
this face may be shielded for large portions of the orbital cycle). Moreover, in
a toy model assuming an isotropically-emitting blackbody disk (van Paradijs
and McClintock, 1994) show that Ly o LY P23 where the dependence on or-
bital period reflects that smaller disks have higher average temperatures, and
the blackbody distribution shifts a larger fraction of its flux into the UV at the
expense of optical emission. In quiescence, the disk is cool and the optical spec-
trum is dominated by the donor (V' ~ 16 — 23, Lewin and van der Klis, 2006),
which can allow the measurement of f(M) using spectral type, period and K.
The optical spectra of LMXBs show blue continua with broad, superimposed

H and He emission lines that reflect the velocity dispersions in the inner disk

15



region. For persistent sources with NS primaries, there exists a tight correla-
tion between absolute near-IR magnitude and orbital period (Revnivtsev et al.,
2012) analogous to van Paradijs and McClintock (1994) for the optical V, with
the assumption that the NIR could have a non-zero synchrotron contribution
from a jet (Shahbaz et al., 2008).

Almost all Galactic BHs and many NSs are found in XRBs and the current
sample of Galactic XRBs is dominated by bright (Lx >10%¢ erg/s) transient
systems making it under-filled by those in long periods of quiescence. Quiescent
LMXBs and CVs both have X-ray luminosities of ~ 103%5—1032 erg/s and are
best identified with deep X-ray data and precise positional resolution (Grindlay
et al., 2005), although distinguishing the two generally requires a direct mass
measurement of the compact object. The deeper potential well of a NS or BH
creates a larger Ly for a given M and so Fx /F,p is a useful discriminant; CVs
are not thought to exceed Ly ~ 10%* erg/s. Particularly quiet/distant systems

produce low numbers of X-ray counts making statistical inference difficult.

1.2 The Galactic Bulge Survey (GBS)

In Chapter 2 we present our recent work with the Galactic Bulge Survey (GBS),
a wide and shallow Chandra X-ray survey of 12 square degrees above and be-
low the Galactic Plane (Jonker et al., 2011). The purpose of this survey was
to homogenize the Galactic X-ray sample by uncovering > 100 new quiescent
LMXBS to ultimately put constraints on the common-envelope evolution in
XRBs and the mass distribution of BHs and NSs. The survey depth was cho-
sen to optimize LMXB detections over foreground CVs and the survey is out of
the plane enough to allow optical and IR follow-up. Spectral observations are
crucial in deriving compact object masses - the H« shape and width can be used
to identify the presence of an accretion disk or a BH-primary (Casares, 2015,

2016) and the aforementioned Bowen fluorescence transitions at 4640 — 4650A
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can identify the companion. The GBS photometric and spectroscopic follow-up
is on-going and many compact systems have already been identified; however,
many X-ray sources have multiple optical or IR counterparts within the posi-
tional error circle of Chandra. Greiss et al. (2013) and Wevers et al. (2016a)
performed a matching analysis for the GBS in deep IR and optical observations,
respectively. A UV analysis has not yet been completed, although some Swift
pointings in the GBS region have been analyzed for Swift UVOT (Fielder et al.,
in prep). The extinction in the GBS region is lower than directly in the Galactic
Plane, but not as low as sightlines outside of the main Galactic mass entirely.
Accordingly, since UV radiation is preferentially absorbed by the interstellar
medium over other bands a UV analysis will retrieve physically close objects,
those in windows of particularly low extinction and those that are inherently
UV bright. In Chapter 2, we perform a UV counterpart analysis using GALEX
data in the near-UV and use the statistical likelihood of an X-ray/UV match
to constrain optical and IR observations allowing multi-wavelength analysis for

269 GBS systems.
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2.1 Introduction

2.1.1 The Galactic Bulge Survey: Purpose & Progress

The Galactic Bulge Survey (Jonker et al., 2011, 2014) was designed to identify
a large sample of Galactic X-ray binaries (XRBs) in quiescence (Lx ~ 1032733
erg/s) using the Chandra X-ray Observatory (Weisskopf, 2012) The two main
purposes of the GBS require a homogeneous sample of the Galactic X-ray
population. The first GBS goal is to obtain a model-independent measure of
neutron star (NS) and black hole (BH) masses to constrain the NS equation
of state and BH mass distribution. Nearly all Galactic BHs and many NSs
are found in binaries and to date the observational sample of Galactic XRBs is
ostensibly dominated by bright, transient systems (Liu et al., 2001; van Paradijs
and White, 1995). Bright (Lx > 10% erg/s) Galactic X-ray sources have been
well-studied but may not accurately represent the larger population of NS and
BH X-ray binaries (XRBs) with systems in outburst more well-studied than
the quiescent population. Inferred global properties of the entire population
could be skewed due to this transient selection bias, such as the BH-mass-
period relationship (Lee et al., 2002; Knevitt et al., 2014) indicating a search
for a larger quiescent binary population is needed. The GBS also aims to
constrain uncertain steps in XRB evolution models, in particular the common
envelope formation and evolution in the context of BH-XRB formation channels
(Ivanova, 2011; Ivanova et al., 2013; Pavlovskii et al., 2017).

To achieve a large, quiescent, Galactic XRB population the survey needed
to cover a substantial portion of the stellar mass of our Galaxy. To avoid
heavy extinction (permitting study of the optical /IR counterparts) the survey
focused on the Galactic Bulge above and below the plane at Galactic longitudes
and latitudes between —3° < I < 3° and 1° < |b] < 2° respectively. The GBS
depth was chosen to optimize the detection of typical quiescent low-mass XRBs

(qLMXBs) in the Galactic Bulge but not deeper to avoid picking up larger num-
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bers of CVs and chromospherically active stars. However, the survey includes
a volume of the Galactic Plane near the Sun and so will include a substan-
tial number of intrinsically fainter X-ray sources in the near field. The high
astrometric accuracy of Chandra (0.6” at 90% confidence, for on-axis sources
with reasonable numbers of counts) is necessary to enable identification of faint
counterparts, as expected for qLMXBs in the Bulge and crowded fields. Flux-
limited, Galactic X-ray surveys should preferentially sample young stars in the
disk due to the decline in general X-ray emission with stellar age (Koenig et al.,
2008; Vaiana et al., 1981, 1992). A number of surveys focused on faint, Galactic
X-ray sources have confirmed this illustrating that active stars/binaries dom-
inate Ly < 10%? erg/s while CVs dominate 10%? < Lyx < 10%* erg/s (Hands
et al., 2004; Sazonov et al., 2006; Agiieros et al., 2009; Motch et al., 2010; War-
wick, 2014). Chandra surveys have been particularly effective: the ChaMPlane
survey (Grindlay et al., 2005; Koenig et al., 2008) obtained deep (> 20 — 100
ks) Chandra pointings near the Galactic Plane and discovered a population of
coronally active systems: young MS stars, MS stars and active binaries like RS
CVn and BY Dra. Ebisawa et al. (2005) took deeper observations and suggest
their soft X-ray population is mostly Galactic late-type stars. These findings
suggest that while many sources in our shallow Chandra dataset located at ~8
kpc are likely to be LMXBs, the nearby low-luminosity sources that show UV

emission in GALEX will be dominated by coronally active systems.

The GBS found 1640 unique X-ray sources, a number in good agreement
with initial population estimates (Jonker et al., 2011). The full Galactic distri-
bution of X-ray emitter types is still unknown, but pre-survey estimates suggest
~ 700 non-compact stars/binaries, 600 CVs, 300 XRBs, possibly as many as a
few hundred AGN (Britt et al., 2014) and some millisecond pulsars. To date,
the GBS collaboration and other groups have identified counterparts in the op-
tical, IR and radio. Bright optical counterparts usually suggest X-ray emission

from nearby chromospherically active stars (Giidel, 2004). A number of these
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counterparts were initially confirmed by Udalski et al. (2012) using OGLE
lightcurves and Britt et al. (2014) using MOSAIC-IIT imaging. Hynes et al.
(2012) matched Tycho-2 sources to the GBS, finding mostly coronally-active
stars and a few potential quiescent HMXBs. Numerous accreting sources have
been identified with optical spectroscopy, radial velocity analysis, variability or
direct observation of dwarf novae as well a few AGN in the radio (Ratti et al.,
2013; Britt et al., 2013; Maccarone et al., 2012). Rarer objects like an AM CVn
(a CV with a white dwarf donor, Wevers et al., 2016b), a carbon star donor in a
symbiotic binary (Hynes et al., 2014) and a possible accreting YSO (Britt et al.,
2016) have been identified. Torres et al. (2014) found 23 accreting binaries in
the GBS and Wevers et al. (2017) recently produced optical spectra for 26 sys-
tems. Many dimmer optical and IR counterparts have also been located, but
the surface densities in these bands are far larger than one per Chandra posi-
tional error circle leaving many systems still unclassified. Wevers et al. (2016a)
(herein W16) produced a detailed list of MOSAIC-II optical counterparts in
SDSS r’,i” and computed likelihoods for each source; despite this, many GBS
systems have multiple, comparably-likely optical sources nearby often making
companion identification unclear. Likewise, Greiss et al. (2013) (herein G13)
matched the GBS to near-IR data with 2MASS, VVV and UKIDSS computing
likelihoods in a similar fashion. Both analyses find that ~ 70% of GBS systems

have more than a single counterpart in the Chandra error circle.

2.1.2 SED Fitting the GBS via UV Counterparts

Our aim is to locate unidentified compact binaries in the GBS by selecting pho-
tometric counterparts from these works (and other archival datasets) under a
given condition of confidence to model spectral energy distributions (SEDs)
from the NUV through the mid-IR. The presence of prominent UV excesses
correlated with the X-ray observation could indicate high energy emission from

a compact system. To assess the SED at all, we need to select a unique pho-
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tometric set to model. First we identify near ultraviolet counterparts (NUV,
1750 ~ 2750A) from archival GALEX data (Martin et al., 2005) and claim
that any reasonably close GALFEX source to a Chandra position is very likely
the true, physical UV counterpart with little to no ambiguity. Unlike other
wavebands, the average GALEX field density (mypy < 23) in the GBS region
is 5x 107 sources per square arcsecond or < 1 per test circle of 10” (the mean
Chandra error across the GBS being ~3”). Contrary to the deep optical imag-
ing of G13 and W16 in no case does the number density of GALEX sources
exceed 1 per Chandra error circle across the whole survey. With this spatial
confidence, we iteratively assume that any optical /IR source corresponding to
the GALEX position is then likely the true physical match in that waveband.
Positional-matching to GALEX is the primary condition of acceptance for data

to be selected and modelled in this study.

We then model the selected data against blackbody curves and a library of
single-stellar templates. Although blackbody fitting is generally not a robust
identifier of exact spectral /luminosity types (without knowledge of distance or
E(B-V) in advance), it is useful as a macroscopic identifier of UV or IR excesses
originating from the primary, disk, accretion flow/spot, cool stellar companion
or the presence of dust. From these, the UV emission is assessed versus known
empirical limits on single-stellar activity and sources with unexplainably large
UV are selected for a final UV-excess catalogue. A poor single-stellar fit occurs
for one of three primary reasons: there exist multiple emitting bodies, inherent
variability between non-simultaneous observations or the use of an incorrect
counterpart in any band. The full scope of the SED modeling procedure and
discussion of goodness-of-fit tests is found in Section 2.4. In this way, we pro-
duce corroborating evidence of high energy emission for number of previously
identified CVs/qLMXBs from the GBS collaboration (CX93, CX118, CX137,
CX426, CX645) and identify a new population of potential compact binaries.

Reliable SED fitting may also help locate a possibly large, unidentified
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population of symbiotic systems in the galaxy where a white dwarf (WD) ion-
izes winds from a red giant donor (Kenyon and Webbink, 1984; Sokoloski,
2003). The known population of symbiotic systems may be biased towards
shell-burning types which typically exhibit steady UV emission, and promi-
nent optical emission lines in low-resolution spectroscopy, lines that are used
historically as a primarily identification characteristic of symbiotics. Non-shell
burning systems do not show such lines, and exhibit variable UV emission on
short timescales interpreted as a flickering of the accretion disk (Luna et al.,
2013). Mukai et al. (2016) identified SU Lyncis as a non-shell burning sym-
biotic star and identify Swift UVOT UV variability on sub-minute timescales.
SU Lyn was observed twice in GALEX, and shows a difference of Amyyy =~ 2
between 2006-2007 observations. GALFEX UV timeseries data is available with
the gPhoton package (Million et al., 2016) with time-sampling on the order of
1 second. This indicates thats red-giant identification via the SED in combi-
nation with gPhoton data could reliably identify SU Lyn-like systems in the
larger context of an unidentified symbiotic population.

We first present the GALEX data and the counterpart-matching technique
(Section 2.2), then describe the optical and IR datasets used to compile the
SEDs (Section 2.3). Then we outline SED modeling methods (Section 2.4) and
discuss the limits of single-stellar emission in the UV and X-ray (Section 2.5).
Finally, we show the population results and interpret each candidate compact

binary (Section 2.6).

2.2 UV Counterparts to the GBS

Here we outline the identification of UV, optical and IR counterparts using the
GALEX UV positions as a basepoint for iterative matching of the latter two.
We describe the GALEX dataset and its related astrometry/photometry, the
GALEX | Chandra matching method with associated chance-match statistics
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and end with summaries of each queried optical and IR catalogue.

2.2.1 GALEX: Photometry & Astrometry

The Galaxy Evolution Explorer (GALEX, Martin et al., 2005; Groot et al.
2018, in prep) surveyed most of the sky in the NUV and FUV, covering the
majority of the GBS region save regions of high NUV density/large NUV back-
ground (see Section 2.2.2). For our purposes we use the GALEX all-sky imaging
survey (AIS, depth of map ~ 21 covering 26000 square degrees) and medium
imaging survey (MIS, depth of mp ~ 23 covering 1000 square degrees) with
50 depths of 20.8 and 22.7 mags respectively. The AIS has patchy coverage
within 20 degrees of the Galactic plane due to the NUV detector safety limits,
while the MIS specifically covered positions matching the SDSS spectroscopic
footprint. The GALEX field of view is 1.25 deg? and the NUYV filter has an ef-
fective wavelength A.rp = 2271 A with effective width Werr = 730 A. Due to an
early failing of the FUV detector our data is only in the NUV band. The NUV
detector has a bandwith of 1771 — 2831 A and full-width-half-max (FWHM)
resolution of 5.3” (Figure 2.1 shows the transmission profile of this filter). All
GALEX photometric specifications are listed in Table 1 for convenience and
taken from Morrissey et al. (2007). The rms astrometric error of unsaturated
GALEX sources is 7., < 17 throughout the entire GALEX mission but for
bright (still unsaturated) sources with S/N> 18, within 0.6 degrees of the center
of each field of view R,,,s = 0.49” (Martin et al., 2005). Aligning GALEX to
the SDSS catalogue reveals positional offsets of (0.77,1.47,3.4”) = (10, 20, 30)
for AIS and (0.97,1.97,3.6”) = (10, 20, 30) for MIS . The astrometry of the AIS
is slightly better than the MIS possibly due to small errors in the spacecraft
dither pattern which accumulate in the more exposed MIS images. In order to

balance obtaining many true UV counterparts while reducing the number of

http:/ /www.galex.caltech.edu/wiki/Main_Page
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Table 2.1: Specifications of the GALEX NUV detector.

Item GALEX NUV
Bandwidth 1771 - 2831 A
Effective Wavelength 2271 A
Field of View 1.24 deg
Peak Effective Area 61.7cm?
Image Resolution 5.3” (FWHM)
Limiting Magnitude (50)
AIS 20.8 AB mags
MIS 22.7 AB mags

false matches we use the 20 error radii of each survey in quadrature with the
20 Chandra positional errors. All GALEX data used in this work was taken in
2011. The predicted vs. measured count rates for the GALEX NUV detector
diverge by ~ 10% at myyy ~ 15 or 311 cps (Morrissey et al., 2007). But, this
divergence can be accounted for up to myyy =~ 10 using the relation log(MR)
= C0 + Cllog(PR) + C2log(PR)? where MR and PR are the measured and
predicted count rates (respectively) and (C0, C1, C2) = (-0.314, 1.363, -0.103)
(Morrissey et al., 2007). There are 23 GALEX-matched GBS sources saturated
in the NUV band below myyy < 15.0, but all have myyy > 10 allowing us to

correct each within our observed magnitude range.

2.2.2 GALEX: Data Collection & Reduction

We retrieved all GALEX data up to the most recent GR7 release in the spa-
tial GBS limits by querying CasJobs?. Retrieval coordinates were extended
past the outermost region of the GBS to ensure edge sources were well sur-
rounded by GALEX. The northern region of the survey is almost entirely cov-
ered by GALEX, but the southern has multiple gaps where saturation lim-
its on the NUV detector restricted observations (see Figure 2.2). Strictly

speaking, saturation in the NUV occurs where point sources are too bright

https://galex.stsci.edu/casjobs/
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(Fy > 6x107% erg/s/cm?/A or 30 000 cts/s) or the sky background is too
bright (Fy > 1.6 x 107! erg/s/cm?/A or 80 000 cts/s). A unique GALEX
source catalogue exists for regions where the GALEX explorer was operational
in both the NUV and FUV (BCS Catalogue, Bianchi et al., 2014) but not for
regions like the GBS where the FUV detector was inactive. Querying CasJobs
yields many duplicate sources that appear in several GALFEX fields of view
and so the total number CasJobs returns highly overestimates the true number

density.

Following the method outlined in Bianchi et al. (2014), we constructed a
unique GALEX source catalogue in the GBS region by removing all sources
that are within 2.5” of another (~2¢ radial GALEX error). Within the more
strict coordinate limits of the GBS there are ~ 95000 NUV sources before
duplicate removal. After duplicate removal, there are ~ 81000 total NUV
sources and an average GALEX source density of 5 x 10™* sources per square
arcsecond or < 1 per test radius of 10”7, while the mean Chandra error in the
GBS is ~3”. The average surface density is found by dividing the total number
of northern-region sources by the northern area, given the patchy southern

coverage, assuming the surface densities in the north and south are equal.

2.2.3 GALEX /Chandra Counterpart Match Algorithm

For each GBS system we query the area within a unique search radius R defined
by the quadrature sum of both X-ray and UV errors as well as spacecraft
correction and a SDSS systematic offset term. The search error only differs
from the quadrature radius defined in Wevers et al. (2016a) by the GALEX
NUV term, but the R, derivation is recapped for clarity. The first error term
is the original 20 Chandra positional error P (arcseconds) as a function of the

number of X-ray counts C' and the off-axis angle 6 (Jonker et al., 2014; Evans
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Figure 2.2: The GALEX NUV coverage of the Galactic Bulge Survey region.
Black and red markers represent GALEX and Chandra positions respectively.
The southern region has multiple, large gaps preventing a large number of
Chandra sources from NUV match analysis.
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et al., 2010):

0.11450 — 0.4957 log C + 0.1932 (if 0.0 < log C < 2.1393)
log(P) =

0.09680 — 0.2064 log C — 0.4260 (if 2.1393 < log C <3.3)
(2.1)

To this we add in quadrature the 20 confidence level for the spacecraft pointing
(0.77) and the mean residual offset between SDSS observations and the Chandra
source catalogue (0.16” at 1o, or 0.40857! x 0.16” at 20, Primini et al., 2011).

The final Chandra positional error becomes

Rx = /P2 +(0.77)2 + (0.4085~1 x 0.16")2 (2.2)

The distribution of Rx values is shown in Figure 2.3 with a mean value of
2.89”. Finally, we add in quadrature the 30 GALEX error radius Ryy=3.0”
(instead of 20 to avoid skipping slightly distant UV matches in advance). The

R,=+\/R% +R%, (2.3)

Any GALEX object within this distance from a Chandra position is initially

final search radius R, is:

considered a real NUV counterpart, as the surface density is small (< 1 GALEX
per 107 test radius circle) and < R > = 4.17. The distribution of GALEX-
Chandra offsets is shown in Figure 2.4, and we find 222 sources with offsets
Ar < 3.07. Such small offsets lend more confidence to physical association

between the X-ray and UV emitters in contrast to the optical and IR catalogues.
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2.2.4 Quantifying the GALEX / Chandra Chance-Match
Probability

By positional coincidence, some X-ray positions may have an interloping star
in the same line of sight that is unassociated with the observed X-ray flux. The
probability that a GALFEX source is an interloper within R is found by shifting
the entire unique GALEX source catalogue some amount Ad in a random direc-
tion (where the Ad > R;) and observing the new number of GALEX / Chandra
matches as a function of distance from Chandra positions. This method inher-
ently preserves the spatial distribution of both GALEX and Chandra sources
making this assessment relatively robust. We shift the GALEX set Ad = 150”
and repeat 1000 times to take an average. In general, this is a small set of 2D
points (Chandra positions) within a much larger, denser field of ‘background’
2D points (GALEX). Accordingly, we expect after shifting a linear relation-
ship in the number of UV sources in Ry (as circular annuli increase in area o
r) given by

Npase(r £ dr) = (2rNxoyy)r = mr (2.4)

where Ny = 1640 (total number of GBS objects) and oy ~ 5x10~* arcsecond 2,
the average GALEX surface density here. These parameters define the ex-
pected, analytic slope to be m = 2nr Nxoyy =~ 5. This value is a slight over-
estimate given there are not 1640 sources within in the GALEX field; a large
group of sources lie in regions lacking GALEX coverage in the southern fields
(see Figure 2.2). We plot the distribution of matches at given offset r for both
the true positions and the averaged shifted set in Figure 2.4 where each bin
is 1”7 in width. The large rise in matches at low offset indicates a population
of real NUV counterparts in this initial distribution. Fitting the histogram of

averaged, shifted offsets with a linear function anchored at (0,0) reveals the
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number of expected chance GALEX /Chandra matches at offset r is
Neagse(r) = (4.3 £0.1)r (2.5)

where the empirically derived slope has a standard error of 4.3+0.1. The cumu-
lative number of chance matches in an offset range is the integral of Equation
2.5:

Npaise (1 <17 <1p8) = 2.1572 |, (2.6)

We tentatively separate each system into 3 groups, depending on their offset
Ar: a high-confidence set (182 sources, where Ar < 1.5” | hereafter noted as
‘GALEX Set 1), a medium-confidence set (55 sources, where 1.5”7 < Ar <3.0”,
hereafter noted as ‘GALEX Set 2’), a low-confidence set (43 sources, where
3.07< Ar <7.45”, hereafter noted as ‘GALEX Set 3’). The upper limit of
7.45” in GALEX Set 3 is simply because this is the farthest GALEX offset
observed (except CX977 with Rx ~18” which we do not explore here). Large
offsets are expected when the UV source is either unassociated with the X-ray
emitter or when the Chandra data has particularly large errors. The expected
number of chance matches in each GALEX Set is the cumulative function
evaluated over the offset range multiplied by the fraction of Chandra sources
with R at least that large. This latter point only affects Set 3 since the Ryy
= 3.0” is the lower bound on Ry, so the fractional-fix only applies to GALEX
Set 3 (94%). Unfortunately, the number of expected UV interlopers in Set 3
exceeds the number observed making it difficult to argue that many (if any)
of this group are real X-ray emitters. For these systems we refer the reader to
Appendix A (the entire GALEX /Chandra set) for relevant photometry but do
not discuss them individually leaving 222 sources from Sets 1 & 2 to identify
with ~ 20 (10%) spurious detections. Final, expected chance match numbers

in each offset range are displayed in Table 2.2.
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Figure 2.4: Distribution of radial offset (”) between GALEX and Chandra
X-ray positions in the GBS. The blue histogram represents the actual spatial
distributions of the two sets while the green histogram represents the matches
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histogram between 0 and 5” represents a population of true NUV
counterparts.
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Table 2.2: The number of GALEX chance matches in each set defined by

offset from the best-fit X-ray position. Numbers are computed using the
cumulative function in Equation 2.6.

GALEX Set Offset Actual Matches | Expected Chance
1 r<1.5" 138 4-5
2 1.57 <r <3.0” 84 15-16
3 3.0 <r <745 47 50-53
TOTAL r < 7.45” 269 69-74

2.3 Optical & Infrared Counterparts to the GBS

Optical and IR counterpart lists for the GBS have been produced in the SDSS
r’ and i’ bands as well as standard J,H and K, by Wevers et al. (2016a) (herein
noted as W16) and Greiss et al. (2013) (herein noted as G13) respectively. In
both papers, every potential match is assigned a false alarm probability (FAP),
a function of both local brightness density and distance to the X-ray position
that represents the % chance that an optical /IR point is an interloper. Many
GBS systems have > 1 optical /IR sources within Rx with comparative FAPs
- it is in these cases that using UV position is of utmost importance.

First, from these lists, we select those sources that also fall within the
corresponding GALEX error radius which we will call Ry (3.07). We examine

the following possibilities:

1. One source resides in Ryy: this source selected as the real counterpart

2. Multiple sources reside in Ry of these, the source with the lowest FAP

from G13/W16 is selected as the real counterpart

3. No source resides in Ryy: the source with the lowest FAP from G13/W16
within Ry is taken to be the true counterpart (as would normally be done

without regards to this UV-matching procedure)

When multiple sources are within Ry, FAP values determine the selection of
the counterpart, but for all other optical/IR datasets (outside of G13/W16)

FAP values are not constructed or used. For those data, we select sources
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corresponding to the W16 and G13 positions when these are available. If not,
we select those that match closest to the GALEX position, and iteratively

match each successive dataset to an already identified optical or IR source.

2.3.1 Data: Optical Counterparts
MOSAIC-II

W16 found optical counterparts within Rx in the GBS using the MOSAIC-II
imager of the 4-m Victor M. Blanco telescope at CTIO, Chile in the bands
', i and Ha (Aojp = 6163,7695,6561 A respectively). In the most (least)
conservative estimates of W16, 954 (1160) out of 1640 total GBS sources have
multiple counterparts within Rx. They compute two statistical quantities for
each match: a FAP and a likelihood ratio (LR). The FAP is a function of the
local brightness density around a GBS object and represents the probability
that any particular optical source is not in fact the correct counterpart. Qual-
itatively, the FAP states that a source that is closer, and/or brighter than the
average brightness of optical sources in the region around the GBS source is
more likely to be the true counterpart. Thus a source with a lower FAP is more
likely a true counterpart. The likelihood ratio, LR, is defined similar to that
in Sutherland & Saunders (1992) and is the relative probability of finding the
counterpart at a particular offset and magnitude versus a background source
with the same characteristics. It is a function of magnitude m and Ar the
distance between the X-ray position and the optical position. Qualitatively, it
states that a source that is closer to the X-ray position is more likely to be
the true counterpart. The bounds of the FAP are [0,1] and the bounds of the
LR are [0,00] as this is a relative probability. W16 finds that for the most
(least) conservative estimates that in 91% (88%) of cases the counterpart with
the lowest FAP also has the highest LR. Sources where these values do not

agree can be visually explained on a circumstantial basis (such as a very bright
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source being near the edge of the error circle). MOSAIC-II data is especially
helpful in combination with VPHAS+, as they both have two similar bands in

SDSS r’ and i’ lending confidence to any one optical source.

TYCHO-2

Many GALEX-matched GBS sources will be bright and /or close and likely have
a Tycho-2 (Hog et al., 2000) optical counterparts. Tycho-2 has two filters Br
and Vr and surveys the sky with 99% completness at V' < 11.0 (and 90% at V' <
11.5) capturing many bright and close systems. All J2000 positions of Tycho-2
sources in the GBS region are corrected using known proper motion values up
to J2011 when GALEX observations were taken. Under the expectation that
GALEX emitters are close, accounting for proper motion may be important,
and we find a mean proper motion of 0.2” with a maximum 11 year motion of
3.3” for Tycho/ GALEX matches. Hynes et al. (2012) (herein noted as H12)
matched GBS sources to Tycho-2 and found 69 sources within 10” of Chandra
X-ray positions. These 69 sources were reduced to a likely 60 Tycho-2/ Chandra
matches after removing chance matches and duplicate observations. Most of
these are late-type single stars and we expect a large portion to be UV emitters
- we find 48 initial Tycho-2/GALEX matches. CX59, CX77, CX388, CX622,
and CXB93 do not show Tycho-2 matches in our algorithm but are quoted as
such in H12 (we use true X-ray error radius of the Chandra position while H12
uses a 10” cut) and so images are manually inspected for each of these cases as
to not miss any bright counterparts. We consider CX59, CXB93 and CX622 as
true Tycho-2 matches and CX77, CX388 chance matches after an examination
of the optical images with respect to the GALEX position.

The Tycho-2 filters are typically transformed to standard Johnson B and V
using the linear transformation provided in Hgg et al. (2000), but this is defined
for unreddened main sequence stars and in reality depends on the luminosity

class and reddening. For more accurate photometry we cubically interpolate
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Table 2 of Bessell (2000) which accounts for empirical differences in (B — V)
and (Br— Vr) that are largest for 0.25 < (Br—Vr) < 1.5 (see Fig. 4 of Bessell,
2000).

VPHAS+

Many sources are not bright enough to be Tycho-2 sources (V' > 11.5) but are
saturated in MOSAIC-II r’ and i’ data (' < 17.0,4" < 16.0). This leaves some
SEDs with large gaps between the NUV and NIR. Given a single datapoint in
the NUV and a much higher chance match probability in the NIR, a lack of

optical data leaves the SED heavily unconstrained.

The VST Photometric Ha Survey of the Southern Galactic Plane and Bulge
(VPHAS+H, Drew et al., 2014) surveyed the southern Milky Way in SDSS u, g’,
r’, 1" as well as Ha at ~ 1 arcsec angular resolution at a depth of ~ 20 mags and
a typical astrometric error of 1”7. The survey’s purpose was to optimize a search
for complex and/or small nebulae of all types like ultra-compact and compact
HIT regions, nebulae from YSOs and PNe and even extended emission from
D-type symbiotic stars and supernova remnants. It also adds greater depth
to Ha emission line candidates enveloping all types of massive stars, pre-main
sequence stars, active stars and compact binaries. VPHAS+ covers the entirety
of the GBS region (see Figure 2.5). VPHAS+ survey field acquisition began
on 2011 December 28 using the OmegaCAM imager (Kuijken, 2011) on the
VST which provides a field size of a full square degree captured on a 4 x 8
CCD mosaic. Calibration is done by observing standard star fields observed
each night (e.g., Landolt, 1992). VPHAS+ data is initially sent to the ESO
raw data archive in Garching for first processing followed by reduction at the

Cambridge Astronomical Survey Unit (CASU?).

3http://casu.ast.cam.ac.uk/
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Figure 2.5: The VPHAS+ footprint. The GBS region is shown as two black, bolded boxes in the upper portion and is

wholly covered by this survey (Drew et al., 2014).
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APASS

Along with Tycho-2, MOSAIC-II and VPHAS+ we query the on-going AAVSO
All Sky Photometric Survey (APASS, Henden et al., 2009) observations in
Johnson B, V and SDSS g’, v’ and i’ with ~ 2.5 arcsecond angular resolu-
tion to a depth of ~ 17 mag. The survey’s purpose is to fill the completeness
limit between Tycho-2 observations at Vr ~ 11 and NIR surveys like SDSS,
PanSTARRS, VISTA and VST at saturation limits of V' ~ 15. This catalogue?
contains 60 million stars over roughly 99% of the sky in over 400000 total im-
ages, although the survey is still in completion. APASS saturation limits are
magnitudes > 10 in the B, V, g’, r’ bands and > 9.5 in i’. Northern observations
were taken at Dark Ridge Observatory at Weed, NM, USA and southern ob-
servations at CTIO. All processing is done via an automated software pipeline
at both the observing site and AAVSO. Observations were taken using a 20
cm telescope using Apogee Ulém CCD cameras with 7-position filter wheels.
The overlap between SDSS g’, v’ and i’ bands between VPHAS+ and APASS
allows a greater certainty of confidence for a given optical counterpart given
their different angular resolution values. In some cases we retrieve different
fluxes for a source between the same SDSS bands in the 2 surveys, which either

indicates variability or a confusion of sources between the catalogues.

2.3.2 Data: Infrared Counterparts
2MASS, VVV, UKIDSS

G13 compiled near-IR (NIR) counterparts within 10” of each GBS system from
archival searches of Two Micron All Sky Survey (2MASS, Skrutskie et al., 2006),
VISTA Variables in the Via Lactea (VVV, Minniti et al., 2010) and the United
Kingdom IR Telescope Deep Sky Survey (UKIDSS, Lucas et al., 2008). Every
GBS system has at least one NIR counterpart, while ~ 71% of the GBS have

4https:/ /www.aavso.org/apass
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> 1 NIR counterparts. For scale, the mean number of NIR matches is 6 with a
maximum of 30 within 10”. Each source has an associated FAP for each source
similar to that of W16, using the brightness relative to the local brightness
density as well as distance to the best-fit X-ray position. Reasonably, G13 find
that in 98.7% of cases the closest source to the X-ray position has the lowest
FAP (the 1.3% left are brighter sources slightly farther from the X-ray position,
like W16). Sources with the lowest FAP are noted as the most likely match
in G13. We find that most GALEX-matched GBS sources have a low-FAP
2MASS counterpart in the standard J, H & K, bands. The computed FAP
values depend on the K, band flux; 4% of the VVV matches do not have a K,
magnitudes and thus do not have a FAP value listed, usually due to saturation
in one or multiple bands. We also find this NIR catalogue is incomplete; we
find visually-obvious, catalogued 2MASS sources within 10” of some systems
that are not in the G13 catalogue. We produce an updated, external list of
2MASS sources as reference. If a VVV source with no FAP value is picked by
the algorithm, we replace it with its missing 2MASS counterpart if possible for
unsaturated multi-band photometry.

In Section 2.6 we will use the J, H, K colours to infer properties of potential
donors. As a reference, we use main-sequence 2MASS colours from the online
compilation by Eric Mamajek®, and convert all VVV colours to 2MASS using
the linear transformation parameters given by Equations 2 & 4 in Soto et al.,

2013.

WISE & GLIMPSE-3D

Mid-IR counterparts can be useful for SED fitting given the large number of
unique bands available in surveys like WISE & GLIMPSE. The Wide-field IR
Survey Explorer (WISE, Wright et al., 2010) data were extracted for systems
in the bands W1, W2, W3 & W4 (\.;y = 3.4,4.6, 12, 22m respectively) us-

®http://www.pas.rochester.edu/~emamajek /EEM _dwarf UBVIJHK colours_Teff.txt
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ing the TOPCAT package (Taylor, 2013). This is done after cross-matching
our set with G13 in which many sources have 2MASS counterparts. Since
2MASS sources are often previously correlated with a WISE source in the
IRSA database a confident 2MASS counterpart lends confidence to the cor-
responding WISE match and vice-versa. WISE is also deeper than 2MASS
by roughly a factor of 4 in the limiting flux (see Table 1 of Thiessen et al.
2016) and so we anticipate many sources in 2MASS will also have a WISE
match. Unfortunately the wide PSFs of the W3 and W4 filters (roughly 77,
12”7 respectively) provide large blending effects and in many cases we are not
confident in selecting a match. In a similar fashion, we matched the Galactic
Legacy IR Mid-Plane Survey Extraordinaire (GLIMPSE-3D, Benjamin et al.,
2003; Churchwell et al., 2009) data to Chandra positions in 4 Spitzer mid-IR
bands (Aesy = 3.6,4.5,5.8,8.0pum) using the TOPCAT package. Like WISE,
these data usually contains a corresponding 2MASS source and in the majority
of cases this matches the lowest FAP 2MASS counterpart in G13 data. Finally,
the wavelengths of WISE & GLIMPSE filters exceed the wavelength range of
stellar templates, which extend only slightly past the 2MASS K, band. Ac-
cordingly these surveys are used for blackbody fitting, but not spectral fitting.

2.3.3 Complementary UV Data: Swift UVOT

After a final UV-excess dataset has been extracted, each system is manu-
ally checked in Swift Ultraviolet Telescope (UVOT®, Roming et al., 2005) im-
ages for matches in 6 bands (UV bands UVWI1, UVM2, UVWI1 at A\.s; =
2030, 2228, 2589 A and optical and U, B, and V). UVOT is co-aligned with the
Swift X-ray Telescope (XRT, Burrows et al., 2005) and can provide simultane-
ous X-ray, UV and optical measurements (170 —650 nm) in a 17" x 17" window.

We find only 5-10 sources in these pointings, but where they exist the UV filters

Shttps://Swift.gsfc.nasa.gov/about_Swift /uvot_desc.html
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add significant information to the SED: the UVW?2 filter constrains the FUV
and ultimately E(B — V), while the UVM2 filter is close enough to GALEX
to suggest time variability when mutually inconsistent. Lastly, Fielder et al.
(2018, in prep) conducted a similar analysis to ours using Swift pointings but

their coverage of the GBS is fairly small.

2.4 Identification of Compact Binaries via the

SED

2.4.1 SED Modeling and Goodness-of-F'it

The main goal of this work is to identify potential compact binaries via SED
analysis. We aim to observe and classify NUV emission in excess of empirically
observed upper limits on single-stellar systems indicative of compact binaries.
We identify both a set of compact systems and a much more numerous set of
likely close, active late-type stars. It is the former that the bulk of discussion
will be focused on, but we stress the importance of classifying a large number
of single-stars: it significantly reduces the total number of identifications in the
GBS, while singling out those systems worthy of spectroscopic follow-up. It
also allows a more efficient allocation of telescopic time for future observations.

Initially we try modeling each source as a single star using stellar templates
from the Pickles (1998) Library spanning the UV to the IR, in combination with
the Python package pysynphot (Lim et al., 2015) for a robust manipulation of
spectra in combination with extinction and bandpass integration. The only free
parameters in modeling a source at a given spectral type are the normalization
N and E(B —V). We model each system over a range of fixed E(B — V) from
0 to 1 in steps of 0.1 (with the standard Galactic extinction curve, R, = 3.1
(Cardelli et al., 1989). For each source, at a fixed E(B — V'), we compute the

best normalization N for all 131 Pickles templates and select that with the
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lowest x? statistic. To simulate the reality of a filter observing a total flux
over its filter width, as integrate each flux value over the transmission profile of
the appropriate filter. Unless mentioned otherwise, all fitting procedures with
measured fluxes integrate over the filter. We repeat this procedure ezcluding
the GALEX NUYV point to assess the importance of this filter observation on
our interpretation of the source. If a fit is effectively unchanged with the NUV
point, the NUV emission is likely photospheric in origin. Our use of 269 sources,
131 templates, 10 extinction values with and without UV yields ~ 7.3 x 10%

initial models.

Frequentist SED curve-fitting assumes each fit parameter is fully indepen-
dent with a Gaussian prior distribution. In reality temperature 7', normaliza-
tion Nand extinction are mutually degenerate and can make SED interpretation
ambiguous in cases when priors are wide. For a single template or blackbody
fit the degeneracy manifests as an exchange between T and N as extinction
rises; we retrieve hotter stellar fits for high extinction. To show this, consider
the SED-modeling results of CX22 (Figure 2.6): it is statistically well-fit by
both a KOV and G5V, but at different E(B — V') values. In this case, we claim
that CX22 is consistent with a single-stellar template, despite not knowing the
true F(B — V) value in advance. A Bayesian approach can be helpful, es-
pecially when we know one or more parameters to some reasonable accuracy
(e.g., distance/extinction, donor temperature from the IR, etc.) We discuss the
Bayesian binary-fitting methods for the final set in Section 2.4.2. In the future,
accurately calibrated distance estimates will be available from Gaia parallaxes
(Gaia Collaboration et al., 2016) which will constrain £(B—V') and normaliza-
tion using current dust maps (e.g., The 3D Milky Way Dust Map, Green et al.,
2015). Spectral goodness-of-fit is found by minimization of x?, and in some
cases we obtain (with survey-quoted photometric error) a reduced chi-squared
value less than the threshold value for 90% confidence and a given number of

degrees of freedom. However, we do not reasonably expect to reach such pre-
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Figure 2.6: GBS source CX22 is well-fit (2 < 1.67 for 8 dof) by a single
stellar template at two different values of E(B-V) (KOV for 0.5 and a
metal-rich G5V for 0.6) though with different spectral types and
normalization, displaying the degeneracy between temperature, normalization
and E(B-V). Saturated points are represented as triangles. The red diamond
is the spectrum flux folded through the GALEX NUYV filter and the blue,
observed GALEX point is displayed with a horizontal bar showing the
effective width of the filter (=~ 730A). Photometric errors are the original,
survey-quoted errors. CX22 is consistent with a single-stellar X-ray/UV
emitter with 57 X-ray counts in Chandra and a slight NUV excess beyond
photospheric emission due to an active chromosphere.
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cision even for known single-stars for several reasons. Given the observational
bias of our data towards active single stars, cool binaries and compact systems,
photometric variability if on the scale of photometric errors can skew spectral
fitting. Despite this, it is often clear from previously identified periodicity or
variability in prior collaboration papers that, in combination with a scattered
optical /UV section of the SED, a system is binary in origin. Optical variabil-
ity has already been recognized in many GBS sources - Udalski et al. (2012)
found 209 optically variable GBS sources while Hynes et al. (2012) found 10-20
Tycho-2 matches in the All-Sky Automated Survey (ASAS) Catalog of vari-
able stars (Pojmanski, 2002). Britt et al. (2014) studied optically faint, variable

counterparts yielding 165 sources with a range of physical interpretations.

Physical stellar differences in radius, temperature and metallicity within a
common spectral type can reduce the accuracy and precision of photometric
inferences. To show this, we consider a simulated observation of a K4V spec-
trum from the Bruzual-Gunn-Persson-Stryker Atlas (BGPS, available in the
pysynphot STScl package, Gunn and Stryker, 1983; Lim et al., 2015) over 8
bandpasses (GALEX NUV, APASS B, V, r, i and 2MASS J, H, Kj). Treating
this source as if we observed it in the GALEX /GBS dataset, we determine the
fit spectrum from a different spectral library, the Pickles Library, using simu-
lated photometric errors of 1% of the F value in each band (typical of actual
survey errors in our work). Figure 2.7 shows the result with the top/bottom fits
without and with GALEX NUV, respectively. The best-fit Pickles template
in each case was not a K4V despite our simulated observations coming from a
K4V template from another library; the reduced chi-squared statistic is poor,
despite this simulated observation originating from a known single star. This
leads us to conclude that precision of SED-fitting with template libraries may
be only accurate to within a few spectral sub-types. Nevertheless our intent
is not to make claims about spectral types to the degree that a fine spectrum

would but find reasonable fits to single-stellar templates. As well as photomet-
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Figure 2.7: Spectrum for the star HD154712 from the BGPS Library was
artificially observed through 7-8 bands from the UV through the IR, and fit
with templates from the Pickles Library. Despite being a simulated
observation from a template K4V, the best fit with and without UV (top,
bottom respectively) are a metal-rich KOIII and a K3V displaying the scatter

even in a single spectral type between template libraries.
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ric variability and physical variations in stellar characteristics, the step-size of
the extinction range, underestimated photometric errors and systematic differ-
ences between surveys also affect the chi-squared statistic to the point where a
single star may be unable to be confidently identified as such by this alone.
To mitigate the effect of all discussed errors, we increase all photometric
errors below 0.1 magnitudes up to 0.1 leaving all those larger than 0.1 intact.
We choose 0.1 as this limit as it is the largest mean error of all of the surveys;
Tycho-2 has a mean error of 0.1 mag across all catalogued stars and 0.013
mag for V < 9.5. The empirical mean error of Tycho-2 stars matched in
our survey is also ~ 0.1. Most importantly, we believe this will mitigate the
systematic differences between the errors quoted in each survey, as well as
leaving errors that are known to be even larger than 0.1 to represent a relative
ignorance in these values. Finally, systems that are well-fit (by the x? statistic)
with all photometric points, including the UV, are considered plausible single-
stellar sources. Systems that are only well-fit without the UV point have their
UV excess compared to the power-law relation (Equation 2.7) to determine if
chromospheric activity can account for such activity levels. Systems poorly-fit

in both cases are set aside and examined on a case-by-case basis.

2.4.2 Multi-Component Modeling: A Bayesian Approach

For those sources that show signs of binarity in final UV-excess sources, we
model the two-body system to assess the plausibility of two emitting bodies (hot
and cold components) using a Markov-Chain Monte-Carlo technique (MCMC)
with the python package emcee (Foreman-Mackey et al., 2013). MCMC al-
gorithms are good for one primary problem: effectively sampling an unknown
posterior distribution, such as the likelihood of some photometric data fitting
a given emission model. We employ MCMC fitting with 5 fitted parameters:
temperature 7, normalization N (for both bodies) and extinction E(B — V).

Prior distributions are chosen as wide Gaussian distributions centered at the
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best-fit parameter values derived from a frequentist approach (assuming no ex-
tinction). A Bayesian approach is well-suited for this model considering the
heavy degeneracies in 7', N and E(B — V); frequentist approaches may settle
into local minima of the parameter space before sampling wider combinations
of the fit parameters. To show the level of degeneracy for the two-body system,
we show in Figure 2.8 a known CV (CX93, Ratti et al., 2013) where we have
used the suggested K5V donor in combination with a hot component, fitting
for Typp, Nip, Ngpee and E(B — V). The ‘corner plot’ (Foreman-Mackey, 2016)
of the combined Bayesian posteriors is shown on the right with the best-fit
parameters shown; note the contoured correlations in parameter space. Two-
body modeling is quite sensitive to the SDSS u’ band, as well as any alternate
information available via Swift UVOT. It is difficult to retrieve sensible two-
body fits if only the UV is in excess without a correlated rise in the optical

into the UV region.

2.5 UV & X-ray Emission of Chromospheri-
cally Active Stars

A large fraction of GALEX / Chandra systems will be chromospherically active,
late-type MS stars. Late MS dwarfs are X-ray emitters up to Ly ~ 103! erg/s
in large part due to the interaction of the coronal/chromospheric plasma with
large-scale stellar magnetic fields. These active systems can be observed as
SEDs that are well-fit in all points excluding the NUV; coronal activity and its
effect on the NUV is probably poorly sampled in template libraries. Chromo-
spheric processes span the length of the entire electromagnetic spectrum (see
Hall, 2008 for a thorough review): of direct importance are the UV and X-
ray. Soft, thermal X-rays are emitted in hot coronae (107 K) while the hardest
X-ray emission probably stems from flare events (like that of the Sun) where

energetic electrons stream back through the ambient chromosphere after mag-
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Figure 2.8: (left) The MCMC model of the low accretion-state CV CX93
(Ratti et al., 2013) with a hot blackbody primary and K5V donor spectrum.
(right) The triangle plot of fit parameters, showing the sampled parameter
space combinations. Temperature is in 7i,), and each normalization value N is
actually the logarithm of the value.
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netic reconnection (thick-target bremsstrahlung). Strong optical emission in
the form of Ha and Ca II H & K emission line cores are found in active stars
from a combination of the temperature inversion and lower ion densities in the
chromosphere, and these emission cores often constitute the definition of late-
type activity (West et al., 2008) summarized by the activity index R’ gx. The
production of chromospheric activity by the stellar dynamo is still not fully
understood in the context of rapidly rotating stars but it is well-observed that
the ratio log(Lx /L) saturates at ~ -3.0 (Vilhu and Rucinski, 1983; Vilhu,
1984)) with a ‘supersaturated’ regime wherein the X-ray luminosity decreases
with increasing rotation rate past the saturation point (Prosser et al., 1996).
It is unclear what the expected range of NUV excess for all MS stars should
be, partially as a result of the relative paucity of detailed study in the UV
regime from heavy intraGalactic extinction. The coronal X-ray emission from
the close F-M dwarf population appears to have no specific relation to spectral
class, but a lower cut-off of surface X-ray flux at log(Fx) ~ 3.7 exists across
the whole set (Figure 8 of Schmitt, 1997). Then, the ratio of X-ray flux to
optical is largest for M-type increasing to K, G then F. M-dwarf stars only
produce a small fraction of their blackbody emission in the NUV (or optical
for that matter) from the photosphere. Assuming the coronal NUV and X-ray
emission are positively correlated (e.g., they are both related to the same base
mechanism of production), we expect M-dwarfs to exhibit the highest NUV
excess relative to its photosphere for any X-ray luminosity. M-dwarf stars also
have the largest convective turnover time 7, on average, meaning that at similar
rotation rates to other stars M-dwarfs will have lower Rossby numbers and thus
be more active. For the final set of compact binary candidates, we need to rule
out stellar activity as the driver of UV excesses. To do so we use the range of
M-dwarf NUV excesses as a working upper limit. Stelzer et al. (2013) studied
the X-ray and GALEX NUV emission from M-dwarfs within 10 pc of the sun
in both the FUV and NUV and found that all M-dwarfs have a chromopsheric
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component in the GALEX NUYV filter and generally that chromospheric, not
photospheric emission dominates the GALEX NUV observations. Ultimately,
they derive a power-law between the surface X-ray and surface (excess) NUV

flux of the 46 M-dwarf sample:

log(Fyy) = (0.80 & 0.36) + (0.83 % 0.06)log( Fx ) (2.7)

Note here that the surface NUV is the excess NUV flux after subtraction of
the photospheric contribution. We also note the updating of these values in
the erratum Stelzer et al. (2014) from the original paper. To assess the UV
excess of a source, we choose a companion using the IR colours and convert
the observed X-ray and UV fluxes into that at the surface using the stellar
radius and assuming a test distance of 100 pc. M-dwarfs show the largest
NUV excesses relative to the photosphere, while there is no strong dependence
of X-ray flux with spectral type. Active, non-M class systems should span
the range of the X-axis in Figure 2.15 but fall short of the log-log relation
in the Y. It should be noted that X-ray emission from A-M giants has been
observed at a few 10? erg/s and possibly some up to ~ 10® erg/s (Hunsch
et al., 1998b,a) though this is considerably less than observations of dwarfs.
There exists an X-ray dividing line at ~K3 where giants to the left in the HR
diagram are observed in the X-ray while rightward are not (Linsky et al., 1979)
although a few possible exceptions have been observed (e.g., v Dra, a K5III at
Ly ~ 2.8 x 10*7 erg/s, Reimers et al., 1996). Chromospherically active stars
are also found in binaries where one or both stars are magnetically-active: the
detached RS CVn stars (F-K), Algols (semi-detached, B5-F2V + G-K IV/III),
BY Dra (dG/dK/dM stars) and the contact WUMa stars (F-KV) (Walter et al.,
1980; Barden, 1985; Strassmeier et al., 1988; Sahade et al., 1993). All systems
are capable of producing Ly ~ 10%° — 103! erg/s and consist of one or more

coronally active stars. They are prominent UV and Ha emitters and show
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Figure 2.9: Each plot in the left column represents a synthetic RS CVn, Algol

or BY Dra (see legends). The blue squares are simulated photometry in
GALEX, VPHAS+ optical and 2MASS IR. The right plots are the
corresponding spectral fits to said data, and reveal that the summed flux can
manifest as a single star or show a UV-excess (e.g., Epsilon Umi) in this
analysis. In combination with expected variability allows us to conclude that

active, non-compact binaries may not be conclusively identified in this study.
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an enhanced presence of starspots that can be periodically observed (Eaton
and Hall, 1979; Udalski et al., 2012). We claim that our SED-modeling may
not be sensitive enough to directly identify the presence of a cool secondary
in an RS CVn-like system: they are inherently variable (on the scale of ~ 0.5
mags) in the optical meaning the optical and UV may be poorly fit with non-
simultaneous observations. And, apart from the expected UV excess the two
stars may sum to a final curve that still looks like one star; the least luminous
of the pair may be washed out in the final spectrum, especially since the Pickles
templates only extend up to about 2MASS K, (~ 21600 A) and cool M-dwarf
companions contribute the majority of their flux redward of K. To test this
sensitivity we simulated a few known active binary systems in pysynphot and
produce synthetic observations in GALEX, VPHAS v’; g’, v’ and i’ as well as
2MASS J, H and K. Re-fitting the synthetic photometric data confirms that
the least luminous component is completely or partially hidden, and that many
will only be indistinguishable from a single coronally active star. In the case of
Epsilon Umi, the G5III dominates the IR and most of the optical over the F5V
companion due to its size. The resulting synthetic photometry returns a G5III
with a visually-obvious UV excess. This indicates that giants with UV excess
could theoretically be RS CVn-like systems harbouring a smaller, hotter dwarf

companion. The results of this procedure are shown in Figure 2.9.

If a confident spectral type (or even a range) is determined for any source,
we can compare the theoretical X-ray emission to that observed with Chandra.
Agiieros et al. (2009) computed mean log(Fx/Fy ) values (with 2 upper/lower
limits) for F, G, K and M main sequence stars (sample sizes 142, 99, 89 and
40 respectively) using RASS/SDSS data with known spectral types from SIM-
BAD as shown in Table 2.3 where log(Fx/Fy) = log(Fx) + 0.4V 4 5.37 as
defined in Maccacaro et al. (1988), where V is the V-band optical magnitude.
Exactly which magnitude system being used is unclear as Agiieros et al. (2009)

use V from the SIMBAD database, but this differs depending on the instru-
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Table 2.3: Expected X-ray to optical fluxes from Agiieros et al. (2009) where
log(Fx/Fy) = log(Fx) + 0.4V + 5.37.

Type | Mean | 20 (upper) | 20 (lower)
F -3.72 -4.86 -2.58
G -3.31 -4.45 -2.17
K -3.13 -4.70 -1.57
M -1.57 -3.07 -0.07

ment /survey SIMBAD quotes. We adopt V band magnitudes in the AB system
like all other magnitudes in this work and compute errors on this ratio using the
V-band error and the error on X-ray counts as given by on = 1 + /N + 0.75
(Gehrels, 1986). To convert Chandra X-ray counts in the 0.5-8.0 keV band
to flux values we assume most emission to be of hot, chromospheric plasma.
We use the WebPIMMS calculator” for Chandra Cycle 9 ACIS-I at 1 count
/ 2ks, and a Plasma/APEC model assuming Galactic Ny = 10?! em™2, solar
abundance metallicity, an unabsorbed spectrum at log(7") = 7.10 output into
the comparable ROSAT filter in Agiieros et al. (2009) of 0.1-2.4 keV yielding
1.06 x 107 erg/cm? /s /photon. Jonker et al. (2011) used a value of 7.76 x 1071
ergs/cm?/s/photon as a rough estimate of Chandra counts-to-flux conversion,
but assumed a power law emission model and Ny = 10?2 cm™2 to represent

CO emission across a farther extent of the Galaxy.

2.6 Results & Discussion

The effectiveness of using the GALEX position to reduce both optical and IR
ambiguity is shown in Figure 2.10 where this Figure includes all 269 GALEX / Chandra
matches. Prior to this analysis, only 40 of 269 GALEX /Chandra sources had
a single 2MASS counterpart in the X-ray circle while none had a single VVV
counterpart (VVV is deeper). After matching to the GALEX position, 210 of
269 sources have a single 2MASS counterpart and 80 in VVV, effectively reduc-

Thttps:/ /heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Table 2.4: The number of GALEX /Chandra systems with a counterpart in a
given survey. The decrease down the table is a combination of decreasing
depth, differences in coverage and larger IR surface densities than optical.

Survey Counterparts (/269)
OMASS/VVV 253
VPHAS+ 224
MOSAIC-II 167
APASS 135
WISE 101
GLIMPSE-3D 71
Tycho-2 48

ing the ambiguity of these data. We note that the Greiss et al. (2013) dataset
lacked a number of 2MASS sources, possibly due to the catalogue creation be-
fore updated 2MASS results. For the shown 2MASS distribution we show the
results matched to a query of the most recent 2MASS data in TOPCAT.

The number of matches in each survey is shown in Table 2.4 and reflects the
decreasing depth towards the bottom of the table. Of 269 GALEX /Chandra
matches, 223 have offsets < 3.0” where the number of expected chance
GALEX / Chandra interlopers N, = 15 — 20 (see Table 2.2). There are 47
systems with Ar > 3.0” but N., = 50 — 53 here and so it is likely that most
or all are unassociated with the X-ray emission altogether. For this reason we
do not attempt source interpretation and refer readers to Appendix A for all

associated photometric data, including this set.
Of the ‘good’ 223 systems, there are 148 well-fit including UV (single stellar
systems, Section 2.6.1), 14 well-fit ezcluding UV and 61 unfit altogether even

after inflating errors lower than 0.1 mag (Section 2.4).

The degeneracy between stellar temperature and normalization shifts the
fitted spectral type towards hotter stars as E(B— V') is raised for each fit. This
can be visualized in colour-colour diagrams where a hypothetical reddening of
a point shifts it along the vector with the slope E(A— B)/E(C — D) (where the

colours A — B and C' — D are the x and y axes, respectively). These are shown
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Figure 2.10: The distribution of the GALEX / Chandra systems with N
counterparts in VVV, 2MASS and MOSAIC-II in the X-ray circle Ry and the
corresponding Ryyy. The shift of the distributions leftward indicates the
GALEX-matching-algorithm effectively reduces the ambiguity of optical and
IR counterparts matching. For those systems which still have > 1 to choose
from, we opt for the source with the lowest false alarm probability (FAP) as
calculated in the 2MASS/VVV and MOSAIC-IT datasets (Greiss et al., 2013

and Wevers et al., 2016a respectively).
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in Figures 2.12, 2.11 and 2.13 for those sources with B and V' observations and
include all systems in the GALEX / Chandra dataset with observations in those
particular combination of bands (less than the whole set). Theoretical colours
for A-M types are taken from the Pickles Library with synthetic observations
using pysynphot and plotted overtop. We computed reddening vectors using
relations between absolute extinction Ayyy = 1.51Ay (Allen’s Astrophysical
Quantities, Cox, 2000) yielding E(NUV — B) = 0.589 x E(B —V') and E(J —
H) = 0.334 x E(B — V) assuming the Cardelli extinction curve with Ry = 3.1.
For clarity, only visual outliers have errorbars/annotation and all magnitudes
are in the AB system.

The (NUV — B) vs. (B — V) diagram reveals a population of F-K stars
with various reddening values, indicated by the population below the MS track.
Since this plot is only a subset of available sources (namely those with B
and V data) the lack of observed M-types is due to their optical faintness in
Tycho-2 and APASS: the hottest/brightest M-dwarf MOV has an upper limit
of d ~ 400pc for the APASS limiting magnitude of m ~ 17. The (J — H) vs.
(H — K) separates the theoretical K/M luminosity classes, but the direction
of change is parallel to the reddening vector. Both (J — H) plots show some
systems with IR excesses indicating the presence of a circumstellar material,
a positional blend or a cooler binary companion (e.g., an RS CVn). Outliers
to the right of the diagram are good candidates for active binaries, where the

Ks-band excess may indicate the cool companion.

2.6.1 Chromospherically Active Population

The GALEX /Chandra datset is dominated by a local, chromospherically ac-
tive population supporting the findings of other Galactic X-ray surveys with
Einstein, Chandra, ROSAT and XMM (Koenig et al., 2008; Motch et al., 2010;
Vaiana et al., 1981; Sazonov et al., 2006; Schmitt, 1997). This also supports
the coronal population in SDSS/GALEX matching (Smith et al., 2014) that
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are blue, show large UV-excesses and metallic line weakening with most F-K
type.

There are 148 systems that are successfully fit by a Pickles template at some
0.1 interval between 0 < E(B — V') < 1. In this way, we claim each system is
plausibly single-stellar and that the X-ray and UV emission is coronal. In some
cases, a system is well-fit by a different spectrum at a different E(B—V') value -
the takeaway is that each is plausibly a single star. Any of these systems could
harbour a cooler companion (RS CVn or Algol-type) whose low luminosity
effectively erases it from the SED (see Section 2.5) and so many of these stars

also could be active binaries.

The distribution of best-fit spectral types peaks in the G class, followed
by F, A, B, K and M (Figure 2.14). We combine this distribution with the
extinction value at that particular best-fit model, showing B stars only at high
E(B — V) and M stars only at very low E(B — V). This reflects that we
see hotter and brighter stars at farther distances and are still observing near
the Galactic Plane reducing the number of optically-dim K/M stars. Moreover,
particularly active stars probably won’t fit the UV regime of the Pickles spectra
anyhow - this is corroborated by the observation of multiple active M-dwarfs

in the UV-excess set (Section 2.6.2).

Coronal activity is driven by rotation, and magnetic braking reduces this
rotation of over time. Indeed, it has been known that activity levels anti-
correlate with age (Hall, 2008; Giidel, 2004) suggesting this sampled popula-
tion is young or is UV-enhanced by the presence of a cool secondary. Pace
and Pasquini (2004) found that the levels of coronal activity decrease rapidly
through 0.5-1.6 Gyr and then more or less plateau, removing the ability to
use activity as an age indicator for stars older than 1.6 Gyr. Other recent
work suggests it is no longer clear magnetic activity in the form of optical /X-
ray flares or chromospheric UV is a reliable age indicator or vice-versa; active

coronal UV fluxes are found in both very young stars and those as old as the
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Figure 2.14: For the single-stellar population, (left) the distribution of
spectral classes from the best-fit spectral modeling. (right) The distribution
and frequency of E(B — V) for each spectral class. The size of the circle
represents the number of sources occupying that class and E(B — V).

Hyades (Soderblom, 2010). There are 14 sources that are well-fit without the
inclusion of the GALEX NUV datapoint. Each SED is analyzed manually: 5
show a pure NUV excess, 3 lack optical data between NUV and J,H K, 3 are
poorly fit in the IR, 1 is a known CV/qLMXB. The UV excesses in the first 5
are measured against the derived upper limits on M-dwarf activity (Equation
2.7) by converting observed X-ray/UV fluxes to surface fluxes using the stel-
lar radius R of the best-fit spectral type and place the source at d = 100 pc.
Figure 2.15 shows the result - note that the original data had an rms spread
in y-space of ~ 0.5 units. CXB130 and CX662 show UV excesses comfortably
attributed to coronal activity, and spectral fitting shows they are likely both
M-dwarfs anyhow. If a single source, CX10 is best-fit as a highly-active F'V star
which supports its initial classification. We retrieve best-fit types of F5-F8V
for E(B—V)=0.4—0.7, and the surface UV excess is relatively large (Figure
2.15). Hynes et al. (2012) re-analyzed CX10 with RAVE Data and suggest a
mildly-evolved G7V at E(B — V) = 0.37 4 0.08. Using the observed V magni-
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tude and X-ray flux, log(fz/ fya =~ —3.47) which lies in the ranges of both F
and G stars (Table 2.3). Our modeling shows CX10 is best-fit as a G7/G8V
only when E(B — V) = 0.3 (x> = 1.367) but this is not the overall best-fit;
its surface UV excess is much larger assuming a G-type. Nonetheless, CX10 is

plausibly a highly-active (and likely rapidly rotating) F/G star.

CX716 and CX1132 do not have any optical counterparts identified by our
process, and CX551 only has saturated MOSAIC-II data. CX716 has only
one listed counterpart in Greiss et al. (2013), a VVV source 1.49” away with
J = 17.647 with errors of 0.1-0.2. The IR colours suggest an M7III-MSIII for all
E(B —V) < 1.0; as mentioned in Section 2.3.2, G13’s catalogue is incomplete
misses some 2MASS observations, most of which were corrected for. Checking
both SDSS and 2MASS images there is a bright optical counterpart ~ 2 — 3”
away with a brighter corresponding 2MASS observation of J = 13.591. In the
(J — H,H — K) plane this brighter source could be a reddened B star and
astrometrically it appears it is probably the source of UV emission, while the

X-ray emitter could be a background source (Rx ~ 1.18").

CX1132 may be a WD+MIII symbiotic system due to its optical faintness
and IR colours (see Figure 2.11) and we suggest spectroscopic follow-up. CX551
does not appear in any other optical catalogue we surveyed, leaving the SED
fairly unconstrained. However, it appears with an obvious optical counterpart
in SDSS images indicating that a counterpart exists but neither APASS or
VPHAS covered this region. It is an outlier in the (J — H,H — K) diagram
suggesting an IR blend or a heavily reddened A star; formally, the best-fit with
all included points is an A7V at E(B — V) ~ 0.9 (x? = 2.853) which supports
its IR colours. Lastly, the GALEX flux exceeds the comparable UVM2 filter
by ~ 1.6 mags indicating inherent UV variability between observation times
uncharacteristic of A stars with little to no convective region and thus limited

coronal activity. We suggest CX551 as a target for spectroscopic follow-up.

In CX174, CX253 and CX839 it is the IR that becomes poorly fit when

64



NUYV is excluded. ‘Loose’ modeling of J, H, K, bands occurs with the ~ 0.1mag
shifted-errors at the expense of more numerous optical observations, primarily
at higher E(B — V) forcing the curve down into the optical region - the NUV
point heavily constrains the shape of the optical and its inclusion prevents this
behaviour. CX253 is particularly crowded and has two nearby bright stars
straddling the X-ray circle; the IR is either a blend or does not match the
optical. CX174 and CX839 are active binaries: they have similar H and K
behaviour which, after checking the images, appears to be real and indicative

of a cooler companion.

2.6.2 Poorly Fit, UV-Excess Systems

The 61 poorly-fit sources theoretically are a mix of compact binaries (identi-
fied by UV-excess), cool binaries (identified by IR-excess), systems with too few
optical /IR data or a particularly dense error circle where the algorithm does
not converge. We present 30 systems that cannot be fit primarily from large
UV fluxes or visual binarity, and suggest this set as targets for spectroscopic
follow-up. Figure 2.16 shows each SED with best-fit blackbody curves overtop
(for E(B — V) < 1) to guide the eye and Table 2.5 summarizes their system
properties. 7 systems have been previously identified as compact binaries either
by the GBS collaboration or from literature, and their SEDs are shown sepa-
rately (Figure 2.16). All SEDs have mutually consistent survey colour-coding
and saturated points are plotted as triangles in their appropriate colours. For
individual spectral fitting, filter-integrated fluxes (the flux-per-band one would
observe given some fitted model parameters) are plotted as blue squares.

All NUV counterparts to these outliers have preferentially dim apparent
magnitudes (< 20mags; 2.5); both known and currently unknown compact
systems are on average more distant than the dominant population of active
stars and thus quite UV extinct. SDSS (1’ - 1’) is taken from MOSAIC-II

data when given and from VPHAS when saturated or not available. Where

65



large optical variability is present in the SED, colour has little meaning as it
differs between surveys - these are left out. (J - H) and (H - K) colours are in
native 2MASS magnitudes. These systems are preferentially covered in r’ and
i’ instead of B and V because VPHAS covered a larger region of the sky than
APASS and Tycho-2 covers only a handful of bright sources.

2.6.3 Individual Sources

The main tools for interpretation of the poorly-fit systems are the results from
spectral fitting (particularly in the IR), previous observations of variability
and a proper combination of distance and extinction A,. Any distances de-
rived from F(B — V) and vice versa use the 3D Milky Way Dust Map from
Green et al. (2015). Absolute magnitudes on the main sequence are quoted
from Eric Mamajek’s online table® and giant colours from Allen’s Astrophys-
ical Quantities (Cox, 2000) and Li et al. (2016) for recent IR observations of

M-giants in the case of possible symbiotics.

CX21: Quiescent CV

CX21 was identified as a quiescent CV by Britt et al. (2014) from its strong
optical flickering (1.0 mag on hour timescales) and its hardness ratios in Chan-
dra (-0.38, [2.5-8]-[0.3-2.5]/[0.3-8.0] keV) and ROSAT (+0.28, [0.9-2.0}-[0.5-
0.9]/[0.5-2.0] keV) both consistent with thermal bremsstrahlung emission from
hot plasma. They interpret the strong optical flickering as large contributions
of an accretion flow or disk to the optical region, possibly indicating an accret-
ing sytem. In the SED we observe both a large NUV excess and large-scale
optical and UV variability; AX.;s between GALEX and UVOT filters is only
300A and vary in magnitude by nearly 3.0 magnitudes while MOSAIC-II and
VPHAS data report differences of ~ 0.6 mag in the same filters r’ and i’. These

8http://www.pas.rochester.edu/ emamajek/EEM_dwarf UBVIJHK colours_Teff.txt
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GBSID Nx Rx RA i, DEC Ar myyy r-i7 J-H H-K Comments
CX21 60 2.007 265.390778 -28.676401 1.37 20.7 + 0.1 - 043 0.4 CVv?

CX33 42 1.251 267.148504 -29.958356 2.037 12.257 4+ 0.005 - 025 0.38 B0 Ve®

CX93 20 1.329 266.186765 -26.057844 2.177 23.3 £ 0.5 1.15 079 -0.26 CV?3

CX117 17  2.035 265.173378 -27.634151 1.574 21.9 £0.5 225 138 043  Symbiotic!
CX118 17 2.211 264.709079 -28.802424 1.004 22.9 +0.4 096 0.86 0.02 Ccv4

CX137 15  4.217 268.971861 -28.276128 0.905 20.7 £+ 0.2 049 071 -047 CV/qLMXB?®
CX161 13 1.228 264.967673 -28.573608 0.344 23.5 £ 04 1.61 094 0.5 Active Star?
CX331 8 1.719 264.097632 -29.375786 1.856 21.4 4+ 0.4 14 0.81 0.11 Active Star!
CcX361 7 5.885 267.781933 -29.677008 0.262 18.33 £ 0.03 - 0.82 -0.22 AM CVn®
CX388 7 1.105 264.247887 -29.101394 2.921 16.51 £ 0.03 - 045 -0.12 7

CX398 7 1.519 263.438657 -29.53755  2.105 21.4 +0.4 1.57 - -0.1 Symbiotic!
CX417 6 1.579 268.616152 -28.130233 1.993 15.256 £ 0.006 0.18 0.67 0.25 Cv!

CX418 6 2.173 268.576593 -28.678196 1.231 19.34 £ 0.07 069 0.78 0.04 CV!

CX426 6 1.259 268.150211 -29.327683 0.17  20.4 £ 0.2 0.39 094 -022 CV?

CX495 6 2.664 263.698702 -29.587028 1.784 22.6 + 0.7 1.56 0.84 -0.08 M-dwarf/CV!
CX497 6 1.844 263.592864 -30.084866 2.752 22.0 £0.5 0.68 0.74 0.22  Active Star!
CX551 5) 1.452 266.826059 -30.510148 1.622 22.7 £0.4 - 0.39 0.61 ?

CX645 5 1.64  266.639173 -26.387221 0.457 22.6 = 0.3 - 0.92 017 CV/qLMXB?
CX662 4 1.675 269.175691 -27.764842 0.951 19.3 £0.1 0.78 0.7 0.15  Active Star!
CcX673 4 3.076 268.868341 -28.393448 0.435 22.0 + 0.3 1.5 - -0.11 7

CX886 3 6.569 266.283183 -27.193868 1.606 22.0 + 0.4 248 099 0.2 ?

CX1029 3 3.962 266.341768 -26.015778 2.049 22.6 + 0.5 144 0.82 -0.09 7

CX1042 3 4.364 266.15106  -26.294039 2.377 21.9 £ 0.3 1.4 0.75 -0.11  Active Star!
CX1132 3 1.31  264.770372 -29.134083 2.67 23.3 £ 0.4 - 0.98 -0.09 Symbiotic!
CX1229 3 1.943 267.986795 -28.696417 1.755 21.9 +£ 0.3 - 088 037 7

CXB10 53 1.052 269.635005 -27.878853 0.173 20.4 £+ 0.2 - 1.27 056  CVT7
CXB186 5 5.143 268.541988 -29.430703 1.776 21.1 + 0.3 1.03 071 093 7

CXB202 5 4.148 263.306701 -30.412676 2.232 21.8 £04 1.05 082 -023 7?7

CXB208 5 5.14  268.422191 -29.922248 0.713 16.94 £+ 0.01 - 0.70 0.21 Symbiotic Ccv?
CXB223 4 2.559  269.134064 -28.714223 2.966 21.6 £ 0.4 .32 098 039 7

Table 2.5: UV excess sources from GALEX /Chandra matching in the GBS.
Columns (L to R): colloquial GBS name, number of observed Chandra X-ray
counts, Chandra X-ray error as derived in Section 2.2.3, RA and DEC of the
GALEX NUV counterpart, offset between GALEX /Chandra positions,
GALEX magnitude in AB system, SDSS 1’ - i’ colour, 2MASS J,H,K colours.
. Superscript references: (1) this paper, (2) Britt et al. (2014), (3) Ratti et al.
(2013), (4) Wevers et al. (2017), (5) Torres et al. (2014) , (6) Wevers et al.
(2016b), (7) Mréz et al. (2015), (8) Hynes et al. (2012).
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Figure 2.16: Known compact binaries in the UV-excess dataset. Best-fit
blackbody curves for 0.0 < E(B — V') < 1.0 in steps of 0.1 are overplotted to
show the general broadness of the SEDs with a single-stellar profile.
Saturated points are shown as triangles at their survey quoted magnitudes.
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Figure 2.16: New UV-excess sources from Table 2.5.
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brightness differences support the interpretation of CX21 as an accreting CV.

CX33: Bulge Be Star

CX33 corresponds to HD 316341, a known Be star (noted in Hynes et al., 2012).
They infer that E(B — V) = 0.8 and d = 1.3 kpc and Lx = 8 x 10*! erg/s,
but updated dust maps indicates this is a fairly low-extinction line of sight: at
this extinction, d ~ 8.5 — 8.6 kpc. It is an ASAS variable (NSV 23882, All
Sky Automated Survey?) showing substantial variability including outbursts of
magnitude ~ 0.5 with a recurrence time of about 200 days. They also report
an infrared excess in 2MASS which we confirm via the SED (specifically, the
K band; see SED). CX33 was poorly fit specifically due to B and g detections
in the APASS survey which sharply contradict the B and V observations from
Tycho-2 despite being only milliarcseconds apart. The noted ASAS variability
can account for this change as it is roughly 0.5 magnitudes, and we have no
other reason to believe the SED shows binarity. Re-modeling the system with-
out APASS yields multiple successful fits, all B-type; formally the best fit is a
B2IV at E(B — V) = 0.9 although another successful fit exists for a B3III at
E(B—V)=0.8. At ~ 8.5 kpc it would lie in the Bulge with Ly = 3.9 x 103
erg/s, indicating CX33 could is either a closer, normal Be star or possibly a

Bulge binary system.

CX93: Low Accretion-State CV

Ratti et al. (2013) identified CX93 as a long period CV in a low accretion
state with a spectrum dominated by a K5V (4/- one spectral type) com-
panion for F(B — V) ~ 0.65 £ 0.2 (Ratti et al., 2013). We find a statisti-
cally good fit (x2 = 0.9) for a small, hot blackbody of 33000K + a K5V at
E(B — V) = 0.975 + 0.083 despite a small underestimation of the NUV flux

dwww.astrouw.edu.pl/asas/
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Figure 2.17: CX93 modelled with MCMC as a K5V + hot blackbody
component.

(Figure 2.17). The hot component is fairly unconstrained in temperature due
to the mutual degeneracy of normalization, E(B-V) and temperature but is

necessary to explain the extensive GALEX and VPHAS u’ fluxes.

CX117: WD+MIII Symbiotic System

CX117 is observed with 17 Chandra counts for a total X-ray flux of 1.802x 10713
erg/cm?/s. Britt et al. (2014) classify it as non-variable in SDSS r’ using the
MOSAIC-II imager. Its GALEX NUV counterpart is 1.57” away and is also
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found in VPHAS, MOSAIC and 2MASS. Its IR colours strongly suggest a
reddened, late MIII or a heavily reddened M-dwarf at (B — V') ~ 1.5 (Figure
2.11) corresponding to d ~ 3 kpc. We do not expect to see M-dwarfs past ~ 50
pc and thus such high reddenings rule out a dwarf. Assuming an MOIII with
E(B —V) = 1.0, the Milky Way Dust Map predicts a distance of 2 — 2.5 kpc;
using the measured m; = 14.2 in combination with M; = —1.65 the distance
modulus suggests d ~ 2 — 2.5kpc only when F(B — V) = 1.1 — 1.3. The
agreement of these two independent spectral interpretations lends confidence

to an MIII type, and we suggest CX117 is likely a symbiotic system.

CX118: Nova-like CV

CX118 was identified as a nova-like CV at E(B—V) =0.8 or d = 1.2 — 1.8kpc
with the optical light dominated by the accretion flow emission (Wevers et al.,
2017). Spectroscopy was unable to reveal photospheric lines in either the WD
or donor. The SED shows signs of binarity (specifically in the optical) and we
test a simple double blackbody model shown (Figure 2.18) and observe that the
optical region includes a large fraction of its flux from the hot component, in
agreement with a hot accretion disk in an NL system. The model overestimates
the GALEX flux but underestimates UVM2 by ~ 0.8 mags despite the filter’s
position centered in the UV-extinction bump that may indicate large-scale UV
variability. CX118 also shows optical variability of ~ 0.7 magnitudes over the
timescale of a few days (Britt et al., 2014). We find a single IR counterpart
in the GALEX circle with a quoted FAP of 0.2% (Greiss et al., 2013) and its
position in (J — H, H — K') suggests an M1-3I1I giant at E(B—V) < 0.4 and a
mid-KIII at higher extinction. Assuming d = 1.2 — 1.8kpc and computing the
absolute J magnitude with the distance modulus (with m; = 15.062) we find
M; = 13.1 to 14.1 for the lower and upper distances respectively, corresponding
to a brown dwarf ~ L4-L7V. However, the double blackbody model indicates

the hot component contributes a non-negligible amount in the IR and so IR
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Figure 2.18: CX118 modelled with MCMC as a two blackbody system.

colours may not represent the donor.

CX137: CV/qLMXB

CX137 is a low accretion state CV or qLMXB (Torres et al., 2014) due to broad

Ha emission (FWHM and EW, 960 km /s and 6.5 A respectively), a sinusoidal

light curve with a period of 0.2 days (a period initially quoted by Udalski et al.,

2012) and the presence of photospheric lines reminiscent of a late G/K star.

Low optical flickering likely means the optical light is companion-dominated
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following the suggestion of Torres et al. (2014) of a K5V companion; we also
find only small NUV variations over 100 minutes of (non-contiguous) GALEX
time-series data using the gPhoton package, meaning the NUV emission is likely
dominated by the compact object and/or an accretion disk. We test a KbV
+ blackbody model where modelled parameters are normalizations, blackbody
temperature and E(B-V) using the Markov-Chain Monte-Carlo package emcee
(Foreman-Mackey, 2016). The SED (Figure 2.16) looks like two bodies: we
test MCMC modelling with two blackbodies finding a possible hot component
at Ty, ~ 10000 K although the temperature is fairly unconstrained (see Figure
2.19). The UVOT data point is well below the GALEX datapoint and this

may be due to non-simultaneous data or inherent variability.

CX161: Chromospherically-Saturated M-dwarf

CX161 has a very close GALEX counterpart at an offset of 0.344”. Britt et al.
(2014) indicated this source is probably an M dwarf flare star with a period of
3.32 days (they observed a flare event). Formally, the best fit with and without
UV is an M6V and the UV excess is exceptionally large (9+ mags). It is at the
upper end of the M-dwarf relation in Figure 2.15 indicating a rapidly rotating
M-dwarf, and assuming the observed period is due to rotation from observed
starspots, P, ~ 3.32d and thus Ry = P,t/7. ~ 0.07 (as log(7. = 1.67) from
Equation 1.7 using the M6V mass). Recalling saturation in late-types occurs at
Ro ~ 0.1 (Stepien, 1994) and activity increases with decreasing Ry, our work
supports the identification by Britt et al. (2014) that CX161 is an M-dwarf

flare star.

CX331: Active M-Dwarf / RS CVn

(CX331 was identified as a variable source with an optical light-curve similar
to a spotted star or RS CVn, with an period of 18.215 days and 1 = 17.277
(Udalski et al., 2012). The SED shows a difference of ~ 0.75 mags in VPHAS
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Figure 2.19: CX137 modelled with MCMC as a KbV + hot blackbody

component.
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and MOSAIC 1’ and i’ bands that could be attributed to orbital variability
in the RS CVn interpretation. The chromospheric UV excess is not larger
than that expected for active M-dwarfs in general and the IR colours suggest
a reddened (~ 0.2 — 0.5) MV or a MIII with little to no extinction (Figure
2.11) although they may be blended from binarity. Both the UV excess and
observed variability supports the RS CVn interpretation with an M-type cool

component.

CX388: 7

CX388 appears to be quite variable in both optical and near UV. SDSS imag-
ing (from ds9) shows an oblong feature (Figure 2.20) that may be two or more
sources in the line of sight. This is confirmed by Hynes et al. (2012) who
note a nearby Tycho-2 source as an interloper (Rx ~ 1.17), and this source
corresponds spatially with the Swift UVOT data and we believe the GALEX
circle as well. However, UVOT’s positional error is only ~ 0.1, and we be-
lieve the Tycho-2, GALEX and UVOT data correspond to one system while
2MASS/VPHAS/ Chandra are another. The latter system is well-fit without
the UV as an A2V at E(B — V) = 1.0 (x2 = 0.638) corresponding to d ~ 2.66
kpc (see Figure 2.20). However, working back the absolute magnitude from the

distance modulus and extinction does not match this interpretation.

CX398: WD+MIII Symbiotic System

(CX398 has relatively large errors on both H and K band observations in VVV
(0.18 and 0.2 respectively; Greiss et al., 2013) and spectral fitting cannot pro-
duce any reasonable chi-squared values with or without the UV. Checking the
optical and IR images confirms that these datapoints indeed satisfy the same
emitter, and the shape of the optical/IR broadly suggests a mid-MIII sug-
gesting CX398’s X-ray and UV emission could be from a WD interaction in a

symbiotic system.
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CX388 (no UV): Filter-Folded Model Outputs |

-85 A2V 0
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Figure 2.20: (top) Best-fit spectrum of CX388, without fitting GALEX UV.
UVOT data was not included in the initial fitting procedures. (bottom)
Optical SDSS image of CX388 using ds9. Data shown are Chandra (green
circle, 1.1”), GALEX (cyan circle, 3.0”), VPHAS (magenta circle), 2MASS
(red cross), UVOT (green squares).
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CX417: Nova-like CV?

CX417 is an optically periodic source with a period p = 0.95923 d ([ band,
Udalski et al., 2012). Its SED is bimodal with the hot component’s UV flux
exceeding the IR flux from the cool companion. Figure 2.22 shows CX417 is
well-modelled by a cool star (4100 £ 150 K) and a larger, hotter component
(30000 4 7000 K) possibly indicating the presence of a hot and optically-thick
accretion disk. A disk temperature of ~ 30000 K means it would be in a
consistently high M state; the boundary layer in high M nova-like CVs is
found to have its X-ray spectrum thermalized with an approximate blackbody
temperature of kTy, ~ (G My pM /S7o RS, )4 ~ 10eV or Ty, ~ 10* K (Lewin
and van der Klis, 2006, chap. 10.2.2) putting this disc in the right range for
nova-likes. Assuming all liberated energy is thermalized and M ~ M,z ~
10719Myyr=! (Patterson et al., 1984), L ~ 103 erg/s which is in the correct
range for accreting CVs but slightly high for nova-likes. Lastly, assuming the
observed periodicity is the orbital period P, indicates a (slightly evolved)
solar-like donor. We conclude that CX417 is plausibly a nova-like CV.

CX418: CV / Symbiotic System

CX418 is decently fit without UV as a G5III (x2 = 1.887) at E(B — V) = 0.6
and its IR colours suggest G or early KIII companion. Figure 2.15 indicates its
UV-excess flux is considerable, and it lies along the expected line for the nearby
M-dwarf population. This indicates that, if a giant, the UV is more active than
is represented by the merged Pickles template of such giants. Assuming a G5III
at F(B —V) = 0.6 yields d = 5 — 5.1 kpc (this is a relatively low-extinction
sightline) from the Milky Way Dust Map, which is corroborated by a distance
modulus computation. A distance of 5 kpc yields Lx ~ 2x10%? erg/s indicating

this is either a CV or a symbiotic system.
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Figure 2.22: CX417 modelled using MCMC as a system of two blackbodies
with extinction.
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Figure 2.23: (left) 2MASS K, and (right) SDSS image of CX417. Data shown
are Chandra (green circle, 1.17), GALEX (cyan circle, 3.0”), VPHAS
(magenta circle), 2MASS (red cross), UVOT (green squares). The
(comparatively brighter) IR source in the upper left of the GALEX circle is
not revealed in the optical image. The optical brightness of X-ray position
suggests the presence of nova-like accretion disk.
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CX426: Dwarf Nova CV

CX426 is a CV undergoing dwarf nova bursts (Britt et al., 2014; Udalski et al.,
2012). The VVV data shows a prominent rise in the H band, although the
VVV source is farthest from the X-ray and GALEX position and may not be

physically associated.

CX495: M-dwarf, Possible CV

CX495 was quoted as a periodic source with P = 0.48629 days by Udalski
et al. (2012) and its IR colours and spectral fitting suggest an M5V or M5III at
E(B—-V)=0.3—0.4 (from spectral fitting) although the photometric errors on
J and H are large (0.24 and 0.36 mags respectively). The UVOT and GALEX
fluxes suggest inherent variability that could be associated with coronal flaring
from an M-dwarfor flare-like events in an WD + MIII symbiotic. Assuming
distances of 100, 500 and 800 pc the distance modulus (with the appropriate Ay
values for each distance from Green et al., 2015) returns absolute J magnitudes
in the range of MO-M8V; at 800pc, Lx = 4.9 x 10° erg/s, well within the
range of active M-dwarfs. An M-dwarf with P.,;, = 0.48629 d would be a
saturated rotator with log(Lx /Lp.) =~ 0.3 capable of strong flaring supporting
the distance modulus result. Photometrically, an MIII requires d > 3 — 4 kpc
corresponding to E(B — V) > 1.6 from the dust map, making an M-dwarf
interpretation much more likely. CX495 is a either a single, flaring M-dwarf or

an M-dwarf/WD CV system.

CX497: Active Star

CX497 is a periodic source with P = 3.4961 days and noted as a possible
spotted star (Udalski et al., 2012). The SED resembles a single star and the
UV excess is not overwhelming; it doesn’t statistically fit any one model but
there is little evidence of binarity or a coupled rise in the optical. The IR

colours are difficult to interpret uniquely given unknown E (B — V), but CX497
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is formally best fit as an F5V at F(B — V) = 1.0 (x2 = 1.755). The 3D
Milky Way Extinction Map does not cover CX497’s position (so we cannot
infer distance from E(B — V')), but assuming a relatively nearby lkpc (5kpc)
yields Lx ~ 8 x 1030 erg/s (Lx ~ 2 x 103 erg/s) within the range of active

stars. CX497 is a single, chromospherically-active dwarf.

CX551: ?

CX551 is saturated in MOSAIC-II and otherwise has no data in other optical
bands. Its IR colours place it to the right of the MS-curve in Figure 2.11
indicating either a real IR excess in the K, band or a positional blend. We

have no other information on CX551.

CX645: CV/qLMXB

CX645 was suggested as a possible CV/qLMXB due to the detection of eclipses,
~ 1 mag flare events and large, aperiodic variability (Britt et al., 2014). The
SED shows a discrepancy between VPHAS and MOSAIC-II which reflects this
inherent variability. Greiss et al. (2013) identify 3 VVV sources within 2.2”
and we initially identified one at edge of the X-ray circle (~ 1.64”) (see Figure
2.24). This VVV source may be unrelated to the optical emission - the image
shows the VPHAS/MOSAIC-II correspond to the same position but VV'V sits
slightly outside this region. As well, the IR fluxes are far brighter in the SED
and indicate this is likely an interloping IR source. A check of the 2MASS
catalogue reveals no sources in the GALEX circle; if VVV did not pick it up
the upper limit of the donor IR is K, > 17.5 mag (Minniti et al., 2010). The
lack of an IR counterpart means this source is quite blue (suggested as well by

Britt et al., 2014) where the blue continuum is disk-dominated.
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Figure 2.24: (left) DSS optical and (right) 2MASS K, image of CX645. Data
shown are Chandra (green circle, 1.64”), GALEX (cyan circle, 3.0”), VPHAS
(magenta circle), 2MASS (red cross) and MOSAIC-IT (yellow cross). The
right image is the returned 2MASS image in the ds9 query, despite it not
being centered perfectly.

85



CX662: Active M-Dwarf

CX662 has a close GALEX match 0.95” away and fits a variety of late-type
profiles (without UV) at multiple extinction values. The general shape of the
SED resembles a single stellar source with only a moderate UV excess. Al-
though not in the data table of Udalski et al. (2012), Simbad indicates CX662
as an OGLE-IV bulge source (OGLE BLG504.22 107804) with V' — I = 1.859.
This optical colour assuming F(B — V) ~ 0 suggests an MOV-M1V and its
position in Figure 2.11 supports this intepretation. Assuming a distance of
100 pc yields E(B — V) ~ 0 and the distance modulus returns an absolute
magnitude M; ~ 7.9 suggesting an M3V-M3.5V. We conclude CX662 is likely

an active, early M-dwarf with no signs of binarity or a compact object.

CX673: ?

CX673 is difficult to interpret because it has an optical detection but is com-
paratively very dim in the IR (K, > 17.5). Neither of the two VVV counter-
parts from Greiss et al. (2013) appear to coincide with the optical emission in
VPHAS/MOSAIC. Figure 2.25 shows the single VVV source in the GALEX
circle and the closest known 2MASS source taken from the ds9 catalogues.
r" — i ~ 1.3 — 1.4 in both optical surveys suggesting the optical component is
an M-dwarf with modest activity but its non-detection in VVV places a lower

limit on the infrared brightness of K, > 17.5 (Minniti et al., 2010).

CX886: ?

The 2MASS and DSS images of CX886 (Figure 2.26) show that the GALEX
position encapsulates the VPHAS/MOSAIC point (with " — ' = 2.23 +0.06)
at the edge of its 3”7 error circle that may be unassociated with the UV point
entirely. The Chandra circle is fairly large at Rx = 6.577, and Greiss et al.
(2013) lists 3 VVV sources within ~ 2.5”. The ‘chosen’ counterpart matches
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Figure 2.25: (left) 2MASS K, and (right) DSS optical image of CX673. Data
shown are Chandra (green circle, 3.076”), GALEX (blue, dashed circle, 3.0”),
VPHAS (magenta circle), VVV (red +) and MOSAIC-II (yellow +). The red
X is the closest 2MASS source to this system, and does not appear within
either the GALEX or Chandra circles.

the GALEX position, but is ~ 3" from the VPHAS/MOSAIC source. The X-
ray, UV and the VVV source may be a single emitter, while the optical points
are an interloper. Assuming this case, an SED fit (with only GALEX and
VVV) strongly suggests an M8-MOIII giant at E(B — V') < 1.0 or an M-dwarf
at E(B —V) ~1—2 (see Figures 2.11 and 2.27), but at such low extinction
we would expect to pick up an MIII in the optical.

Testing an M5V (M; = 10.14, AB mags) at E(B —V) = 1.0 (d = 2.77kpc)
returns a simulated m; > 24 which is far too dim (our observation shows
my ~ 16.1). A non-detection in MOSAIC-II places an optical upper limit
of ' > 22.66 and ¢ > 21.47 (AB mags). The extinction in this direction is
E(B—-V)=0.51.0,1.5 at 1.1kpc, 2.78kpc and 6.4kpc respectively suggesting
that an M-dwarf at E(B — V) > 1.0 is also too distant to be picked up in
GALEX.

To test the MSIII hypothesis we create a synthetic M8III observation using
pysynphot, normalized to its J band observation and ‘observe’ it in the optical
= 21.57 and at E(B — V) ~ 0.43 (d ~ 1lkpc)
= 22.5, the optical limit of MOSAIC-II. This supports the
best-fit M8III at E(B — V) ~ 0.4 or d ~ 1kpc from our spectral fitting (Figure

r’ band. With no extinction 7’

stm

we find the 7’

sim

87



Figure 2.26: (left) 2MASS K, and (right) DSS optical image of CX886. Data
shown are Chandra (green circle, 3.076”), GALEX (cyan circle, 3.0”),
VPHAS (magenta circle), VVV (red +) and MOSAIC-II (yellow +). The red
Xs are two other VVV sources (Greiss et al., 2013) that were not selected in
the matching algorithm.

2.27) and suggests that this interpretation is at least consistent with the optical
survey limits. At this distance, Lx = 4 x 10%° erg/s - this is low for symbiotics,
however we still retrieve sensible spectral fits up to E(B — V) = 0.9 for the
MIII companion, suggesting the luminosity could be up to Lx ~ 103! erg/s.

CX1029: ?

The VPHAS/MOSAIC/VVYV data correspond to a single point on the edge of
the GALEX circle; querying a few different optical catalogues in ds9 revealed a
USNO A2.0 (reference, epoch 1980) catalogue match to the GALEX position
at B,r = 18.4,14.1 mags (or 18.97 and 14.12 upon conversion from USNO
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Figure 2.27: Three different spectral fits for CX886, using only the GALEX
and the VV'V source nearest to its center (corresponding to the red + in
Figure 2.26). Assuming these emissions are correlated, this looks like an MIII
with a UV excess, although the GALEX source could actually be associated
with the VPHAS/MOSAIC source (see Figure 2.26).
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Figure 2.28: DSS optical image of CX1029. Data shown are Chandra (green
circle, 3.96”), GALEX (cyan circle, 3.0”), VPHAS (magenta circle), VVV
(red +) and MOSAIC-II (yellow +). The magenta square shows the USNO

A2.0 (B, R ~ 18,14) optical source found from a ds9 query.

standard to Landolt filters'®). Assuming F(B — V) = 1 (d ~ 3kpc) yields
Lx ~ 3 x 10% erg/s; CX1029 is quite red and if a binary has a M or K type
giant donor. Spectral fitting indicates an MOITI-M3III at low extinction and
KOITI-K3IIT at E(B—V) > 1.0 — 1.5 suggesting a symbiotic system (see Figure
2.11).

CX1042: Active M-dwarf

(CX1042 is probably an active M-dwarf. The optical image shows the VPHAS,
MOSAIC and VVV data correspond to the same point although the GALEX

is offset by almost 3” - there are no other visual optical emitters in the cor-

©Ohttp://quasars.org/docs/USNO _Landolt.htm
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Figure 2.29: DSS optical image of CX1042. Data shown are Chandra (green
circle, 4.364"), GALEX (cyan circle, 3.0”7), VPHAS (magenta circle), VVV
(red +) and MOSAIC-II (yellow +).

responding image leading us to believe these datapoints are likely all related.
The SED reveals a slight discrepancy between the two optical surveys, and this
discrepancy is likely the reason it was not statistically well-fit excluding UV.
The IR region is well-fit by an M4V-M5V at E(B — V) ~ 0 and its position
in Figure 2.15 leaves it comfortably in the regime of active M-dwarfs. Even in
the event the UV is associated with this system, CX1042 is plausibly an active
M-dwarf.

CX1229: ?

Udalski et al. (2012) found that CX1229 shows irregular optical variability with
an average V — I = 1.770. Spectral fitting without the UV suggests CX1229
could be an active KV-MV, and the UV flux may come from an interloping
optical source at V' = 14.38 found in the GSC 2.3 catalogue flagged as ‘non-
star’, likely due to source confusion making the PSF non-point-like. This source

lies in the Chandra error circle and is noted as such in Figure 2.30; whatever
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Figure 2.30: DSS optical image of CX1229. Data shown are Chandra (green
circle, 1.94”), GALEX (cyan circle, 3.0”), VPHAS (magenta circle), VVV (red
+). The magenta square is the optical GSC 2.3 source in the Chandra circle.

this emitter is could also be the source of X-rays. If this is a binary system
with variability it could be flagged as non-star which supports variability from

the Udalski et al. (2012) observation.

CXB10: CV

CXB10 is a dwarf novae CV. Its position coincides with the dwarf novae OGLE-
BLG-DN-0376 (Mréz et al., 2015) also observed in the MACHO survey as
MACHO 401.48296.2600 (Cieslinski et al., 2004). CXB10 was observed in
multiple outbursts where the maximum I-band intensity, outburst amplitude,
frequency and mean duration are 5.070 mag, 4.183 mag, 1.169 yr~! and 7.7
days. We retrieved a single optical point in the VPHAS u’ band (the rest are off-

image in the original VPHAS data) but no other multi-wavelength observations.
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Figure 2.31: CXB208 modelled with MCMC as system of two blackbodies
with extinction. Despite the large spread in the hot-component temperature,
the posterior distribution is smooth in all variables and the UV rise is difficult

to achieve with one source in general.
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The Chandra error is small enough (~ 17) to confidently exclude other bright

stars nearby.

CXB208: Symbiotic CV

Spectral fitting indicates CXB208 could be an A-K giant (depending on F(B —
V), and we have included a UVOT UVWI flux in spectral fitting between
GALEX and VPHAS u’. Only in the case of an AIlIl at E(B — V) = 1.0
is the GALEX UV properly matched, but this comes at the expense of a
poorer fit in the IR region. The GALEX-UVOT-u’ and IR regions both ‘turn
over’ implying binarity - MCMC modeling reveals this is plausible (T, =
15100 £ 6000K, 700, = 4500 + 800K) although this overestimates the GALEX
flux (this could indicate inherent UV variability). This variability in combina-
tion with a giant donor makes CXB208 a symbiotic candidate; the cool black-
body temperature also agrees with a G or K giant intepretation. Assuming a
G5HIII at d = 1 kpe yields E(B — V) = 0.27 £+ 0.06 - combining this with ob-
served my = 11.3 (from the GSC 2.3 catalogue) yields an expected My ~ 0—1
in the range of G-K giants. Spectral fitting at E(B — V') = 0.3 also reveals a
GHIIT as the best-fit template. We re-model CXB208 using MCMC assuming
a GHIII donor (Figure 2.31) and hot blackbody, finding a WD temperature of
Twp ~ 17000 4+ 8000. We claim CXB208 is a symbiotic system at d ~ 1 kpc
and Ly ~ 1030 — 103! erg/s. Optical spectroscopy and timeseries data in either

the optical/UV can confirm its symbiotic nature.

2.7 Summary & Conclusions

We identified 269 positional matches between the GALEX NUV and Chan-
dra X-ray dataset in the GBS. By assuming the GALEX UV emission corre-
lates with X-ray emission the ambiguity of optical and IR counterparts was

significantly reduced, such that each survey was iteratively matched to the
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GALEX positions. With the accrued photometric data we constructed SEDs
for each system and modelled them against the Pickles Library of single-stellar
templates. The majority of the GALEX /Chandra dataset consists of active,
late-type single stars/binaries with X-ray and UV emission primarily from hot,
magnetically-confined coronae. This population is also local (for by definition
they have fit a single spectrum at E(B — V) < 1) and possibly young, with
G and F dwarfs dominating the spectral type distribution. We showed that
SED fitting at least in the NUV-IR regime is not necessarily a good indicator
of an active binary system like an RS CVn, at least as far as observing the
cool companion. Hence, many of the coronally-active sample are binaries with
companion-enhanced UV fluxes. If it is unlikely that we have heavily sampled
young stellar populations altogether, a higher active binary fraction could be
invoked as an explanation of these activity levels and vice versa.

The ability of X-ray/UV crossmatching to identify compact binaries was
successful, in that it recovered 9 previously identified CVs and/or qLMXBs.
The total UV-excess sample is comprised of highly active M-dwarfs, new CVs
and symbiotic candidates (CX398, CX495, CX1132, CXB208) and a yet uniden-
tified population. Tabulated counterpart charts are available as supplementary
online material, and we suggest pointed, simultaneous photometry (e.g., Swift)

and/or optical spectroscopy be performed on the final UV-excess dataset.
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Chapter 3

Thesis Conclusions & Future

Research Directions

In Chapter 1, we reviewed ways in which compact objects emit high energy
radiation from accretion-related processes in close binary orbits with another
star. We finished with a brief introduction to the GBS, a shallow Chandra
survey designed to locate a large quiescent LMXB population in the Galaxy.
In doing so, it would homogenize the current sample of XRBs which is skewed
towards bright and/or transient sources. In Chapter 2, we conducted a multi-
wavelength analysis of 269 Chandra X-ray sources in the GBS using the GALEX
UV dataset as a basepoint for counterpart matching. We performed SED fit-
ting on photometric data from several optical and IR surveys, each with dif-
ferent photometric errors and standards. We found that the main areas of
concern/error in accurately interpeting SED fitting of photometric data are
a) the degeneracy of temperature, normalization and extinction and b) the
high probability of inherent variability from a UV /X-ray-matched source in a
Galactic dataset. For Galactic sources, knowledge of either F(B — V') or dis-
tance yields the other with up-to-date dust maps of the galaxy, reducing this
degeneracy. When extinction is known in advance, we recover many of the

already-identified spectral types to an accuracy of (~ 43 sub-types) despite
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real variation of stars within a single spectral type and differences in template
libraries (a ~ £3 sub-type difference also partially represents the precision to

which these papers originally identified them).

The GALEX / Chandra dataset is dominated by coronally active single stars/non-
compact binaries (RS CVn, Algols, BY Dra). These are B-M field stars peaking
in the G-type, with very few M-dwarfs. There were 61 sources which could not
be modelled by single-stellar templates alone, of which 30 are presented in-
dividually on the basis of UV flux excesses beyond empirical limits on single
stars. The GALEX UV rise is often correlated with a rise in the nearby SDSS
u’ band as well revealing a smaller, hotter blackbody component. Although
we did not directly identify a single LMXB in the dataset, these systems are
the only sources whose SEDs would reasonably suggest so. We interpret 7 of
these as accreting COs (likely accreting WDs), 5 of which appear to be plau-
sibly symbiotic in nature with a KIII or MIII giant companion from spectral
fitting. Shell-burning symbiotics show strong emission lines (e.g., H I, He II,
OIII) (Section 1.1.2) and are steady in the UV. Non-shell burning symbiotics do
not show such lines, and instead show short-timescale UV variability from the
accretion disk. GALEX NUV timeseries data is now available in the gPhoton
package (Million et al., 2016) in observing windows of ~ 1 — 2 ks in total and
at least 100+ s per observation. The combination of (even low-resolution) op-
tical spectra with UV timeseries could confirm either case and possibly identify

them as part of the ‘hidden’ population (Mukai et al., 2016).

Finally, we suggest both Swift optical spectra and simultaneous Swift UVOT
photometry in X-ray, UV and optical bands using the co-aligned XRT (0.3-
10keV) and UVOT (1930 ~ 5470 A) instruments for all 30 systems in the final
UV excess set. Certainty of observational simultaneity removes the problem
of variability and extensive UV coverage can identify E(B — V) accurately:
this is more or less the ideal SED analysis setup. Fine spectra may show any

number of features: the equivalent width (EW) of Ha elucidates the presence
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of a disk, and can also distinguish between coronal activity and a CVs/qLMXB
(EW < 15—18 A limit for active chromospheres in M-dwarfs West et al., 2008).
We may also estimate E(B — V') using diffuse interstellar bands (DIBs). This
spectral analysis would be conducted in a similar fashion to Torres et al. (2014)
which identified 23 accreting binaries in the GBS by these spectral signatures.
Even though an optical spectrum can provide as much or more information
about a system than our SED analysis, it usually isn’t clear where the spec-
trum observation should be centered. Only in cases where the X-ray positional
error radius is small is this obvious, and the corresponding GALEX position
is the suggested origin. We have also made available all photometric data, fit-
ting results and plots to significantly reduce the collaboration’s time in finding
counterparts, converting them to a common flux system, assessing the relative
photometric errors and performing the spectral fitting for reasonable extinction

values.
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Appendix A

Full Chandra/Galex Dataset

GBSID Ny Rx (") RA . DEC,, Ar(?) mypv (AB)  Fx (erg/s/cm?) log(Fx/Fy)
CX4 238 091 264.879985 -29.164736  0.448  18.024 £ 0.056 2.523E-12 -2.26 £ 0.15
CX7 150 1 264.608699 -29.030336  1.455  16.627 £ 0.011 1.59E-12 -2.0 £ 0.11
CX8 138 0.89  263.784476 -29.499467 0.136  20.676 £ 0.127 1.463E-12 -

CX9 134 1.04  263.784988 -29.391103 0.424  15.114 4+ 0.004 1.42E-12 -1.97 £ 0.1
CX10 122 1.53  264.121166 -29.174695 0.604  15.639 4 0.005 1.293E-12 -2.46 £ 0.12
CX12 100 0.82  265.946997 -31.673658  0.682  15.402 + 0.012 1.06E-12 -2.9 £ 0.11
CX14 93 1.06  266.598613 -31.583564  0.076  19.582 £+ 0.159 9.858E-13 -1.6 £ 0.14
CX21 60 2.01  265.390778 -28.676401 1.37 20.74 + 0.1 6.36E-13 -

CX22 o7 0.91 266.474526  -31.25125 2.227 20.189 + 0.12 6.042E-13 -1.73 £ 0.19
CX24 49 2.11  267.205991 -30.019137  1.509  21.239 + 0.226 5.194E-13 -1.28 £ 0.18
CX26 48 2.26  266.388013 -30.982532  2.252  14.453 +£ 0.003 5.088E-13 -3.4 £ 0.17
CX25 48 1.73 266.26155 -31.993009  0.159 17.386 4+ 0.03 5.088E-13 -2.13 £ 0.17
CX27 47 1.49  264.220129 -28.811567 0.096  19.734 4+ 0.165 4.982E-13 -2.25 + 0.19
CX31 44 0.84 264.5149  -29.118524  1.102  14.171 +£ 0.009 4.664E-13 -3.1 £0.18
CX32 42 1.13  265.270422 -28.250795  0.567  16.552 + 0.029 4.452E-13 -2.62 £ 0.21
CX33 42 1.25  267.148504 -29.958356  2.037  12.257 4+ 0.005 4.452FE-13 -3.36 + 0.19
CX36 37 2.18  264.474674 -28.399661  0.653  21.892 £ 0.522 3.922E-13 -1.85 £ 0.2
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CX94
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CX118
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13
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1.82
1.05
1.72
3.58
0.95
3.27
2.61
1.33
2.38
3.6
1.67
1.6
1.92
1.67
3.15
2.74
1.61
2.03
2.21
4.22
1.46
2.56
1.01
5.66
1.23
1.94
1.51
1.79
4.78

268.318463
266.252304
266.872098
264.955021
267.085285
264.159236
269.289781
266.186765
269.045881
266.376379
267.518305
263.589637
265.065157
269.389285
266.56563
265.424412
264.920153
265.173378
264.709079
268.971861
265.707061
263.232228
265.611583
268.802264
264.967673
264.48883
264.479624
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-28.63751
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-26.113916
-27.906362
-30.476451
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-27.426055
-26.057844
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-25.924834
-30.140514
-30.161742
-27.079123
-27.385314
-31.014711
-28.556857
-28.853329
-27.634151
-28.802424
-28.276128
-26.806462

-30.1966
-26.791919
-27.616733
-28.573608
-27.870483
-29.594784
-30.365697
-29.397697

2.931
0.404
0.712
2.395
1.449
3.417
1.181
2177
1.786
1.627
1.124
0.702
0.652
0.925
0.844
1.515
0.255
1.574
1.004
0.905
0.399
1.731
0.735
2.491
0.344
0.793
1.276
2.563
1.359

122

19.135 £ 0.055
13.809 +£ 0.008
20.933 £ 0.386
22.424 £ 0.328
14.609 £ 0.003
12.437 £ 0.001
19.111 + 0.087
23.328 £ 0.466
14.344 = 0.007
23.355 £ 0.473
17.191 £+ 0.043
22.041 £ 0.24
19.445 + 0.113
19.176 + 0.04
21.706 £ 0.215
20.537 4 0.28
14.001 + 0.002
21.902 £ 0.534
22.876 £ 0.38
20.725 £ 0.167
22.209 £ 0.366
22.726 £ 0.363
20.08 £ 0.163
16.905 £ 0.007
23.481 £ 0.433
20.755 £ 0.096
20.116 £ 0.228
21.647 £ 0.265
19.045 £ 0.112

3.286E-13
2.862E-13
2.544E-13
2.544F-13
2.438E-13
2.438E-13
2.332E-13
2.12E-13
2.12E-13
2.12E-13
2.014E-13
2.014E-13
2.014E-13
1.908E-13
1.908E-13
1.802E-13
1.802E-13
1.802E-13
1.802E-13
1.59E-13
1.484E-13
1.484E-13
1.484E-13
1.378E-13
1.378E-13
1.378E-13
1.378E-13
1.272E-13
1.272E-13

-1.79 £ 0.25

-3.17 £ 0.28

-2.35 £ 0.35

-1.81 = 0.3
-2.51 £ 0.31
-1.6 £ 0.3
-1.98 £ 0.3
-1.79 £ 0.33
-2.08 £ 0.31
-3.43 £ 0.31

-1.88 £ 0.36
-2.67 £ 0.39
-2.34 £ 0.38
-1.89 £ 0.37
-1.76 £ 0.41
-2.02 £ 0.39



CX178
CX183
CX185
CX192
CX205
CX210
CX215
CX216
CX221
CX236
CX237
CX252
CX253
CX255
CX256
CX272
CX275
CX276
CX284
CX296
CX304
CX307
CX315
CX317
CX322
CX326
CX331
CX333
CX337

e G
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3.27
3.17
1.5
3.6
5.17
4.33
2.79
1.31
2.71
1.8
5.25
1.33
2.06
2.8
2.19
1.46
5.43
1.45
2.63
1.39
2.82
4.96
5.36
2.34
1.46
1.13
1.72
2.47
2.93

263.91246
267.671182
263.865224
265.742472
267.321231

266.2966

262.94127
264.340525
269.147284
264.759769

264.5683

269.02358
268.614005
268.555654
268.450194
265.974145
265.521872
265.382723

264.10397
267.463336
269.008763
268.633564
266.608158
266.427996
266.028411
265.380528
264.097632
264.073016
263.863423

-30.171141
-29.278521
-29.753788
-27.115648
-30.597292
-25.481554
-30.177291
-28.899311
-28.007495
-28.514467
-29.660742
-27.907066
-27.792667
-28.158709
-28.688533
-27.029116
-26.845435
-28.007079
-28.418397
-29.936683
-27.656093
-28.634072
-25.57066
-31.847579
-27.440661
-27.167204
-29.375786
-28.572102
-29.513194

4.394
2.238
3.328
0.946
2.845
3.353
1.554
0.578
1.294
0.675
5.732
0.446
2.899
1.154
2.204
0.577
3.322
1.471
3.622
1.43
2.295
2.306
0.578
3.596
1.673
2.761
1.856
2.108
0.569
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23.058 £ 0.323
12.168 £ 0.004
18.684 + 0.025
22.163 £ 0.287
11.715 £ 0.001
23.647 £ 0.501
22.551 £ 0.347
22.611 £ 0.339
20.25 £ 0.269
23.061 £ 0.411
20.535 £ 0.299
18.759 £+ 0.023
19.179 £ 0.038
17.583 £ 0.025
15.466 = 0.007
16.472 £ 0.007
11.855 + 0.004
20.87 £ 0.32
22.628 £ 0.343
15.943 + 0.022
21.1 £ 0.293
17.799 +£ 0.023
17.182 £+ 0.053
23.507 £ 1.07
20.063 £ 0.23
21.321 £ 0.157
21.429 £ 0.423
13.78 £+ 0.002
13.936 £+ 0.009

1.272E-13
1.272E-13
1.272E-13
1.272E-13
1.166E-13
1.166E-13
1.166E-13
1.166E-13
1.06E-13
1.06E-13
1.06E-13
9.54E-14
9.54E-14
9.54E-14
9.54E-14
9.54E-14
9.54E-14
9.54E-14
9.54E-14
8.48E-14
8.48E-14
8.48E-14
8.48E-14
8.48E-14
8.48E-14
8.48E-14
8.48E-14
8.48E-14
8.48E-14

-4.21 £ 0.39
-2.35 £ 0.39
-4.93 £ 0.41
-1.75 £ 0.41

-1.67 £ 0.46
-1.83 £+ 0.45
-2.58 £ 0.48
-2.63 £ 0.47
-4.51 £ 0.46
-3.03 £ 0.47
-4.41 £ 0.46
-1.86 £ 0.48
-3.09 £ 0.53

-2.72 £ 0.55
-1.53 £ 0.51
-2.02 £ 0.54

-3.92 £ 0.5
-3.37 £ 0.5



CX345
CX351
CX352
CX355
CX356
CX361
CX364
CX365
CX371
CX378
CX381
CX387
CX388
CX396
CX397
CX398
CX402
CX403
CX414
CX415
CX417
CX418
CX424
CX426
CX431
CX434
CX452
CX454
CX462
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3.39
1.23
2.99
4.13
1.49
5.88
4.69
1.66
3.75
4.5
4.17
4.41
1.1
4.96
2.59
1.52
2.32
1.64
1.44
1.6
1.58
2.17
2.83
1.26
2.5
3.53
2.42
2.39
4.03

265.524066
268.959526
268.904477
268.396461
268.388479
267.781933
266.962324
266.902301
266.420474
265.614533
265.099652
264.27277
264.247887
263.546519
263.498061
263.438657
263.888411
268.276864
269.290987
269.124848
268.616152
268.576593
268.329249
268.150211
268.115445
267.794207
266.441079
266.354908
265.674562

-26.687938
-28.118458
-28.299869
-29.166615
-28.985605
-29.677008
-30.81888
-25.973914
-26.588854
-27.33595
-27.296301
-29.413621
-29.101394
-29.458475
-29.82983
-29.53755
-30.393741
-29.091993
-27.547054
-27.137883
-28.130233
-28.678196
-29.007922
-29.327683
-29.422817
-29.021488
-31.141076
-26.652408
-27.685176

3.866
1.325
0.847
5.091
2.749
0.262
0.834
2.529
0.526
2.029
4.211
4.716
2.921
3.934
0.51
2.105
0.704
1.501
1.057
0.245
1.993
1.231
2.658
0.17
1.214
1.156
0.458
1.145
4.74
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22.768 £ 0.522
18.8 £ 0.06
16.417 £+ 0.01
21.148 £ 0.329
20.567 £ 0.293
18.329 £+ 0.033
20.672 £ 0.143
21.611 £ 0.276
18.331 £ 0.075
21.304 £ 0.497
21.909 +£ 0.402
20.74 £ 0.418
16.512 £+ 0.026
23.832 £ 1.681
19.976 + 0.173
21.378 £ 0.424
15.057 £ 0.003
21.977 £ 0.466
22.493 £ 0.338
17.103 £ 0.027
15.256 £ 0.006
19.335 = 0.067
20.348 4 0.203
20.37 £ 0.2
21.191 £ 0.326
21.453 £ 0.434
17.839 + 0.021
21.769 £ 0.234
22.802 £ 0.532

7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14

-2.45 £ 0.55

-2.23 £ 0.56

-2.88 £ 0.55

-3.79 £ 0.56

-2.56 £ 0.64

-2.83 £ 0.66

-3.25 £ 0.62
-2.26 £ 0.62



CX466
CX467
CX469
CX470
CX485
CX493
CX495
CX497
CX502
CX505
CX506
CX519
CX524
CX533
CX549
CX551
CX554
CX558
CX574
CX579
CX584
CX611
CX622
CX630
CX632
CX633
CX637
CX645
CX646
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3.89
3.22
3.81
2.72
2.32
4.83
2.66
1.84
5.65
3.43
1.4
1.65
3.96
2.16
1.59
1.45
4.37
3.08
6.38
2.33
2.37
5.19
1.73
3.94
3.52
2.06
4.81
1.64
24

265.404498
265.349962
265.194365
265.17787
264.328265
263.748128
263.698702
263.592864
268.099677
265.971838
265.192205
268.682271
268.580914
268.044333
266.982993
266.826059
266.648096
266.581744
266.252492
266.135398
266.002401
264.960228
264.226114
263.893585
263.475177
263.32806
263.285652
266.639173
263.775618

-28.243073
-26.965326
-28.64767
-27.695638
-28.490463
-29.817556
-29.587028
-30.084866
-28.401754
-26.898072
-28.029407
-27.685403
-28.614343
-28.791317
-30.286193
-30.510148
-30.804626
-31.736517
-26.11192
-31.664567
-25.733928
-27.154768
-29.876053
-29.004975
-29.398777
-30.089508
-29.95708
-26.387221
-29.353212

4.792
1.5
1.51
1.296
0.396
3.038
1.784
2.752
6.069
0.973
3.287
1.477
2.824
3.562
2.422
1.622
0.716
0.108
4.565
0.998
0.261
2.296
247
2.025
1.111
0.567
2.941
0.457
0.575
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22.038 £ 0.383
14.851 + 0.012
22.052 £ 0.256
21.795 £ 0.282
14.855 £ 0.003
21.796 £ 0.711
22.643 £ 0.651
21.992 £ 0.488
18.9 £ 0.041
22.785 £ 0.445
14.361 £+ 0.01
21.625 £ 0.177
18.001 £ 0.046
19.037 + 0.181
21.064 £ 0.417
22.723 £ 0.421
19.996 £ 0.076
18.743 + 0.068
21.361 + 0.407
21.303 £ 0.361
20.694 £ 0.077
20.848 £ 0.118
18.096 £ 0.064
18.517 £ 0.078
18.522 £ 0.085
22.228 £ 0.393
22.681 £ 0.361
22.566 £ 0.311
22.994 +£ 0.466

6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
5.3E-14
2.3E-14
0.3E-14
5.3E-14
2.3E-14
2.3E-14
0.3E-14
5.3E-14
2.3E-14
0.3E-14
5.3E-14
2.3E-14
5.3E-14
0.3E-14
5.3E-14
2.3E-14
0.3E-14
5.3E-14

-3.78 £ 0.62
-1.93 £ 0.62
-3.63 £ 0.61
-1.47 £ 0.6
-1.96 £ 0.61
-4.02 £ 0.6

-3.74 £ 0.71

-2.72 £ 0.7
-2.84 £ 0.7
-1.91 £ 0.72
-2.49 £ 0.7

-2.6 £ 0.7
-3.98 £ 0.68

-1.99 £ 0.71

-1.82 £ 0.69



CX662
CX666
CX672
CX673
CX675
CX680
CX681
CX698
CX719
CXT716
CXT724
CXT728
CXT736
CXT738
CX742
CX751
CX763
CX768
CX771
CX783
CX785
CX789
CX791
CX796
CX814
CX839
CX841
CX843
CX844
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1.67
2.34
6.71
3.08
1.35
3.09
2.03
4.08
2.6
1.18
1.44
3.15
2.24

1.35
1.74
0.64
2.86
0.45
1.92
2.02
4.73
4.2
1.56
2.87
3.65
2.32
3.65
3.78

269.175691
269.007084
268.941081
268.868341
268.641476
268.550089
268.523706
268.08737
267.381778
267.46493
267.226437
267.050341
266.830063
266.732036
266.583037
266.502485
266.292552
266.157485
266.077118
265.741412
265.707513
265.58623
265.5594
265.364793
264.855014
264.151934
264.071753
264.024728
263.986695

-27.764842
-27.746997
-28.267858
-28.393448
-28.53884
-28.655965
-28.792387
-29.074208
-30.031096
-30.301624
-30.311024
-30.408692
-31.261052
-30.485659
-26.208344
-30.93183
-25.497784
-31.236935
-31.726259
-26.209542
-27.843876
-28.104494
-27.890351
-27.97741
-28.254805
-29.071409
-28.678503
-30.304675
-30.389939

0.951
0.839
2.672
0.435
1.026
3.314
0.856
1.531
1.104
2.276
1.541
1.879
2.846
1.481
1.476
3.052
1.614
1.065
0.891
1.195
2.282
0.556
1.937
0.741
3.372
0.622
1.178
0.727
4.313
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19.31 £ 0.093
23.143 £ 0.724
21.912 £ 0.327
21.963 £ 0.348
20.281 £ 0.108
15.041 £+ 0.006
20.356 £ 0.258
17.595 + 0.048
15.355 £ 0.017
22.08 £ 0.403
20.108 £ 0.456
15.962 £ 0.005
18.799 +£ 0.036
19.391 + 0.048
22.402 £ 0.281
22.103 £ 0.523
20.533 £ 0.251
18.976 + 0.074
17.285 £ 0.03
23.252 £ 0.456
12.537 + 0.001
21.042 £ 0.112
19.725 £ 0.175
22.324 £ 0.302
19.266 + 0.04
18.639 + 0.08
17.261 £+ 0.038
19.584 + 0.184
21.292 £ 0.493

4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14

-3.49 £ 0.88
-3.43 £ 0.82
-3.14 £ 0.83

-3.04 £ 0.82

-2.28 £ 0.82

-2.33 £ 0.82

-2.86 + 0.81
-4.48 £ 0.8
-2.14 £ 0.85
-3.05 £ 0.81

-2.7 £ 0.81
-2.99 £ 0.8
-2.27 £ 0.82



CX849
CX880
CX886
CX887
CX901
CX904
CX912
CX914
CX938
CX945
CX951
CX970
CX974
CX977
CX991
CX1001
CX1007
CX1018
CX1026
CX1029
CX1031
CX1034
CX1039
CX1042
CX1048
CX1059
CX1087
CX1092
CX1113

W W W W W W W W W W W W W W wwWwwWwwWwwWwwWwwWwwWw W W w W W

1.9
1.89
6.57
3.78
2.86
2.49
2.89
5.87
2.35
2.03
1.65
3.54
3.35
19.6
1.89
5.7
1.26
1.6
2.63
3.96
3.27
2.68
2.72
4.36
1.4
3.01
2.95
3.22
3.95

263.871632
267.253658
266.283183
266.121077
269.213359
269.105846
269.016348
268.99797
268.466601
268.223016
268.09886
267.367123
267.323158
267.257919
266.880981
266.644606
266.579728
266.474045
266.388706
266.341768
266.267192
266.256464
266.200435
266.15106
266.056339
265.909909
265.418745
265.289635
265.04782

-30.347258
-29.909112
-27.193868
-26.059014
-27.397442
-27.178673
-27.476179
-27.629187
-28.748371
-28.711993
-28.945907
-29.774745
-29.614217
-30.389794
-30.677536
-30.574737
-25.797262
-31.719954
-31.549914
-26.015778
-25.540683
-26.538385
-31.624655
-26.294039
-25.770578
-31.75351
-27.61347
-26.784377
-28.036674

0.759
0.1
1.606
4.239
0.993
0.588
1.75
1.018
2.368
0.674
0.379
0.629
1.953
18.923
3.285
1.044
0.618
0.386
1.071
2.049
0.382
0.759
0.873
2.377
1.901
3.383
0.807
0.388
0.475
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15.965 + 0.005
19.141 + 0.127
22.015 £ 0.357
21.218 £ 0.177
19.787 £ 0.129
18.718 £+ 0.07
17.69 £ 0.035
20.034 £ 0.164
19.534 + 0.081
18.802 £ 0.108
18.958 + 0.104
19.731 £ 0.054
22.033 £ 0.372
21.084 £ 0.44
22.619 £ 0.535
19.568 £ 0.05
21.834 £ 0.528
22.651 £ 0.395
21.458 £ 0.303
22.635 £ 0.531
20.477 £ 0.077
15.302 £ 0.004
22.688 £ 0.411
21.936 £ 0.348
21.249 £ 0.577
21.793 £ 0.49
18.222 £+ 0.018
17.312 £ 0.037
17.647 + 0.046

4.24F-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14

-2.96 £ 0.81
-2.52 £ 0.98

-2.56 £ 1.0
-3.63 £ 1.01
-2.77 £ 0.99
-2.26 £ 0.98

-2.87 £ 1.01
-2.7£0.99
-2.59 £ 0.99

-2.74 £ 1.0
-1.94 £ 1.0

-3.5 £ 1.01
-3.48 £ 0.99
-1.88 £ 0.98

-3.83 £ 0.99
-3.8 + 0.98
-3.39 £ 0.99



CX1117
CX1132
CX1133
CX1136
CX1155
CX1200
CX1210
CX1214
CX1217
CX1219
CX1225
CX1229
CXB4
CXB5
CXB8
CXB10
CXB12
CXB14
CXB25
CXB35
CXB34
CXB45
CXB56
CXB58
CXB59
CXB62
CXB66
CXB76
CXB80

W W W W W W W w ww w w
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2.57
1.31
1.74
3.57
3.66
1.75
2.13
2.58
247
2.88
2.84
1.94
0.95
0.96
1.63
1.05
1.41
2.54
3.34
3.61
5.57

2.69
2.37
4.81
1.87
1.54
3.69
5.31

264.995092
264.770372
264.751695
264.735787
264.379383
263.804615
263.58865
263.44208
263.370824
263.320563
263.029086
267.986795
263.567747
263.036257
268.633294
269.635005
268.138475
268.486353
267.949536
269.395976
266.870784
268.280631
266.727824
268.583049
268.483851
267.512637
267.983378
263.415283
269.488444

-27.425608
-29.134083
-29.156861
-28.591956
-29.407953
-29.673345
-30.304849
-30.324743
-29.524466
-30.344731
-30.135903
-28.696417
-30.760728
-30.474553
-29.473449
-27.878853
-29.662391
-29.019718
-30.179427
-27.615426
-32.244114
-29.565341
-25.744728
-29.637726
-29.474085
-30.492062
-29.85401
-30.594372
-27.828198

0.575
2.674
0.05
0.546
0.28
1.043
3.117
1.106
1.133
1.848
0.443
1.755
0.348
0.3
2.336
0.173
0.817
1.341
3.263
1.774
2.595
0.921
3.5
0.931
3.747
3.332
0.285
4.726
1.563
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18.392 £ 0.074
23.328 £ 0.383
18.782 + 0.022
22.201 £ 0.264
21.238 £ 0.397
18.418 + 0.085
21.333 £ 0.555
17.407 + 0.01
21.756 4= 0.24
15.832 + 0.004
21.814 £ 0.47
21.874 £ 0.314
18.917 £ 0.072
18.23 £ 0.035
17.739 + 0.04
20.433 4+ 0.196
18.942 £+ 0.106
20.886 + 0.331
17.981 £ 0.042
19.679 + 0.14
22.297 £ 0.478
18.498 £ 0.086
23.051 £ 0.384
17.47 £ 0.03
20.212 £ 0.39
20.03 £ 0.117
20.071 £ 0.099
21.106 £ 0.217
20.3 £0.114

3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
7.42E-13
6.996E-13
6.89E-13
5.618E-13
3.816E-13
3.498E-13
2.226E-13
1.696E-13
1.696E-13
1.484E-13
1.166E-13
1.166E-13
1.166E-13
1.166E-13
1.06E-13
1.06E-13
9.54E-14

-2.95 £ 1.0
-2.66 £ 0.99
-2.14 £ 1.0
-2.26 £ 1.0
-2.714 £1.0
-3.04 £ 1.0
-2.07 £ 1.01
-3.67 £ 1.0
-1.9 £ 1.03
-1.7 £ 0.15
-2.63 £ 0.17

-2.59 £ 0.22

-2.8 £ 0.28
-1.68 £ 0.36

-2.6 £ 045

-2.01 £+ 0.47



CXB8&4

CXBS87

CXB91

CXB93

CXB112
CXB114
CXB116
CXB123
CXB128
CXB130
CXB131
CXB136
CXB139
CXB146
CXB151
CXB161
CXB164
CXB167
CXB176
CXB181
CXB186
CXB194
CXB200
CXB202
CXB206
CXB208
CXB211
CXB223
CXB224
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1.05
4.77
1.85
1.67
2.45
1.9
1.54
1.86
3.35
2.21
3.4
2.15
2.15
5.39
3.44
3.18
2.32
2.75
3.89
2.47
5.14
1.35
9.15
4.15
5.27
5.14
6.9
2.56
3.11

268.912006
268.249134
266.820482
266.552398
263.273456
269.405283
269.28112
268.342321
266.714419
262.784017
269.093692
269.383417
269.17695
268.570047
268.084611
263.739056
267.462738
269.548312
268.9985
268.730752
268.541988
267.493794
263.464785
263.306701
262.906697
268.422192
265.871051
269.134064
269.085291

-28.944198
-29.671758
-25.726873
-32.103454
-30.586069
-27.162093
-27.147447
-29.399377
-25.779296
-30.34228
-28.451158
-27.727524
-28.4768
-29.427263
-29.99465
-30.728892
-31.03598
-27.609236
-28.862489
-29.202747
-29.430703
-30.720747
-30.841622
-30.412676
-30.399291
-29.922248
-32.231292
-28.714223
-28.665985

1.637
2.566
2.355
1.781
1.897
0.844
1.319
2.963
2.095
0.855
2.475
3.591
0.768
6.014
0.753
0.443
2.172
4.048
0.853
0.592
1.776
2.009
1.257
2.232
2.023
0.713
7.454
2.966
1.022
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20.053 £ 0.18
20.862 £ 0.276
21.377 £ 0.393
19.481 + 0.082
21.05 £ 0.32
20.553 £ 0.219
13.991 £ 0.006
21.557 £ 0.415
14.562 + 0.002
21.695 £ 0.367
22.211 £ 0.396
23 £ 0.442
18.616 £+ 0.039
21.257 £ 0.602
17.746 + 0.024
20.005 £ 0.052
20.13 £ 0.11
22.797 £ 0.385
20.426 £ 0.126
17.12 £ 0.023
21.087 £ 0.296
22.906 +£ 0.462
15.682 + 0.012
21.803 £ 0.436
21.944 £ 0.361
16.936 £+ 0.012
11.964 £+ 0.003
21.587 £ 0.362
18.692 £ 0.04

9.54E-14
9.54E-14
9.54E-14
9.54E-14
8.48E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
7.42E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
6.36E-14
0.3E-14
5.3E-14
2.3E-14
0.3E-14
5.3E-14
2.3E-14
5.3E-14
0.3E-14
5.3E-14
2.3E-14
4.24F-14
4.24F-14

-1.99 £ 0.48
-2.62 £ 0.46
-3.43 £ 0.47
-2.52 £ 0.53
-2.65 £ 0.58
-3.67 £ 0.58

-3.83 £ 0.55

-3.07 £ 0.61
-2.83 £ 0.61
-2.0 £ 0.62

-3.95 £ 0.7

-3.11 £ 0.7

-2.48 £0.74

-4.59 £ 0.68



CXB225
CXB226
CXB228
CXB231
CXB233
CXB249
CXB284
CXB287
CXB290
CXB293
CXB302
CXB308
CXB310
CXB334
CXB342
CXB354
CXB417
CXB419
CXB421
CXB422
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2.73
5.08
3.16
4.81
3.17
3.11
2.97
3.83
1.85
2.05
3.21
2.86
3.36
3.71
1.84
2.93
3.1
0.4
2.09
1.95

269.079865
269.061988
269.029966
268.920856
268.839614
268.123317
266.022923
263.390219
262.910405
268.710732
269.670584
269.525863
269.513506
268.888395
268.702924
268.377335
263.076092
262.924281
262.89641
262.820067

-28.47086
-28.963425
-28.541213
-29.123831
-28.572556
-29.669674
-32.121859
-30.533064
-30.496068
-29.336797
-27.902647
-27.783222
-27.574914
-29.030434
-29.363957
-29.684178
-30.364235
-30.597317

-30.30463
-30.321093

3.177
2.084
0.342
5.074
3.902
3.518
1.19
3.766
1.203
1.978
0.965
0.332
0.689
1.167
3.291
2.297
2.027
3.657
0.734
3.19

16.852 £ 0.013
21.826 £ 0.415
20.521 £ 0.133
21.6 £ 0.458
12.139 £ 0.002
18.897 £ 0.097
20.919 £ 0.261
13.119 £ 0.003
20.038 4= 0.14
19.756 + 0.201
16.029 £ 0.005
17.616 £+ 0.034
17.604 £+ 0.034
20.662 £ 0.163
16.884 £ 0.021
21.662 £ 0.406
17.089 £+ 0.018
22.021 £ 0.339
21.796 + 0.341
13.97 £ 0.002

4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
4.24F-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14
3.18E-14

-3.62 £ 0.84

-3.94 £ 0.82
-2.42 £ 0.81
-4.23 £ 0.8
-2.46 £ 0.83
-3.32 £ 1.0
-2.81 £ 0.98

-3.26 £ 1.0

-4.26 £ 0.98

Table A.1: All 269 GALEX/Chandra matches in this work, with columns as
follows: (1) Colloquial GBS name, (2) number of Chandra X-Ray counts, (3)
Chandra X-Ray error, (4)4(5) RA and DEC of Galex counterpart, (6) offset
between GALEX/Chandra positions, (7) GALEX magnitude in AB system,
(8) X-Ray flux using 1.06 x 1071? erg/s/cm?/photon conversion, (9) X-Ray to

V flux ratio for systems with an observed V magnitude.
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