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Abstract

Low mass X-ray binaries (LMXBs) are systems of compact stellar remnants
accreting from a low mass companion star. These systems show various levels of
mass transfer on various timescales. Many aspects of accretion in these systems
are still not fully understood, specifically the emission processes involved in
various states of mass transfer.

The population of LMXBs has been found to be orders of magnitude higher
(per unit mass) in globular clusters (GCs) compared to the Galactic field. This
overabundance has been explained as due to the formation of LMXBs by stellar
encounters in GCs.

In this thesis, we study GC LMXB populations, and the details of accretion
in these systems. First, we focus on the population of LMXBs and the role of
stellar encounters in their formation in GCs. We calculate model-independent
stellar encounter rates for 124 Galactic GCs, and show that core-collapsed
clusters tend to have lower numbers of LMXBs compared to other clusters
with similar values of the stellar encounter rate. Then, we focus on studying
accretion in LMXBs in various classes of systems (quiescent, transient, ultra-
compact and symbiotic). We provide evidence for the presence of low-level

accretion in the rise and decay of outbursts in transient LMXBs, and the ab-
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sence of low-level accretion in many quiescent neutron star LMXBs. Finally
we study two peculiar LMXBs, and show that one is an ultra-compact X-ray

binary, and another one is a symbiotic X-ray binary.
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Preface

This thesis is original work by Arash Bahramian, conducted under super-
vision by Craig O. Heinke. Chapter [2] has been published as A. Bahramian,
C. Heinke, G. Sivakoff, and J. Gladstone 2013, “Stellar Encounter Rate in
Galactic Globular Clusters”, ApJ, 766, 136. In this work, we calculate accu-
rate values for stellar encounter rate for 124 Galactic globular clusters and for
the first time, we estimate uncertainties on stellar encounter rates based on
observational uncertainties using Monte-Carlo simulations. I performed all the
data analyses, developed the simulation script, and wrote the paper. C. Heinke
planned the project, supervised my work, and contributed to the introduction
and discussion. G. Sivakoff and J. Gladstone provided suggestions and edits to
the manuscript.

In Chapter [3| we describe our discovery of the third transient X-ray binary
in globular cluster Terzan 5 and give details of our monitoring during this out-
burst. Our early detection of the outburst and continuous monitoring enabled
us to find the first direct evidence regarding presence of a thermal component
in rise (and fall) of an outburst in LMXBs. This chapter has been published as
A. Bahramian, C. Heinke, G. Sivakoff, D. Altamirano, R. Wijnands, J. Homan,
M. Linares, D. Pooley, N. Degenaar and J. Gladstone 2014, “Discovery of the
Third Transient X-ray Binary in the Galactic Globular Cluster Terzan 5”, ApJ,
780, 127. I performed all the data analysis in this chapter, and wrote the paper.
C. Heinke planned much of the work, supervised my analyses, and contributed
to the introduction and discussion. C. Heinke, D. Altamirano, R. Wijnands,
D. Pooley, and N. Degenaar wrote proposals for X-ray observations that were

used in this work. R. Wijnands first identified the outburst, and D. Altamirano

v



and M. Linares first identified the X-ray burst. All authors contributed to the

manuscript.

In Chapter 4. we search for evidence of low-level accretion in quiescent
(Lx ~ 10** erg s7') neutron star LMXBs (NS-LMXBs). We study X-ray
spectral changes in a sample of 12 NS-LMXB candidates in globular clusters
and we find no conclusive evidence for presence of accretion in any of these
source. These results adds to the evidence against presence of accretion in
quiescent NS-LMXBs. This was published as A. Bahramian, C. Heinke, N.
Degenaar, L. Chomiuk, R. Wijnands, J. Strader, W. Ho and D. Pooley 2015,
“Limits on thermal variations in a dozen quiescent neutron stars over a decade”,
MNRAS, 452, 3475. 1 performed all the data analysis in this chapter and wrote
the paper. C. Heinke proposed the initial project plan, obtained some of the
observations, supervised the work, and contributed to the introduction and
discussion sections. N. Degenaar, L. Chomiuk, R. Wijnands, and D. Pooley
wrote proposals for X-ray observations used in this work. W. Ho provided
calculations of helium neutron star atmospheres. All authors contributed to

the manuscript.

In Chapter , we study the X-ray (and radio) properties of one the first
Galactic globular cluster candidate black holes, 47 Tuc X9. Our spectral anal-
ysis indicates presence of overabundant photo-ionized oxygen in the system,
suggesting the companion is a C/O white dwarf and thus the system is an ultra-
compact X-ray binary (with an orbital period of <80 min). This, if confirmed,
makes 47 Tuc X9 the first detected ultracompact black hole X-ray binary. Ad-
ditionally, we find evidence for reflected X-ray emission in this system, which
given the source’s luminosity (~ a few x10% erg s7!), makes X9 one of the
faintest LMXB to show X-ray reflection. This paper is submitted to MNRAS,
as A. Bahramian, C. Heinke, V. Tudor, J. Miller-Jones, S. Bogdanov, T. Mac-
carone, C. Knigge, G. Sivakoff, L. Chomiuk, J. Strader, J. Garcia-Martinez,
and T. Kallman 2016, “The ultracompact nature of the the black hole candi-



date 47 Tuc X9”. I performed all of the X-ray analysis in this paper, had the
ideas for several of the analyses, and wrote the paper. The radio analysis in
this chapter was performed by V. Tudor and J. C. A. Miller-Jones. T. Kallman
and J. Garcia-Martinez produced spectral models that I used in my X-ray anal-
ysis. C. Heinke prepared the original project plan, secured some of the X-ray
data, supervised the work, and contributed to the introduction and discussion.
J. Miller-Jones and S. Bogdanov obtained radio and X-ray observations used
here. All authors contributed to the manuscript.

Finally in Chapter [0, we study X-ray and near infrared spectrum of a tran-
sient X-ray binary (XMMU J174445.5-295044). Through X-ray spectral anal-
ysis, we indicate that the accretor may be a neutron star (or less likely, a black
hole) and our infrared analysis indicates that the donor is a cold M giant. Given
the nature of the two stars in the system and sporadic nature of the outburst,
we conclude this system is a symbiotic X-ray binary. This chapter was pub-
lished as A. Bahramian, C. Heinke, J. Gladstone, R. Wijnands, R. Kaur and
D. Altamirano 2014, “Revealing a new symbiotic X-ray binary with Gemini
Near-infrared Integral Field Spectrograph”, MNRAS, 441, 640. I performed
most of the analysis in this chapter, and wrote the paper. J. C. Gladstone
assisted with analysis of the near infrared data. C. Heinke planned the project,
obtained the observations, and supervised the analysis. All authors contributed
to the manuscript.

A significant part of results presented in this thesis are based on observa-
tions obtained from the following observatories: Chandra X-ray Observatory
(in Chapters , , and, the Swift Gamma Ray Burst Explorer (in Chapters ,
and @, MAXTI all sky X-ray monitor (in Chapter , NuSTAR astrophysical
observatory (in Chapter , Gemini observatory (in Chapter@, and the Jansky
Very Large Array (in Chapter |5)).
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black (2000) spectrum is brighter at all energies, particularly at

higher energies; we attribute this to a difference in the power-
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cluding spectra from 11 epochs (see §4.3.4). The spectral fit for

CX9 shown here uses a hydrogen atmosphere model. Note that

there are still clear waves in the residuals (down at 2 keV, up

at 3, down again at 5 keV), indicating problems with the fit
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[5.3  Lightcurve of 47 Tuc X9 as seen by various telescopes since 1991. |

| Note that each panel has a difterent timescale. Green triangles |
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bunt and Hasinger, [1998), blue squares represent Chandra/ACIS
campaigns in 2000 (Grindlay et al., 2001), 2002 (Heinke et al.,
2005b)) and 2014-2015 (Bogdanov et al. [2016, this work). Red

2005 and January 2006 (Cameron et al., 2007) and black circles

show Swift/XRT observations (Linares & Chenevez in prep.).

I
I
I
I
| diamonds show Chandra/HRC' observations between December
I
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I
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| NuSTAR and ATCA is indicated with a red circle around the |
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Chapter 1

Introduction

1.1 Low-mass X-ray binaries

Low mass X-ray binaries (LMXBs) are systems in which a compact object
(white dwarf, neutron star or black hole) accretes matter from a low-mass
companion star (typically a main sequence star). This may occur through
Roche-lobe overflow (where material at the point on the companion star closest
to the compact object feels equal gravitational pull from both stars, and thus a
stream of matter leaks towards the compact object, Fig. or, for red giants,
wind-fed accretion (where the companion star produces a strong wind, a portion
of which is captured by the compact object). (High-mass X-ray binaries, which
are not the focus of this thesis, have a high-mass star, > twice the mass of our

Sun, as the donor star.)

LMXBs can be classified into persistent systems with X-ray luminosities
2,10 erg/s, in which accretion continues at high rates, and transient systems,
which show short (days to months) intervals of enhanced accretion as “out-
bursts”, followed by long (years to decades) periods of quiescence, with X-ray

luminosities ~ 103° — 1033 erg/s, and little or no accretion happening.



Companion star

Accretion disk

Figure 1.1: Illustration of accretion in an X-ray binary. Credit:
NASA/CXC/M.Weiss

Outburst The transitions between outbursts (Lx > 103 erg/s) and qui-
escence (Lx < 10% erg/s) in LMXBs are not fully understood. The main
obstacle in observational study of these stages is the limited sensitivity of mon-
itoring X-ray telescopes. During the rise, the X-ray spectra of LMXBs become
gradually harder, possibly due to increasing Comptonization of infalling mat-
ter. Although this has been postulated previously (Deufel et al., 2001), we
present the first observational evidence for this effect in Chapter [3] The rise
and spectral hardening continue until the LMXB reaches the “hard” or “low-
hard” state, with Ly ~ a few x10% erg/s. In this “low-hard” state, the X-ray
spectrum is dominated by a non-thermal component with substantial emission
between 1 and ~ 50-100 keV, thought to be produced by a Comptonized corona
around the compact object (e.g., see Mayer and Pringle, 2007)). Generally (but
not always), the low-hard state is followed by a brighter (Lx 21037 erg/s) “soft
state” (the “high-soft” state). In the high-soft state, the accretion disk reaches
in closer to the compact object, such that a larger fraction of the total lu-

minosity is radiated from the optically thick disk. Thus, the X-ray spectrum



becomes dominated by thermal blackbody-like emission from the disk, which
is predominantly below ~4 keV (e.g., see (Gierlinski et al) [1999). Figure
demonstrates the evolution of a typical outburst from an X-ray binary, and

Figure [I.3] shows an X-ray light curve for such an outburst.

Nature of the Donor One of the key factors affecting the length, brightness
and evolution of the outburst in LMXBs is the nature of the donor star, as this
then sets the orbital period, orbital separation, and thus the size and total
accumulated mass of the accretion disk. The donor may be a main sequence
star filling its Roche lobe (with orbital period of a few hours, up to a day),
or can be a cool red giant in a wider orbit filling its Roche lobe (period of a
few days, up to a month) or producing a strong wind (even longer periods).
In cases with a cool giant donor, if accretion is via the giant’s wind, these are
known as symbiotic X-ray binaries. Symbiotic X-ray binaries tend to show very
short outbursts (timescale of minutes to hours) as the accretion timescale is set
by the size of clumps of wind that interact with the compact object (Kenyon,
1986; [Belczynski et al., [2000). Yet another scenario is a white dwarf donor
star, which requires a very tight orbit (orbital period < 80 mins; Nelson et al.,
1986). Such systems are called ultra-compact X-ray binaries, which can show
either persistent and transient behavior (e.g., see Nelemans et al., 2010; Heinke
et al., 2013). In Chapter 5, we identify a transient LMXB in quiescence as
an ultracompact X-ray binary, by measuring the chemical composition of the

accretion disk.

Quiescent behavior In quiescence, X-ray emission from LMXBs typically
includes non-thermal emission with a spectral shape described by a power-
law (number of photons per energy bin goes as energy to a specified power,
e.g. N(E)=FE~?, where a is called the photon index). In black hole LMXBs
(BH-LMXBs), this non-thermal emission may be associated with the jet or

synchrotron radiation near the black hole (Plotkin et al.) 2013). In neutron
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Figure 1.3: Light curve of the 2015 outburst of the transient LMXB EXO
1745—248 (in the globular cluster Terzan 5) as observed by the MAXI/GSC
X-ray monitor in soft X-rays (4-10 keV) and Swift/BAT in hard X-rays (15-50
keV). The green arrow shows the time of initial detection of outburst from the
source. The blue dashed line indicates the point of the state transition from
low-hard to high-soft. Plot from [Tetarenko et al.| (2016a).

star LMXBs (NS-LMXBs), such power law emission was thought to be due to
continuing low-level accretion onto the NS, an accretion shock between infalling
matter and either the NS’s magnetosphere or a pulsar wind, or synchrotron
radiation from a pulsar wind nebula (e.g., Campana et al., |1998; Bogdanov
et al.l [2005; Chakrabarty et al.| [2014; D’Angelo et al |2015; |Archibald et al.|
2015; Wijnands et al| 2015)). Quiescent NS-LMXBs often show soft, blackbody-
like X-ray emission from the NS surface, which has been proposed to originate
either from heat deposited in prior outbursts escaping the surface (Brown et al.,
1998), or from continued accretion (Zampieri et al., (1995} |Zane et al., |2000).
In Chapter ] we study a sample of 12 candidate NS-LMXBs in quiescence
and suggest that low-level accretion in quiescence is an unlikely origin for the

thermal emission.

Nature of the compact object One of the challenges in the study of
LMXBEs is identification of the nature of the compact object. While there are
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lisecond pulsars and CVs. Plot from [Tetarenko et al.| (2016h).

observable signatures that require a NS accretor, like pulsations in the light
curve (from hot spots on the NS surface), thermo-nuclear bursts (from burning
of accreted material on the NS surface), and presence of a thermal component
in the quiescent spectrum (from the surface of the NS), absence of these sig-
natures does not necessarily imply a black hole nature for the accretor. One
of the major diagnostics to separate BH-LMXBs from NS-LMXBs is based on
the ratio of radio/X-ray luminosities of the system (Maccarone, 2005). BH-
XRBs show compact, partially-absorbed jet emission in quiescence (and in the
hard state during outbursts), making them brighter in the radio compared to
NS-LMXBs with similar X-ray luminosities (Gallo et al., 2003; Fender et al.,
2003, , see also Fig. [1.4). In Chapter [ we use this diagnostic to investigate

an ultra-compact X-ray binary in the core of globular cluster 47 Tuc.



1.2 Globular clusters

Globular clusters (GCs) are spherical collections of 10° to 10° stars orbiting
galaxies. These clusters are among the oldest structures in our Galaxy, dating
from the first epochs of star formation in the Galaxy, and generally have lower

abundances of most chemical elements than other stars born later.

Population of LMXBs in GCs Early observations have shown that the
formation rate of LMXBs (per unit mass) in GCs is orders of magnitude higher
than in the galactic disk (Katz, |1975, see also Fig. . This has been at-
tributed to the high stellar density in globular clusters. The stellar density in
the core of a globular cluster can reach a million times our local stellar den-
sity. While in the rest of the Galaxy, most LMXBs are formed through binary
evolution of primordial binaries, it has been shown that in GCs, the dominant
channel to form LMXBs is through encounters between stars. These scenarios
include tidal capture of another single star by a NS or BH producing a close
binary, exchange of a compact object into an already-existing binary, or the
collision of a compact object with a red giant, which tears off the outer enve-
lope of the red giant, leaving the compact object in a close orbit with the white

dwarf core of the red giant (Clark, [1975; Fabian et al., 1975} Sutantyo, (1975).

Stellar encounter rate in GCs To investigate the effects of GC properties
on populations of LMXBs, we can calculate a relative stellar encounter rate
(I') for different GCs. The stellar encounter rate depends on the density and
velocity dispersion profiles of the GC (Verbunt and Hut, [1987). A challenge in
the calculation of stellar encounter rates has been the conversion of observable
quantities to physical quantities (e.g., surface brightness profile to luminosity
density profile, and ultimately mass density profile). Additionally, propaga-
tion of observational uncertainties to the final results is a key step that was

not taken before. Comparison of simplified estimates of stellar encounter rates



Figure 1.5: Globular cluster Terzan 5 as seen in Optical (left) and X-rays
(right). Images not to the same scale. Terzan 5 has the highest stellar encounter
rate among all Galactic globular clusters and it contains a high number of
X-ray sources. Credit ESA/Hubble & NASA (optical) and Chandra/NASA,

Bahramian et al. (X-rays).

with the numbers of X-ray sources in different GCs indicate a strong correlation
between I" and the LMXB population in GCs (Pooley et al., 2003; Heinke et al.,
2003d). However, model-dependent assumptions for GCs and difficulties in in-
corporation of observational uncertainties made further progress challenging.
In Chapter [2| we present a complete catalog of model-independent stellar en-
counter rates and propagated uncertainties for 124 Galactic GCs. This catalog
paves the path for future studies on the effects of GC properties on formation

of LMXBs.

1.3 Observations of X-ray binaries

Multi-wavelength studies of X-ray binaries can help us constrain various prop-
erties of these systems. Below I summarize the wavelength bands focused on

in this thesis:



X-rays High energy emission from LMXBs is mostly produced by the ener-
getic viscous accretion flow near the accreting compact object (white dwarf,
neutron star, or black hole), due to the high temperatures in these regions. In
this thesis we used data obtained by the Chandra, NuSTAR, Swift and MAXI

X-ray observatories.

The principal detector technology for most of these observatories is a CCD
(charge-coupled device), wherein impacting X-rays eject a number of electrons,
which are read out and counted to estimate the energy of the event. Thus,
X-ray telescopes can measure the time, location, and energy of each photon,
though with limited precision. As focusing X-rays requires only small deflection
angles, and thus large focal lengths, focusing X-ray telescopes are limited in
their field of view, while X-ray monitors typically cover a substantial fraction of
the sky at once with the penalty of greatly reduced (factors of ~ 10%) sensitivity.
Combining X-ray monitors with focusing telescopes allows efficient scheduling,
in that new outbursts can be detected with X-ray monitors and then followed

up with focusing telescopes.

The Chandra X-ray observatory is a focusing, CCD-based telescope sensi-
tive in the soft X-ray range (0.1-10 keV, Weisskopf et al., 2002). It uses an array
of cylindrical paraboloid and hyperboloid mirrors to focus X-rays. Chandra has
two detectors: the Advanced CCD Imaging Spectrometer (ACIS) and the High
Resolution Camera (HRC, a microchannel plate detector). While ACIS has su-
perior sensitivity, spectral and angular resolution, it has limited time resolution
(typically 3.2 seconds) compared to HRC (microseconds). HRC has almost no
spectral resolution, however, while ACIS has moderate (A/(AX) ~ 10) spectral
resolution. ACIS is susceptible to pileupE], which can degrade data from bright
sources, while HRC can observe brighter sources without pile up. Chandra has
the best angular resolution (~ 0.5”) ever achieved in an X-ray observatory.

This makes Chandra the principal observatory for study of X-ray binaries in

'Pile up occurs when two photons are recorded as a single event.



crowded regions like globular clusters.

NuSTAR;is the first focusing hard X-ray (> 10 keV) telescope (Harrison
et al.| 2013). Prior to NuSTAR, due to the increased focal length required for
hard X-rays, the typical instrumentation for hard X-ray observatories involved
use of coded aperture mask imaging (e.g., the SPI instrument in INTEGRAL
observatory), which resulted in relatively low sensitivity and resolution. Supe-
rior sensitivity plus timing, focusing imaging, and spectroscopic capabilities in
a wide band (3 — 79 kev) of NuSTAR, make it the best hard X-ray telescope to
study the hard component (e.g., Comptonization and reflection) in the spectra

of X-ray binaries.

The primary mission of the Swift Gamma-Ray Burst Explorer is detection
and rapid (timescale of minutes) follow-up of gamma-ray bursts (Gehrels et al.,
2004). However, its effective monitoring and fast pointing capabilities have
been crucial in catching outbursts from X-ray binaries early in their outbursts.
Swift has three telescopes: the Burst Alert Telescope (BAT), a hard X-ray
telescope sensitive in the 15-150 keV band with a coded aperture mask. The
BAT’s wide field of view (1.4 steradians) makes it a great hard X-ray all-sky
monitor. Swift’s X-ray Telescope (XRT) is a soft X-ray telescope operating
in the 0.3-10 keV band with a CCD detector similar to ACIS. Its Ultravio-
let/Optical Telescope (UVOT) is sensitive in the optical and ultraviolet bands
(170-650 nm).

MAXI is an all-sky X-ray monitor on board the international space station
as a part of the Japanese Experiment Module (Isobe et al., 2007)). The principal
useful detector is the gas slit camera (GSC), which works in the 2-20 keV band
and has a wide field of view (0.05 steradians). MAXI has the capability to
observe the entire celestial sphere every 96 minutes, making it a crucial tool

for early detection of X-ray binaries in outbursts.
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Optical and near-infrared Optical and near-infrared (NIR) emission from
LMXBs are produced in cooler parts of the system, like the outer parts of the
accretion disk and the surface of the companion star. The emission from the
companion dominates the emission in these bands during quiescence. Thus,
optical and NIR spectroscopy (and to a lesser extent, photometry) can help
determine the nature of the donor, and search for signatures of accretion (e.g.,
hydrogen emission lines like Hay; see |[Fender et al. [2009; Beccari et al., 2014).
These studies can ultimately help us constrain the orbital period of the system,
and study the mechanisms involved in mass-transfer.

A major problem in the study of LMXBs in the direction of the Galactic
plane is the large interstellar absorption, which makes ultraviolet and optical
observations of LMXBs in the bulge and Galactic center region difficult. How-
ever, interstellar absorption affects the NIR significantly less than optical and
UV bands, making the NIR the preferred band to study the donor in highly
absorbed LMXBs.

The Gemini observatory, of which Canada is a partner country, consists
of two 8.1 meter diameter optical telescopes, one in the northern hemisphere
(Gemini North, located in Hawaii) and one in the southern hemisphere (Gemini
South, in Chile). The two observatories can collectively observe the entire sky.
Each of the two telescopes have multiple imagers and spectrographs sensitive
in the optical and the infrared. Each Gemini telescope also has an adaptive
optics system (ALTAIR at North, GeMS at South) that can be used (with
some infrared instruments) to rectify atmospheric distortions and enhance the
image/spectrum quality. In Chapter |§], we present our NIR spectroscopy of a
transient LMXB using the Near-infrared Integral Field Spectrograph (NIFS,
McGregor et al, 2002) mounted on Gemini North.
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Abstract

The high stellar densities in the cores of globular clusters cause significant
stellar interactions. These stellar interactions can produce close binary mass-
transferring systems involving compact objects and their progeny, such as X-
ray binaries and radio millisecond pulsars. Comparing the numbers of these
systems and interaction rates in different clusters drives our understanding of
how cluster parameters affect the production of close binaries. In this pa-
per we estimate stellar encounter rates (I') for 124 Galactic globular clusters
based on observational data as opposed to the methods previously employed,
which assumed “King-model” profiles for all clusters. By deprojecting clus-
ter surface brightness profiles to estimate luminosity density profiles, we treat
“King-model” and “core-collapsed” clusters in the same way. In addition, we
use Monte-Carlo simulations to investigate the effects of uncertainties in var-
ious observational parameters (distance, reddening, surface brightness) on I,
producing the first catalog of GC stellar encounter rates with estimated errors.
Comparing our results with published observations of likely products of stellar
interactions (numbers of X-ray binaries, numbers of radio millisecond pulsars,
and ~-ray luminosity) we find both clear correlations and some differences with

published results.
2.1 Introduction

Soon after the discovery of bright X-ray binaries (XRBs) (Lx > 10* erg/s)
in our Galaxy, it became apparent that they were overabundant (by a factor
of ~100 per stellar mass) in globular clusters (GCs). This overabundance
was attributed to the formation of XRBs by stellar interactions ((Clark, 1975).
Models of how neutron star XRBs could be produced dynamically include tidal
capture of a companion star by a neutron star (Fabian et al. 1975), collisions
of neutron stars with giant stars (Sutantyo, 1975), and exchange of neutron

stars into existing primordial binaries (Hills, |1976). These interactions depend
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on bringing two stars, or a star and a binary, close together, and thus depend
on the square of the stellar density. Gravitational focusing will bring stars
closer together and is reduced by the stellar velocity dispersion, leading to
a dependence of the stellar encounter rate (typically denoted T') on cluster
properties as I' < [ p?/o dV, where p is the stellar density, o is the velocity

dispersion and integral is over the volume.

Globular cluster stellar distributions have often been found to be accurately
described by lowered, truncated Maxwellian potentials, known as King models
(King, 1962, 1966). These models possess a core region of nearly constant
and a rapid falling off of density outside the core. The majority of past work
approximated the total I" of a cluster by only considering the summed I' within
the core, assuming a constant density in the core; thus 'y oc p?r3 /o, where 7.
is the physical radius of the cluster core. Additional approximations based on
King model profiles have been used, particularly when o is not well-known for
a cluster. In a King model profile, o oc p°®r., so T'y o p'®r? (Verbunt and Hut),
1987)). To date, even the most advanced calculations of I' that have integrated
p?/o have assumed the GCs follow a King model profile (e.g., [Pooley et al.|
2003)).

These estimates have allowed comparison of the stellar interaction rates
between different clusters in our galaxy, which showed that bright XRBs in
Galactic globular clusters are indeed most concentrated in the highest-I" clus-
ters (Verbunt and Hut| |1987; |[Verbunt|, 2003)). Although it is more difficult to
measure the surface brightness (SB) profiles of globular clusters in other galax-
ies, analysis of extragalactic globular cluster XRBs shows that they, too, tend
to be concentrated in clusters that show evidence of higher I' values (Jordan
et al., 2004; Sivakoff et al., 2007; Jordan et al.| 2007} |Peacock et al., 2009)). Evi-
dence for a weaker-than-linear relation between I' and the probability of hosting
a bright XRB in other galaxies (e.g., the nonlinear dependence of Jordén et al.

2004| can be explained by random errors in the measurements of cluster struc-
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tural parameters, Maccarone and Peacock 2011)).

In our own Galaxy, however, we have accurate radial SB measurements
of globular clusters, allowing precise estimates of I'. The number of bright
Galactic globular cluster XRBs is still too small for precise tests of stellar
encounter theories. However, recent X-ray, radio, and ~-ray observational ad-
vances provide large numbers of faint X-ray sources (Pooley and Hut, 2006]),
radio millisecond pulsars (MSPs, |Ransom|, 2008)), and integrated y-ray emission
that is presumed to arise from MSPs (Abdo et al, [2010). These results allow
detailed comparisons between I' and the progeny of stellar encounters, X-ray
binaries (both neutron star and white dwarf systems) and millisecond pulsars

(the descendants of X-ray binaries).

However, current literature calculations of globular cluster stellar encounter
rates only approximate the true density profile of the stellar cluster. The actual
density profiles of many clusters do not exactly fit King models-there are 29
clusters in the Harris catalog (Harris, (1996, 2010 edition; hereafter HC) with
designations of “core-collapsed”, or possibly core-collapsed. Core-collapsed is
an observational designation indicating that instead of showing a clear, flat
central core, the radial SB profile of a cluster continues to increases towards its
center. These observations are linked to theoretical models of a gravitational
instability that leads to a rapidly shrinking core (Meylan and Heggie, 1997),
although the definition of core-collapse used by theorists does not necessarily
coincide with the definition used by observers (compare Hurley and Shara/ 2012
and (Chatterjee et al.[2013)). In addition to core-collapsed clusters, many clusters
that have generally been considered to be well-fit by King models (e.g., NGC
6388) show radial SB gradients down to their centers, which are not predicted
by King models (Noyola and Gebhardt, |[2006). Calculations of stellar encounter
rates using different methods (e.g. T'y, Heinke et al.2003d; I'y, Maxwell et al.
2012; integration of p?/o of a King-model fit, [Pooley et al. 2003 can get

significantly different results, implying that the choice of method introduces
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a systematic uncertainty. This is a particular concern when considering how
observationally core-collapsed clusters compare to other clusters, as none of
the methods cited above use accurate descriptions of core-collapsed cluster
properties (e.g., King-model fits to core-collapsed clusters simply assume a
concentration parameter, ¢, of 2.5, which overestimates the SB gradient outside

the core).

Moreover, previous calculations of stellar encounter rates have not, to our
knowledge, quantified the uncertainties in their calculations. This makes it
difficult to understand, when comparing I' versus observations of close binaries,
whether uncertainties in the input quantities, such as reddening, distance, or

core radius (for I'y or I'y), cause scatter in the correlations.

Our goal in this paper is to rectify these two problems by calculating the
3-d radial luminosity density profile and integrating it to obtain an estimate
of I'. We then quantify the uncertainties in our calculations by Monte Carlo
sampling from distributions of the observational inputs. Finally, we compare
our results with some recent works to determine how our estimates affect the
correlation of stellar encounter progeny with stellar encounter rates. Note that
the goal of this paper is simply to perform an accurate computation of the sim-
plest stellar encounter rate estimate, and its errors. We do not attempt here
to include issues such as mass segregation, neutron star escape at birth, sub-
sequent binary destruction, dynamical evolution of GCs, finite lifetimes, etc.,
which have been discussed in several works (e.g. Verbunt and Meylan, |1988}
Verbunt, 2003; Smits et al. 2006 [vanova et al., |2008), as they do not yet
have simple, agreed-upon recipes that could be used to address these details.
We will model these effects in an upcoming paper, where we will draw further

conclusions about the dynamics of XRB production.
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2.2 Data reduction and analysis

To calculate T' based on [ p?(r)/o r2dr over several half-light radii, we need
the luminosity density profile (as a function of radius), and velocity dispersions
(ideally, also as a function of radius, but see below), along with estimates of

the distance modulus and extinction.

2.2.1 Surface Brightness Profiles

Our sample includes 124 Galactic GCs for which found published SB profiles.
For 85 GCs we used the SB profiles compiled by Trager et al.| (1995| hereafter
T95). These datasets were obtained from various ground-based observations,
mostly from the Berkeley Globular Cluster survey by Djorgovski and King
(1986). T95 indicate the quality of the datapoints with a weight and their best
data are labeled with weight=1.

Noyola and Gebhardt| (2006, hereafter, NG06) provide SB profiles for 38
GC, some of which are also listed in HC. In these overlapping cases, we use
the SB profiles provided by NGO06 as they were constructed from Hubble Space
Telescope (HST) observations, which are much higher resolution than ground-
based data and were processed with attention to reducing the influence of the
brightest (giant) stars.

The quality of the observed SB data varies strongly from one GC to an-
other (Fig. 2.1). For all GCs except Terzan 5 (see details below), we used
the Chebyshev polynomial fits provided in T95 or the spline fits provided by
NGO6, instead of the raw photometric data. Given both the noise in the SB
profile data and the strong dependence of our method on the derivatives of
the SB profiles, we used the smoothed profiles throughout this paper. As we
show in §2.3] for GCs where the data is of high quality this choice has little
effect on our calculations. For GCs with poor quality data, the Chebyshev
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polynomial fits lead to a smoother luminosity density profile that should be

more representative of the actual luminosity density profile.

For three GCs (Palomar 10, Terzan 7, and Tonantzintla 2) the T95 SB
profiles are uncalibrated. Following McLaughlin and van der Marel (2005), we
calibrated these profiles by assuming that their central SB values are equal to
the central SB values from the HC. For Terzan 7, in addition to calibrating
the data, we ignored the polynomial fit data for log riesec > 1.9 to avoid the
non-physical increase of the fit SB profile with radius. Such a problem can be
attributed to the lack of large-radius data points, and the high order of the
Chebyshev polynomial fit. T95 also present two sets of data for NGC 2419.

We choose the dataset which shows agreement with the central SB reported by
HC.

We estimated uncertainties on the SB profiles using the reported uncertain-
ties in the photometric data. For the NG06 SB profiles, we used the maximum
reported uncertainty in photometric data (requiring log acsec > 0). For the
T95 SB profiles, we used estimates of the photometric uncertainties calculated

by [McLaughlin and van der Marel (2005).

As all the profiles were reported as a function of angular radius, we first
calculated 1-D profiles as a function of physical radius using the reported GC
distances. To obtain 3-dimensional luminosity density profiles from the 1-
dimensional observational SB profiles, we used the non-parametric deprojection

of Gebhardt et al.| (1996) assuming spherical symmetry:

o(r) = —— /jo dﬁf) /—RciR_ 2 (2.1)

where u(R) is the 1-D SB profile as a function of projected radius (R) and
p(r) is the luminosity density as a function of deprojected (spatial) radius (7).
When calculating the luminosity density function, we first linearly interpolated

the (T95 and NGO6) fits to the SB profile to allow for a finer numerical integra-
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Figure 2.1: Illustrations of SB profiles with different qualities. N fit is the fit
provided by NG06. N photo are the photometric data points from NG06. T
fit is the fit provided by T95. T photo are the photometric data points with
weight=1.0 from T95.
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Figure 2.2: Interpolated surface brightness profile (top, interpolated from val-
ues given by NG06) and deprojected luminosity density profile (bottom) for
NGC 104.

tion. To integrate over the entire GC, we first set the central SB equal to the
innermost data point (a very small extrapolation). We then set the integration
upper limit to be the outermost available data point which is in all cases > 2.5
half-light radii, checking to ensure that this truncation did not affect our final
results. In some cases where the SBD decreases inside the core (e.g., due to
noise or contribution of light from giant stars outside the core), this integra-
tion yields a complex result. In all such cases, the imaginary component is less
than 107% the size of the real component. By ignoring this small imaginary
component, we can reliably calculate the radial density distribution. Fig. 2.2
shows the result of interpolation and deprojection for NGC 104, one of the

most well-studied clusters.
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Figure 2.3: Comparison of the modified central velocity dispersions from G02
(O Modified Gnedin = OGnedin/ 1.57) to those from HC for 62 GCs in common (values
in km/s). The line represents oo = opc-

2.2.2 Velocity Dispersion

We have full velocity dispersion (o) profiles for only 14 clusters (see Table
for these sources). For the remaining clusters, we only consider the central o
value. Since o falls off much more slowly than SB with radius in the cluster,
using the central o value for all radii produces very small changes in the inferred
[ (see . Our primary source for central values of ¢ and their errors was HC,
which compiles central velocity dispersion measurements for 62 GCs (opc). For
other GCs, we referred to theoretical estimates by |Gnedin et al.| (2002, hereafter
G02). For GCs where HC reports velocity dispersion, the G02 values are 1.57
times larger on average. So for the cases where HC does not report velocity
dispersion, we used modified values from G02, (omg = 0go2/1.57). Fig. [2.3
shows our comparison between the o values from G02 (modified) and HC for

the 62 clusters in common.

For GCs where HC reports velocity dispersion, we used estimations he pro-

vides for uncertainty in the velocity dispersion. For the rest of our sample, we

21



used the average fractional discrepancy between oy and opc for the 62 GCs

they both report, as our uncertainty o:

1 N o o 2
HC — OMG -
0= N E <—> ~ 0.32 (2.2)

OHC

For the 14 GCs where we had detailed velocity dispersion profiles, we could
compare the effects of assuming a constant velocity dispersion instead of using
the true velocity dispersion profile. For these clusters, we deprojected the 1D
velocity dispersion profile to a 3D profile making the assumption of spherical

symmetry. We used the non-parametric integration for deprojection:

(2.3)

L[ ) ik
r dR R? — 2

where 0,(R) is the projected 1D profile and o(r) is the deprojected 3D profile.
Since the velocity dispersion data had not been previously smoothed, we applied
a third-order interpolation prior to deprojecting the velocity dispersion. We
truncated the integration at the outermost data point. This method produces
a drop to zero at the outer radii, due to our choice of integration limits (choosing
the outermost data point instead of infinity). To check the overall validity of
the first method, we used a second method of deprojection assuming a discrete
sum of shells, where we set 0, and o to be equal in the outermost layer of the
GC (we omit the factor of V3 in converting from 1-D to 3-D velocities, as it will
be identical in all clusters, assuming isotropic orbits). By these assumptions,

we calculate a discrete sum for the projection:

_ > plri)a(ri)
op(fin) = =S (2.4)

where ¢ starts from the outermost radius and goes towards the center. Starting
from the outermost layer, we found values for the deprojected o at different

points and interpolated them as a function of . To compute I for these 14 GCs,
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Figure 2.4: Velocity dispersion profile for NGC 104. The solid line is the
projected profile, the dashed line is the deprojected profile obtained from the
sum, Eq. [2.4] and the dotted line is the deprojected profile obtained from the
integration, Eq. . Note that the core radius for NGC 104 is =~ 21”.

we used the deprojected profile obtained from the latter method. In Fig.[2.4] we
present a comparison of the projected o, profile and the deprojected o obtained
from both methods for NGC 104. In we discuss the effects on I' of using a

full deprojected o profile versus assuming a constant o throughout the cluster.

2.2.3 Distance Modulus and Extinction

To estimate luminosity density as a function of physical radius for GCs, we need
to calculate the physical radius using distance and angular radius. To calculate
distance and estimate uncertainties on it, we used values for the apparent
distance modulus D(m — M) and foreground reddening E(B — V') from HC.
Based on the different claimed measurements in the literature for a few GCs,
we assumed an uncertainty of 0.1 magnitude in distance modulus for all GCs
(except Terzan 5, see below). Following HC, we generally assumed a 10 %
uncertainty for the reddening, F(B — V'), imposing a minimum uncertainty of

0.01 magnitude for any cluster. We used Ay = Ry E(B — V) with Ry = 3.1
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to obtainthe extinction. Since Ry is not the same for all parts of the sky
(Hendricks et al., 2012; Nataf et al., 2013), we assumed a further uncertainty
of 10 % in Ry. For 3 GCs (AM 1, NGC 5466, and NGC 7492) HC reports
E(B —V) = 0.0, in these cases we used alternative sources to improve these
estimates. For AM 1 we chose 0.02 (Dotter et al., 2008), for NGC 5466, 0.02
(Schlegel et al., |[1998), and for NGC 7492, 0.04 (Schlegel et al., [1998).

2.2.4 Special case of Terzan 5

Terzan 5 is a highly extincted GC near the Galactic core that contains >
50 XRBs (Heinke et al., [2006b) and > 33 millisecond radio pulsars (Ransom
et al., 2005). This large population of sources makes it an ideal GC for more
detailed analysis. Although SB profiles are available in T95, we note that
higher quality data was available in Lanzoni et al.| (2010, hereafter L10), derived
using HSTobservations (ACS - F606W). However, L10 did not provide clear fit
parameters. As a result, we use their photometric data to derive SB (Fig. .
We assume an uncertainty of 0.2 magnitudes for the SB profile, as reported
by L10. Recently Massari et al.| (2012)) presented a high resolution reddening
map of Terzan 5. From their map, we find E(B — V) = 2.61 for the core of
Terzan 5 and used their estimate of Ry = 2.83 to obtain our Ay estimate. For
its distance modulus we used the value of (m — M),=21.27 from HC, which
with our Ay gives the same (m — M)y=13.87 as Valenti et al.| (2007) derive.
However, due to the uncertainty in measuring (m— M)y in this highly reddened

case, we assumed a conservative uncertainty of 0.2 for this quantity.

2.3 Stellar encounter rate, I'

To calculate T', we numerically integrated ap(r)?/o(r) using the luminosity
density and velocity dispersion profiles derived above, where a is an arbitrary

constant that was set by requiring the I" value for NGC 104 be equal to 1000.
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Figure 2.5: Available SB data for Terzan 5. T fit: fit provided by T95. T photo:
photometric data points with weight=1.0 from T95. L photo: Photometric data
from L10. In comparison L.10 shows a higher SB value for the core.

To ensure that the first-order interpolation of the fits to the SB profile were
appropriate, we recalculated I' using both second-order and third-order inter-
polation. This led to no significant differences in the final results (< 0.1 %

change).

To estimate the uncertainty in I', we performed Monte-Carlo simulations
of the I' calculation with different inputs. Our principal code is written in
Mathematicdl] and the average number of iterations for each GC was ~ 400.
We assumed gaussian distributions for the input parameters (distance modu-
lus, reddening, Ry, SB profile amplitude, velocity dispersion) with the reported
values as the mean value, and the reported uncertainties as the standard devia-
tions of the distributions. We used these distributions with caution, modifying
them when they were unphysical. For low values of extinction, the gaussian
distributions include negative values. For the velocity dispersion, values very

near to zero also produce unphysical results (since velocity dispersion is in the

thttp:/ /www.wolfram.com
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denominator in I' ~ [ p/o). So we did not run simulation for those values.

In the case of extinction, we required positive values, and in the case of ve-
locity dispersion, we required that the simulated velocity dispersion was within
two standard deviations (eq)2.2) of the measured velocity dispersion. For 2
GCs, NGC 7492 and NGC 5946, the reported uncertainties from HC on o
are more than 50 %, so for these two, we truncated the o distribution at one
standard deviation instead.

When the photometric data was of high quality, we found that integrating
this data directly gave similar results as integrating the fitted Chebyshev poly-
nomials. The differences in the final results were typically < 1 % (e.g. NGC
104). In Table we provide a comparison between I' calculated based on the
photometric data, and based on the Chebyshev fit for some of the GCs where
data were available from NGO6. In the few cases with a large difference between
the two values (e.g., NGC 5897, NGC 6205 & NGC 6254), the observational
data did not extend out to the outer portions of the GC. In these cases, by
truncating the Chebyshev fit profile to the outermost point of the photometric
data, we greatly reduce the difference in results; for NGC 5897 it drops to
26.7 % and for NGC 6254 to 13.2 %.

2.4 Results

The final T" values we report (Table are calculated based on the default
values for quantities described in For most clusters, the I' calculated
from the default values lies within 5% of the median of the histogram of T
values produced in our simulations (Generally the discrepancy between default
value and median of the distribution is caused by truncation of the input pa-
rameters distribution described in . Uncertainties in I" for each source are
calculated based on the histograms of I' values produced from our Monte-Carlo

simulations (Fig. . We identify the 1-o0 upper bound by increasing I' from
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GC thotometric 1—‘f'nf difference (%)

NGC 104 992.6 1000 0.7
NGC 1851 1637 1528 7.1
NGC 1904 115.6 115.7 0.9
NGC 2298 4.091 4.314 5.2
NGC 2808 882.8 922.9 4.3
NGC 5272 172.4 194.4 11.3
NGC 5286 449.0 458.0 1.9
NGC 5694 207.1 191.1 8.3
NGC 5824 1046.4 984.3 6.3
NGC 5897 0.2845 0.850 66.5*
NGC 5904 152.42 164.1 7.1
NGC 6093 268.24 531.6 6.9
NGC 6205 48.475 68.91 29.6*
NGC 6254 13.656 31.37 56.5%
NGC 6266 1827.1 1666.5 9.6
NGC 6284 670.77 665.54 0.8

Table 2.1: Comparison between I' calculated based on photometric data and
based on the Chebyshev fits to the SB profiles (from NGO06). Incompleteness
in the photometric data appears to explain the cases with a large difference
between the two I' values (marked by a *). In these cases, truncating the fit to
the region where photometric data is available reduces the difference in results.
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Figure 2.6: Results of Monte-Carlo simulations for NGC 104, showing the
number of trials giving each value for I'. Due to our choice of normalization,
the histogram is forced to be centered on 1000.

the median of the distribution upwards until we include an additional 34% of
the simulations, and similarly identify the 1-o lower bound. (Note that the T’
probability distribution is not necessarily a Gaussian.)

We also investigated the effects of assuming a constant velocity dispersion
profile by comparing the I' computed based on a constant ¢ profile versus the
actual measured (and deprojected) o profile for 14 GCs. For the purposes of
this comparison alone, we used the central velocity dispersion values reported
by these profiles as the value for the constant velocity dispersion calculations
(instead of the values from HC or G02). For deprojecting the observed velocity
dispersion profiles we used the method of sums described in Section 2.2.2] As
shown in Table [2.3] the difference between the results is always less than 15%,
and usually less than 5%. For the final values, for consistency, we used a
constant o for all GC for the calculations presented in Table and [2.5]

To have a complete set of calculations, we also included I' calculations and

uncertainty estimations based on the simplified equations (p*r2o. ! and pl-°r?)

for 143 GCs (19 GCs in addition to the main sample) using HC (Table[2.5). To
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do this, we used central surface brightness (in magnitude per arcsec?), u, extinc-
tion, distance modulus, estimated core radius, . and concentration parameter,
¢, to calculate central luminosity density, p.. Following the prescription from
Djorgovskil (1993):
100.4(26.362*#)
pm T (2.5)
P Te

where p = 1070:603x107°+0:302 anq r, is in parsec.

For velocity dispersion we used the central values that we aggregated from
the literature in §2.2.2] Similar to the method described in we did Monte-
Carlo simulations to estimate their effects on I". We assumed uncertainties on
extinction, distance modulus and surface brightness as before. We also assumed
an uncertainty of 5% for the core radius. Since the concentration parameter c
has little effect, we did not include any error on ¢. Comparing these simplified
values of I" to our main results, the differences are relatively small for many GCs
(Fig. . Although the value of I' for Terzan 10 calculated by the simplified
method (T'g) is extremely high, we found it to be untrustworthy. While HC

reports the core radius of Terzan 10 is ~ 0.9, inspection of a 2-MASS J-band
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image from the Infrared Science Archivef] suggests it is < 0.2".

2.5 Applications

2.5.1 X-ray sources

A significant difference between our results and previous works comes in the
case of core-collapsed clusters. For instance, Maxwell et al.| (2012)) derives
similar values for I'y, with differences principally arising in the core-collapsed
clusters (Fig. [2.8)).

Comparing our values for I' to results from Pooley et al. (2003) (which
calculate I' by integration over the half-mass radius assuming king models)
and |Fregeau| (2008, our calculations show that, at about the same values of I,
core-collapsed GCs have lower numbers of X-ray sources compared to typical
GCs (Fig. 2.9). This is in contrast with the results of [Fregeau (2008)). [Fregeau
(2008)) suggested that, contrary to previous thinking, most globular clusters are
currently still in their “early” contraction phase, and that only those clusters
observationally defined as “core-collapsed” have reached the binary-burning
phase. These clusters would then need to be currently “burning” binaries to
support themselves at their current core radius. The initial impetus for this
suggestion was the apparent excess of X-ray sources in three “core-collapsed”
clusters, NGC 6397, M30, and Terzan 1, compared to other GCs with similar
values of I'. This would be explained if X-ray binaries were created a few
Gyrs ago, at a time when non-core-collapsed clusters were substantially larger
and less dense, but core-collapsed clusters presumably were at their current
size. Thus, the I' relevant for producing the current X-ray sources in non-core-
collapsed clusters would be smaller than the currently observed I', as those

clusters will have contracted and become denser. Our calculations remove

http:/ /irsa.ipac.caltech.edu/
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the evidence for NGC 6397 and M30 having higher-than average X-ray source
numbers for their I" values. Instead our results suggest that core-collapsed
clusters underproduce X-ray binaries.

One cluster that may not fit with this picture is Terzan 1. This is a GC
that appears to be core collapsed, but its structural parameters are poorly
determined at present. However, its position near the Galactic centre suggests
an alternative scenario, that it may have been tidally stripped (Cackett et al.,
2006al).

Fig. indicates that, although the assertion about globular cluster evolu-
tion by |Fregeau (2008) may or may not be true, the numbers of X-ray sources
above 4x 103 erg s~! do not provide evidence for this assertion. Other evidence,
perhaps from comparing detailed Monte Carlo models of gravitational interac-
tions between stars with observed quantities (e.g., Chatterjee et al., [2013), may
illuminate this question. On the other hand, the X-ray sources in core-collapsed
clusters will experience substantial binary destruction (Verbunt, [2003)), which
may explain their rather different luminosity functions (Pooley et al., [2002;

Heinke et al.l 2003d; [Stacey et al., [2012).

2.5.2 Numbers of radio MSPs

Large numbers of radio MSPs have been detected in several GCs, with the
largest numbers in very high-I" clusters (Camilo and Rasio| [2005). Several
works have attempted to compare the numbers of MSPs in different clusters,
accounting for the detection limits of the surveys of each cluster, to determine
how cluster properties relate to MSP numbers (Johnston et al., [1992; Hessels
et al.l 2007; Ransom), [2008}; [Hui et al., |2010} |Lynch and Ransom) 2011} [Bagchi
et al. 2011). These analyses must estimate the radio luminosity functions
of cluster MSPs and the sensitivity of different surveys (involving complex
estimates of pulsar detectability). Perhaps the most sophisticated of these

is that of |Bagchi et al| (2011), which incorporates information from diffuse
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radio flux measurements (Fruchter and Goss, [2000; |McConnell et al.| 2004])
and summed v-ray emission (e.g. |Abdo et al. [2010; [Hui et al.|[2011; see also
below).

Bagchi et al.| (2011) calculate the most likely numbers of MSPs in 10 glob-
ular clusters, based on their simulations of the detectability of MSPs in these
clusters, and from the observations discussed above. They make the striking
claim that there is no compelling evidence for any direct relationship between
any GC parameter and the number of MSPs per cluster; in particular, they
claim that there is no correlation between I' and the number of MSPs. Bagchi
et al. (2011) use Pearson, Spearman, and Kendall statistical correlation tests,
and report the relevant coefficients and null-hypothesis probabilities. We note
that the null-hypothesis probabilities for the Spearman and Kendall tests for
correlation between their calculated I'" and the numbers of MSPs are 0.02 and
0.01, rather less than the typical 0.05 criterion for significance. However, the
Pearson test’s null-hypothesis probability is only 0.07, which does not provide
clear evidence of correlation.

Here we assume that their calculations of the numbers of MSPs are correct,
and recalculate these correlations using our new I' values. We use model 1
(FK06) from Bagchi et al| (2011)) for comparisons, as do they. In Fig.
and Table 2.4, we show and calculate the correlations between our values for
[' and their MSP population results. Our statistical correlation tests indicate
a very strong correlation between I' and the number of MSPs in a GC, with

null-hypothesis probabilities of no correlation below 0.013.

2.5.3 ~-ray fluxes

The Fermi v-ray Space Telescope’s Large Area Telescope’s unprecedented sensi-
tivity and spatial resolution to GeV ~-rays have allowed detection of numerous
radio MSPs as v-ray sources (Abdo et al., [2009clfa)), showing characteristic hard
GeV spectra with cutoffs around 1-3 GeV (Abdo et al., 2009a)). Fermi has re-
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(Cnae 6266 = 100).

cently detected gamma-ray emission from several globular clusters, including
47 Tuc and Terzan 5 (Abdo et al 2009b; [Kong et al., [2010; /Abdo et al., 2010),
showing similar y-ray spectra as radio MSPs, indicating that the observed ~-
ray flux is likely due to a population of y-ray-emitting MSPs. In many clusters,
no periodicities have been identified in the y-ray emission, indicating that nu-
merous MSPs contribute to the total emission, and thus that measurements of
the total y-ray flux can be used to estimate the number of MSPs in the cluster.
However, NGC 6624 shows a counter-example, where a single MSP dominates
the ~-ray flux (Freire et all) [2011), indicating that this method of estimating
MSP numbers has limitations. Recent claims of detections of y-ray fluxes from
globular clusters have been made for y-ray sources lying well outside the half-
mass radius of clusters, at low significance, and without evidence of spectral
similarity to radio MSPs (Tam et al) 2011). We do not trust that these y-ray

sources represent the MSP population of these GCs and therefore choose to
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evaluate the effects of our calculations of I' on the correlations between inte-
grated 7-ray flux and I" discussed by |Abdo et al.| (2010).

Abdo et al.| (2010) measured 7-ray luminosities and calculated I" for 8 GCs
to investigate for a correlation. Using their reported values for y-ray luminosi-
ties and our estimates for I'; we find evidence (i.e., the probability that such
a correlation occurs randomly is less than 10 %) for a correlation between the
two parameters (Fig. , Table , in agreement with the conclusions of
Abdo et al. (2010).

2.6 Conclusions

In this paper we calculated the stellar interaction rate I' for Galactic globular
clusters, directly deprojecting observed surface brightness profiles and then
calculating I o< [ p*/o dV. Previous calculations have used simplified relations

1.5,.2

such as I'y o p?r3/o, Ty o< plr2, or have assumed King-model structures to
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perform integrations of I" for clusters. Although our results are generally similar
to previous analyses, we find significant differences in several cases, particularly
for core-collapsed clusters, which we treat for the first time in the same way
as non-core-collapsed clusters. A major advance in this work is the calculation
of uncertainties in our final I' estimates, by using Monte-Carlo simulations to
incorporate the effects of observational uncertainties.

Comparing our I' calculations with observations of close binaries produced
by stellar interactions, we found strong evidence for correlations. This is in
agreement with most previous work, but we do find significant differences with
key recent results. Comparing our I' to the numbers of XRBs in a GC (Pooley
et al.l 2003} |[Fregeau, [2008), there is a suggestion that core-collapsed clusters
may have fewer XRBs than other GCs of similar I', in contrast to kregeau
(2008)). Comparing I" to the number of MSPs in GCs, we find extremely strong
correlations, in contrast to Bagchi et al.| (2011)). Finally, we found evidence for
correlation of I' with the total y-ray fluxes from GCs, in agreement with /Abdo

et al.| (2010).
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name Difference (%) Ref.

NGC 104 1.13 1)
NGC 288 2.86 (1)
NGC 362 2.63 (1)
NGC 2419 2.94 (1)
NGC 3201 5.00 (1)
NGC 5024 0.23 (2)
NGC 5139 1.32 (1)
NGC 6121 0.08 (1)
NGC 6218 14.7 (1)
NGC 6254 0.15 (1)
NGC 6341 2.56 (1)
NGC 6656 4.05 (1)
NGC 6809 7.89 (1)
NGC 7078 2.84 (3)

Table 2.3: Difference between I' calculated based on a constant velocity dis-
persion and the measured velocity dispersion profile. References for velocity
dispersion profiles - (1): Zocchi et al.[2012 (using their King model fits to the
profiles), (2){Sollima et al.[2012, (3):Murphy et al. 2011

Parameter XRBs!  Recycled PSs?  ~-ray flux®

Pearson r 0.942 0.745 0.589
p(>|r|) 4.5 x 107 0.013 0.124
Spearman r 0.770 0.863 0.670
p(>|r|) 0.009 0.001 0.068
Kendall 7 0.600 0.674 0.588
p(> |7]) 0.016 0.006 0.059

Table 2.4: Results of statistical tests for correlations of several different mea-
surements of close binaries with our calculations of I'. For all of these tests, the
p values show the probability that a correlation arises randomly. Given such
low probabilities, there is clear evidence of correlations in all cases. 1: [Pooley
et al.| (2003), 2: |Bagchi et al.| (2011), 3: |[Abdo et al.| (2010)
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Abstract

We report and study the outburst of a new transient X-ray binary (XRB) in
Terzan 5, the third detected in this globular cluster, Swift J174805.3-244637 or
Terzan 5 X-3. We find clear spectral hardening in Swift/XRT data during the
outburst rise to the hard state, thanks to our early coverage (starting at Lx ~
4x 103 ergs/s) of the outburst. This hardening appears to be due to the decline
in relative strength of a soft thermal component from the surface of the neutron
star (NS) during the rise. We identify a Type I X-ray burst in Swift/XRT data
with a long (16 s) decay time, indicative of hydrogen burning on the surface of
the NS. We use Swift/BAT, MAXI/GSC, Chandra/ACIS, and Swift/XRT data
to study the spectral changes during the outburst, identifying a clear hard-to-
soft state transition. We use a Chandra/ACIS observation during outburst to
identify the transient’s position. Seven archival Chandra/ACIS observations
show evidence for variations in Terzan 5 X-3’s non-thermal component, but
not the thermal component, during quiescence. The inferred long-term time-
averaged mass accretion rate, from the quiescent thermal luminosity, suggests
that if this outburst is typical and only slow cooling processes are active in the

neutron star core, such outbursts should recur every ~10 years.
3.1 Introduction

Transient low-mass X-ray binaries (LMXBs) experience long periods (often
years to tens of years) of quiescence. In quiescence matter flowing from the
companion builds up in the accretion disk, punctuated by outbursts when the
accretion disk crosses a pressure and temperature threshold, increases in vis-
cosity, and dumps large quantities of matter onto the accreting compact object
(e.g., see |Lasotal [2001} for a review). Their outbursts go through phases of
varying X-ray spectra. These phases are generally interpreted as indicating
the changing relative contributions of Comptonized optically thin emission vs.

blackbody-like emission from an accretion disk, as the accretion rate and ge-
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ometry change (e.g., Remillard and McClintock,, 2006; Done et al., 2007, for

reviews). These X-ray spectral states have been studied both for black hole
LMXBs, and for NS LMXBs (e.g., [Hasinger and van der Klis, 1989; |Gierliriski
and Done, 2002; Gilfanov et al., |2003; (Gladstone et al., 2007} |Lin et al., 2007),

which show an additional component from the NS surface.

The spectra of NS LMXBs in quiescence (Lx < 10% ergs/s) include thermal
radiation from the (usually hydrogen) NS atmosphere (blackbody-like;

et al) [1996; Rajagopal and Romani, 1996), and often a harder nonthermal

component, usually fit with a power-law (Campana et al., [1998)). Several NS

LMXBs have shown rapid, strong variability in quiescence indicative of accre-

tion events, which can sometimes be clearly attributed to variation in both

the thermal and power-law components (e.g., Rutledge et al., 2002b} |Campana)
et al., 2004; Cackett et al. 2010; [Fridriksson et al., 2011)). The thermal com-

ponent can be produced either by re-radiation of stored heat from the cooling

NS (Brown et al [1998)), or by low-level accretion (Zampieri et al.,|1995; | Deufel
2001), which produce similar spectra (Zampieri et al., [1995).
Studies of the spectra of black hole LMXBs during their decline from the

low/hard state into quiescence (as Ly falls below 10%® ergs/s) have found clear
softening (Corbel et al.l [2006, 2008, |Armas Padilla et al., 2013a; [Plotkin et al.)
2013)). The softening of black hole LMXB spectra has been interpreted as a

change in the origin of the X-ray emission, produced at low luminosities by

either a radiatively inefficient hot flow (Esin et al., [1997; Gardner and Done,
2013) or synchrotron emission from a jet (Yuan and Cui, 2005; Pszota et al.|
2008). A similar softening in the spectrum from the accretion flow occurs in

NS systems at similar luminosities, where emission from the NS surface can

play a role (Armas Padilla et al., [2011; Degenaar et al., 2013b} Linares et al.|

20TA).

Thermonuclear X-ray bursts burn accumulated hydrogen and/or helium on

the NS surface, producing blackbody-like emission with a rapid rise, cooling
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over timescales of seconds to minutes (Lewin et al., (1993} |Galloway et al., [2008).
X-ray bursts occurring in hydrogen-poor environments (either due to no hydro-
gen being present in the accreted material, or hydrogen being stably burned
during accretion) show different properties from those in hydrogen-rich envi-
ronments. The ratio of energy released by fusion in a burst to energy released
during accretion is lower for helium bursts compared to hydrogen bursts due

to the lower energy available from fusion.

Helium bursts generally have faster rise and decline times, since hydrogen
burning involves the CNO cycle and thus is limited by the speed of S-decays
(Fujimoto et al., |1981). Pure He bursts can be ignited in neutron stars that
accrete hydrogen at low mass accretion rates (e.g., Peng et al.|2007)), but neu-
tron stars known to be accreting hydrogen-poor material (ultracompact sys-
tems with white dwarf donors) never show evidence of hydrogen-rich bursts
(Galloway et al., 2008). Some bursts from ultracompact systems are relatively
long, but these “giant” (or “intermediate-duration”) bursts exhibit dramatic
photospheric radius expansion, thought to be produced by a thick layer of ac-
cumulated He, which can accumulate only at low (Lx <0.01Lg4) accretion

rates (in’t Zand et al., 2005).

Globular clusters are highly efficient at producing X-ray binaries through
dynamical interactions, such as the exchange of (heavy) NSs into pre-existing
binary stars, replacing the lower-mass star in the binary. Of perhaps 200 galac-
tic LMXBs known to have reached Lx~ 10%¢ ergs/s , 18 (including Terzan
5 X-3) are located in globular clusters, a factor of ~100 overabundance per
unit stellar mass compared to the galactic disk. LMXBs are concentrated in
the densest, most massive globular clusters, which have the highest predicted
rates of stellar interactions (e.g., Verbunt and Hut), [1987}; [Heinke et al., |2003d).
Studying the number and types of LMXBs in different globular clusters can
help us understand the dynamical processes that produce LMXBs in clusters.

For example, identifying multiple LMXBs in one cluster has implications for
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interpreting observations of X-ray emission from extragalactic globular clus-

ters (such as their luminosity functions), where multiple LMXBs cannot be

resolved (e.g., Sivakoff et al., [2007). Before Terzan 5 X-3, no more than two
bright LMXBs had been identified in any one globular cluster (White and An-|
gelini, 2001; Heinke et al., 2010; Pooley et al., 2010)).

Terzan 5 is a dense and massive globular cluster close to the center of our

Galaxy (d=5.9+0.5 kpc, [Valenti et al., 2007)), showing evidence of two separate

stellar populations of different iron abundances, ages and helium content

raro et al., [2009; D’Antona et al., 2010). Calculations of its stellar encounter

rate suggest it may produce more X-ray binaries than any other Galactic glob-

ular cluster (Verbunt and Hut| 1987; Lanzoni et al), 2010; Bahramian et al.|

2013)). This status is supported by the largest population of known millisecond
radio pulsars in any globular cluster, which are thought to be the descendants

of LMXBs (Ransom et al., 2005; Hessels et al.,2006). Terzan 5 also hosts more

than 50 known X-ray sources (Heinke et al., 2006b)), including a dozen likely

quiescent LMXBs (again the most numerous in any cluster).

Outburst of transient LMXBs have frequently been observed from Terzan
5 (Makishima et al.| 1981} Warwick et al., [1988; [Verbunt et al.| [1995)). Chan-
dra observed one such outburst in 2000 (Heinke et al., 2003a)), pinning down
the location of an LMXB called EXO 1745—2483, which was shown to have an

unusually hard spectrum in quiescence during later Chandra observations

jnands et al., [2005; Degenaar and Wijnands, |[2012). Another Terzan 5 outburst
was identified in 2002 in RXTE All-Sky Monitor data (Wijnands et al., 2002b)),

but no imaging observations were taken. In 2010 an outburst was seen from an
11 Hz pulsar, IGR J17480-2446 (Terzan 5 X-2, Bordas et al|2010; [Strohmayer|
and Markwardt|2010), leading to a variety of detailed studies of the orbit and

spin period, bursts, spectrum, burst oscillations, and evolution (e.g., Papitto

!Note that the true identity of the transient seen by EXOSAT in the 1980s (leading to
the EXO name) is not known.
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et al.) 2011; [Chakraborty et al., 2011; Miller et al| 2011; Motta et al., [2011;
\Cavecchi et al.l 2011} [Linares et al.l 2011}, 2012; Patruno et al., 2012; Papitto

et al., [2012; |Altamirano et al., [2012a). A Chandra observation identifying the

outbursting source (Pooley et al., 2010)) allowed follow-up observations to track

the crustal cooling of the NS (Degenaar and Wijnands| 2011; Degenaar et al.,

2011al, 2013al), while the even more precise moon occultation position (Riggio

et al), 2012) permitted identification of the near-IR counterpart (Testa et al
2012)). Another Terzan 5 outburst, in 2011, was identified as EXO 1745-248

through a Chandra observation (Pooley et al., 2011al), and showed a superburst

(a very long and energetic X-ray burst, thought to be powered by the burning

of a thick layer of carbon) at the beginning of the outburst (Serino et al., 2012;

‘Altamirano et al., 2012Db)

In this paper we identify and study the outburst of the third transient X-
ray binary in the globular cluster Terzan 5, Swift J174805.3-244637 (henceforth
Terzan 5 X-3). We detected this transient using Swift/XRT (Wijnands et al.|
, and identified spectral hardening in the rise of the outburst

2012), a Type I X-ray burst (Altamirano et al.,[2012d]), and the quiescent
X-ray counterpart in Chandra images (Homan and Pooley, 2012). In we

present the X-ray data used and describe our data extraction. In §3.3]we derive
the position of Terzan 5 X-3 by comparing observations before and during the
outburst, analyze the spectral variation of the persistent emission throughout
the outburst, study the properties of the thermonuclear burst, and analyze its

quiescent X-ray spectrum. Finally, we discuss our results in

3.2 Data Extraction

3.2.1 Swift/XRT

We monitored Terzan 5 up to a few times per week for part of 2012 with

the Swift/XRT, covering the 0.3-10 keV energy range (Burrows et al. [2005),
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as part of our monitoring campaigns of globular cluster X-ray transients (see
Altamirano et al. [2012b], Altamirano et al. in prep.). This monitoring enabled
us to observe the rising outburst of a new transient (and the 3rd known transient
LMXB in this cluster) first detected on July 6th, 2012 (Wijnands et al., [2012]).

We used Swift/XRT’s photon counting (PC) mode, which produces two-
dimensional images, and windowed timing (WT) mode for which CCD data is
collapsed into a one-dimensional image for fast readout. PC mode data should

be checked for pile-up when the count rate exceeds 0.5 count s—*.

Pile-up is
the recording of multiple photons as a single event, leading in the worst case
to rejection of all events from the center of the point-spread function, or PSF.
Our Swift/XRT observations include 22 observations during the outburst, with
8 observations in WT and the rest in PC mode (Table [3.1]).

We used HEASOFT 6.12 and FTOOLY (Blackburn), [1995) to reduce and
analyze the data. We reprocessed the data with the FTOOLS zrtpipeline and
manually extracted data for spectral analysis. We investigated every obser-
vation for pile-up, following the Swift/XRT pile-up threadﬂ and extracted
data from an annulus around the source in PC mode observations that suffered
from pile-up.We subtracted background from a circular region in the vicinity
of the source in all PC observations. The extraction region for WT data was
chosen to be a box around the event array (background subtraction was un-
necessary for these countrates), as discussed in the Swift/XRT data reduction
guidd’] We extracted spectra in the 0.5-10 keV bandpass using FTOOLS zse-
lect, and created ancillary response function (ARF) files for each observations
using FTOOLS zrtmkarf. We performed spectral analysis using XSPEC 12.7.1
(Arnaud} 1996)).

For heavily absorbed sources, WT data show low energy spectral residuals,

which look like a “bump” in the spectrum, and cause spectral uncertainties in

http:/ /heasarc.gsfc.nasa.gov/ftools/
3http:/ /www.swift.ac.uk/analysis/xrt/pileup.php
4http://heasarc.nasa.gov/docs/swift /analysis
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the < 1.0 keV regionﬂ. We compared Swift/XRT WT mode data to Chandra
data (§3.2.2)) taken within a few days, fitting them with the same model to find
the energy range in which discrepancies appear. Based on this comparison, we

ignored data below 1.4 keV in all WT observations during the outburst.

http://www.swift.ac.uk/analysis/xrt/digest_cal.php
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3.2.2 Chandra/ACIS

We observed Terzan 5 X-3 during outburst with Chandra/ACIS in full-frame
and FAINT telemetry mode with no grating (Obs. ID: 13708, PI: Pooley).
We also used Chandra archival data for our analysis of this source, details
of which can be found in Table 1. All archival observations were taken in
FAINT telemetry mode with the ACIS-S3 CCD at the focus. We analyze
Chandra/ACIS data in the 0.5-10 keV energy range.

Data was reprocessed using CIAO 4.4 (Fruscione et al., 2006)), with CALDB
4.4.8, following the standard CTAO science threads®] We used observations dur-
ing which all sources in the globular cluster were in quiescence. We reprocessed
the data, corrected the relative astrometry and ran CIAO reproject_events, and
then stacked the event files together using CIAO dmmerge.

Spectra were then extracted from both the archival and new data using
CIAO task dmeztract. Terzan 5 X-3 was heavily piled up in the new observation
(in outburst), and so we extracted a spectrum from the readout streak. Finally,
we combined all archival (quiescent data) using FTOOLS addsped} Combining

the quiescent data resulted in 240 ks of exposure time.

3.2.3 MAXI/GSC

The MAXI all sky X-ray monitor’s (Matsuoka et al., 2009) GSC' detector data
covers the 2-20 keV energy range, and one-day averaged light curves are publicly
provided in four bands: 2-4 keV, 4-10 keV, 10-20 keV and 2-20 keV (Mihara
et al.l 2011). We noticed two problems with MAXI/GSC light curves. Due
to the low spatial resolution of MAXI/GSC and bright sources in the crowded

field of Terzan 5, there is the possibility of background contamination from

nearby sources like GX 3+1 and GX 5-1 (Fig. [3.1)). Since these two sources

Shttp://cxc.harvard.edu/ciao/threads/index.html
"We found the results from CIAO’s combine_spectra and FTOOLS’s addspec completely
identical.
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showed stable X-ray brightness with no obvious variations in the MAXI/GSC
data during Terzan 5 X-3 outburst, the background contamination may lead
to a constant enhanced background.

We also noticed that MAXI/GSC light curves show periodic behaviour with
a period of ~ 35 days for various well-known stable X-ray sources (e.g., the Crab
nebula). This is caused by calibration issues regarding the 70-day precession
of the International Space Station’s orbit (MAXI team 2013, priv. comm.).
This problem principally affects the 2-4 keV data, with less effect on the 4-10
and 10-20 keV light curves. Thus we ignored the 2-4 keV lightcurves for this
research. We also ignored MAXI/GSC 10-20 keV band lightcurves, due to the
low statistical significance of Terzan 5 X-3’s detection there. We decontami-
nated the MAXI/GSC 4-10 keV lightcurve assuming a constant background
count rate of 0.023, calculated based on a weighted average of the count rates
before the outburst for a period of ~120 days, with the addition of a systematic
error based on the rms variations in the light curve before the outburst. We
used the corrected values of the statistical uncertainties in MAXI/GSC data,
as the MAXI team announced an erratum in the reported statistical uncer-
tainties on April 26, 2013 (MAXI team 2013, priv. comm.) noting that the

corrected uncertainties are a factor of 2 larger than previously reported.

3.2.4 Swift/BAT

The Swift/BAT telescope data covers 15-150 keV energy range (Barthelmy
et al.,|2005). We used daily light curves from the Swift/BAT transient monitor
results provided by the Swift/BAT team (Krimm et al., 2013). Data points on
these daily light curves are from Swift/BAT survey data and are represented
in a single band (15-50 keV). These points are the weighted average of all
observations performed each day. The Swift/BAT has better angular resolution
(20" vs. 1° FWHM for Swift/BAT vs. MAXI/GSC). Such an improvement in

the angular resolution limits the chances of contamination occurring. Although
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Figure 3.1: MAXI/GSC 2-20 keV images of the sky around Terzan 5 (the
red circle). Left: before Terzan 5 X-3 outburst. Right: During the out-
burst. MAXI/GSC data for Terzan 5 may suffer contamination from the nearby
sources GX 5-1 and GX 3+1 (blue dashed circles).

we cannot rule out some contamination, it seems reasonable that it does not
pose a serious problem. As such, it is not surprising that we do not see evidence
of contamination of the Swift/BAT data by nearby sources as is identifiable in

the MAXI data.

3.3 Analysis and Results

3.3.1 Position

We accurately and precisely located the position of Terzan 5 X-3, using the
Chandra/ACIS data. We compared the Chandra/ACIS observation taken dur-
ing the outburst and a stacked image of 7 Chandra/ACIS observations taken
when all Terzan 5 sources were in quiescence (§3.2.2] Table [3.1). We corrected
the astrometry in the outburst observation by comparing the positions (us-

ing the CIAO wavdetect tool) of three other sources in this observation with

their astrometrically corrected positions as reported in [Heinke et al.| (2006b)).

Using a weighted average of the required shifts (+0.23” for RA and +0.04”
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for Dec), we find the position of Terzan 5 X-3 to be RA= 17:48:05.41+0.02°
and Dec=—24:46:38.0£0.2", in agreement (20) with the published position of
the X-ray source CXOGLB J174805.4-244637 (Heinke et al.|2006b)), at RA=
17:48:05.41340.001% and Dec=—24:46:37.671+0.02" (Fig. |3.2)).

Figure 3.2: Chandra/ACIS observations of Terzan 5. Left: Stacked image
of observations during quiescence (Bottom of Table of all sources; total
exposure ~ 240 ks. Right: Outburst of Terzan 5 X-3 (Obs. ID 13708 with
exposure ~ 10 ks). The red circles and magenta diamond represent the core of
Terzan 5 (Harris, |1996]) and the position of Terzan 5 X-3, respectively (before
astrometric corrections to the outburst image). Blue circles identify additional
sources (CXOGLB J174804.7-244709 and CXOGLB J174802.6-244602) used
for constraining the hydrogen column density of Terzan 5 (§3.3.3)).

3.3.2 Phases of the outburst

We used MAXI/GSC and Swift/BAT hard X-ray transient monitor light curves
to study the evolution of Terzan 5 X-3’s outburst in the soft X-ray (4-10 keV,
MAXI/GSC) and hard X-ray (15-50 keV, Swift/BAT) bands. We converted
count rates into equivalent fluxes from the Crab Nebula to make these light
curves suitable for comparison. For this purpose, we used conversion coefficients
given for each instrumentﬂ: for the Swift/BAT hard X-ray transient monitor 1
Crab = 0.22 count cm™?2 sec™! and for the MAXI/GSC 4-10 keV band 1 Crab

8 MAXI- http://maxi.riken.jp/top/index.php?cid=000000000036 Swift/BAT-
http://swift.gsfc.nasa.gov/docs/swift /results/transients
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= 1.24 count cm ™2 sec™!. We plot the light curves for Terzan 5 X-3’s outburst
as seen by both MAXI/GSC and Swift/BAT, and their ratio, in Fig.|3.3

We distinguish four phases of Terzan 5 X-3’s outburst. (a) Rise: the hard
X-ray brightness of the source increases, the source eventually becoming signifi-
cantly detected in the soft X-ray as well. (b) Hard state: hard X-ray brightness
reaches its peak. (c) Soft state: soft X-ray brightness peaks while hard X-ray
brightness drops. (d) Decline: the source briefly gets brighter in the hard X-
ray again before turning off. Unfortunately there is insufficient data from the
MAXI /GSC during the decline of the outburst. Therefore, we are unable to

confirm that Terzan 5 X-3 returns to the hard state during its decline.

We used the soft X-ray (MAXI/GSC 4-10 keV, S) and hard X-ray (Swift/BAT
15-50 keV, H) lightcurves, to create a color-luminosity diagram (as an analogy
to a hardness-intensity diagram, Fender et al.|2004)) for the outburst (Fig.|3.4)).
We defined our color to be (H-S)/(H+S), and defined luminosity as (H+S),
converting count rates to luminosities in each band before their summation
or subtraction. We converted count rates to luminosities with the assump-
tion of a 5.9 kpc distance and power-law spectra, using power-law index values
inferred from Swift/XRT data spectral fitting ( We extrapolated the
MAXI/GSC 4-10 keV band flux to 0.1-12 keV and the Swift/BAT 15-50 keV
band flux to 12-50 keV, and calculated luminosities in the 0.1-50 keV band. We
cannot measure the spectral index above 10 keV, but since in the hard state
the spectra are typically reasonably described by a power-law up to 50 keV,
and in the soft state the flux above 12 keV is a minor contribution to the total,
this is unlikely to have a large effect. In the 0.5-10 keV band, the source was
bright for approximately 20 days, reaching a maximum luminosity of 7x1037

L'in this time interval. The

erg s—! and an average luminosity of 3x103" erg s~
evolution of the outburst and phases mentioned above can be clearly seen in
this color-luminosity diagram (Fig. |3.4). Spectral evolution during the out-

burst, including at fainter fluxes but with a more limited bandpass, can also
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be seen in Swift/XRT observations (§3.3.3).

3.3.3 Spectral analysis
Hydrogen column density of Terzan 5

The first step in our spectral analysis is constraining hydrogen column density
Ny, which we check by spectral analysis of multiple sources in the cluster.
Since the sources are located within 1’ of each other, we expect little vari-
ation in Ny along the different sightlines. Except for LMXBs observed at
high inclination, generally the measured Ny throughout an outburst appears
to be stable (Miller et al., 2009), so we assume that Terzan 5 X-3’s Ny re-
mains constant. We used Chandra/ACIS observations of Terzan 5 taken when
all sources were quiescent (Table . We extracted spectra of three of the
brighter faint sources in Terzan 5 (Terzan 5 X-3, CXOGLB J174804.7-244709
and CXOGLB J174802.6-244602; Heinke et al.|2006b, Fig. from each ob-
servation using CIAO dmextract and combined the extracted spectra for each
source. We fit these combined spectra, along with the Chandra spectrum of
Terzan 5 X-3 during the outburst, simultaneously. We used appropriate models
based on previous studies of each faint source (Heinke et al., 2006b)), confirmed
as acceptable fits. For Terzan 5 X-3 during quiescence, and for CXOGLB J
174804.7-244709, we used a NS atmosphere (NSATMOS, Heinke et al.|20064)
plus a power-law (PEGPWRLW). For CXOGLB J 174802.6-244602 we used a
power-law. Finally, for Terzan 5 X-3 during outburst, we used a disk model
(DISKBB) plus a thermal Comptonization model (COMPTT, Titarchuk|1994)).
We fit all these spectra simultaneously with a single value of Ny, using the
PHABS model in XSPEC, with |[Anders and Grevesse (1989) abundances, find-
ing Ny = 1.747005 x 10?2 cm~2. Individual spectral fits gave consistent results,
with differences below the 10% level. This value is consistent with the measure-

ments in Heinke et al.| (2003a), Wijnands et al.| (2005)), [Heinke et al.| (2006b]),
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and |Degenaar and Wijnands| (2011)), though not with the lower value of Miller
et al| (2011)F] and is consistent with the E(B-V) estimates in [Valenti et al.
(2007) and [Massari et al. (2012), using the [Giiver and Ozel (2009) relation to
Np. We note that Miller et al. (2011) fit a simple blackbody plus power-law
to the outburst spectrum of IGR J17480-2446 (Terzan 5-X2), which may lead
to systematic differences compared to more complex outburst spectral models.
We used our best-fit Ny value in the PHABS model, using default abundances,
for the rest of the spectral analysis throughout this paper.

For comparison, we also used the same procedure for constraining Ny using
the TBABS model (instead of PHABS), with |Wilms et al.| (2000) abundances,
finding an increase in Ny to 2.6 0.1 x 10*> cm~2. The remaining parameters
agreed within the errors with the results using our default absorption model,
indicating that for our level of analysis only internal consistency is required in

the choice of absorption model.

Outburst

The spatial resolution of Swift/XRT is such that we must account for possible
contamination due to emission form other XRBs in the cluster. To assess
these levels, we fit the spectra of pre-outburst observations (using the same
extraction region as for the outburst spectra), finding a background level of
Lx ~ 103 ergs/s. We used 6 Swift/XRT observations taken before the outburst
to estimate the combined spectrum from the other cluster sources. Due to the
low number of counts per observation, we combined their spectra. We fit the
resulting pre-outburst spectrum with an absorbed power-law model (Table
with Ny fixed to 1.74 x 10?2 cm ™2, based on the results in §3.3.3]

For our initial spectral analysis, we used an absorbed power-law model to

fit Terzan 5 X-3’s spectrum, including a second power-law component with

IMiller et al. (2011) report Ng=(1.1740.04)x10?? cm~2, though they do not report the
abundance scale they use.
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values fixed to the pre-outburst results to model the background (Table
Fig. . A simple power-law model provided a good fit to most of the spectra
(Table , while physically motivated complex spectral models could not be
well-constrained for the high-quality bright outburst spectra (see below), so
we focus on the results from power-law fits. This spectral analysis shows a
significant drop of photon index from 2.6+0.7 to 1.440.1 during the outburst
rise (Fig. , showing a clear hardening of the spectrum during the rise from
quiescence. During the hard state, the photon index shows no significant vari-
ations and is ~ 1.4. After the phase transition to the soft state, the photon
index softens to & 1.9, with significant variations and several poor fits.
Several spectral models have been suggested in the literature to model the
detailed spectra of transient NS LMXBs in outburst, see e.g., Lin et al.| (2007).
These models usually contain a soft component for the radiation from the
disk and/or boundary layer (i.e., a multi-color black body) and a hard com-
ponent for the radiation from the hot corona around the accreting object (i.e.,
Comptonized radiation). We attempted to perform analyses of Terzan 5 X-3’s
outburst spectra using a variety of complex models with multiple components
(e.g., DISKBB + COMPTT, BBODY+COMPTT, BBODY+BKNPOW). We
could not obtain strong constraints on the spectral parameters due to the lim-
ited energy band available and limited statistical quality of the XRT data. The
Swift/XRT WT spectra suffered particularly from calibration issues below ~1
keV(§3.2.1)). The Swift/BAT survey mode hard (>15 keV) X-ray spectra had
a low signal to noise ratio, which prohibited spectral analysis. We defer further
detailed spectral fitting, e.g. to clearly distinguish thermal vs. nonthermal

components, to future work.

Thermonuclear burst

During Swift/XRT ObsID 32148007, which started at 20:54:00 UT on 2012

July 17 we detected an eightfold count rate increase over ~ three seconds,
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starting at &~ 21:06:40, followed by a slower decline over ~1 minute (Fig.
bottom panel), suggestive of a thermonuclear burst (Altamirano et al., 2012c).
Using FTOOLS zselect, we divided the data from this observation into time
intervals of 4 seconds each. We extracted spectra from each time interval using

FTOOLS zselect and analyzed the spectra.

During this thermonuclear burst, the count rate reached ~ 160 count s—*.
There is a possibility of pileup in Swift/XRT observations in windowed timing
mode when the count rate exceeds 100 count s~! (Romano et al.|?2006). Fol-
lowing the Swift/XRT pile-up thread for WT data, we extracted spectra while
excluding increasingly large fractions of the central PSF. Doing this, we found
that the fitted photon index did not change, and thus we found no significant

signs of pileup in this observation during the burst.

We fit an absorbed power-law to the spectrum extracted from a pre-burst
interval, and considered this fit as a fixed component of the spectral model
for time intervals during the burst (cf., Worpel et al.|[2013} our statistics are
insufficient to determine whether this assumption is correct, and moderate
changes should not affect our conclusions). We fit an absorbed blackbody
model (BBODYRAD) to the burst emission, finding decent fits for all intervals,
and show the spectral evolution in Fig. [3.6, We find clear evidence of cooling
(between 770 - 790 s in Fig. , while the inferred radius remains essentially

constant. This is a clear signature of a thermonuclear burst, and thus of a NS.

We estimated the timescale of this burst using two methods. We fit an
exponential model (count rate oc e~¥™) to the light curve of the burst after
the peak, estimating the timescale 7 =~ 16 4+ 1s. Following |Galloway et al.
(2008), we estimated an alternative timescale for thermonuclear bursts 7 =
Evurst/ Fpeak, where Epy.q is the total fluence during the burst and Fpeq is
flux at the peak, finding 7 ~ 29s. |Galloway et al| (2008) divide bursts into
those with 75 longer than 10 s, and those with 7, shorter than 10 s. The

longer bursts are generally powered by hydrogen burning (with the exception
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of “giant” bursts involving photospheric radius expansion, which was not seen

here), and the short bursts involve only helium burning, since hydrogen burning

proceeds more slowly than helium burning (Fujimoto et all [1981; van Paradijs

et al., [1988; (Cornelisse et all) 2003)). Our measured burst timescale indicates

that hydrogen is being accreted, and thus that the donor star is hydrogen-rich,

which requires an orbital period 21.5 hr (e.g., Nelson et al.|[1986) and excludes
a WD donor.
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Quiescent behaviour

We used 7 Chandra/ACIS observations taken when all sources were quiescent
(Table to study the behaviour of Terzan 5 X-3 in quiescence before its
outburst. We extracted source and background spectra from each observation
using CIAO dmextract. We used a combination of a power-law (PEGPWRLW)
model and a hydrogen atmosphere for a NS (NSATMOS), with absorption
(PHABS) set to our preferred cluster value, the NS radius to 10 km, mass to 1.4
M, and distance set to 5.9 kpc. This model has been previously used to fit its
spectrum in one quiescent observation (Heinke et al., 2006b). To study possible
spectral variations, we simultaneously fit spectra from each observation in four
different Trials, each with different parameters free (Table : 1) constraining
the NSATMOS and PEGPWRLW components to have the same values between
all observations; II) letting only the power-law normalization vary between
observations, while constraining the NSATMOS temperature to be the same;
III) letting only the NSATMOS temperature vary between observations, while
constraining the power-law normalization to be the same; IV) letting both
the power-law normalization and the NSATMOS temperature vary between
observations. We found no evidence for variation in the power-law photon
index I between observations if we allowed it to vary. Therefore, we tied its
value between observations in each Trial (Fig. |3.7)).

Trial I gives a poor fit, with y*=116.3 for 76 D.O.F. An F-test confirms the
improvement from allowing the power-law flux to vary (Trial I to II), giving an
F-statistic of 6.0 and probability of 4 x 10~° of obtaining such an improvement
by chance. Alternatively, allowing the NS temperature to vary (Trial III) also
gives an improvement compared to Trial I (F-statistic of 4.2, chance improve-
ment probability of 1 x 1073). Letting both components vary is a substantial
improvement compared to allowing the NS temperature alone to vary (compar-
ing IIT to IV, F-statistic=2.27, chance improvement probability of 4.7 x 1072),

while letting both components vary is not preferred over allowing the power-law
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component alone to vary (comparing IT to IV, F-statistic=0.89, chance improve-
ment probability 0.50). Thus, we identify clear variation in the non-thermal

component, but no evidence for variation in the thermal component.

Rise of the outburst

We fit the Swift/XRT spectra from the rise of the outburst with a two-component
model including a thermal component (BBODYRAD in XSPEC) and a non-
thermal component (PEGPWRLW in XSPEC). We found good fits permitting
only the relative normalizations of the thermal and non-thermal components to
vary, with a photon index tied between observations (I'=1.1703) and a black-
body radius tied between observations (R=4.3"13 km). When the power-law
index is left free between observations, the values are consistent, though they
are poorly constrained in several spectra. Comparing our two-component model
fits (Table to our power-law fits (Table [3.2)), a clear improvement in the
fit is seen. Simultaneous fits to the first five Swift/XRT spectra of the out-
burst (listed in Table with an absorbed power-law (with the photon index
free between observations) give a reduced x? of 1.32 for 45 degrees of freedom,
while fits with an absorbed power-law plus blackbody give a reduced x? of 1.09
for 43 degrees of freedom. An F-test gives an F-statistic of 5.55 and chance
improvement probability of 0.007, supporting the addition of the thermal com-
ponent. [Protassov et al.|(2002) showed that the F-test is often inaccurate for
testing the necessity of adding an additional spectral component. We therefore
chose the spectrum with the clearest evidence of a thermal component (ObsID
32148004), which shows a Ax? of 6.1 between the power-law and power-law
plus thermal spectral fits (going from 12 degrees of freedom to 11). We simu-
lated 1000 data sets using a best-fit absorbed power-law model, and fit them
both with a power-law model and with a power-law plus thermal component
model. None of our simulations showed a larger Ay? than that produced by our

model, allowing us to conclude that the probability of incorrectly concluding
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that a thermal component is required is less than 99.5%.

This indicates that the hardening during the outburst rise is likely caused by
the decreasing relative contribution of a thermal component. With increasing
time, and thus with increasing L,, the fractional contribution of the thermal
component decreases, but its k'T' increases monotonically. In the next section,
we suggest that the thermal component is due to low-level accretion onto the

surface of the neutron star.

3.4 Discussion

3.4.1 Hardening during the outburst rise

We observed clear evidence of hardening of the spectrum during the outburst
rise from Ly ~ 4 x 1034 up to 103¢ ergs/s. We have evidence that this hardening
is due to the relative reduction in strength of a thermal component in the
spectrum with increasing brightness. This is the first time that such hardening
during the outburst rise has been detected, made possible by our program of
Swift/XRT globular cluster monitoring allowing early detection of the outburst
below Lx = 10% ergs/s. The trend of inferred photon index (for a fit to a
power-law model) versus Ly is clear from the data in the rise, and is consistent
with the data in the decay (which are not well-sampled below Lx = 10%
ergs/s); see Fig.

Softening during outburst decays has been seen from other (likely) NS
LMXBEs, in the Lx range of 103 — 1035 ergs/s, especially when the soft (<2
keV) X-ray energy range is included (Jonker et al.| [2003] |2004a; |Cackett et al.
2011; Fridriksson et al., 2011; Armas Padilla et al.| 2011} |2013c). RXTE ob-
servations have shown marginal softening during the decay of Aql X-1 down to
Lx =5 x 10* ergs/s (Maitra and Bailyn| [2004)), only in the part of the spec-
trum below 6 keV. RXTFE observations of SAX J1808.4-3658 showed almost no

spectral changes from Lx ~ 2 x 103 down to 2 x 10** ergs/s (Gilfanov et al.|,
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1998). These apparently contrasting observations are consistent if the soften-
ing is due to the increasing importance of the thermal component at lower Lx.
Evidence in favor of an increasing relative thermal component can also be seen
in Swift/XRT spectra of SAX J1808.4-3658 declining from Lx ~ 103¢ down
to 103 ergs/s (Campana et al., 2008)). Thus, we interpret the hardening we
observe in Terzan 5 X-3’s rise as due primarily to the decreasing importance
of a thermal component, rather than to the same physics responsible for the
softening of black hole LMXBs during their decay, which show a steepening
power-law spectrum (e.g., Plotkin et al., 2013)).

Comparing the spectra observed from Terzan 5 X-3 to those of other NS
LMXBs, we find a common pattern, that below Lx ~ 1 — 3 x 103 ergs/s a
thermal component is often required. For instance, Armas Padilla et al.| (2013b])
find, using XMM-Newton spectra, that two LMXBs at Ly = 1—10x10* ergs/s
require a strong thermal component, while this is not critical for another LMXB
at Ly ~ 10% ergs/s. Wijnands et al. (2002c), using Chandra find that SAX
J1747.0-2853, at Lx ~ 3 x 10% ergs/s, does not need a thermal component.
Armas Padilla et al.| (2013c|) measure a thermal component to comprise ~20% of
the 0.5-10 keV luminosity for a transient at Lx ~ 9 x 10%* ergs/s (using XMM),
with no evidence (from poorer Swift/XRT spectra) for a thermal component
above Ly = 2.6 x 10% ergs/s. |Jonker et al. (2003, 2004a) study the return to
quiescence of XTE J1709-267, finding a thermal component to comprise ~ 40%
of the flux at Lx ~ 4 x 103! ergs/s, increasing to > 90% at 2 x 1033 ergs/s.
All these results suggest that there is a physical transition operating around

Ly ~ 10% ergs/s which changes the energy spectra.

Such a transition can be provided by the declining optical depth of a hot
Comptonizing atmosphere, as seen in numerical calculations of NSs accreting
at low rates (Deufel et al., 2001; [Popham and Sunyaev, 2001). Deufel et al.
2001 show temperature profiles and emergent spectra for NSs illuminated by

high-temperature protons, such as are produced by radiatively inefficient ac-
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cretion flows. in their figs. 4 and 5 they show that the emergent spectrum is
a featureless Comptonized spectrum extending to ~100 keV above Ly ~ 1036
ergs/s, which develops a clear 0.5 keV thermal component at ~ 103 ergs/s,
and loses the Comptonized tail by 103 ergs/s. This transition is a strikingly
accurate match to our observations of Terzan 5 X-3’s spectral variations, and
to other NS transients discussed in the literature. However calculations of
Deufel et al. 2001 underpredict the observed hard power-law components seen
in many quiescent LMXBs at low Lx (< 103 ergs/s, including Terzan 5 X-3
in quiescence). This may arise from their not including the Comptonizing ef-
fects of the overlying accretion flow on the observed spectrum. |[Popham and
Sunyaev| (2001) compute solutions for a hot boundary layer, which becomes
optically thin for accretion luminosities below ~ 10%¢ ergs/s, suggesting that
some additional Comptonization can be performed by the accretion flow.

The temperature of the thermal component increases monotonically with
the total X-ray luminosity during the rise (Table 4), as expected if the thermal
component during the rise is produced by accretion. A correlation of thermal
component temperature with total luminosity has been suggested from compar-
isons of multiple sources (Armas Padilla et al., [2013c), but this measurement
clearly confirms this correlation in a single source. Furthermore, heating of the
NS crust by accretion during the outburst will give rise to a rapidly decaying
surface temperature at the end of the outburst (e.g., Cackett et al., |2006b).
This effect of an accretion-heated crust could be confused with changing ther-
mal emission from low-level accretion onto the NS surface during the outburst

decline, but is not an issue during the outburst rise.

3.4.2 Nature of donors in globular cluster X-ray binaries

The detection of a thermonuclear burst during this outburst showed that the
accreting object is a NS. Furthermore, the timescale of this thermonuclear burst

indicates that the accreted matter contains hydrogen, evidence that the donor is
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not a white dwarf. With this information, we are now capable of classifying 15
of the 18 known bright Galactic globular cluster LMXBs as either ultracompact
(P,p < 1 hour, accreting from a hydrogen-deficient and/or degenerate donor)
or not ultracompact (accreting from a nondegenerate, H-rich star). Five are
known to be ultracompact by direct detection of their orbital periods, and
seven systems are known not to be ultracompact by direct measurement of their
orbital periods. On the basis of X-ray burst behaviour indicative of hydrogen
burning (Galloway et al. [2008), another three systems can be identified as
not ultracompact (Table [3.5). (4U 1722-30, in Terzan 2, has shown some
evidence, by its persistent low-luminosity accretion and burst behaviour, in
favor of an ultracompact nature; in’t Zand et al.|2007.) Thus, the fraction of
observed bright globular cluster LMXBs that are ultracompact appears to be
between 28-44% (for 5 or 8 of 18). This fraction is believed to be higher than
in the rest of the Galaxy (Deutsch et al., 2000), but uncertainties in selection
effects mean that we cannot confidently extrapolate the true underlying fraction
of ultracompact systems and make clear comparisons to binary population

synthesis models (e.g., Ivanova et al., 2008).

3.4.3 Quiescent counterpart

We have identified the quiescent counterpart to Terzan 5 -X3 with the bright-
est previously suggested candidate quiescent LMXB in the cluster, CXOGLB
J174805.4-244637 (Heinke et al., 2006b). Our spectral analysis reveals evidence
for a variable power-law contribution to the quiescent spectrum over timescales
of years, but exhibits no evidence for changes to the thermal component. It
is fascinating to see clearly here that the quiescent spectral properties appear
to lie on a continuum with the outburst properties, with increasing hardening
from quiescence, through the early rise, up to the hard state at Ly > 103¢
ergs/s (Fig. [3.5)).

Chandra quiescent X-ray counterpart searches have now been performed for
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nine transient cluster LMXBs, of which the three with the faintest outbursts
have been identified with very faint (Lx < 10%? ergs/s) quiescent counterparts
(M15 X-3, Heinke et al.[2009a; NGC 6440 X-2, Heinke et al.[2010; IGR J17361-
4441 in NGC 6388, [Pooley et al.|2011b)), two have spectrally hard counterparts
with Lx ~ 10373 ergs/s (EXO 1745-248 in Terzan 5, [Wijnands et al.| 2005}
IGR J18245-2452 in M28, |Papitto et al|2013; |Linares et al.| 2014)), and four
have spectrally soft counterparts with Ly ~ 1032733 ergs/s (SAX J1748.9-2021
in NGC 6440, |in’t Zand et al.[2001; X1732-304 in Terzan 1,|Cackett et al.[2006a;
IGR J17480-2446 in Terzan 5, Degenaar et al.|2011a; and Terzan 5 X-3). These
identifications support the idea that the faint soft X-ray sources identified as
candidate quiescent LMXBs in globular clusters are indeed transient LMXBs,
between (relatively bright) outbursts (Heinke et al. 2003d; Wijnands et al.
2013)). The brightest of the faint soft X-ray sources should experience relatively
high long-term average mass accretion rates, which will cause relatively large
amounts of deep crustal heating and keep their cores warm. Such high mass
accretion rates suggest frequent outbursts, and thus it is comforting that we
have identified the brightest of the faint soft X-ray sources in the clusters NGC
6440, Terzan 5, and Terzan 1 with observed transients. The suggestion that
roughly half the quiescent LMXBs in each cluster are easily identifiable in short
Chandra observations by showing soft, primarily thermal X-ray spectra and X-
ray luminosities between 1032733 ergs/s (Heinke et al.| 2005a)) continues to seem

reasonable, though it remains unproven.

From the quiescent NS thermal bolometric luminosity (Lns (0.01-10kev) =
1.5 x 10%3 ergs/s, kT=118 eV at the surface) of Terzan 5 X-3, and its outburst
properties, we can make some general statements about its outburst history
or neutrino cooling properties, assuming that the quiescent thermal flux is
due to heat deposited in the core during multiple accretion episodes (Brown
et al [1998). We estimate the total mass transfer rate onto the NS during
this outburst by converting the daily MAXI/GSC 4-10 keV flux estimates (in
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Crab units) into 0.1-12 keV fluxes (assuming a power-law with photon index
set by the nearest Swift/XRT observations), converting the daily Swift/BAT
flux estimates into 12-50 keV fluxes (using the same power-law photon index
as for the MAXI data), adding these together, and assuming a 1.4 Mg, 10 km
NS. This gives us a total energy release over the outburst of 9x10%® ergs, and
a total mass transfer of 2.4x1071 M.

If we assume “standard” modified Urca cooling (Yakovlev and Pethick,
2004; Wijnands et al. 2013]), then we can estimate (using the quiescent NS
luminosity) a mass transfer rate onto the NS of M~ 3 x 10~'* M /year (though
this value might vary depending on the choice of crustal composition, e.g.
whether a thick light-element layer is present; Page et al.[2004). Assuming
this outburst is typical, we derive an average interval of ~8 years between
outbursts. If the average interval between outbursts were much longer than
10 years, then Terzan 5 X-3 would be brighter in quiescence than expected
under even the slowest cooling processes. One could attribute its quiescent
thermal luminosity to continued accretion, but our analysis of the quiescent
observations identifies no evidence for variability in the thermal component,
arguing against this explanation. All Terzan 5 X-ray outbursts since 1996
have been identified with their quiescent counterpart with arcsecond precision,

except one in 2002 (Wijnands et al., 2002b). The 2002 outburst had an average

1 1

luminosity of Ly ~ 2 x 103" erg s7!, peak Ly ~ 4 x 10%" erg s7!, and lasted for

~ 30 days (Degenaar and Wijnands, 2012). The 2012 outburst of Terzan 5 X-3
had a similar average luminosity of Ly ~ 2 x 103" erg s71, peak Ly = 7 x 1037
erg s, and lasted for 30 days above Lx ~ 103 ergs s~

RXTE/ASM detection limit for the 2002 outburst). We therefore suggest that

! (comparable to the

the 2002 X-ray outburst is likely to have also been produced by Terzan 5 X-3.

This would nicely fit the ~8 year recurrence time we inferred above.
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Figure 3.6: Spectral evolution during the thermonuclear burst of Terzan 5 X-
3, using blackbody fits. The first and second panels show the variation in
temperature and radius respectively. The third panel is the 0.5-10 keV light
curve of the burst. The significant drop of temperature around 770 - 790 s
shows evidence for cooling during the thermonuclear burst. The green line in
the second panel represents the weighted average radius. Error bars are 1-o
uncertainties. Time bins in the top two panels are 4s long.
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Figure 3.7: Extracted spectra from two of the Chandra/ACIS observations of
Terzan 5 X-3, compared to the fitted model (NSATMOS + PEGPWRLW in
XSPEC) from Trials I and II (Table[3.3)). The dotted line indicates the contri-
bution of the NSATMOS, while the dashed line indicates the contribution from
the power-law component, and the solid line is their sum. Spectral variations
are clear. Comparing Trial II to I fitting improvement can be seen.
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Abstract

In quiescent low-mass X-ray binaries (qLMXBs) containing neutron stars, the
origin of the thermal X-ray component may be either release of heat from the
core of the neutron star, or continuing low-level accretion. In general, heat from
the core should be stable on timescales < 10* years, while continuing accretion
may produce variations on a range of timescales. While some quiescent neutron
stars (e.g. Cen X-4, Aql X-1) have shown variations in their thermal compo-
nents on a range of timescales, several others, particularly those in globular
clusters with no detectable nonthermal hard X-rays (fit with a powerlaw), have
shown no measurable variations. Here, we constrain the spectral variations of
12 low mass X-ray binaries in 3 globular clusters over ~ 10 years. We find no
evidence of variations in 10 cases, with limits on temperature variations below
11% for the 7 qLMXBs without powerlaw components, and limits on variations
below 20% for 3 other qLMXBs that do show non-thermal emission. However,
in 2 qLMXBs showing powerlaw components in their spectra (NGC 6440 CX 1
& Terzan 5 CX 12) we find marginal evidence for a 10% decline in temperature,
suggesting the presence of continuing low-level accretion. This work adds to the
evidence that the thermal X-ray component in quiescent neutron stars without
powerlaw components can be explained by heat deposited in the core during
outbursts. Finally, we also investigate the correlation between hydrogen column
density (Ng) and optical extinction (Ay ) using our sample and current models

of interstellar X-ray absorption, finding Ng(cm™2) = (2.81 +0.13) x 10** Ay.
4.1 Introduction

Transient low-mass X-ray binaries (LMXBs) show occasional outbursts, sepa-
rated by periods of quiescence (typically months to years) in which their X-ray

1 and there is little or no

emission dramatically drops, to Ly = 1031-103 erg s~
accretion occurring. The X-ray spectra of quiescent LMXBs (qLMXBs) con-

taining a neutron star (NS) consist of a soft blackbody-like component (if fit
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with a blackbody, giving typical temperatures of 0.2-0.3 keV) and sometimes
an additional harder component, typically fit with a powerlaw, with photon-

index between 1 and 2 (e.g. |Campana et al., 1998, Rutledge et al.,[1999)). The

origin of the powerlaw component in these systems may be continuing low level
accretion onto the NS, an accretion shock between infalling matter and the

NS’s magnetosphere or a pulsar wind, or synchrotron radiation from a pulsar

wind nebula (e.g. Campana et al., 1998; Bogdanov et al., |2005). Recent X-ray

observations support boundary-layer emission from accretion onto the NS as
the likely origin of the hard powerlaw component at least in some sources (e.g.
Cen X-4 and PSR J1023+4-0038, (Chakrabarty et al.|[2014; |D’Angelo et al.[|2015
'Archibald et al.[2015; [Wijnands et al.2015]).

The blackbody-like component can be well-described by NS hydrogen atmo-

sphere models, with an implied radius consistent with theoretically predicted

NS radii (e.g. Rajagopal and Romani, [1996; Zavlin et al., [1996; Rutledge et al.,
1999, 2001). The soft component has been widely interpreted as the slow

(10* years) release of heat from the core of the NS, deposited through deep

crustal heating during previous episodes of accretion (Brown et all [1998)). A

nearly identical soft spectrum can also be created in the upper layers of the

NS atmosphere by low-level accretion (Zampieri et al., 1995; Zane et al., 2000)),

though the most detailed model predicts, in addition, an optically thin high-

temperature bremsstrahlung component (Deufel et al., 2001), which may be

identified with the powerlaw component (e.g. [Bahramian et al., [2014). How-

ever, low-level accretion at sufficiently high rates (corresponding to L ~ 1033

erg/s) could maintain metals in the atmosphere at abundances sufficient to

soften the spectrum, leading to an overestimate of R (Rutledge et al., |2002b)).

The question of the origin of the thermal component in qLMXBs is of intense
interest, since fitting the thermal spectra of qLMXBs in globular clusters is of-
ten used to measure the radius of NSs and place constraints on the dense matter

equation of state (Rutledge et al.|2002a; Heinke et al.|[2006a; Webb and Barret|
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2007; Steiner et al.|[2010, [2013; |Guillot et al.|2011} Servillat et al.|2012; |Guillot]
et al.[2013; /Guillot and Rutledge2014; [Lattimer and Steiner2014; Heinke et al.|
|2014|; |Ozel et al.||2016|; see also |Miller et al.||2013|). Confirmation that thermal

spectra of qLMXBs (especially those without powerlaw components) are not
produced by accretion would eliminate the possibility that metals remain in
the atmosphere, and thus eliminate a systematic uncertainty in this method of

constraining the NS radius.

At low accretion rates, the NS’s magnetic field is expected to exercise a

propeller effect, which retards the accretion of material onto the NS surface ([I1-

larionov and Sunyaev}, |1975). The mechanism is that ionized disc material will

become attached to the magnetic field lines when the magnetospheric pressure
exceeds the gas pressure; if this boundary (the edge of the magnetosphere) oc-
curs at a radius larger than the corotation radius, the material is accelerated to
velocities higher than the Keplerian orbital velocity, throwing it away, and pos-
sibly out of the system. On the other hand, simulations of low-level accretion
onto a magnetic propeller predict some material will reach the neutron star
manova et al., 2002} [Kulkarni and Romanoval, 2008}, [D’Angelo and Spruit, 2010,
2012). Pulsations have recently been identified from two (relatively bright)
qLMXBs, the transitional pulsars PSR J102340038 at Lx=3 x 103 erg/s, and
XSS J12270-4859 at Lx=5 x 103 erg/s, proving that matter accretes onto the

surface even though it seems to be in the propeller regime (Archibald et al.|

2015} [Papitto et al., 2015)). Detections of pulsations at low accretion rates from

X-ray pulsars (with known magnetic fields) in high-mass X-ray binaries also

suggest continued accretion in the propeller regime (e.g. Negueruela et al., 2000;

Reig et al., 2014]). Note that pulsations have not yet been detected from quies-
cent LMXBs other than transitional MSPs (D’Angelo et al.|2015; Elshamouty

et al., in prep.).

Thus, there is evidence that continued accretion can produce an X-ray spec-

trum consistent with the soft component in qLMXBs, by heating the NS surface
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(Zampieri et all, [1995; Zane et al. 2000; Deufel et al., |2001) and that contin-

ued accretion can continue at very low accretion rates. Testing for variability
is a promising method to constrain whether thermal emission from qLMXBs

is driven by accretion. X-ray emission driven by heat emerging from the core

should be stable on timescales ~ 10* years (Colpi et all, [2001; [Wijnands et al.|
2013)). For NSs that have undergone recent episodes of accretion, decays of the

thermal component are seen (e.g. [Wijnands et al., 2002a; |Cackett et al., 2008;

Degenaar et al., 2011b; Fridriksson et al., [2011)), attributed to heat leaking

from shallower levels in the crust, where it was deposited during the outburst

(Ushomirsky and Rutledge, [2001; [Rutledge et al.,2002¢)). This variation should

be a monotonic decline on a time scale of years/decades. Possibilities for vari-

ations of the thermal component without accretion, based on changes in the

chemical composition of the envelope, have been advanced (Brown et al., 2002;

Chang and Bildsten, 2004), but these do not predict significant changes on

timescales of years without intervening outbursts. Alternatively, if the thermal
component is caused by continuous accretion onto a NS, the temperature may

vary in either direction, on a range of timescales.

Strong evidence for variability of the thermal component of some qLMXBs
during quiescence has been reported for the transients Aquila X-1
et al., [2002b; (Cackett et al., 2011), Cen X-4 (Campana et al., 1997, 2004; |Cack-|
ett et al., [2010), XTE J1701-462 (Fridriksson et al., 2010)), and MAXI J0556-
332 (Homan et al 2014). Each of the transient qLMXBs that showed strong

variation in the thermal component also showed a relatively strong powerlaw
component, typically making up ~50% of the 0.5-10 keV flux (e.g. Rutledge
et al.l 2002Db; (Cackett et al.,[2010; Homan et al.,[2014)). So far, this is consistent

with the suggestion (Heinke et al.| 2003d)) that continued accretion is responsi-

ble for both the powerlaw component (at least for Lx>10% erg/s, W
2004al) and variability.

Globular clusters (GCs) are highly efficient factories for producing X-ray
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sources (~100 times more efficient than the rest of the Galaxy, per unit mass;

Katzl, |1975; (Clark, |1975).The densest and most massive globular clusters have

been shown by Chandra to contain multiple soft X-ray sources with Lx in the
1032-10%3 erg/s range, whose spectra strongly indicate that they are qLMXBs
(Grindlay et all, 2001} [Pooley et al., [2002} [Heinke et all, 2003alb; [Pooley et al.|

2003; [Maxwell et al) [2012). These can be discriminated from other sources

(spectrally harder cataclysmic variables, chromospherically active binaries, and

millisecond radio pulsars) through spectral fitting (e.g. Rutledge et al. [20024),

or through X-ray colours and luminosities (Heinke et al., |2003d; [Pooley and|
Hut], 2006). The majority of the candidate gLMXBs show no evidence for

powerlaw components in their spectra (Heinke et al., 2003d)). This may be a

selection effect, since it is easier to discriminate qLMXBs from other sources
if they show purely thermal spectra. Deep Chandra observations of globular
clusters identify a significant population of candidate qLMXBs with strong

powerlaw components, which require high-quality X-ray spectra to confidently

identify the thermal components (Heinke et al. 2005al), and half of the transient

cluster LMXBs followed up with Chandra are too faint, or too dominated by
a powerlaw component, for detection of a thermal component (e.g.
et al., 2005; Heinke et al., 2010; Linares et al., 2014)).

Several qLMXBs in globular clusters with thermal components have been
examined to search for variations between observations. Several show flux vari-
ations, but spectral analyses have permitted these variations to be driven only

by changes in the normalization of the powerlaw component (Heinke et al.
2005a; |Cackett et al., 2005; Bahramian et al., 2014)), or of obscuring material-

the latter especially in edge-on systems (e.g. Nowak et al., 2002} Heinke et al.|
2003c; [Wijnands et al. [2003). A few qLMXBs without detectable powerlaw

components have repeated deep observations with Chandra, permitting sensi-
tive measurements for variability; these include (with 90% confidence variability

limits) 47 Tuc X7, AT/T <1.0% over 2 years (Heinke et al., [2006a); NGC 6397
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U18, AT/T <1.4% over 10 years (Guillot et al.,[2011}; Heinke et al. 2014); M28
source 26 (no variation found, |Servillat et al., [2012) and w Cen, AT/T <2.1%
over 12 years (Heinke et al., 2014)).

We are interested in whether this lack of variability is the norm in ther-
mal components of globular cluster qLMXBs, and whether (if it is observed
anywhere) there is a correlation with the presence of powerlaw components.
Strong evidence that globular cluster qLMXBs without powerlaw components
are not variable would increase confidence in the assumptions used to derive
radius measurements for their NSs and obtain constraints on the dense matter
equation of state. We choose to focus on qLMXBs in globular clusters, since
globular clusters are the only places where we can find and study large popula-
tions of qLMXBs in single Chandra pointings (and with relatively low optical
extinction, compared to many qLMXBs in the Galactic Plane) and distances

to qLMXBs in globular clusters are known better than to the ones in the field.

In this paper, we analyze a sample of 12 qLMXBs in 3 globular clusters,
NGC 6266 (M 62), NGC 6440, and Terzan 5, searching for variations over
multiple observations spanning roughly a decade. Each of these dense globu-
lar clusters have at least 4 candidate qLMXBs, and multiple Chandra/ACIS
observations. When this work was in an advanced state, Walsh et al. (2015))
reported on the analysis of 9 similar sources in Terzan 5 and NGC 6440 as
considered here, though using fewer Terzan 5 observations, and not including
NGC 6266. We directly compare our results with those of Walsh et al., finding
general agreement. In §4.2] we describe our data reduction and analysis meth-
ods. In §4.3] we show the results of our analysis, and in §4.4] we discuss the

implications.
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4.2 Data reduction and Analysis

All datasets were obtained using ACIS-S in Faint, Timed Exposure mode. The
data covers a time span of 9 to 12 years for the GCs in our sample (Table 4.1)).
We used CIAO 4.6 (Fruscione et al., 2006) and CALDB 4.6.2 for data re-
processing following standard CIAO science threadsﬂ We chose known (and
candidate) LMXBs with more than ~ 60 photons (per epoch) for spectral anal-
ysis, resulting in a total sample of 12 sources. These targets are tabulated in
Table 4.2l We performed spectral extraction using the task specextract and
performed spectral analysis in the 0.3-10 keV energy range using HEASOFT
6.16 and XSPEC 12.8.2 (Arnaud, 1996). We combined (using the CIAO dm-
merge tool) spectra from observations which occurred within a month for our
targets in Terzan 5, to improve the spectral quality. We grouped each spectrum
by 15 counts per bin, and used chi-squared statistics for analysis. Details of
the spectral extractions and analyses for each cluster are discussed in §4.3] All

uncertainties reported in this paper are 90% confidence.

We fit the spectra with an absorbed neutron star atmosphere, plus a power-
law (if needed). We used the NSATMOS (Heinke et al., 2006a) NS atmosphere
model, with the NS mass and radius frozen to the canonical values of 1.4 Mg
and 10 km, the normalization fixed to 1 (implying radiation from the entire
surface), and the distance fixed to the estimated distance of the cluster (see
. In cases where this single-component model does not produce a good
fit, leaving significant residuals at high energies(>3 keV), a powerlaw compo-
nent (PEGPWRLW, with normalization set to represent flux in the 0.5-10 keV
range) was added to the model. In cases where it was unclear whether the fit
was improved by adding a second component, we checked this by an F-test. We
set the powerlaw photon index (I') as a free parameter when fitting datasets

where the data quality above 3 keV is high enough to constrain this quantity.

Thttp://cxc.harvard.edu/ciao/threads/index.html
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However, in datasets where the data quality is not sufficient to do this, we fixed
the photon index to 1.5, which is a typical value from LMXBs in quiescence
(Campana et al., (1998, 2004; [Fridriksson et al. |2011; Degenaar et al.| [2011b;
Chakrabarty et al.| [2014]).

We fit all spectra available for each source simultaneously. We tied the
Ny and powerlaw photon index to a single value for each source, and let the
NS temperature and powerlaw flux vary between observations. There is good
evidence that Ny does not vary during the spectral evolution of most LMXBs
(Miller et al., [2009). Although correlated variations in Ny and powerlaw pho-
ton index have been proposed to explain spectral variability in Aql X-1 in
quiescence (Campana and Stella), 2003)), such a model requires the powerlaw to
dominate over the thermal component of the spectrum, and forces the photon
index to (unreasonably) high values (> 2.5). Fitting individual high-quality
spectra of Aql X-1 (Cackett et al. 2011), SAX J1808.4-3658 (Heinke et al.,
2009b)), and Terzan 5 X-3 (Bahramian et al., 2014)) in quiescence gives consis-
tent values (within the errors) between epochs for both Ny and the powerlaw
photon index. Deep observations of Cen X-4 do show evidence for powerlaw
photon index changes (Cackett et al., 2010]), changing from ~1.7 in all obser-
vations where Lx < 2 x 1032 erg/s, to ~1.4 at higher Ly values (Chakrabarty
et al., 2014). |Fridriksson et al| (2010) also find evidence for variation in the
powerlaw photon index in XTE J1701-462, but only when Lx reaches > 2x 1034
erg/s, well above the range discussed here. Summarizing these observations,
when the total Lx does not vary by a large factor, the powerlaw photon index
appears to remain roughly constant. As we will see below, our observations do
not reveal large swings in Ly, so we feel that keeping a fixed powerlaw index

is justified.

As we are looking for relative variations in 7', to estimate the uncertainties
in the NS temperature and powerlaw flux, after initially fitting the Ny we then

froze Ny to its best-fit value. In cases where the source shows significantly
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higher Ny value than the average of the cluster, we investigated the possibility
of intrinsic absorption leading to variations in Ny (§4.3)).

We also search for signs of temporal variations during each observation for
all sources. (Due to the limited signal, we explore only total flux variations.)
We extracted background-subtracted lightcurves in 0.3-7 keV band for each
source using CTAO task dmeztract. Due to the faint nature of the sources in our
study, we binned each lightcurve by 1000 s. We used the FTools task lcstats to
perform chi-squared and Kolmogorov-Smirnov (KS) tests for variations. Since
we ran these tests on 80 lightcurves (all sources in our sample in all observations
used?)), we require a false-alarm probability below 5%/80=0.06% to identify
variability at 95% confidence (Note that null-results from a test do not prove

the source did not vary).

4.3 Results

4.3.1 Hydrogen column density

We constrained the hydrogen column density (Ny) for each GC using our
sample of LMXBs. In our primary analysis in this paper, we forced the Ny
to a single value for all observations of each source. We used the Tuebingen-
Boulder ISM absorption model (TBABS) with Wilms et al. (2000) abundances
and [Balucinska-Church and McCammon| (1992) cross sections. (We tested the
Verner et al.| (1996]) cross sections, and found no difference in our results). We
also tried using the abundances of Anders and Grevesse| (1989) for comparison
(see below). After constraining Ny values for each target, we calculated the
mean value for sources in each cluster. (We excluded Terzan 5 CX 9 from this
analysis due to possible intrinsic absorption—see ) We compare these

values with those produced by adopting reddening values, E(B-V), from the

2We excluded one of Terzan 5 observations (Obs.ID 13705) from this investigation due to
its short exposure (14 ks).
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Target ~ Obs. ID Date Exposure (ks)
NGC 6266 02677 2002-05-12 62
15761 2014-05-05 82

NGC 6440 00947 2000-07-04 23
03799 2003-06-27 24
10060 2009-07-28 49

Terzan 5 03798 2003-07-13 40
10059 2009-07-15 36
13225 2011-02-17 30
13252 2011-04-29 40
13705 2011-09-05 144
14339 2011-09-08 344
13706 2012-05-13 46
14475 2012-09-17 30
14476 2012-10-28 29
14477 2013-02-05 295
14625 2013-02-22 495
15615 2013-02-23 84F
14478 2013-07-16 29
14479 2014-07-15 29¢
16638 2014-07-17 72¢
15750 2014-07-20 23¢

Table 4.1: Chandra ACIS observations used in this study. A, B, C: We merged
spectra extracted from all observations marked A (and merged those marked
B, etc.), as they occurred close in time.
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Source CXOGIb J Lx
(10%%erg s71, 0.5-10 keV)

NGC 6266 CX4  170113.09-300655.43 4.540.3
NGC 6266 CX5  170113.10-300642.33 4.240.3
NGC 6266 CX6  170113.76-300632.48 3.9+0.3
NGC 6266 CX16 170112.58-300622.38 1.0+0.2
NGC 6440 CX1 — 10+1

NGC 6440 CX2 - 1441

NGC 6440 CX3 — 8+1

NGC 6440 CX5 — 7.4+0.8
Terzan 5 CX9 174804.8-244644 9.0£0.9
Terzan 5 CX12 174806.2-244642 7.0+0.8
Terzan 5 CX18 174805.2-244651 6.3+£0.6
Terzan 5 CX21 174804.2-244625 4.440.5

Table 4.2: Candidate LMXBs studied in this paper. Luminosities are based on
latest epoch used for each GC and are measured in this study. Reported uncer-
tainties for luminosities are 90% confidence and do not include uncertainties in
distance. References for source identification: This work (NGC 6266), Pooley
et al.||2002 (NGC 6440), (3) Heinke et al|2006b (Terzan 5).

Harris catalog (Harris, [1996 2010 revision) and the relation between Ny and

optical extinction (Ay) from Giiver and Ozel 2009):
Np(em™?) = (2.21 £0.09) x 10** 4y, (4.1)

(Table [4.3). The Ny values calculated from Ay using the relation of |Giiver
and Ozel (2009) agree nicely with fits to the X-ray spectra using the |Anders
and Grevesse (1989) abundances-which makes sense, as (Giiver and Ozel| (2009)
used Ny estimates from the literature on X-ray studies of supernova remnants,
most of which used |Anders and Grevesse (1989) abundances. However, Ny
values measured from spectral fitting using Wilms et al.| (2000) abundances are
~27 % higher than predicted using |Giiver and Ozel (2009). This makes sense,
because the [Wilms et al.| (2000) abundances are typically ~30% lower for X-ray

relevant elements. We therefore introduce a new relation between Ny and Ay,
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designed specifically for use with the Wilms et al.| (2000) abundances,
Np(em™?) = (2.81 £0.13) x 10** 4y (4.2)

where the error is the 1-0 scatter we measure in the relation from the fit. We
derived this equation from fitting a linear model to Ny values measured for 11
out of 12 sources in our sample (we excluded Terzan 5 CX 9 due to possible
presence of enhanced absorption). We also investigated the effects of including
dust scattering for point sources by adding a scattering model (Predehl et al.,
2003) to our spectral model, with Ay fixed to 0.117xNg/(10** cm~2). We
found that dust scattering causes a slight decrease of ~1% in the Ny values,
and thus increases the Ay -to-Ng conversion factor to 2.84x10%! cm=2. As this
work was being finalized, Foight et al.|(2015)) published their investigation of the
Ay-to-Ng correlation using optical vs. X-ray studies of supernova remnants,
also using Wilms et al.| (2000) abundances, which found the conversion factor

to be 2.8740.12 x 10*! ecm~2. This is in complete agreement with our results.

4.3.2 NGC 6266

NGC 6266 (M 62) is a massive dense globular cluster. At least 26 X-ray sources
can be identified in Chandra images of the cluster, of which 5 have been sug-
gested to be qLMXBs on the basis of their soft spectra and X-ray luminosities
(Pooley et al., [2003; [Heinke et al., 2003d). One of these (the brightest, and with
the hardest X-ray spectrum; reasonably fit by an absorbed powerlaw of photon
index 2.5£0.1) shows strong evidence (from its radio/X-ray flux ratio) for con-
taining a black hole (Chomiuk et al. 2013). We use two deep Chandra/ACIS
observations (Table to study the other 4 soft candidate qLMXBs, which we
name CX 4, CX 5, CX 6, and CX 16 (ordering the detected sources by Chandra
countrates). In the 2002 observation, the cluster core is 2.5 arcminutes off-axis,

and the sources have visibly elongated point-spread functions. To address this
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issue, we used elliptical extraction regions of the same size for all sources. The
2014 observation was performed on-axis, so we used circular extraction regions.
We show images of these observations and extraction regions in Fig. .1 We
ran wavdetect to determine accurate positions and brightnesses of these X-ray
sources, and corrected the astrometry by applying coordinate shifts to match

the radio and X-ray positions of M62 CX1.

We assumed a distance of 6.8 kpc, and a reddening of E(B-V)=0.47 mag,
for NGC 6266 in our analysis (Harris, (1996, 2010 revision). Assuming Ry =3.1,
this reddening gives Ay, =1.46 mag. The Ay /Ny relation of |Giiver and Ozel
(2009) which is based on Anders and Grevesse (1989)) abundances, predicts
Np=3.2x10?" cm™ for this cluster based on Anders and Grevesse| (1989)
abundances; in §4.3.1] we use Ny values measured from our spectral anal-

ysis of X-ray observations to derive a new relationship between Ny and Ay,

Np=2.8 x 1021 Ay, specifically for use with the Wilms et al.| (2000) abundances.

Due to the relatively low interstellar absorption and reasonable fluxes of our
targets, the spectra from this cluster are of high quality (Fig. [4.2] top left). We
found no evidence of temperature variations in these objects (Table . For
three of our targets (CX4, CX5 & CX6) we constrain temperature variations
to less than 5%. For CX16 this limit is < 10% due to its faintness.

NGC 6266 CX4 is the only candidate qLMXB in NGC 6266 that shows
evidence for a powerlaw component (Table . To constrain the contribution
from the powerlaw, we fixed the photon index to 1.5 due to the limited spectral
quality at higher energies. We notice that there is a hint of a faint source
~ 1" from CX4 (southwest of CX4, visible when the image is over-binned).
To address this, we performed a second set of spectral analyses with a smaller
source extraction region excluding the region of the possible nearby source, but
we found no significant spectral changes suggesting the non-thermal emission is
therefore intrinsic to CX4 (Table 4.4] contains fits performed with the standard

extraction regions).
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Figure 4.1: X-ray (0.3-7 keV) images of NGC 6266 as seen by Chandra-ACIS in
2002 (left) and 2014 (right). Source extraction regions are represented by solid
circles/ellipses, and background extraction regions are represented by dashed
circles. In the 2002 observation, the centre of NGC 6266 was located 2.5 ar-
cminutes off-axis. To account for the distortion of the point-spread function
this offset induced, we used elliptical extraction regions for that observation.

We searched for short (~1000 s) timescale temporal variations in each ob-
servation by performing chi-squared and KS tests, and found no evidence of
variation for any of our targets in NGC 6266. No source shows probability of
constancy less than 0.06% which is the 95% confidence range when considering

all trials (80, for all sources in this study).

4.3.3 NGC 6440

NGC 6440 is a moderately extinguished GC near the Galactic center. There
are at least 25 X-ray sources identified in this cluster, of which two are known
transient LMXBs (NGC 6440 CX 1 = SAX J1748.9-2021, [in’t Zand et al./|1999,
2001} [Pooley et al.|[2002; Bozzo et al. 2015, NGC 6440 X-2, Altamirano et al.
2010; Heinke et al.[2010]). This cluster is 8.5 kpc away and has a reddening of
E(B-V)=1.07 (Harris, [1996). We used three long Chandra/ACIS observations
of this cluster, obtained in 2000, 2003, and 2009. We study the four brightest
identified qLMXB candidates in or near the core of this cluster, CX 1, CX 2
(not to be confused with the AMXP denoted as NGC 6440 X-2, which is not
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Figure 4.2: Examples of extracted spectra; top panels show data (crosses) and
model (line). Different colours represent different epochs. Note that in addition
to changes in the source, changes in the detector may alter the observed spec-
trum (these changes are included in the model). Top left: NGC 6266 CX4 (see
§44.3.2)). Only two Chandra/ACIS epochs are available, but the spectral quality
is high. Top right: NGC 6440 CX1 (see §4.3.3). The black (2000) spectrum
is brighter at all energies, particularly at higher energies; we attribute this to
a difference in the powerlaw component, and possibly the thermal component.
Bottom left & right: Terzan 5 CX9 & Terzan 5 CX12 respectively, including
spectra from 11 epochs (see . The spectral fit for CX9 shown here uses a
hydrogen atmosphere model. Note that there are still clear waves in the resid-
uals (down at 2 keV, up at 3, down again at 5 keV), indicating problems with
the fit (though the x? is formally acceptable, 87.42 for 87 dof). These residual
patterns are not completely eliminated in a helium atmosphere model, though
they are reduced. CX12 shows evidence for a strong powerlaw component in
this fit, as well as evidence for variation in soft X-rays (particularly in the 4th
observation, taken in April 2011, colored dark blue here).
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detected in deep quiescence, e.g. Heinke et al.[|2010), CX 3, and CX 5, which
were identified as likely qLMXBs by [Pooley et al.| (2002).

The Chandra/ACIS observation of NGC 6440 in 2009 occurred while NGC
6440 X-2 was in outburst (Heinke et al., |2010)) and the image is severely piled-
up in the vicinity of this source. However, we were nevertheless able to use
this observation for spectral analysis of qLMXBs, as NGC 6440 X-2 is located
further away from the core of the cluster (~ 12”) and the outburst was relatively
faint (peaking at ~ 1 x 103 erg s™'). We addressed the contamination from
the X-2 outburst on affected sources (CX 1, CX 2 & CX 3) by extracting
background spectra from multiple regions at the same angular distance as the

target from X-2. Our targets and chosen extraction regions are shown in Fig.

4.3l

Two of the sources in this cluster (CX 1 and CX 3) show excesses at high
energies to the NSATMOS fits, so we added a powerlaw component to their
spectral models. In both cases, we froze the powerlaw photon index to the value
found in the best fit to all three observations. We also note that there is a hint
for the presence of a very faint source near CX 3 (~10 times fainter than CX 3,
south of it, visible when the image is over-binned), however it does not affect
the spectrum. The results of our spectral analyses for NGC 6440 are tabulated
in Table Walsh et al. (2015) measure powerlaw contributions consistent
with our results for CX 2 and CX 3 in both 2003 and 2009 observations; We
note that our extraction regions might differ from the ones chosen by Walsh
et al.| (2015)) as they do not discuss their choice of extraction regions. This is
specially important due to the large and spatially varying background from the
outburst of NGC 6440 X-2.

From our sample, CX 2 and CX 3 show no evidence of variation in the
NS temperature. This is in general accord with the results of Walsh et al.
(2015). These authors include a short (4 ks) Chandra/ACIS observation of
NGC 6440, 12 days after our 3rd observation, and find that the flux increases
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in this observation for CX 5. If the spectrum is assumed to consist of only a
NS atmosphere model, then the NS temperature must have increased in CX 5.
However, [Walsh et al. (2015) note that, since CX 5’s spectrum may contain a
powerlaw in this observation, the variability cannot be conclusively attributed
to changes in the NS temperature. We find no evidence for variation in the
spectrum of CX 5 between 2000 and 2009. We also detect the presence of a

weak powerlaw component in the 2000 epoch at 1.7 o.

We found possible evidence for thermal variations in CX 1 in quiescence
(Fig. [.2] top right). We significantly detect a powerlaw with photon index
1.742 in the 2000 observation, but not in the 2003 or 2009 observations. Fixing
this powerlaw index to the best-fit index, our best fit finds a —1077% change in
temperature from 2000 to 2003, with the 2009 observation consistent with the
2003 observation (Table . This marginal evidence for variation suggests
the presence of continuing accretion during the 2000 observation (plausible
considering that CX 1 erupted into outburst two years before, and one year

after, the 2000 observation, in’t Zand et al. [2001]).

Cackett et al.| (2005) investigated the spectral variations of CX 1 using
the first two Chandra/ACIS observations of NGC 6440, but they argued that
the observed spectral variations were likely due to changes in the powerlaw
component exclusively. Cackett et al’s best fit uses a powerlaw component
with photon index 2.5(£1.0), which explains the difference with our best fit
(photon index 1.742); a softer powerlaw can explain flux differences in the soft
X-rays, whereas our harder value of photon index require changes in the thermal
component to explain. Walsh et al.| (2015) also fit the spectra of CX1 in these
3 observations (adding the short 2009 observation mentioned above) using C-
stats in Xspec, find a different value from |Cackett et al. (2005) and basically
agree with our results—the powerlaw photon index is measured at 1.641.0, and
the 2000 data indicate a slightly higher NS temperature compared to the 2003
data, at lo confidence (though not at 99% confidence). Walsh et al. also
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10"/ NGC 6440

Figure 4.3: NGC 6440 as seen by Chandra-ACIS in the 0.3-7 keV band in 2003
(left) and 2009 (right). Solid circles represent the source extraction regions and
dashed circles show the selected background regions. In the 2009 observation,

the image is contaminated by an outburst from NGC 6440 X-2 (Heinke et al.
2010). We address this contamination for affected sources by choosing multiple
background extraction regions at the same distance from X-2 as the target.

conclude (from y? fitting) that it is not clear whether the variation in CX1 was
due exclusively to changes in the powerlaw component, exclusively to changes
in the thermal component, or to changes in both. We agree with Walsh et al.
that it is not clear whether the thermal component varied between the 2000
observation and later observations.

Searching for short (~ 1000s) timescale variations in each observation for
all sources, we found no evidence of variation. No source shows probability of
constancy less than 0.06% which is the 95% confidence range when considering

all trials (80, for all sources in this study).

4.3.4 Terzan 5

Terzan 5 is a massive, highly extincted GC near the Galactic center. It is

located at a distance of 5.940.5 kpc (Valenti et al.,[2007) and it harbours more

than 40 X-ray sources (Heinke et al., 2006b)). There are three known transient

LMXBs in this cluster, the most in any Galactic GC (Bahramian et al., 2014)).
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Terzan 5 has shown numerous outbursts (an overview up to 2012 is given in
Degenaar and Wijnands 2012), several of which were not accurately localized
(the most recent detected outburst without accurate localization being in 2002).
It is therefore quite possible that other sources have been in outburst in the
recent past.

We use all available Chandra/ACIS observations of this GC in which all
sources are quiescent to study the brighter thermally-dominated LM XBs with-
out observed outbursts. We start with the sample of candidate qLMXBs from
Heinke et al. (2006a), which identified thermally-dominated qLMXBs by spec-
tral fitting, or by hardness ratio plus inferred X-ray luminosity. Analyses of the
quiescent behaviour of the outbursting sources Ter 5 X-1 (EXO 1745-248), X-2
(IGR J17480-2446), and X-3 (Swift J174805.3-244637) have been reported in
Degenaar and Wijnands|[2011; Degenaar et al.|[2011a, 2013a; [Bahramian et al.
2014; Degenaar et al. 2015, so we exclude those sources here.

For the purpose of imaging and source detection, we merge all available
observations following CIAO threads®] We corrected relative astrometry in all
frames by matching the coordinates of 6 bright sources. We ran reproject_aspect
to create a new reprojected aspect solution for each observation. Then we
applied these aspect solutions to the event files by running reproject_events,
and finally we combined the reprojected event files by running reproject_obs.

We selected the candidate qLMXBs which had sufficient counts for spectral
analysis in each epoch (> 60; i.e. more than 4 spectral bins of 15 counts), leav-
ing us with a sample of four thermally-dominated qLMXBs, identified as CX9,
CX12, CX18, and CX21 in Heinke et al.| (2006a). We used the merged image to
choose source and background spectral extraction regions. This is important
since in cases like CX9 and CX18, the vicinity of the source is complex and
there can be multiple sources of contamination. In cases where the vicinity of

the source is complex/crowded, we extracted background spectra from annuli

3http://cxc.harvard.edu/ciao/threads/combine/
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around the targets, excluding detected sources. The combined image of Terzan

5, with our extraction regions, is presented in Fig. |4.4

We combined spectra from observations which occurred less than a month
apart (using combine_spectra), to obtain better statistics. Investigating these
observations individually, no spectral variation was detected. These observa-
tions are marked in Table [.1] All our targets in Terzan 5 show a high energy
excess suggesting the presence of a powerlaw component in their spectra with
average fraction of ~10% of the total flux for CX9, CX18, and CX21 and an
average fraction of ~33% for CX 12. Comparing these with our targets in
NGC 6266 and NGC 6440, where the powerlaw component is mostly detected
when flux fraction is >10%, suggests that our detection of a powerlaw compo-
nent in all our targets in Terzan 5 might be due to the greater depth of these
observations, combined with our relatively higher sensitivity to hard vs. soft
photons in this heavily absorbed cluster. We froze the powerlaw photon index
to 1.5 for CX9, CX18 and CX21, due to a lack of sufficient signal to constrain
it. For CX12 we freeze it to the value of 1.8, obtained from the best fit to all

observations.

The values of Ny for CX12, CX18 and CX21 are all in agreement with the
value of 2.60.1 x 10?2 cm~2 from previous studies (see §4.3.1)f] However,
CX9 has a hydrogen column density of 3.1£0.2 x 10?2 cm™2, higher than the
measured value for the cluster. We investigate the high-resolution reddening
map of Terzan 5 (Massari et al. 2012, available online from Cosmic-Lab E[), and
find no significant difference (<1.5%) in reddening between the direction of
CX9 and the rest of the sources in our sample. This suggests that the inferred

high Ny value may be caused by intrinsic absorption in the system. Spectra of

4In many previous studies, abundances from |[Anders and Grevesse (1989) have been
used for absorption models. Using these abundances, [Bahramian et al. (2014) find Ny =
1.74%5:0% % 10?2 cm~2. However in the same paper they show that using Wilms et al.| (2000)
abundances gives an equivalent value of 2.640.1 x 10?2 cm 2.
®http://www.cosmic-lab.eu/tred /tred.php
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Terzan 5 CX9

Hydrogen Helium
Parameter Trial 1 Trial 2 Trial 3
Ng (10¥2cm™2%)  3.140.2 (2.6) 2.940.2
logT (K) 6.124+0.01 6.21£0.06 6.1040.01
NS R (km) (10) T+1 (10)
PL flux 4 1.14+0.3 1.34+0.3 0.9+0.3
x2/d.o.f 1.11/102  1.24/102  1.07/102
NHP 0.20 0.05 0.29

Table 4.6: Tests of hydrogen (NSATMOS) and helium (NSX) atmosphere mod-
els for Terzan 5 CX9. Two trials use hydrogen atmospheres: in trial 1, Ny is
free, while the NS radius is fixed to 10 km. In trial 2, Ny is fixed to the average
value for Terzan 5, and the NS radius is free. Trial 3 is the same as trial 1,
except using a helium atmosphere. Since we didn’t find any sign of variation
in our initial fits, all values are tied between epochs. The neutron star mass
is assumed to be 1.4 M® in each case. Uncertainties are 90% confidence, and
values in parentheses are frozen. A: powerlaw fluxes are in units of 10~ *erg
s7! em™2, in the 0.5-10 keV range. NHP is null hypothesis probability.

CX9 are shown in Fig. (bottom left).

We also performed spectral fits on CX9 by replacing the non-magnetic hy-
drogen atmosphere model (NSATMOS) with a non-magnetic helium atmo-
sphere model (NSX in Xspec, |Ho and Heinke [2009). This fit gives a slightly
better x? compared to the hydrogen atmosphere model (x? decreased from 114
to 109, where both cases have 102 degrees of freedom), and also a lower absorp-
tion value of Ny = 2.940.2 x 10?2 cm ™2, consistent with the rest of the cluster
(Table . These results indicate that a helium atmosphere is a possible ex-
planation for the unusual aspects of CX9’s spectrum (see §4.4)). Note that there
are still clear waves in the residuals (down at 2 keV, up at 3, down again at 5
keV), indicating problems with the fit (though the x? is formally acceptable,
87.42 for 87 dof). These residual patterns are not completely eliminated in a

helium atmosphere model, though they are reduced.

We found no evidence regarding spectral variations between observations in
CX 9, CX 18 and CX 21. However CX 12 shows marginal evidence of variation
over time (Table [4.7). Our main fit, in which only the NS temperature and
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powerlaw flux are free among observations, suggests that these variations are
caused by changes in the temperature of the NS, particularly a decrease in the
2011-4 epoch, and to a lesser degree in the two 2013 observations. However,
the substantial powerlaw component, which is particularly strong in the epochs
with the coldest NS temperature measurements, suggests that subtle changes
in the powerlaw (both flux and index) might cause the variations (Fig.
bottom right). We note that thermal variations are only suggested in 2 epochs
(2011-4 and 2013-2) out of 11. However we get an acceptable chi-squared when
fitting the temperatures to a straight line. Thus we agree with |Walsh et al.

(2015) that these variations are not statistically significant.

To investigate the origin of CX12’s spectral variations more carefully, we
perform fits letting different pairs of model parameters vary; kT and PL flux
(Fit 1), Ny and PL flux (Fit 2), or PL I and PL flux (Fit 3; see Table[4.8). In
fit 1, variations in both kT and the PL flux are seen, and the fit is reasonable.
However, the variations in kT appear to be anticorrelated with the variations
in PL flux, which is unlike, for instance, the behaviour of Cen X-4 (Cackett
et al., 2010). It should be noted that the signature of variation comes mainly
from two data points (epochs 2011/4 and 2013/2). Performing a chi-squared
test of constancy on temperature measured in all epochs gives a null hypothesis
probability of 0.55, providing little evidence for variation. Compared to fit 1,
fit 3 shows an increase of 14 in x? (107 compared to 93, both fits have 96
degrees of freedom, giving a relative likelihood of 9x10~* for fit 3 compared
to fit 1 based on Akaike information criterion), indicating that changes in the
powerlaw alone (both index and flux) are insufficient to drive the variations.
However, fit 2, varying Ny and PL flux, gave a similar fit quality to fit 1
(x* = 92.6 compared to x* = 93.4, both with 96 degrees of freedom). Thus,
the variations may plausibly be caused by changes in the NS temperature, or
changes in intrinsic absorption, along with changes in the PL flux. Since we do

not have independent evidence of the inclination of CX12, it is quite possible

104



that this system is nearly edge-on, and that we suffer varying obscuration levels
at different times.

We performed chi-squared and KS tests on individual lightcurves extracted
from each observation for our target sources (excluding observation 13705, due
to its short exposure). We found evidence of short (~1000 s) timescale vari-
ations in Terzan 5 CX 21’s lightcurve, in observation 14475 (Sept. 2012, Fig.
. A KS test gives probability of constancy = 4.6x107* for this lightcurve,
which is slightly higher than 95% confidence, when accounting for the number
of trials (80, for all sources in this study). Note that although there is evidence
for presence of the PL in this epoch, the PL flux fraction is rather small (1379
%), suggesting that the thermal fraction is also likely to vary. It is also pos-
sible that variations observed for this source are due to eclipse in the system,
however we do not find evidence for eclipse in other epochs. No other source

shows KS probability of constancy less than 0.06% (95% confidence).
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Terzan 5 a

Figure 4.4: Stacked and smoothed Chandra/ACIS image of Terzan 5 in 0.3-7
keV band (total ~620 ks). Source extraction regions for our targets are shown
with red solid circles, and regions for background regions are represented by
dashed circles/annuli. For targets in complex regions, we extracted background
from annuli. Dashed circles with slashes represent excluded regions in back-
ground extraction (i.e. contaminating sources).

106



U 2160 007609 6-TT0C
$1.2¢ — 970009 TIT0C 96/L6°0 = Jop/eX
516G 8F> 500 TIT0C 0T X 0F 9T =N
oI LT .00 E007809 600 € 0FS T=J Me[1OMO]
Pl %1€C  TO'0F609 €008 o1 XD G uezog,
G> PI> So001821°9 V102
o101 GI> T00FCI9  L€I0T
g e1> 00058l 5€10C
8> LT> TO0FET9 01-C10T
ot 1T ¢1> CO0FIT9  67210C
8> 1> 90219 ¢TI0
Siee ~ ZO0FOT'9  6°T10G
218 ¢I1> CO0FIT9  ¥1T10c  L8/00°T = Jop/zX
oircl CI> ZO0FEL'9 110G 0T X 0FT'e=HN
1> ¢1>  TO0FIT9 600 (¢'T)=J mefromoq
) ) IR S ¢ €008 6 XD G uezIof,
(A9 0T-G'()) UOIIORI] XN MB[IOMOJ 9, UOIIRLIBA 0/ (3) 180  yoody 90IN0g

107



I+L
0T
IF¢1

cr>

¢r>
6L
)
V1>
>
¢r>
11461
pite
2167
g
5116C
S

11442

qr>
¢l=>
[
L1>

¢l1=>
qr>
qr>
0¢>
LT>
LT>

ferll
>
8E>
1.+ 0€
16>

26+ 60

T0°0+60°9

200+L0°9
T0'0+80°9

5001609

500109
¢0'0F+L09
¢0°0+80'9
¢0°0F+80'9
¢0'0F0T1°9
¢0°'0+60'9
¢0°'0+60'9

200+L0°9
2001909
2001709
5001809
F00+L0°9

o609

7108
L=€10¢
¢€10¢

01-¢10¢
6-¢10¢
G-¢10¢
6-TT0¢
71102
¢ 1108

600¢

€00¢

V10¢
L-€10C
¢€10¢

0T-¢10¢
6-¢10¢
G-¢10¢

16/21T = yop/ZX
0L XT0F LT =HN
(G'1)=J me[1omog
8T XD ¢ uezIaf,

108



91>
1>
1T
g
o141
GI>
01>
o1+L1
clL>
¢r 10T

51491

qr>
0¢>
¢l=>
LT>
qr>
qr>
9¢>

€c>
0¢>
qr>

T0'0+40°9
¢0°0F90'9
T0'0+70'9
5004609
200+ 70°9
¢0'0F70°9
¢0°0+809
€0°0+€0'9
5001209
2001909

S0+ 70'9

7108
L=€10C
¢¢10¢

0T-¢10¢
6-¢10¢
G-¢10¢
6-TT0C
71102
¢ 110¢

6002

€00¢

09€/26'0 = Jop/7X
w0l X TO0F¥C=HN
(' T)=J me[emod
1¢ XD § UezIaf,

109



W
JO SjIUN UL 81 Son[eA HN "] UWN[0D UL PIISI] ST Pasn Xopul uojoyd oy, "G'T 03 XopUl oY) POXY oM SSIMISYJO dN[RA Em.pm@@
JRl[} 0} XopUI 9} 9ZOIJ USY) ‘ON[eA JJ-}so¢ oY) I0J PayDIess PUR SUOIJRAIISCO UoM)D(| XopUI ) Pal) om ‘(Z] X)) Xopul
uojoyd mepromod o) UrRIISUOD 0} SN smo[re Ajenb (erjoods oy} oroym soseo Uy “wnijoads Iy} ul juouoduwod mepromod
® JO 90uosoId o) I0J 9OUSPIAD JUROYIUSIS MOUS G URZIO], Ul S3081RY) [y XN A9 (]-G'() POCIOsqeun [j0} 9y} JO SUOIORI)
oIR SUOIJORI] MR[IOMOJ ‘pouliojiod orom IeoA 1od suorjeArssqo o[dijnuu oIoym Sosed Ul ‘[JUOW PUuR IRoA 9} OALS SonfeA
Jgoodsy,, 9y T, "90Inos yoes 10§ ainjeioduia) PaINsLIUl JS9P[0d ) UO PIsk( PaIR[NO[eD dIR SUOIRLIRA oINjRIodUW], "90UaPYU0d
9406 oIe sorjurejooun [y “mepromod 4 oroydsownye GN poqiosqe Ue [IImM s10SIe) ¢ URZIQ], JO sosATeue [ei1joodg :)'§ o[qe],

110



0.010

0.008 - =

0.006 =

=
=)
S
b
T
|

Countrate (count/s)

e LTI T

. ) | |
464285 464290 464295 464300 464305 464310 464315 464320
Time (ks)

Figure 4.5: Binned lightcurve of Terzan 5 CX 21 from observation 14475 (Sept.
2012). A KS test gives probability of constancy = 4.6x10~* for this lightcurve,
which is slightly higher than 95% confidence, when accounting for the number
of trials. It is possible that this variation may be due to eclipse. However we
do not find strong evidence for eclipse in other epochs of this source.

4.4 Discussion

4.4.1 Terzan 5 CX9: a NS with a helium atmosphere?

Terzan 5 CX 9 shows an unusual spectral shape compared to other qLMXBs,
with significantly lower flux at low energies (between 0.1 and 1 keV), compared
to similar sources. This could be due to a higher amount of absorption. Investi-
gating the reddening map of this cluster, we can rule out differential reddening.
However, there could be additional intrinsic absorption, for instance if we are
looking at the system edge-on.

Another possibility is that this NS may have an atmosphere composed of
helium. Ultracompact X-ray binaries (with a white dwarf donor star, possessing
no hydrogen) are fairly common among bright LMXBs in globular clusters (e.g.
Zurek et al.| 2009). Helium white dwarf donors might thus be expected to lead
to helium atmospheres on the NSs; there is evidence for low hydrogen content
in X-ray bursts from some bright ultracompact X-ray binaries (Cumming, 2003

Galloway et al., [2008). The X-ray spectra of helium atmospheres are similar
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to hydrogen atmospheres, but slightly harder (Romani), 1987; |Ho and Heinke|
2009). An observed spectrum will thus give different parameter values for
He vs. H atmospheres, and several papers have considered the importance
of atmosphere composition for attempts to constrain the NS mass and radius
(Servillat et al., 2012; |Catuneanu et al. [2013; Lattimer and Steiner| [2014;
Heinke et al., 2014). For relatively low-count spectra such as CX9, which
parameter is different from other NS qLMXBs—e.g., atmospheric composition
(H or He), vs. Ny—may not be possible to differentiate. No helium atmosphere
has yet been confidently identified on a NS, so any evidence in favor of a helium

atmosphere is intriguing.

4.4.2 Possible continuous accretion for NGC 6440 CX1
& Terzan 5 CX12

NGC 6440 CX 1 is the brightest X-ray source in the cluster. It has shown
multiple X-ray outbursts over the last 20 years (1998, 2001, 2005, 2010, 2015;
in’'t Zand et al.|[1999, 2001; Markwardt and Swank! 2005; Patruno et al. 2010;
Homan et al.|2015). In quiescence, it shows a mostly thermal spectrum al-
though there are signs of variations in the spectrum over the course of years.
In the 2000 observation, we find that the spectrum requires a powerlaw com-
ponent for a good fit, but in later observations this component is not required.
Cackett et al. (2005) argued that the changing normalization of the powerlaw
component, with photon index~2.5, was the main source of spectral variation.
However, we suggest that the unusually high photon index used there led to
the overestimation of the powerlaw’s contribution. Walsh et al.| (2015) also fit
the spectra of CX 1 with similar models. They find that formally, either the
powerlaw or thermal component can be the source of variation, and we agree
with that finding. However, when we hold the NS temperature constant across

the epochs while allowing the powerlaw normalization to vary (with photon
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index tied to a single value across epochs), the best-fit value of the powerlaw
photon index will increase to 2.7£0.5 (compared to 1.742 when the NS tem-
perature also varies). This agrees with Walsh et al.’s fit results when assuming
NS temperature fixed (the first fit in their Table 4), where they find a photon
index of 3.1£0.5. The anomalously high photon index required for such a fit
strongly argues that the thermal component may also be varying.

Terzan 5 CX12 is well-fit by an absorbed two-component (thermal+powerlaw)
model, with an Nz column typical of sources in the cluster (2.6+0.1x10%2
cm™?). CX12 shows hints of spectral variations, concentrated at low energies
(< 2 keV; see Figure 2, lower right). Thus it’s unlikely that the powerlaw com-
ponent is responsible for these variations. Intrinsic absorption (e.g. an edge-on
system, where an uneven accretion disk occasionally blocks the line of sight),
or continuing thermal variation due to accretion are possible origins of these

variations.

4.4.3 Variability of thermal component in qLMXBs

In our sample of 12 globular cluster qLMXBs, NGC 6440 CX1 and Terzan
5 CX12 are the only sources that show evidence of variations in the thermal
component over timescales of years. In both cases, the thermal component
appears to be the most plausible origin of the variations, but in neither case
can thermal variations be proven. For NGC 6440 CX1, the best-fit thermal
variation is only a 10% temperature change, while for Terzan 5 CX12 one
observation appears to have a 20% drop.

Terzan 5 CX 21 shows evidence of variability on timescales of hours (within
observations), although we did not detect variations on longer timescales (be-
tween observations). This variability may be due to variations in the (dom-
inant) thermal component in quiescence. Alternatively, it may be caused by
eclipses by the companion, if the system is at a high inclination angle.

A crucial result of our analysis is that we have assembled an additional 7
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qLMXBs (in addition to 4 others previously reported, see Introduction) with
multiple high-quality X-ray spectra showing little or no evidence for a powerlaw
component; NGC 6266 CX4, CX5, CX6, and CX16, and NGC 6440 CX1 (con-
sidering only the 2003 and 2009 observations), CX2, and CX5. None of these
objects show evidence for a powerlaw component comprising more than 12% of
the 0.5-10 keV flux (except for the 2000 observation of CX1, which we exclude
here). The upper limits on a powerlaw (assuming a photon index of 1.5) are,
in four cases, <10% of the 0.5-10 keV flux, and <17% or <23% in two others.
Using Chandra observations spaced over 9-12 years (6 for NGC 6440 CX1), we
can constrain the thermal emission from these NS to not have varied by more
than 10% in any of these sources. Combined with the literature constraints on
4 other sources discussed in §1 (and in agreement with the recent work of Walsh
et al.[2015), this provides increasing evidence that the thermal X-ray spectral
components of NS qLMXBs without powerlaw components to their spectra are
not powered by continuing accretion. (Of course, a clear detection of intrinsic
variation of the thermal component in a source without a powerlaw component
would disprove this hypothesis.) This contrasts with recent works that indicate
that in some NS qLMXBs with powerlaw components, the powerlaw, as well as
some of the thermal component, is powered by continuing, variable, accretion
onto the NS surface (Cackett et al., |2010; Bahramian et al., [2014; Chakrabarty
et al., 2014 D’Angelo et al., 2015; Wijnands et al., 2015)).

This evidence against continuing accretion for those qLMXBs without pow-
erlaw components also supports the use of these qLMXB spectra to obtain
constraints on the mass and radius (and thus on the equation of state) of NSs,
since a lack of accretion indicates that the atmosphere will not be contaminated

by heavy elements.
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Abstract

47 Tuc X9 is a low mass X-ray binary (LMXB) in the globular cluster 47 Tu-
canae, which was previously thought to be a cataclysmic variable. However,
Miller-Jones et al.| (2015)) recently identified a radio counterpart to X9 (infer-
ring a radio/X-ray ratio consistent with black hole LMXBs), and suggested that
the donor star might be a white dwarf. We report simultaneous observations
of X9 performed by Chandra, NuSTAR and ATCA. Our X-ray spectral fitting
provides evidence for photo-ionized gas having a high oxygen abundance in this
system, which indicates a C/O white dwarf donor. We also identify reflection
features in the hard X-ray spectrum. We identify a likely ~ 6.8 day regular
modulation in the X-ray brightness by a factor of 10, in archival Chandra, Swift,
and ROSAT data, presumably indicating precession of the disk. The simulta-
neous radio/X-ray flux ratio is consistent with either a black hole primary, or
a neutron star primary, if the neutron star is a transitional millisecond pulsar.
Considering the lack of transitional millisecond pulsar features in the X-ray
lightcurve, and the strong evidence in favor of a white dwarf donor, we suggest
that this is likely the first ultracompact black hole X-ray binary identified in

our galaxy.
5.1 Introduction

Low mass X-ray binaries (LMXBs) are systems in which a compact object
(white dwarf, neutron star or black hole) accretes matter from a companion
(typically a main sequence star) through Roche-lobe overflow or wind-fed accre-
tion (from a red giant). It has been long noticed that the population of LMXBs
per unit mass in globular clusters (GCs) is orders of magnitude higher than of
the Galactic field (Katz, [1975). This overabundance has been associated with
the high stellar density in GCs. While in the Galactic field, most LMXBs are
formed through binary evolution of primordial binaries, it has been shown that

in GCs, the dominant channel to form LMXBs is through encounters. These
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scenarios include tidal capture by a neutron star (NS) or black hole (BH), ex-
change of a compact object into a primordial binary, or collision of a compact

object with a red giant (Clark, [1975; Fabian et al., |[1975)).

Hundreds to thousands of stellar mass BHs form in GCs through stellar
evolution. A fraction of these BHs will have sufficient natal kicks to leave the
cluster after birth, while the rest will sink towards the center of the cluster and
form a dense sub-cluster. It was previously thought the core-collapse of this
sub-cluster will result in total evaporation from the GC and thus no BHs will
be left in the cluster (Kulkarni et al. [1993; |Sigurdsson and Hernquist}, (1993)).
This was consistent with observations of LMXBs in GCs as all the LMXBs
found in GCs at the time were shown to be NS-LMXBs (e.g., [Verbunt and
Lewin|, 2006)).

However our understanding of the BH-LMXB population in GCs has changed
significantly over the past few years, with the discovery of highly luminous
BH-LMXB candidates in extragalactic GCs (e.g., Maccarone et al., 2007; Mac-
carone and Peacock, 2011]), as well as quiescent BH-LMXB candidates in Galac-
tic GCs (Strader et al 2012; Chomiuk et al., 2013; Miller-Jones et al., |2015)).
Additionally, on the theoretical front recent, more detailed simulations have
found that a substantial fraction of BHs may remain in GCs up to the present

day (Sippel and Hurley}, 2013; Morscher et al., [2013, 2015]).

X-ray spectroscopy can help distinguish between some types of faint /quiescent
X-ray sources in GCs. While cataclysmic variables (CVs) — systems with a
white dwarf (WD) accreting from a main-sequence or sub-giant star — tend to
show a hard X-ray spectrum dominated by hot bremsstrahlung emission, NS-
LMXBEs (in quiescence) often show a softer spectrum, dominated by blackbody-
like emission from the NS surface (Rutledge et al., 1999, 2002¢; Grindlay et al.,
2001}, Heinke et al., [2003d)).

X-ray spectra of quiescent LMXBs also often show a non-thermal compo-

nent, fit with a power law with photon index between 1 and 2, which could
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be produced by continuous low-level accretion (e.g., Campana et al., [1998). In

quiescent BH-LMXBs, the X-ray emission is thought to be from a radiatively

inefficient accretion flow (RIAF) and/or possibly synchrotron emission from

the jet (Plotkin et al. 2013)), while the non-thermal component in quiescent

NS-LMXBs may be associated either with accretion or with magnetospheric

or shock emission related to a turned-on radio pulsar wind (Campana et al.|

11998; |Jonker et all |2004b; Wijnands et al., 2015). The non-thermal compo-

nent has similar properties in NS and BH LMXBs in quiescence, so it can be
difficult to distinguish between BH LMXBs and NS LMXBs lacking a strong
blackbody-like component. A chief diagnostic method to find BH-LMXBs have
been based on the ratio of radio/X-ray luminosities of the system (Maccarone
. BH-XRBs show compact partially-absorbed jet emission in quiescence

(and in the hard state during outbursts), making them brighter in radio com-

pared to NS-LMXBs with similar X-ray luminosities (Gallo et al., 2003} Fender;

o ] 2003).

In LMXBEs, if the companion is a compact hydrogen-deficient star (e.g., a

WD), then the orbital period is short (P, < 80 min), and the system is an
ultra-compact X-ray binary (UCXB). The depletion of hydrogen in UCXBs
leads to high abundances of either helium or carbon and oxygen (C/O). For
UCXBs with C/O WDs, the overabundance of carbon and oxygen can produce

observable diagnostics in far-UV and X-ray spectra (Nelemans et al., 2010).

47 Tucanae (47 Tuc) is a dense, massive (6.5 X 10° M, Kimmig et al.
2015) Galactic GC at a distance of 4.534+0.01 kpc (Woodley et al. 2012).
Low extinction (E(B — V) = 0.04, Salaris et al) 2007) makes this cluster

easy to study. 47 Tuc harbours ~ 230 X-ray sources (Heinke et al., 2005b)),

including 23 radio millisecond pulsars (Freire et al., [2003; Pan et al., [2016),

and many CVs and chromospherically active binaries (Grindlay et al. 2001}

Edmonds et al], [2003a]b). As the cluster has a very high stellar encounter

rate (Bahramian et al 2013), it should produce many XRBs. Indeed, five

119



quiescent NS LMXBs, all with prominent thermal blackbody-like components
in their X-ray spectra (two also have strong nonthermal components), have been
identified and studied in 47 Tuc (Heinke et al., [2003c, 20054, [2006a; Bogdanov,
et al., [2016]).

47 Tuc X9 is the brightest (2103 erg s~!) X-ray source in the core of 47
Tuc with a hard spectrum (Grindlay et al., [2001; Heinke et al., [2005b)). X-ray
emission from 47 Tuc was first noticed in observations by FEinstein and the
source was identified as 1E 0021.8-7221 (Hertz and Grindlay}, 1983} Grindlay
et al) 1984). Later ROSAT observations found 9 X-ray sources within the
cluster, and identified X9 as the counterpart for 1E 0021.8-7221 (Verbunt and
Hasinger}, [1998). In both FEinstein and ROSAT observations, X9 has shown
clear variability. The first Chandra study of X9 (aka W42) in 2000 suggested
the presence of a 218 s modulation in the light curve, which if verified would
mark X9 as an intermediate polar CVE] (Grindlay et al., [2001). Spectral anal-
yses of the Chandra X-ray data showed a complex spectrum with a very hard

nonthermal component, and extremely strong oxygen spectral lines (Heinke

et al., |2005b)).

A variable blue star in the cluster was discovered and identified as a likely
CV, and the counterpart of 1E 0021.8-7221, by Paresce et al. (1992). The
relatively high X-ray luminosity, low optical/X-ray ratio, and hints of a 120-
s periodicity in Einstein data (Auriere et al., [1989), inspired the suggestion
that X9 was an intermediate polar (Paresce et all 1992). V1 was identified
as the likely counterpart for X9 by Verbunt and Hasinger| (1998)) (who argued,
presciently, that X9 was likely a low-mass X-ray binary). The association of V1
and X9 was later confirmed by Chandra observations (Grindlay et al., 2001)). V1
showed rapid (~hours) X-ray and optical/UV variability, with a hint of a ~6-
hour periodicity in the UV flux (Paresce et al.,|1992). Time series analysis of V/

la CV with a magnetic WD accretor; in these systems both orbital period and WD spin
period can be detected in the light curve.
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and [ light curves by Edmonds et al. (2003b)) indicated a marginal 3.5 hour (or
7 hour, if due to ellipsoidal variations) periodicity. HST far-UV-spectroscopy of
X9 showed strong, double-peaked C IV emission lines, confirming the presence
of an accretion disk and/or disk wind in the system (Knigge et al., [2008).

Recently Miller-Jones et al.| (2015]) reported on deep radio observations of
47 Tuc that detected a radio counterpart for X9. The ratio of radio/X-ray
luminosity for X9 is strongly inconsistent with a CV, and more consistent with
a BH LMXB, or possibly a transitional millisecond pulsar (tMSP — deemed
unlikely from the X-ray spectral and variability properties). Based on the X-
ray brightness (and thus accretion rate) and lack of Ha emission in the system,
they suggest the system might be a UCXB. They further inferred an orbital
period of ~ 25 min, from a correlation between quiescent X-ray luminosity and
time-averaged mass transfer rate from the companion, and calculations of the
time-averaged mass transfer rate at different orbital periods in ultracompact
X-ray binaries.

In this work we study the X-ray properties of X9 as observed by Chandra
and NuSTARand the radio/X-ray flux ratio from simultaneous radio observa-
tions. We describe the data used in this work, with description of reduction
and analysis methods, in Section [5.2] In Section [5.3] we present results and in

Section [5.4] we will discuss implications of these findings.

5.2 Data and Analysis

We obtained simultaneous radio and X-ray observations of X9 with the Aus-
tralian Telescope Compact Array (ATCA), Chandra using the ACIS-S detector,
and NuSTAR on February 2nd, 2015 (MJD = 57055; ATCA from 0:500 to 17:00
UT on Feb. 2, Chandra from 14:25 on Feb. 2nd, to 03:20 on Feb. 3rd, and NuS-
TAR from 11:51 on Feb. 2nd to 00:46 on Feb. 5th, all UT). We also analyzed
Chandra observations in late 2014 (described in Bogdanov et al. 2016) and
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archival Chandra/ACIS, Chandra/HRC, Swift/XRT, ROSAT/HRI, and FEin-

stein data to study variability of X9 over long time scales (~ days to years).

5.2.1 Chandra/ACIS

Archival Chandra/ACIS data were obtained in 2000 (with the ACIS-I3 chip)
and 2002 (with ACIS-S3) in faint mode. Our 2014-15 campaign (PI: Bog-
danov) included 6 observations between September 2014 and February 2015
(Table 5.1)). All observations in this campaign were performed in Very Faint
mode on ACIS-S3. We focus our spectral analysis upon the 2015 Chandra
observation; detailed analysis of other archival Chandra spectra is deferred to
future papers.

We used CIAO 4.7 with CalDB 4.6.8 (Fruscione et al., 2006]) for data repro-
cessing and analysis. We reprocessed all Chandra data with chandra repro
and extracted source and background spectra using specextract. We chose
an extraction radius of 1.8” for the source region. 47 Tuc X9 is near the crowded
center of the cluster. Thus, for background regions, we used an annulus with
inner and outer radii of 2.7 and 7.4” around the source, excluding detected
sources (Fig. [5.1). We binned all final spectra to have a minimum number of
counts per bin; depending on exposure and data quality, either by 50 or 20
counts per bin. Finally we used XSPEC 12.8.2 (Arnaud} 1996) for spectral

analysis, and performed spectral fitting in the 0.4-10 keV band.

5.2.2 NuSTAR

NuSTAR has a relatively large point-spread function, with a half-power diam-
eter of ~ 1’ (Harrison et al., |2013)), which encloses a substantial fraction of the
core of 47 Tuc. 47 Tuc X9 is easily the brightest X-ray source above 2 keV
within the half-mass radius of 47 Tuc (Heinke et al., 2005b)). The cataclysmic
variable AKO 9 (Knigge et al., [2003) is the only other source detected above 6
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Obs. ID Date Exposure (ks)

Chandra/ACIS

00953 2000-03-16 32
00955 2000-03-16 32
02735 2002-09-29 65
02736 2002-09-30 65
02737 2002-10-02 65
02738 2002-10-11 69
16527 2014-09-05 41
15747 2014-09-09 50
16529 2014-09-21 25
17420 2014-09-30 09
15748 2014-10-02 16
16528 2015-02-02 40
NuSTAR

80001084002 2015-02-02 17
80001084004 2015-02-03 76

Chandra/HRC

5542 2005-12-19 50
5543 2005-12-20 51
5544 2005-12-21 50
5545 2005-12-23 52
5546 2005-12-27 48
6230 2005-12-28 45
6231 2005-12-29 47
6232 2005-12-31 44
6233 2006-01-02 97
6235 2006-01-04 50
6236 2006-01-05 52
6237 2005-12-24 50
6238 2005-12-25 48
6239 2006-01-06 50
6240 2006-01-08 49

Table 5.1: Chandra and NuSTAR observations used in this study.
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Figure 5.1: Chandra image of the vicinity of X9 in the core of 47 Tuc. Red
circles represent nominal source (solid red circle) and background (dashed red
circle) regions for spectral extractions. X-ray sources present in the background
were excluded from extraction region (blue circles).

keV in this Chandra observation. However, AKO 9 is ~ 20 times fainter than
X9 in the 6-10 keV band (Fig. .2) middle and right panels). This makes X9
the principal source of X-rays above 6.0 keV in the cluster, and ensures that
NuSTAR spectra above 6 keV are minimally affected by confusion.

Our NuSTAR observation of 47 Tuc was performed between February 2nd
and 5th, 2015. This observation was simultaneous with Chandra ObsID 16528
and our ATCA radio observation. Our NuSTAR observation was performed in
two segments with a gap from Feb. 2nd, 21:11 to 3rd, 8:46 UT.

X9 is clearly detected in our NuSTAR observations (Fig. [5.2] left panel).
The suggested extraction radius for weak sources in NuSTAR data is 30" (see
NuSTAR observatory guideE[). We used this radius for all NuSTAR spectral ex-
tractions (source and background). We use the 6-79 keV band for all NuSTAR
data analysis of X9.

We used the nustardas package released with heasoft 16.6 for data repro-

Zhttps:/ /heasarc.gsfc.nasa.gov/docs /nustar /nustar_obsguide.pdf
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Figure 5.2: X-ray image of X9 in 47 Tuc as observed by NuSTAR (left) and
Chandra/ACIS (center & right). X9 is the only significant source above 6 keV
in Chandra observations and thus is the major contributor in NuSTAR data of
the cluster. The solid blue circle represents our spectral extraction region for

X9 in NuSTAR data.

cessing and analysis. We processed the observations by running nupipeline
and proceeded to extract spectra and light curves from both modules (FPMA
& FPMB) using nuproducts. After grouping the spectra by counts (20 per
bin for the shorter segment and 40 for the longer segment) we used XSPEC for

spectral analysis.

5.2.3 Chandra/HRC

The 47 Tuc Chandra/HRC campaign (PI: Rutledge, (Cameron et al. 2007
contains 15 x 50 ks observations performed over a period of 20 days. These
provided us with a unique opportunity to study variations of X9 on time-
scales of days. We combined these observations using reproject_obs and
extracted X9’s light curve from a circle with a radius of 2", running dmextract
(in CIAO software package) with background subtraction and assuming Gehrels

uncertainties (Gehrels, [1986). Finally, we binned the light curve into intervals

of 10 ks.
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5.2.4 Swift/XRT, ROSAT/HRI, and FEinstein

As X9 shows strong variability in X-rays, we also investigated available archival
data from Swift/XRT, ROSAT/HRI, and Finstein to study the extent of these

variations across a wide range of timescales.

Since 2014, Swift has observed 47 Tuc frequently with long (~ 4000 s)
exposures as part of a GC monitoring programﬁ (Linares & Chenevez, in prep.).
Unlike typical Swift/XRT exposures (~ 1000 — 2000 s), these exposures are

Lat a

adequate to constrain the brightness of sources at a few %1033 erg s~
distance of 4.5 kpc (like X9). Thus we analyze these datasets to look for

variability and possible brightening (e.g., due to enhanced accretion) from X9.

However, due to the relatively low resolution and large point-spread function
of Swift/XRT, the X-ray sources in 47 Tuc blend together in these observations.
We chose to extract events in the 4-10 keV band, in which X9 is the dominant
source, as a trade-off between signal/noise ratio and dominance of X9’s flux
over the rest of the cluster. After measuring background-subtracted count
rates in the 4-10 keV band for each observation and subtracting contamination
from other cluster sources in the Swift/XRT extraction region (based on their
flux in the 4-10 keV band Chandra image), we converted these count rates to
flux by folding the best fit spectral model found for our 2015 Chandra/ACIS
+ NuSTAR spectrum (see § through the Swift/XRT response matrix
(using XSPEC) and finding equivalent flux values for each measured count
rate. Ultimately we converted flux values to luminosity in the 0.5-10 keV

band, assuming a distance of 4.53 kpc to 47 Tuc.

There are also archival ROSAT/HRI data available for 47 Tuc, with spatial
resolution capable of marginally resolving the core of 47 Tuc. Detailed analyses
of these data, attributing counts to each of the brightest core sources, have

been reported by [Verbunt and Hasinger| (1998). We use the corresponding

3http:/ /www.iac.es/proyecto/Swift GloClu/
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count rates (Verbunt and Hasinger| 1998 Figure 3) in our analysis. Similar
to our procedure for Swift data, we used the best fit spectral model folded to
ROSAT/HRI to convert count rates to flux and luminosity.

Among the instruments on board of Einstein, there were the High Resolu-
tion Imager (HRI) sensitive in the 0.15-3.0 keV band with a spatial resolution
of ~ 2" and the Imaging Proportional Counter (/PC) sensitive in the 0.4-4.0
keV band with a resolution of ~ 1’. Although HRI had a high angular resolu-
tion, it had a low effective area (5 — 20 cm?). In contrast, IPC had a relatively
large effective area (100 cm?). Einstein observed 47 Tuc in 1979 8 times (5 HRI
observations followed with 3 IPC observations) and 1E 0021.8-7221 is clearly
detected in all observations (Hertz and Grindlayl [1983; Auriere et al., |1989).

5.2.5 ATCA

Since the existing radio and X-ray data on 47 Tuc X9 were taken several years
apart (Miller-Jones et al, 2015) and X-ray binaries in quiescence can be highly
variable (Bernardini and Cackett}, 2014)), we obtained ATCA data simultaneous
with the scheduled Chandra observations in 2015 February, under project code
(C3012. The ATCA data were taken from 0505-1705 UT on 2015 February 2,
with the array in an extended 6 km configuration. Using the Compact Array
Broadband Backend (CABB;Wilson et al., 2011]) we observed simultaneously in
two frequency bands, each of bandwidth 2048 MHz, centred at 5.5 and 9.0 GHz.
90 min of data were lost to bad weather, leaving us a total of 523 min on source.

We used B1934-638 to set both the amplitude scale and to determine the
instrumental frequency response. The starting elevation of the target was 52°,
and decreased with time. For the first 10 hr of observations, we were able to
use the same nearby compact source, B2353-686, to determine the time-variable
complex gains as used by Miller-Jones et al.| (2015). However, that source set
below the elevation limit of the telescope at 1445 UT, after which we switched

to the more distant but higher-elevation complex gain calibrator J0047-7530

127



to enable continued observations of 47 Tuc. We reduced the data according
to standard procedures within the Multichannel Image Reconstruction, Image
Analysis and Display (MIRIAD) software package (Sault et al.,[1995)), and then
exported the calibrated, frequency-averaged data to the Common Astronomy
Software Application (CASA McMullin et al| 2007) for imaging. We detected
X9 in both frequency bands, and used the CASA task IMFIT to fit a point
source to the target in the image plane. This gave measured flux densities of
27.6 & 7.2 and 38.5 £ 9.7 uJybm™! at 5.5 and 9.0 GHz respectively, giving a
measured spectral index (defined such that flux density S, scales with frequency

vas S, xv®of a=0.7+038).

5.3 Results

5.3.1 Periodic variability

Finstein observations of 47 Tuc in the 1980s indicated that 1E 0021.8-7221 (the
only detected X-ray source in the cluster at the time) shows strong variations.
Auriere et al.|(1989) report a variable absorbed flux of 2.2 — 6.4 x107!? erg cm 2
s~!in the 0.4-2.0 keV band. Assuming a distance of 4.53 kpc and extrapolating
these luminosities to the 0.5—10 keV band using the power-law model reported
by |Auriere et al.| (1989), with a photon index of 2, we find a luminosity range
of 6.3 — 21.5 x10% erg s! for Einstein/HRI and FEinstein/IPC data points.

In ROSAT/HRI observations of 47 Tuc between 1992 and 1996 (Verbunt
and Hasinger, [1998)), X9 shows a variable brightness between 1.5 and 6.1 x103
erg s~! (extrapolated to the 0.5-10 keV band). Similar variations can be seen
in Chandra/ACIS campaigns in 2000, 2002, and 2014-2015, as well as recent
deep Swift/XRT observations of the cluster (Fig. [5.3).

The Chandra/HRC lightcurve of X9 shows periodic variations between 8.4 x
10%? erg s! and 6.6x 10%® erg s~! on timescales of a few days (Fig.[5.3). We used
a generalized Lomb-Scargle periodogram algorithm (Lomb, |[1976; |Scargle, [1982)
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Figure 5.4: Left: Folded X-ray lightcurve of X9 and a second order Fourier
fit with a period of 6.89 days for HRC+ACIS data. The folded lightcurve of
X9 shows non-sinusoidal behavior with a slower rise and a faster drop. Right:
Result of a periodicity search using the Lomb-Scargle method for just HRC
data (red line) and for HRC+ACIS data (gray line). The straight red and gray
dashed lines indicate the 95% confidence thresholds calculated using bootstrap
resampling. Note that the uncertainties found with this method for X9 might
be overestimated due to the complex profile of oscillations.

implemented in the Python package AstroMLﬁ (Vanderplas et al., [2012; Tvezi¢|
, 2014) to constrain the period of the variabilty observed in Chandra/HRC
data. We found a period of 6.871% days for HRC data (Fig. , right; red line).

The uncertainties reported for the period here are calculated based on boot-
strap resampling. We note that these values might be over-estimated due to the
complex profile of this light curve. A two-term Fourier fit describes the light
curve significantly better than a single-term fit, with an F-test probability of
chance improvement of 7 x 10~!* % for HRC dataf] The two-term Fourier fit
shows the rise towards the peak is slower than the fall (Fig. [5.4] left).

The periodicity is only clearly visible in the Chandra/HRC data. However,
we also searched for indications of this variability in Chandra/ACIS data. We
performed a period search using the Lomb-Scargle method with both Chan-
dra/HRC and Chandra/ACIS data points. Adding the ACIS data points adds

4http:/ /www.astroml.org/
5Since an F-test for the third order Fourier term provides a chance probability of 4.5%,
thus we prefer the two-term model.
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aliasing to the periodogram (Fig. , right; gray line). The optimum period
in this case is found to be 6.9775 days. The Fourier fit and folded light curve
indicate that the periodicity is likely present in Chandra/ACIS data as well
(Fig. 5.4 left).

One ROSAT/HRI observation of 47 Tuc in 1993 shows X9 at a luminosity
of 6.1+ 0.4 x 103 erg s~!, which in comparison with later ROSAT/HRI and
Chandra/ACIS observations was thought to be caused by an enhanced activity
like a flare or outburst (Verbunt and Hasinger, |1998). However, Chandra/HRC
data shows that X9 reaches a peak luminosity of ~ 6.3 4 0.2 x 103 erg s~!

periodically, and thus this level of brightness for X9 is not unusual.

The peak luminosities observed by Chandra/HRC or ROSAT/HRI are ~3.5
times fainter than the peak luminosity observed by Einstein HRI observations
in 1979 (~ 2.15 x 103 erg s™! extrapolated to the 0.5 — 10 keV band). We
note that due to the poor spatial resolution of Einstein/IPC (3'), the IPC data
analyzed by |Auriere et al.| (1989) contains the entire half-mass radius of the
cluster, and may be the sum of flux from multiple sources. However, the peak
of the lightcurve was recorded by the Finstein/HRI, which has superior spatial
resolution (~ 2"), and localized the brightest Einstein source to only 1.4” away
from X9.

The peak of the combined Einstein lightcurve, at ~ 2 x 103* erg s~!, was

also well above the typical cluster luminosity, ~ 5.7 x 10?3 erg s~ for all sources
besides X9 (Heinke et al.| 2005b), and above the maximum cluster luminosity
when X9 was at its peak (~ 1.2 x 103! erg s™!). However, the Finstein/IPC
data show a decline in luminosity down to fluxes consistent with the rest of
the cluster plus X9 in its lower state, on timescales typical of X9’s variations
(Fig. . The excellent match of the X-ray position, minimum flux, and decay
timescale suggest that the bright state recorded by FEinstein/HRI was due to
X9, reaching a peak luminosity roughly twice the maximum luminosity seen by

ROSAT, Chandra or Swift later.
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Figure 5.5: Einstein/HRI (green triangles) and Finstein/IPC (blue dots) ob-
servations of 47 Tuc in 1979 as reported by |Auriere et al.| (1989). Black dotted
line shows the cumulative luminosity of X-ray sources in 47 Tuc’s half-mass
radius with X9 at minimum luminosity, and the red dash-dotted line shows
the cumulative luminosity of the cluster with X9 at the maximum luminosity
observed by Chandra/HRC. The dashed magenta line shows a projection of
our Fourier fit to Chandra/HRC data (with an arbitrary shift applied in time
fit to the data by eye). HRI data points above the periodic profile and maxi-
mum observed luminosity indicate that an X-ray source in 47 Tuc was showing
enhanced activity during Einstein/HRI observations.
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5.3.2 X-ray Spectroscopy

We tried to constrain the broadband spectral shape through joint Chandra and
NuSTAR spectral fitting. We used XSPEC 12.8.2 in all our spectral analysis
and assumed Wilms et al.| (2000) abundances and [Verner et al. (1996)) cross-
sections. Foreground reddening in the direction of 47 Tuc is E(B — V') = 0.04
(Salaris et al., [2007). Assuming Ry = 3.1 and using the observed correlation
between extinction (Ay) and hydrogen column density Ny for Wilms abun-
dances (Bahramian et al., 2015; Foight et al., 2015)), we get a hydrogen column
density of 3.5 x 102 cm~2. We assumed this as the hydrogen column density
towards 47 Tuc throughout this paper. (Since it is quite small, variations in Ny
due to differential extinction would lead to correspondingly small variations in
spectral fits.) For all spectral analyses, we considered 0.4-10 keV band data
from Chandra/ACIS and 6.0-79 keV data for NuSTAR. Our NuSTAR spectra
contain data from two observations (Table and two modules (FPMA &
FPMB). We fit all these spectra jointly (instead of combining the spectra).
Due to the brightness of X9, we also accounted for the effects of pileup on
ACIS data by including the pileup model in XSPEC in all Chandra spectral
fittings, even though the 2014-15 Chandra/ACIS campaign used a 1/8 sub-
array mode to reduce pileup. Due to possible differences in detector responses
between NuSTAR and Chandra/ACIS, in all our models we include a variable

coefficient representing the NuSTAR/Chandra relative normalization ratio.

The X-ray spectrum of X9 (Fig. contains a strong line complex around
0.7 keV, attributed to O VIII by Heinke et al.| (2005b), and an extended hard
energy tail. We see no evidence of a Ka iron line. Our initial model for
fitting the spectrum was an absorbed collisionally-ionized gas model (mekal
model in XSPEC, e.g., Mewe et al., 1985, |1986), plus a cut-off power law

(constant*pileup*tbabsx* (meka1+cutoffpl))ﬂ However, this model failed

SNote that the constant factor in the model represents the NuSTAR / Chandra normaliza-
tion ratio.
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to adequately describe the spectra (y? = 1.56 for 185 d.o.f). Particularly it
failed to fit some of the stronger oxygen features below 1 keV. We discuss fit

improvements for these features in detail below.

Comptonization and reflection

In addition to the low energy features, our initial fit (constant*pileup*tbabs* (mekal+
cutoffpl)) shows a significant trend of residuals as a “bump” in 10-30 keV

region (Fig. , top-left). Thus we test other appropriate models by replacing

the power law component with them. To compare how models fit the harder

part of the spectrum, in this section we report statistics in the 1-79 keV band

for each model. Our initial power-law-only model yielded a x? of 1.37 for 171

d.o.f. Replacing the power-law with a Comptonization model (e.g., compTT;
Titarchuk, [1994) does not improve the fit (x? of 1.39 for 170 d.o.f).

It is possible that the observed bump is caused by reflected emission. Using
a reflected power law from neutral matter (pexrav; Magdziarz and Zdziarski,
1995) improved the fit significantly (x2 = 0.98 for 168 d.o.f, Fig. , top-right).
A reflected power-law from ionized matter (pexriv) gives similar results (x2 =
0.99 for 166 d.o.f) but leaves the disk temperature and ionization parameter
(& = 4nF;n/n, where Fj,, is irradiating flux in the 5-20 keV band and n is
density of the reflector) mostly unconstrained (¢ < 100 erg cm s71). We also
tried fitting the hard component of the spectrum using a Compton-scattering
model convolved with a reflection model (e.g., reflect*comptt). This model
also addresses the reflection bump well (y2 = 1.00 for 167 d.o.f). The details
of our spectral fitting with these models are tabulated in Table [5.2]

The general improvement achieved by adding effects of reflection to the
model, and the fact that the reflection scale parameter in all cases is non-zero
(and above 0.5), give strong evidence for the significance of reflection in this
system.

All three models containing reflection fit the spectrum well. However, as
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Without reflection With reflection
Powerlaw ~ CompTT Pexrav Pexriv Reflect x CompTT

photon index 1.01+0.07 1.240.1 117700, -

Efoq (keV) > 85 - 56122 62193 -

Ty (keV) - <03 - - 0.35+0.04
T, (keV) > 161 - - 62153

T 1.8743 - - 0.975%
Reflect scale - 1.3124 L1458 55715
Fe abund. — < 0.3 <0.3 <0.3

6° - < 68 < 45 < 60
Tdisk (keV) - - 0.001£? ¢ —

¢ (erg cm/s) - - < 270 -
Cru/ox 1.03+0.09 1.079:%9 0.904£0.09 0.8875%,  0.8770%3
x2/d.o.f 1.37/171  1.39/170  0.98/168  0.99/166  1.00/167
N.HP (%)  0.06 0.05 54.2 52.4 A7.2

Table 5.2: Best-fit parameter values for hard spectral components, fit in the
1-79 keV band. Ty is temperature of the incident photons, T, is the electron
temperature and 7 is optical depth in Comptonization models. We assume a
disk geometry for the Comptonization component. Reflection scale indicates
the relative scale of the reflected emission compared to the source. Ey,q is the
folding energy for exponential cut-off in the power law tail. Iron abundance is
indicated as a fraction of solar abundance. The inclination angle is denoted by 6
and & represents the ionization parameter. Cyy/cx shows the relative NuSTAR
to Chandra/ACIS normalization factor. N.H.P. indicates the null hypothesis
probability. - The disk temperature in Pexriv model is not constrained and
the value stated here is just from the best fit.

the ionization parameter in Pexriv is loosely constrained and is consistent with
zero (i.e., suggesting insignificance of ionized matter in the reflection), we prefer
Pexrav to Pexriv. As the physically motivated model (in this case) requires
an unusually high reflection scale parameter, indicating significant obscuration
of the emission source (which seems inconsistent with the constraints on the
inclination angle in the reflection component), we use Pexrav for the rest of

our analysis.
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Collisionally-ionized gas models

After addressing the hard component of the spectrum, we focused on the fea-
tures in the soft end while fitting the whole band (0.4-79.0 keV). Our model
with a single Mekal model and pexrav (constant*pileup*tbabs* (mekal+pexrav))
failed to describe the strong emission features below 1 keV (x2 = 1.34 for 183
d.o.f) leaving significant residuals below 1 keV. Adding a second mekal compo-
nent did not improve the fit. As the features we are trying to fit are dependent
on the abundances of elements in the system, we test our model with 47 Tuc
abundances of elements (following Heinke et al.|[2005b, assuming abundances
of 0.6 solar for C,N, and O, and 0.4 solar for elements Ne through Ca, and
0.2 for Fe and Ni, see also |Carney||1996; [Salaris and Weiss [1998). To do so,
we replace the Mekal component in our model with VMekal, which allows for
adjustable abundances of elements. This model provides a slightly better fit
with a x2 = 1.23 for 183 d.o.f (Fig. middle-left). Adding a second vmekal
component did not improve the fit.

The major features that the models above fail to describe mainly consist
of strong spectral lines, from O VII and VIII between 0.6 and 0.8 keV. Addi-
tionally, in our Chandra/ACIS spectrum, there is a bump at ~ 0.3 keV that
is not fit well when our band is extended to 0.3 keV. This bump could be due
to carbon lines or uncertainties in the ACIS response matrix. The former is
particularly plausible as |[Knigge et al. (2008) identify strong carbon lines in
the FUV spectrum of X9. This significant underestimation of oxygen emission
in our models suggests that the abundance of oxygen (and possibly carbon)
in this system is higher than the measured values for either 47 Tuc or solar
abundances. |Miller-Jones et al.| (2015)) suggest that X9 might be a UCXB
(based on mass transfer rate). This is consistent with a high abundance of
oxygen, as carbon and oxygen can be dominant species in UCXBs where the
donor is a C/O WD. We attempt a first test of this scenario by using the
abundances calculated by |[Koliopanos et al.| (2013) for a C/O UCXB system.
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Although a model with a single VMekal component with UCXB abundances
fails to describe the features below 1 keV (x2 = 1.35 for 183 d.o.f), adding a
second VMekal component gives a slightly better fit with x2 = 1.22 for 181
d.o.f. (Table[5.3] and Fig. middle-right), and thus adds more evidence for

the presence of a C/O white dwarf companion in this system.

Reflection models for UCXBs

Our spectral analysis in Sections the two sections above provides evidence for
reflection, and indicates an ultra-compact nature for the system, with a high
abundance of oxygen. Thus it is possible that the strength of oxygen lines is due
to reflection from a hot oxygen-rich disk. Thus we test this scenario by fitting
the spectrum with a reflection model appropriate for oxygen-rich UCXBs. For
this purpose we used Xillverco (Madej et all [2014), which is a reflection model
for accretion disks in oxygen-rich UCXBs. Xillverco is based on the Xillver
reflection model (Garcia and Kallman, 2010; |Garcia et al., 2011, [2013).
Xillverco contains only the reflected emission from a disk plus a power law
continuum (and not the emission from these components themselves). Thus to
include all the components, our model became
constant*pileup*tbabs*(diskbb+cutoffpl+xillverC0). In this model we
tied the disk temperature between Xillverqo and diskbb, and tied the photon
index and cut-off energy between Xillverco and the cutoff power law. This
model gives a moderately good fit with x? = 1.30 for 181 d.o.f. However it

shows clear residuals in fitting the oxygen features and the reflection bump
(Fig. p.6] bottom-left).
Photo-ionized gas models

None of the models tested in the Sections above seem to be able to entirely
address the oxygen features. Specifically, most of these models seem to under-

estimate the relative amplitude of O VIII compared to O VII. This could be
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due to a significant increase in the ionization state of oxygen due to photo-
ionization. To investigate this, we used XSTAR (Kallman and Bautista;, 2001)
to simulate a model spectrum of photo-ionized oxygen in a system with a size

scale applicable to X9.

For our simulations we assumed an oxygen-rich diffuse gas region|’} illumi-
nated by a source (possibly the inner accretion flow) with an X-ray luminosity
of ~ 10% erg s™! (a typical luminosity level for X9). For the illuminating
source we assumed a power law spectrum obtained from the best power law fit
to the Chandra/ACIS spectrum in the 1-10 keV band. For the simulation, we
assumed a hydrogen column density of 10?2 cm~2 and a constant gas density of
10 cm™3. The variables in our grid model were temperature (10* to 107 k) and
ionization parametelﬁ (log& from -4 to 4). Our simulations were parallelized
using PVM_XSTAR (Noble et al.,2009). Finally we produced an XSPEC table
model using the XSTAR task xstar2table and performed spectral fitting with
this model. From here on, we refer to this model as the photo-ionization model

(phoionize).

We used a slightly different version of XSTAR (B.0.8) compared to the reg-
ular XSTAR release (B.N.24). The main difference between the two versions is
the effects of bound-bound radiative excitation which, is turned on in the B.O.8
release. This is especially important as the oxygen La line can also be emitted
by bound-bound radiative excitation of the upper level by continuum photons.
Thus the B.O.8 release produces the helium-like oxygen line at a different en-
ergy as it pumps the resonance line, while the regular version makes a stronger
intercombination line via recombination. Reproducing our models using the

B.N.24 yielded a slightly inferior fit. This result indicates the importance of

"Currently we are unable to consider effects of carbon in our simulatuons, due to a com-
plication in the current release of XSTAR.

8Note that this ionization parameter is defined as ¢ = L/nR? where L is luminosity, n is
density and R is the distance between the illuminating source and the illuminated gas, such
that L/R? is the illuminating flux of the region.
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bound-bound radiative excitation in production of these lines in the emitting
region.

We used our XSTAR models to fit the joint Chandra and NuSTAR spectra.
To do so, our full model became constant*pileup*tbabs* (phoionize+pexrav).
This model fit the spectra exceptionally well (x2 = 1.02 for 181 d.o.f, Table7
almost completely removing residuals around the oxygen features (Fig. , bot-
tom right). Our best fit using this model gives a gas temperature of 0.2070%
keV and an ionization parameter (log &) value of 0.670%. In our best fit, the Fe
abundance in Pexrav is also found to be < 0.3 of the solar value. |Koliopanos
et al.| (2013) suggest that strength of Fe K« line (and thus the measured abun-
dance of Fe) should be suppressed in systems with high carbon and oxygen

abundances. However, Madej et al.| (2014) indicate that this is only the case in

systems with completely neutral gas.

Although our photo-ionized model provides a very good fit, there is a sin-
gle spectral bin around ~ 0.8 keV that shows a significant residual (Fig. |5.6
bottom right). As this spectral bin is located in a region where the dominant
component changes, it is unclear if this residual is due to incomplete modeling

of the underlying continuum or caused by a spectral feature.

The superiority of this fit compared to the collisional models discussed in
the previous section is a strong indicator of the extreme overabundance of
oxygen and the fact that photo-ionization in this system must be considered.

We discuss the implications of this finding in Section [5.4.2

Our spectral analysis presented above is a first glance at a complex system.
We note that in other Chandra datasets, due to the strong presence of oxygen
features, Mekal with UCXB abundances or our photo-ionized model fits the
spectra significantly better than models with solar abundances. We found our
model fits most of the Chandra spectra reasonably well, however we noticed
significant residual trends in a few data sets. We leave extensive spectral mod-

eling and an in-depth study of the spectral evolution in the system to a later
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VMekal Xillverco  Phoionize

Solar 47 Tuc UCXB UCXB Oxygen
T1 (keV) 0.16+£0.01 0.1779%0  0.26£0.05 0.11£0.01 0.2070%
T2 (keV) - - <03 -
log(&) - - - - 0.659:
Photon index 1.04:£0.08 1.0740.08 1.054+0.08 1.2%93 1.1270:08
Efoa (keV) 35713 47T 38112 201+15 51+
Reflect scale  1.37572 L1453 1.2459 - L1455
0 (deg) <78 < 68 <72 < 54 < 66
Cnujox 0.9670:%%  0.90%399  0.9340.08 1.0075:9  0.8940.09
x2/d.of 1.33/183  1.23/183  1.22/181  1.30/181  1.02/181
NHP (%)  0.15 1.8 2.1 0.43 41.6

Table 5.3: Best-fit parameter values for our models fitting the entire 0.4-79
keV band spectrum. The VMekal models are two-VMekal+pexrav models
with abundance of elements based on values for solar (Wilms et al., 2000)), 47
Tuc (Heinke et al., [2005b; Salaris and Weiss, [1998; |Carney, 1996), and UCXB
abundances (Koliopanos et al., 2013)). Phoionize is the oxygen photo-ionization
model produced using XSTAR (see text). T1 and T2 are temperature of each
Mekal/VMekal component. Adding a second VMekal component only improved
the fit in the case with UCXB abundances. In the case of Phoionize, T1 is the
temperature of the photo-ionized region. Fy,q represents the exponential cut-
off energy in Pexrav and # the inclination angle. Note that the iron abundance
parameter in Pexrav is set to the value assumed for VMekal in each case. For
Phoionize, this parameter was set free and was found to be < 0.3 of the solar
value.

paper (Bahramian et al., in prep.).

5.4 Discussion

5.4.1 Origin of the super-orbital periodicity

The overabundance of oxygen in this component indicates a WD companion,
and thus an orbital period < 80 min. The limits on optical flux from a compan-
ion star rule out a main-sequence star that could fill its Roche lobe for periods
longer than 3.5 hours (Knigge et al.l 2008]). Thus, the 6.8 day periodic X-ray
variability must have a super-orbital origin.

Super-orbital modulations have been observed in multiple XRBs (e.g., see
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Energy (keV) Energy (keV)

Figure 5.6: X-ray spectrum of 47 Tuc X9 as seen by Chandra (black) and
NuSTAR (colored, red & blue from FPMA, green and cyan from FPMB) on
February 2015 and models used to fit the spectra. The top panels show two
of the fits performed in the 1-79 keV band to address the reflection bump
above 10 keV, and the middle and bottom panels show attempts to address
the oxygen features below 1 keV. The models represented here are: a cut-
off power law (top-left), pexrav (top-right), a single vimekal + pexrav with
47 Tuc cluster abundances (mid-left), two vmekalstpexrav with ucxb abun-
dances (mid-right), ucxb reflection model (bottom-left) and oxygen photo-
ionization+pexrav (bottom-right). In the top panels, the reflection bump above
10 keV is clearly addressed by pexrav. Oxygen photo-ionization is the only
model properly fitting the oxygen features below 1 keV.
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Charles et al.|2008 for a review). It is thought that these modulations can be
produced by mechanisms like precession, tilting, or warping of the accretion
disk (among other possible scenarios like state changes or superhumps).
Among the systems showing super-orbital modulation, 4U 1916-053 is a
persistent UCXB with an orbital period of 50 min (Walter et al. [1982; |[Nele-
mans and Jonker, 2010). Strong helium and nitrogen lines in the spectrum
indicate a He WD companion (Nelemans et al., 2006), while X-ray bursts in-
dicate a neutron star accretor (Becker et al., [1977). 4U 1916-053 shows an
orbital modulation of period 5 days, presumably related to the “superhump”
phenomenon (Patterson et all 2005). |Charles et al. (2008]) suggest that the
5-day modulation in this system is caused by precession and/or warping of the
accretion disk. Given the similarities between 4U 1916-053 and 47 Tuc X9, it
is possible that similar mechanisms are responsible for the 6.7 day modulation

observed in X9.

5.4.2 X9 as an ultra-compact X-ray binary

Based on the X-ray luminosity of X9 (Lx ~ a few x10% erg s7!) and the
inferred mass transfer rate, Miller-Jones et al. (2015) suggest the system might
be a UCXB with an orbital period of ~ 25 min. Knigge et al.| (2008) reported
the presence of strong carbon lines in the UV spectrum of X9, indicating the
presence of carbon in the accretion flow, and absence of helium lines (hinting
at the possibility of a C/O WD donor).

Heinke et al.| (2005b) showed that in X-rays, X9’s spectrum contains strong
oxygen lines below 1 keV. As we tried to model the spectrum with various mod-
els (collisional gas, reflection in UCXBs, and oxygen photo-ionization; Section
, we find the oxygen photo-ionization model provides a clearly better fit
compared to the rest of the models. The superior goodness of this fit indicates
the significance of photo-ionization in production of these oxygen lines, and

thus points to the presence of overabundant oxygen possibly in the form of a
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diffuse region around the inner accretion disk. Clear evidence of photo-ionized
oxygen excess provides additional evidence for a C/O WD companion in this

system.

5.4.3 Nature of the compact accretor

Our radio observation of X9 provided measured flux densities of 27.6 £ 7.2
and 38.5 & 9.7uJybm™! at 5.5 and 9.0 GHz respectively. Comparing with
previous observations in 2010 and 2013 |Miller-Jones et al. (2015]), the 9-GHz
radio emission has not changed markedly since the prior observations, although
the 5.5 GHz emission appears to have dropped by a factor of 1.5+0.4. As
discussed in Miller-Jones et al| (2015), the radio flux of X9 is significantly
higher than the values reported for any CV, making a CV nature for X9 an
unlikely scenario.

With our simultaneous X-ray and radio measurements of X9, we plot X9
on the Lr—Lx plane (Fig.[5.7). Compared to Miller-Jones et al| (2015)), we find
a lower 5.5 GHz luminosity, but a higher X-ray luminosity’] This places X9
closer to the position of the transitional MSPs (tMSPs) and NS-XRBs.

The position of X9 on the Lr-Lx plot suggests either a NS or a BH as
possibilities for the accreting object. Although it is possible for the system to
be a quiescent tMSP, the X-ray behavior of X9 is significantly different than the
other discovered tMSPs. Specifically, quiescent t MSPs show rapid (~ minutes)
switching between two relatively stable luminosity levels around 1033 and 1034
erg s~ (Papitto et al) [2013; |[de Martino et al), [2013; [Linares et al. 2014;
Tendulkar et al., 2014; |Bogdanov and Halpern, [2015). However this is not the
case for X9 as the source shows a slow (6 day), apparently periodic, variation.

An alternative scenario is that we are viewing the system at a very high

inclination angle, where the outer disk obscures the inner parts of the accretion

9Note that the observations reported in Miller-Jones et al.| (2015) were not simultaneous.
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Figure 5.7: Radio/X-ray luminosity correlation for X-ray binaries and stellar
mass black holes. Orignial plot from Tetarenko et al.| (2016b)). X9 falls below
the correlation line for BH-LMXBs.

disk, so that the observed flux is significantly lower than the true flux. We
found clear evidence for reflected emission in the X-ray spectrum of X9. To
our knowledge, this is the lowest-luminosity X-ray binary (non-CV) system
to show reflection. Clear detection of reflection from a faint (< 103 erg s™!)
system and the ionized emission possibly associated with an accretion disk
corona in the system, dominating the continuum below 1 keV, suggests that
the inner accretion disk might be heavily obscured and thus the true X-ray
luminosity could be higher. In this scenario, a NS nature for the compact

object is preferred by the radio/X-ray flux ratio.
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Abstract

We use K-band spectroscopy of the counterpart to the rapidly variable X-ray
transient XMMU J174445.5-295044 to identify it as a new symbiotic X-ray
binary. XMMU J174445.5-295044 has shown a hard X-ray spectrum (we verify
its association with an Integral /IBIS 18-40 keV detection in 2013 using a short
Swift /XRT observation), high and varying Ny, and rapid flares on timescales
down to minutes, suggesting wind accretion onto a compact star. We observed
its near-IR counterpart using the Near-infrared Integral Field Spectrograph
(NIFS) at Gemini-North, and classify the companion as ~ M2 III. We infer a
distance of 3.177% kpc (conservative 1o errors), and therefore calculate that the
observed X-ray luminosity (2-10 keV) has reached to at least 4x10%* ergs/s.
We therefore conclude that the source is a symbiotic X-ray binary containing

a neutron star (or, less likely, black hole) accreting from the wind of a giant.
6.1 Introduction

Symbiotic binaries transfer mass via the winds of cold (usually late K or M) gi-
ants onto compact objects: white dwarfs, neutron stars or black holes (Kenyon,
1986), with orbital periods typically in the 100s to 1000s of days (Belczynski
et al., [2000). They were first identified by the presence of high-ionization emis-
sion lines in optical spectra of otherwise cold giants, indicating the presence
of two components of vastly different temperatures. ROSAT X-ray studies of
symbiotic binaries distinguished three classes («, 3, v) by the X-ray spectral
shape (Murset et al., [1997), with higher energy X-ray measurements adding
two further classes showing highly-absorbed spectra (Luna et al) 2013). A
small but rapidly increasing number of symbiotic systems have been identified
as containing a neutron star as an accretor, through the measurement of pul-
sations and/or hard X-ray emission above 20 keV, and are known as symbiotic
X-ray binaries (Masetti et al., [2006)).

Only seven symbiotic X-ray binaries have been positively identified so far;
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GX 144, (Davidsen et al., [1977)); 4U 1700+24, (Masetti et al., 2002)); 4U
19544319, (Masetti et al., 2006); Sct X-1, (Kaplan et al., 2007); IGR J16194-
2810, (Masetti et al., 2007); IGR J16358-4726, (Nespoli et al., [2010)); and XTE
J1743-363, (Bozzo et al., [2013)). Several other likely candidate systems have
also been proposed (e.g. Nucita et al. 2007, [Masetti et al.|[2011, Hynes et al.
2014). The identification and characterization of a symbiotic X-ray binary
requires clear information on the nature of the accretor (e.g. from pulsations

or unusual luminosities) and the donor (e.g. from spectroscopy).

Heinke et al. (2009¢) identified XMMU J174445.5-295044 as a rapidly vari-
able (timescales down to 100s of seconds) Galactic transient, using nine XMM-
Newton, Chandra, and Suzaku observations. It showed 2-10 keV X-ray fluxes
up to > 3 x 107" erg em™2 s7!, and variations in Ny, from 8 x 10*? up to
15 x 10?2 cm~2. The rapid variations and variable Ny suggested accretion from
a clumpy wind, rather than an accretion disk. Heinke et al.| (2009¢) also iden-
tified a bright near-infrared (NIR) counterpart (2MASS J17444541-2950446)
within the 2”7 XMM error circle. Heinke et al.| (2009¢|) calculated the proba-
bility of a star of this brightness in K¢ appearing in the X-ray error circle as
only 2%, indicating that it is almost certainly the true counterpart. This star
appears highly obscured and shows infrared colors typical of late-type stars,

which Heinke et al. suggested indicates that XMMU J174445.5-295044 is a

symbiotic star or symbiotic X-ray binary.

The INTEGRAL Galactic bulge monitoring program (Kuulkers et al., |2007)
reported an X-ray transient detected by the JEM-X monitor on March 23, 2012
(Chenevez et al., 2012), at 17:44:48, -29:51:00, with an uncertainty of 1.3" at
95% confidence, consistent with XMMU J174445.5-295044. The 10-25 keV flux
of 1.5£0.3 x 107 erg cm~2 s7! is larger than previously reported for XMMU
J174445.5-295044, but the high estimated Ny (not specified, but the JEM-
X source was undetected below 10 keV, indicating Nyz>10%* ¢cm™?2) suggests

that this is likely the same source, as it is known to exhibit similarly large
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intrinsic extinction (Heinke et al., 2009¢). In March 2013, the INTEGRAL
IBIS telescope detected a hard transient at 9.3 £ 1.4 x 107! erg cm=2 s7!
(17-60 keV), at position 17:44:41.76, -29:48:18.0, uncertainty 4.2’ (Krivonos
et al, 2013)). Krivonos et al. note that this position is consistent with XMMU
J174445.5-295044, but suggest that follow-up observations are needed to verify
whether it is the same source.

In this paper, we present Gemini NIFS spectroscopy of 2MASS J17444541-
2950446, and conclude that its spectral type indicates a M2 III giant. We
also describe a Swift/XRT observation permitting the confident identification
of the 2013 INTEGRAL/IBIS transient (Krivonos et al. 2013) with XMMU
J174445.5-295044. We combine these results to infer a peak Lx > 4 x10%* erg
s~!. These results together allow us to confidently identify XMMU J174445.5-
295044 as a symbiotic X-ray binary containing a neutron star or black hole

accretor, rather than a white dwarf.

6.2 Data and Analysis

6.2.1 Swift/XRT

We observed XMMU J174445.5-295044 with Swift/XRT on March 30th, 2013
(two days after the INTEGRAL/IBIS detection of Krivonos et al.|2013)) in
photon-counting mode. The observation was interrupted after an on-source
exposure of ~ 150 seconds due to a Gamma-ray burst alert. We detect a single
source in the 23.6" diameter field, showing 7 counts. Using FTOOLS zrtcentroid
we determine the position to be RA = 17:44:46.26s and DEC = -29:50:56.08"
with positional uncertainty of 9”, consistent within <20 with the position of
XMMU J174445.5-295044. Given the lack of other X-ray sources nearby (see
figure 4 of Heinke et al.[2009¢), the Swift/XRT source is thus certainly the
same as XMMU J174445.5-295044.

We reprocessed the Swift/XRT data (using HEASOFT 6.14), extracted a
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Figure 6.1: Long term X-ray light curve of XMMU J174445.5-295044, cal-
culating X-ray luminosities in the 2-10 keV band using our calculated 3.1 kpc
distance (§ . Errorbars do not include the distance uncertainty, so that in-
trinsic variations can be more clearly seen. Chandra (black circles & upper lim-
its), XMM-Newton (blue squares & upper limits) and Suzaku (red diamonds)
fluxes from Heinke et al. (2009¢). INTEGRAL 2-10 keV fluxes (green stars)
are extrapolated from the fluxes reported by (Chenevez et al,| (2012, JEM-X,
10-25 keV) and Krivonos et al.| (2013, IBIS/ISGRI, 17-60 keV). Our Swift/XRT
observation (magenta pentagon) is reported in §. The final XMM-Newton
datapoint has statistical errorbars smaller than the marker size.
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spectrum with XSELECT, and created an effective area file with xrtmkarf. We
fit the Swift /XRT spectrum with an absorbed power-law using cstat statistics
(Cash, |1979) in XSPEC 12.8.1, fixing the photon index to 1.18 (as found in the
deepest and most-constrained observation of Heinke et al.[2009¢|). We measure
Ny = 4.5772x10% em~2 and an unabsorbed 2-10 keV flux of 8.571%* x 1072 erg
s7! ecm2, the second-highest 2-10 keV flux recorded from XMMU J174445.5-
295044.

If the INTEGRAL/IBIS measurement is extrapolated (using the spectrum
above) to the 2-10 keV band, the Swift/XRT flux measurement is 1/3 of the IN-
TEGRAL measurement. Such a high flux from XMMU J174445.5-295044 only
two days after the INTEGRAL/IBIS detection, combined with the lack of other
detections within the 4.2 INTEGRAL/IBIS error circle, indicates that XMMU
J174445.5-295044 was the origin of the INTEGRAL/IBIS detection. The 2012
INTEGRAL/JEM-X detection (Chenevez et al., 2012), with a smaller error
circle of 1.3, can also be confidently assigned to XMMU J174445.5-295044.

We created long term X-ray lightcurves of XMMU J174445.5-295044, cal-
culating X-ray luminosities in the 2-10 keV band using our calculated 3.1 kpc
distance (see below). In Figure[6.1] we show the published detections of XMMU
J174445.5-295044 (including our Swift measurement, and associating the two
INTEGRAL detections, extrapolating their flux down to 2-10 keV).

6.2.2 Infrared data

Data and reduction

We observed XMMU J174445.5-295044 with Near-infrared Integral Field Spec-
trograph (NIFS, McGregor et al.2002) mounted on the Fredrick C. Gillett tele-
scope at Gemini-North observatory. The observation was done in queue mode
on July 9th, 2012 under program ID GN-2012A-Q-114 (PI: C. O. Heinke). NIFS

provides spectroscopy with spectral resolving power R~ 5000 over a 3.0”x3.0”
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field of view in the Z through K-band (9500 to 24000 A). We performed the
observation in K-band with standard methods for near-infrared, with a series
of observations pointing on-source and blank sky. Blank sky observations were
done in order to subtract sky emission from on-source observations. In order
to remove telluric features in the spectrum of our target, we observed the AV
star HIP 88566 at similar airmass. For wavelength calibration, an exposure
of Argon/Xenon arc lamps was taken. Also for spatial distortion removal and

calibration, exposures with a Ronchi mask were taken.

We reduced and reprocessed the data using Gemini IRAF package V1.12
beta 2 included in IRAHY| (V2.16) distributed in UrekaP| 1.0 beta 5. NIFS
package contains recipes for three stages of data reduction (baseline calibra-
tion, telluric data and science data) in “m’fsemmples”ﬁ. In baseline calibration
we made flat field and bad pixel map, performed wavelength calibration and

determined the spatial curvature and spectral distortion in the Ronchi flat.

The spectra of AOV stars in the K band only show one significant feature, at
Bry (21661 A). We removed this stellar feature from our reference spectrum to
obtain a pure telluric spectrum. After extracting the one-dimensional spectrum
of the telluric star, we divided the spectrum with a blackbody spectrum and
included a Voigt profile fit to the Bry feature (following Barbosa et al.|2008) to
mimic the AOV spectrum of our calibration source. This spectrum was created
using mkldspec in artdata package. We assumed a temperature of ~9800 K
for the blackbody continuum of the AOV telluric star (Adelman), 2004 and de-
termined the Voigt profile parameters by fitting with the task splot. We then
eliminated telluric features in the science spectrum using the achieved pure

telluric spectrum with the task nftelluric. The final output of the reduction

'TRAF is distributed by the National Optical Astronomy Observatory, which is operated
by the Association of Universities for Research in Astronomy (AURA) under cooperative
agreement with the National Science Foundation.

2Ureka is provided by Association of Universities for Research in Astronomy (AURA).

3http://www.gemini.edu/sciops/instruments/nifs/?q=node/10356
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stage is calibrated telluric-corrected data in the form of a three-dimensional
data cube with two spatial dimensions, each 62 pixels wide, and one spectral
(wavelength) dimension of 2040 pixels. We extracted a one-dimensional spec-
trum by merging spatial dimensions inside a circular region with radius of 7

pixels centred on the source using DS9.

Spectral analysis

We measured the radial velocity of the source, using the rvidlines task in IRAF
RV package to achieve a red/blue shift-corrected spectrum. In order to do this
we first needed to identify a small number of prominent lines in the spectrum
of this source. These include Al T (21170 A), Si I (21360 A), Ti (21789 A,
21903 A), Na I (22090 A) and Ca I (22614 A). rvidlines provided us with a

1 which was applied to the full spectrum.

velocity correction of -1243 km s~
This corrected spectrum can be seen in Figure [6.2

We used various available spectral libraries for late-type stars (Kleinmann
and Hall, [1986; Wallace and Hinkle, [1997; Ramirez et al., |1997) to identify
spectral features present in the spectrum. To obtain accurate identification
and vacuum wavelength values we compared these identifications with data
available in National Institute of Standards and Technology Atomic Spectra
Database (NIST-ASD, Kramida et al.|2013). Figure shows the rest-frame
spectrum of XMMU J174445.5-295044 with all identified features. These fea-
tures are tabulated in Table [6.11

For two-dimensional stellar classification (spectral and luminosity) of the
source we followed the method discussed by Ramirez et al. (1997)); Ivanov
et al. (2004); Comerdn et al.| (2004). This method consists of comparing the
strength of a feature which is temperature-dependent with a feature which is
temperature- and surface gravity-dependent. Following the method outlined
in (Comeron et al.| (2004), we selected wavelength regions encompassing signifi-

cant temperature-dependent features (Na I, Ca I), and one region representing
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Table 6.1: Identified spectral lines in the spectrum. Reported wavelengths are
in rest frame. References: 1- Kleinmann and Hall (1986)), 2- |Ramirez et al.
(1997)), 3- NIST-ASD. “?” indicates uncertain identifications.

Species Wavelength(A) Reference
Fe 1/Cs 11 (7) 20295 3
Til 20361 3
Fe II/B II (?) 20563 3
Sil 20923 1,3
Mg 1 21067 1,3
AlT 21170 1,3
Sil 21360 1
Fe II/Ar 11 (?) 21506 3
Ti T 21789 1,3
Sil 21885 1
Til 21903 1,3
Til 22010 3
Sc 1 22058 2,3
Sil 22069 2,3
Na I 22090 1,3
Til 22217 3
Fe I 99963 13
Fel 22387 1,3
Til 22450 3
Cal 22614 1,3
Fe I 929626 2.3
Til 22627 2,3
Cal 22657 1,3
Fel 22745 3
Mg T 99814 1,3
12C0 (2,0) 22935 1
1200 (3,1) 23227 1
1300 (2,0) 23448 1
1200 (4,2) 23524 1
1BCO (3,1) 23739 1
1200 (5,3) 23832 1
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a temperature- and surface gravity-dependent feature (1*CO). For each feature,
we use two nearby, featureless continuum regions to approximate the expected
continuum level within the feature by linear interpolation. We used nearly the
same feature and continuum definitions as |Comerdn et al. (2004) (Table [6.2)).
We made a small modification to the range of the blue continuum region for
the Ca I feature given by Comerén et al. (2004), shortening it by 4 A to avoid
including the relatively strong nearby Ti I ( 22450 A) line. This modification
has an effect of < 0.2 % on the equivalent width measurement. These features
and continua are represented in Figure[6.3] Finally we calculated an equivalent
width for each feature, and compared these values to the values reported in
Comerodn et al.| (2004)).

To estimate errors, we divided the continuum regions into halves, and com-
puted the equivalent widths using either half alone. We took the largest varia-

tion from our reported values as an estimate of the error in each measurement.

6.3 Results and Discussion

6.3.1 Two-dimensional spectral classification

Comerdn et al.| (2004) demonstrate that the *CO feature for supergiants always
shows an equivalent width (EW) of > 25 A (see their figures 8-13). We obtained
EW[?CO]~ 19.440.1 A, which is typical for giants or dwarfs (Comerén et al.|
2004). Thus we can rule-out the possibility of a supergiant.

Ramirez et al.| (1997) and Ivanov et al.|(2004) show that log[EW(CO)/(EW(Ca
I)+EW(Na I))] can be used to separate giants from dwarfs. Ramirez et al.
(1997) show that this quantity should be between -0.22 and 0.06 for dwarfs,
vs. between 0.37 and 0.61 for giants. We found this quantity to be 0.67 4 0.06
for our source, in agreement with the estimated range for giants. Presence of
fairly strong 1¥*CO bands in our spectrum is another indicator for a giant, as

these features are invisible in a dwarf.
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To estimate the temperature of this source, we used the first-order relation-
ship between effective temperature (Tes;) and EW['2CO] (in angstroms) for
giants proposed by [Ramirez et al.| (1997)):

T.rp = (5019 £ 79) — (68 = 4) x EW[*CO] (6.1)

Considering the uncertainty in EW[*?CO], we found T.;; = 3700 + 160 K.
According to [van Belle et al.| (1999)), T.ry = 3700 K indicates M2 giant; using
Richichi et al| (1999) suggests M1.5 while the relation in Ramirez et al.| (1997)
gives an M1.7 giant. Thus, adopting either the van Belle or Richichi calibration,
the resulting spectral type is M2 III, with a reasonable range from M0 to M3.
If we used the less detailed calibration from Ramirez et al 1997, we obtain a
similar result of M1.7 (MO to M3). Thus, we adopt M2 III as our spectral type,
with a possible range from MO to M3 III.

There is no evidence for a feature at Brvy in our spectrum, either before
or after our telluric subtraction. Nespoli et al.| (2010) see Bry emission from
two symbiotic X-ray binaries. However, the similar P-Cygni shape of the Bry
feature in both stars, and also in the supergiant X-ray binary IGR J16493-4348
studied by them with the same method, lend support to their hypothesis that
this feature is a residual artifact of their telluric removal procedure (which is

more complex than ours, involving using a G star as a second telluric reference).

6.3.2 Extinction, distance, and nature of the accretor

We use our identification of the spectral type, with the 2MASS photometry
(Skrutskie et al., 2006) reported by Heinke et al.| (2009¢)), to estimate the ex-
tinction, and thus the distance, to XMMU J174445.5-295044, in a similar way
as Kaplan et al. (2007)), but explicitly accounting for the difference between the
Kgs and K bands. Although the 2MASS colors were measured at a different

time from the NIFS spectroscopy reported here, we do not expect large varia-
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tions in the temperature or observed extinction of the giant, as the stars most

affected by this are of later (>M5) spectral types (Habing, [1996)).

M2 III stars have an absolute magnitude of M; = —3.92 and intrinsic J-
Kg colors of 1.12 (Covey et al, [2007)). Heinke et al.| (2009¢) report a 2MASS
magnitude of m; = 14.89 in J for our object, and an observed J-Kg=4.72.

We use A;/Ay = 0.282 (Cardelli et al., 1989), and A;/Ak, = 2.5+0.2
(Indebetouw et al.; 2005). Thus we infer Ay = gi;ﬁ?;ﬁ@g&i% =21.373% and
Ay =6.0T03. The extinction measurement converts (using Ny (cm~2) = (2.214+

0.09) x10?" Ay, |Giiver and Ozel|2009), to Ny = (4.740.5) x 10?2 cm ™2, which

2 and

is below the X-ray measured values (measurements of 8.6 +0.4 x 10*? cm ™
1675 x 10?2 em™2, from different observations) in Heinke et al.| (2009¢). This
is consistent with expectations for a wind-accreting system, where much of the
Ny is expected to be local to the compact object, and with the evidence for

variation in Ny between different observations shown by [Heinke et al.| (2009¢).

Using this A estimate, the expected M, for a M2 III star, and the observed
J magnitude, we can thus estimate d=3.1 kpc as the most likely distance to
our object. The largest uncertainty in our distance estimate is our estimate
of the absolute magnitude of the companion star. Allowing for a conservative
I-magnitude uncertainty on the absolute magnitude (estimated from Breddels
et al.|2010; this is probably more precise than 1), we find d= 3.177% kpc. This
distance is consistent with our (small) radial velocity estimate, which would be
typical of a disk star observed with a longitude very close to that of the galactic
center (I = 359.1°), and with our measurement of the relative strengths of the
CO and Na lines, the ratio of which is more consistent with disk giants than

with giants in the bulge (Comerén et al., [2004).

From this distance estimate, we can infer the X-ray luminosities of XMMU
J174445.5-295044, as plotted in Figure (errors there do not include the
distance uncertainties). The majority of the X-ray detections are between

1033 and 103! erg s7!, but the INTEGRAL/JEM-X detection in March 2012
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(Chenevez et al., 2012) gives a (2-10 keV) X-ray luminosity of (1.140.2) x 103
erg s~! for d = 3.1 kpc; even at the lower limit on the distance (d = 2.0
kpc), the luminosity exceeds 4 x 103! erg s (Similarly, the March 2013
INTEGRAL/IBIS detection gives a (2-10 keV) Lx = 2.5 x 103 erg s7! for
3.1 kpc, or 1.1 x 103% erg s! for the 2.0 kpc lower distance limit, which further
confirms the high X-ray luminosity of XMMU J174445.5-295044). Combining
this high peak X-ray luminosity (four times the maximum seen for any accreting
white dwarf, Stacey et al.|[2011) with the hard X-ray spectrum inferred from
the later Integral /IBIS detection above 17 keV (Krivonos et al., [2013)), we can
confidently rule out a white dwarf nature for the accretor. Thus, we securely
identify XMMU J174445.5-295044 as a symbiotic X-ray binary, with a neutron
star (or, less likely, black hole) accreting from the wind of an M2 giant star.
XMMU J174445.5-295044 stands out from other symbiotic X-ray binaries
only in not showing detectable X-ray pulsations (Heinke et al., 2009c). The
complete absence of NIR spectroscopic evidence of accretion in our NIFS spec-
trum is typical of other symbiotic X-ray binaries with relatively low accretion
rates. The lack of detected pulsations also means that the accretor could be a
black hole, though black hole symbiotic X-ray binaries should be less common.
The increasing number of symbiotic binaries without detected emission lines
in high-quality spectra being detected recently (van den Berg et al., 2006, 2012;
Hynes et al., 2014) strongly suggests that there should be many more symbiotic
stars (with white dwarf accretors) which also do not show optical/NIR spectro-
scopic evidence of accretion (van den Berg et al., 2006). Symbiotic systems may

make up an important portion of the faint Galactic X-ray source population.
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Chapter 7

Conclusions

7.1 Summary

Production of LMXBs in core-collapsed clusters In Chapter [2, we cal-
culated the stellar encounter rate for 124 Galactic globular clusters entirely
based on observed data. Our model-independent method allowed us to treat
all clusters (core-collapsed or otherwise) in the same manner and thus study
the effects of core-collapse on populations of LMXBs in GCs. Additionally,
we used Monte Carlo simulations to incorporate observational uncertainties
(e.g., uncertainties in the observed surface brightness), and to estimate final
uncertainties for stellar encounter rate values per cluster.

Previous calculations of stellar encounter rates generally assumed King-
model profiles for the density of the cluster. While this is a reasonable as-
sumption for many “normal” clusters, King profiles fail to describe the density
profiles of core-collapsed GCs, and typically underestimate the cluster density
in inner regions. This leads to underestimation of the value of the stellar en-
counter rate. With our calculation of a model-independent stellar encounter
rate, we have been able to show that core-collapsed GCs tend to have lower
populations of LMXBs compared to normal GCs with similar encounter rate

values. These results provide suggestive evidence indicating that core-collapsed
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GCs might be more efficient in binary destruction.

Evidence for low-level accretion during the rise (and decay) of tran-
sient LMXBs When decaying from an outburst (Lx ~ 10% erg/s), transient
neutron star LMXBs show a thermal component in their X-ray spectrum. It
has been suggested that this component might be either caused by low-level
accretion, or due to neutron star crustal cooling.

In Chapter [3, we present the first observational evidence for presence of
a thermal component in the spectrum of a neutron star LMXB during the
rise to outburst (at ~ 10% erg/s). We show that as the system gets brighter
and approaches the hard state, a non-thermal component dominates over the
thermal component. The presence of a thermal component during the rise of
outburst can only be explained by low-level accretion, thus indicating that the
thermal component observed during the decay at similar luminosities is caused

by low-level accretion as well.

Absence of low-level accretion in quiescent NS-LMXBs Neutron star
LMXBs in quiescence (Ly ~ 10%? erg/s) typically show a thermal spectrum,
with a smaller power-law component in some cases. The origin of the ther-
mal component has been generally attributed to heat from the interior, stored
during accretion outbursts, emerging from the surface of the neutron star. How-
ever, there have also been suggestions that there might be contributions from
low-level accretion to this thermal component (e.g. [Zampieri et al., |1995). A
clear signature of low-level accretion in quiescence would be fluctuations in the
neutron star temperature on timescales of a few years. In Chapter [, we look
for signs of variability (over a decade) in the thermal spectra of 12 candidate
neutron star qLMXBs. Ten of the sources within our sample show no evidence
of variation in temperature, while two (NGC 6440 CX 1 and Terzan 5 CX
12) show marginal evidence for slow drops in temperature. These results are

additional evidence suggesting the absence of low-level accretion in quiescent
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neutron star LMXBs with no power law emission, thus indicating that the

thermal emission is due to the deposited heat in the core of neutron star.

Photo-ionization and reflection in the faint UCXB 47 Tuc X9 47 Tuc
X9 is a relatively bright (Ly ~a few x10%3 erg/s) quiescent LMXB (compared
to quiescent LMXBs in globular clusters) in the core of 47 Tuc. While previ-
ously it was identified as a cataclysmic variable, recent radio studies suggested
a black hole nature for the accretor in the system. Detection of strong car-
bon and oxygen emission lines in UV and X-ray spectra, respectively, hinted
at high abundances of these elements in the system. This indicated that the
companion might be a C/O white dwarf and that the system an ultra-compact
X-ray binary. We obtain more X-ray data with Chandra and NuSTAR and
perform spectral simulation and analysis. This analysis shows that describ-
ing the oxygen emission lines detected in the system requires photo-ionization
in the system, presumably from an oxygen (and possibly carbon)-rich diffuse
gas region embedding the inner part of the system. This provides additional
evidence for the UCXB nature of the system. The NuSTAR spectrum of X9
clearly shows a reflection bump in the 10-30 keV interval, making X9 the
faintest UCXB (to date) to show evidence of reflection.

7.2 Future work

Self-consistent spectral modeling for 47 Tuc X9 While in Chapter
we were able to prove the UCXB nature of 47 Tuc X9 and provide evidence
for photo-ionized emission and reflection in the system, there are some caveats
to our analysis, which we plan to address in the future. First, our photo-
ionization model currently consists of pure oxygen. While most elements in a
system with C/O white dwarf donor do not contribute to the X-ray spectrum,

the effects of carbon could be detectable and thus should be incorporated. Sec-
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ond, each of the reflection models we used have their own incompletenesses:
traditional reflection models incorporated in XSpec (e.g., pexriv), do not con-
sider hydrogen-deficient gas. On the other hand, currently available reflection
models for UCXBs (e.g., XillvercO) do not fully incorporate the underlying
continuum spectrum in a self-consistent way.

In a future study, we will attempt to prepare a self-consistent spectral
model, incorporating effects of carbon (and possibly other elements) in photo-
ionization, and a self-consistent reflection model with appropriate abundances

for elements in the system.

Globular cluster properties and formation of X-ray binaries Our re-
sults in Chapter [2| pave the path to integrating other cluster complexities and
studying their effect on the formation of X-ray binaries. Model-independent
calculated values of the stellar encounter rate with robust estimation of uncer-
tainties could be reliably used to parametrize the correlation between cluster
properties and X-ray binary populations.

As a next step, we will use our estimation of stellar encounter rate (the main
parameter responsible for formation of binaries through encounters) and other
available data, like the masses of GCs (a significant parameter representing the
population of binaries formed primordially in the cluster), metallicity (thought
to affect formation through encounters), and to parametrize the correlation
between populations of LMXBs and GC properties, thus searching for empirical

evidence for the role of these parameters in the formation of LMXBs in GCs.
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Appendix

Complete form of tables [2.2] & [2.5|

Tables [2.2] and 2.5] as presented in Chapter [2] are only a portion of the complete
tables. Here I present both tables in their entirety.

221



0°2L8 0°8T9 oceL  TO0 9 ) q COFF9 198 TOFESPI T100FS00  29¢ DON
0°0GZT 0809 0LF8  E0 o u q CTIFLL  SV6  TOF09T  GOOFIE0 €639 DON
0°0FTT 0989 0668 10 U u U §0F6ST 266 TOFEI9T 90°0FLEO 8889 DON
0°066 0°0¥8 0€26 €00 U u U CIFPEl 696  TOF6SST €0°0FEz0 08¢ DON
0°0LLT 0FLE 0636 90 T 3 8 SCIFLY  T'L¢  TOFIOTC 61°0FPeT ¢ Iewored
0°091T 0628 0786 10 U u U GOF9TIT  Tge  TOFP6LT 2O0FET0  FESE DON
0°0GTT 0998 0°000T 800 U u U gO0FOTT 9%  TOFLEST T00FF00 0T DON
0°0TET 0°8¥8 00701 21’0 2 u q ¢0FeS 106 TOF66FT TO0FLOO T899 DON
0°0921 0°L6 0°0SIT 900 9 u q COFFS 164 TOFILCT VO'0FST0  $299 DON
00802 0°€36 000FT IT0 U ) 8  EPFILEl  SF'S  TOFG6LT 9T0FL0T  0FF9 DON
0°0€LT 0°0VET 0°0£ST 900 U u U GOFFOT 0%l TOFLFST T00FE00 IS8T DON
0°08€% 0°00TT 0091 910 9 u 7 FOTFEFT €89  TOFEYST LOOFLFO 9929 DON
0°0L2€ 0°0991 000€c 10 U u U Z0F0ST  9TT  TOFSLIT LOOFLFO  THF9 DON
0°0¥GL 0°€GL 00k T0 © ) 8 69TFLZG 8L9 TOFPPIc Ge0Feee 9 uezml,
0°06LZ 002 002z €00 U u 7 €0FC0T  ¥9¢ TOFSGLT 2OOFST0  GTL9 DON
0°0L8G 002G 001Gy  FI0 © u U 60FCEl €01 TO0F6EST 200FT0  SL0L DON
00°0¥8L 0008 0070089 0z0 U I 8  8CTFI0S  86'C  ¢O0FLZIZ O01°0FI9C G uezi],
punoq roddp)  punoq om0 ] Mo DD P das Py o (s/uy)Po (dpa (N (A-)d oureN

222



0°LCC
0°L9¢
0°00€
0°c6¢
010V
0cov
0°87¥
0°06¥
09y
0°66¥
0 I8V
0°€84
091G
0964
0164
0¢ceL
0884
0266

0°9LT
0191
0°T¥¢
0°6¢¢
0'8T¢
0°G¢¢
0°€ve
0°07¢
079¢
0°C8¢
0°€ce
0°GLC
0°L6€
0°Lv¥
0°€9¥
0°L4G
0194
011G

0¥61
0°00¢
0°0L¢
08¢
0°L0€
0°L0€
0¥ce
0°8€¢
0°€9€
0°TLE
098¢
0°T0¥
0°84¥
0°'8T1¢
0°¢ces
0879
07999
0°00.

900
¢l'o
900
710
[4NY
v1°0
8T°0
10
[4NY
1o
L0°0
1¢0
L0°0
L0°0
G00
S0°0
80°0
I7°0

[T

[T O <

[T R

[T

0 4 = 494 =S <SS <9 <

€0F¢¢
ITEFIL6
7°0+0°9
GG IFIRE
66'CFEC6
G T+E0T1
7'0F+4'¢
IT'7+80°€T
L0FL9
86°0+40°€
['c+¢'8
70+67
0T+I'8
90+C'8
9°0F¥¢l
€T+98
6'0+€9
68 T+6°¢

10T
88
L8
€6°L
10T
8°0¢
¢l'8
90T
Ll
gTrI
VGl
66°¢
911
gTr1
00T
694G
]!
00T

T'0FL0°GT
1'0F+6GT
T'0F997I1
T'0FLT91
['0F+4€LT
T'0+60°LT
T'0OFv9vI
T'0F8¥'ST
1'0+2c6°GT1
T0OFE€LT
1'0+e8 71
T'0OFET€ET
T'0+80°9T
T0F49ar1
1°0+9¢°¢1
I'0FS671
T'0+6.L91
1'0+8CqT

10°0+10°0
90°0+8¢0
10°0+2¢0°0
80°0+¥S°0
IT°0FEL°0
¢0'0+9T1°0
10°0+€0°0
9T'0+80°T
LO0F87°0
T°0+F79°0
¢0'0FvT°0
T10°0+70°0
70°0+¥2°0
10°0+90°0
€0°0+8T°0
90°0F¥°0
70°0+8¢°0
10°0+60°0

¢L2G DON
€L29 DON
I7€9 DON
8¢499 DON
6€T9 DON
7989 DON
660L DON
L1499 DON
6699 DON
€479 DON
17599 DON
¢SL9 DON
9824 DON
680L DON
€609 DON
9299 DON
7829 DON
6999 DON

223



080T
0921
0°LTT
0°6cT
0°0¥T
0 TET
0°6LT
0°GET
08I
0°€91
0°LLT
0°9¢T
0°06T
0891
0°9LT
0°€0¢c
0°88¢
0°€Ve

vyl
8 TL
0°0L
€L
g€l
LG8
Gy
0¢oT
€1
Vel
0°T0T
8'€6
¢'68
768
0°0TT
0vET
0°60T
0°LGT

1'88
6°68
706
8°L6
¢'66
0G0t
O TTT
0911
0°9TT
0°8TT
0€cl
0vel
0°TET
0¥€ET
0°LET
0791
07691
0161

L0°0
10
v1°0
710
910
¢lo
1¢°0
80°0
LT°0
910
qro
710
¢Gc0
710
I7°0
¢lo
¢'0
I7°0

o0 &0 B0 494 o0 &S B0 g o0 o0 o ©0

[T

8V ¢+l L
68 1+6'¢
€0F+891
GT+L7
LLTFCE ¢
60+F1°¢
8VF+¥e Gl
7'0F+€¢
8V 1F+E97V
€T+6'¢
G6'1+60'9
G0°CFI¥'9
61°¢+98°9
6'¢F0v
8G'T+46'V
7 0+49¢
9¢+99
80F8¢

0°GT
88
LT°G
e€r'y
GG'6
LE°L
96°¢
6°CI
80T
€8'L
88°¢
Gc6
16°L
0T
176
Lyv'L
¢'0T
0°¢€

T°0F9L°91
1'0+8¢°GT
T'0Fv6°€T
T'0F6.L°GT
I'0F+1c°LT
T0FL¢T
TOFILTI
1'0F64°4T
T'0OFI88T
T'0+6¢°LT
1'0+csar
1'0+69°91
T°0+29°¢1
T'0F6.L91
T'0FvT 91
I'0F97 71
T'0Fv¥'8T
T°0F0°8T

70°0+8¢°0
€0°0+81°0
¢0'0+¢T10
90°0+7°0
¢I'0FLL0
LOOFP¥°0
IT°0F9L°0
10°0+10°0
ST'OFLT'T
P1T°0+16°0
80°0+¥S0
60°0+9°0
90°0+8€°0
80°0+¥S0
90'0+1¥°0
T10°0+€0°0
9T°0+60'T
10°0+60°0

94€9 DON
L£99 DON
615 DON
G799 DON
Gge9 DON
864499 DON
7799 DON
06T DON
08€9 DON
Gce9 DON
70€9 DON
079 DON
€€€9 DON
9764 DON
8€99 DON
7069 DON
9429 DON
7694 DON

224



LGe
8Ly
0¥y
919
L 0L
0°¢¢
G'69
98L
8€8
ges
0coT
8°LL
608
018
8°G6
0°¢oT
0°60T
0cot

€Le
8°GC
98¢
1°9¢
89¢
€€e
€7ce
¢'8€
8'¢ce
gLe
G€e
G¢1g
6°LG
€ra
¢ 09
¢'c9
914
8G9

Vi€
vGe
€9¢
86€
|47
0¥v
8y
9Ly
9€q
699
069
619
¢'89
6°89
0°69
0°LL
GLL
I'¥8

900
gr'o
170
¢c0
vZ0
¢l0
LT°0
q1ro
vZ0
120
80°0
80°0
60°0
¢lo
910
[4NY
LT°0
€ro

&0 o0 B0 0 g o

o0 &0 B0 0 b w0 o

80+99
6 0F7v
9 1+10°¢
VO T+VvC €
68" 1+6°G
L6'TFIT9
1'¢+c'<
6L T+65°G
€CFLTL
11°¢+99
G T+GLE
IT°¢+99
6L T+65°4
VOFT°L
G9'CF6T'8
ITEFIL6
€0+8L
¢O0FSY

6€7
8°LT
8€6
1T
6L,
g0r1
€49y
70€
60T
9¢°L
€6'¢
701
L9°L
VL
96°¢
70T
€Ce
€C

T'0F807T
1'0+c€91
T'0+cl 91
T'0Fv6 71
1'0+¢9°L1
T'0FGELT
T'0+80°9T
T'0F49¥LT
T'0F€8°91
T°0+cL 91
T'0FT10°6T
1'0+96°G1
T'0+c84T
T'0FEETI
T'0F€8GT
T'0FLL9T
T'0F9°¢T
I'0+LECT

70°0+8¢°0
10°0+20°0
60°0+9°0
€0'0+¢c 0
GI'0+c0'1
IT°0+¢L°0
LO0F97°0
10°0+10°0
80°0F€S°0
¢l'0FLL0
GZ'0+99'1
70°'0+8¢°0
LO0FSY0
10°0+2¢0°0
60°0+€9°0
80°0F¥%4°0
G0°0+v€0
€0°0+8T°0

7429 DON
7209 DON
L8¢9 DON
LT1L9 DDON
6€59 DON
1079 DON
V€9 DON
6¢¢9 DON
6959 DON
09,9 DON
0T Jrewored
9869 DDN
L3265 DON
G029 DON
€499 DON
9T€9 DON
9499 DON
L6€9 DON

225



ar'8
116
L 0T
091
€Vl
76l
G'LT
!
0°9¢
L'8¢
1°6¢
vye
0¢ce
L09
g'8¢
6°6€
6TV
7'9€

G
G0°¢
6%
9¢v
19
1074
'8
L6'8
I'TT
GLL
01
Lel
L€El
1L°L
€Ll
G811
L'1¢
¢ve

VL9
LL9
LT°L
L6°L
76
!
81T
0°€T
!
g ar
991
¢'0¢
80¢
1°¢c
6°9¢
LLe
6°6¢
80€

10
710
120
9¢0
LT°0
1¢0
1o
8T°0
61°0

10
¥c0
qa
¢G0
910
8T°0
120
LT°0
L0°0

[=10)

o0 &0 &4 o0 o0 = B g g

= = <= <4 e o0 o0 o

I'TFEVE
CO0FIV
¢ 0F0'¢

G6°0+86°C
80" TF9¢°€
€9 T+80°G

VIF8EY
70F+47v

94 1+68V
GO T+¥1°¢
L'0F+9°¢
VETF6TV
GL0FSET
GL0FGET
¢0F07
90+07¥
T'T+1°¢
VOF+EY

694
6€°9
16¥
[

¢y
g9'8
Vel
€87
¢ 91
6L°G
€61
1°6¢
Vel
6V"L
(aaé
7¥'6
9¢a1
€69

T'OFEV VI
1'0+40°GT
T'0FC¥I
T'0FT10°LT
1'0F+€¢'81
T'0OF¥87I
1°0+96°4T
T'0FT107T
1'0+60°91
T'0FvEST
1'0F6¥'91
T'0F9T°LT
T'0+cl 91
T'0FL1°0¢
1'0+¢8¢cl
1'0+89°GT
T'0+8C 91
1°0F9°¢T1

€0'0+¢c0
G0°0+€€0
¥0°0+¥2 0
9T'0+80°T
T10°0+40°0
10°0+<0°0
¢0'0F+1°0
€0°'0+6T1°0
T0°0+10°0
CCOFIV'T
10°0+2¢0°0
T10°0+40°0
G0°0+4€0
8C0FL8'T
G0'0+4€0
70°'0+9¢°0
¢0'0F+T1°0
LO0FSY0

¢9€9 DON
1LT9 DON
10¢E DON

9LcT DI
900L DON
€¢L9 DON
7899 DON
8129 DON
19¢T DON
9 [Tewored
LY1v DDN
7€99 DON

[T Iewope

¢ uezIaf,
1219 DON
6.9 DON
€69 DON
¢1L9 DON

226



12T
I¢'T
!
45!
L9°C
89°¢
8C€
qqe
ey
19%
889
10°8
6L°G
L09
1¢°L
68°L
Ly'8
1678

Gcao
¢99°0
749°0
L89°0
90T
966°0
16270
L3¢
6C°C
€CC
10°€
94°C
'€
€4¢
€6'C
8€€
9TV
¢y

L6L°0
1680
G68°0
7,670
8G'T
641
LT
8'C
AR
€ce
e
67
ey
9¢v
697
(AR
GL'G
8¢

¢G 0
90°0
¢0
810
vZ0
v20
€ro
¢lo
910
¢0
¢c0
910
v1°0
10
¢c0
¢G0
61°0
8T°0

o0 &4 0 &4 o0 w0 a0 o

<~

G0F¢¢
L8'0FELC
8T°0+LG°0
L80FELT
GL0+F4EC
GE0F80°T
€V 0+ECT

90+07
GL0FGEC

¢0+0v
16°0+64°T
L8'0FELC
VO'T+VC €

7'0F+8¢
€6'0+c6¢

GO0FET
€6'0+¢6¢

7'0F¢¢

L'8T
q!
T'TT
!
G'0¢
8°CC
60°L
7'e8
688
geq
8CI
618
L 0T
6G°L
0°LT
€e'e
!
¢'0T1

T'0F80°LT
1'0F9L°G1
T0FL4T
T0FT91
1'0+89°LT
T'0FT10°LT
T'0FIL6T
T'0F€E86T
1'0F98°G1
T'0F68°¢CT
T'0F€G 9T
T'0F1v'81
T'0F9°4T1
T'0F897I
T'0F1€9T
I'0OF7671
1°0+9¢°91
T'0F1¢ a1

€0'0F€C0
10°0+60°0
¢0'0+4T1°0
10°0+€0°0
G0°0+9¢°0
10°0+40°0
9¢'0+9L°T
10°0+80°0
G0°0+9¢°0
T10°0+80°0
G0°0+c€0
6T°0F¥C'1
¢0'0FvT0
10°0+60°0
10°0+<0°0
IT0FIL0
G0°0F+T1€°0
10°0+<€0°0

6671701
L68% DDON
[ rewored
10T9 DON
9¢¥9 DON

), URZIST,

6 URZI9]J,

617¢ DON
719 DON
6089 DON
8 [Tewored

¢ NOL
86G¢ DON
¢9€9 DON
1869 DON
99€9 DON
G€CY DON
0657 DON

227



L2000
€Lc00°0
86¢00°0
€8800°0
€0800°0
86¢0°0
1090°0
991°0
Ger o
86470
90€°0
994¢°0
LLLO
L1870
LTT
LO0°T
01

L¥000°0
¥100°0
6¥7100°0
6¥2¢00°0
€€00°0
¢S10°0
1T€0°0
8890°0
gr1o
601°0
¢61°0
¢Gl'0
961°0
I8T°0
89¢€°0
65¢°0
19670

60100°0
9810070
¢1c00°0
6170070
8140070
6810°0
60700
SOUNY
¢61°0
€ec’0
6€C0
¢6¢°0
88¢°0
L6€°0
L8990
¢99°0
99.°0

70
10
61°0
€0
¢0
€ro
¢lo
vZ0
Gco
€¥0
¢l'o
v1°0
8€0
70
1€0
Ggco
910

&0 o0 o0 &g o0 =g o o o

<~

€0+6°0
T'0+¥°0
GOFTT
¢ 0+9L°0
¥ 0+9L°0
€e0+c0'T1
9¢'0+€8°0
GOFVT
0'1T+CT
G T+GLE
GOFLT
€0F56°0
¢0+¥¢C
9¢'0+€8°0
GETFETT
8ET+CET
€0F6¢

0°9¢
V9L
G'€C
61T
G'8¢
80T
€C6
LT
8¥¢
18°¢
g a1
€L9
189
06T
€T
€8
6'8

1'0F+€c’ LT
T'0FvS 61
1°0+¢6'91
1'0F+47°0¢
T'0F64°LT
1'0+1¢°0¢
1'0+496°6T
1'0F+€¢91
TOFT LT
T'0F€0°GT
1'0+20°91
T'0+FT1€°0¢
1'0+ccat
1'0F9¥ 91
T'0F¥LGT
T'0+4S0°8T
T'0F¥87I1

T10°0+40°0
T10°0+¥0°0
10°0+€0°0
10°0+20°0
¢0'0F+T1°0

10°0+10°0
10°0+¥0°0
T0°0+T10°0
10°0+¥0°0
90°0+6€°0
10°0+20°0
€0F66'T

G0°0+v€0

¢1 reworeJ

P1 TeworeJ

G Tewore
TNV
eduv

f Iewored
& Iewoed
€50 DON
267 DON
gLEV DON
99%S DON

T URZI9T,

Gee9 DON

10°0+¢0°0 ¢TI Iewored

¢0'0F4T°0
LTOFCT'T
10°0+€0°0

9679 DON
I dH
88¢ DON

228



Te="Y
powunsse am 94so1 91} 10J YSNOYIR ‘R = Y Posh am ‘onfea SI} U0 Paseq 7 9)e[No[ed 0], "ZI0¢ [B 10 LIeSSe]\ U0 paseq
ST UOIJR[NO[RD UOIIDUIIXS ‘GURZIS], 10] YRy} 90N ‘(DH wol}) asde[[0d 9100-0UOU S9edIPUl U, J[IYM I9)sn[d pasde[[00-a100 ©

Sejouep uwmod ) 9y} ur o, (GEIL 3 ‘90OHN U ‘OTT :1) o[goid ssoujysLiq 90RJINS I0J 9OUDIOJOI O} SMOUS JOY JgS pue
(DH U ‘z0D :8) uorsiodsip A300[A JO ddUaIool o) sjuasaldor ‘Joy] o -o[goid ssoujySLIq 90RJINS UO IOLID POWINSSe 9y}
st 119 spunoq o-T pue ‘(000T=J SFOT DN °AIS 0} PazI[eULIOU) Sen[es [ I} ‘Wey) I0j 'yep jndut oiseq oY) Yim ‘I0j
9JeI IJUNODUD IR[[9)S PAIRISIIUI PIJRINO[RD 9M SI9)SN[D IR[NCO[S d110R[RY) [ ﬂ o[qR], JO uoIsIoA 93a[dwod oY, 1"/, 9[qe],

229



0°0€ 9¢ce 0°0ceT  2O0+dVPCC CTOTHIST CO+HRT'6 CO+HLLE CTO+TH6ET CO00+HLY'S €6¢9 DON
vy 6°87 0°0LLT  TO+HIVL T0+HCSL CTO+HES'6 CO+HRE'T COTHETT ¢00+d66'8 88€9 DON
L'9¢ 6'7¢ 0°0T¢T  CO+HITITT TO+H6L6 €CO+HSTT TO+HCL9 TO+HLTS ¢00+HET 6 808¢ DON
L'cv 68V 0°L57  ¢O+HT08 CO+HEY T €O0+HUST'T CO0+H9e8 CO+HEE S ¢00+H62°6 ¢ rewored
8°6¢ ]'1¢€ 0°0ceT  T0+H6ST TO+HSTY CO+HIT'6 CO+HILT CTO+HSS'T ¢00+dV8'6 7¢8G DON
80€ G'8¢ 0°000T  TO+AY9Y TO+HIST €0+HO0O'T CTO+HAPS'T CTO+HPE'T ¢00+Hd00°'T 70T DON
€'9¢ G'Lc 0796 10+Hd659 TO+HAV09 CO+HIS6 CO+HLITC CO+HT6'T ¢00+HV0'T 1899 DON
¢ve 1°9¢ 0'080T  CO+HIST COF+HET'T €O0+HOZTT CO+HET'T CO+HSLT CO0+HST'T 7299 DON
0691 0°L¥1 0°06LT  €0+HdCO'T CTO+HEY'S €O+HPS'T CTO+HRT9 CTO+HLLT c00+H0V'T 0779 DON
8¢ 1'%¢ 0°0T6T  TO+HUS6'9 TO+H99L €O+HPST CO+HS6'T CO+HIS'T c00+HEeS'T TG8T DON
8'LL SR 00L¥C  COTHILT TO+HIS'T €0+HCO'C <CO+H60L TO+H69 ¢ €00+HLI'T 99¢9 DON
0°80T 0°€0T 0°06T¢  CO+HOS'T CTO+HAPS'T €0+HIS'T CTO+HPL'6 CTO+HSE9 €00+H0¢°C 779 OON
0°6L¢ 0'1¥¢ 0°006T  €0+dAPET CTOTHIS'S €O+HRL'T €0+HLO'G €O+HCLT c00+H.LY'C 9 URZIa],
116 g ey 0°0€0¢  2O+HSO'T CO+HEES'T €O0+HSS'C ¢O+HICC CO+HTLC ¢00+HCSC G1.9 DON
0991 0°9L1 00979  2O0+H00'¢ CTO+HLLT €O+HTO'S €O0+HIE'T <TO+HIR'6 c00+H1SV 8L0L DON
0°€ce 0°48¢ 0°00¥T  €0+d66'T CO+HPE'6 €O0+HIS'T ECO+HFO'T €O+HCO€E ¢0+Hd089 G ueZIof,
¢tdgee ¢tdss'c €+dHOv'T  €+H66'T  ¢tdve6 €+HH98T  €+HUVOT  €+HC0'€ €+H08'9 G ueZIaf,
0+ 0— by o+ 0— [ 0gd2d o+ o— ,%mg?vmo\% oy oureN

230



899
699
496
€8'L
1'€¢
00T
€19
671
LG8
T'ar
€Tl
!
9¢I
¢'1¢
6°LT
9.1
€1e
9¢I

[4)
G469
¢'8
L86
L€C
G 0r1
049
]!
GL'8
0°€T
986
0¥
8TI
8°0¢
61
g6l
g'ce
671

0°97¢
0°99¢
0°€€T
0°0L€
0°L0%
0°99¢
0199
0°L9¥
0°€8T
0°L9¢
0¥.LE
0694
0 Tv¥
0°LE6
0°889
0°L6L
0408
0°69¢

¢0+dT0T
T0+H86'T
CO+HTCT
T0+H96°¢
¢0+H92°C
T0+HVET
CO+HLY'C
T0+H8T9
CO+HTV'T
T0+HC6'S
T0+HCY'C
T0+HL8'9
T10+HeT'¢
TO+HTLE
CO+HST'T
COTHTT'T
¢0+Hd09°¢
T0+HTEE

T0+HL9'G
T10+HeS'T
T0+HVEC'8
T0+HCS' ¢
COTHTIT'T
T0+Hey'T
CO0+HsTT
T10+Hd99'¥
T0+HL0'8
T0+HT8G
T0+HST'T
T0+HSE8'G
10+H20°€
10+Hce €
¢0+He0'T
10+HZ8'6
COTH6C'T
T0+HT9°¢

c0+H<eT
COTHST'E
Cc0+H8LC
¢O0+dT10°¢
¢0+Hese
¢0+HIV'C
¢0+H6G°¢
CO0+HeELE
¢0+HO0LC
c0+H0¢€
CO+HPRE
¢0+H9T°G
¢0+HTe S
¢0+dET9
CO+HET9
¢0+H0S"L
C0+HE0L
¢0+Hd60°'8

10+Hd99°9
T0+HTO0€E
COTHVTT
T0+HSE6
L10+HVS°6
COTHVC'T
C0+HTa'T
CO+HCT'T
COTHST'T
T10+H2S 6
CO+HTS'T
T0+HP8G
TO+H9LL
T0+HT6'G
T0+H8E'
COTHTE'T
¢0+HT6'C
COTHLET

T0+H98°¢
10+H06'C
T0+HS6T
T0+HE6'S
T10+HTEC'S
T0+HZT'8
TO+HGL'6
T0+HSR'6
T0+HLS8'8
TO+HTE9
c0+d9T'1
10+HL0'9
TO+HVT L
TO+H8]'9
T0+HTT'6
COTHGO'T
COTH6S'T
COTHLTT

¢00+d00°C
¢00+H0L°C
C00+US8LT
c00+HL0°€
¢00+HLO'E
c00+dve e
00+dS8E€
c00+d€9°¢
C00+HTLE
¢00+H98°€
c00+d10V
¢00+HRGT
CO0+H8T"G
¢00+HTeS
¢00+d8T'9
¢00+Hd99°9
¢00+H00°L
c00+dse’L

€L29 DON
17€9 DON
8¢499 DON
7989 DON
6€T9 DON
660L DON
L1499 DON
6¢S9 DON
€479 DON
17599 DON
¢5L9 DON
98¢5 DON
680L DON
€609 DON
9299 DON
7829 DDN
65999 DON

¢9¢ DON

231



LT
89°€
G0'¢
LC'L
gee
L4¢
901
(7
S
L8°G
1cv
Q0¥
80°¢
LLT
G0'¢
q'¢ce
6¢°¢
GLG

€CC
8L°€
86°C
98°L
6S°€
8°LC
6’8
78°¢C
671
LG
(%
aye
oy
6¢°€
7€
0°0c
L8°G
66°€

76
0F¥I
rani
0°0€T
0°60T
0°¢o¥

¢96
0°9¢1
0°68T
0°04T
0°90T
0°€q1
0¢cl
0°€0T
0°0cT
0°¢ve
0°60¢
0291

T0+H98°¢
00+H6S T
T0+HCET
T0+H9¢" G
T10+H00¥
T10+H€9'9
CO+HLOT
00+d¥79°9
L0+H79T
T0+HSO" L
T0+HS0'S
T0+H9S L
¢0+H09°C
T0+H07'G
00+HPLR
CO+HTTT
TO+H8LT
00+HL6°6

T0+H66'T
00+HEV' T
TO+HTLT
TO+HEST
10+H6€EC
T0+HT9€¢
TO+HL0'G
00+H07'9
T10+H9T°€
T0+HT6'¢
T0+HVPS8'€
T10+HES'E
T0+HZ1'9
T0+HTO¢
00+H09'S
10+H66'7
T10+H2CC
T0+HEO'T

T0+HS6'S
TO+H8L'6
CO+HT0T
TO+HV.L'S
T0+HT9'6
CO+UST'T
C0+H6ET
CO+HST'T
COTHLOT
CO+HEET
COTHTY'T
COTHVST
COTHIET
CO+HST'T
CO+HTIGT
COTHST'T
¢0+HT1CT
CO+HVTC

T10+H09°¢
10+HE9C
T0+HET'E
TO+HTTY
10+H29C
TO+HS8L™9
TO+HT6'T
T0+H9.°9
LT0+HLY T
TO+H8EG
TO+HST'¢
T10+H16°G
10+H9¢°€
T0+H98°¢
T10+H98°¢
COTH6T'T
T10+H2T G
TO+HTE €

TO+HIS'T
10+H70°C
T0+HSY'C
T0+HLET
T0+HEE'T
T10+H%9'€
T0+HCy'T
T0+HLV T
10+H9SV
10+H0Z'C
T10+HC0°¢
T0+HST'¥
T10+H97' ¥
TO+HTLT
T0+H70°€
10+H70'9
T0+HVT'€
T0+H08'T

T00+Hd66°S
T00+H70°6
T00+H8L'6
T00+H26°6
¢00+HS0'T
COO+HTT'T
C00+H9T'T
c00+H9T'T
CO0+HST'T
c00+HeT'T
C00+dVT'T
C00+HTIET
CO0+HVET
CO00+HLET
c00+dV9'T
¢00+H69'T
C00+HT6'T
C00+dV6'T

L£99 DON
6€TS DON
799 DON
Gge9 DON
8449 DON
7799 DON
08¢9 DON
06T DON
G¢€9 DON
70€9 DON
079 DON
€€€9 DON
9765 DON
8€99 DON
7065 DON
9429 DON
7694 DON
6L2S DON

232



9€L°0
€ec
0T
¢ve
6L°€
vie
91
16°¢C
€Y
Tl
LCT
LLL
L9¢
10°¢G
(0%
91'c
9¢’€
€9°¢C

L08°0
6C'C
LCT
1'T¢
v0'€
vL¢
1¢°1
1L°C
€y
60T
91
GL'8
Gg'c
eqy
70°¢
S
69°€
va'¢

G'8¢
€cs
9%
0°1.L¢
¢'09
LE8
667
8°CL
0°LL
8GL
1'9¢
0°14¢
668
0°€0T
0T€ET
7°C6
0971
0°0TT

00+Hd90°L
10+H90°C
T0+HKET
¢0+d19°C
T10+HL9C
T10+HeT'¢
T0+H64T
T0+HL0°¢
L10+H70°¢
C0+H9T'T
T0+H9¢C
COTHVE'T
00+H98°€
T10+H07' ¥
T0+HVTT
00+H69°G
00+Hd07'¥
T10+H.LT T

00+HT9V
T10+H0€ET
00+H086
COTHLET
10+H67'T
T0+HI7'T
00+H08'8
TO+HPLT
T0+H61C
TO+HS8L'G
T0+HLT T
COTHET'T
00+HST' ¥
TO+HLET
T10+HSCC
00+H209
00+H6C ¥
TO+HLET

T0+H97'¢
LO+H8T T
T0+HTO0V
CO+HVOV
10+HC0"¢
10+Hc0'S
T0+H08'¥
T0+H8C9
T0+H6¢9
CO+HLET
10+H¢ET S
¢0+H96°€
T0+H64'S
T10+HCT'S
T0+H98"L
10+H92'8
T0+H07'S
T0+HS6°6

T0+HVT T
00+H0L L
TO+HST'C
T0+H98'C
T0+HOT'T
10+ T
T0+H0T'€¢
T10+Hz20°¢
10+H99°C
T0+H8CT
T0+H6S'T
T10+H.LET
TO+HIS'T
T0+HR9'C
T0+HVSC
L10+H61T°€
T0+HES'T
T10+HC0'C

00+H09°6
00+HVL L
TO+HLET
T0+HEST
T0+HLO'T
T0+HST'T
00+H9¢°6
T0+H80°C
T0+HV6'T
TO+HGS€
T0+HV0'T
T0+HEO'T
T0+HIV'T
TO+HS]S'T
TO+HSY'T
10+H64°C
TO+HES'T
TO+HLE'T

T00+HVS €
T100+H€9°€
T00+H86°¢
T100+d1CT
T00+H0V'¥
T00+H8V¥
T00+H9L¥
T00+Hd9¢°G
T100+Hd69°G
T00+H06°G
T00+Hd61°9
T00+HCS9
T00+H689
T00+Hd06°9
T00+H0L L
T00+HSL°L
T00+HTV'S
TO0+HTS'S

7¢0S DON
1829 DDN
LTL9 ODDON
6€499 DON
1079 DON
¢vE9 DON
6¢¢9 DON
69499 DON
0949 DON
0T Jrewored
9864 DON
L26S DDON
G029 DON
€499 DON
91€9 DON
94999 DON
L6€9 DON
96€9 DON

233



GG 0
L8T°0
€9L°0
GL1°0
19€°0
¥2¢4 0
9¢0
gg9°0
9T'¢
99€°0
€690
€eeo
98¢
78870
69470
€V6°0
6.8°0
886°0

88¢°0
9¢c0
999°0
78170
70
L2390
a1vo
eer o
oLy
vy o
L0
V.0
LG
¢86°0
984°0
68L°0
GGl
70T

G996
av'8
8L°L
979
6°€T
0°¢c
18T
6 LT
iy
61
¢'ye
jq!
961
aye
6°GC
8 1€
vee
8cy

10-HOT L
[0-HL0¥
00+H8L'S
00+HLCC
00+Hd29V
00+HZ0'8
00+HVC'T
00+Hd92°G
10+H64°¢
00+H¥0°G
00+Hd60°L
L10+HVE'T
T10+HSe'T
00+HS6°C
00+dSCV
00+H68"G
00+HELS
00+dSTV

10-HS9'9
10-Hev €
00+H20°€
00+HOV'T
00+HSC'C
00+HO0T¥
00+HOV'T
00+H80°¢
T0+HEST
00+H90°€
00+HCy' ¥
00+d1C'L
00+HTLG
00+HST'¢
00+H76'¢
00+HL0¥
00+HL6'V
00+H9L"€

00+HLE L
00+HS0"9
00+HZ9'8
00+H6¥9
LT0+HTIC'T
T10+H€0C
T0+H9¢'T
T10+HZ9°T
T0+HL6'E
T0+HT9'T
T0+HCT'C
T10+HE6'C
T10+H0¢T
T10+H99°¢
T10+HC6'C
T0+HERT
T0+H98°¢
T0+H9T'¢

00+dVEC
00+H9¢°€
00+H66"L
00+H26'V
00+HT10°8
00+H6€"G
00+dV¥"S
T10+H90°T
10+H2ET
T0+HGTT
T0+HCYT'T
T0+HCT'T
T0+H98°C
T0+H9T'T
T0+H2C'T
10+H02'T
00+HE9"G
00+HVET

00+HCL'T
00+HLE'C
00+HTLE
00+HsC €
00+H6E7
00+H9¢"€
00+dE0V
00+d0¢V
00+HS9L L
00+H9¢€"9
00+H06°L
00+HTT L
T0+HPP'T
00+H94°6
00+H9T°6
00+HCE'8
00+Hd¥79°9
00+dS0V

000+HLL9
000+HLT L
000+HL6°L
000+H07°6
T00+HVT'T
TOO+HST'T
T00+H0ET
T00+HVS'T
T00+HES'T
T00+H99°'T
100+Hd20°C
T00+H80°C
T00+HT1C°C
T100+Hd69°C
T00+HLL'T
T00+H66°C
T00+H80°€
T00+HVT'€

119 DON
10¢€ DON

9L¢1 DI
9002 DON
€¢L9 DON
7849 DON
8129 DON
19¢1 DON
9 rTeuwored
LVTV OON
€94 DON

[T Tewored

¢ uezIa],
1219 DON
6.9 DON
7€69 DON
¢1L9 DON
7429 DON

234



10€0°0

¢I100°0

6¢€0°0
7¥790°0
LST0°0
€049°0
74600
91800
9010
190°0
LyL0
9¢1°0
Ggag800
ar1o
1120
€LT0
Gc1o
LLT0

€0€0°0
TTT00°0
7€0°0
8E€80°0
€810°0
v.,€0
9¢80°0
611°0
o
768070
L99°0
1€T0
L560°0
1¢1°0
GG 0
L8T°0
Le1°0
60€°0

9T'1
LLY0°0
1¢°1
89°C
Gc9'0
6L°C
LE€
19°¢
q9°¢
€0'¢
%9
LE°G
LG°€
oLy
907
1T
8¢V
al

10-HSTV' ¥
€0-H66°
T[0-HCT'¥
10-H89°6
10-H48°€
00+HTI6'T
[0-HVV'¥
00+HE6'T
T0-HTL°T
00+H.LTT
00+H6V¥
00+H6V'T
TO-HTIT¥
00+HL9'T
00+Hd09°9
00+HVLE
10-HZ99
00+dSCV

10-HCV'¢C
€0-H00€
T10-HEC'C
10-HZ6'9
10-H0E€C
T10-HO089
T0-H9L™€
00+HST'T
T0-HTL'T
00+H8C'T
00+d09°C
10-HVL'8
T0-HTISG€
TO0-HGL'8
00+H06'C
00+HEI'T
T0-H8L9
00+dT1E°C

00+Hd60°T
GO-HBE'T
00+H0T'T
00+Hd€9°C
00+HS0'T
00+HL9'T
00+Hd9G°€
00+HdES Y
00+HER'C
00+H<0°G
00+Hd<89
00+HE6°€
00+H8LE
00+H9Z'¥
00+H2¢ 6
00+HZ6'9
00+H2TT S
T0+HV0'T

T10-HLG €

10-H00'9

T0-HL9°G
00+d60°'T
00+H60'T
00+HL9'T
T10-H¥S"L
00+H.L0'T
00+HSE'T
00+Hd99°C
00+HCL€
00+HSV'T
00+HTS'T
00+HTSC
00+HSL'T
00+HCLC
00+H69°C
00+HTL'T

T0-H68'T
10-HIV'C
T0-H.L8'C
T0-H8T"¢G
10-HVE€9
T0-H64°6
10-HCE ¢
10-HO0S'8
00+H00'T
00+HTEC'T
00+HEL'T
00+d1C'T
00+HEO'T
00+HIL'T
00+H9L'T
00+H649"T
00+HOL'T
00+d0¢T

T00-HT14'8

T00-HS6'8

100-HVL 6
000+H8S'T
000+H64°'T
000+HTL'T
000+H08°C
000+d¥VT°€
000+H€EC°€
000+HZC ¥
000+d62 ¥
000+HTIE T
000+H9S ¥
000+H69°F
000+d¥VT"G
000+HGL"S
000+HZ8°S
000+d¥VL9

L68S¢ DON
1 reworeJ
1019 ODON
9¢19 DON

), URZIQ],

6 URZIa],

617¢ DON
7719 DON
6089 DON
8 [Tewored

¢ UOL,
86¢C DON
¢9€9 DON
1869 DON
99¢9 DON
G€CY DON
0657 DON
¢5€9 DON

235



G81000°0
9120000
G6€000°0
61€000°0
72€000°0
P¥100°0
8¥8000°0
G9400°0
Gcoo
€190°0
9.400°0
9110
T€E0°0
¢910°0
¢670°0
6€¢°0
6¥€0°0
G¢1c00

60¢000°0
8120000
G9¢000°0
65€000°0
G¢e0000
988000°0
1¥.L000°0
¢Ge00°0
17¢0°0
6€90°0
6¥00°0
7010
L6€0°0
6€10°0
00
8€C0
86¢€0°0
¢610°0

€8700°0
Gc00°0
6900°0
L2600°0
788000
LEE00
L20°0
gro
1980
8C'C
I8T°0
9290
4!
ovao
¢0'c
GL'C
€c'1
1760

70-H20'8
VO-H¥7'6
70-H9¥°9
€0-HEL'T
€0-H69¢
€0-dcL 6
GO-HUST'T
¢0-HL9'T
00+HS0"L
10-H0T L
c0-U8ET
[0-H€e€
10-HCO'T
T0-HL9'T
[0-HST G
10-H9L°€
¢0-dv0'8
[0-HTOC

VO-UVv' ¥
VO-HI8 G
70-H98°G
€0-HOV'T
€0-HTI'T
€0-U8C9
€0-H0L9
¢0-H98'T
T0-HLEL
10-HSCV
C0UKC'T
T0-HSG'T
¢0-d40°L
¢0-U86'9
T10-HV.L'C
T0-HER'T
¢0-H64"L
T10-HCV'T

€0-H00¢
€0-H6T€
€0-d9¢ ¥
€0-HOT L
€0-HLE L
¢0-HeE€
¢0-HTT'€
TO0-H8L'T
00+HO08'T
00+H79'T
T0-HTI9'T
[0-HSV'€
10-H0L"€
T10-H89°€
00+H0¢'T
10-Hce"¢
T0-HI98'6
T0-HLL'S

€0-U89'T
V0-HCL'8
VO-HT9'8
€0-UVIV
€0-HG8C
¢0H60°T
¢0He6'T
¢0-d0T9
[0-HEV'C
10-HG9€
¢0-1999
10-HVLC
T0-H68°€
10-HO0ZV
T10-H9T9
10-HL0'¥
T0-H¥8°¢C
10-HCT'V

70-H0¢9
70-H6SV
V0-HLC9
€0-HOL'T
€0-H8S'T
€0-199°¢
€0-U¥8'6
¢0-HC9°€
¢0-H99'L
10-H¥¢'T
c0-HGL Y
10-HOL'T
T0-HC6'T
T0-HIT'C
T10-H68'C
10-HEO0'€
T10-HS0'C
10-HCL'C

€00-H60°T
€00-H98°T
€00-HcCT°¢
€00-H6T¥
€00-U8T"¢
¢00-H68'T
¢00-H60Y
100-H%0°T
T00-HC6'T
T00-HEE @
100-H6€°¢
100-HC6¢
T00-U88°¢
100-H.L6°€
100-HLS9
100-429°9
100-H99°L
100-HL6°L

¢1 Ieuwored
1 ITewofeJ
G Iewored

[ Wy

¢ diy

i .ﬁmaoﬁdnﬁ

¢ Mdaoﬁdnﬁ

€50S DON

c6¥L DON

cLEV DON

997G DOHN

T UezIay,

Ge€99 DON
¢1 Iewored
9679 DON
I dH

88¢ DON
6671 DI

236



9¢6000°0  <¢0TO00
8T00°0  ¥0c00°0
96000 679000
29L00°0  T800°0
¢870°0 8690°0

Gc'1 LET
L9°€ 8¢€
091 G'L8

0°09TT 0°€08
€6.000°0 ¢89000°0
¢L100°0  ¢¢c00°0
¢1v00 G940°0

a¥vr0°0 1.¥0°0

64470 19°0
116 6V
GG'L 9€'9
0°L€ G'LC
¢l 9¢I

6€€0°0
65200
910
64€°0
L'l
706
oy
0°16€
0°0€v¥
¢¢a00
€6.0°0
68°0
G0¢
0°G¢
G'8¢
8°GE
0°00T
0°€9¢

GOHIT'T
cO-HITE
10-Hc499
T0-HIV' T
T0+H80°T
T0+HL0T
GO+HO00'T
T0+H06'¢
C0+HTTT

€0-HELG
¢0-H€0C
10-HL9°€
TO-HS8E'T
00+d¥9°G
T10+H60°C
T0+H80V
TO+HLET
TO+H8S9

¢0-H9EC
GO-HIV'8
00+HST'T
00+HLV'T
T0+H0EC
T0+HST'S
10+H6C 6
¢0+H00'T
c0+HLEC

SNURPLIG]
€

9.1 HA
90T dny
€8¢-9¢€91

1 810l

¢ 810l

T oTMT

0T Uezia],
GT IeworeJ
Q URZI9J,

¢ UezIo],

8€89 DON
€e8y DON
67,9 DON
¢ uezia],

[ S3N
0¥49 DON

237



‘0001 = YOLOON T Surmunsse pazi[euriou
[[® ‘suorjenbo JUOIOPIP UO posk( SUOIRMWISO IOLID O-T PUR SUOI}R[NI[RD H 9[qe], Jo uorsioa o3o1dwod oy [, :g'L O[qRl,

GG1000°0  LETO00°0 920070 - - - - - - ¥ uy

238



	Introduction
	Low-mass X-ray binaries
	Globular clusters
	Observations of X-ray binaries

	Stellar Encounter Rate in Galactic Globular Clusters
	Introduction
	Data reduction and analysis
	Surface Brightness Profiles
	Velocity Dispersion
	Distance Modulus and Extinction
	Special case of Terzan 5

	Stellar encounter rate, 
	Results
	Applications
	X-ray sources
	Numbers of radio MSPs
	-ray fluxes

	Conclusions

	Discovery of the Third Transient X-ray Binary in the Galactic Globular Cluster Terzan 5
	Introduction
	Data Extraction
	Swift/XRT
	Chandra/ACIS
	MAXI/GSC
	Swift/BAT

	Analysis and Results
	Position
	Phases of the outburst
	Spectral analysis

	Discussion
	Hardening during the outburst rise
	Nature of donors in globular cluster X-ray binaries
	Quiescent counterpart


	Limits on thermal variations in a dozen quiescent neutron stars over a decade
	Introduction
	Data reduction and Analysis
	Results
	Hydrogen column density
	NGC 6266
	NGC 6440
	Terzan 5

	Discussion
	Terzan 5 CX9: a NS with a helium atmosphere?
	Possible continuous accretion for NGC 6440 CX1 & Terzan 5 CX12
	Variability of thermal component in qLMXBs


	The ultracompact nature of the black hole candidate X-ray binary 47 Tuc X9
	Introduction
	Data and Analysis
	Chandra/ACIS
	NuSTAR
	Chandra/HRC
	Swift/XRT, ROSAT/HRI, and Einstein
	ATCA

	Results
	Periodic variability
	X-ray Spectroscopy

	Discussion
	Origin of the super-orbital periodicity
	X9 as an ultra-compact X-ray binary
	Nature of the compact accretor


	Revealing a new symbiotic X-ray binary with Gemini NIFS
	Introduction
	Data and Analysis
	Swift/XRT
	Infrared data

	Results and Discussion
	Two-dimensional spectral classification
	Extinction, distance, and nature of the accretor


	Conclusions
	Summary
	Future work


