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Abstract

We present the first combined optical/X-ray observation of a very faint transient
X-ray binary (VFXT), M15 X-3. Chandra observations constrain the source to be
< 10* erg s~! in all observations. The X-ray spectrum shows evidence of curvature,
and 1s best fit by a broken power law with break energy Ep e = 2.71J_r8:(3)§ keV, and
power law indices of I'; = 1.25700* and I'; = 1.8275.2). Fitting the HST magnitudes
of the optical counterpart suggests a power-law accretion disk and a main-sequence
companion of size O.440f8;828 M. This mass estimate is likely to be an upper limit
since the short inferred period of P < 4 hr implies the companion is irradiated. This
rules out several explanations for very faint transient behaviour for this source, and

suggests a neutron star accretor experiencing inefficient accretion due to a propeller

effect.

i1



Preface

Some of the research conducted for this thesis forms part of an international
research collaboration. This collaboration includes Professors Craig Heinke and
Gregory Sivakoff at the University of Alberta, Professors Haldan Cohn and Phyllis
Lugger at Indiana University, and myself.

The literature review in Chapter 1, data reduction and analysis in Chapter 2,
model fitting in Chapter 3, and conclusions in Chapter 4 are my original work. In-
terpretation of the data available on M 15 X-3 was done in consultation with Gregory
Sivakoff and Craig Heinke.

In the course of this research I reduced and analyzed publicly available Chandra
archival data, where the majority of the observations were originally taken for other
scientific reasons than are presented in this thesis. For ObsIDs 1903, 2412, and 2413
the PI was Phillip Charles. For ObsIDs 11029, 11886, and 11030 the PI was Andrea
Dieball. For ObsIDs 9584 and 13710 the PI was Craig Heinke, with the latter ObsID
originally taken for the primary scientific reasons discussed in this thesis. For ObsID
13420 the PI was Gregory Sivakoff. I performed data reduction and analysis using
the publicly available software packages CIAO, HEAsoft, and XSPEC.

I also used three publicly available HST observations in the course of this re-
search, where two of the observations were originally taken for other scientific rea-
sons than are presented in this thesis. The latter observations include Proposal IDs
5742, where the PI was James Westphal, and 9039, where the PI was Bernard Mc-
Namara. Observations from ProposallD 12751, where the PI was Craig Heinke,
were originally taken for the primary scientific reasons discussed in this thesis. For
all of these observations, Haldan Cohn and Phyllis Lugger reduced the data and cal-

culated the magnitudes of the stars in M15 (including M15 X-3). I utilized their
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provided magnitudes to model the M15 X-3 system using the publicly available
PYSYNPHOT software package. With this package I created a python script that fit
these magnitudes to a variety of models from the Castelli-Kurucz library of stellar

atmospheres.
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“I made a fire and watching it burn / I thought of your future / With one foot in the

past now just how long could it last?”

Tears For Fears

”Head over Heels" (1985)
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Chapter 1

Introduction

1.1 X-Ray Binaries

1.1.1 Low-Mass X-Ray Binaries

Since the identification of X-ray pulsars by the first X-ray satellite Uhuru, it has
been known that the majority of the brightest X-ray objects in the sky are X-ray
binaries (XRBs). These relatively rare astronomical objects consist of a compact
object (neutron star (NS) or a black hole (BH)) that pulls material away from a com-
panion star via a process known as accretion [1, 2]. Broadly, XRBs can be split into
two categories, separated by the mass of the companion: the low-mass (LMXBs)
and the high-mass (HMXBs) [1]. The key distinction between these two categories,
aside from the companion mass, is the mechanism by which accretion occurs. For
LMXBs, accretion typically occurs when the companion has expanded to fill its
Roche Lobe, the surface of gravitational potential at which material is bound to
the star (see Figure 1.1). Material flows from the companion to the primary object
through the L; Lagrangian point of the system, the location at which the gravitational
force from each star is the same. By contrast, HMXBs are typically powered by
strong mass loss in the form of wind from the companion. Since the companions in

LMXB systems are not massive enough to drive strong winds, they will typically ac-



crete strongly when the LMXB has filled its Roche Lobe. The X-rays themselves are
produced by a variety of processes in the binary system, including Bremsstrahlung
when the material falls onto the surface of the compact object, inverse Compton
scattering by electrons around the compact object, blackbody-type emission from
either the compact object or the disk of accreted material around it, line emission
from heavy atoms with hydrogen-like and helium-like electron configurations, or
synchrotron emission from electrons accelerated relativistically in magnetic fields
[3]. Regardless of the details of the process, the primary energy source is the release
of gravitational energy as material falls onto the surface of the compact object. For
an object of mass m falling onto an object of mass M and radius R,, the amount of
energy released per gram is given by [3]:

GMm

Ereicase = R, . (1.1)

For a typical neutron star, M = 1.4M, (where M= 1 solar mass, roughly 1.99 x
10% kg) and R, = 10 km, this leads to an energy release of approximately 10% erg
g~!. The regime of radiation emitted by this process is bounded by two temperatures.
At the lower limit, if all the energy released were radiated as a blackbody spectrum,

its temperature would be:

LQCC 1/4
Ty = (47TR20') ’ 12)

0%°38 for neutron

where L. is the accretion luminosity (typically of order 1
stars), and o is the Stefan-Boltzmann constant. For typical neutron star values, 7, ~
107 K, or (multiplying by the Boltzmann constant k) E;, ~ 1 keV. The upper bound
is determined in the case where all of the energy is converted to thermal energy. In

this case, the temperature is found by setting the thermal energy 37T equal to the

GMm,
R*

potential energy , which solves to give [3]:

GMm
T, = Ly
" T3kR,

(1.3)



Note that we treat accretion as the infall of individual proton and electron pairs
(since the accreted material is typically hydrogen), with m = m,, +m, ~ m,. For typ-
ical neutron star values this gives T;, ~ 10! K, or E, ~ 60 MeV. We would therefore
expect the radiation emitted by accreting neutron stars to range between 1 keV and
50 MeV, making them X-ray to gamma ray emitters.

Depending on the nature of the compact object, between 7 and 10 percent of the
rest mass of the infalling matter is converted to X-rays, making accretion in X-ray
binaries one of the most efficient energy-generation processes in the Universe, ex-
ceeding the efficiency of nuclear burning by hydrogen by a factor of roughly 20-80
[3]. Since the material being accreted by the compact object possesses angular mo-
mentum (from the rotation of the donor star), in general it is not possible for material
to fall directly onto the surface of the compact object. Instead, conservation of an-
gular momentum leads to material accreting through (near-)circular orbits, forming
an object known as an accretion disk. The emitted spectrum of an accretion disk
is discussed more in Section 1.1.3. It is noted that accretion disks are an essential
component in the interpretation of XRB systems, where the effects on the observed
behaviour of LMXBs are dramatic.

The development of progressively more powerful X-ray detectors has revealed
that most LM XBs are transient. Many of these systems are observed to spend long
periods of time (months to years) in quiescence, accreting at a very low rate with a
low X-ray luminosity, before experiencing short periods (days to weeks) of outburst,
where their spectral energy distribution changes and their luminosity can increase
by up to a few orders of magnitude. This behaviour is generally believed to be
caused by instabilities in the accretion disk itself, in particular where the accretion
disk’s temperature fluctuates around that for hydrogen ionization. Two timescales
are necessary to discuss this instability. The first is the thermal timescale, which
reflects the time that it takes for the system to radiate energy and return to thermal
equilibrium. For material in the disk moving at velocity v and at radius R from the

accreting object of mass M with a local sound speed of ¢y, the thermal timescale is



roughly given by [3]:

GRO J1655-40

Figure 1.1: Artist’s impression of the black hole X-ray binary GRO J1655-40. On
the right, a star of ~ 2 M, has filled its Roche Lobe, as is evidenced by the teardrop
shape of the star close to the primary. An accretion stream in the middle indicates
that material is being transferred from this companion to a compact object, forming
an accretion disk on the left. At the centre of the accretion disk, matter falls onto the
surface of an ~ 7 M, black hole. Additionally, this picture depicts the presence of
radio-bright jets radiated from the black hole at a nearly perpendicular angle from the
orbital plane of the system. These powerful plasma jets contain relativistic particles
that can remove some angular momentum from the system. Image credit: Robert
Hynes.

R3¢
GMv’

(1.4)

Uhermal =

For typical disks (located around a mass ~ 1 M with accretion rates of order
10' g s~!, and characteristic disk size 10'° cm), the thermal timescale tends to be of
order minutes. This is much shorter than the timescale of matter moving through the

viscous accretion disk, known as the viscous timescale, which tends to be of order



days to weeks, and is given roughly by [3]:

R
Lyiscous = —- (15)
1%

Since the thermal timescale is shorter than the viscous timescale, the material in
the disk must continually radiate the potential energy gained as it moves inwards.
The disk should therefore radiate away half of the energy gained by matter falling
onto the compact object. For a neutron star accretor the remaining energy should be
radiated at the NS surface, whereas for a black hole this energy loss occurs at the
event horizon.

From the above timescales, the disk instability can be described as follows [4],

with a graphical representation in Figure 1.2:

1. In quiescence, material slowly builds on the disk at low levels, leading to an
increase in density, and hence an increase in pressure, resulting in an increase

in the local disk temperature on viscous timescales.

2. When a portion of the disk reaches a temperature Tioca; = THionization, Nydrogen
in the disc will become ionized, resulting in magnetic fields being trapped in
the disk, and fixing the charged particles to the field lines. This causes nearby
particles to spread apart, with particles closer to the inner edge of the disk
falling inward faster and particles closer to the outer edge of the disk slowing
down. The effect of this process (known as the magneto-rotational instability)
is to increase the accretion rate, with a wave of heat propagating through the

disc on thermal timescales [5].

3. The compact object will accrete at this high rate, consuming the disk until the

outer portion of the disk falls below the hydrogen ionization temperature.

4. A cooling wave moving inward through the disk on viscous timescales will

“shut off" the high accretion rate and the system will return to quiescence.



A radiation pressure
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Figure 1.2: Plot of the hydrogen ionization instability at a local point within an ac-
cretion disk. As mass builds at a particular radius on the viscous timescale (slow
rise), that portion of the disk begins to increase in temperature. Once the critical
temperature regime for hydrogen ionization has been exceeded (marked by the ac-
cretion rate m;,), the accretion rate of the disk will rapidly increase (rise), and a heat
wave will propagate through the disk on the thermal timescale. The accretion disk
will then be eroded on the viscous timescale (slow fall). As material is consumed at
this radius, pressure and temperature are reduced until the ionization temperature is
reached. At this point, the disk “switches off" (fall) on the viscous timescale, with
a cooling wave being triggered at the edge of the disk and moving inward, until hy-
drogen is again neutral. After this, the process repeats. This figure is reproduced
from Done et al. (2007) [6].

For NS and BH binary systems, the final step tends to proceed much more slowly
(compared with WD systems, for which this model was originally developed), since
irradiation from the compact object can maintain higher temperatures in the inner
portions of the disk for longer periods of time [6, 7]. Observationally, this tran-
sient cycle tends to manifest itself for a neutron star accretor, in quiescence to have
observed soft (low energy) X-ray spectra due to surface emission from the neutron

star and/or emission from the accretion disk [8]. During outburst, a hard (high en-



ergy) component tends to dominate emission [9], and is sometimes accompanied
by a softer component due to emission from the neutron star surface. The hard
component is likely to be emission from a hot corona of inverse Compton-scattered
electrons surrounding the compact object itself. These observational features form

the motivation for the X-ray spectral fitting of M15 X-3 shown in Section 2.1.4.

1.1.2 Globular Clusters and M15

LMXBs are detected throughout the Milky Way, but are observed to be much more
abundant per mass (by a factor of roughly 100) in the Galactic globular clusters
(GCs) compared to within the Milky Way proper [10, 11]. In general, LMXBs are
the end products of standard binary evolution. However, it is generally believed that
the abundance of LMXBs in the GCs is in part due to formation through dynamical
interactions, efficiently produced in the dense cores (the central density of a globular
cluster can reach a million times the local stellar density near Earth). Aside from a
relative LMXB abundance, GCs are extremely useful in X-ray observations for a

number of reasons:

1. They are extremely old and have one (or perhaps a few) stellar populations.
The lack of many epochs of star formation is attributed to supernovae from
short-lived high-mass stars that clear the gas necessary for star formation from
the cluster early in the cluster’s lifetime. Globular cluster ages can be reason-
ably determined from the point where the main sequence of stars turns into
the sub-giant branch in a colour-magnitude diagram of the GC. The presence
of multiple populations and age-metallicity degeneracy is a complication. An
example of the main-sequence and white dwarf sequence of two GCs is given

in Figure 1.3.

2. By fitting the track of the GC stars through the colour-magnitude diagram
(CMD) against known stellar populations, GC distances can be determined

with low relative error, typically within about 6% [12, 13].



3. Globular clusters, especially ones at high Galactic latitude, tend to have rela-
tively little scattering due to interstellar dust and absorption due to interstellar
gas when compared with objects located in the plane of the Milky Way (espe-

cially objects located in the direction of the Galactic Centre).

4. As mentioned above, their high central densities make them extremely effi-

cient at forming LMXBs.

In addition to being efficient at forming LMXBs, globular clusters can have their
structure altered by the presence of binaries, potentially even supplying enough ki-
netic energy in their formation to alter the size of the core, and reversing the core
collapse [14]. The study of LMXBs in globular clusters may therefore also probe

the evolution of the host cluster.
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Figure 1.3: Colour-magnitude diagrams of the globular clusters 47 Tucanae and
NGC 6397. Magnitude (vertical axis) measures the brightness of the object (often
in the V filter), where lower magnitude objects are brighter. Color is determined
by subtracting the magnitude in one filter from the magnitude in another, and is a
proxy of the temperature of an individual object. In these images, the magnitude is
measured in F606W, a broad V-band filter. Color is obtained by subtracting F814W,
a broad I-band filter, from the V filter. Several features of the cluster population are
represented. The long black band of points on the right of each panel represents the
"main sequence" of each cluster, the population of stars in the cluster undergoing
normal stellar evolution. The smaller, fainter track along the left of each image
represents the white dwarf cooling sequence, the track along which white dwarfs
cool as they age. In the left panel, an additional track occurs between the main
sequence and the cooling sequence - these are stars from the Small Magellanic Cloud
(SMC) that are contaminating the frame, as the SMC is very close to 47 Tuc on
the sky. The middle panel shows 47 Tuc’s CMD after the SMC stars have been
removed using the proper motion of these objects. NGC 6397°’s CMD, also with
contaminating stars removed using proper motion, is plotted in the right panel. At
the top of the main sequence, there is a bend (roughly V = 17 in the left panel) that
indicates where stars have "turned off" from the main sequence - these stars have
exhausted the hydrogen in their cores and are evolving towards the giant branch.
This image is reproduced from Richer et al. (2013) [15].



1.1.3 Accretion Disk Emission

To understand the observed optical and X-ray emission from an accretion disk, a
number of assumptions must be made about its structure. The primary approxima-
tion made to develop the disk dynamics is to assume that the flow of gas in the disk
is limited to the plane of orbital motion, known as the thin disk approximation [3]. If
changes to the accretion disk occur on timescales slower than the viscous timescale,
then the disk will evolve in what is known as the steady state [3]. A complete discus-
sion of the assumptions in the thin disk approximation can be found in Frank, King,
and Raine (2002) [3]. However, a key element of this model is that the disk is op-
tically thick in the vertical direction, perpendicular to the orbital plane. This means
that each piece of the disk radiates like a blackbody, with inner portions of the disk
radiating as a blackbody of higher effective temperatures. The total observed spec-
trum across the face of the disc is a combination of all these blackbodies, known as

a multi-color blackbody. The emitted spectrum of the disk is represented by:

(1.6)

F _ 4mhcos (i)} /R"“‘ RdR
v D2 R*

T
er® —1

Here, D refers to the distance to the source, cos(i) is the inclination of the source,
h is the Planck constant. We choose R, to be the outer edge of the accretion disk,

and we set R, to be the surface of the compact object (in the case of a NS or WD) or

the disk 7' at a radius R is given by [3]:

(S

the last stable circular orbit (in the case of a BH). Additionally, the temperature of
3GMM

T(R):{m 1(%)1”1, (1.7)

Here, M is the mass accretion rate, and R, is the inner radius of the accretion disk.

Note that for a neutron star, this assumption implies that the accretion disk extends
to the surface. This is not always true in practice, especially in the presence of mag-

netic fields (see Section 1.1.4), but it is nonetheless a reasonable approximation for
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the analysis presented here. The resultant spectrum for typical white dwarf param-
eters is given in Figure 1.4. Additionally, we will define a characteristic inner disk

temperature, given by:

-\ 1/4
3GMM
T, = . 1.8

( 87TR30 ) (18)

Several regions of the spectrum can be reasonably approximated by a power-law
that has the form:
E, oc /. (1.9)

Note that in SYNPHOT (discussed below in 3.1.3), power-laws are evaluated in
wavelength-space rather than frequency-space. The index of a frequency space

power-law ', is related to the index of a wavelength-space power-law 'y by::

Iy=-T,-2. (1.10)

Several regions of this spectrum are of interest [3]:

1. For low frequencies, where v < kT (R, )/h, the spectrum has a Rayleigh-

Jeans tail that resembles a power-law of index I', = 2, F,, oc 1> (' = —4).

2. For high frequencies, where v > kT (R,)/h, the spectrum has a Wien form,

and declines exponentially.

3. For intermediate frequencies, k7T (R, ) /h < v < kT, /h, the spectrum resem-
bles a power-law of index ', = % F, x Vs I, = —%). This portion of the

spectrum is known as the "flat" or "characteristic" disc spectrum.

In the X-ray regime, the spectrum can be easily modelled using the diskbb model
(used in XSPEC, described in Section 2.1.2), a multi-colour disc blackbody (see
Section 2.1.4). In the optical regime, it is expected that the portion of the emitted

spectrum will be close to or inside the "flat" spectrum, motivating the choice of a
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Figure 1.4: Accretion disk multi-color blackbody spectrum [3]. This model is for
a white dwarf with the outer edge of the accretion disk R,,, = 250R,. There are
two regions of interest. The left side of the spectrum, marked with 2, indicates the
Rayleigh-Jeans tail of the spectrum at low frequencies, where the spectrum can be
approximated by a power-law of index I', = 2. The region between points A and
B shows the “flat" portion of the spectrum at intermediate frequencies, where the
spectrum behaves as a power-law of index I', = 1/3. For white dwarfs, this region
is rather short, but for neutron star accretion disks, where R, > 250R,, this region

encompasses a larger range in kf;—”t
ou

power-law approximation, in Section 3.2.1. A justification of this choice of approx-

imation is given in Section 4.1.

1.1.4 Propeller Effect

The simple prescription of a steady state, thin accretion disc is not always suffi-
cient to describe binaries involving neutron stars, since accretion onto the surface
of a compact object will only proceed in this prescription in the absence of strong

magnetic fields. Neutron stars can possess strong magnetic fields, of order 102G,

12



causing the ionized accretion flow to be interrupted and reach the surface by being
channeled to the magnetic poles. Thus, only a portion of the star is effectively ac-
creting [3]. A simple schematic of this process is given in Figure 1.5. For material
to be channelled on the magnetic poles, the Alfvén radius, a measure of the radius at
which magnetic forces dominate the accretion flow, must extend beyond the surface

of the compact object. The Alfvén radius is given by [3]:

g =5.1x 105M; 2" M7 13 em, (1.11)

where M is the accretion rate units of 10'® g s~! and p is the magnetic moment,
measured in units of 10°® G cm®. For a highly magnetized neutron star, accretion
will not be efficient if the accreting NS is rotating too quickly. Inside the Alfvén
radius, material is forced to rotate with the magnetic field. If the angular velocity of
the accreting NS (and, consequently, its magnetic field) exceeds the Keplerian angu-
lar velocity of the infalling material from the disc at the Alfvén radius, the accreted
material will then be accelerated by the B-field, pushing it outwards and inhibiting
accretion [3]. Some material may accelerate quasi-periodically through Rayleigh-
Taylor instabilities in the flow, but in general this propeller effect can cause accretion
to be inefficient, generating an observed X-ray luminosity that is lower than what
might be expected for a particular geometry [16, 17, 18]. For some sources, (dis-
cussed below in Section 1.2.1) the propeller effect is a potential explanation for their

observed characteristics [19].
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Figure 1.5: Conceptual illustration of the propeller effect [16]. The rapidly rotat-
ing neutron star (central circle) exerts strong pressure on the ambient plasma (the
accretion disk, in this case, outer shaded portion) because its magnetic field repels
inflowing matter (indicated by the arrows), causing inefficient accretion.

1.2 MI15X-3

1.2.1 Very Faint X-ray Transients and Accretion

Since the Uhuru era, observations conducted by progressively more sensitive X-ray
telescopes, such as Einstein, ROSAT, and Chandra have probed fainter regimes of X-
ray emission. For a more thorough discussion of Chandra, the X-ray telescope used
in this work, see 2.1.1. One way in which transient X-ray sources can be broadly
empirically categorized is by the peak of their X-ray luminosity during their active
state, Ly peak- In this prescription, we discuss three classes of transient X-ray sources

[20]:

1

1. Sources with Ly pesx = 10777 erg s~ are known as the bright X-ray tran-

sients.
2. Sources with Ly peax = 10%737 erg s7! are classified as fains X-ray transients.

3. Sources with Ly peax = 10°*73¢ erg s~! are known as the very faint X-ray tran-

sients (VFXTSs).

Although the former two have been observed since the era of BeppoSAX (and

earlier, in the case of the bright X-ray transients), the advent of Chandra has allowed
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for the identification of the VFXT class [21]. VEXTs are fascinating from a binary
evolution perspective, since most are believed to spend < 10% of their time in the
"bright" state, implying an extremely low rate of mass transfer from the companion
to the compact object, < 1073M yr=! [22] (note: 1 M, yr~! = 6.3 x 10® gs™).
Low mass transfer rates may indicate extremely low mass companions, below about
0.01M [22].

For conventional binary evolution, and a traditional mass accretion history, the
above implies that these systems originally had higher-mass companions (of perhaps
a solar mass) that have been reduced to 0.01M, by mass transfer to the compact ob-
ject. This is problematic since the amount of time required for such evolution to
take place generally exceeds the age of the Universe [22]. There are several alter-
native scenarios which are typically introduced to explain these low accretion rates.
It is possible that some systems are being observed at an unfavourable inclination,
but since the accretion disk can only meaningfully block X-ray emission at an in-
clination within about 15 degrees of edge-on, this is not a viable explanation for
all VEXT systems [23]. Another option is to suggest that the low mass compan-
ion is primordial; that is, it has always been low-mass, implying a brown-dwarf or
planetary companion [22]. If the companion is not primordially low-mass, then a
high-mass accretor, which would be an intermediate-mass black hole (IMBH), may
be needed to reduce the companion to the required low mass within the age of the
Universe [22]. It has been argued by in’t Zand et al. (2005) that for systems with
L, < 10 erg s!, the disk can only be kept ionized if it is very small, which implies
an ultracompact system (through the short orbital period required) [24]. It is also
possible that VEXT systems may be neutron star accretors experiencing inefficient
accretion through a propeller effect (discussed in Section 1.1.4) [16, 17]. Since the
majority of these scenarios rely on a companion with a relatively specific mass, the
nature of VFXT systems can be constrained by observations of the companion at
longer wavelengths, closer to the optical regime where the companion is expected

to emit more strongly. It is important to note that VEXTs may not be a homogenous
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group given some of these explanations could be true for certain sources while not

being generally true for the entire VFXT population.

1.2.2 MI1S5 X-3: Known Observational History

M15 X-3 is a VEXT located in the globular cluster M15 (NGC 7078) at a distance
of D = 10.3 kpc [25]. This source, located 20" away from the core of M 15, was first
discovered from Chandra archival data in 2009, as outlined in [19]. Unlike most
VEFXTs, M15 X-3 is located in a globular cluster rather than in the direction of the
Galactic Centre, meaning multi-wavelength observations of the source are practical
due to low extinction. Here we summarize the key parameters determined from these
observations.

From the Chandra and ROSAT observations available, taken from 1992 to 2007,

this source was observed in two luminosity states.

1. In 1994, 1995, 2004 and 2007, M15 X-3 was observed at a luminosity of
4 — 8 x 10 erg/s.

2. In 2001, M15 X-3 was observed in quiescence at a luminosity of ~ 2 x 10*!
erg/s (in 2000, it was also observed in quiescence though only at an upper

limit).

Consecutive observations of M15 X-3 in the same year have found it to be in the
same luminosity state, implying that M 15 X-3 is likely persistently accreting in one
state for a few years before switching states. Archival observations from the Einstein
era (late 1970’s) generally constrain its luminosity to < 10*° erg s~!. However, most
observations with other instruments generally lack the spatial resolution to cleanly
identify M 15 X-3 because it is located only 20" away from two bright low-mass X-
ray binaries, AC-211 and M15 X-2 (see Section 2.1.2), which contaminate the field.
In general, these other observations only provide upper limits to the luminosity of

M15 X-3.
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Spectral analysis of M15 X-3 in its bright state showed that it was well-described
by a relatively hard power-law of index v = 1.51£0.14 (also see Section 2.1.4) [19].
In its faint state, M15 X-3 either was detected by instruments that have very poor
spectral resolution (AE/E = 1). Based on hardness ratios, M15 X-3 appeared to be
a soft source (typical of NS LMXBs in quiescence). Obtaining a quiescent spectrum
of M15 X-3 would require a very deep, time-constrained observation with Chandra
ACIS (see Section 2.1.1).

Optical observations of M15 X-3 reported, discussed below, are extremely lim-
ited [19]. Although a potential optical counterpart has been detected, no instrument
with angular resolution poorer than the Hubble Space Telescope (HST, fully de-
scribed in section 3.1.1) is capable of separating the counterpart from other sources
in this crowded field (although M15 X-3 lies outside of the core, this region of the
cluster is sufficiently dense to make separating it from other stars in the field diffi-
cult - see Figure 3.2). Additionally, M15 X-3’s position 20" from the core places it
outside of most extensive observing campaigns with HST'. Prior to this work, only
three observations in two separate epochs detected the counterpart. In 1994, it was
measured in the ultraviolet filter F336W to have a magnitude of U = 21.5£0.2.
In 2002, in the visible-light filter F555W it was measured to have a magnitude of
V =22.0£0.2. Additionally, it was detected in 2002 in the blue filter F438W at only
B =23.740.8, but with a large photometric error making the detection marginal at
best. Comparing these measurements with other sources in M15 in the same ob-
servation showed evidence of excess emission in the ultraviolet compared with the
main-sequence, which is a potential signature of an accretion disk in an X-ray binary.

With these combined observations, it is difficult to constrain the nature of M15
X-3’s companion. Without clearer detection of the source in deeper HST observa-
tions, it is not possible to rule out the possibility of a brown-dwarf (or smaller) sized
companion. In this work, we present the results of a near-simultaneous X-ray and
optical observation of M15 X-3, to determine the most likely accretion scenario that

explains the VEXT behaviour of M15 X-3.
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Chapter 2

X-Ray Observations of M15 X-3

2.1 X-Ray Observations - Reduction and Extraction

2.1.1 The Chandra X-Ray Observatory

The Chandra X-Ray Observatory is a space-based telescope designed for high-
resolution X-ray imaging, photometry, spectroscopy, and timing analysis over a
range of soft X-rays from 0.3 - 10 keV. We used two of the four Chandra instru-
ments in this analysis. The High Resolution Camera (HRC) provides the best spatial
and timing resolutions of any Chandra instrument. It however does not have spectral
information. The Advanced CCD Imaging Spectrometer (ACIS) provides the best
energy resolution, but is susceptible to pileup (see Section 2.1.4). Additionally, the
ACIS lacks a shutter, which means that for bright sources photons detected during
the readout process will be assigned to the incorrect row, generating a long "readout
streak" in the direction of event readout (see Figure 2.1).

When a given field containing X-ray sources is observed, an event file is gener-
ated that contains position, timing, and (if applicable) energy information for each
photon incident on the detector. In principle, each event could be a photon or a
cosmic ray. Cosmic rays are filtered during processing on the basis of the ASCA

grade system, which will reject events based on energy (high-energy events, typi-
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cally above 15 keV, are likely to be cosmic rays) and based on the shape of the event
on detector pixels. Cosmic rays are filtered out during the automated processing that
converts a level 1 events file to a level 2 events file. A complete discussion of the
event grade process can be found in the Chandra Proposer’s Observatory Guide.
When processing Chandra data, one must consider the effective area (sensitivity of
the CCD to different energies), detector response matrix (describes how energies of
incoming photons are recorded), and aspect solution (time-dependent orientation of

the telescope) during the data reduction process, described below.

2.1.2 X-Ray Data Reduction

We use two packages in the reduction and analysis of the Chandra data, the Chandra
Interactive Analysis of Observations (CIAO) package and the High Energy Astro-
physics software package (HEAsoft). CIAO provides tools for manipulation and
extraction of the .FITS files directly produced by Chandra while HEAsoft provides
the tools used for visualization (DS9) and spectral analysis (XSPEC). In this work,
the software versions used were CIAO 4.6, CALDB (the calibration database for
Chandra) version 4.5.9, and the August 2012 version of the time-dependent gain-
files.

For ACIS-S and HRC-I observations, the first step is reprocessing the data prod-
ucts using the chandra_repro script to create a new level 2 events file, which
is the .FITS file used for data analysis (after it has been cleaned for cosmic rays).
Although each Chandra data set includes a level 2 events file, it is not guaranteed to
have the latest calibration, so applying chandra_repro to datasets before analy-
sis is standard practice to create consistent datasets.There are, in total, 4 ACIS and 5
HRC datasets available for analysis, shown in Table 2.1.

The most recent ACIS observation (ObsID = 13710) is a much shorter exposure
(5 ks) than the other 3 ACIS observations (total exposure time 100 ks), but it is
near-simultaneous with a Hubble Space Telescope (HST) observation taken the same

week. This implies that if M15 X-3 is found to be in a consistent spectral state across
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all four observations, the longer, non-simultaneous ACIS observations can also be

used to infer the state of the system at the time of the HST observation.

ObsID Date Exposure Instrument L,
[ks] ergs!
1903  2001-07-13 9.1 HRC-I 573 x 107!
2412 2001-08-03  8.82 HRC-I 174 x 103 *
2413 2001-08-22  10.79 HRC-I 970 x10%
9584  2007-09-05  2.15 HRC-I 673 x 10%

11029 2009-08-26  34.18 ACIS-S 83704 x 10%
11886 2009-08-28  13.62 ACIS-S  9.9707 x 103
11030 2009-09-23  49.22 ACIS-S  9.2707 x 10%
13420 2011-05-30  1.45 HRC-I 571 x 10%
13710  2012-09-18  4.88 ACIS-S  1.07)] x 10%

Table 2.1: Summary of Chandra observations of M15 X-3. Observations marked
with a * indicate observations for which only an upper limit is available.

For both the HRC and ACIS data sets, the next step is to identify the extrac-
tion regions containing the source and an appropriate region for estimating the local
background. For M15 X-3, there are two complicating factors. The first factor is the
presence of two bright LMXBs, AC-211 and M 15 X-2, which lie only 20" away from
M15 X-3 (bottom source), as seen in Figures 2.1 and refHRCimage. This means that
background regions had to be carefully selected to avoid contamination from these
bright sources. The second factor is that in the three 2001 HRC observations, M15
X-3 is not clearly visible since the source is in quiescence.

To obtain positions for M15 X-3 in these observations, we use the HRC datasets
where it is clearly detected (ObsIDs 9584, 13420) and then shifted for the 2001 HRC
observations based on the change in positions of the bright LMXBs between datasets
where M15 X-3 is bright to datasets where it is faint. The size of the extraction
and background regions in HRC observations was determined by applying photon
raytracing centred on M15 X-3’s position on the detector using ChaRT, a raytrace
code that simulates a collection of photons passing through Chandra’s optics. The

extraction region was chosen to be the region centred on M15 X-3 that contained
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Figure 2.1: Chandra ACIS-S image of M15 (ObsID 11030). The interior green cir-
cle (size 2.4") indicates the region from which the spectra of M 15 X-3 was extracted.
The annulus formed by the inner circle and the outer (size 6") cyan circle indicates
the region from which the background spectra (for background subtraction) is taken.
Note that on this instrument, the two bright LMXBs AC-211 (slightly to the left) and
M15 X-2 (slightly to the right) are difficult to distinguish. Two instrumental artifacts
are visible in the image. The dark spot in the centre of the LMXBs (at approximately
the location of M15 X-2) indicates that the very bright center of this image has been
filtered due to pileup effects (see Section 2.1.4). In addition, the long line that lies
on either side of the bright LMXBs shows the readout streak, as discussed in Section
2.1.1.
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90% of the raytrace counts, while the background region was chosen to be a thin
annulus extending beyond the region containing 99% of the raytrace counts that also
excludes the 99% regions for the two other bright LMXBs. The resulting extraction
and background regions resemble those in Figure 2.2. This procedure was used for
all of the HRC observations, including ones where M15 X-3 was clearly detected,
for consistency.

For the ACIS-S data, the clear detection of M15 X-3 in all observations makes
source extraction much simpler. The source regions were all selected to be a 2.4"
circular region centred on M15 X-3’s position enclosed by a 6" radius annulus that
was used as a representative background region. The resulting extraction and back-
ground regions are those depicted in Figure 2.1.

The next step in analyzing the HRC data is to perform photometry, which is dis-
cussed in Section 2.1.3. Since ACIS data contains the desired spectral information
needed to characterize the M 15 X-3 system, the next step in analyzing ACIS data is

to extract a spectrum of the source, discussed in Section 2.1.4.

2.1.3 X-Ray Photometry (HRC)

For photometery with HRC, once regions have been generated, the count rates and
fluxes are determined using the srcflux tool. This tool, when supplied with source
and background regions, estimates the source count rate with Bayesian statistics us-
ing the aprates tool. Once the count rate was determined, the unabsorbed flux
was estimated using PIMMS, a Chandra Proposal Toolkit, which gives fluxes con-
sistent with those obtained from spectral fitting, as well as being consistent with
[19]. For observations where M 15 X-3 was not clearly detected, the PIMMS model
was a blackbody of with k7" = 0.135 keV. If M15 X-3 was in its bright state, the
PIMMS model applied was a power-law with photon index I' = 1.4 (see Section
2.1.4). In both cases, it is assumed that the equivalent hydrogen column density is
Ny = 4.6 x 10*cm™2 (this procedure was adopted from [19]). The results of the

HRC photometery are discussed in Section 2.2.2 and shown in Table 2.1.
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Figure 2.2: Chandra HRC-I image of M15. The small green circle indicates the
extraction region for M15 X-3, the region that is expected to contain 90% of the
counts from a ChaRT raytrace. The large red circles indicate the 99% count regions
for AC-211 (top left source), M15 X-2 (top right source), and M15 X-3 (bottom
source). The thin cyan region indicates the region from which the background was
extracted, with the red regions excluded. The thin annulus formed by this region
selection has an area roughly 5 times the size of the M15 X-3 extraction region.
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2.1.4 Spectral Extraction and Fitting with XSPEC (ACIS)

Extraction of spectra from ACIS data is performed using the specextract script.
This script is a combination of several CIAO tools. The dmextract command
creates a PHA file, containing pulse heights which are mapped to photon energies
by considering both the effective area (through mkarf) and the detector response
(through mkacisrmf). A key choice when generating spectra is to consider the
number of counts per energy bin. Too many counts per energy bin will wash out
spectral information, whereas too few counts per bin will make statistical uncer-
tainties too large for spectral fitting to be useful. A reasonable choice is to require
a minimum of 25 counts per bin, which ensures that using Gaussian statistics for
errors on physical quantities derived from fitting is relatively accurate. After the
spectra are grouped using the dmgroup command to have a minimum of 25 counts
per bin, they are suitable for spectral fitting with the X-ray spectral fitting package
XSPEC 12.8.0.

XSPEC provides a powerful package for fitting spectra to a variety of useful
physical and phenomenological models. To compare the model with data, the model
is convolved with the instrument response to produce a predicted count rate in each
bin. By default, XSPEC performs forward-fitting using a Levenberg-Marquardt al-
gorithm, and determines its best fit using the x? statistic. Since the y? statistic as-
sumes a Gaussian distribution of counts in each bin, this method is only valid if the
number of counts per bin is not too small.

An additional consideration with XSPEC (and in analyzing CCD-based data in
general) is the possibility for pileup. For sources that have a sufficiently high count
rate, the odds that two (or more) photons will strike the same pixel within one frame
time (Zfr4me = 3.24014s for our observations taken with ACIS-S) is very large. When
this occurs, the detector interprets the multiple photons as a single photon with an
energy approximately equal to the sum of all the energies of the photons striking dur-
ing the frame. Since photons with an energy above a certain threshold are rejected

by the detector as being high-energy cosmic ray background, (either by the telescope
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itself or during data grading) this can lead to an underestimate of the events detected
from a bright source. In the case of very bright sources, it can lead to a "hole" in
the image, as observed in Figure 2.1. Although M15 X-3 is faint enough that there
are no clear holes in the source, the ACIS detector is sufficiently sensitive that M15
X-3 is stillaffected by pileup. To account for pileup, all spectral models used in the
analysis are convolved with a “pileup" model, which applies a correction in cases
where the effect is not too strong.

The simplest model used is the power-law, listed in XSPEC as pegpwr. Itis a

simple phenomenological model of the form:
C(E)=AE". 2.1

The quantity I is referred to as the photon index. Many physical models within the
X-ray region can be approximated by a power-law. It is possible that this emission
could be from the hot corona surrounding the NS, a shock in a pulsar wind, or other
non-thermal accretion-related effects that are difficult to model.

The other phenomenological model used is a broken power-law (bknpow),
which is a model where the spectrum is a power-law of index I'; up to a break-energy
Eprear, Where it becomes a power-law of index I',. This is useful for modelling spec-
tra that show evidence of non-thermal curvature.

Multiple XSPEC thermal models were also used during the fitting process. The
simplest is bbodyrad, which models a blackbody of temperature k7 with a nor-
malization related to the surface area of the emitter (normalization = R2, ../ D2 ces
the square of the source radius in km over the distance to the source in units of 10
kpc). Blackbody models are generically useful but in the case of a source that is be-
lieved to be a NS accretor, they could be used for the entire NS surface, NS surface
hotspots or an accretion disk. The thermal spectrum of the accretion disk is generally

best described by the multi-temperature disk blackbody di skbb, which models a

disk with inner radius temperature k7" and a normalization related to the apparent
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inner disk radius, distance to the source, and inclination. The other thermal model
used in the analysis of M15 X-3 is the neutron star atmosphere model, NSATMOS.
This model provides a spectrum interpolated from a grid of NS atmospheres for a
given effective temperature log(7, /), mass M,, radius, R,;, and distance [26]. Since
prior evidence suggests that M15 X-3 is a weakly accreting NS with a low-mass
companion, these models are all acceptable for testing against M15 X-3’s spectra

[19].

2.2 X-Ray Results and Analysis

2.2.1 X-ray Spectral Results

Previous spectral fitting of M15 X-3 in the 2004 HETGS observation found that
the spectrum is well-described by an absorbed power law with photon index ' =
1.51 £0.14 [19]. In this analysis, all four available Chandra ACIS-S observa-
tions were fit simultaneously (see 2.1). For VFXTs that have spectral informa-
tion available, they are often described with either a hard power-law, or a hard
power-law with an additional softer thermal component [27]. This motivated the
initial choice of a fit with a single absorbed power law (with the column density
fixed at Ny = 4.6 x 10*cm~2 [28]) although a variety of fits were explored. Fit-
ting with a single power law gives a reasonable representation for each observation
(x* = 214.13 for 191 degrees of freedom (d.o.f), null hypothesis probability (nhp)
= 0.12), which suggests that M15 X-3 is in a similar state with an X-ray luminosity
of L, ~ 0.8 x 10** ergs/s. This motivated the choice to jointly fit all four obser-
vations. In general, XSPEC permits model parameters to be either free (allowed
to vary during the fitting process) or frozen (fixed and not allowed to vary during
the fitting process). Additionally, when fitting multiple observations with the same
model, one can also tie parameters together between multiple observations. In this
case, the power-law index was tied across all four observations while we individ-

ually fit the power-law normalizations, which dictate the relative luminosities, for
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each observation. This procedure provided an acceptable fit with a power-law of
index 1.40£0.03. A plot of the fitted spectrum for all four observations is given in
Figure 2.3. We do not see a statistically significant improvement (Ax? = —2.4 for 3
fewer d.o.f.) when individually fitting power-law indices for each observation.. This
provides further evidence that M15 X-3 is in the same spectral state across all four
observations. The dependence of the fit on the column density Ny and the pileup
grade parameter « (a quantity which describes the extent of pileup) was also tested,
but fitting for these parameters did not significantly improve the result. This sug-
gests that it is unlikely much additional intrinsic absorption occurs in M15 X-3 and
that the pileup of the events is weak, respectively.

One unusual property of the fit obtained from a single power-law is the evidence
of curvature in the residuals. Examining the residuals between 1-3 keV (Figure 2.3)
shows a large number lie above the model. Alternatively, this can also be described
as the residuals at high and low energies trending below the model. Regardless, this
curvature suggests an alternate fit was necessary. Other VFXTs have shown evidence
of a power-law component with an additional thermal component. Therefore, a
combined spectrum of a power law + thermal component (NSATMOS, bbodyrad,
and diskbb) was tested.

Adding an NSATMOS component (for the thermal component) does not im-
prove the fit (x*/dof = 241.12/190) and gives a neutron star surface temperature
of kT,;; =~ 8.6 x 1072 keV. This is the lower bound for the temperature parameter,
and has a lo upper limit of 5.3 x 1072 keV. At the upper bound, this component
contributes < 0.16% of the 0.5-10 keV unabsorbed flux of the source, leading to the
conclusion that M15 X-3’s spectrum lacks an NSATMOS component.

Testing, instead, with a blackbody component, bbodyrad, does improve the fit
(x*/dof =187.90/189) versus the single power law, although it creates problematic
a physical interpretation. The blackbody component has an inferred temperature of
kT = 0.65 keV over an emitting area of radius R ~ 0.2km. The interpretation of

this result would be to assume that M15 X-3 contains a hot spot on the neutron
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Figure 2.3: X-ray spectrum for M15 X-3, with the fit to a single power-law model.
The observations are sorted by date with the most recent at the top (from top: ObsIDs
13710,11030,11886,11029). The bottom panels indicate the residuals to the single
power-law fit. Note that many of the data points lie above the model between 1-3
keV and below the model outside this range. This data has been rebinned for plotting
purposes.
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star surface. However, given that M15 X-3 is a tremendously weak (=~ 2 orders
of magnitude fainter) X-ray source compared with the general LMXB population
(Lx peak S 10°* erg s™1, which implies weak accretion onto the NS surface itself), it
is difficult to conceive of a reason why M 15 X-3 might have such a hot spot.

Using the accretion disk blackbody model, diskbb, gives a similar improve-
ment to the fit statistics that bbodyrad does ( x*/dof = 187.90/189), but also
leads to problematic physical results. The physical parameters derived from the
diskbb component gives a blackbody temperature of 1.2 keV with an inner disk
radius parameter of Ry, cosf = 0.06km. For a face-on disk, such a result is aphys-
ical, as it is smaller than the size of the neutron star itself. This requires that the
inclination of the disk € to be sufficiently large such that the inner disk radius is
physical. However, in this scenario the disk would need to be nearly edge-on. Since
M15 X-3 has shown no evidence of eclipsing, strong radio emission, or any evi-
dence that suggests it is a much more powerful emitter being obscured by its disk,
this scenario seems highly unlikely (see Section 4.3 for further discussion).

The presence of curvature in the fit residuals also motivated the choice to em-
pirically use a broken power-law model, described above and modelled in XSPEC
using bknpow. The resultant spectrum is shown in Figure 2.4. When M15 X-
3’s spectra are fitted with a broken power-law, the fit (x?/d.o.f. = 185.51/189) is
substantially improved over the single power-law or a single power-law + thermal
model. A summary of the fit statistics and fit parameters for both the single power-
law and broken power-law are given in Table 2.2. The fitted parameters describe

M15 X-3’s spectrum as a power-law of index I'y = 1.25f8:8f up to an energy of

2717538 keV, where it becomes a power-law of index ', = 1.82703. To compare
against the single power-law, an F-test gives a probability of 1.24 x 107°. This sug-
gests that the broken power-law is a statistically superior description of M15 X-3’s
spectra. Initially this fit was achieved with the power-law indices and break energy

tied across observations. Fitting with these parameters untied does not statistically

improve the fit. This indicates there is no reason to suspect that these parameters
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might be changing between observations. In addition, allowing the pileup parameter
« or the column density Ny to vary does not improve the fit, which implies (as with
the single power-law) that M15 X-3 is not piled up in these observations and does
not have significantly higher intrinsic absorption than the cluster value.

If M15 X-3 is indeed a NS accretor, it is reasonable to ask whether there is any
soft thermal component that can be separated from the broken power-law. Adding
a thermal component does not improve the fit. We find Ay? < 0.01 for a change
of 1 d.o.f. for the NSATMOS model, Ax? = 0.01 for a change of 2 d.o.f. for the
addition of the BBODYRAD model, and Ay? = 0.45 for a change of 2 d.o.f. the
addition of the DISKBB model. The broken-power law description of M15 X-3 is
somewhat unusual, and seems to be unique in the literature amongst known VFXTs

(see Section 4.4).

Parameter Units Single power-law fit Double power-law fit
Ny 10*cm—2 [4.6] [4.6]
I 142400 128100
r, no data 1.9102
Epreax [keV] no data 2703
MIJD = 55069
10% erg s~ 0837504 0.75 00
Ly MIJD = 55071
1034 erg S—l O99t88; 089i882
MIJD = 55097
10% org s-! 0.92+0.9 0.837003
MIJD = 56188
10% erg s~ 1.0701 1.0%04
x2/d.o.f 214.13/191 185.51/189
n.h.p. 0.12 0.56

Table 2.2: Summary of XSPEC fits of M15 X-3’s combined spectra to single and
broken power-law models. Values in square brackets are fixed at the cluster value.
Errors on parameters are given at the 90% confidence level.
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Figure 2.4: X-ray spectrum for M15 X-3 fitted to a broken power-law model. As
with Figure 2.3, observations are sorted by date with the most recent at the top (from
top: ObsIDs 13710,11030,11886,11029) and the data has been rebinned for plotting
purposes.
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2.2.2 Long Term X-ray Light Curve

The four ACIS and five HRC observations provide roughly a decade of coverage of
M15 X-3’s activity during the Chandra era. Adding the Chandra HETG observa-
tions and the observations taken with ROSAT in the pre-Chandra era can constrain
M15 X-3’s flux history over roughly two decades. All observations of M15 X-3
since the first HST observation of M15 X-3’s optical counterpart are shown in Fig-
ure 2.5. Obtaining a thorough picture of M15 X-3’s activity permits one to infer
estimates of the duty cycle, and hence the time-averaged accretion rate. Broadly,
VEFXTs appear to belong to two classes. The majority in the literature describes
short duty cycles (< 10%) with outbursts of Ly ~ 10°*~3 erg s~!, spending the rest
of their time in quiescence [29, 30, 31, 20]. However, a small number of VFXTs

persistently accrete at Ly ~ 10°* erg s~!

with a relatively large duty cycle (50%)
[24, 32, 27]. M15 X-3’s long-term behaviour displays a very large duty cycle with a
"bright" state luminosity of 6 — 10 x 10** erg s~!'. The time-averaged accretion rate

and duty cycle are estimated using the results plotted in Figure 2.5 in Section 4.4.

2.2.3 X-ray Conclusions

Before considering the optical data obtained during the most recent ACIS observa-

tion, several important conclusions may be made about the X-ray behaviour of M 15

X-3:

1. M15 X-3’s spectrum in its bright state shows evidence of unusual curvature,
which can be best empirically described with a power-law of index I'; =
1.25700% to the break energy Eprea = 2.71100% keV, after which it becomes

a power law of index I'; = 1.82702). In this bright state, M15 X-3 has a lumi-

nosity of 6 — 10 x 103 erg s~ 1.

2. M15 X-3’s spectrum seems to lack any kind of a statistically significant ther-

mal component.
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Figure 2.5: Long term light curve for M15 X-3. ROSAT and Chandra HETGS
data are taken from [19], while the HRC-I and ACIS-S data was analyzed in this
paper. The vertical dashed lines indicate HST observing epochs, including the 2012
observation that is nearly simultaneous with an ACIS-S observation.
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3. M15 X-3’s duty cycle is quite high, exceeding 50% with at least two observed
state transitions - once from the bright state to quiescence between 1995 and
2001, and returning to the bright state between 2001 and 2005. This permits

the time-averaged accretion rate to be inferred (see Section 4.4).

4. When considering the simultaneous HST observations, it can be assumed that
M15 X-3 is emitting ~ 10** erg s~! of X-rays - which is potentially important

if the companion is being irradiated by the primary.
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Chapter 3

Optical Observation of M15 X-3:

Reduction, Results, and Analysis

3.1 Optical Observations - Reduction and Extraction

3.1.1 The Hubble Space Telescope

The Hubble Space Telescope (hereafter Hubble or HST ) is a powerful space-based
telescope that has provided imaging and spectroscopy between the near-ultraviolet
and near-infrared wavelengths for over 20 years. In this research, data from the
Wide Field Camera 3 (WFC3), which provides the largest field of view and best
resolution of any HST instrument, was utilized. WFC3 replaced its predecessor, the
Wide Field Planetary Camera 2 (WFPC2), during the last servicing mission in 2009.
Aside from the WFC3 data primarily considered in this research, other usable data
of M15 X-3 was taken with WFPC2. Data collected with these detectors is suitable
for photometry in a variety of passbands. The general method by which CCD-based
photometers like WFC3 collect data is to pass incoming photons through a filter (or
passband) and then collect the photons with a photosensitive chip. The set of filters
used (so that observations can be collected at different specific wavelength ranges)

forms the photometric system of the telescope. WFC3 has two channels, each with
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Figure 3.1: Plot of the HST throughputs for the filters used in this research. The
left (blue) curve is the throughput for F438W, the B filter. The middle (green) curve
plots F606W, the V filter. F814W, the [ filter, is plotted by the right (orange) curve.
Since these filters on the WFC3 are similar to the equivalent ones on its predecessor,
WPFPC?2, the filters are referred to as the WFPC2 B, V, and [ in the WFC3 Instrument
Handbook.

a different set of filters. The ultraviolet and visible light (UVIS) channel contains
a variety of wide and narrow-band filters, as well as legacy filters to overlap with
previous instruments. The infrared (IR) channel contains a handful of useful wide-
band and spectral line filters. Each filter can be characterized by the throughput,
which is the sensitivity of the filter at individual wavelengths across its wavelength
range. As an example, the throughput of the WFC3 filters used in this research are
shown in Figure 3.1. Filters are identified in the Hubble system by their central
wavelength and the approximate width (in wavelength space) of the bandpass. For
example, the B filter used in this analysis is F438W, indicating it is a wide filter

centred on 438 nm.
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3.1.2 HST Photometry and Source Extraction

Similar to analysis of Chandra data, HST data requires some pre-processing before
it is suitable for analysis. In this work, I only analyzed the observed magnitudes
after they had been extracted. Therefore, the reduction steps to obtain the observed
magnitudes are only described briefly here. The Multidrizz1le software package
is used to prepare the data in two ways. First, similar in goal to the event grading
performed by Chandra analysis tools, Multidrizzle filters cosmic rays striking
the detector by median filtering across multiple exposures. That is, if a cosmic ray
strikes one location in one exposure, it is extremely unlikely that a second cosmic
ray will strike the same location in a different exposure. Typical HST observations
aim each exposure at a slightly different position on the sky. Multidrizzle combines
the dithered observations (in sky coordinates) and corrects for geometric distortion
due to telescope optics. Dithering helps smooth the effects of pixel-to-pixel vari-
ation (since each part of the sky will be sampled by different pixels in different
exposures), can remove small detector defects, and (most importantly) improves im-
age quality by providing some correction for undersampling by large pixels [33].
Following this processing, the data is ready for photometry to be performed using
the DAOPHOT stellar photometry package. This package is designed specifically for
performing photometry on crowded fields by identifying candidate stars and their
aperture photometry profile. Applying knowledge of the point-spread function, it
fits the position of the star and subtracts the corresponding profile of a point source
at that position. This allows extraction of information about stars in regions where
the light from multiple stars overlap. M15 is an extremely dense globular cluster
that is core-collapsed, especially within the central arcsecond, making the field ex-
tremely crowded (core-collapsed clusters have luminosity profiles that increase all
the way to the centre of the core, rather than flattening). Once photometry has been
performed on the field, the magnitudes of individual stars may be extracted, as was
done for M15 X-3’s optical counterpart.

For this work, one orbit of HST was used, observing M 15 in 3 filters (Principal

37



Investigator: C. Heinke, University of Alberta). The filters used were F438W (broad
B), F606W (broad V), and F814 (broad I). Four dithered exposures in each filter
were taken in the UVIS2 subarray mode (UVIS2-C1K1C-SUB), where we com-
bined each set for a given filter using Multidrizzle. These observations were
taken roughly one day before Chandra observation 13710 (see Table 2.1), making
them nearly simultaneous (that is, within one day). A full summary of the HST

observations taken for this work and in previous epochs is shown in Table 3.1.

Proposal Date MJD Exposures Instrument  Magnitude
ID (s)

5742 1994-10-26 49651 3 x 600 F336W  WFPC2 21.5+0.2
9039  2002-04-05 52369 12x 16 F555W  WFPC2 22.0+0.2
9039  2002-04-05 52369 4x40F439W  WFPC2 23.7+0.8
12751  2012-09-17 56187 4 x 83 F814W WEFC3 21.69+0.04
12751  2012-09-17 56187 4 x 47 F60O6W WEC3 22.344+0.09
12751  2012-09-17 56187 4 x340F438W  WFC3 22.77+0.12

Table 3.1: Summary of HST Observations of M15 X-3. Exposures are given as
(number of exposures) x (exposure length in seconds). For example, the 1994 ob-
servation consists of 3 exposures of 600 seconds each in the F336W (ultraviolet or
U) filter. Observations from previous epochs are taken from [19].

Figure 3.2: Finding charts for the optical counterpart of M15 X-3 as detected by
HST. In each frame, the location of M15 X-3 is identified with a red arrow. These
observations are simultaneous with Chandra ObsID 13710. Note both the crowd-
ing of the field (nearby stars) and the relative faintness of M15 X-3 compared to
other sources in the field. These elements make it challenging to detect M15 X-3’s
counterpart with any telescope with resolution poorer than that of HST.
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3.1.3 Simulating observations with SYNPHOT

The primary tool for analyzing the HST magnitudes obtained for this research is
the synthetic photometry package SYNPHOT. SYNPHOT, developed by the Space
Telescope Science Institute for use with HST, permits manipulations involving the
HST bandpasses, with support for other photometric systems. In addition to an-
alytical physical models, SYNPHOT supports multiple gridded libraries of stellar
atmospheres and atlases of stellar spectra. SYNPHOT simulates HST observations

by the following procedure:

1. The user selects the HST instrument filter/bandpass used for the observation.

2. The user selects the object (star from an atlas, atmosphere from a gridded
model, simple physical model, or a mathematical combination of all of these)

and calculates its spectrum from SYNPHOT’s library.

3. SYNPHOT convolves the spectrum (singular) with the passband to generate an

observed spectrum.

4. SYNPHOT outputs the observation in the format and magnitude system chosen
by the user. This could be plotting an observed spectrum (for a spectrometer)

or determining count rates (for a photometer).

The tools of SYNPHOT make it useful for planning proposals by estimating the
expected results from observing campaigns, as well as modelling existing data. In
this work we use the predicted magnitudes generated by SYNPHOT to determine
the most plausible model for M15 X-3’s optical emission. For this sort of analysis,

SYNPHOT is may be used in its python implementation, PYSYNPHOT.

3.1.4 Magnitude fitting with PYSYNPHOT

The primary goal in collecting the HST magnitudes of M15 X-3 is to determine the

nature of the of low-mass companion of the system through fitting its optical/UV
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spectral energy distribution. PYSYNPHOT provides a framework by which a grid
in the fitting parameter space can be computed. The comparison between observed
and expected (modelled) magnitudes is computed with a simple x? goodness of fit
analysis. Since magnitudes are actually logarithms of flux ratios, it is sensible to
convert each magnitude to a flux before fitting because the magnitude errors are not
small. The magnitude of an object m is related to the flux of an object F; in a given
filter i by:

E object Mobject —Mref
, _object el

=1 =25, 1
Fi,ref 0 : (3 )

In this case, ref indicates a reference object. For these observations, the magnitudes
were calibrated to vegamags, where the star Vega has a magnitude of 0 in all filters
and all fluxes are proportional to Vega. Once the conversion to flux is made for each
fit, the \? statistic is defined by summing over the measurements from each of the 3

filters:

3 2
2 (E,observed - E,expected)
= . 3.2
X ;:1 o2 (3.2)

The goodness of fit is determined by combining the X2 with the d.o.f., which, in this
case, is equal to the number of data points minus the number of parameters fit in the

model.

3.2 Optical Results and Analysis

3.2.1 Optical Fitting Results

Two principal results are generated by performing photometry on the M 15 field. The
first is a color-magnitude diagram (CMD) of the entire cluster, where comparing
the position of M15 X-3’s optical counterpart to the rest of the cluster provides

indications of the source of M15 X-3’s optical emission. As seen in Figure 3.3,
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M15 X-3’s optical counterpart is bluer (lies to the left of) than the main sequence
for the cluster. Indeed, as one moves to bluer filters (from B—V toV — 1), M15 X-3
appears to move further to the left. The clear excess in bluer filters would suggest

two possibilities for M15 X-3’s optical counterpart:

1. M15 X-3’s optical emission consists of a low-mass main-sequence companion

and an accretion disk.

2. M15 X-3 (or at least its optical counterpart) is not a member of the cluster.

There are several reasons discussed in Section 4.2 why the latter possibility is
unlikely. This analysis is conducted with the assumption that M15 X-3 is a cluster

member.
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Figure 3.3: Color-magnitude diagrams for M15. Two colors are presented here:
(B—V) and (V —1I). The long black band of points represents the "main sequence"
of M15. The bend in the main-sequence track at V ~ 18.5 indicates the turnoff point
of the main sequence. The red point indicates the location of the optical counterpart
for M15 X-3, with errors calculated based on the half-width of the main sequence.
Note that M15 X-3 appears to be bluer than the main sequence, especially as one
moves to bluer filters. Aside from M15 X-3’s optical counterpart, only stars with
small formal photometric error ( < 0.025 mag ) were kept to clean the image.

In making the CMD, the magnitudes for individual objects in the observation, in
particular the optical counterpart for M15 X-3 (see Table 3.1), were also obtained.
The 2012 observation of M15 X-3 yields a clear detection of the optical counterpart
of the source in all 3 filters, as can be seen in the finding chart in Figure 3.2. To fit
the 3 measured magnitudes, assumptions need to be made about the nature of the
system. M15 X-3’s position on the CMD in the most recent HST observation shows
it to be bluer than M15’s main sequence, which suggests optical emission due to

the presence of both a low-mass main sequence companion and an accretion disk.
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Motivated by the position on the CMD, M15 X-3’s spectrum was chosen to be the

sum of two components:

1. An optically thick accretion disk, approximated in the optical region by a
power-law (see 1.1.3) with ['), = —% when held fixed, the conventional disk

value [3].

2. A low-mass companion, assumed to be a main sequence star for M15’s metal-
licity of [M/H] = —2.0 [34] (the abundance of elements other than hydrogen
and helium, generally quoted compared to solar values), which indicates the

population is metal-poor compared to the Sun.

For the low-mass companion, the Castelli-Kurucz atlas of stellar atmospheres (AT-
LASY9) is suitable since it contains reasonably low-mass stars similar to those ex-
pected for M15 X-3’s companion given its relative dimness. This set of models
uses the effective temperature log(7,s), gravity log(g), and metallicity [M /H] [35].
To correlate these parameters to the companion mass, models of low-mass stars at
metallicity [M/H] = —2.0 for particular masses from [34] are used. A mass range
between 0.083 M, and 0.8 Mis considered with linear interpolation of parameters
applied where necessary to produce a well-spaced grid of masses. SYNPHOT also
performs interpolation between models using a gridded table.

When fitting, the mass of the companion was always permitted to vary. The
power-law index was first permitted to vary between —4 (corresponding to the
Rayleigh-Jeans tail of the accretion disk, suitable for long wavelengths as discussed
in Section 1.1.3) and —2 (which would occur at sufficiently short wavelengths that
we would expect to be past the regime where the accretion disk is visible in optical
bands). Instead of being a gridded parameter, the normalization of the power-law
was solved exactly (after the other parameters were determined) by minimizing the
x? with respect to the normalization by assuming the flux F; in a given filter i is
described in the following way with a normalization ¢, a power-law disk flux g(i),

and a stellar companion flux A(i):
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EheoryJ =cC *g(l) +h(l)7 (33)

Fobs,i - Fheor 0,0 2
e=y (%) | (3.4)

8X2 Fobx i Eheory.i aF;heory i
_— = 2 d - — 2 .
==Y (Fe ent ), (35)
Y Fops, _cxgl)?  h(i)g(i)
0= : ( O_ig ) * g(l) O_iz Ui2 ) (36)

which, solving for ¢, gives

Fob.v.ig(i)_h(i)g(i)
2 gi ) (3.7)

g(0)?
i o7

CcC =

With this procedure, the results of the fitting process were obtained, given in Table
3.2. Several key results are obtained. If M15 X-3’s optical magnitudes are fit to
either a power-law accretion disk alone or a main-sequence companion alone, one
obtains a reduced x? of 8.87 and 16.89, respectively. The best fit for M15 X-3’s
optical counterpart is a combined spectrum, where M15 X-3’s companion and its
accretion disk both contribute in the optical bands. If both the normalization and the
power-law index are allowed to vary, the obtained fit is overconstrained (x> = 0.18
for 0 degrees of freedom) and the inferred companion mass is 0.5157099 M. Note
that for 0 degrees of freedom, there is no goodness of fit — we expect x? = 0 exactly.
This model also has a best-fit power-law index of I'y = —4, the Rayleigh-Jeans limit,
but it is poorly constrained because the entire parameter space (—4 < I['y < —2) is
included in the 90% confidence interval. In general, fitting for both parameters gives
a wide range of acceptable mass, index, and relative flux contributions. However,

we have strong reason to believe that any accretion disk for this source would be

in the conventional accretion disk regime, where I') = —% (see Section 4.1). If the
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index is constrained to be I'y = —%, a fit with x? = 0.44 for 1 degree of freedom is
obtained and gives a best fit mass of 0.44070 0% M. Under this prescription, the
accretion disk is the largest contributor to the system’s flux in the bluer filters Bysg
and Vgoe. In the redder Ig,4 filter, the disk and the companion are approximately equal
in flux contribution. An accretion disk dominating emission at shorter wavelengths
explains well why M15 X-3’s optical counterpart appears much bluer than M15’s

main sequence.

Model F)\ % Mcompam'on Xz/dOf
Busg Vios 314

(1) no data [0]7 [0]7 [0]*  0.540+£0.005 33.78/2
_ +0.00€¢ B B B

(2) 2.0019%0 [1] [1] [1] no data 8.87/1

(3) -2 0.877000 0.687013 0.53%012  0.440700%  0.44/1

4)  —4.007200 071792 0.35058 0.167970  0.515%0%9  0.18/0

Table 3.2: Results of fitting M15 X-3’s optical magnitudes to various PYSYNPHOT
models; (1) = Companion Only; (2) = Power-Law Only; (3) = Fixed Power-Law +
Companion; (4) = Free Power-Law + Companion. Companion masses are given in
M. Values in square brackets indicate a parameter that is held fixed. "No data"
indicates that the parameter belongs to a model component that is absent in fitting.
For “Companion only,” (*) the flux ratio is 0 since no disk is modelled, while for
“Power-Law only” (%) the flux ratio is 1 since only a disk is modelled. The error on
the power-law index can hit one of its physically motivated boundaries (I') must be
between —4 and —2) before reaching the edge of the confidence level; in such cases
(), the index is unconstrained to that boundary with the error listed indicating the
extent to that boundary. All error values are given at the 90% confidence level.

3.2.2 X-Ray Irradiation of the Companion

Although a main-sequence companion and accretion disk offers a reasonable expla-
nation for M15 X-3’s optical colours, it is worth considering whether the optical
colours can also be explained by a low-mass companion being irradiated by the X-
ray flux from the primary. If the X-ray flux is significant, it is possible that the
companion would be hotter (and hence bluer) than a normal main-sequence star of
the same size. In order for the X-ray flux to be significant, the bolometric flux from

a portion of the companion’s surface must be comparable to, or less than, the X-
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ray flux impinging on the same portion. To determine if this is the case, consider a
non-irradiated companion of mass M, = 0.44 M, orbiting a 1.4 M, primary emit-
ting 10°* erg s~! of X-rays. This gives a mass ratio g = % of ~ 0.31. The binary

separation can be given as [3]:

W=
Wit

a=3.5x10"(M):(1+¢)*(Py) cm. (3.8)

For a lower main-sequence star filling its Roche Lobe, the period is approximately

given by [3]:

M, =~ 0.11P,,, (3.9)

which gives an orbital period of roughly 4 hours for M15 X-3. Substituting this

relation in place of M, gives the orbital separation as:
L My 0\
a~35x10"M(1+q): (0—121) cm. (3.10)

For M15 X-3, this gives a ~ 1.3 x 10!! cm, meaning that the X-ray flux received by

the companion at its surface is:

L, 10% -
= il T =3.5%x10"ergem 25!

F. =~ =
dra®>  4m(1.3 x 10'cm)?

(3.11)
This value can be compared with the bolometric flux of M15 X-3’s companion,
which can be roughly estimated using a luminosity of Ly ~ 0.05 L and Ry ~ 0.44

R, for a 0.44 M, companion. Then, the flux of the companion at its surface is:

Ly 0.05(3.8 x 33ergs™)

Fp = =
* 7 4Ry 47(0.44 % 7.0 x 100, cm)?

=1.6x10%ergem™?s™!  (3.12)

The X-ray flux on the portion of the companion’s surface directly facing the
accretor, by this analysis, is roughly a factor of 2 larger than the flux emitted by the

companion. This means that X-ray irradiation can be significant in the observed flux
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from M15 X-3 in the optical band, and the companion is most likely smaller than the
calculated 0.440759% M, obtained from the fit. One caveat is that if the companion
is inefficient at absorbing X-rays, the effects of irradiation would be reduced. The
mass of the companion can be constrained in a simple way by assuming that M 15 X-

3’s companion re-radiates the X-ray flux it receives as a blackbody of temperature:

1

g 4 1
7irm iation — . 3 3
diat (F F> ( )

If it is assumed that the radius of the star is given by [36]:

B-EE e

then modelling the star as a blackbody with radius R and temperature 7 permits the
fitting procedure to be performed with blackbodies of varying temperatures and sizes
on a grid to determine the maximum possible effect of irradiation. In a time-averaged
sense, regardless of inclination, one expects that at most half of the visible star would
be irradiated. In the maximal case, with an edge-on inclination, it is possible that
the entirety of the observed face of the star is irradiated. This forms the maximally
limiting case and is that considered in fits. Shown in Figure 3.4 are the results of
fitting the magnitudes of M15 X-3 to a power-law accretion disk (index fixed) and
a blackbody of varying size and temperature. Both the normal main-sequence and a
maximally irradiated main-sequence (with the new temperature calculated using the
above formulae applied to each star individually) are plotted over the contour. In the
maximally irradiated case, the smallest acceptable star at the 30 level is 0.15 Mg,
which is useful for ruling out several explanations for VEXT behaviour (see Section

4.3).

3.2.3 Optical Conclusions

Before proceeding to the discussion of the results and further analysis plans, several

conclusions about M15 X-3 can be made from the optical observations. Taken in

47



9000

8000 | ]
/ ‘\\
—_ N
h AN
> 7000 | \\\\ ]
=
5 N
g
: 6000 | ]
= N
5000 S i
\\\ T 6y 0.0

4000 : : | | | | : :
0.10 0.15 0.20 0.25 030 035 040 045 0.50
Radius (R.)

Figure 3.4: Contour plot of a fit of M15 X-3’s magnitudes to a combined power-law
(with fixed index at 'y, = —%) and blackbody. Here, instead of a star, a blackbody of
size R (in R) and temperature 7 is used to investigate whether an irradiated star of
much lower mass explains observations of M15 X-3. Since the blackbody has two
parameters (compared with the 1 mass parameter of the star) the fitting is performed
with 0 degrees of freedom, which implies that the best fit should be x> = 0. The 1o,
20, and 30 contours are plotted in orange, purple, and blue respectively for 2 de-
grees of freedom. The lower green curve represents the main sequence for low-mass
stars of metallicity [M/H] = —2.0, ranging between 0.083 M,and 0.70 M. The
black point represents the best-fit and errors for the fixed power-law + normal stellar
companion (third column in Table 3.2). The upper green curve represents the tem-
perature and radius of main-sequence stars that have been irradiated by 10*ergs~!
of X-rays and maximally reradiate these as a blackbody. Grey regions of the plot
are ruled out for physical reasons, as stars below the main-sequence curve would be
too cold (for their radius), while stars above the irradiated main-sequence are hotter
than possible given M15 X-3’s X-ray flux from the primary.
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tandem with the X-ray behaviour it shows:

1. M15 X-3 has a clear excess in bluer filters, and it lies off the main sequence
in M15 in all filters, becoming increasingly away from the main sequence in

bluer filters.

2. Fitting with a conventional accretion disk and lower main-sequence compan-
ion gives a best-fit mass of O.44Of8j82(5) M. While this is a relatively low mass
star, it is significantly higher than suggested for most accretion scenarios for

VFXTs.

3. Since the accretor’s X-ray flux is comparable to the bolometric flux of the
companion at its own surface, M15 X-3 is likely having its outgoing flux (and
potentially its stellar evolution) altered by X-ray irradiation from the accretor.
At the 30 level, the smallest possible star that is acceptable with M15 X-3’s

observed magnitudes is 0.15 M.
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Chapter 4

Discussion and Conclusions

4.1 Justification of the Accretion Disk Approximation

It is appropriate to consider whether the assumption that M15 X-3’s accretion disk
can be well-approximated by a power-law of index ', = % is reasonable. This con-

dition is given by the following (see Section 1.1.3):

kT (Rou)/h < v < kT, /h. 4.1)

First we consider the optical band. The three wavebands used to study M15 X-3
are Bysg,Vios, and Ig 4 (see Section 3.1.2), with central frequencies of 6.8 x 10'* Hz,
4.9 x 10'* Hz, and 3.7 x 10'* Hz, respectively. Our approximation is then valid if
these frequencies are significantly higher than the characteristic frequency of the
outer edge of the accretion disk, and significantly lower than the characteristic fre-
quency of the inner edge of the accretion disk. For the inner edge of the accretion
disk, we can calculate T, with Equation 4.2, applying the additional assumptions of
a 1.4M, neutron star accretor of size R, = 10°cm, a ~ 0.44M, companion (this is
the mass estimate determined for M15 X-3 in Section 3.2.1) and a mass transfer rate

(onto the disk) of ~ 10'7 g s~! (typical for neutron stars) [3].
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. 1/4
T, = SGMM 4.2)
8TR30

This then gives a temperature (for the above parameters) of ~ 1.4 x 10’ K and a
frequency of ~ 3 x 10! Hz, which is well above the frequencies of the optical band-
passes. For R, a reasonable estimate of the outer accretion disk is the circular-
ization radius R (the radius at which material flowing through the Lagrange point

assumes Keplerian circular orbits), given by [3]:

Reire = ax (14 ¢)(0.500 —0.227log(q))*. (4.3)

In this case, g = % is the mass ratio of the secondary to the primary and a is the
binary separation derived from Kepler’s law and conveniently given in the following

form for an orbital period in hours P, [3]:

Wi

a=23.5x10"(M)3(1+¢)3(P,)5 cm. (4.4)

For the above parameters, with the additional assumption that P, ~ 4 hrs for
M15 X-3 (see section 3.2.2), one obtains R, =~ 2 x 10'%m. At this radius, the
temperature can be calculated from Equation 1.7 to be ~ 8,000K, which leads to
a characteristic frequency of ~ 1.7 x 10'*Hz. We can see that the lower limit of
Equation 4.1 is true for the B and V filters, and less so for the I filter. This is not
problematic since the I band contributes little information about the accretion disk
as most of the flux there comes from the secondary. This analysis shows the disk
spectrum should approach the Rayleigh-Jeans limit near the frequency of our I filter,
such that a power-law fit in this regime should include the Rayleigh-Jeans limit in

the range of acceptable indices.
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4.2 1Is M15 X-3 a Cluster Member?

Although the relative blueness of M15 X-3’s optical counterpart suggests that it
is a low-mass main sequence star in a system containing an accretion disk, it is
reasonable to ask whether M 15 X-3 might not be a member of the cluster. Since M 15
X-3 emits in both X-rays and the optical wavelengths, there are two possibilities if

M15 X-3 is not in the cluster:

1. M15 X-3 is a background active galactic nucleus (AGN). These regions, found
in the centres of distant galaxies, sometimes contain strong X-ray emission
that is generally believed to be the result of accretion onto the supermassive

black hole located in the centre of these galaxies.

2. M15 X-3 is a foreground object, which would make it an intrinsically very

faint star with strong X-ray emission.

The strongest argument against either a foreground or background object is the po-
sition of M15 X-3. Located only 20" away from the centre of one of the densest
globular clusters in the Milky Way, it is extremely likely that it is located in the clus-
ter. We can estimate the probability that this is an AGN by considering the number
of expected hard X-ray sources (since M15 X-3 is a relatively hard X-ray source in
its bright state) with the half-light radius around the centre of M15 (r, = 1.00’ [37],
w = 8.7 x 10~*deg™?). The number of hard X-ray sources (N) of flux > § per area
can be estimated from empirical relations found in Baldi et al. (2002) [38, 39, 40].
For M15 X-3, we use the bright state flux of § ~ 5.6 x 10~!3 erg/(s cm?), which
gives an expected 0.6 sources per square degree, or 5 x 10~* sources expected in
the region where M15 X-3 was discovered (Note that the likelihood of finding a
source at the distance of M 15 X-3 from the GC centre is a factor of 9 smaller). This
estimation makes it unlikely that M15 X-3 is a background source.

M15 X-3’s position on the main sequence would also argue against a foreground

source, since foreground stars tend to be redder than the main sequence of a globular
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cluster. The first reason for this is that a foreground star would be intrinsically fainter
(and hence lower-mass) than stars in the cluster. A lower-mass main-sequence star
would then be colder, and hence, redder than a cluster member of the same apparent
magnitude. Additional, the metallicity, when compared with the stars expected in
the thin disk (where a foreground star would be most likely to lie, as the halo of the
Milky Way is too sparsely populated with stars for it to be probable that it is located
there), is extremely poor at [M/H] of -2.0. Metal-poor stars tend to be hotter and
more luminous than their metal-rich counterparts, as metals increase the opacity of
stars, lowering their effective temperatures [41].

Based on these arguments, it is reasonable to conclude that M15 X-3 is a member

of the cluster.

4.3 Nature of the M15 X-3 System

With the assumption that M15 X-3 is a cluster member, we require that the origin of
its X-ray emission is due to binary evolution. For the compact object, there are three
possibilities: white dwarf, neutron star, or black hole. A white dwarf accretor can
easily be established as unlikely, and was indeed ruled out [19]. Cataclysmic vari-
ables (CVs - systems consisting of a white dwarf accreting from a main-sequence

companion) generally do not exceed 10°? erg s~!

unless they possess strong mag-
netic fields (intermediate polar CVs) in which case they generally do not show the
long-term variability characteristic of M15 X-3 [42, 43]. Additionally, M15 X-3 has
a rather high X-ray-to-optical flux ratio, making a CV more unlikely because they
output most of their power in the optical/UV bands.

It is also possible that M15 X-3 is a black hole accretor. However, radio observa-
tions of M15 X-3 would seem to argue against a black-hole accretor, at least viewed
edge-on. If M15 X-3 is being viewed edge-on, this would cause it to be an accretion

disk corona (ADC) source, and we would expect it to have an intrinsic luminosity

of roughly 10¢ erg s~!. For a black hole at 10°° erg s~! viewed edge-on, we would
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expect a radio flux of roughly 10°° erg s~!. At 10.3 kpc, this would give roughly 1
mly at 6 GHz [44]. However, a survey of M 15 (at an average frequency of 6 GHz),
that included the region containing M15 X-3, detected no source at M15 X-3’s lo-
cation [45]. This observation was approximately simultaneous with the 2011 HRC
observation, when M15 X-3 was active. With an rms sensitivity of 2.1 pJy/beam, a
non-detection implies that any source at this position could be no brighter than 10.5
uJy at So, much smaller than the flux density expected for an edge-on black hole. If
a propeller effect is driving observed VEXT behaviour, then VFEXTs should not be
black holes, since they do not possess magnetic fields.

Additional information about the nature of the accretor can be obtained from the
HRC observations of M15 X-3 in its quiescent state, which suggest a relatively soft
spectrum in the quiescent state. These soft spectra imply the observation of a neutron
star surface, which is also evidence against a black hole accretor [19]. If M15 X-3 is
a neutron star accretor, this also makes it unlikely that the source is observed edge-
on since the neutron star surface would not be visible at this inclination. In addition,
a neutron star accretor observed edge-on would likely intrinsically produce at least
10° erg/s. This would lead to an expected radio flux density of roughly 20 uJy at 6
GHz, also ruled out by the non-detection limit [46, 45].

Several of the proposed accretion scenarios described in Section 1.2.1 can be
ruled out in the case of M15 X-3. If M15 X-3 was accreting from an extremely
low-mass companion (< 0.01M,), either a primordial companion (planet or brown
dwarf) or one that has been reduced to an extremely low-mass through mass transfer
to the primary, we would expect that optical emission from the system should consist
only of an accretion disk. However, as clearly shown in Section 3.2.1, a poor fit of
a power-law alone to M15 X-3’s observed optical flux implies that the accretion
disk is not the only contributor to the system’s optical flux. A companion of this
mass producing the observed optical colours, even being maximally irradiated by
the accretor, is unlikely. These companions would have sizes of < 0.1R, which is

clearly ruled out at the 30 level by fitting to an irradiated blackbody 3.2.2.
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An intermediate mass black hole (IMBH) accretor is also extremely unlikely in
the case of M15 X-3 [22]. As mentioned above, M15 lies 20" away from the core
of the cluster (r.oe = 8"). We would expect that for an IMBH of size ~ 1000M,,, it
would sink to the centre of the cluster long on the timescale of dynamical friction,

before the current epoch. A full treatment results in an infall timescale of [47, 48]:

2
2mvyr;

M 4.5)

tinfall =

In this case, vy, is the initial velocity of the object of mass M which spirals into
the cluster beginning from a radius r;. C is a function that depends on the relative
magnitudes of vy, and the velocity dispersion of the surrounding medium. For a
typical globular cluster, C ~ 76. At the upper bound of this timescale, we take the
velocity to be the escape velocity (v, = 43 km/s) and the radius to be the tidal radius
(r; = 61) pc [49]. With these assumptions, we obtain a maximum possible sinking
time of 3 Gyrs, which is small compared to the estimated 12 Gyr age of M15 [50].
This calculation argues that a proposed IMBH could not have been formed in M15.
Instead, an externally formed IMBH would need to have been captured by M 15 from
the stellar halo more recently. Regardless, the large discrepancy between the sinking
time and the current age of M 15 makes such a scenario unfavourable.

An ultracompact system involving a neutron star primary and white dwarf sec-
ondary, suggested as a requirement to explain low accretion rates by ionizing the
entire accretion disk, is also unlikely [24]. As with a brown dwarf or planetary com-
panion, a white dwarf companion would not be visible at this distance from M15.
Even very young, hot white dwarfs have a V magnitude that is too faint given that
M15’s distance modulus of 15 would put the upper edge of the white dwarf cooling
sequence at an apparent magnitude of V ~ 25 (see Figure 1.3). Since M15 X-3’s op-
tical colors are poorly described by accretion disk only scenario, this would seem to
be inconsistent. In addition, the radius of the donor is constrained to be large enough
in the case where it is irradiated, such that no ultracompact system is acceptable.

From the possible explanations for VFXT behaviour, it seems most likely that
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M15 X-3 is a neutron star accretor with a main-sequence companion of size roughly
M companion = 0.44M,. Thus, the inefficient accretion onto the NS would likely be due
to the propeller effect. Generally, the propeller effect is discussed in the context of
pulsars, because they tend to have the sufficiently strong magnetic fields necessary
for a propeller to occur [16]. If M15 X-3 is experiencing a propeller effect, it is
possible that it may be a pulsar in a transitional stage given the persistent X-ray
luminosity of M15 X-3 is within the regime that has been suggested as a transitional
state for sources that switch between a emitting as a millisecond pulsar (MSP) and

as a bright low-mass X-ray binary [51, 52, 53, 54, 55].

4.4 Duty Cycle and Spectral Curvature

With the information provided by M15 X-3’s long term light curve, (Section 2.2.2
and Figure 2.5) it is possible to estimate the duty cycle of the source, and hence
infer a time-averaged accretion rate, so that both can be compared to other VFXTs.

Several assumptions are made in order to estimate these quantities:

1. We assume that in the ~ 20 years of X-ray observations presented in Figure
2.5, there are two periods where M 15 X-3 is actively accreting, with one pe-
riod of quiescence separating the two active periods. We also assume that this
is representative of a single transient cycle of M15 X-3, namely that the de-
rived time of active accretion is that of a single cycle. Although this is likely
an underestimation of M15 X-3’s bright time, more detailed assumptions are

beyond the scope of this work.

2. We assume that the period M15 X-3 spends in either state is of order years.
The minimum time spent in a quiescence state is given by the duration be-
tween the quiescent observations in ~ 2000 — 2002. The maximal quiescence
time is given by the duration between the two observations on either side of

the quiescent observations, namely ~ 1996 and ~ 2004.
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3. We then assume that the true quiescent period can be estimated by a uniform

distribution between these two extrema.

Under these assumptions, we estimate 77, to be 5.04-2.3 years (or 1.8 £0.8 x
10° days). With a total observing period of 17.8 years, we estimate fy, o to be
12.8 2.3 years (or 1.8 +0.8 x 10° days).

The duty cycle is then given, rather simply, by:

t ain
DC = ] — et (4.6)

Lotal
This gives a duty cycle of 72 + 13%, which is very high amongst VFEXTs [56]. From

this, the time-averaged luminosity can be estimated as:

ix =DC x Lbright —+ (1 — DC) X Lfaint- (47)

1 1

If we approximate M15 X-3’S Lign = 8 x 10% erg s™! and Ly, ~ 103 erg s~
(based on the results in Table 2.1) then L, = 5.8 £ 1.0 x 10** erg s~!. From this, the

time-averaged accretion rate can be estimated as [3]:

R*Lacc

M= :
GM

(4.8)

This equation assumes that 100% of the kinetic energy of infalling material onto
the neutron star is converted to X-rays (including emission from the heated NS and
the accretion disk). Here, we additionally assume the canonical neutron star mass
M = 1.4M;, and radius R, = 10km. This gives a time-averaged accretion rate of
M=504+05%x10"gs ' or~5.0+0.9 x 10~M./yr.

Based on this analysis, M15 X-3’s duty cycle makes it distinct from the short (<
10%) duty cycle VEXTs, but its spectral features do not resemble other persistently
bright VEXTs. The persistent VFXTs tend to have relatively soft power-law fits of
[' 2 2, or harder power-law fits if a thermal component is added [27]. By contrast,

analysis of M15 X-3’s spectra suggests that it lacks a thermal component, and it has
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a rather hard power law index when fitted with a single power-law I' = 1.42 +0.03.
This behaviour more closely resembles what is observed in bright LMXBs (those
of L, ~ 10%). Absorption effects suppressing lower-energy X-rays are unlikely in
this case, since the column density is only 4.6 x 10*° cm~? in the direction of M135.
Additionally, the lack of improved fitting in X-rays (Section 2.1.4) with Ny as a
free parameter and other arguments (Section 4.3) suggest that M15 X-3 is not an
intrinsically bright source being viewed edge-on.

The unusual observed broken power-law shape is difficult to motivate physically.
Since fits of physically motivated models (power-law + thermal) are unable to ex-
plain this curvature, caution must be taken in interpreting this phenomenological fit.
It is possible that a single comptonization model of low temperature and high opti-
cal depth could explain this turnover. However, in general, the quality of the data
makes it unlikely that these parameters could be physically constrained. In addition,
the parameters of comptonization models would be difficult to motivate on physical

grounds.

4.5 Future Work

Further observations of M15 X-3 would provide additional constraints on the nature
of the M15 X-3 system. There are three observations, which should be considered

to provide valuable information on the source.

1. Although the measured optical magnitudes of M15 X-3 constrain it to be a
relatively low-mass star, the best way to identify the companion would be to
collect infrared photometry of the source. Unfortunately, the field near M15
X-3 1s very crowded, which would make obtaining this data challenging with
most instruments. However, IR photometery with HST (using the IR channel)
or a ground-based telescope with adaptive optics, such as Gemini or the Very
Large Telescope (VLT), would make such an observation possible, helping

to determine the spectral class of the companion, and possibly estimating the
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extent of X-ray irradiation by the primary.

2. If M15 X-3 is a source in a transitionary state between LMXB and MSP be-
haviour, this would imply that M15 X-3’s quiescent state should demonstrate
the radio emission expected from pulsars. A series of short X-ray observa-
tions to determine if M 15 X-3 is in quiescence, followed by radio observation
in quiescence, would confirm its pulsar nature. This would be extremely use-

ful in resolving M 15 X-3’s unusual behaviour.

3. If M15 X-3 is a neutron star accretor, as we expect, then we expect that we
should be able to observe the surface of the neutron star in quiescence. How-
ever, M15 X-3 has not been observed in quiescence by an instrument with
sufficient spectral resolution for a sufficiently long period of time to defini-
tively confirm this. Therefore, a long X-ray observation of M15 X-3 with
Chandra ACIS when it is known to be in quiescence would be able to confirm
that the neutron star surface has been observed, possibly even measuring its

surface temperature.

4.6 Conclusions

In summary, we have presented the first combined optical/X-ray observation of a
very faint X-ray transient (VFXT). At the time of the observations, M15 X-3 was in
its "bright" state at a luminosity of ~ 8 x 10°* erg/s. The X-ray spectrum of M15
X-3, observed with Chandra, shows unusual curvature that is difficult to explain
physically. It is best described as a power law of photon index I' = 1.28 +0.06 up
to a break energy of 2.7f8;2 keV, after which it is described as a power law of pho-
ton index I' = 1.9 £0.2. Optical observations with HST clearly detect an optical
counterpart that is significantly bluer than the main sequence of M 15, due to contri-
butions from a low-mass companion and a power-law-like accretion disk. We find

that X-ray irradiation is not negligible in the case of this source, and as such the
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mass estimate of size O.440f8:8§8M@ is likely an upper bound. However, we can rule

out several proposed explanations for VFXT behaviour in the case of this source,
as the companion cannot be of extremely low mass (constrained to be above 0.15
Mg, at 30). From this, we infer that M15 X-3 is most likely a neutron star XRB
accreting inefficiently due to a propeller effect, and that it is possibly a transitional
source between a bright LMXB and an MSP. We encourage continued observations
of this source in the radio, X-ray, and optical to infared bands to further constrain its

true nature.
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