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Abstract

My thesis centers around the study of neutron stars, especially those in massive binary
systems. To this end, it has two distinct components: the observational study of neutron
stars in massive binaries with a goal of measuring neutron star masses and participation
in NuSTAR, the first imaging hard X-ray mission, one that is extremely well suited to the
study of massive binaries and compact objects in our Galaxy.

The Nuclear Spectroscopic Telescope Array (NuSTAR) is a NASA Small Explorer mis-
sion that will carry the first focusing high energy X-ray telescope to orbit. NuSTAR has
an order-of-magnitude better angular resolution and has two orders of magnitude higher
sensitivity than any currently orbiting hard X-ray telescope. I worked to develop, calibrate,
and test CdZnTe detectors for NuSTAR. I describe the CdZnTe detectors in comprehensive
detail here—from readout procedures to data analysis. Detailed calibration of detectors is
necessary for analyzing astrophysical source data obtained by the NuSTAR. T discuss the
design and implementation of an automated setup for calibrating flight detectors, followed
by calibration procedures and results.

Neutron stars are an excellent probe of fundamental physics. The maximum mass of a
neutron star can put stringent constraints on the equation of state of matter at extreme
pressures and densities. From an astrophysical perspective, there are several open questions
in our understanding of neutron stars. What are the birth masses of neutron stars? How
do they change in binary evolution? Are there multiple mechanisms for the formation of
neutron stars? Measuring masses of neutron stars helps answer these questions. Neutron
stars in high-mass X-ray binaries have masses close to their birth mass, providing an oppor-
tunity to disentangle the role of “nature” and “nurture” in the observed mass distributions.
In 2006, masses had been measured for only six such objects, but this small sample showed

the greatest diversity in masses among all classes of neutron star binaries. Intrigued by
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this diversity—which points to diverse birth masses—we undertook a systematic survey to
measure the masses of neutron stars in nine high-mass X-ray binaries. In this thesis, I
present results from this ongoing project.

While neutron stars formed the primary focus of my work, I also explored other topics
in compact objects. appendix A describes the discovery and complete characterization of a
1RXS J173006.44-033813, a polar cataclysmic variable. appendix B describes the discovery

of a diamond planet orbiting a millisecond pulsar, and our search for its optical counterpart.
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Chapter 4

High-Mass X-ray Binaries

This part of the thesis focuses on the masses of neutron stars. In this Chapter, I motivate the
case for measuring neutron star masses. Then I narrow down the sample to high-mass X-ray
binaries and discuss the methods and techniques for measuring masses. In Chapters 5 and 6,
I provide the results of X-Mas: our systematic survey of neutron star masses in high-mass
X-ray binaries to shed light on the formation processes of NSs. In Chapter 7, I describe

some constraints on the evolution of a two solar mass neutron star.

4.1 Weighing in on Neutron Stars

Neutron stars (NSs) are compact remnants of high mass stars. The following three questions
are central to our study of neutron stars: (1) What is the relation between the mass of the
progenitor star and the mass of the neutron star (the initial-final mass mapping)? (2) Are
there multiple channels to form neutron stars? (3) Are there exotic states of matter in the
interiors of neutron stars? As explained below, measuring the masses of neutron stars helps
answer these three questions.

The global structure of a neutron star depends on the equation of state (EOS) of matter
under extreme conditions, i.e., the relation between pressure and density in the neutron star.
Given an EOS, the maximum mass of a neutron star can be calculated (Figure 4.1). If the
EOS is “Soft,” then kaon condensates or strange matter can form in the interior of neutron
stars, and an upper limit of <1.55 Mg, is expected for NS masses (Lattimer & Prakash,
2005). Our current understanding of nuclear physics predicts a “stiff” EOS, where a given

density can support higher pressure. This claim is further bolstered by the discovery of a
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2 Mg NS (Demorest et al., 2010; Lattimer et al., 2010).

R
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Figure 4.1. Theoretical mass-radius relationships for neutron stars. Solid curves are models calcu-
lated assuming different equations of state (EOS), labeled as per Lattimer & Prakash
(2007). The discovery of massive neutron stars, e.g., the 2 Mg PSR J1614-2230, rules
out the soft equations of state. Figure credit (Lattimer & Prakash, 2007), reproduced

with permission from Elsevier.

The primary observables of neutron stars—spin periods, radii, and masses—can be used
to constrain their properties and internal structure. The fastest pulsar periods and periods
of quasi-periodic oscillations in accreting NSs provide limits on the radii and masses of
neutron stars (Lattimer & Prakash, 2007). Radii inferred from neutron star cooling or
modeling of photospheric expansion bursts have also been used to test NS models from
various equations of state (Steiner et al., 2010). Dynamical measurements of masses of NS
in binaries provide an important test to these models. In compact object binaries (NS—

NS, NS—-white dwarf), very precise mass measurements can be obtained from relativistic
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effects like the advance of periastron (Freire et al., 2008) or measurement of the Shapiro
delay (Demorest et al., 2010).

The mass of the supernova remnant depends on the evolutionary state of the progenitor,
the nature of core collapse (CC), and post-CC evolution. I restrict the discussion here
to birth masses of neutron stars, and revisit some aspects of post-CC evolution in our
work on the companion to the 2 Mgy PSR J1614-2230 in Chapter 7. Model calculations
by Timmes et al. (1996) predict that type II (core-collapse) supernovae should form NSs
with a bimodal distribution of masses peaked at 1.28 and 1.73 Mg, while Ib supernovae
will produce NSs with masses in a small range around 1.32 M. If the NS is born in a
binary, then it may accrete matter from the companion, spreading out these distributions.
In addition, neutron stars formed in electron-capture supernovae likely have lower mass
(Nomoto, 1984), and may be present in some of the binary pulsars (Schwab et al., 2010).
Knigge et al. (2011) suggested that this alternative formation channel might also account
for the observed bimodality in the properties of Be X-ray binaries, where in contrast to the
majority of systems, some have low eccentricity, suggesting a small natal kick.

As of summer 2012, masses have been measured for over fifty five neutron stars. The
dynamical masses of neutron stars can be measured only in binary systems. Most of the
mass measurements are for NSs in radio pulsar binaries or NS-white dwarf (WD) bina-
ries. Several groups have analyzed the mass measurements and inferred that NS masses
have a bimodal distribution (Kiziltan et al., 2010; Zhang et al., 2011; Valentim et al., 2011;
Ozel et al., 2012). This bimodality likely stems from NSs accreting mass from their com-
panion during the spin-up (recycling) process. The differences in mass accreted in the
recycling process may dominate over any intrinsic variations in the birth masses of such
pulsars. Being restricted to these two types of binaries may not reveal the complete range
of neutron star masses.

The third major class of NS binaries, X-ray binaries (XRBs), trace distinct evolutionary
pathways for NSs. XRBs are sub-divided into high-mass X-ray binaries (HMXBs) and low
mass X-ray binaries (LMXBs) based on the spectral type and mass of the companion star.

My work focuses on the HMXB subset of this population, which we explore in detail next.

'A complete list of measured masses is at http://stellarcollapse.org/nsmasses.
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4.2 High-Mass X-ray Binaries

High mass X-ray binaries (HMXBs) are binary systems containing a neutron star or a black
hole (secondary) and massive (2 8 Mg) OB (primary) companions, with orbital periods
ranging from days to months. In 2006, there were 114 known HMXBs in the Milky Way
(Liu et al., 2006) and 128 in the Magellanic Clouds (Liu et al., 2005). A new population
of highly obscured HMXBs was discovered by the Integral satellite (Chaty et al., 2010). In
this thesis, I discuss HMXBs with a NS as the secondary, unless explicitly stated otherwise.

High mass X-ray binaries can be observationally divided into several types:

1. Be X-ray binaries have a non-supergiant, fast-rotating Be star as the optical compan-
ion (e.g., Cep X-4, GX 304 — 1). Compared to normal B-type stars, Be stars show
emission lines and excess infrared emission at some point in their lives. These features
are attributed to the formation of an equatorial disc around the star, the origins of
which are not fully understood yet (Reig, 2011, and references therein). Most Be
XRBs have eccentric orbits (e 2 0.3) and show transient X-ray emission near perias-
tron passages, though lower luminosity persistent systems also exist. Almost all Be
XRBs show X-ray pulsations and are inferred to have NS counterparts: there are no

candidate Be—black hole binaries (Paul & Naik, 2011; Reig, 2011).

2. Classical X-ray binaries are XRBs where the optical companion is a supergiant OB
star (Chaty, 2011). This companion emits a substantial wind, and the NS orbits
inside this wind (e.g., Vela X-1). Although capture from a high-velocity stellar wind
is inefficient, the large mass-loss rate in the wind can result in an appreciable mass
accretion rate onto the neutron star that is sufficient to emit radiation in X-ray band
(Paul & Naik, 2011). In some objects of this type, the orbit is compact enough that
the OB star fills its Roche lobe. For such objects, the accretion rate is greatly enhanced
and may be mediated through an accretion disc (e.g., SMC X-1, LMC X-4).

3. Supergiant Fast X-ray Transients (SFXTs) are hard X-ray transients with a high dy-
namic range (10 — 10 ) in their X-ray lightcurves (e.g., IGR J17544—2619,
AX J1841.0—0536). They show recurrent outbursts on few-hour timescales, super-
posed on outbursts lasting a few days (Sidoli, 2011). This is a relatively new class

with about 10 members, all of which are associated with blue supergiants. Pulsations
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have been detected in only five of the SEFXTs (Sidoli, 2011), but it is generally assumed
that all SFXTs harbor neutron stars. This class is sometimes considered a subclass
of classical HMXBs and it is possible that SFXTs and classical wind-fed HMXBs lie
along a continuum (Chaty, 2011).

NS masses in HMXBs will be close to the birth masses. After the neutron star is formed,
it can accrete mass from the companion by various mechanisms like wind accretion, disk
accretion, or Roche lobe overflow. If the accretion is spherically symmetric, it will be limited
by the Eddington accretion rate. For a NS of radius ~ 14 km, the limiting accretion rate
is M ~2x10" Mg yr~ , independent of its mass. In this case, in the ~10 yr lifetime
of the OB companion, the NS can accrete at most ~0.1 M. Hence, measuring the masses
of NSs in HMXBs allows us to measure the distribution of their birth masses.

Radial velocity measurements for these OB stars are complicated by several factors.
Some of the spectral lines, especially Ha and Hf, are variable. In some objects, lines
are produced at different parts of the stellar photosphere and may have different radial
velocities. Many of the systems are highly extincted and are visible only in IR. However,
among the very few measurements, there is a large scatter in masses (Table 4.1). Among
the five HMXBs with reasonably secure masses, one has a high value of M = 1.8+ 0.3 Mg,
(Vela X—1; Barziv et al., 2001; Quaintrell et al., 2003). As discussed above this indicates

that this neutron star may have been born heavy.

4.3 NS mass measurements in HMXBs

Motivated by the spread in known NS masses in HMXBs despite them being close to their
masses at birth, we undertook “X-Mas,” an extensive program to measure masses for more
such neutron stars by radial velocity (RV) studies of the OB companions. Here I outline the
general method, observations and data analysis for such mass measurements. In Chapter 5, I
present first results for a few HMXBs obtained from data taken with the 200” Hale telescope
at Palomar, followed by the constraints on the mass of the compact object in an eclipsing

HMXB in M33 (Chapter 6).
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Table 4.1. Masses of neutron stars in high-mass X-ray binaries

Object M M Reference
4U1700-37 2.44£0.27 58+11  Clark et al. (2002)
4U1538-52 1.06_ - van Kerkwijk et al. (1995)
SMC X-1 1.06_ - 15.7_ - van der Meer et al. (2007)
Cen X-3 1.34_ - 20.2_ - van der Meer et al. (2007)
LMC X-4 1.25_ - 14.5_ - van der Meer et al. (2007)
Vela X-1 1.88+0.13 23.14+0.2 Barziv et al. (2001); Quaintrell et al. (2003)

2.27£0.17 27.9£1.3
EXO 1722-363 1.4+04 13.64+1.6 Mason et al. (2010)
1.5+0.4 15.24+1.9
IGR J18027-2016 1.4£0.2 18.6+£0.8 Mason et al. (2011b)
1.6£0.3 21.84£24
OAO 1657-415 1.4£0.3 14.24+0.4 Mason et al. (2011a)
1.7£0.3 17.0£0.7

Assuming edge-on orbit (i = 90°).

Assuming Roche lobe filling companion (8 = 1).
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4.3.1 Method

The masses of both components in a binary can be calculated by characterizing its orbit. A
binary orbit is fully described by seven orbital elements: the semi-major axis (a), period (P),
eccentricity (e), inclination (i), longitude of the ascending node (), longitude of periastron
(w) and the time of periastron passage (T') (Figure 4.2). In HMXBs, the orbital elements
for the NS are often calculated by X-ray pulse timing measurements in different parts the
orbit. In our study, we measure the radial velocity of the OB companion around the orbit.
Using the optical and X-ray data, we can calculate the mass function, and in some cases
the mass of the neutron star.

We follow the method introduced by Joss & Rappaport (1984), which is widely used
(see for example, van der Meer et al., 2007; Mason et al., 2011b). We can write the masses
of the optical companion and the X-ray source (M  and M |, respectively) in terms of the

mass functions:

K P(l1—e)/
M = 1 4.1
2nGsin 1 (I+q), (4.1)
and
=X Pl—c)’ (1 1> (4.2)
T 27Gsin i +5 ’ '

where K and K  are the semiamplitudes of the respective radial velocity curves, (i) is
the inclination, and ¢ is the mass ratio of the components, defined as

q= I (4.3)

In practice, X-ray timing results are often quoted as the projected semi-major axis of
the pulsar’s orbit in light-seconds, a sini, from which we get K = 27¢ a sini/P. Our

optical or IR spectra can provide a value for K

2 i is defined as the angle between the orbital plane to the line of sight, with 90° being edge-on.
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Figure 4.2. The elements of an elliptical orbit. The observer is located below the the gray horizontal
plane of reference, viz., the sky plane. All angles are measured with the center of mass
of the orbit as the vertex. The inclination of the orbit to the sky plane (i) is measured
such that ¢ = 90° for an edge-on orbit. The ascending node is where the object crosses
the plane of the sky, receding from the observer. The longitude of the ascending node
(Q) is the angle between the reference direction T (north) and the ascending node. It
can be measured only for resolved binaries, and does not enter our calculations. The
argument of periastron (w) is the angle in the plane of the orbit between the periastron
(periapsis) and the ascending node. At a given time 7', the location of the object along
the orbit is given by its true anomaly v. The reference time T} is usually defined as the
time when the object is at periastron.

Image reproduced from Wikimedia Commons (http://commons.wikimedia.org/wiki/File:0rbitl.sv


http://commons.wikimedia.org/wiki/File:Orbit1.svg
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The orbital inclination is usually unknown, making it impossible to solve explicitly for

component masses. Equations (4.1) and (4.2) are then recast in terms of the mass function

f:

M sin 1
(M +M )
K Pl-e¢)/
21G
= 1.036x10" (1—e)/ K P Mg,

where mass is measured in solar masses, velocity in kilometers per second and period in
days.

Since sini < 1, we can use Equation (4.4) to calculate a lower limit M as a function of
M . Inturn, M can be estimated from the spectral class of the OB star. For most of
the systems in our sample, we calculate such lower bounds on masses (Chapter 5).

If the HMXB shows eclipses, we can calculate the inclination from the eclipse duration.
Assuming a spherical companion star, the inclination of the system is related to the eclipse
half-angle 6., the stellar radius R, and the orbital separation a by

1—(R/a) .

sint =
cos 0,

(4.5)

Following the approach in Rappaport & Joss (1983), the radius of the companion star is

some fraction of the effective Roche lobe radius,
R =pBRyp, (4.6)

where Ry, is the sphere-equivalent Roche lobe radius. We will refer to the fraction 3 as the

“Roche lobe filling factor.” Combining Equations (4.5) and (4.6) yields

1—§ (Rp/a)
sini = COSHeL ¢ . (4.7)

For a co-rotating secondary, Eggleton (1983) gives an expression for Ry, /a, the ratio of

3The eclipse half-angle 6., or more specifically the semi-eclipse angle of the neutron star, represents half

of the eclipse duration.
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the effective Roche lobe radius and the orbital separation:

Ry _ 0.49¢~ /
a " 06¢=/ +In(1+q /)

(4.8)

In some cases, the secondary star might not be corotating with the system. The ra-
tio of the rotational frequency of the optical companion to the orbital frequency of the
system is defined as €2. In other words, it is a measure of the degree of synchronous ro-
tation, where 2 = 1 is defined to be synchronous. In this case, we use approximations by
Rappaport & Joss (1983):

Ry,

7mA—FBlogq—FClog q, (4.9)

where the constants A, B, and C are

= 0.398 — 0.026Q +0.00412
= —0.264 +0.052Q — 0.015Q , (4.10)

= —0.023 —0.0052 .

These four expressions give the value of Ry to an accuracy of about 2% over the ranges
of 0 < Q <2 and 002 < g <1 (Joss & Rappaport, 1984). If we substitute = 1 in
Equation (4.10), then the Ry /a values of Equations (4.8) and (4.9) agree to within 1% in
the range 0.01 < ¢ S 1.

In noneclipsing binaries, sin? is usually unconstrained. For such binaries, we can only
place lower limits on M (Equation (4.4)). In binaries without accurate NS pulse timing
data, neither K nor a sin¢ are known. For such systems, the mass estimates are indirect.
Where good spectra are available, they can be used to estimate the spectral type and
thereby the mass of the optical component. In rare cases where the distance to the binary
is known, it provides an independent constraint on the physical scale of the system—for
example by calculating the absolute magnitude of the components (Chapter 6). However,

calculating masses from these methods is model dependent to some extent.
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4.3.2 Observations

The accurate measurement of radial velocities, and in turn of orbital solutions, depends on
several factors before, during and after the observing run. This chapter provides a general
overview of the observing procedure, more details of specific observing runs are given in
Chapters 5 and 6.

For our program, the key factors for an observing run are

1. Select proper instrument settings to cover all prominent spectral features with suffi-

cient wavelength resolution,
2. Calculate the desired SNR and deduce the exposure time,
3. Select epochs of observation to maximize phase coverage,

Depending on the spectral and luminosity class, OB star spectra have strong Balmer
series lines, as well as lines from He, C, N, 0 etc. in the blue part of the optical spectrum
(~3500 A-5500 A). In contrast, there are considerably fewer spectral features at wavelengths
longer than ~5500 A. The SNR of the spectra at these wavelengths is lower, as the flux of
OB stars in this wavelength range is lower than the blue range, and the background noise is
higher due to intrinsic sky emission. Hence, we concentrate on the blue spectra for measuring
radial velocities. The absorption lines are rotationally broadened to few hundred kilometers
per second, corresponding to a FWHM of few angstroms in this wavelength range. Thus,
low resolution spectrographs with resolving power of few thousand are sufficient to resolve
the lines. Considering the large desired wavelength coverage, we selected the Double Beam
Spectrograph on the 5 m Hale telescope at Palomar (DBSP; Oke & Gunn, 1982) for most of
our observations. For the fainter target XMMU J013236.74-303228 (Chapter 6), we obtained
data with the Low Resolution Imaging Spectrograph on the 10 m Keck-I telescope (LRIS;
Oke et al., 1995), with upgraded blue (McCarthy et al., 1998; Steidel et al., 2004) and red
cameras (Rockosi et al., 2010).

We planned exposures to ensure all acquired spectra have a high enough signal-to-noise
ratio for measuring radial velocities with desired accuracy, as follows: From Equation (4.1),
the mass depends on K . To measure M  with ~10% accuracy, we need to measure K

with ~3% accuracy. Typical values of K for HMXBs are few tens of kilometers per second,
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and we had planned a few epochs per target, so this translates to a requirement of measuring
velocity with an accuracy of about 5 km s~ per epoch. I simulated DBSP and LRIS spectra
and measured radial velocities from them to calculate expected errors as a function of SNR.
Our project requires SNR of ~100 per pixel, which translates to an exposure time of 80 min
for a my = 15 target with DBSP. In practice, we divided this exposure time into four
or more spectra, measured velocities on each spectrum independently, and combined the
results into a single velocity measurement for that epoch.

To fit an orbit to radial velocity data, measurements need to be well spaced in orbital
phase. Ideally, monitoring programs like RV measurements are best executed on queue—
scheduled telescopes. For our program at Palomar, we applied for well-spaced nights. We
obtained good phase coverage for most of our targets from pseudorandom spacing of these
observations. Our target for the Keck observing run (XMMU J013236.7+303228) has a pe-
riod of 1.73 days, so we obtained observations on two full consecutive nights. Unfortunately,
the phase coverage was not optimized.

Last, but not the least, we ensured careful logging of our observing runs. Any anomalies
like cloud cover, worsened seeing, tracking issues, etc., can distort the spectrum. Some of
these effects can be canceled out in data analysis, while others cannot. While analyzing
data, we reject some spectra based on observing logs before calculating the final orbit (see,
for example, Chapter 6). In this regard, the equatorial mounting of the 200” Hale telescope
is a great advantage, as it gives excellent tracking performance even at high airmass (low

altitude).

4.3.3 Data Reduction and Analysis

After the observing runs, RV measurements can broadly be broken into two steps. The
first step, data reduction, refers to converting the raw telescope data into spectra: a table
of flux as a function of wavelength. The second step, analysis, involves calculating stellar
parameters, radial velocities and binary orbits from the reduced spectra.

I used IRAF to reduce all spectra. I trim and bias-subtract all spectra, followed by a
spectral response correction to remove the small-scale variations in raw data. Then I use

arc lamp exposures acquired at the start of the observing night to calculate the wavelength

“http://iraf.noao.edu/
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solution and extract 1-D spectra from raw data. The standard procedure often involves
using arc lamp exposures taken closest to the science exposure. However, I have verified that
for both DBSP and LRIS, the wavelength solution is extremely stable modulo a constant
offset. In other words, the relative spacing of various lines in the arc lamps is constant in
all exposures taken at various telescope pointings through the night. Emission lines in the
sky spectrum are extremely stable (Figueira et al., 2010) and provide an excellent reference
for measuring and correcting for this offset. I use the 0 I 5577.340 A line to calculate
wavelength offsets for LRIS spectra, and the Hg 4046.564 A, 4358.336 A lines for DBSP
spectra. Sesar et al. (2012, in prep) adopted this approach, and found that the velocity
measurements using this method are accurate to ~2.5 km s~ . Finally, I use the standard
and calibrate procedures in IRAF to remove large-scale variations and flux calibrate the
spectra.

I have developed a software (getvel) in IDL to analyze these fluxed spectra and measure
radial velocities. One approach to measuring radial velocity from a spectrum is to measure
the location of individual spectral lines, and to average that information (van der Meer et al.,
2007). However, we often see that lines like Si1v, CIII that show up in combined spectra
are too weak to be detected in individual spectra. In order to utilize this information buried
in noise, we measure radial velocities by fitting the entire spectrum with a template. I first
determine the spectral type of the target by comparing the lines with the Gray spectral
atlas and those referred to in Walborn & Fitzpatrick (1990). Then I select a close range of
model stellar spectra (templates) from the GAIA spectral library by Munari et al. (2005).
For each observed spectrum, I measure the seeing using the width of the spectral trace in
the slit direction. Then I generate an instrument response function by taking a Gaussian
matched to the seeing, truncating it at the slit size, and convolving it with the pixel size. 1
convolve the fluxed templates this instrument response, then redshift them to a test velocity.
If the extinction is known, I redden the spectrum using coefficients from Cox (2000). I use
IDL mpfit (Markwardt, 2009) to calculate the normalization to match this spectrum with
the observed spectrum, and measure the x . By minimizing the xy over test velocities, I
find the best-fit velocity and the error bars. Lastly, I convert this velocity to a barycentric

radial velocity using the baryvel routine in Astrolib (Landsman, 1993).

"http://ned.ipac.caltech.edu/level5/Gray /frames.html
Shttp:/ /www.ittvis.com /ProductServices/ID1L.aspx
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I use the measured radial velocities and known binary parameters like the period P,
phase T', and eccentricity e to calculate the best-fit orbital solution for the secondary star.
Using the orbital solution, primarily K, I calculate the mass of the neutron star following

the procedures in Section 4.3.1.
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Chapter 5

X-Mas at Palomar

“X-Mas” at Palomar is a systematic radial velocity survey of HMXBs using the 200” Hale
telescope, with the aim of understanding the distribution of masses of NS in HMXBs. We
obtained data with the Double Beam Spectrograph on six nights in 2009, hereafter referred
to as “Epochs” (Table 5.1). We used the D55 dichroic to split incoming light into the blue
and red channels at 5500 A. On the blue side, we used a 1200 lines /mm grating blazed at
5000 A, with a resolution of 0.55A /pix. On the red side we used the 1200 lines/mm grating
blazed at 7100 A, with a resolution 0.65 A/ pix. Depending on the observing conditions, we
used 1”7 or 1”.5 wide slits. Further details of planning the observing runs and data analysis
steps are detailed in Section 4.3.

We selected a total of eight NS-HMXBs with known orbital periods. The nature of
the compact object can be inferred from the X-ray spectrum, as accreting black holes
have harder spectra than NSs. In some objects, the presence of a NS is confirmed by
detection of X-ray pulsations. Here, I present the RV measurements and analysis of six
HMXBs. We obtained orbital solutions and calculate masses for two of these objects:
IGR J17544-2619 (Section 5.1) and SAX J2103.54-4545 (Section 5.2). Our RV data for the
Be HMXB GRO J2058+442 can used to calculate the mass if more X-ray timing data is
obtained (Section 5.4). Our velocity measurements for 1H 21384579 do not show a clear
orbital trend, which is discussed in Section 5.3. We are in the process of calculating orbital
solutions for two more targets: 4U 2206+543 and KS 1947+300. After we completed obser-
vations, it was discovered that two candidates were misidentified. Negueruela & Schurch
(2007) had proposed a tentative counterpart for AX J1820.5—1434, however a later study
by Kaur et al. (2010) confirmed another star as the optical component of this HMXB. In
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case of IGR J17391-3021, the counterpart detected in IR (Smith, 2004) was misidentified
in the optical band.
In this chapter I provide the early results from “X-Mas at Palomar,” adding two crucial

data points to the small sample of NS with known masses in HMXBs.

5.1 IGR J17544-2619

IGR J17544-2619 was discovered by Integral during an outburst in 2003 (Sunyaev et al.,
2003). The source is a SFXT consisting of a neutron star (in 't Zand, 2005) and a supergiant
O-type primary (Smith, 2004; Pellizza et al., 2006). Follow-up observations with RXTE
(Rossi X-ray Timing Explorer) established the spin and orbital period of the NS: P =
71.49 s, P = 4.9278(2) d (Drave et al., 2012). However, the pulsations were seen only
in one observations and could not be reproduced in our analysis of the same data. This
precludes the inference of other orbital parameters, e.g., a sini.

The supergiant primary is a O9 Ia star, with 7" = 31000 K, and has foreground extinction

®
S ———co ® VWOV OOV O >~ o o [} 0 o SN
mm ITITI T IIT ITTT T T T T T T T T T
Z.OXWO’M ‘\ T TT T 77 1 “ T IR T T TT PR T L
L o | ! l | Lo | | | ! _
! o o ! Lo ‘ I ! !
r! ey o ! [ : I ! [ 7
o [ I o . o ‘ I ol | ! B
! :\\: I o H: : Lo : I \: !
1 [ |
1.5%107"* ! SR SRR N e
|
o s et ]
r! EREE o ! | | : I 4 | 7
. | \H\ | Lo R : \ I | B
& L R roh el Lo Lo i
e Sl N b e Lo !
= 1.0x107 ! U b . Lo ! —
< Lo! o | [ ! ! | |
=) ! R o ! ‘ |
- r! Py oh rr! ‘ | B
! I b | | B
7: pr ! :“ [ I _
| |
5.0x107 2 |1 I ‘ 1 —
Lo ©° i
v 5
oVl o i
i o= v i
oL
3600 3800 4000 4200 4400 4600 4800 5000

Figure 5.1. Blue side spectrum of the primary in IGR J17544-2619. Major H and He lines are marked.
The primary is 09 Ia star, with 7" = 31000 K, and has foreground extinction Ay =
6.3 + 0.4 (Pellizza et al., 20006).
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Figure 5.2. Radial velocity fit for IGR J17544-2619. We assume a circular orbit and measure Kqp; =
25.0+ 1.6 kms ™!, yopr = —17.6 + 1.3 kms ™! and Ty = 2553735.77 4 0.07 (HJD), with

x? = 1.8 for two degrees of freedom.

Ay = 6.3 £ 0.4 mag (Pellizza et al., 2006). We measure the temperature and extinction
by fitting our spectra with model spectra with solar metallicity, no rotational broadening,
and surface gravity log(g) = 4.0 (Munari et al., 2005). While supergiant stars usually have
log(g) =~ 3.0 (Cox, 2000), our choice was governed by the availability of model spectra.
Using spectra from different epochs (Figure 5.1), we infer T = 31400 + 1200 K and Ay =
6.5 + 0.3 mag, consistent with Pellizza et al. (2006) values.

We use the model atmospheres with these parameters in the getvel software to measure
radial velocities (Table 5.1). Owing to the short orbital period and the supergiant nature
of the primary, we assume that the orbit is circular. We measure K = 25.0£1.6 kms™ ,
v =-176+13kms” and T = 2553735.77+0.07 (HJD), with x = 1.8 for two degrees
of freedom (Figure 5.2). K is robust to the choice of model atmospheres: for example,
varying 1" from 27000 K to 33000 K changes K by less than 0.5-0.

Pellizza et al. (2006) infer that the mass of the primary is in the range of 25 — 28 Mg,.
Plugging this value of K into Equation 4.4, we calculate lower limits on M as a function

of M (Figure 5.3a). For M  in the range 25 — 28 Mg, (Pellizza et al., 2006), the lower
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Figure 5.3. Lower limits on Mx for IGR J17544-2619. Top: The solid red curve relates Mx and Mpt
assuming sin¢ = 1, for Kope = 25 km s~ . The blue curves are £1-¢ limits corresponding
to a velocity uncertainty of AK,p = 1.6 km s~ 1. The vertical black dashed lines at Mopt
= 25, 28 Mg, are the bounds of Moyt from Pellizza et al. (2006). The corresponding lower
limits are Mx > 1.79 £0.11 Mg and Mx > 1.93 £ 0.12 My respectively. Bottom: The
non-detection of eclipses places upper limits on sin as a function of the stellar radius R,
changing the Mx —Moqp; relation. The solid line corresponds to sini = 1 (R = 0), and
dashed lines are contours of Mx min for various values of R. Adopting Rnin = 12.7 Rg

and Mopt,min = 25 Mg, we deduce Mx > 1.91 £0.13 Mg,.



93

limits on the NS mass are M > 1.79 +0.12 My and M > 1.93+£0.12 My at the extreme
values of M

We further revise this estimate based on the non-eclipsing nature of this SFXT. For
a circular orbit with semi-major axis a and primary stellar radius R, eclipses are seen if
cosi < R/a. The semi-major axis is a function of the binary period P and masses of the
components. For the O star in IGR J17544-2619, 12.7 Ry < R < 23 Ry (Rahoui et al.,
2008; Clark et al., 2009). The lower limit on R can be used to calculate a corresponding
upper limit on sini. Substituting this upper limit in Equations 4.2 or 4.4, we calculate
a revised lower limit on M (Figure 5.3b). For the most conservative scenario (M =
25 Mg, R = 12.7 Rg) we calculate M > 1.91 + 0.13 M. Using other values in the
(R,M ) parameter space results in even stronger lower limits (higher values of M ).

The existence of such massive neutron stars puts strong constraints on the equation
of state of matter. If X-ray pulsations are detected in IGR J17544-2619 in more epochs,
we can measure ax sini, and in turn the mass ratio ¢ (Equation 4.3). This will provide
an additional constraint on M , independent of R. Given the significant implications of
verifying a high NS mass, X-ray timing observations are of utmost importance. We plan
to apply for observing time with XMM and NuSTAR to monitor IGR J17544-2619 for

pulsations.

5.2 SAXJ2103.5+4545

Discovered with BeppoSAX in an outburst in 1997, SAX J2103.544545 is an an X-ray
pulsar with a 358.61 s pulse period (Hulleman et al., 1998). The system is a Be HMXB,
consisting of a NS and a B0 Ve star in a 12.7 d orbit. Based on the foreground extinction
(Ay = 4.2 £0.3) and spectral type, system is at 6.5 £ 0.9 kpc (Reig et al., 2004). We
obtained spectra SAX J2103.54+4545 on all six “X-Mas at Palomar” epochs (Figure 5.4).
Typical BO stars have 7" = 30000 K and log(g) = 4.0 (Cox, 2000). Fitting the spectra
with (Munari et al., 2005) log(g) = 4.0 model atmospheres as discussed in Section 5.1, we
calculate 7" = 29200 £+ 700 and Ay = 4.0 £ 0.3. Using spectra with 7" = 30000 K and log(g)
= 4.0 and varying the rotational velocity, we calculate v sin¢ = 246+8 km s~ , consistent
with the past measurement (240 20 km s~ ; Reig et al., 2004).

We use model stellar spectra with T=29,000 K, log(g)= 4.0, and v = 250 km s~ to
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velocity vyot siné = 246 +£8 km s~%. The broad bump in continuum around 3900 A is an

artifact of flatfielding.

calculate radial velocities (Table 5.1). Two of the four spectra acquired on 2009 Aug 23 were
acquired through variable cloud cover and have low SNR. We excluded these two spectra
while calculating the RV for this epoch. On folding the data at the orbital period, the data
point “c” from 2009 July 31 is seen to be an outlier (Figure 5.5). Including this point in
the fitting procedure does not give any satisfactory solution. We examined the observing
logs and spectra to look for possible causes of a change in radial velocity, but did not find
any. To verify the accuracy of our wavelength solution, we measured the centroid of the
interstellar Ca K line, which should be independent of the radial velocity of the target. We
found that the location of the line on this epoch is the consistent with other epochs within
the ~ 10 kms™ measurement error. We acknowledge this discrepancy but exclude this
point while fitting the orbit.

We fit the orbit using the following NS parameters from Camero Arranz et al. (2007):

MJD at periastron T = 52548.577
Orbital period P = 12.66528 + 0.00051
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Figure 5.5. Radial velocity fit for SAX J2103.54+4545. I use a model atmosphere with T=29,000 K,
log(g)= 4.0, vyot = 250 km s™!. Ty and phase 0 is defined as the periastron passage,
corresponding to MJD 52548.577. Orbital period P = 12.66528 4 0.00051, wx = 241° £+
2° and e = 0.40 £ 0.02 are held fixed at the best fit values by Camero Arranz et al.
(2007). Note that wops = wx — 180°. We calculate v = —=72.3 + 1.3 km s~ and kopt =
—12.54+2.0 km s~'. The data point ¢ corresponds is from 2009 July 31 and is excluded
from the fit (see text).

Longitude of periastron w = 241° £ 2°
Eccentricity e = 0.40 £ 0.02

For the B star, w =w —180°. Using the five data points (a, b, d, e, f), we calculate
v=-723+13kms” and k = —12.5+2.0kms™ , with x = 2.7 for 3 degrees of
freedom (Figure 5.5).
Camero Arranz et al. (2007) analyze the times of arrival of X-ray pulses and calculate
a sini = 80.81 £ 0.67 lt-s = (2.42 £ 0.02) x 10 km. Following Hilditch (2001, Equations
2.46, 2.50), we convert this to K :
27 a sing

K =q=ey7 b (5.1)
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If we measure P in days, a sini in km and velocity in km s~ , we get:

727 x 107 a sini
K = 5.2
(1—e) / P (5:2)

= 15246 kms (5.3)

For SAX J2103.5+4545, the uncertainty is dominated by the uncertainty in e. Using our
best-fit value of K, weget =M /M =K /K =0.082+0.013. Assuming M
~ 17.5 Mg, we get M = 1.44 + 0.14. Assuming a reasonable range of BO V star masses
(M =175+2Mg), we conclude M = 1.4+0.3 M.

5.3 1H 21384579

1H 21384579 is a Be HMXB with a 66 s period transient X-ray pulsar. Observations by
Bonnet-Bidaud & Mouchet (1998) revealed a B1.5 Ve primary with foreground extinction
Ay = 4.0 £ 0.3, corresponding to a distance d = 3.8 & 0.6 kpc. The measured projected

rotational velocity v sini = 460 km s~ is close to the breakup velocities of B1-B2V stars
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Hp is seen in emission, while Hy has an emission core.
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(Bonnet-Bidaud & Mouchet, 1998, and references therein). Assuming that the B star
rotation is aligned with the orbit, they conclude ¢ > 65°.

The blue side DBSP spectrum of 1H 21384579 shows HS and Hy in emission (Fig-
ure 5.6). The emission components likely arise from a “shell” or the disc around the Be
star. Their strength varies from epoch to epoch, and the emission often fills up the broader
absorption component from the stellar photosphere. He lines are relatively weak, as expected
in a B1-B2 V star.

Typical B1-B2 V stars have 7' = 20000 —26000 K, log(g) = 4.0 (Cox, 2000). For velocity
measurements, we use Munari et al. (2005) model atmospheres with 7' = 24000 K, log(g)
= 4.0, v =500 km s~ and solar metallicity. We calculate the foreground extinction to
be Ay = 3.7+ 0.2, and hold it fixed at Ay = 3.7 for RV measurements. The measured
velocities do not show any clear orbital trend (Table 5.1, Figure 5.7).

Assuming M =11 Mg, M = 1.5 Mg, e = 0 and sini = 0.95 (i = 72°), we expect
K ~20 kms™ , comparable to values we have measured for other objects. We attribute
the non-detection of this signal to the variability of the H lines and the relatively low strength

of other lines. Further analysis is under way to try and circumvent this limitation.
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5.4 GRO J2058+42

GRO J2058+42 was discovered by the Compton Gamma Ray Observatory as a 198 s pulsar
(Wilson et al., 1998). Tt is a Be HMXB with a 55.03 d period, at distance of 9.0 + 1.3 kpc.
The primary is a subgiant or a dwarf star of spectral class 09.5-B0 (Wilson et al., 2005),
with projected rotation velocity v sini = 240+50 km s~ (Kzlolu et al., 2007). Assuming
that the spin of the primary is aligned with the orbit, they constrain the inclination 4 to be
> 40° based on the break—up rotation velocity.

We obtained 36 spectra of GRO J2058+42 over the six epochs (Figure 5.8). We fit
Munari et al. (2005) model atmospheres to our observed spectra and calculate Ay = 4.4 £
0.4, consistent with Ay = 4.3 + 0.3 measured by Kzlolu et al. (2007). The data are best fit
by model atmospheres with 7" = 33000 — 35000 K and log(g) = 4.0, as expected from the
spectral type (Cox, 2000). Hence, we use model spectra with 7" = 33000 K, log(g)= 4.0,
v =250 km s~ and solar metallicity for measuring radial velocities (Table 5.1).

On folding the data on the orbital period, it is evident that the orbit is not circular, as
is the case with many Be HMXBs. The radial velocity solution to an eccentric orbit has

two additional parameters: eccentricity e and argument of periastron w. We choose not
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Chapter 6

Constraints on the Compact Object Mass in the
Eclipsing HMXB XMMU J013236.7+303228
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“Cabhill Center for Astrophysics, California Institute of Technology, Pasadena, CA 91125, USA

®Department of Astronomy and Astrophysics, University of Toronto, 50St. George Street, Toronto, ON
M5S 3H4, Canada.

Abstract

We present optical spectroscopic measurements of the eclipsing High Mass X-ray Binary
XMMU J013236.74303228 in M 33. Based on spectra taken at multiple epochs of the 1.73 d
binary orbital period we determine physical as well as orbital parameters for the donor star.
We find the donor to be a B1.5IV sub-giant with rough uncertainty of 0.5 spectral in spectral
class and one luminosity class. The effective temperature is T' = 22, 000—23, 000 K. From the
luminosity, temperature and known distance to M33 we derive a radius of R = 8.94+0.5 Rs.
From the radial velocity measurements, we determine a velocity semi-amplitude of K,,; =
63 = 12 km s~ . Using the physical properties of the B-star determined from the optical
spectrum, we estimate the star’s mass to be M = 11 £ 1 My. Based on the X-ray

spectrum, the compact companion is likely a neutron star, although no pulsations have yet

A version of this chapter has been submitted to the Astrophysical Journal. It is reproduced here with

permission from AAS.
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been detected. Using the spectroscopically derived B-star mass we find the neutron star
companion mass to be M = 2.0 & 0.4 M, consistent with the neutron star mass in the
HMXB Vela X-1, but heavier than the canonical value of 1.4 Mg, found for many millisecond
pulsars. We attempt to use as an additional constraint that the B star radius inferred from
temperature, flux, and distance, should equate the Roche radius, since the system accretes
by Roche lobe overflow. This leads to substantially larger masses: M < 2.7_° Mg
and M < 18.9_° Mg. We find from known systems that by applying this technique
in its simplest form the masses are consistently overestimated, and conclude that precise

constraints require detailed modeling of the shape of the Roche surface.

6.1 Introduction

The range of possible neutron star masses depends on many factors, such as the initial
mass of the progenitor’s stellar core, the details of the explosion (in particular mass ac-
cretion as the explosion develops), subsequent mass accretion from a binary companion,
and the pressure—density relation, or equation of state (EOS), of the neutron star matter.
On the low-mass end, producing a neutron star requires the progenitor’s core to exceed
the Chandrasekhar mass, which depends on the uncertain electron fraction. Theoretical
models place this minimum mass in the range M > 0.9 — 1.3 My, (Timmes et al., 1996).
The largest possible neutron star mass depends on the unknown physics determining the
EOS—for example whether kaon condensates or strange matter can from in the interior
(See, for example, Lattimer & Prakash, 2005). The highest-mass neutron star to date with
an accurate measurement weighs in at 1.97 £ 0.04 Mg (Demorest et al., 2010), which al-
ready rules out the presence of exotic hadronic matter a the nuclear saturation density
(Demorest et al., 2010; Lattimer et al., 2010).

Testing the predictions of supernova models, binary evolution models, and finding ob-
jects at the extremes of the mass spectrum require determining neutron star masses in a
variety of systems with differing progenitor masses and evolutionary history. Neutron stars
accompanying either a high-mass star or another neutron star are thought to have accreted
little to no matter over their lifetimes. In contrast, neutron stars in low-mass X-ray bina-
ries and millisecond pulsars, typically in close orbits around a white dwarf, have undergone

extended accretion periods that will make the current mass exceed that at birth. Different
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types of binaries will also have different average neutron star progenitor masses.

High mass X-ray binaries (HMXBs)—binaries containing a neutron star and a massive
(~20 M) companion—are particularly interesting systems in which to pursue mass mea-
surements. In most cases the neutron star progenitor will have been more massive than
the observed donor star, yielding a relatively high-mass pre-supernova core. Furthermore,
the NS mass will be close to the birth mass, since even for Eddington rates < 0.1Mg
can be accreted in the ~ 10 yr lifetime of the OB companion. Indeed, among the five
HMXB with reasonably secure masses, one (Vela X-1) has M = 1.8 Mg (Barziv et al.,
2001; Quaintrell et al., 2003), indicating that this neutron star may have been born heavy.

Determining NS masses in HMXBs is, however, difficult. In compact object (NSNS,
NS-white dwarf) binaries, highly precise mass measurements can be obtained from rela-
tivistic effects like the precession of periastron (Freire et al., 2008) or measurement of the
Shapiro delay (Demorest et al., 2010). In HXMBs, however, accurate mass measurements
are limited to eclipsing systems where orbital parameters for both the NS and its stellar
companion can be measured. For the NS this is done through X-ray or radio pulse timing,
and for the companion through radial velocity measurements derived from doppler shifts in
the stellar lines. In the event pulsations are not detected, the NS mass can still be deter-
mined if good spectra are available to estimate the mass of the optical component. In rare
cases where the distance to the binary is known, this provides an independent constraint
on the physical scale of the system—for example by calculating the absolute magnitude of
the components. However, calculating masses from such constraints is model dependent.

In this paper we present optical spectroscopic measurements of the donor star in the
eclipsing HMXB XMMU J013236.7+303228 using the Low Resolution Imaging Spectro-
graph on the 10 m Keck-I telescope (LRIS; Oke et al., 1995) aimed at determining the mass
of the compact companion. XMMU J013236.74+303228 was discovered by Pietsch et al.
(2004) in their XMM-Newton survey of M 33. In follow-up observations, Pietsch et al.
(2006) identified it as an eclipsing High Mass X-ray Binary with a 1.73 d period. The X-ray
spectrum is hard, and the shape implies that the compact object is a neutron star. However
we did not detect any pulsations in the X-ray data, so a black hole cannot be ruled out.
Shporer et al. (2006) discovered an optical counterpart (Figure 6.1) which shows variability

consistent with ellipsoidal modulation of the OB star. Given high quality spectra we are
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able to obtain a spectroscopic mass for the donor, and therefore determine the compact
object mass. Using the known distance to M33 combined with the B stars luminosity and
temperature we derive a physical radius, which we equate with the Roche radius based
on the observation that accretion is occurring via Roche lobe overflow. This provides an
additional orbital constraint that we use to independently estimate the compact object

mass.

Figure 6.1. A V-band CFHT image showing the optical counterpart to XMMU J013236.7+303228,
located at v = 011'32™36.594, § = +30°32/28.”4 (J2000). The image was obtained from
CFHT online data archive, and a WCS was added using astrometry.net (Lang et al.,
2010).
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6.2 Observations And Data Reduction

We observed XMMU J013236.74-303228 on UT 2009 October 16 and October 17, with
the Low Resolution Imaging Spectrograph on the 10 m Keck-I telescope (LRIS; Oke et al.,
1995), with upgraded blue (McCarthy et al., 1998; Steidel et al., 2004) and red cameras (Rockosi et al.,
2010), covering a wavelength range from 3,200 A to 9,200 A. We set up LRIS with the
600/4000 grism on the blue side and the 600/7500 grating on the red side, to get dis-
persions of 0.6 A /pix and 0.8 A /pix respectively Table 6.1. To maximize stability of the
spectra, we used the “stationary rotator mode,” where the instrument rotator was held
fixed near zero degrees rather than tracking the parallactic angle while observing. Atmo-
spheric dispersion was compensated for by the ADC (Atmospheric Dispersion Corrector).
We acquired a total of 28 spectra of the target, with exposure times ranging from 300 to
1800 seconds. The spectrophotometric standard EG 247 was observed for flux calibration.
The data were reduced in IRAF . The spectra were trimmed and bias subtracted using
overscan regions. No flatfielding was applied. Cosmic rays were rejected using L.A.Cosmic
(van Dokkum, 2001). Atmospheric lines are stable to tens of meters per second (Figueira et al.,
2010), so the wavelength solution for the red side was derived using sky lines for each image.
For the blue side, the wavelength solution was derived from arcs taken at the start of the
night. The spectra were then rectified and transformed to make the sky lines perpendicular
to the trace, to ensure proper sky subtraction. The wavelength solutions for arcs taken at
various points during the night are consistent with each other to a tenth of a pixel, with only
an offset between different arcs. We corrected for this offset after extracting the spectra,
by using the 5577.34 A [O I] line. The spectra were extracted with APALL, and fluxed with
data for EG 247 and the standard IRAF lookup tables. We further tweaked the fluxing by
using a EG 247 model spectrum from the HST Calibration Database Archive. We used
just one standard spectrum per night, and enabled airmass correction in IRAF during flux

calibration.

"http://iraf.noao.edu/ .
ftp:/ /ftp.stsci.edu/cdbs/current_calspec/ .
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Table 6.1. Details of individual exposures

HoH W H B OB R H K H KK K KKK H KK HHHHH KK KK
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Figure 6.2. Observed spectrum and best-fit model for XMMU J013236.7+303228. The blue line is the average of the ten good spectra obtained on
UT 2009 October 17, shifted to the rest wavelength using velocities from Table 6.1. The spectrum is smoothed with a 5 pixel (3 A)
boxcar for plotting. The red line is the best-fit template spectrum with T = 22000 K, log(g) = 3.5, vyot sini = 250 km s7!, solar
metallicity. The template is reddened using Ay = 0.395, and scaled appropriately. Shifting the spectra to the rest frame blurs out the
Ca II interstellar line and the 4430 A interstellar band. The observed higher Balmer lines are less strong than those of the model,
suggesting that the surface gravity is slightly higher than logg = 3.5 (consistent with our estimated spectral type and with our fit

results; see text).
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The final spectrum is shown in Figures 6.2 & 6.3. The signal-to-noise ratio per pixel is
>10 for most blue side spectra (Table 6.1). The first night, we experienced some tracking
issues with the telescope, so the target did not remain well centered on the slit at all times.
A similar problem was experienced for the first exposure on the next night, where the object
was at a high airmass. In all following discussions, we reject some such spectra based on

observing logs, and spectra with signal-to-noise ratio per pixel of <10 (Table 6.1).

6.3 Donor Star Parameters and Orbit

We determine the best-fit stellar parameters and orbital solution using an iterative tech-
nique. First, we estimate a spectral type for the primary (donor) from individual spectra.
We use appropriate spectral templates to calculate the orbital solution (Section 6.3.2). Next,
we shift spectra to the rest frame and combine them to get a higher quality spectrum. We
calculate stellar parameters from this combined spectrum, and use a template spectrum
with these refined parameters to recalculate the velocities. In this section, we describe the

final iterations of both these steps.

6.3.1 Stellar Parameters

Based on photometry of XMMU J013236.74303228, Pietsch et al. (2009) estimate that the
companion is a 10.9 Mg object with 77 = 33000 K and log(g) = 4.5, with x = 2.4 for
their best-fit model. They then assume a distance of 795 kpc to M33, and calculate that
the star has an absolute magnitude My ~ —4.1 and the line of sight extinction is Ay = 0.6,
so derive a stellar radius of 8.0 Re.

We deduce the spectral type by comparing our spectra to Walborn & Fitzpatrick (1990)
and the Gray spectral atlas. The absence of He II lines (Figure 6.2) implies a spectral
type later than O, while the relative strengths of the Mg IT 4482 A/ He I 4471 A lines
point to a spectral type earlier than B3. The strength of He I lines, and a weak feature at
4420 A indicate a spectral type around B1, for main sequence stars. A bump blueward of
H8 3889 A is characteristic of spectral type B2. The weakness of C III 4650 A, and the
relative strengths of C III/O II near 4650 A refine the spectral type to between B1 and B2

Shttp://ned.ipac.caltech.edu/level5/Gray /frames.html .



109

for both dwarfs and giants. Finally, the weakness of Si IV Hé 4101 A, gives a spectral type
of B1.5. To determine the luminosity class, we note that the O IT 44154417 A and Si III
4552 A lines are present, but are weak as compared to He I 4387. We conclude that the
donor is a B1.5IV star, with rough uncertainties of 0.5 spectral classes and one luminosity
class.

Tabulated values of stellar parameters are usually provided for luminosity class III and
V stars. For B1.5V stars, T" ~ 23000 K, log(g) = 4.14, and My = —2.8. For B1.5II1
stars, T~ 22000 K, log(g) = 3.63, and My = —3.4 (Cox, 2000). The B1.5IV target will
have values intermediate to these. This inferred temperature is significantly cooler than
T ~ 33000 K reported by Pietsch et al. (2009). However, the absence of He II lines at, e.g.,
4541 and 4686 A, clearly exclude such a high temperature.

The colors of a star depend on its temperature and surface gravity. These expected colors
can be compared to the observed colors to calculate the reddening and extinction. The
expected color is (B — V) = —0.224 for a 22000 K sub-giant star, and (B —V) = —0.231
for a 23000 K main sequence star (Bessell et al., 1998). From Pietsch et al. (2009), the
mean magnitudes are my = 21.0340.02, m,, = 21.36 £0.02. Using the Jester et al. (2005)
photometric transformations for blue, U — B < 0 stars, my =21.214+0.03, (B—-V) =
—0.09 £ 0.04. The color excess is E(B—V)=(B-V) —(B—-V) =0.1440.04. Using
the standard ratio of total-to-selective extinction, Ry = 3.1 we get Ay = 0.43 £+ 0.12. For
comparison, the foreground extinction to M33 is Ay = 0.22.

We measure various stellar parameters by fitting our combined, fluxed spectrum with
model atmospheres (taking into account the instrumental broadening; see Section 6.3.2).
For a Roche lobe filling companion (discussed in Section 6.4), we expect a radius of 6-10 R,
surface gravity log(g) ~ 3.7 (consistent with our luminosity class), and projected rotational
velocity v siné ~ 250 km s™ . We use these values as starting points to select model
atmospheres from a grid calculated by Munari et al. (2005). These templates are calculated
in steps of 0.5 dex in log(g), so we use models with log(g) = 3.5,4.0. For the initial fit,
we assume v sini = 250 km s~ and solar metallicity. The only free parameters are a
normalization and an extinction. We use extinction coefficients from Cox (2000), assuming

Ry = 3.1. We find that the best-fit model for log(g) = 3.5 has T" = 22100 + 40 K and

W =g—059(g—r) —0.01 £0.01; B—V =0.90(g — r) + 0.21 + 0.03.
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Ay = 0.401(3), with y /DOF = 1.13 for 3600 degrees of freedom, while for log(g) = 4.0,
we get T = 23500 £ 50 K and Ay = 0.425(3) with xy /DOF = 1.22. The temperatures
are consistent with those expected for a B1.5 subgiant star, and the extinction is within
the range derived from photometric measurements. Pietsch et al. (2009) obtained a higher
extinction for the target, which explains why they estimated the source temperature to be
higher. Munari et al. (2005) templates are calculated in temperature steps of 1000 K in this
range. For further analysis, we use the best-fit template: log(g) = 3.5 and T" = 22000 K.
Since log(g) is slightly higher than this value, for completeness we also give results using the
best fit template for log(g) = 4.0, which has 7" = 23000 K. For both these templates, the
best-fit extinction is Ay = 0.395(3). We then keep T" and log(g) constant and vary v  sini.
For both the log(g), T combinations, we measure v sini = 260 =5 km s~ . Finally, using
the same templates but with varying metallicity, we get the best fits for [M/H] = 0. The
0.5 dex steps in [M/H] are too large to formally fit for uncertainties.

Next, we calculate the luminosity of the object to obtain a radius-temperature re-
lation. The distance modulus to M 33 is (m — M) = 24.54 £ 0.06 (d = 809 kpc;
McConnachie et al., 2005; Freedman et al., 2001), which gives, accounting for the redden-
ing of Ay = 0.4, My = —3.74 + 0.07. The bolometric luminosity of a star is related to its
temperature and radius by . o« R T' . To obtain the visual luminosity, one must apply a
temperature-dependent bolometric correction, BC' = My, — My . Torres (2010) give formu-
lae for bolometric correction as a power series in log(7"). We calculate BC' = —2.11(—2.21)
for T = 22000(23000) K (which are consistent with Bessell et al. (1998) tables for main

sequence stars.). After some basic algebra, we obtain:

510g<£>+1010g<£>+BC(T) = M o—my+(m-M) +Ay (6.1)
Ro T ’

= 8.48 +£0.07.

Here, M o = 4.75 (Bessell et al., 1998). The resultant radius-temperature relationship
is shown in Figure 6.4. For T' = 22000(23000) K, we infer R = 9.1(8.7) £ 0.3 Rs. The

absolute magnitude and radius are both consistent with a B1.5 sub-giant.
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Figure 6.4. Radius—temperature constraint from the observed luminosity. We calculate the absolute
visual magnitude from the apparent magnitude, distance modulus and best-fit extinc-
tion. We then apply a temperature-dependent bolometric correction to calculate the
bolometric magnitude. For any given temperature in this range, the uncertainty in

radius is about 3%.
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6.3.2 Orbital Parameters

We measure the radial velocities of the B star using model stellar spectra by Munari et al.
(2005), as follows. For each observed spectrum, we measure the seeing using the width of
the spectral trace. We then generate an instrument response function by taking a Gaus-
sian matched to the seeing, truncating it at the slit size, and convolving it with the pixel
size. Fluxed synthetic spectra (templates) are convolved with this instrument response,
then redshifted to a test velocity. Then we redden the template using the measured value of
extinction, Ay = 0.395, with coefficients from Cox (2000). We use IDL mpfit (Markwardt,
2009) to calculate the reddening and normalization to match this spectrum with the ob-
served spectrum, and measure the xy . By minimizing the x over test velocities, we find
the best-fit velocity and the error bars. This velocity is converted to a barycentric radial
velocity using the baryvel routine in Astrolib (Landsman, 1993). Table 6.1 lists the ra-
dial velocities for all spectra, measured using the best-fit stellar template: T' = 22000 K,
logg=3.5, [M/H]=0.0and v sini =250 km s~ .

Red side spectra are not useful for radial velocity measurement for several reasons. The
flux of the B star at redder wavelengths is lower than the blue wavelengths, and there
are fewer spectral lines in this range. Also, the background noise is higher, from the large
number of cosmic rays detected by the LRIS red side and from intrinsic sky emission. Hence,
all further discussion omits red side spectra.

We calculate an orbital solution for the B star using these radial velocities. Owing to
the short 1.73 d period of the system, we assume that the orbit must be circularized. The

orbital solution is then given by:

v(t)=y +K sin <27rt _PT > (6.2)

where v is the systemic velocity, K  is the projected semi-amplitude of radial velocity,
and T is the epoch of mid-eclipse. We adopt T = 2453997.476 4 0.006 from Pietsch et al.
(2009). We obtain v = —80+5kms™ , and K =64+ 12km s~ . The best-fit has
x /DOF = 5.1 for 16 degrees of freedom, which is rather poor. We find that an additional

error term Av = 15 km s~ needs to be added in quadrature to our error estimates to

Shttp:/ /www.ittvis.com /ProductServices/ID1.aspx
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Figure 6.5. The radial velocity curve for XMMU J013236.7+4303228. Solid blue circles denote points
which were used in the final fit, and gray crosses are points which were rejected based
on observing logs or a signal-to-noise ratio under 10 (Table 6.1). The solid blue curve is

the best-fit orbital solution, and the dashed blue line is the mean systemic velocity.

obtain x = 1. We attribute this to movement of the star on the slit. If the target has
systematic offset of 0”.1 from the slit center over the entire 30 min exposure, it shifts the line
centroids by about 0.45 pixels or 18 km s~ . For comparison, van Kerkwijk et al. (2011)
find a similar scatter (13 km/s™ ) in their observations of a reference star when using LRIS
with a similar configuration (600/4000 grating, 0”.7 slit). Future observations should orient
the spectrograph slit to obtain a reference star spectrum to correct for such an offset.

When we fit Equation 6.2 to data including the 15 km s~ error in quadrature, we

obtain v = —-80+t5kms” ,and K = 63+12kms~ (Figure 6.5, Table 6.2). For
the epoch of observations, the uncertainty in phase is 0.019 d. If we allow 7' to vary, we
get T = 2453997.489 + 0.019 (Heliocentric Julian Date), v = —77.8 +2.1km s~ ,
and K = 59+ 5kms~ . These values are consistent with those obtained using the

Pietsch et al. (2009) ephemeris. Hence, for the rest of this paper, we simply assume their

best-fit value for T .
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Table 6.2. System parameters for XMMU J013236.7+303228

Property Value

From Pietsch et al. (2004)

Period (P) 1.732479 +£0.000027

HJD of mid-eclipse (7" ) 2453997.476 £0.006

Eclipse half-angle (6.) 30°.6 £1°.2
This work

Systemic velocity (v ) —80 45 km s~

Velocity semi-amplitude (k ) 63 £12 km s~

HJD of mid-eclipse (T") 2453997.489 +0.019

Spectroscopically inferred

OB star spectroscopic mass (M ) 11 £1 Mg
NS mass (M ) 2.0 +0.4 Mg

Distance-based calculations

OB star mass (M ) 18. _ © Mg
NS mass (M ) 2.7 _ - Mg
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To investigate the sensitivity of the result to the choice of the stellar template, we repeat
the measurement with a variety of templates. We vary the temperature from 09 (33,000 K)
to B3 (18,000 K) spectral classes. As before, we use templates with log(g) = 3.5,4.0;
v sini = 250 km s~ and solar metallicity. Repeating the orbit calculations for each of
these models, we find that the systemic velocity v+ may change between models being
fit: the extreme values are —77 =6 km s~ and —90 £5 km s~ , a 1.7-0 difference. We
suspect that the reason for this variation is the difference in shape of the continuum, as the
extinction was held constant in these fits. For hotter templates with a steeper continuum,
the red side of a line has lower flux than the blue side, so lowest x will be obtained at a
slightly higher redshift, as seen. The magnitude of this effect should be independent of the
intrinsic Doppler shift of the spectrum, and should not affect the velocity semi-amplitude
K . This is indeed the case: K  is constant irrespective of templates. The extreme
values are 62 + 12 km s~ and 63 £+ 12 km s~ , differing by less than 0.1c. Dynamical

calculations depend only on K, hence they are robust to the selection of template.

6.4 Component Masses

The general method for accurately determining masses in X-ray binaries (Joss & Rappaport,
1984) requires measuring the orbit for both components, as well has having a constraint on
the orbit inclination. In general, the mass (M ) of a component is expressed in terms of
five parameters: the orbital period P, the radial velocity semi-amplitude of the companion
(K ), the eccentricity e, the orbital inclination i and mass ratio ¢ = M /M . The first
three parameters can be readily obtained by characterizing the orbit of either component
through pulse timing of the NS in the X-ray or radio, or by spectroscopically measuring the
radial velocity of the optical companion at optical or infra-red wavelengths. Determining
the mass ratio requires measuring orbital parameters for both components: ¢ = K /K .
In an eclipsing system, the inclination can be constrained to be nearly edge-on (i ~ 90°),
with a lower limit derived from eclipse duration and Roche-lobe arguments. Using these
measurements, masses of both components in the system can be directly determined without
model assumptions (see for example, van der Meer et al., 2007; Mason et al., 2011b).
Because no pulsations have been detected from the compact object in XMMU J013236.7+4303228,

we need one more constraint in addition to the radial velocity semi-amplitude of the donor.
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In Section 6.4.1 we use the spectroscopically inferred mass of the secondary to calculate
mass of the secondary from the mass ratio. Because we know the distance to M33, and
hence to XMMU J013236.74303228, we can also estimate the physical size of the secondary
from the distance, its luminosity and temperature. This provides a cross check on the mass

determination derived from the spectroscopic donor mass (Section 6.4.2).

6.4.1 The Spectroscopic Method

In the following, we will denote the masses of the compact object and donor star by M and
M respectively. The mass of the compact object (M ) is related to the radial velocity of
the B star (K ) as follows:

p K PO=e)/ (1 6.3
B 2rGsin i@ < +5> ’ (63)

where ¢ = M /M  is the ratio of masses, defined so that higher values of M relate to
higher values of ¢q. P is the orbital period of the binary, e is the eccentricity, and i is the
inclination of the orbit. For eclipsing systems, the inclination is constrained by,

1-3 (R /a)

ine = 6.4
sin ¢ p—" , (6.4)

where R is the volume radius of the Roche lobe, a is the semi-major axis, and /3 is the Roche
lobe filling factor (Joss & Rappaport, 1984). For XMMU J013236.7+303228, the eclipse
half-angle is § = 30°.6 + 1°.2 (Pietsch et al., 2009). Owing to the short orbital period, we
assume that the orbit is circular and the B star rotation is completely synchronized with

its orbit. For co-rotating stars, Eggleton (1983) expresses R /a in terms of ¢:

R 0.49¢~ /
a  06g/ +In(1+q /)

(6.5)

The constant, relatively high X-ray luminosity, sustained over the non-eclipsed parts of
the orbit, strongly indicates that accretion is occurring via Roche lobe overflow. In Roche
lobe overflow, matter flowing through the Lagrangian point may form a disc around the
compact object before being accreted onto it. This disc can occult the compact object,

causing periods of low X-ray luminosity. Both these characteristics are seen in the X-ray
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lightcurves of XMMU J013236.74303228 (Pietsch et al., 2009). If mass is being accreted
onto an object in a spherically symmetric manner, the accretion rate is limited by the
Eddington rate, M and the peak luminosity is L /Lo = 3 x 10 M /M. For a 1.5 —
2.5 M compact object, . ~ =1.8—3x10 erg s~ . At its brightest, the source luminosity
in the 0.2 — 4.5 keV band was 2.0 x 10 erg s~ —about 0.1L . This luminosity was
sustained throughout Chandra ObsID 6387, which covered about 0.72 d of the non-eclipsed
orbit (Pietsch et al., 2009). Comparable flux was observed in the non-eclipsed parts of the
orbit (0.73 d) in Chandra ObsID 6385. Such high luminosity sustained over significant parts
of the orbit is not observed in wind-fed systems, which have typical luminosities an order of
magnitude smaller. Further, the short 1.73 d orbital period is not consistent with Be X-ray
binary or wind-fed systems. We conclude therefore the B star fills its Roche lobe.

The Roche lobe radius as a function of B star mass is plotted in Figure 6.6 for various
neutron star masses. For a Roche-filling companion, we infer 3.6 < log(g) < 3.8. For a
NS mass in the range 1.4-2.4 My and B star mass 820 My, the B star radius lies in the
range 6-10 Rg. Further, the assumed synchronous rotation requires the surface rotational
velocity to be in the range 200 km s~ < v < 285 km s~ . These values are consistent
with those derived in Section 6.3.1.

Figure 6.7 plots M as a function of M , calculated by solving Equations (6.3), (6.4)
and (6.5) under known constraints. If we know M | we can calculate M . We use the
physical properties of the primary (Section 6.3.1) to estimate the mass of the primary
by comparing it with stellar evolutionary models, assuming that binary evolution has not
drastically changed the mass-luminosity relation. First, we place the primary on a HR
diagram (Figure 6.8) using models by Brott et al. (2011). We conservatively allow for a
0.5 mag error in luminosity. We also plot evolutionary tracks on a log(g)-T figure, to utilize
the stricter constraints on log(g) from Roche lobe arguments. From these plots, we see
that the primary is approximately a 15 Myr old, ~ 11 Mg star. This is consistent with the
typical mass of a B1.5IV star (Cox, 2000).
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For M = 11 Mg, we calculate M = 2.0 £0.4 Mg. From evolutionary tracks, we
estimate that the uncertainty in M is ~1 Mg, (Figure 6.8), corresponding to AM = 0.12,
much smaller than the uncertainty arising from AK . Adding this in quadrature with with

uncertainty in the M — M  conversion, we conclude M = 2.0+ 0.4 Mg.

6.4.2 Masses From Roche Lobe Constraints

In Section 6.3.1, we calculated the radius of the primary from its apparent magnitude,
temperature and the distance to M33 (Equation (6.1)). Since the primary is filling its
Roche lobe, the stellar radius is equal to the Roche lobe radius (R ). This additional
constraint can be used in Equations (6.3) — (6.5) to solve for M and M

We calculate the probability density function (PDF) of component masses as follows. For
every pair of assumed masses (M , M ), we use the period P to calculate the semi-major
axis a. Then we calculate R /a from Equation (6.5) and substitute it into Equation (6.4) to
calculate sini. Using P, a and sini we calculate the expected semi-amplitude of the radial

velocity:
K — 2masing M ‘
P (M +M )

(6.6)

Next, we calculate the probability for obtaining a certain value of R and K , given the

measured radius R (Section 6.3.1) and K (Section 6.3.2):

P(R ,K )=exp <—%> exp <—u§;—§)> (6.7)

Here, we are making a simplifying assumption that the Roche volume radius (Equation (6.5))

is same as the effective radius from photometry (Equation (6.1)). We convert this PDF to a

probability density as a functionof M | M by multiplying by the Jacobian O(R, K )/o(M ,M ).
The results are shown in Figure 6.9. Red contours show the 68.3% and 95.4% confidence

intervals for masses for the best-fit template (log(g) = 3.5 and 7' = 22000 K). The panel on

the left shows the PDF for M marginalized over M . Similarly, the lower panel shows

the PDF for M , marginalized over M . In these panels, the the solid, dashed and dotted

lines show the peak and 68.3%, 95.4% confidence intervals respectively. We obtain M =

27_° Mg, and M = 18.1_° Mg. For completeness, fits for the less likely scenario

with log(g) = 4.0 and T' = 23000 K are shown in blue. In this case, M = 2.5+ 0.6 Mg,
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M =161_" Mg,

To test the validity of this technique, we apply it to two well-studied targets: LMC X-4
and SMC X-1. We find that the basic application of our method is overestimating the
mass (Table 6.3). Part of this discrepancy is likely related to equating the Roche volume
radius to the effective photometric radius (Equation (6.7)). The Roche volume radius
(Equation (6.5)) is the radius of a sphere with the same volume as the Roche lobe of the
star. The effective photometric radius (Equation (6.1)) is the radius of a sphere with the
same surface area as the star. Since an ellipsoid has a larger surface area than a sphere
of the same volume, the actual Roche volume radius will be smaller than the effective
photometric radius. Using a larger radius for the Roche lobe increases the masses of both
the components in the binary.

Putting it another way, if we use the Roche volume radius to calculate the brightness
of the star, we will get a number lower than the observed brightness. A similar discrepancy
is observed by Massey et al. (2012) in massive binaries in the LMC. They find that the
absolute magnitude of LMC 172231 calculated using a spherical approximation is 0.45 mag
fainter than observed, while for the triple system [ST92]2-28, the numbers are consistent
within errors. Using system parameters derived by van der Meer et al. (2007), we find a
similar offset of 0.45 mag for LMC X-4 and 0.2 mag for SMC X-1. If we incorporate this
uncertainty by allowing offsets of 0-0.4 mag, we get M =2.2_ ~ Mgand M = 13+4 M.

Thus while this method has potential, more detailed modeling of the primary is clearly

required to accurately infer component masses.

6.5 Conclusion

From our spectroscopic measurements we find that the donor star in XMMU J013236.7+303228
is a B1.5IV sub-giant with effective temperature T' = 22000 — 23000 K. The higher tem-
perature, 7' = 33000 K reported by Pietsch et al. (2009) is inconsistent with the absence
of He II lines at, e.g., 4541 and 4686 A in our spectra. Assuming a circular orbit, we
measure a mean systemic velocity v = —80 £ 5 km s~ and velocity semi-amplitude
K =63+12kms™ for the B star. M33 is nearly face-on, with recession velocity of
—179 km s~ (de Vaucouleurs et al., 1991) - so this binary seems to be moving away from

the disc at 100 km s~ .
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Figure 6.9. Probability density plot for neutron star mass (Mx) as a function of OB star mass (Mopt)-
Red contours show the 68.3%, 95.4% and 99.7% confidence intervals for masses using the
best-fit template (log(g) = 3.5 and T' = 22000 K). The panel on the left shows the PDF
for Mx marginalized over Mgp:. Similarly, the lower panel shows the PDF for Mgy,
marginalize over Mx. In these panels, the the solid, dashed and dotted lines show the
peak and 68.3%, 95.4% confidence intervals respectively. We obtain My = 2.61;”8:%3 Mg,
Meopt = 18.371F Mg, and Mx > 2.0 Mg with 98.6% probability. Contours for the the
less likely scenario with log(g) = 4.0 and T' = 23000 K are shown in blue. In this case,
Myx = 2.437039 Mo, Moy, = 16.4775 Mg, and Mx > 2.0 Mg with 95.1% probability.



124

Table 6.3. System parameters for SMC X-1 and LMC X-4

Property SMC X-1 LMC X-4
Period (P) 3.89 d 141d
P 0.708 s 13.5's

ax sini (It-s)

53.4876 £0.0004

26.343 £0.016

Eclipse half-angle (6.) 26° — 30.5° 27° £2°
Mean systemic velocity (vy —191 46 km s~ 306 +10 km s™
Velocity semi-amplitude (k 20.2 +£1.1 km s~ 35.1 £1.5 km s~
Companion spectral type BOI OSIII
Companion T’ 29000 K 35000 K
Distance (d) 60.6 £1 kpc 49.4 £1 kpc
Visual magnitude (my) 13.3 £0.1 14.0 £0.1
Extinction (Ay) 0.12 +£0.01 0.25 £0.04
NS mass (M )
van der Meer et al. (2007) 1.06 _ - Mg 1.25 _© Mg
Our calculation 1.32 _ - Mg 205 _° Mg
OB star mass (M )
van der Meer et al. (2007) ~ 15.7 Mg ~ 14.5 Mg
Our calculation 21.1 _ - Mg 29.1 _ - Mg

Note. — Data from van der Meer et al. (2007).

Hilditch et al. (2005).

Freedman et al. (2001).

Conservative 0.1 mag errors assumed.

Foreground extinction to galaxy only. Error bars are approximate, the dom-

inant uncertainty has been assigned to my .
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Using the physical properties of the B star determined from our optical spectroscopy
we find a mass for the donor of M = 11 Mg. This mass is based on stellar evolution
models, and will be reasonably accurate so long as binary evolution has not significantly
altered the mass-luminosity relation. However, it is difficult to test this assumption based
on any available observations. Using this spectroscopic mass, we calculate the mass of
the compact object, M = 2.0 £ 0.4 M. This is higher than the canonical 1.4 Mg for
neutron stars, but comparable to masses of other neutron stars in X-ray binaries such as
the HMXB Vela X—1 (1.88 + 0.13 Mg; Barziv et al., 2001; Quaintrell et al., 2003) or the
Low Mass X-ray binaries Cyg X—2 (1.7140.21 Mg; Casares et al., 2010) and 4U 1822—371
(1.96+0.35 M ; MunozDarias et al., 2005). Since no pulsations have been detected we have
only indirect evidence, based on the X-ray spectrum, that the compact object is a neutron
star. However, the mass we derive here is smaller than would be expected for a black hole.

Based on the stable X-ray flux, we infer that the donor is transferring mass to the
neutron star by Roche lobe overflow. By equating the Roche lobe radius to physical radius
of R = 9.1(8.7) £ 0.3 R, derived from the known distance to M33, combined with the
stellar luminosity and temperature, we derive an additional orbital constraint. From a
first pass calculation with a spherical approximation for the shape of the primary we get
M =27_° Mgand M =181_" Mg. However, applying this technique to the well-
studied binaries LMX X-4 and SMC X-1, both of which have measured component masses,
we find this technique consistently overestimates the compact object mass. This is likely
because the Roche surface is not spherical but elongated, which is not taken into account in
our calculation. Future efforts to more accurately model the system geometry will improve
the accuracy of this technique, which is applicable to Roche lobe overflow systems with

known distances.
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Chapter 7

The White Dwarf Companion of a 2 My Neutron
Star

VARUN B. BHALERAO AND S. R. KULKARNI

Department of Astronomy, California Institute of Technology, Pasadena, CA 91125, USA

Abstract

We report the optical discovery of the companion to the 2 Mg millisecond pulsar PSR J1614—
2230. The optical colors show that the 0.5 My companion is a 2.2 Gyr old He-CO white
dwarf. We infer that M during the accretion phase is < 10= M . We show that the
pulsar was born with a spin close to its current value, well below the rebirth line. The spin-
down parameters, the mass of the pulsar, and the age of the system challenge the simple

recycling model for the formation of millisecond pulsars.

7.1 PSR J1614-2230

PSR J1614-2230, a 3.15 ms pulsar, was discovered in a radio survey of unidentified EGRET
gamma ray sources using the Parkes Radio Telescope (Hessels et al., 2005). Subsequently,

X-ray emission from Newton XMM (Roberts et al., 2007) and ~-ray emission from Fermi

A version of this chapter was published in the Astrophysical Journal (Bhalerao & Kulkarni, 2011). It is

reproduced here with permission from AAS.
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Gamma Ray Large Area Space Telescope (Abdo et al., 2010) was detected. Like most mil-
lisecond pulsars (MSPs), PSR J1614-2230 is in a binary system. The circular orbit is
consistent with the pulsar having undergone mass transfer and spun up. The mass function
derived from pulsar timing indicated a companion with mass M > 0.4 My (Hessels et al.,
2005).

The system recently came into prominence when Demorest et al. (2010) reported the
mass of the pulsar to be 1.97+0.04 M. The detection of such a massive neutron star (NS)
places very strong constraints on the equation of state of matter at extreme nuclear densities
(see, for example, Lattimer & Prakash, 2004, 2005). The rather exquisite precision of this
mass measurement was possible due to the orbit being almost perpendicular to the plane
of the sky. As a result, the Shapiro delay caused by the companion is very large, resulting
in a precise estimate of the mass of the companion, M = 0.500 + 0.006 M. The 8.7 day
orbital period is significantly shorter than ~ 120 days expected for a low-mass X-ray binary
with such a massive secondary (Rappaport et al., 1995)—suggesting a peculiar evolutionary
history for this binary.

Given the importance of the result of Demorest et al. (2010) additional verification or
consistency checks of physical parameters of PSR J1614-2230 can be expected to be of
some value. A 0.5 Mg white dwarf (WD) at the inferred distance of PSR J1614-2230
(d ~ 1.2 kpc), even if a few Gyr old, is within the reach of present-day optical telescopes.
It is this search for the WD that constitutes the principal focus of this Letter.

7.2 Observations at the W. M. Keck Observatory

We observed PSR J1614-2230 (Figure 7.1) in g and R bands using the imaging mode of
the Low Resolution Imaging Spectrograph (LRIS) on the 10 m Keck-I telescope (Oke et al.,
1995), with upgraded red and blue cameras (McCarthy et al., 1998; Steidel et al., 2004).
Several images were acquired at each target location, dithering the telescope by small
amounts between each exposure. The observing conditions on UT 2010 May 15 were poor
(seeing 1”.4), so only data acquired on UT 2010 July 8 (R band seeing 0”.85 FWHM) were
used in this analysis. The total exposure on this night was 960 s in the R band and 1010 s

in the g band. The plate scale is 0”.135 pixel™ for both cameras

"http:/ /www2.keck.hawaii.edu/inst /Iris/Iris-red-upgrade-notes.html
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Table 7.1. Positions and magnitudes of reference stars

1D RA Declination mg Mg

a—16 14  §—(—22°)

A 36 .98(8) 29'18".78(11)  17.94(8) 18.73(3)
B 36 .29(7) 29'317.97(7)  17.71(8) 18.38(3)
C  35.88(9) 30'18".70(10)  19.76(10) 20.41(4)
D 34 .39(5) 30'12"”.11(12)  19.15(8) 21.24(4)
E 35 .66 3104”17 21.38(9) 22.04(5)
F 34 .92(16) 30'59”.46(2)  20.18(9) 21.36(5)
G 37.50 30'43".69 20.71(8) 21.87(4)
Q 36 .47(7) 30'35”7.90(4)  (Saturated) 17.20(3)
R 35.92(2) 30'30”.45(1)  20.10(8) 20.94(4)
S 36 .50(10) 30'13”.93(13)  (Saturated) 17.75(3)
Note. — Stars A-G were used as reference stars for pho-

tometry. Right ascension and declination were obtained from

USNO-BL1.0 unless otherwise specified.
R band magnitudes calculated using SDSS magnitudes and

Jester et al. (2005) transformation equations (Section 7.2).
The numbers in parenthesis do not include a 0.03 mag un-
certainty in absolute calibration due to the transformations.

Coordinates obtained from our final R-band science image.
The World Coordinate System for this image was calculated
using a total of 33 USNO-B1.0 stars (Section 7.2).
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Table 7.2. Coordinates of PSR J1614-2230 at different epochs

Method Epoch Ecliptic Ecliptic RA Declination
Longitude (\) Latitude (8) « — 16 14 § — (—22°30)

Timing J2005.63 245.78827556(5)  —1.256744(2) 36 .5051(1)  31”.080(7)
Timing J2000.00 245.78826025(12) —1.256697(5) 36 .5034(2)  30”.904(19)
Timing J2007.32 245.78828015(6)  —1.256758(2) 36 .5056(1)  31”.132(9)

Chandra J2007.32  --- 36 .50(15) 317.33(20)
Timing J2010.51 245.78828886(11) —1.256785(5) 36 .5067(2) 317.23(2)

LRIS J2010.51  --- 36 .50(16) 317.72(20)
Note. — The proper motion of the pulsar as obtained from timing observations is

pa = 9.79(7) mas yr~ , pug = —30(3) mas yr~ . This proper motion is used to estimate
the ecliptic coordinates of the pulsar at the epoch of the Chandra and LRIS observations.
The right ascension and declination are calculated from ecliptic coordinates using the Euler

program in IDL. The equinox in all cases is J2000.

Bore-sight corrected coordinates. The target and the reference source “E” are detected
in the Chandra image. We extract source coordinates using celldetect. We assume that
the Chandra coordinate system and our R-band coordinate solution are related by a simple
offset with no rotation. Using the X-ray and R-band coordinates of source E, we calculate
that the offset is ax —ar = 0”.21, §x — g = —0”.20 and correct the target position using

this offset.
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The images were processed using IRAF. After bias correction and flat fielding, cosmic
rays were rejected using L.A.Cosmic (van Dokkum, 2001). The images were then aligned
with xregister and averaged to produce the final image for each band (see Figure 7.1).
A World Coordinate System was calculated using USNO-B1.0 stars in the field, with the
imcoords package. Using 33 stars in the field, for the final R-band image we obtained an
RMS error of 0”.14 in right ascension (R.A.) and 0”.20 in declination, adding up to a radial
error of 0”.24. For the final g-band image, the residuals were 0”.13 and 0”.18 for R.A. and
declination, respectively, giving a total error of 0”.22.

We measured fluxes with aperture photometry using the IDL APPHOT package. For each
night, we measured the seeing (FWHM) and set the aperture to one seeing radius (Mighell,
1999). We extracted the sky from an annulus 5-10 seeing radii wide. We had observed
nearby a Sloan Digital Sky Survey (SDSS; York et al., 2000) field with the same settings as
the science field. The calibration field was observed immediately after the science exposures,
and had airmass 1.4 as compared to 1.6 for the target. We used the magnitudes of six
stars from that field to calculate the photometric zero point and calibrated six reference
stars in the science field (Figure 7.1, Table 7.1). R band magnitudes were calculated using
photometric transformations prescribed by Jester et al. (2005) for stars with R.—1I. < 1.15.
The typical uncertainty in g-band magnitudes for stars with my ~ 20 is 0.03 mag. In R

band we have Amp = 0.07 for mp ~ 20, including the uncertainty in the transformations.

7.3 Detection of an Optical Counterpart

In the vicinity of the nominal pulsar position, we find a faint source (labeled “P”) in the R
band (Figure 7.1). We do not detect anything within 1” of the target in the g band. The
optical coordinates of this source, the timing position of the pulsar and a proposed X-ray
counterpart are summarized in Table 7.2. To compare this with the source location, we first
have to correct for the 33 mas yr~ proper motion of the source. The LRIS source P is about
0”.50 South of the pulsar position (extrapolated for the epoch of LRIS observations). Given
the 07.24 (1-0) astrometric uncertainty of the optical images, this position is consistent with

the location of the pulsar.

2Calibration SDSS field: o = 17219™10°.10, § = —14°38'46".0.
#Photometric transforms: V = g — 0.59(g — ) — 0.01 £ 0.01 and V — R = 1.09(r — ) + 0.22 & 0.03.
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The density of objects brighter than star P in this field is 0.02 arcsecond™ . Using
the 0”.85 seeing FWHM as the mean diameter of stars, we calculate a false identification
probability of 1%. The excellent astrometric coincidence and the low probability of chance
coincidence embolden us to suggest that star P is the optical counterpart of PSR J1614—
2230.

Counterpart P is located only 4”.2 from the 16.3 mag star USNO-B1.0 0674-0429635,
and is contaminated by the flux in the wings of its point-spread function. The proximity to
this bright source will bias both the photometry and the astrometry of the counterpart. To
calculate the bias, we injected fake Gaussian sources with FWHM matched to the seeing
and brightness comparable to the faint object. We then measured the coordinates and
magnitude of the injected source using the same procedure as for the faint object. We
find that for separations ~ 4”.2, the recovered position is systematically pulled towards the
bright star by 0”.1-0”.2. This is small enough that we do not apply this correction. The
same exercise led us to derive the photometric bias. The de-biased R-band magnitude of P
ismp =24.3£0.1.

To infer properties of the WD, we need to calculate its absolute magnitude. To calculate
the optical extinction, we assume that the ratio N /N, is constant along the line of sight
in the direction of PSR J1614-2230. The dispersion measure (DM) for PSR J1614-2230 is
34.5 pcem™ (Demorest et al., 2010), and the total DM in this direction is 104 pc cm™ (Cordes & Lazio,
2002)—about a factor of three higher than the pulsar DM. This implies that the pulsar is be-
hind approximately one third of the galactic absorbing column. We can then scale the total
R band extinction in this direction (Ag, = 0.65; Schlegel et al., 1998) to get Ar = 0.22.
We assume A = 0.47 pm for the g band , and use the standard reddening law with
Ry = 3.1 to get Ay = 0.34 (Cox, 2000).

Demorest et al. (2010) use the DM to estimate that PSR J1614-2230 is at a distance
d = 1.2 kpc. For this distance, the extinction-corrected R-band absolute magnitude is
Mp = 13.7 £ 0.1. Furthermore, they place a lower limit of 900 pc on the distance, using
pulsar parallax from timing measurements. The corresponding absolute magnitude is M =

14.3 £0.1.

“http://www.sdss.org/dr6/instruments/imager /index.html#filters
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Figure 7.1. Top: R band LRIS image of the PSR J1614-2230 field. The expected location of the
target for epoch 2010.52 is shown by two horizontal lines just below the center of the
image. The CCD shows considerable blooming in rows and columns around bright stars.
The hexagonal mirror shape gives six diffraction spikes separated by 60°.
contamination of the target by these artifacts from the bright star @), we set the position
angle to 300°. Bottom: R-band (left) and g-band (right) images of PSR J1614-2230.
The target (P) is detected in the R band at o = 16"14™36°.50, § = —22°30'31”.72 and
is marked with thick horizontal lines. There is a 0”.33 offset between the expected and
observed positions of the target (Table 7.2). The target is not detected in the g-band,

but the R band location is marked for reference. The diagonal streak in the R image is

a bad CCD column.
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Figure 7.2. Inferred parameters for PSR J1614-2230 as a function of distance. The gray or dotted
regions show the error bars on each parameter. Top left: The absolute R-band magnitude
of the WD. Top right: WD cooling age inferred from Chabrier et al. (2000). The kink
at 3 Gyr may be a result of granularity of the tables. Bottom left: the intrinsic period
derivative (P) in the pulsar frame, corrected for the Shklovskii effect. Since the pulsar
cannot be spinning up, the values of P < 0 are unphysical and are shown as the dotted
area. The maximum distance to the pulsar is inferred to be 1540 pc. Lower right:
the initial spin period of the pulsar. Birth periods slower than the current period are

excluded.
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7.4 Pulsar age and birth spin period

The measured mass (0.5 Mg) and the inferred absolute magnitude (Mp ~ 13.7) when
applied to WD cooling models (Chabrier et al., 2000) lead to an age of 7 ~ 2.2 Gyr. For
such a WD, the expected absolute magnitude in other bands is Mp = 14.6 and My = 14.1.
This gives mgy ~ 25.0, consistent with our non detection.

As per the standard evolutionary model for MSPs, the NS in PSR J1614-2230 was spun
up by accretion from a low- or intermediate-mass companion star. The accretion stopped
when the companion decoupled from its Roche lobe and became a WD. At this point, the
MSP started spinning down by radiating energy. The spin-down age of the MSP is thus
equal to the cooling down age of the WD.

The period of the pulsar at birth (P ), its spin-down age (7), present-day period (P)

and period derivative (P) are related to each other as follows:

- (%) ] (7.1)

where n is the “braking index” for the pulsar, with n = 3 appropriate for a dipole radiating

P
(n—1)P

into vacuum. Thus, the period at birth is given by

/ n=

TP(n —1)

P =P
P

1— (7.2)

The measured period derivative of a pulsar (P ) is always higher than its true pe-
riod derivative (P) owing to transverse motion (Shklovskii, 1970). The corrected period
derivative is P = P — Pp d/c, where d is the distance and g is the proper motion.
Demorest et al. (2010) measure p = 32(3) mas yr~ for PSR J1614-2230. Using the nomi-
nal distance d = 1.2 kpe, P =4.8 x 10~ ss~

The DM inferred distance is quite uncertain, so it is useful to consider the dependence
of all parameters on distance. Figure 7.2 shows the range of values for the R-band absolute
magnitude (Mpg), the WD cooling age (7 ), the intrinsic period derivative in the pulsar’s
frame (P) and the initial spin period (P ). Since there is no energy injection to the pulsar

now, it must be currently spinning down. This implies P > 0 and allows us to calculate

an upper limit on the distance to the pulsar: d = 1540 pc (1-0). The last panel in
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Figure 7.3. Pulsar P-P diagram. Period derivatives are corrected for the Shklovskii effect. Some
interesting systems are labeled. Filled symbols are pulsars in globular clusters, whose
P may be affected by the dense environment. Circles denote NS binaries with mass
measurements. The dashed lines are the pulsar rebirth lines P = (M /Mgqq)l.1 x
10715 s=4/3 p4/3 (Arzoumanian et al., 1999) for M/Myq = 1, 10~ and 1072, The
location of PSR J1614-2230 on this plot depends on the distance (see Section 7.4).
Were the pulsar to be at 900 pc, it would be born at the star symbol and evolve toward
its present-day location, the hollow circle marked “E”. If instead it is at 1200 pc, the
birth location is shown by the upward triangle, which also coincides with its present-day
location. The solid curve passing through the star and the upward triangle denotes all
possible birth locations for PSR J1614-2230. The system evolves through the shaded
gray area to its present-day location on the vertical line through E and the upward

triangle.
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Figure 7.2 shows P > 2.75 ms. We conclude that the pulsar in PSR J1614-2230 must
have been born with a period close to the current observed value.

The birth spin period of a NS is governed by an equilibrium between the ram pressure of
the accreting material and the magnetic field. NSs spun up by accretion at the Eddington
rate (M ) are reborn as MSPs on the “rebirth line” (Arzoumanian et al., 1999). Figure 7.3
shows this rebirth line on a P-P diagram, along with current positions of various pulsars
from the ATNF database (Manchester et al., 2005). Also shown are rebirth lines for pulsars
accreting at 10° M and 10~ M . For a pulsar radiating as a dipole, the PP product
remains constant through its lifetime. Thus, we can calculate the initial spin-down rate of
the pulsar: P = PP/P , where P comes from Equation 7.2. If PSR J1614-2230 is
at 900 pc, then it would have been born with P =3.1x 10~ ss~ and P = 2.84 ms.
This value is indicated with a star. The pulsar then evolves toward the lower right, to the
circle marked “E”. Similarly, the birth parameters for the pulsar assuming d = 1.2 kpc are
shown by the upward triangle—it is nearly coincident with the current parameters of the
pulsar for this distance. Other possible birth locations for the pulsar lie along the solid
line passing through the star and triangle. The gray region shows all possible positions
that PSR J1614-2230 can have occupied in its lifetime. It is clear that the pulsar was born
well below the rebirth line, and the mean accretion rate during the spin-up phase (the final
major accretion phase) was lower than 10~ M

Two groups have run detailed simulations of the evolution of PSR J1614-2230. The
Lin et al. (2011) model and the preferred model of Tauris et al. (2011) are qualitatively
similar: the system begins as an intermediate mass X-ray binary consisting of a NS and a
~ 4 Mg main-sequence secondary, which evolves to form a CO WD with an He envelope.
The secondary accretes mass onto the NS in three phases. The first phase (A1) is a thermal
timescale mass transfer at super-Eddington accretion rates, where the NS gains little mass.
The next phase (A2) is on a nuclear timescale (~ 35 Myr), when the secondary is burning
H in the core and envelope. During this phase, the accretion rates are upto about a tenth of
the Eddington limit. During the final accretion phase (phase AB), the secondary is burning
He in its core and H in an envelope. This causes the radius of the donor star to expand,
triggering accretion at near-Eddington rates for 5-10 Myr. The NS gains the most mass

during this phase. For typical NS parameters, accreting 0.1-0.2 Mg, is enough to spin them
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up millisecond periods (Kiziltan & Thorsett, 2010). Hence, the near-Eddington accretion
in phase AB should spin the pulsar up all the way to the rebirth line. This is inconsistent
with our inferred birth position of PSR J1614-2230.

If the stellar evolution models are correct, then there is a problem with the standard
formation scenario of MSPs (Radhakrishnan & Srinivasan, 1982; Alpar et al., 1982). In
essence, the birth period depends on factors other than the magnetic field strength and
accretion rates. For instance, Bildsten (1998, 2003) proposes that accretion induces a
quadrupole moment ) in the NS. The NS then loses angular momentum by gravitational
wave radiation. Since the magnetic fields do not play any significant role in this model,
the rebirth line becomes irrelevant, and PSR J1614-2230 may start its life anywhere on
the P-P diagram. In summary, the birth of PSR J1614-2230 away from the rebirth line
requires reconsideration of angular momentum loss mechanisms.

Going forward, on-going radio observations (pulsar timing and VLBI) should improve
the parallax and thereby decrease the uncertainty in the inferred P and thus better locate
the pulsar in the P-P diagram. The scattered light from light Q, while bothersome to the
present observations, provide an opportunity to use adaptive optics to measure the near-IR
fluxes of the WD. Grism spectroscopy with Hubble Space Telescope can potentially reveal
the presumed H+He layer posited by stellar evolutionary models of Tauris et al. (2011).
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Chapter 8

Conclusions and Future Work

When we started the X-Mas survey, masses had been measured for only six neutron stars in
high-mass X-ray binaries. To date, we have contributed three of the dozen known masses
in this list (Figure 8.1). Our measurements fully support the initial hypothesis that NSs in

HMXBs have a wide spread in masses. X-Mas is an ongoing program, and we will add a
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Figure 8.1. All known masses of neutron stars in HMXBs. Red ¥ indicate mass measurements
discussed in this thesis, blue e are measurements in literature. For Vela X-1, OAO 1654~
415, IGR J18027-2016 and EX01722-363, the solid and hollow symbols correspond

edge-on and Roche-filling systems respectively. For references see Table 4.1.
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few more measurements to this list.

Neutron star mass measurements have come to a stage where they provide critical
feedback to fundamental physics. The recent discovery of a two solar mass neutron star
(Demorest et al., 2010) has ruled out some equations of state which preclude the existence
of such heavy NSs (Figure 4.1). We can push these limits futher by finding heavier NSs
or improving constraints on the existing heavy candidates like 4U 1700—37 (Clark et al.,
2002) and XMMU J013236.7+303228 (Chapter 6). For instance, the discovery of a 2.5 Mg
object can rule out most proposed EOSs, leaving only a few candidates like MSO and MS2
(Lattimer & Prakash, 2007).

Beyond constraints on the EOS, an intriguing open question is the paucity of compact
objects in the 2.5 — 6 solar mass regime (e.g., Remillard & McClintock, 2006; Ozel et al.,
2010). While all neutron stars have masses < 2.5 Mg, the six stellar-mass black holes with
dynamical mass measurements are all heavier than 6 My (Figure 8.2). This gap in masses
of compact objects persists even after accounting for lower limits on masses of other black
holes (Ozel et al., 2012). While fundamental physics sets the maximum mass for a NS, it
does not rule out the formation of, say, a four solar mass black hole. Instead, this gap must
arise from the astrophysical scenarios in which black holes form. This gap also suggests the
possibility that the distribution of NS masses will probably not have a sharp cutoff governed
by fundamental physics. Instead, the formation mechanisms pertaining to core collapse of
massive stars do not form compact objects in this regime. More and more robust neutron
star mass measurements will enable us to confirm or refute the existence of this gap.

Over the course of this project, we have developed and refined methods for obtaining
accurate radial velocity measurements of OB stars. We learned some important lessons
along the way, which will help us in planning any future observations. For planning the
observing runs, wherever possible, we will choose the spectrograph position angle to place
a reference star on the slit along with the target. We can measure the velocity of the
target with respect to this star, to overcome systematic errors in data analysis. We will
also consider using multi-slit spectrographs for this purpose. In previous observing runs,
we obtained calibration arc data at the position of each target. In data analysis we dis-
covered that DBSP and LRIS have very stable wavelength solutions, so we can save time

by skipping this step, and obtaining more arc lamp exposures and flat fields at the start
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Figure 8.2. Masses of Black Holes: Dynamical measurements have yielded masses for only six stellar
mass BHs (magenta data points, top). Lower limits on mass are known for several other
systems (blue data points). There are no known compact objects with masses in the
range of three to six solar masses. Image reproduced with permission from Ozel et al.

(2012).
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of the night. It was useful to split the total observing time for a target into multiple ex-
posures. In case there were problems like tracking issues or bad readout during any of
the exposures, it does not ruin the complete data for that target for that night. We also
learned several lessons in data reduction and analysis, which often involved reprocessing
data to get better results. I have compiled these in a separate document, available online
at http://authors.library.caltech.edu/31417.

This field is in an exciting phase now, with several developments favoring the exploration
of NS masses. Integral is continuing to finding new X-ray binaries. The upcoming AstroSat
and NuSTAR missions will enable X-ray timing measurements for many such systems.
Beyond X-ray binaries, extensive radio surveys are studying neutron stars for projects like
Nanograv. Serendipitously discovered NS binaries in such systems can also be studied to
measure NS masses. This ever increasing sample of neutron star masses will help us better

understand neutron stars from the context of both: fundamental physics and astrophysics.


http://authors.library.caltech.edu/31417

Appendix
This is an abridged version of the thesis for file size considerations. Please download the

complete version from http://thesis.library.caltech.edu


http://thesis.library.caltech.edu
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