7, .
Wsaaun

MULTI-WAVELENGTH STUDY OF NEUTRON STARS IN THE
MAGELLANIC CLOUDS

Johanna Titus
January 2020
VIRJOHO004

A thesis submitted in fulfilment for the
degree of Doctor of Philosophy
in

Astronomy

Department of Astronomy
UNIVERSITY OF CAPE TOWN

Supervisors: A/Prof. Vanessa McBride, Prof. Benjamin Stappers, Dr David Buckley



The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Abstract

Massive stars are essential drivers of galaxy evolution, as well as the synthesis of heavier
elements, enriching the interstellar and intergalactic medium with metals through every cycle
of star formation. Thus to understand the evolving universe, it is essential to quantify the
formation and evolution of massive stars in different environments. Most massive stars are born
in binaries, as such their evolution are significantly affected by episodes of mass transfer. In this
thesis I explore neutron stars, one of the endpoints of massive stars’ evolution, in a bid to further
understand the effects of binarity on evolution. To start, I conduct an optical spectroscopic and
timing study of candidate X-ray binaries in the Large Magellanic Cloud (LMC), resulting in a
50% increase in the confirmed population of accreting neutron stars in the LMC. Following this
study, I carry out a targeted radio pulsar search in the Small Magellanic Cloud (SMC), leading
to the discovery of new pulsars, corresponding to a population size increase of 40%. The new
radio pulsars allow for further characterisation of the SMC pulsar population. To relate these
observational incarnations of neutron stars (i.e. radio pulsars and accreting X-ray pulsars), I
utilise a binary population synthesis code that enables the prediction of pulsars in the SMC
under the assumption that all pulsars are products of massive binary evolution. The simulations
successfully reproduce the observed radio pulsar population of the SMC. Ultimately, pairing
observational results with simulations can establish practical guidelines for future surveys, and
provide a basis for using different observed populations of neutron stars to constrain binary

interactions and evolution.
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Chapter

Introduction

Since the early universe massive stars have been driving galaxy evolution by means of radia-
tive and supernova (SN) feedback, enriching the interstellar medium (ISM) and intergalactic
medium (IGM) with heavy elements. They also provide massive shocks to the ISM, aiding the
formation of H; regions and the collapse of gas and dust clouds initiating further star formation
(Loren et al. 1973, Talbot 1980, Kennicutt 1989, Wong & Blitz 2002). Thus understanding
the evolution of massive stars in different environments and various galaxies with potentially
different initial mass functions and other properties is crucial if we hope to understand our

evolving universe.

1.1 Massive binary evolution

Recent star formation episodes (SFEs) produce massive O and B stars. Given that most massive
stars occur in binaries (Sana et al. 2012; 2014) it is essential to consider the effect of binarity
on their evolution. Mass transfer, in particular, has a significant impact on stars, and can lead

to the formation of unique stellar products.

The following description of massive binary evolution highlights the relevant channels that
favour the formation of neutron stars (NSs), and is depicted in Figure 1.1. Although the
described channels will likely result in the formation of NSs, black holes (BHs) also form
occasionally, and consequently affect the evolution of the binary. The conditions leading to
the formation of either a BH or a NS depends on the massive star’s initial mass, mass loss
through stellar winds, metallicity (Fryer & Kalogera 2001, Heger et al. 2003), binarity (Linden
et al. 2010), angular momentum (Georgy et al. 2009), nucleosynthesis, and neutrino transport

for supernovae (Sukhbold et al. 2016). BHs in particular, are predicted to form when the
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Figure 1.1: The evolution of massive binaries (adapted from Tauris et al. 2017). The zero age
main sequence (ZAMS) stars are both OB stars. Here follows a list of abbreviations used: b)
Roche lobe overflow — RLO; c¢) Helium star — He star; d) supernova — SN; €) gamma-ray binary
— GB; f-h) high mass X-ray binary — HMXB; i) common envelope — CE; j) neutron star - He star
binary — NS + He star; k) Binary of recycled and young radio pulsar — Recycled + young PSR.
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initial star’s mass exceeds 25 Mg, for a variety of metallicities (Heger et al. 2003). This pre-

diction is limited to single stars, since mass transfer in a binary is complex and not trivial to solve.

If a binary consists of a pair of OB stars (Figure 1.1, a), the more massive star evolves faster and
eventually fill its Roche lobe. The Roche lobe is defined as a equipotential surface (Figure 1.2)
beyond which particles will no longer be gravitationally bound to the star (see Leahy & Leahy
2015 and references therein). Once the star fills its Roche lobe, mass and angular momentum
are transferred to the companion via the inner Lagrange point (L), resulting in a spun-up
companion (Figure 1.1, b). When the donor’s hydrogen envelope is stripped a helium-rich core
will remain. This core is also known as a He-star (Figure 1.1, ¢). If the He-star results in a
core-collapse SN (Type Ib/c; Yoon et al. 2010) a NS will likely form. Core-collapse SN occur
in high mass stars once the core is iron, and hence fusion can no longer provide energy. At this
point insufficient radiation pressure is produced to balance the effect of gravity, and so the core
contracts until the free electrons are captured by heavy nuclei and protons. Up to now the core
has been supported by the free electrons through electron degeneracy pressure, however with
their capture the electron degeneracy pressure is overcome and the core collapses producing
shock waves, expelling the stars envelope. The initial SN will disrupt 80% of binaries (Eldridge

et al. 2011), leading to both isolated OB stars (and in some cases, runaway) and NSs.

Roche lobe Roche lobe
of star 1 of star 2

i
e

Figure 1.2: Roche lobe geometry of binary system where the more massive star 1 is filling its
Roche lobe, and transferring mass to star 2 (not filling its Roche lobe) via the inner Lagrange
point (Ly).

1.1.1 Radio pulsars

A NS can emit coherent, highly beamed radio emission if its spin period is fast enough and
magnetic field is sufficiently strong (see Figure 1.4). Such NSs are referred to as radio pulsars.

Since the first radio pulsar discovery by Hewish et al. (1968), numerous observational and
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theoretical campaigns have been undertaken to shed light on the physical processes producing
the radio pulsar emission. Despite the dedication of many astronomers, the exact mechanism
producing the highly beamed, coherent radio emission is still poorly understood; nonetheless a
generic radio pulsar model has emerged. A radio pulsar can be modelled as a rotating magnetic
dipole with a misaligned magnetic and rotational axis radiating energy. A magnetospheric
plasma is generated by the pulsar’s magnetic field and the extraction of charged particles from
the NS surface. The charged particles are accelerated along the magnetic field lines, producing
radio emission (see Gurevich & Istomin 2007 and references therein). With the plasma mag-
netically threaded, it co-rotates with the rapidly spinning NS. Co-rotation is maintained to a
maximum radius where the plasma’s speed is equal to the speed of light. This threshold defines
a theoretical surface known as the light cylinder (Figure 1.3). The light cylinder divides the
dipolar magnetic field into closed and open magnetic field line regions. The closed lines occur
within the light cylinder where the plasma’s speed does not exceed the speed of light. The field
lines penetrating the light cylinder remain open to prevent the plasma from exceeding the speed
of light, and defines the polar cap of the NS. Consequently, the charged particles accelerating
from the polar cap along the open field lines allow for the formation of the observed, highly

beamed coherent synchrotron radio emission.

Observations of isolated radio pulsars suggests that they will spin down, and lose their ability
to generate radio emission within ~100 Myr (Faucher-Giguere & Kaspi 2006). Figure 1.4 is a
canonical period — period derivative (P — P) diagram, showing the parameter space within which
the radio pulsar mechanism is active. Isolated radio pulsars evolve diagonally across from the
top left to the bottom right of the P — P diagram as they spin down. Radio pulsars in binaries can
go through a mass accretion phase that spins them up to millisecond spin periods (i.e. recycled
millisecond pulsars) and are located in the bottom left corner of the P — P diagram. It also shows
one possible death line determined by Bhattacharya et al. (1992) followed by the graveyard
region (grey shaded region in Figure 1.4) where a NS cannot produce beamed radio emission.
The radio emission ceases when the potential drop supported by the NS’s magnetosphere is no
longer sufficient to strip charge particles from the surface of the NS (Ruderman & Sutherland
1975).

Young radio pulsars are often associated with SN remnants (SNRs), and subsequently pulsar
wind nebulae (PWNe) if their magnetic fields are of the order ~10"2-101 G (Gaensler &
Slane 2006). PWNe are powered by a central pulsar, generating a magnetised particle wind
whose ultra-relativistic electrons and positron radiate synchrotron emission across the entire
electromagnetic spectrum (Goldreich & Julian 1969, Pacini & Salvati 1973, Rees & Gunn 1974,

Kennel & Coroniti 1984). The expanding pulsar wind creates a shock front when it collides
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Figure 1.3: Canonical radio pulsar model of a rapidly rotating magnetic dipole (Lorimer &
Kramer 2012).

with the ISM and forms a PWN in its wake emitting X-rays and radio emission.

1.1.2 Gamma-ray binaries

About ~20% of all binaries survive the initial SN (Figure 1.1, d). The surviving binaries consist
of rapidly spinning radio pulsar and massive companion. At this stage the binaries are thought
to enter the gamma-ray binary (GB, Figure 1.1,e) phase during which the binaries emit radiation
across the entire electromagnetic spectrum, peaking in the gamma-rays beyond 1 Meyv. Initially
the propeller effect (Illarionov & Sunyaev 1975) causes a centrifugal barrier produced by the
rotating magnetosphere of the neutron star and prevents material from accreting onto the surface
of the rapidly spinning young pulsar. At this point the pulsar will spin down dramatically due
to substantial energy losses from the relativistic pulsar wind Figure 1.5). However, the stellar

wind and radiation field of the OB companion will impose an additional torque on the pulsar’s
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Figure 1.4: The canonical P— P diagram for radio pulsars showing constant characteristic age
lines, as well as lines representing the minimum surface magnetic field of a radio pulsar. The
red stars show radio pulsar, supernova remnant associations, the blue markers show isolated
radio pulsars, and the cyan markers show the binary pulsars. The diagram shows the period
(P), and period derivative (P) regime that allows the formation of radio beams. Conversely, the
black line shows a pulsar death line (Bhattacharya et al. 1992) followed by the grey region that
highlights the graveyard region where the parameters are not favourable for the formation of
radio beams. (Manchester et al. 2005; https://www.atnf.csiro.au/research/pulsar/psrcat).

magnetosphere, causing it to spin down further via electromagnetic braking. The interaction
between the energetic pulsar wind particles and the OB companion generates non-thermal ra-

diation across the whole electromagnetic spectrum generating a "binary pulsar wind nebula".

There is some evidence for the binary pulsar wind nebula scenario, although radio pulsa-
tions have not been detected in most GBs. The absence of the radio pulsations is likely a

result of scattering caused by the stellar winds of the massive companions (Dubus 2013). The
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two GBs that show radio pulsations (PSR B1259-63/LS 2883, Johnston et al. 1992; and PSR
J2032+4127/MT91 213, Lyne et al. 2015;) have extremely wide, eccentric orbits with orbital
periods of ~3 (Wang et al. 2004) and ~40 years (Ho & Andersson 2017) respectively, which
could be the reason radio pulsations are detected. In the absence of radio pulsations it is
extremely difficult to determine if the compact object is a NS or a BH, since GBs can also be
powered by non-thermal jet emission from an accreting BH (Massi et al. 2017). Dynamical
determinations of the compact object mass are also challenging in the presence of a massive
companion, since the spectral perturbations induced by the orbiting compact object may not
easily be resolved. Thus, the nature of most compact objects are unknown. The GB phase is
thought to be a short-lived phase (10° yr, Figure 1.5), consequently we do not expect to observe
many of these binaries. This is consistent with observations, as only seven GBs have been
detected to date (Dubus et al. 2017, Paredes & Bordas 2019).

Once the pulsar has spun down sufficiently, it approaches what is known as its equilibrium

spin period, where it matches the speed of the in-falling material from the companion. At this

point accretion will commence as the binary transitions to the high mass X-ray binary phase.

[
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Figure 1.5: The evolution of the spin period of the young NS from a radio pulsar through to the
Gamma-ray binary (GB) phase, and finally leading up to the High mass X-ray binary (HMXB)
phase (adapted from Padmanabhan 2001).
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1.1.3 High mass X-ray binaries

Following the GB phase the binary transitions to the high mass X-ray binary (HMXB) phase
when the ram pressure of the in-falling matter overcomes the pulsar wind. The in-falling ma-
terial can form an accretion disc, or alternatively, be threaded directly along the magnetic field
lines onto the magnetic poles of the NS producing beamed X-ray emission (Pringle & Rees
1972). All HMXBs harbour NSs, except for the five BH HMXBs, namely Cygnus X-1 (Gies &
Bolton 1986, Orosz et al. 2011), LMC X-3 (Hutchings et al. 1983; 1987), M 33 X-7, MWC 656
(Casares et al. 2014), LB-1 (Liu et al. 2019). The presence of a BH can alter the evolution of
the binary significantly, and is explored in Section 4.2.2. The remainder of this section assumes

the compact object is a NS, however the description also applies to the atypical BH HMXBs.

HMXBs include Be/X-ray binaries (BeXBs) and supergiant X-ray binaries (SGXBs). BeXBs
(Figure 1.1, g) are transient X-ray sources (Lx ~1030-1038 erg s, Charles & Coe 2006)*, and
typically consist of a NS in a wide (Pyr > 15 days), eccentric orbit around an emission line,
non-supergiant Oe or Be companion. Although, the companions are known to have late O or
early B spectral types, the majority have spectral types of BO—B1 (Negueruela & Coe 2002,
Coe et al. 2005, McBride et al. 2008, Antoniou et al. 2009, Maravelias et al. 2014). The
"e" following the spectral type signifies the emission line spectrum of the companion. The
emission originates from a circumstellar disc around the star that forms due to its rapid rotation.
Packet (1981) showed that a companion would be spun up to near-critical rotation when its
mass increases by as little as 5 —10% during the initial mass transfer. Although the formation
of the circumstellar disc is often associated with binary interactions, the OBe phenomena can
be explained by two other scenarios: (1) stars born with large rotational velocities; (2) stellar
structural changes that occur during the second half of an OB star’s main sequence life time,

i.e. an evolutionary effect of OB stars.

It is still unclear whether isolated OB stars are born with large rotational velocities or if it
is an evolutionary effect. Fabregat & Torrejon (2000) found that the OBe phenomena is com-
pletely absent in Galactic clusters younger than 10 Myr, while Keller et al. (2000) found a
similar trend for the Magellanic Clouds (MCs). This suggests the OBe phenomenon is related
to the stars evolution. Conversely, Zorec & Briot (1997) found that Galactic B field stars are
as abundant as Galactic Be field stars, providing no evidence for the evolutionary scenario. To
clarify the evolutionary connection to the formation of OBe discs, more detailed studies are
required. Although the exact mechanism responsible for the formation of a circumstellar disc
is poorly understood, Rivinius et al. (2013) suggested the combination of non-radial pulsations

with critical rotation velocities of OBe stars can lead to an equatorial outflow, forming a cir-

*The quiescent X-ray luminosity of BeXBs can be as low as 1033 erg s
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cumstellar discs.

SGXBs are usually persistent X-ray sources in close binaries (Po, <40days), and occur
in two distinct evolutionary stages which relates to the state of the supergiant companion.
During the earlier evolutionary stage, the NS accretes material via strong stellar winds with
Lx ~10%—10*8 ergs™! (Chaty et al. 2019), while the companion is well within its Roche lobe
(Figure 1.1, f). A subclass of wind-fed SGXBs has been identified, known as super-giant
fast X-ray transients (SFXTs) with Lx ~10%3 —10%" ergs! (Walter et al. 2015). Their unique
short-lived, transient X-ray flares (lasting 100 — 10 000 s) are thought to be generated by a young
NS accreting material from a supergiant OB star. Walter et al. (2015) suggests that the peculiar
X-ray flares associated with SFXTs can be a result of clumpy winds from the companion. Apart
from the clumpy winds, SFXTs have similar OB companions, orbital periods, and eccentricities
when compared to classical SGXBs. The second evolutionary stage of SGXBs occur when
the companion evolves and fills its Roche lobe (Figure 1.1, h). During this phase a persistent
accretion disc will form around the NS, spinning it up while emitting copious X-rays with
Lx ~10°8 ergs’! (Chaty et al. 2019).

The majority of HMXBs are observed as either the BeXBs or wind-fed SGXB (Liu et al. 2005).
To date only three Roche lobe overflow (disc fed) systems are known (Cen X-3, SMC X-1,
LMC X-4). BeXBs and wind fed SGXBs are more common since these evolutionary stages
last longer, while the disc fed systems become dynamically unstable, and can enter a common
envelope (CE) phase (van den Heuvel 1976).

1.1.4 Double degenerate binaries

The evolution from the HMXB phase depends on the nature of the compact object and its
orbital parameters. If the compact object is a BH, the Roche lobe overflow (RLO) will be stable
for both wide and close binaries, avoiding a CE phase altogether (van den Heuvel et al. 2017,
Pavlovskii et al. 2017). Such binaries result in the formation of a He-star and consequently a BH,
producing a double BH binary. Close NS HMXBs enter a CE phase (Figure 1.1, i), but spiral in
and merge with their companions forming hypothesised Thorne-Zytkow stars (Podsiadlowski
et al. 1995). Only NS BeXBs with orbital periods exceeding a year are likely to survive the CE
phase (Tauris et al. 2017).

The surviving binaries emerge from the CE phase consisting of a NS and a He star (Fig-
ure 1.1,j). The system can enter a second RLO phase when the He star fills its Roche lobe
(Case BB RLO; Habets 1986, Tauris et al. 2015) if the orbital separation and eccentricity are

small enough. The RLO initiates a relatively long phase of accretion onto the NS, producing a
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spun up, recycled radio pulsar. The resulting He star will end its life through an ultra-stripped
SN explosion (Tauris et al. 2013, Suwa et al. 2015, Moriya et al. 2017). Tauris et al. (2017)
showed that most binaries survive the second SN, however it depends on the orbital separation,
eccentricity and the kick imparted to the newly formed compact object. The resulting double
degenerate binary is a potential detectable gravitational wave source provided the orbital period

is sufficiently short to spiral in within a Hubble time.

1.2 Magellanic Clouds

To understand how stellar evolution affects a galaxy, it is necessary to study a representative
sample of the underlying stellar population. In most cases this is not possible, because of ex-
tinction in our Galaxy, or vast distances to other galaxies preventing the resolution of individual
stars. However, the Small and Large Magellanic Cloud (SMC & LMC respectively) are close
enough (60 & 50 kpc respectively, Graczyk et al. 2014; Pietrzynski et al. 2019) to resolve
individual stars, providing an independent astrophysical laboratory outside of the Milky Way.
Minimal extinction and known distances make the Magellanic Clouds (MCs) ideal for extensive
studies of their stellar populations, and potentially, the environmental impact on star formation
(SF, Dray 2006; Walter et al. 2015).

1.2.1 Star formation histories of the Magellanic Clouds

Harris & Zaritsky (2004; 2009) determined the complete global SF history (SFH) of the MCs
using the StarFISH SFH reconstruction program (Harris & Zaritsky 2002) with the Magellanic
Cloud Photometric Survey (MCPS, Zaritsky et al. 2004) data as an input. They found that
approximately 50% of the stellar population of the SMC formed 8.4 Gyr ago, followed by a
quiescence period until 3 Gyr ago. During the last 3 Gyr the SMC experienced an epoch of con-
tinuous SF with peaks at 2.5 Gyr, 400 Myr and 60 Myr. The SF episodes at 2.5 Gyr, 400 Myr are
consistent with perigalactic passages of the Milky Way (MW), that seem to have prompted the
respective SF episodes due to tidal interactions. Although some of the SF activity is attributed
to perigalactic passages, there is some controversy associated with the MCs orbit around the
MW. The general consensus is that the MCs have completed ~2 orbits (Shattow & Loeb 2009,
Zhang et al. 2012, Diaz & Bekki 2011; 2012), however Besla (2015) argues the MCs are yet to
complete an orbit around the MW. The LMC had a SF episode more than 12 Gyr ago followed
by a quiescent epoch until 5 Gyr ago. Since then the SF rate peaked at 2 Gyr, 500 Myr, 100 Myr
and 12 Myr ago. The 2 Gyr and 500 Myr SF episodes in the LMC are almost coincident with
SF episodes in the SMC, indicating a shared history for at least several Gyr. Figure 1.6 shows
the SFH and metallicity evolution of both the MCs.
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Figure 1.6: Magellanic Cloud star formation histories. The SFH is shown on a linear scale
with three sections. The left panel highlights the first ~100 Myr, the middle panel extends up
to 1~Gyr, while the third panel ends at ~14 Gyr. The best fit to the star formation rate (SFR)
is shown with the solid black line, while its uncertainty is indicated by the shaded grey region.
The metallicity at each age distribution is shown in blue (Z =0.001), green (Z =0.0025), orange
(Z2=0.004), and red (Z=0.008).

The most recent SF episodes (last 100 Myr) produced observable O and B stars. The short
life cycles of massive OB stars (~1—10Myr, Figure 1.7) imply that only the most recent SF
episodes produce observable massive stars. Moreover, SF episodes also govern the observable
post-SN evolutionary phases of massive stars. Various observational campaigns at different
wavelengths target particular evolutionary phases of massive binary evolution. In particular
radio observations target NSs that are in the radio pulsar phase, while X-ray observations
identify accreting X-ray pulsars and BHs in the HMXB phase. Optical timing and spectral
studies are often undertaken to identify the main sequence or supergiant companions, and thus
infer the nature of the binary itself. Here follows a discussion of the various NS populations in
the SMC and LMC.

1.2.2 Small Magellanic Cloud

The SMC has been the subject of many X-ray campaigns searching for SNRs, background
active galactic nuclei, and X-ray pulsars. Many X-ray pulsars were identified with Chandra,
RXTE, Swift, and XMM-Newton observations. The XMM-Newton telescope surveyed the bar
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and eastern wing of the SMC, covering a 5.6 deg? area to a limiting point source luminosity of
~10% ergs™!. This survey alone yielded 49 new SMC HMXBs (Sturm et al. 2013). In the SMC
all HMXBs belong to the BeXB class, except for SMC X-1 belonging to SGXBs. Multiple
SMC HMXB catalogues have been published, of which the most recent include the Liu et al.
(2005), Coe & Kirk (2015), Haberl & Sturm (2016) and Antoniou et al. (2019) catalogues. The
census by Antoniou et al. (2019) identified 137 HMXBs (candidate and confirmed) of which
~60 are confirmed X-ray pulsars. This population is similar to the population in the Milky Way,
even though the SMC is only one-fiftieth the mass.

The SFH of the SMC may play the most significant role when considering the number of
observed BeXBs. During the initial mass transfer phase of massive binaries (Figure 1.1, RLO),

the progenitor Oe/Be companion will be spun up to near-critical rotation velocity, leading to
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the formation of an equatorial disc within 25—-80Myr (McSwain & Gies 2005). Thus, the
recent SF episode in the SMC that peaked 60 Myr ago results in the optimal time frame for
the detection of Oe/Be stars, and consequently BeXBs. The number of observed HMXBs also
scales linearly with a galaxy’s SFR (Mineo et al. 2012; 2014, Lehmer et al. 2019), implying that
the SMC’s SFH can be inferred from its large HMXB population. Another possible explanation
for the high number of observed neutron stars in the SMC is its low metallicity when compared
to the Milky Way (Dray 2006). Poelarends (2007), Linden et al. (2009) and Linden et al. (2010)
showed that electron-capture SNe is a likely outcome for lower mass stars (<8 Mg) with lower
metallicities, increasing the range of the initial stellar masses required for the formation of

neutron stars.

Despite this large population of neutron stars in the SMC only five rotation powered pulsars
have been discovered (Table 1.1). To date, three SMC radio pulsar surveys have been carried
out. The first was a Parkes survey by McConnell et al. (1991) that resulted in the discovery of
one pulsar, PSR J0045-7319. It was found to be in a 51 day orbit around a 16™ magnitude
B star (Kaspi et al. 1994). In a subsequent SMC survey with the 20 cm Multi-Beam receiver
at Parkes, Crawford et al. (2001) discovered PSR J0113—7220, while Manchester et al. (2006)
observed a larger region of the SMC and was sensitive to an increased dispersion measure (DM)
range, resulting in the discovery of three pulsars (J0045-7042,J0111-7131,J0131-7310). The
Manchester et al. (2006) survey is the most complete survey of the SMC, however the large
distance to the SMC (~60 kpc) implies that only the brightest pulsars (L;400 > 240 mJy kpc?)
were detected, assuming that they have a similar luminosity distribution to the Galactic pulsars
(Figure 1.8).

Table 1.1: SMC pulsar parameters with discovery articles.

Pulsar P DM S1a00 Discovery

JName (ms) (pc cm?)  (m] y) Ref.

J0045-7042 632 70 0.11 Manchester et al. (2006)
J0045-7319 926 105 0.30  McConnell et al. (1991)
JO111-7131 688 76 0.06 Manchester et al. (2006)
JO113-7220 325 125 0.40  Crawford et al. (2001)
JO131-7310 348 205 0.15 Manchester et al. (2006)

1.2.3 Large Magellanic Cloud

The first X-ray surveys of the LMC were carried out with the Einstein (Wang & Helfand 1991),
and ROSAT (Haberl & Pietsch 1999) X-ray telescopes and they revealed a dozen point sources
associated with the LMC. Later on Kahabka (2002) identified 20 —30 ROSAT point sources
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Figure 1.8: The radio luminosity distribution at 1400 MHz of all known Galactic pul-
sars. The green (LMC) and red (SMC) lines show the limiting luminosities of the Manch-

ester et al. (2006) survey. Data from the ATNF catalogue (Manchester et al. 2005;
https://www.atnf.csiro.au/research/pulsar/psrcat).

that have X-ray hardness ratios consistent with X-ray binaries. These X-ray sources had lumi-
nosities exceeding 10% ergs’!. Initial XMM-Newton observations uncovered one new HMXB
(Haberl et al. 2003), as well as four candidates (Shtykovskiy & Gilfanov 2005). The various
surveys have so far uncovered ~40 HMXBs (candidate and confirmed, Antoniou & Zezas 2016)
HMXBs.

The relatively small number of detected HMXBs in the LMC is not unexpected since An-
toniou & Zezas (2016) showed that the HMXB production rate in the LMC is considerably
less efficient than that of the SMC. As mentioned above, the metallicity of the host galaxy
influences stellar evolution. Thus, the higher metallicity of the LMC (Zpyc ~0.5 Zg, Cole
2005) can cause fewer BeXBs to form when compared to a galaxy with a lower metallicity.
The SFH of the LMC also plays a role when considering the number of observable HMXBs.
The most recent SF episode occurred 12 Myr ago, too recent for the associated O and B stars to
form an equatorial disc, and consequently too early for massive binaries to evolve into BeXBs.
However, during this SF episode a population of SGXBs and BH-HMXBs could have been
formed (Antoniou & Zezas 2016). The second most recent SF episode occurred 100 Myr ago.

By this time, the vast majority of the massive binaries would have evolved past the HMXB phase.
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The LMC harbours 21 rotation powered radio pulsars (Table 1.2), that were discovered by
various Parkes radio telescope observations of the LMC. The McCulloch et al. (1983) survey of
the LMC lead to the discovery of its first radio pulsar, while a subsequent survey (McConnell
etal. 1991) uncovered two new pulsars (McCulloch et al. 1983, McConnell et al. 1991, Crawford
et al. 2001, Manchester et al. 2006, Ridley et al. 2013). The most complete and sensitive radio
pulsar survey was carried out by Manchester et al. (2006), and discovered nine new pulsars.
Ridley et al. (2013) discovered three new pulsars in a partially completed LMC survey (49 out
209 pointings), while also uncovering five new pulsars by reprocessing archival data. Young,
energetic radio pulsars are strong non-thermal X-ray emitters, and can result in the detection of
radio pulsars. Two young LMC pulsars associated with SNRs were first detected in the X-rays
by the Einstein X-ray observatory (Seward et al. 1984), and the Rossi X-ray Timing Explorer
(Marshall et al. 1998). The observed radio pulsar population of the LMC may be related to
its SFH. In particular, the SF episodes that occurred 12 and 100 Myr ago produced massive
stars, and consequently resulted in the formation of young and old radio pulsars respectively.
Although a moderate LMC radio pulsar population has been uncovered, only bright pulsars
were detected (L1400 > 160 mJy kpc?). Future, more sensitive surveys are required to uncover

more pulsars to understand the underlying properties of the LMC pulsar population.

1.2.4 Thesis overview

The MCs present us with a paradox of sorts. The SMC harbours many HMXBs (~120 candi-
date and confirmed), and relatively few radio pulsars (5), while the LMC contains few HMXBs
(~40 candidate and confirmed) and a relatively large population of radio pulsars (21). The
various NS populations of the MCs are likely a result of their unique environment and SFHs.
In order to quantify these effects and understand their relevance for massive binary evolution,
it is necessary to characterise the observational selection effects of the surveys, including flux

limits, coverage and sensitivity to both pulsed and unpulsed emission at different wavelengths.

The SMC has been surveyed in the X-rays to a limiting point source luminosity of ~103 ergs™!
in the (0.2—-4.5) keV band (Sturm et al. 2013). Conversely, the LMC has been surveyed to a
limiting point source luminosity of ~10% erg s'*. Thus, to make meaningful comparisons be-
tween the HMXB populations of the MCs I outline the optical follow-up of an equivalent X-ray
survey of the LMC (Sturm et al. 2013) with a limiting point source luminosity of ~1033 ergs™!
in Chapter 2. Chapter 2 describes the detailed optical spectroscopy and timing study that aimed
to identify new HMXBs in the LMC.

Although the Manchester et al. (2006) observations of the MCs surveyed both Clouds down to

*Before Sturm et al. (2013).
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Table 1.2: LMC pulsar parameters with discovery articles. Adapted from Ridley et al. (2013).

Pulsar P DM S1a00  Discovery

JName (ms) (pc cm?)  (m] y) Ref.

J0449-7031 479 65 0.14 Manchester et al. (2006)
J0451-67 245 45 0.05  Manchester et al. (2006)
J0455-6951 320 94 0.25  McConnell et al. (1991)
J0456-69 117 103 >0.15 Ridley et al. (2013)
J0456-7031 800 100 0.05  Manchester et al. (2006)
J0457-69 231 91 >0.05 Ridley et al. (2013)
J0458-67 1133 97 >0.07 Ridley et al. (2013)
J0502-6617 691 68 0.25  McConnell et al. (1991)
J0519-6932 263 119 0.32  Manchester et al. (2006)
J0521-68 433 136 >0.12 Ridley et al. (2013)
J0522-6847 674 126 0.19  Manchester et al. (2006)
J0529-6652 975 103 0.30  McCulloch et al. (1983)
J0532-6639 642 69 0.08  Manchester et al. (2006)
J0532-69 574 124 >0.05 Ridley et al. (2013)
J0534-6703 1817 94 0.08  Manchester et al. (2006)
J0535-66 210 75 >0.03 Ridley et al. (2013)
J0535-6935 200 89 0.05  Crawford et al. (2001)
JO537-69 112 273 >0.04 Ridley et al. (2013)
J0537-6910 16 - - Marshall et al. (1998)
J0540-6919 50 146 0.02  Seward et al. (1984)
J0542-68 425 97 >0.14 Ridley et al. (2013)
J0543-6851 708 131 0.22  Manchester et al. (2006)
J0555-7056 827 73 0.21 Manchester et al. (2006)

a limiting flux density of 0.12 mJy, the SMC survey sensitivity was reduced by ~30% due to
its greater distance. Figure 1.8 shows the limiting luminosities of the Manchester et al. (2006)
surveys, illustrating that only ~3% and ~5% of the SMC and LMC pulsar population has been
explored respectively, assuming that the Galactic luminosity distribution applies to the MC
radio pulsar populations (see Chapter 4). In an attempt to identify more SMC radio pulsars,
I conducted a deep, targeted radio pulsar survey of SNRs in the SMC. Chapter 3 defines the

survey and the various pulsar searches.

To quantify the selection effects of different radio pulsar surveys I simulate the radio pulsar
population of the SMC with a binary population synthesis code. I describe the implementation
of the population synthesis code in Chapter 4 and predict the number of observable SMC radio
pulsars, as well as the number of pulsars the future MeerKAT survey will detect. In addition to

the number of pulsars, I also determine the synthesised primordial HMXB population size.
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Chapter

Identification of High Mass X-ray
Binaries selected from XMM-Newton
observations of the LMC

Abstract

The Large Magellanic Cloud (LMC) currently hosts around 23 high mass X-ray binaries
(HMXBs) of which most are Be/X-ray binaries. The LMC XMM-Newton survey provided
follow-up observations of previously known X-ray sources that were likely HMXBs, as well
as identifying new HMXB candidates. In total 19 candidate HMXBs were selected based
on their X-ray hardness ratios. In this paper we present red and blue optical spectroscopy,
obtained with SALT and the SAAO 1.9-m telescope, plus a timing analysis of the long term
optical light curves from OGLE to confirm the nature of these candidates. We find that 9
of the candidates are new Be/X-ray Binaries, substantially increasing the LMC Be/X-ray
binary population. Furthermore, we present the optical properties of these new systems,
both individually and as a group of all the BeXBs identified by the XMM-Newton survey
of the LMC.

2.1 Introduction

High Mass X-ray Binaries (HMXBs) include supergiant X-ray binaries (SGXBs) and Be/X-ray
binaries (BeXBs). SGXBs are luminosity class I-II stars, with their mass transfer mechanisms
being either Roche lobe overflow or wind accretion. BeXBs making up the largest fraction
of HMXBs, having a Oe or Be companion with luminosity class III-V. These stars are either
late type O or early B, emission line stars, with the majority having spectral types of BO-B1
(Negueruela & Coe 2002, Coe et al. 2005, McBride et al. 2008). The emission originates
from a decretion disc around the star, which formed due to the rapid rotation (rotating at >75%
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(Rivinius et al. 2013) of their critical velocity) of the stars, although the mechanism responsible

for the decretion disc formation is poorly understood (Porter & Rivinius 2003).

The Magellanic Clouds (MCs) are our closest neighbouring galaxies. As such they provide an
independent astrophysical laboratory outside of the Milky Way, with minimal extinction and
known distances. As such they can be used for extensive studies of their stellar populations and,
potentially, the environmental impact on star formation (SF, Dray 2006, Walter et al. 2015).
We can measure the recent SF rate of the MCs directly by means of their HMXB population,
since these massive stars must have formed recently (Grimm et al. 2003). The Small Mag-
ellanic Cloud (SMC) contains a large population of HMXBs. A recent census by Antoniou
et al. (2019) shows that 137 HMXBs have been identified in the SMC, of which more than 60
show X-ray pulsations indicating the spin period of a neutron star. It provides a comprehensive
sample to conduct population synthesis studies to help understand the recent SF, and how the
SMC’s environment affected it. Conversely, only 40 HMXBs have been identified in the Large
Magellanic Cloud (LMC), of which only 23 have been confirmed (Antoniou & Zezas 2016,
Vasilopoulos et al. 2016; 2018). With so few confirmed HMXBs in the LMC it is difficult to
make comparisons with population synthesis and SF studies. More complete samples of LMC
HMXBs will allow one to investigate the effects of metallicity on SF at better spatial resolution
scales, by comparing the SF history of the SMC (Zgyc ~0.2 Zg, Luck et al. 1998) with the
LMC (Zryc ~0.5 Zg, Cole 2005) and the Milky Way.

Thus in an effort to increase the sample of confirmed LMC HMXBs, we investigate the nature of
the optical counterparts of 19 HMXB candidates, some of which were identified by previous sur-
veys (Liu et al. 2005), but with improved positions and hardness ratios from the XMM-Newton
survey, as well as new candidates identified by the XMM-Newton survey. We use spectra from
the Southern African Large Telescope (SALT) to search for Ha emission from the decretion
disc, blue spectra from the SAAO 1.9 m telescope to determine the spectral class of the central
star, and finally we conduct a timing analysis using /-band OGLE IV light curves. Based on the
X-ray and optical properties we confirm 9 of the candidates as BeXBs. In Section 2.2 we give
an overview of the observations, in Section 2.3 we describe the analysis procedures, followed

by a discussion of the results in Section 2.4, and a outline of our conclusions in Section 2.5.

2.2  Overview of Observations

2.2.1 XMM data

We selected our targets for optical follow-up spectroscopy from preliminary source detection

lists, which we obtained from XMM-Newton (Jansen et al. 2001) observations. For our analysis
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we used the observations from the LMC survey, a very large XMM-Newton programme to
cover the central part of the LMC (PI: F. Haberl), which included archival, as well as ToO
observations up to October 2013 within 4° centred at R.A. = 05h 22m 00s, Dec. = -68° 30" 00"
(see Figure 2.1 in Maggi et al. 2016). XMM-Newton carries three X-ray telescopes with a CCD
detetcor — the European Photon Imaging Camera (EPIC-pn, EPIC-MOS; Striider et al. 2001;
Turner et al. 2001, respectively) — in each focal plane. To derive X-ray source detection lists for
each observation, we followed the analysis steps of Sturm et al. (2013), applying a maximum
likelihood algorithm (EDETECT_CHAIN) from the XMM-Newton Science Analysis Software™ to

images from the three cameras, simultaneously.

Candidates for HMXBs are characterised by hard X-ray spectra, which allows them to be
selected using hardness ratios (X-ray colours; Sturm et al. 2013). In addition their optical
counterparts are bright (typically V magnitudes between 13 and 17 for stars in the Magellanic
Clouds). From our source lists we selected 19 candidates which fulfilled hardness ratio criteria
(see below) and had a possible optical counterpart within 5" with appropriate optical bright-
ness and colours. Finally we added Swift J0513.4—-6547, a discovered Be/X-ray binary pulsar
(Krimm et al. 2009) to our sample. The target list is presented in Table 2.1 with X-ray properties
obtained from re-processing the data with the latest version of SAS (16.1) and including new
data, which became available since our first detection run. To improve the X-ray coordinates,
we applied astrometric corrections, using a catalogue of background AGN as the reference
frame. In contrast to Sturm et al. (2013), we applied background filtering individually for each
instrument, which gains exposure time for EPIC-MOS. Candidate 5, originally detected with
very low existence likelihood could not be confirmed as an X-ray source and was excluded from
the list.

We performed source detection simultaneously on images from the three instruments and
the five standard energy bands 0.2—-0.5keV, 0.5-1keV, 1-2keV, 2—4.5keV, and 4.5-12 keV
and computed four hardness ratios HR; = (Ri+; — R;j)/(Rj+1 + R;), with R; the inferred source
counts in band i. Several of our candidates are detected multiple times. In some cases more than
20 detections are available due to frequent calibration observations undertaken of the supernova

remnant N132D or from a monitoring program of Cal 83, a supersoft X-ray source in the LMC.

HR2 and HR3 are listed in Table 2.1 and plotted in Fig.2.1 and were derived using the sum
of counts from all observations covering the source, i.e. represent average hardness ratios.
Similarly, average X-ray fluxes are given, which are converted from count rates using con-

version factors taken from Sturm et al. (2013). Also X-ray coordinates were computed as

*SAS, http://xmm.esa.int/sas/
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error-weighted mean and errors (1o confidence, with a 0.5” systematic uncertainty added in

quadrature) propagated, when multiple detections are available.

A comparison of the X-ray positions with the positions of the selected counterparts from
the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006), shows agreement better than
20 for most of the candidates (Table 2.1). The largest discrepancy in X-ray to optical separation
is seen for BeCand-18. This is detected as weak source in 24 observations of N132D, in most
cases at the rim of the field of view (FoV) with off-axis angles > 13’, which results in relatively
large positional uncertainties. The large number of observations covering BeCand-18 allowed
us to reduce the error considerably (Table 2.1). Also, in two observations the source was located
at off-axis angles of 6.3 and 8.7’, which also yield separations of 3.9”” and 3.1”, respectively.
BeCand-8 and BeCand-9 are also located in the FoV of the N132D observations. BeCand-8 is
brighter than the other two candidates and its X-ray and 2MASS position match perfectly, con-
firming the correct astrometry of these observations. We conclude, that the large discrepancy

in X-ray/optical separation for BeCand-18 makes a chance coincidence highly likely.

We took the U, B and V magnitudes of the selected optical counterparts from the Magel-
lanic Clouds Photometric Survey (MCPS; Zaritsky et al. 2004), computed U-B, B—V colours
and the reddening-free parameter Q = U-B — 0.72x(B-V) which shows typical values of —1.1
to —0.7 for the known Be/X-ray binaries in the Small Magellanic Cloud (SMC; Haberl & Sturm
2016). The distribution of Q values from our candidate sample (Table 2.1) is fully consistent
with that of the SMC systems.

2.2.2 SALT Ha spectra

Ha spectra were taken with SALT (Buckley et al. 2006) between January 13 2014 and February
8 2014 , and on October 30 2017 with RSS (Burgh et al. 2003) in longslit mode, using the
PG2300 grating with a slit width of 0.6”, and 2x2 binning, yielding a resolution of ~0.9 A
around Ha. The 2-D product spectra received from the SALT pipeline were reduced with
PySALT (Crawford et al. 2010), and wavelength calibrated with a Thorium-Argon lamp. The

exposure dates and times for each observation are shown in Table 2.2.

2.2.3 SAAO 1.9 m blue spectra

Blue spectra were taken with the SAAO 1.9 m telescope between November 24 and 29 2016.
The observations were carried out with the SpUpNIC spectrograph (Crause et al. 2016), using
grating 4 to cover a wavelength range of 113800—5000 A, with 1x2 binning, yielding a resolution
of ~4 A. Depending on the source brightness and the weather conditions, exposure times ranged

from 1200 to 1800 seconds, and were observed multiple times if necessary to produce averaged
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Figure 2.1: Hardness ratio diagram for the selected HMXB candidates. The dashed lines define
the selection criteria in the HR3 vs. HR2 parameter space applied by Sturm et al. (2013) for
Be/X-ray binaries in the Small Magellanic Cloud.

spectra with SNR of ~40. Table 2.2 shows the observation dates and the total exposure times
for the average combined spectra. The spectra were reduced and extracted using IRAF*, cosmic
ray cleaned using a Python based lacosmic routine (van Dokkum 2001), and wavelength
calibrated using Copper-Argon arc lamps. The final, averaged combined spectra were rectified

and smoothed with a 3 point boxcar smoothing routine, using IRAF’s splot routine.

2.2.4 OGLE 1V light curves

The Optical Gravitational Lensing Experiment (Udalski et al. 2015) provided long term I band
light curves with roughly daily sampling for 18 of the candidates in the OGLE IV field. BeCand-
11 was the only candidate for which no photometry was available, but the respective OGLE
ID’s for which photometry was available are listed in Table 2.2. The OGLE light curves were
used to study the variability of the candidate optical counterparts. The identified periodicities

and comments on the variability are listed in Table 2.3.

*http://iraf.noao.edu
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2.3 Analysis Methods

2.3.1 SALT He spectra

Two categories of Ha emission were observed namely, narrow emission characteristic of diffuse,
interstellar HII regions in the LMC, which is not intrinsic to the candidates, and broad emission
resulting from Doppler shifts due to the motion of the decretion disc. BeCand-8 only showed
narrow Ha emission, while BeCand-18 had extended narrow Ha emission superimposed on
broad Ha emission (Figure 2.2). Out of the 19 optical candidates 13 candidates exhibited
intrinsic Ho emission. IRAF’s splot was used to measure the equivalent widths (EWs), as
well as the V/R ratios for the double peaked profiles. The Ha profile measurements for each
candidate was repeated 5 times to determine a average EW and V/R ratio, with the uncertainty
estimated from the standard deviation of the mean. Figure 2.2 shows the emission Ha spectra
and Table 2.3 lists the various Ha profile measurements for the 15 HMXB candidates that

exhibit Ha emission.

2.3.2 SAAO 1.9m blue spectra

The LMC has a lower metallicity than that of the Milky Way (MW), but higher than that of
the SMC, hence the spectral behaviour will not necessarily be the same as either the SMC or
MW. However Negueruela & Coe (2002) and McBride et al. (2008) have shown independently
that the spectral type distributions of the LMC and SMC BeXBs are consistent with that of the
Milky Way BeXBs. To determine the spectral class of the candidates we considered spectral
classification of massive O and B stars in the SMC, LMC and the MW. We compared the
spectra by eye, using the digital MW spectral atlas provided by Walborn & Fitzpatrick (1990),
the criteria identified by Evans et al. (2004) for the SMC, as well as the spectral atlas of the
30 Doradus region in the LMC by Walborn et al. (2014), and the criteria provided by Evans
et al. (2015) for the north-eastern region of the LMC. We found that the results were relatively
consistent with one another. The distance modulus resulting from the spectral and luminosity
classifications was compared to the distance modulus of the LMC (~18.48; Walker 2012) using
the absolute magnitudes from Zombeck (1990), and direction dependent extinction values from
Haschke et al. (2011). Table 2.3 lists the identified spectral classes, while Figures 2.3 and 2.4

shows the spectra grouped by spectral class.

2.3.3 Timing Analysis

The timing analysis described here is based on the method applied to SMC BeXBs by Bird
et al. (2012). The OGLE 1V light curves were detrended with a 51 and 101 day running average

routine, acting as a high pass filter to increase the sensitivity of the Lomb-Scargle periodogram
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Figure 2.2: Emission Ha profiles. The y-scale for each profile was chosen independently
to highlight the various Ha profiles. The spectra highlighted in red are sources containing
narrow Ha emission, not necessarily intrinsic to the sources. BeCand-7 shows He infilling,
however it is not clear if the emission is intrinsic to the source or not. The Ha emission of
BeCand-8 is not associated with the optical candidate, but rather with HII region surrounding
the optical candidate. BeCand-18 also highlighted in red shows broad emission from the Be star
superimposed on extended narrow emission from a small HII region. The remaining candidates
(black curves) show intrinsic Ha emission.
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Figure 2.3: Blue-end spectra of candidates with spectral class B1 and earlier. The open ended
emission lines are Balmer emission originating from the decretion disc that were cut off for a
better y-scale.
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Figure 2.4: Blue spectra of candidates with spectral class later than B2. The open ended
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better y-scale.
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at shorter periods. The Lomb-Scargle periodograms of both the raw and detrended light
curves were calculated by gatspy (Vanderplas 2015), a Python based Lomb-Scargle program.
Furthermore, the 30 significance levels of the power spectra were determined by running
a Monte Carlo simulation with 10 000 iterations, using the raw and detrended light curves as
inputs. The simulations were setup such that the time structure was preserved, but the intensities
were randomised. Finally, significant aliases, harmonics and beat frequencies were calculated
based on the sampling frequency and the annual sampling period to determine which significant
peaks in the power spectra were due to variability intrinsic to the source. The timing analysis

results are summarised in Table 2.3.

Bird et al. (2012) showed that non-radial pulsations (NRPs) of less than a day can beat with the
daily sampling period, resulting in significant longer periods (> 10 days) in the power spectra.
It is possible to distinguish between aliased NRPs and orbital modulations by considering two
metrics from the shape of the phase folded light curves. Since perturbations associated with
orbital modulation are caused by the neutron star’s interaction with the decretion disc, they
result in a fast rise and exponential decay (FRED) phase folded light curve. Aliased NRPs, on
the other hand, are associated with a more sinusoidal phase folded light curve. The metrics are
the phase FWHM, i.e. the phase span (PS), and the phase asymmetry (PA). The PA was given
by the fraction of the phase length calculated from the difference between the peak and 10% of
the peak value on the left and right hand side of the phase folded light curve (See Table 2.4).
Bird et al. (2012) found that orbital modulation and the aliased NRPs occupy distinct regions
in the PA-PS plane (Figure 2.6). From this we conclude that BeCand-2,6,7,8 and 20 exhibit
orbital modulation, while the remaining periodicities appear to be associated with aliased NRPs,
except BeCand-1’s light curve which showed a clear 76 + 2 d modulation with a sinusoidal

phase folded light curve.

2.4 Discussion

From the XMM-Newton survey 19 X-ray sources were identified as potential HMXBs based on
their hardness ratios and the association with an early type star. In Table 2.3 we present the
spectral properties and timing results of 18 of the optical counterparts that are coincident with

the X-ray sources, as well as BeCand-18, which was identified as a likely chance coincidence.

2.4.1 New BeXBs

We classify 9 of the optical candidates as Be stars with spectral types B3 and earlier, with variable

and periodic OGLE light curves. We confirm these 9 sources as new BeXBs, increasing the
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Table 2.4: The phase span (PS) and phase asymmetry (PA) measurements of the phased folded
OGLE 1V light curves. The results are plotted in Figure 2.6.

BeCand Period PS (FWHM) PA Type

1 76 +2 0.45 0.78 Sinusoidal
2 30.7 £ 0.5 0.20 1.17 FRED

- 442 + 58 0.45 0.40 Sinusoidal
3 5.27 £0.02 0.40 0.60 ?

4 262 + 46 0.60 2.00 ?

6 274 +04 0.30 0.89 FRED

7 440 = 43 0.35 1.00 FRED

8 32704 0.45 2.00 ?

- 547 £ 190 0.25 1.00 FRED
10 193 + 48 0.55 0.30 Sinusoidal
12 74 +£2 0.40 1.29 ?

13 280 + 44 0.45 0.45 Sinusoidal
17 560 = 87 0.60 0.55 Sinusoidal
20 31.5+£04 0.60 2.60 FRED

The ””?" indicates the periods for which the phase folded light
curve metrics were located on the periphery of the FRED and
Sinusoidal regions of Figure 2.6.

LMC’s BeXB population to 26, moreover increasing the HMXB population of the LMC by
~50%.

2.4.2 Known XMM BeXBs

BeCand-2 was detected previously with INTEGRAL (IGR J05007-7047, LXP 38.55) and
confirmed as a BeXB with a 38.55s X-ray pulsar, and a orbital period of 30.776 + 0.005 d
(Vasilopoulos et al. 2016), with a B2 Ille companion (Masetti et al. 2006). Our OGLE analysis
yielded a consistent orbital period of 30.8 + 0.5 d, although the blue optical spectrum had a
Hell absorption line at 14200 A, which is consistent with a 09 V star.

Early on in the XXM survey BeCand-4 (LXP 169) was classified as a BeXB based on its
X-ray pulse period of 168.8 s, as well as long term X-ray variations, and /-band OGLE III-IV
light curves. Maggi et al. (2013) interpreted the rapid decrease in brightness, appearing at all
epochs separated by period of 24.328 d, as a binary transit observed at a high inclination angle.
Our Lomb-Scargle analysis revealed a significant period associated with a likely aliased NRP
at 262 + 46 d (See Figure 2.6).

Swift observed BeCand-6 (Swift J0513.4—-6547, LXP 27.2) in April 2009, and was later clas-
sified by Coe et al. (2015) as a BeXB with a 27.2 s pulse period, and a /-band OGLE IV orbital
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period of 27.405 + 0.008 d, with ~B1 Ve companion. We determined a orbital period of 27.4
+ 0.4 d from I-band OGLE 1V light curve, which is consistent with the previous study. In
addition we classified the companion star as a BOe-B1 Ve star, also consistent with the previous

analysis.

Vasilopoulos et al. (2018) confirmed BeCand-15 (XMMU J053108.3-690923) as a HMXB
belonging to the SGXB group, with a BO II-Ibe optical companion and an X-ray spin period
of 2013 s. However, in this work we have classified the companion of BeCand-15 as a BO Ille
star. This discrepancy is likely due to the lower S/N ratio of the blue spectrum which we used
for our classification. BeCand-16 (XMMU J053320.8—684122) was also classified as a SGXB
with a B0O.5 Ibe companion by Vasilopoulos et al. (2018), with fast flaring X-ray behaviour.

2.4.3 Published XMM pulsars

X-ray pulsations with a period of 272s (Haberl et al. 2003) was detected for BeCand-12
(XMMU J053011.2—-655122). From our study we confirm BeCand-12 as a BeXB with a sig-
nificant period around 74 + 2 d, with a B1-B3 III-Ve companion.

Shtykovskiy & Gilfanov (2005) identified BeCand-20 (XMMU J054134.7—-682550) as a likely
HMXB based on its X-ray properties. Subsequently Manousakis et al. (2009) observed BeCand-
20 in a flaring state and found a 61.601 + 0.017 s X-ray pulsation with RXTE. We confirm
BeCand-20 as a BeXB with a 31.5 + 0.4 d orbital period, and a BO-B1 Ille optical companion.

2.4.4 Unconfirmed candidates

The nature of 3 of the candidates (BeCand-7, 8, 9) remains unresolved, and require additional
optical spectroscopic follow up. BeCand-7 showed definite infilling of the Ha line with a EW
of 0.7 = 0.2, and exhibited an orbital period of 440 + 43 d, however we did not obtain blue-end
spectra due to unfavourable weather conditions. As a result BeCand-7 is likely a Be star based
on the data in hand, but the definite spectral type is unknown. From Figure 2.2 we observe
a narrow Ha line for BeCand-8, consistent with diffuse interstellar emission, not necessarily
intrinsic to the source, and with a orbital period of 547 + 190 d. The Ha spectrum of BeCand-9
was too faint to extract reliably, however the OGLE IV light curve showed some variability.
A second epoch of Ha observations will be necessary to determine if these candidates are
emission line stars. In addition to the Ha spectra, blue-end spectra are still required to make a
reliable spectral classification. Due to insufficient optical spectroscopy the nature of the optical
counterparts remain uncertain for BeCand-7, 8 and 9, however these optical counterparts are
coincident with X-ray emission, and in the case for BeCand-7, 8 and 9 were detected multiple
times in the XMM data.
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2.4.5 Non-HMXB systems

With no Ha emission and no variability observed in the OGLE IV light curve, BeCand-14 is
likely not at BeXB, while BeCand-18 is peculiar amongst our sample as the Ha profile has
both broad and narrow components. The narrow component originates from a resolved nebula
around 10" in diameter. The emission line ratios of log(Ha/[N I1])=0.9 and log(Ha/[S 11])=0.6
are consistent with extragalactic HII regions (Frew & Parker 2010). Imaging at mid-infrared
wavelengths with Spitzer is also consistent with the nebula being an HII region (Meixner et al.
2006). The broad Ha component from the B2e IV-V central star suggests a Be star is the
ionising source of the HII region. An O-type emission line classification (e.g. Walborn et al.

2014) cannot be associated with the broad Ha emission given the B2e IV-V classification.

2.5 Conclusions

Eighteen of the XMM X-ray sources were coincident with optical counterparts, of which 3
(BeCand-2, 4 ,6) have been classified as BeXBs, and 2 (BeCand-15, 16) as SGXB in previous
work, while the nature of 3 candidates (BeCand-7,8,9) are still uncertain. The 9 remaining
candidates we classify as new BeXBs (see Table 2.3), raising the population of BeXBs in the
LMC to 26, and subsequently the number of confirmed HMXBs in the LMC to 32. Moreover,
as expected all the BeXBs have spectral classes of B3 and earlier, as well as variable OGLE

light curves.
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Chapter

Targeted search for young radio
pulsars in the SMC: Discovery of two
new pulsars

Abstract

We report the first rotation powered pulsars discovered in the Small Magellanic Cloud
(SMC) in more than a decade. PSR J0043—-73 and PSR J0052—-72 were discovered during
a Parkes Multi-Beam (PMB) survey of MCSNR J0127-7332, and five new, optically
selected, supernova remnant (SNR) candidates identified by the XMM Newton survey. In
addition to the candidates, we adjusted the PMB rotation to include an additional nine
SNRs and pulsar wind nebulae. We searched for young pulsars (1 —200 ms) employing a
Fourier analysis with PRESTO, as well as a search for longer period pulsars (200 ms —360s)
with a fast folding algorithm. Our targeted survey had a limiting flux density of 0.039 mJy
for periods greater than 50 ms. Although not the main target of this search it was also
sensitive to millisecond pulsars. PSR J0043—73 has a period and dispersion measure of
937.42937 (26) ms and 115.1 (3.4) pccm™ respectively, and PSR J0052—72 has a period
of 191.444328 (46) ms and a DM of 158.6 (1.6) pc cm™.

3.1 Introduction

The Magellanic Clouds (MCs) are our closest satellite galaxies, and the only galaxies other
than the Milky Way in which we have been able to detect radio pulsars. The MCs have gone
through a relatively recent episode of star formation (Antoniou et al. 2010, Antoniou & Zezas
2016), producing a large number of O and B stars, many of which are companions in high
mass X-ray binary (HMXB) systems. A recent census (Antoniou et al. 2019) identified 137
HMXBs (of which 63 are X-ray pulsars) in the Small Magellanic Cloud (SMC) — similar to the
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population in the Milky Way, despite the fact that the SMC is only one-fiftieth the mass. This
is a clear indication that the SMC harbours many neutron stars (NSs) and many in interesting
binaries. However, despite this large population of NSs only five rotation powered pulsars so
far have been discovered in the SMC through various MC radio surveys (McConnell et al. 1991,
Crawford et al. 2001, Manchester et al. 2006).

Massive stars form NSs during core-collapse supernova events. Most of the newly formed
NSs are rotation-powered pulsars (Keane & Kramer 2008), which emit pulsed, non-thermal
radio emission. Energetic young radio pulsars can produce an outflow of relativistic particles
which will interact with their natal SNR and the surrounding interstellar medium, creating a
pulsar wind nebula (PWN). Thus, SNRS and PWNe are excellent candidates for targeted radio
pulsar surveys, that being said pulsars have so far only been discovered in ~50% of SNRs and
PWNe (Green 2014). The lack of SNRs and PWNe associations with pulsars may be the result
of beaming effects, or alternatively due to instrumentation sensitivity limits. Camilo (2003)
completed a census of SNR-pulsar associations (Kaspi & Helfand 2002, Gorham et al. 1996,
Lorimer et al. 1998, Manchester et al. 2001) and found that in some cases the pulsars associated

with SNRs can be faint. Hence, deep surveys may be required to detect these young radio pulsars.

The first of the SMC surveys using the Parkes radio telescope was conducted by McConnell et al.
(1991) with a limiting mean flux density at 610 MHz of 0.5 - 0.8 mJy for pulsars with periods
greater than 500 ms and dispersion measure (DMs) of 100 pccm™ or less. The survey discov-
ered 1 pulsar, PSR J0045-7319, later shown to be in a 51 day orbit around a 16™ magnitude
B star (Kaspi et al. 1994). In a subsequent SMC survey with the 20 cm Multi-Beam receiver
at Parkes (PMB), Crawford et al. (2001) discovered PSR J0113—-7220. The survey covered
a more complete region of the SMC (~6.7 deg?) with a limiting flux density of 0.08 mJy at
1400 MHz for pulsars with periods greater than 50 ms and DMs less than 200 pc cm™. The
most recent and successful SMC survey was conducted by Manchester et al. (2006), also using
the PMB receiver, in which three pulsars were detected (PSR J0045-7042, PSR JO111-7131,
PSR J0131-7310). The advantage of the Manchester et al. (2006) survey was the increased
DM range of up to 277 pccm™, however it was most sensitive to periods greater than 50 ms,

but with a similar limiting flux density to the Crawford et al. (2001) survey.

Due to the distance to the SMC (~60 kpc), the blind surveys only detected the brightest pulsars,
since integration time is sacrificed to cover a larger area. To improve upon the sensitivity of
the previous blind surveys we carried out the deepest, most sensitive pulsar searches of five
supernova remnant (SNR) candidates, as well as MCSNR J0127—-7332 in the SMC. Finding a
young pulsar which is coincident with its natal SNR or within a PWN will enable studies of the
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initial spin period, velocity, and magnetic field distributions of young NSs, providing insights to
the physics governing core-collapse. It also enable searches at other energies, particularly X-ray
observations can facilitate NS cooling studies. Finding just one new radio pulsar in the SMC
will provide valuable details about the nature of the SMC pulsar population and the progenitor
stars that formed it. Particularly, the low metallicity environment of the SMC will affect mass
loss of massive stars uniquely when compared to the Galaxy. This may be reflected in the

distribution of angular momentum of the radio pulsars.

In this paper we present the results for our targeted pulsar searches in the SMC. In Sec-
tion 3.2, we describe the observations, followed by the data reduction process in Section 3.3.
In Section 3.4 we present the results, and discuss their implications in Section 3.5. Finally, in

Section 3.6, we draw our conclusions.

3.2 Source Selection and Observations

3.2.1 Supernova Remnant Candidates

The XMM-Newton satellite has conducted the deepest complete survey of the SMC in the
0.15-12.0keV X-ray band to date (Haberl et al. 2012, Sturm et al. 2013). The relatively close
and known distance to the SMC (60 kpc) together with the moderate Galactic foreground ab-
sorption of NH ~ 6x10%° cm™ (Dickey & Lockman 1990) provides an opportunity to study the
complete X-ray source population within the SMC. These are dominated by HXMBs, SNRs
and super-soft X-ray sources. In total the survey detected 23 SNRs, 20 previously known
(Badenes et al. 2010) and 3 new candidates, XMMU J0049-7306, XMMU J0056.6-7208 and
XMMU J0057.7-7213.

Following a study of narrow band optical images (Ha and SII) and ATCA radio observa-
tions (Filipovi¢ et al. 2005, Payne et al. 2007, Roper et al. 2015, Maggi et al. 2019) of the
SMC, nine new SNR candidates were selected for further study. One of these (SNR C1) was
found to be coincident with one of the newly identified XMM-Newton SNRs (Haberl et al.
2012), namely XMMU J0056.6-7208. Following SALT long slit spectroscopy of 8 of these
new candidate SNRs, SII/Ha ratios were determined and indicated that 6 were consistent with
being SNR. These, plus the two other XMM-Newton SNR candidates were then selected to
be observed by SALT using the Fabry-Perot imaging at Ha, SII and OIII. In the end only 7
SNRs candidates were observed, of which 4 showed strong evidence for SNR shells, namely
SNR C1 (=XMMU J0056.6-7208), SNRC3, SNRC4 & SNRC9). The 3 others showed ei-
ther indistinct or small shells (SNR C2, SNR C6 & XMMU J0057.7-7213). A known SNR,
MCSNR J0127-7332, which is associated with a slowly spinning X-ray pulsar SXP 1062 in
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Table 3.1: The PMB receiver properties as recorded by Manchester et al. (2001).

Beam Centre Inner Outer
Gain (KJy ) 0.735 0.690 0.581
Half power beamwidth (arcmin) 14.0 141 145
Beam ellipticity 0.0 0.03  0.06
Coma lobe (dB) none 17 14

a Be X-ray binary (Hénault-Brunet et al. 2012), was observed as a control object, which was
confirmed as a SNR.

We were awarded 54 hours with the Parkes radio telescope to observe six of the SNR candidates
(MCSNR J0127-7332, XMMU J0049.0-7306, SNR C3, SNR C2, XMMU J0056.6—7208, SNR C9),

which were coincident with X-ray point sources.

3.2.2 Parkes Observations

The PMB receiver (Staveley-Smith et al. 1996a) has the ability to observe 13 distinct regions
on the sky simultaneously, covering a 0.5 deg? region, making it ideal for surveys. The PMB
consists of the most sensitive central beam, six inner ring beams, and the six least sensitive

outer ring beams. The beam properties are listed in Table 3.1.

We used the PMB with the Berkeley-Parkes-Swinburne data recorder (BPSR, McMahon 2008;
Keith et al. 2010) to perform deep pulsar searches in the SMC. The focus of the survey was
5 optically selected SNR candidates, as well as a known SNR, MCSNR J0127-7332, which
are coincident with X-ray point sources. The extent of the SNRs was less than the ~14 arcmin
half power beam width (HPBW) of the PMB. The central beam of the PMB was positioned on
the SNRs, and then rotated to include an additional 9 known SNRs and PWNe (Filipovi¢ et al.
2008). The targets are listed in Table 3.2. One beam of one pointing was adjusted as much as
possible to the position of PSR J0131-7310, a known radio pulsar in the SMC, with a period
and DM of 348.124045581 (7) ms and 205.2 pc cm? respectively (Manchester et al. 2006). The
PMB beam pattern and configuration is highlighted in Figure 3.1.

Our observations were carried out between 25 August 2017 and 13 December 2017, using a cen-
tral frequency of 1382 MHz with a bandwidth of 400 MHz, split into 1024 channels, and a tem-
poral resolution of 64 us. Each field was observed twice (except for the MCSNR J0127-7332
pointing which was observed 3 times), separated on average by 20 days, with an integration

time of ~15000s per pointing. This would allow us to cross match candidates identified in a
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Table 3.3: Observational setup of SMC radio pulsar surveys, as well as the limiting flux densities
at 1400 MHz for P > 50 ms. The flux densities were calculated as outlined in Section 3.2.3

Survey Pointings  Tiy¢ tamp AV S1400

(s) (us)  (MHz) (mly)
Crawford et al. (2001) NA 8400 250 288 0.066
Manchester et al. (2006) 73 8400 1000 288 0.067
This work 12 15000 64 400 0.039

pointing, as well as detect binary pulsars at a different orbital phase.

3.2.3 Survey Sensitivity

To compare our targeted survey with the previous blind surveys (Crawford et al. 2001, Manch-
ester et al. 2006) we calculate the average, limiting flux density at 1400 MHz (S;400) for each
survey with the survey parameters recorded in Table 3.3. The average, fundamental limiting

flux density for a survey is given by the radiometer equation

0BT sys

—_—, 3.1
G \/nptindAv

Stim =

where the detection threshold, o was chosen to be 8, and f=1.5 for BPSR’s 2-bit digitisa-
tion, which takes into account instrumental imperfections. For the PMB the mean system
temperature is Tsys =23 K (McMahon 2008, Keith et al. 2010), while the central PMB’s gain
is G=0.735 KJy'l, with the number of polarisations, n,=2. The integration time (fjp) in
seconds, and bandwidth (Av) in MHz for the various surveys are recorded in Table 3.3. We
used the same parameter values as outlined in Ridley et al. (2013) to calculate our sensitivity
limits. The fundamental limiting flux density given by equation (3.1) for the Crawford et al.
(2001) and Manchester et al. (2006) survey was 0.17 mJy, while our survey was more sensitive

with a limiting flux density of 0.11 mJy.

These limits do not take into account the pulse width or broadening effects that must be
accounted for, considering that a survey is not equally sensitive to all periods, pulse shapes,
and DMs. We followed the methodology of Manchester et al. (2001) to model the frequency
response of a pulsar. A series of pulses with frequency f,, = 1/P, where P is the pulse period, is
portrayed in the Fourier domain by the fundamental and 8 harmonics. The respective harmonics
have an amplitude of 1/S1i,, which are multiplied by a sequence of functions representing the
transformation the data will be subjected to. The first function accounts for the intrinsic pulse
shape, which is modelled by a Gaussian with a width of W5y =0.05P:
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Figure 3.2: The 1400 MHz limiting flux densities for all SMC radio pulsar surveys. The filled
circles represent the pulsars detected in the various surveys, in particular the green filled circles
indicate the pulsars discovered in this survey (PSR J0043—73, PSR J0052-72).

2 2W 2
T W 50) (3.2)

The interstellar medium will then disperse the pulses, and cause a dispersion delay across a

bandwidth of Av, centred at a frequency of v given by

oM = 8.3 X 10°DMAY 3. (3.3)

Thus, g>(f,) is modelled by a similar Gaussian as in equation (3.2), but with W5 replaced with
7pMm. The final transformation has to account for the effect the finite sampling time (f5amp) has

on the pulses, which is characterised by

sin (ﬂfptsamp)

34
ﬂfptsamp

g3(fp) =

The final limiting sensitivity is given by summing over n harmonics, where ne {1,2,4,8}.
Figure 3.2 shows the final limiting flux density for the various surveys at 1400 MHz for the
average SMC DM of 116.4 pccm™. It clearly shows our survey is the first to be sensitive to
MSPs, and that for P >50ms our survey is twice as sensitive as the previous surveys. The

respective flux densities for P > 50 ms are recorded in Table 3.3.
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Table 3.4: Dedispersion parameters for young pulsar search.

Low DM High DM DMstep Down Number
(pcecm?)  (pcecm™)  (pcecm™)  Sampling DMs

0.00 196.80 0.10 1 1968
196.80 350.40 0.20 2 768
350.40 580.80 0.30 4 768
580.80 664.80 0.50 8 168

3.3 Data Reduction

3.3.1 Young Pulsar Search

The PMB data were searched for young pulsars (i.e. those with periods of a few tens of mil-
liseconds) using routines from PREST0* (Ransom et al. 2002). Radio frequency interference
(RFI) masks were created for each beam using rfifind with the blocks parameter set to 30.
We searched 3672 DMs within a range of 0 — 660 pc cm™ (Table 3.4), with no restrictions
on the period parameter space. The dedispersed time series was barycentred to correct for
the Earth’s motion and then Fourier transformed with realfft. The resulting power spectra
were searched for significant pulses, which were summed up to the 8™ harmonic using ac-
celsearch with z=0, i.e. no acceleration searches were conducted. Finally, candidates above
a S/N threshold of 4.0 were selected and folded with prepfold. The low threshold was chosen,
since we can cross-match candidates between pointings of the same field. We also observed
PSR J0024—7204C at the start of every observing day, apart from the 2017-08-29 observa-
tions. The test pulsar was recovered with blind PRESTO searches at an expected S/N of 22, for

every observation except on the 2017-09-11, when the observation was subjected to severe RFI.

The search identified ~150000 candidates, which were inspected by eye. Promising candi-
dates were cross-checked with the alternate pointing of the same source on another day. If the
candidate was not detected in the alternate pointing, the raw data were also folded with the
identified period and DM.

3.3.2 Longer Period Pulsars

The Fast Fourier Transform (FFT) method employed by PRESTO for the young pulsar search is
susceptible to red noise, since the power spectral density of red noise is inversely proportional
to 2, which implies it has more energy at lower frequencies. Furthermore van Heerden et al.

(2017) showed that the sensitivity off FFT searches are significantly reduced for pulsars with

*https://www.cv.nrao.edu/~sransom/presto
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periods greater than 200 ms. To combat the effects of red noise we utilised a fast folding
algorithm (FFA, Staelin 1969; Morello et al. 2019, in prep) to search for pulsars with periods
from 200 ms — 360, and DMs from 0 — 400 pc cm™ with DM steps of 2 pccm™. The lower
period limit was selected since the known pulsar distribution peaks at 200 ms, while the upper
limit was the largest period we expect to have sufficient pulses to detect a pulsar. The data were
dedispersed using PRESTO, while applying the same RFI masks created for the young pulsar

search.

The FFA identified ~40 000 candidates, which were also inspected by eye. Acceptable candi-
dates were cross matched with the alternate pointing in question, and folded with PRESTO using
the period and DM identified by the FFA.

3.4 Results

We discovered two new pulsars, and identified 2 additional low signal to noise (S/N) candidates
in our targeted survey of the SMC. We also detected the known PSR J0131-7310 (Manchester
et al. 2006). We folded the raw data with dspsr, and then refined the periods, DMs and
S/Ns with pdmp. The quoted values were obtained from pdmp, unless specified otherwise.
Table 3.5 lists the pulsar properties and the PMB beam coordinates within which the pulsars
were detected.

3.4.1 PSR J0131-7310

PSR J0131-7310 was detected in the 2017-08-25 pointing, focused on MCSNR J0127-7332.
The pulsar was on the edge of one of the inner ring beams of the PMB (Figure 3.1, red
square), with beam coordinates of RA =01:32:46.87 and Dec =-73:16:21.80 (beam 5). We
detected PSR J0131-7310 with a barycentric period of 348.12341(18)ms, and a DM of
206.7 (1.5)pcecm™, matching well the Manchester et al. (2006) values for the period of
348.124045581 (7) ms and a DM of 205.2 pc cm>. PSR J0131-7310 was not detected in
the second observation on 2017-09-11, but was detected again in the follow-up observation
on 2017-12-13 with the FFA. Figure 3.3 shows the pulse profile of PSR J0131-7310 for the
2017-08-25 pointing.

3.4.2 PSR J0043-73

The first new SMC radio pulsar has a barycentric period of 937.42937 (26) ms and DM of
115.1 (3.4) pc cm, which is consistent with the known SMC pulsar DM range (76 — 205 pc cm™).
Hereafter the new pulsar will be referred to as PSR J0043—73 (Figure 3.1, green square). The
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Figure 3.3: The integrated pulse profile (top panel) of PSR J0131-7310, as well as the pulse
intensity as a function of pulse phase and integration time (grey scale). The pulses are plotted

over two pulse phases.
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Figure 3.4: The FFA discovery plot of PSR J0043—73, which was located in beam seven of the
XMMU J0049.0-7306 pointing on 2017-08-25. The bottom central panel show the integrated
pulse profile. Following the discovery, we folded the raw data with pdmp, constraining the
barycentric period to 937.42937 (26) ms and the DM to 115.1 (3.4) pc cm?. The pulsar was not
detected in the initial young pulsar search with PRESTO.

=

pulsar was found in the 2017-08-25 pointing of which the XMMU J0049.0-7306 source was
the focus, with beam coordinates of RA =00:43:25.86 and Dec =—73:11:18.60 (beam 7), but
not in the following observation on 2017-09-11. The pulsar was discovered using the FFA,
but could clearly be seen in the PRESTO prepfold plot when folding the raw data with the
identified period and DM. When we increased the number of summed harmonics to 16, PRESTO
also identified PSR J0043-73 as a candidate pulsar. Figure 3.4 shows the FFA discovery plot.
We used the archival Parkes data of the Manchester et al. (2006) survey, and used prepfold to
fold the data at PSR J0043-73’s period and DM, but did not recover the pulsar.

The known SMC pulsar, PSR J0045-7319 (Figure 3.1, black circle on left-hand corner edge
of green square) has a similar period, but is located 33.24 arcmin from the centre of the beam
within which PSR J0043—-73 was found. This is nearly 5 times the HPBW radius, more-
over PSR J0045-7319 has a period of 926.2ms and a DM of 105.4 pccm™ (Crawford et al.
2001;Manchester et al. 2005*). Thus, we are confident that PSR J0043-73 is a new SMC radio

pulsar.

3.4.3 PSR J0052-72

PSR J0052—-72 (Figure 3.1, blue square) is the second new SMC pulsar (Figure 3.5) with a
barycentric period of 191.444328 (46)ms and a DM of 158.6 (1.6)pccm . The pulsar was

*http://www.atnf.csiro.au/research/pulsar/psrcat
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Figure 3.5: The PRESTO discovery plot of PSR J0052-72, which was located in beam
eight of the SNR C3 pointing on 2017-09-12. PSR J0052-72 has a barycentric period to
191.444328 (46) ms and a DM of 158.6 (1.6) pccm -3

Reduced x2

Phase

detected in one of the outer ring beams (beam 8) of the 2017-09-12 data set, which was focused
on SNR C3. The beam (RA = 00:52:28.65, Dec =-72:05:13.5) was intersected by two inner ring
beams from XMMU J0056.6-7208 and SNR C2, but PSR J0052-72 was not detected in either
of the beams. The FFA was adapted to search for the pulsar’s period, and subsequently detected
the pulsar as well. PSR J0052—-72 was re-detected in the 2017-08-28 dataset (beam 9) with
the FFA. We also used the archival Parkes data of the Manchester et al. (2006) survey that was
coincident with this pointing, and folded the data at the period and DM of PSR J0052-72, but
the pulsar was not detected in the dataset.

3.4.4 Candidate Pulsars

We detected two lower S/N candidates, but could not confirm them. One of the candidates was
detected in the 2017-09-12 dataset foucsed on SNR C3, and the other in the 2017-09-28 dataset
focused on SNR C9. The SNR C3 candidate had a period and DM of 21.03561023 (40) ms and
208.42 pc cm respectively, while the SNR C9 candidate had period of 11.001403386 (76) ms
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Table 3.5: Properties of detected and candidate pulsars discovered in this survey.

JName Date Beam Epoch®  RApean’ DeCheam” Pe DM Sis00 Method
(J2000)  (J2000) (MID) (ms) (pccm™)  (mJy) (PRESTO/FFA)
57990.50 013246.87 -731621.80 348.12341(18) 206.7(1.5) 0.157 FFA
57990.69 00432586 -731118.60 937.42937(26) 115.1(3.4) 0.047 FFA
58008.54 005228.65 -720513.50 191.444328(46) 158.6(1.6) 0.039 PRESTO
58008.54 0109 08.68 -721634.10 21.0356101(55) 208.17(66) 0.038 PRESTO
58024.71 01101574 -735533.00 11.0014027(11) 342.08(32) 0.043 PRESTO

PSR J0131-7310  2017-08-25
PSR J0043-73 2017-08-25
PSR J0052-72 2017-09-12
SNR C3 candidate 2017-09-12
SNR C9 candidate  2017-09-28

w00 3 W

“Observation Epoch is taken to be at the start of a particular observation.
bThe PMB coordinates within which a pulsar was detected.

¢ This period refers to the barycentric period.

and a DM of 341.58 pccm™. Both candidates were located in beam 5. We list the candidate
pulsars in Table 3.5, and show the prepfold plots in Figure 3.6 and Figure 3.7.

3.5 Discussion

Two new SMC radio pulsars were discovered in our SMC SNR survey, increasing the SMC
pulsar population to seven confirmed pulsars. Furthermore, two candidates have been identified,

but could not be confirmed. The detected and candidate pulsar properties are shown in Table 3.5.

3.5.1 Detected pulsars

Our survey schedule enabled us to observe each target twice. In theory this would allow us
to cross-match likely candidates, and so doing confirm candidates as pulsars when they are
detected in both observations. We detected PSR J0052—72 in both pointings (2017-08-28 and
2017-09-12), however PSR J0043—73 was only detected in the first pointing on 2017-08-25.
This was a result of more severe RFI, as well as red noise during the second pointing on
2017-09-11. In particular, mitigating the red noise effects for pulsars with periods greater than
200 ms is not a trivial task when a Fourier based pulsar search is implemented as shown by van
Heerden et al. (2017). Thus, it is not suprising that we detected both pulsars, PSR J0131-7310
and PSR J0043-73, with the FFA and not initially in the Fourier based PRESTO search. Table 3.6

lists the properties of the now, seven SMC pulsars.

PSR J0131-7310

PSR JO131-7310 was detected at 20.55 arcmin from the centre of an inner ring beam, which
was coincident with the first side lobe of beam five. Using the inner ring beam model of Ravi
et al. (2016) we scaled the gain appropriately and calculated a flux density of 0.16 mJy for
S/N=11.90 and a pulse width of 4.20ms. This is comparable to the 0.15 mJy flux density
recorded for PSR JO131-7310 at 1400 MHz by Manchester et al. (2006).
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Table 3.6: SMC pulsar parameters.

JName P DM S 1400 Discovery
(ms) (pc cm?) (mly) Ref.
J0043-73 937.42937 (26) 115.1(3.4) 0.047 1
J0045-7042 632.33580002 (6) 70(3) 0.11 2
J0045-7319 926.27590497 (3) 105.4 (7) 0.3 4
J0052-72 191.444328 (46) 158.6 (1.6) 0.039 1
JO111-7131 688.54151164 (5) 76 (3) 0.06 2
J0113-7220 325.88301613 (1) 125.49 (3) 04 3
JO131-7310 348.124045581 (7) 205.2(7) 0.15 2

Discovery references: (1) This work, (2) Manchester et al. (2006), (3) Crawford et al.
(2001), (4) McConnell et al. (1991).

PSR J0043-73

To calculate the flux density of PSR J0043—-73 we used the radiometer equation with a S/N
ratio of 18 and a pulse width of 25 ms, we determine S 1490 =0.047 mJy for an inner ring beam
(Figure 3.2). We propose it as a new pulsar, in spite of a non-detection in the subsequent
observation on 2017-09-11 when the data were compromised with severe RFI. This is also
consistent with the non-detection of PSR J0131-7310 which was also observed on 2017-09-11.

PSR J0052-72

To calculate the flux density of PSR J0052—-72 we used the radiometer equation with a S/N
ratio of 11 and a pulse width of 8 ms, we determine S 1400 = 0.039 mJy for an outer ring beam

(Figure 3.2). This is the fastest spinning radio pulsar discovered in the SMC to date.

3.5.2 Non-detections

During this survey we observed 15 SNRs (candidates and confirmed), some of which are
identified as PWNe. No pulsars were detected within any of these regions, but we can quantify
flux density limits at a 8 o~ detection threshold for each of the sources, scaled by their distance
from the centre of the beam in question (Table 3.7). We used the PMB beam model by Ravi et al.
(2016) in combination with equation (3.1), and our survey parameters listed in Section 3.2.3,

which we then multiplied by ,/ PEV&(,’SO , and we set W5y =0.05P.

SNR Candidates

Our deep, sensitive observations of MCSNR J0127-7332 and five SMC SNR candidates ,
identified by the XMM-Newton survey (Haberl et al. 2012), and optically selected by MCELS
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(Smith & MCELS Team 1999) and SALT Fabry-Perot observations, did not reveal any coin-
cident radio pulsars. The size of each SNR candidate was less than the HPBW of the central
PMB, thus the SNR candidates were each observed in their entirety in a single pointing. The
sensitivity limit for each SNR candidate and MCSNR J0127-7332 is listed in the first six lines
of Table 3.7.

MCSNR J0127-7332 and SNR C3 Pointings

The MCSNR J0127-7332 and SNR C3 pointings were coincident with SXP 1062 and SXP 1323
respectively. Both these X-ray pulsars have extraordinarily long spin periods and are potentially
associated with SNRs. In particular, NSs are typically born with spin periods of tens of
milliseconds of (e.g. Crab and Vela pulsars), however Ikhsanov (2012) found that a young NS
can possibly be spun down within 10* years by accreting matter from a magnetic wind, if the
NS has a magnetic field of ~10'3 G. Alternatively, Fu & Li (2012) as well as Ho & Andersson
(2017) showed that both accreting and isolated NSs with a B > 10'* G (i.e. a magnetar) can spin
down to P > 1000 s within the lifetime of a SNR.

I)  MCSNR J0127-7332 Pointing

SXP 1062 is a transient Be\X-ray binary (BeXB) with an orbital period of 668 days, a lower
limit eccentricity of 0.4, and a X-ray spin period of 1086s (Gonzdlez-Galdn et al. 2018).
SXP 1062 has been spinning down from a period of 1062 s in 2010 to 1086 s in 2014. This is
the second longest spin period known for a BeXB. If MCSNR J0127-7332 is the natal SNR
of SXP 1062 it implies a kinematic age of ~2-4x10*years for the NS (Hénault-Brunet et al.
2012). This contradicts standard models, which suggests that NSs at this age are too young to
enter an accretion phase, and as a result cannot be X-ray pulsars (Lipunov 1992). SXP 1062
is in some aspects similar to the highly eccentric gamma-ray binary system PSR B1259-63,
which has a young radio pulsar of P~47 ms (Johnston et al. 1992) with a characteristic age
of 3.32x10° years in orbit around a Be star. The system has a similarly long orbital period of
1236.7 days, and an eccentricity of 0.87 (Wang et al. 2004). We searched MCSNR J0127-7332
for radio pulsations at the X-ray spin period of SXP 1062, but did not detect any pulsations.
The limiting flux density of this pointing was 0.024 mJy (Table 3.7).

1) SNR C3 Pointing

SXP 1323 is another peculiar BeXB with a 26.2 day orbital period, and a X-ray spin period of
1100 s (Carpano et al. 2017). SXP 1323 has the longest spin period known for any accreting
X-ray pulsar, but has been rapidly spun up in a period between 2006 and 2016 from 1340s
to 1100s. Recently, Gvaramadze et al. (2019) found evidence for a putative SNR centred on
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SXP 1323. They identified the SNR with optical studies, however it is the same SNR dis-
covered by XMM-Newton and referred to as SNR C3 in this paper. If the SNR is associated
with SXP 1323 then the NS’s age is estimated to be 4x10* years, similar to SXP 1062’s age.
This would be the second, long period X-ray pulsar located in its natal SNR, and interestingly
both are hosted in the low metallicity environment of the SMC. However, SXP 1323 has a
much shorter orbital period than SXP 1062, and subsequently could accrete matter more often.
Accretion typically inhibits radio pulsations, and indeed we did not detect any radio pulsations

at the X-ray spin period.

Furthermore, the SNR C3 pointing included 2 confirmed SNRs (1E0102-723, IKT 21) in the
central beam, as well as IKT 16 in the second beam. 1E0102-723 was first detected in the
X-rays by Seward & Mitchell (1981), and then identified by Dopita et al. (1981) as an oxygen
rich SNR with narrow band optical imaging. In a subsequent study, Vogt et al. (2018) identified
an isolated neutron star with characteristics consistent with a central compact object (CCO).
From their study the CCO is likely associated with 1E0102-723, thus one would not expect to
dectect radio pulsations from 1E0102-723, since CCOs are radio quiet. Conversely, IKT 16 has
been confirmed as a PWN with a hard X-ray point source (Maitra et al. 2015). In particular,
the X-ray spectral index of 1.1 implies that the emission is dominated by non-thermal emission
originating from a pulsar. The expected spin down power of 1037 ergs! suggests the existence
of a ~100ms pulsar. Down to the 1400 MHz flux limit of 0.024 mJy we did not detect any
pulsations, thus the pulsar must be either too faint or not beaming towards us.

A pulsar BeXB system, SAX J0103-722 with a X-ray spin period of 345 s (Hughes & Smith
1994, Israel et al. 2000, van der Heyden et al. 2004), is coincident with IKT 21. However,
it is not clear whether SAX J0103-722 is associated with IKT 21 or merely a chance coin-
cidence. Hughes & Smith (1994) argued that a spatial chance coincidence in the SMC is
highly unlikely, and would require a transverse spatial velocity exceeding 100 kms™! if the NS
of SAX J0103-722 was born by the same supernova explosion that resulted in the formation
of IKT 21. Such a large spatial velocity for a BeXB is improbable®. Instead, the study sug-
gests the SN explosion occurred in an OB association which also harbours SAX J0103-722.
Nonetheless, we did not detect any radio pulsars down to a flux limit of 0.026 mJy.

XMMU J0049.0-7306 Pointing

The XMMU J0049.0-7306 pointing included DEM S5 and B0050-72.8 (Table 3.7). The
nature of the compact object originating from the precursor SN explosion is not known for

B0050-72.8, nor has any candidates been identified. We did not detect any radio pulsations

*BeXBs typically have spatial velocities of ~10km sl (see Kaper 2001 and references therein)
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down to a sensitivity of of 0.042mly. Alsaberi et al. (2019) has confirmed DEM S5 as a
PWN, with a morphological structure analogous to PSR B1951+32 in SNR CTB 80 (Safi-Harb
et al. 1995) and ’the mouse’ (Camilo et al. 2002). Although this discovery confirms the likely
existence of a radio pulsar, we did not detect any radio pulsations down to a flux density of
0.035mly.

SNR C2 Pointing

The SNR C2 pointing included BO058—-71.8 and IKT 25 in the outer ring beams of the PMB
(Table 3.7). B0O058—-71.8 has not been studied in detail, and we did not detect any radio pulsa-
tions at a flux limit of 0.036 mJy. Conversely, IKT 25 was likely produced by a thermonuclear
(Type Ia) supernova (Roper et al. 2015, Lee et al. 2011), thus one would not expect a NS to
form, and thus one would not expect a radio pulsar residing in the SNR, and indeed we did not

detect radio pulsations down to a sensitivity of 0.035 mJy.

XMMU J0056.6-7208 Pointing

N S66D was located on the edge of the central beam during the XMMU J0056.6-7208 pointing,
while HFPK 334 was positioned in one of the outer ring beams of the PMB. N S66D is poorly
studied, consequently no additional information is available in the literature. On the contrary
HFPK 334 is a young (< 1800 years) (Crawford et al. 2014), intriguing SNR emitting X-ray and
radio emission, but not detectable in the optical (Payne et al. 2007). Filipovic et al. (2008) noted
a central point source within HFPK 334, and suggested that it may be indicative of a PWN. In
light of their study Crawford et al. (2014) conducted a X-ray study of the central object, but
could not identify it as either a CCO or a pulsar, thereupon they proposed that the central point
source is a background object. The lack of any radio pulsations in our study down to a flux

limit of 0.032 mlJy, supports their theory that the central source is a background object.

3.6 Conclusions

We report the first pulsar discoveries in the SMC since the Manchester et al. (2006) survey.
We discovered PSR J0043—73, a 937.42937 ms pulsar with DM =115.1 pccm™, as well as
the fastest spinning pulsar to date in the SMC, PSR J0052-72 with P=191.444328 ms and
DM =158.6 pccm™. These discoveries increases the SMC radio pulsar population to seven,
corresponding to a 40% increase in the population. To date no radio pulsar SNR association
has been made in the SMC.
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3.7 Appendix

3.7.1 Pulsar candidates

Here follows the prepfold plots for two pulsar candidates found during the young pulsar search
with PRESTO.
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Figure 3.6: This candidate was detected during a SNR C3 pointing on 2017-09-12. The
candidate was located in beam five.
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2 Pulses of Best Profile Search Information
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Figure 3.7: This candidate was detected during a SNR C9 pointing on 2017-09-28. The
candidate was found in beam five.
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Chapter

The radio pulsar population of the
Small Magellanic Cloud

Abstract

We model the present day, observable, normal radio pulsar population of the Small
Magellanic Cloud (SMC). The pulsars are generated with SeBa, a binary population syn-
thesis code that evolves binaries and the constituent stellar objects up to remnant formation
and beyond. We define a neutron star as a radio pulsar based on a selection of models
defined by Galactic pulsars, and apply the detection thresholds of previous and future
SMC pulsar surveys. The number of synthesised and recovered pulsars are exceptionally
sensitive to the assumed star formation history and applied radio luminosity model, but is
not affected extensively by the assumed common envelope model, metallicity, and neutron
star kick velocity distribution. We estimate that the SMC formed (1.6 + 0.3) x10* normal
pulsars during the last 100 Myrs. We study which pulsars may be observed by the Manch-
ester et al. (2006) survey, by applying the survey’s specific selection effects, and recover
4.0 + 0.8 synthetic pulsars. This is in excellent agreement with their five observed pulsars.
We also apply a proposed MeerKAT configuration for the upcoming SMC survey, and
predict that the MeerKAT survey will detect 17.2 + 2.5 pulsars.

4.1 Introduction

The Small Magellanic Cloud (SMC) is an excellent candidate to study a variety of stellar pop-
ulations, since it is located out of the Galactic plane, providing minimal extinction, yet being
close enough to resolve stars across the whole galaxy. Another advantage is the known distance
to the SMC, necessary for the calculation of luminosities that lead to accurate classifications
of stellar populations. The SMC is on average at a distance of 60 kpc (Graczyk et al. 2014),
however it is believed to have a line of sight depth of ~10 kpc (Crowl et al. 2001). This uncer-

tainty introduces a minimal uncertainty of ~30% for the calculated luminosities. For reasons
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such as these the SMC has been surveyed extensively at all wavelengths, producing represen-

tative samples of the various underlying stellar populations, within the constraints of the surveys.

The SMC contains a variety of neutron star (NS) populations that highlight various evolu-
tionary stages in the lives of massive stars and massive binaries. The radio pulsar population
of the SMC is of particular interest, since only seven pulsars have been discovered by previous
surveys (McConnell et al. 1991, Crawford et al. 2001, Manchester et al. 2006, Titus et al. 2019).
Although these surveys optimised survey sensitivity and coverage, they were only sensitive
enough to detect the brightest pulsars due to the large distance to the SMC. In contrast to the
small radio pulsar population, the SMC contains 137 high mass X-ray binaries (HMXBs) of
which ~60 are confirmed NS X-ray pulsars (Haberl & Sturm 2016, Antoniou et al. 2019).
The previous X-ray surveys of the SMC (e.g. Yokogawa et al. 2000; Haberl & Pietsch 2004;
Shtykovskiy & Gilfanov 2005; Sturm et al. 2013; Antoniou et al. 2019) were sensitive enough
to probe accreting NSs in quiescence and outburst, unveiling a representative sample of the
underlying X-ray binary population. Population synthesis studies can establish if the relatively
small numbers of radio pulsars are an underlying property of the NS population of the SMC,
or to what extent observational biases and constraints are affecting the observed radio pulsar
population. The population synthesis results can be compared to previous radio pulsar surveys
and population studies of the SMC (Ridley & Lorimer 2010), as well as predict the number of
pulsars that future surveys should detect, like MeerKAT or SKA.

The star formation history of the SMC plays a critical role when simulating the observable
normal radio pulsar® population. However, it is only the most recent star formation episodes
(SFEs) that will contribute to the observable pulsar population, since the average lifetime of an
isolated radio pulsar is ~100 Myr (Faucher-Giguere & Kaspi 2006, Ridley & Lorimer 2010).
During every SFE a population of massive stars will be born. Multiplicity studies of massive
stars indicate that most massive stars are born in binaries (Kobulnicky & Fryer 2007, Kouwen-
hoven et al. 2007, Sana et al. 2012; 2014, Moe & Di Stefano 2017). Binarity will impact the
evolution of the constituent stars if they exchange material. An isolated massive star will evolve
to the giant phase, and produce a NS during a core collapse supernova (Type Ib/c; Heger et al.
2003). However massive stars in close binaries exchange material, forming at least one helium
star, leading to a core collapse supernova and likely the formation of a NS (Yoon et al. 2010).
NSs form via different evolutionary paths, and are born with a range of birth spin periods and
magnetic fields. Moreover, if the NS is not accreting matter from a companion, it can enter a
radio pulsar phase. The radio pulsar mechanism can switch on if the NS has a fast enough spin

period, and a sufficiently strong surface magnetic field, resulting in highly beamed, coherent

*Normal pulsars refer to non-accreting, non-millisecond pulsars.
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radio emission from the magnetic poles.

Given the prevalence of binarity in massive star populations, we conducted binary popula-
tion synthesis studies to best simulate the events leading up to the formation of radio pulsars as
well as the evolution of the pulsars. In this paper we present our population synthesis results
of the SMC radio pulsar population and predict the number of pulsars MeerKAT will detect.
In Section 4.2, we describe the simulation parameters and define a radio pulsar within the
simulations. In Section 4.3 we present the results, and discuss their implications in Section 4.4.

In Section 4.5 we draw our conclusions.

4.2 Method

We utilised the binary population synthesis code SeBa (Portegies Zwart & Verbunt 1996,
Toonen et al. 2012, Toonen & Nelemans 2013) to model the evolution of massive binaries and
the formation of isolated and radio pulsars in binaries. SeBa evolves the binaries from the zero
age main sequence to remnant formation. Beyond remnant formation SeBa continues to evolve
the individual remnants, as well as the binary interaction for the remaining binaries. The binary
interaction accounts for mass loss, mass transfer, angular momentum loss, common-envelope
(CE) phase, magnetic braking, gravitational radiation, and disruption, which is applied at every
time step with the relevant recipes (see Portegies Zwart & Verbunt 1996; Portegies Zwart &
Yungelson 1998). For this study pertaining to radio pulsars, we limit our selection of sources
to detached and disrupted binaries containing a NS. A detached binary implies there is no mass
transfer via Roche lobe overflow (RLOF), however mass transfer via wind accretion is still
allowed. A disrupted binary is defined as a system that is no longer gravitationally bound as a

consequence of a supernova explosion.

4.2.1 Initial Conditions of default model

We simulated 3 million binaries with SeBa to ensure a statistically significant population of radio
pulsars. Here follows a list of the initial conditions required for our default model to simulate
the population of binaries. For the CE evolution we used the ya model (see Equation 4.1,
Section 4.2.2) with a combined CE parameter acgA=0.25 (Toonen & Nelemans 2013), where
v=1.75 (Portegies Zwart & Yungelson 1998, Toonen et al. 2012, van Haaften et al. 2015). The
initial primary masses (M stars with the potential of forming NSs) are drawn from a Kroupa
initial mass function (IMF, Kroupa 2001) with exponent 2.3 for masses between 4.4 and 40 M.
Both mass limits were chosen to include all possible NS formation scenarios. The lower mass
limit was calculated by simulating 500 000 binaries and determining the minimum primary

mass required to form a NS. The secondary masses (M») are drawn from a uniform mass ratio
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distribution such that 0 < % <1 (Raghavan et al. 2010, Duchéne & Kraus 2013). The semi-
major axis follows a uniform distribution in loga (Abt 1983) with a maximum cut off value of
1x10° Re. The initial eccentricity values are selected from a thermal distribution (Heggie 1975)
ranging between zero and one. The natal NS kick velocity distribution is modelled by Verbunt
et al. (2017), a combination of two Maxwellians with a mean of 75kms™! and 316kms'. For
the birth NS spin period, we assume a normal distribution with a mean of 300 ms and a standard
deviation of 150 ms (Faucher-Giguere & Kaspi 2006), while the birth magnetic field in units
of G is drawn from a lognormal distribution with a mean and standard deviation of 12.65 and
0.55 respectively (Faucher-Giguere & Kaspi 2006). The NS kick velocity, natal spin period and
magnetic field distributions were determined from Galactic pulsars. We set the metallicity (Z)

to 0.004*, and assume a 100% binary fraction.

4.2.2 Sensitivity to initial conditions

To assess the systematic uncertainty of sensitivity to the initial conditions we explore the effect
various parameters and models have on the number of formed and detected radio pulsars. We
vary the metallicity, CE model, combined CE parameter (@cgA), and the NS kick velocity
distribution. For every combination of parameters and models we simulate 3 million binaries.

A summary of all the simulations can be found in Table 4.1.

Common-envelope model

The CE phase is a short-lived phase in the life of a binary that occurs when an evolved donor
extends beyond its Roche lobe, enabling unstable mass transfer leading to the formation of a
CE (see Ivanova et al. 2013, and references therein). During the CE phase the binary orbit
shrinks as angular momentum is transferred to the envelope, expelling material from the binary.
Although the CE phase is critical for the formation of compact binaries, the processes governing

the CE phase are poorly understood.

For population studies the CE evolution is typically modelled by a parametric model such
as the o —formalism that is based on the binary’s energy budget (Paczynski 1976, Webbink
1984, de Kool et al. 1987, Livio & Soker 1988, de Kool 1990):

 GMuM,
bin = 1R

where G is Newton’s gravitational constant, My the mass of the donor, M, the mass of its core,

= aceEorit, 4.1)

R the donor’s radius, while A and Ey, refers to the structure parameter and binding energy of

the envelope respectively. The orbital energy (Eowi) is the source that unbinds the envelope

*ZSMC = ZTO = % =0.004 (see Vagnozzi 2017 for Zg measurement).
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Table 4.1: Summary of all the independent SeBa simulations with
their corresponding parameters and models. The default model is

printed in bold.
Model Z CE model acgd NS kick velocity
V4CE2 0.004 yaoraa 2.00 Verbuntetal. (2017)¢
H4CE2 0.004 yaoraa 2.00 Hobbs etal. (2005)

V4CE25 0.004 yaoraa 0.25 Verbuntetal. (2017)
H4CE25 0.004 yaoraa 0.25 Hobbs etal. (2005)
0.1V4CE2  0.004 yaoraa 2.00 0.1x Verbuntetal. (2017)¢
0.1V4CE25 0.004 yaoraa 025 0.1x Verbuntetal. (2017)
V8CE2 0.008 vyaoraa 2.00 Verbuntetal. (2017)
H8CE2 0.008 yaoraa 2.00 Hobbs etal. (2005)
V8CE25 0.008 vyaoraa 025 Verbuntetal. (2017)
H8CE25 0.008 yaoraa 0.25 Hobbs etal. (2005)
0.1V8CE2 0.008 yaoraa 2.00 0.1x Verbuntetal (2017)
0.1V8CE25 0.008 yaoraa 025 0.1x Verbuntetal. (2017)

“Verbunt et al. (2017): a combination of two Maxwellians with a
mean of 75kms™! and 316kms!.

“Hobbs et al. (2005): a single Maxwellian with mean of 265 kms™!.
€0.1 x Verbunt et al. (2017): reducing the NS kick velocity drawn
from Verbunt et al. (2017) by a factor of 10.

with an efficiency of acg. This formalism is referred to as the @a model in the paper. For the
aa model we set acgd =0.25 or acgd=2. The first was determined for systems that go through
a single CE phase, forming white dwarf main sequence binaries (Zorotovic et al. 2010; 2014,
Toonen & Nelemans 2013, Camacho et al. 2014), while the second relates to systems subjected
to two CE phases leading to the formation of double white dwarf binaries (Nelemans et al.
2000, 2001b).

Another CE formalism is the y—formalism that relates to angular momentum conservation
of the binary (Nelemans et al. 2000):

Jinit = Jinit _y AMy
Jinit Mg M,

where Jiyit and Jipi are the angular momentum of the binary prior to and following the CE phase

4.2)

respectively, while M, refers to the mass of the companion. In our models we set y=1.75.
This is applied unless the binary contains a compact object or the CE phase is triggered by a
tidal instability rather than dynamically unstable Roche lobe overflow (see Toonen & Nelemans
2013). When this is not the case we implement the e CE model where acgd =0.25 or ¢cgd =2
(Nelemans et al. 2001). We refer to this as the ya model. For our default model, indicated in

bold face in Table 4.1, we assume the ya formalism and set acgd =0.25, since we are expecting



4.2 Method 62

the majority of the pulsars in binaries to have main sequence companions.

Neutron star kick velocities

A high mass star ending its life with a core-collapse (CC) supernova will form a NS, and impart
a kick to the newly formed remnant. The mechanism responsible for NS kicks are not well
defined, nonetheless they are thought to be related to asymmetric mass loss during SNe or,
alternatively to anisotropic neutrino emission (Lai 2001, Hobbs et al. 2005, Janka 2012). NSs
can also receive a "Blaauw-kick" (Blaauw 1961) when the progenitor experiences an abrupt
mass loss phase, however these kicks are limited by close binary interactions that expel the
donor’s envelope prior to the SN (Huang 1963, Tutukov & Yungelson 1973, Leonard et al.
1994). Particularly, NS kicks are implied by the high spatial velocity of radio pulsars (Cordes
et al. 1993, Hobbs et al. 2005, Lyne & Lorimer 1994, Verbunt et al. 2017) when compared to
their progenitors (Gunn & Ostriker 1970).

For this paper we adopt three different NS kick velocity models. Our default model draws
arbitrary velocities from the natal NS kick velocity distribution of Verbunt et al. (2017), which
was determined from radio pulsar parallaxes and proper motions. The distribution is composed
of a combination of two Maxwellians with c=75kms™! and o-=316kms™'. The bimodal
distribution is linked to the reduced NS kick velocity of small iron core NSs and NSs that
formed via electron capture SNe a (Podsiadlowski et al. 2004, van den Heuvel 2004, Knigge
et al. 2011, Janka 2012, Tauris et al. 2015, Bray & Eldridge 2016). Studies of X-ray binaries
found that these NSs can have extremely low NS kick velocities (Pfahl et al. 2002, van den
Heuvel 2004, Linden et al. 2009, Antoniou et al. 2010, Antoniou & Zezas 2016) that are of
the order of a few kms™!. To account for such low velocities we construct a second model by
reducing the velocities drawn from the Verbunt et al. (2017) distribution by a factor of 10. For
the third model we consider the distribution of Hobbs et al. (2005) which is a single Maxwellian
with a one-dimensional (1D) root mean square (rms) of o =265km ™! inferred from the proper

motion of radio pulsars.

4.2.3 Radio pulsar models

A radio pulsar is modelled as a rotating magnetic dipole in a vacuum, radiating energy through
dipole spin-down emission. The energy loss results in the generation of a magnetospheric
plasma and consequently the acceleration of charged particles producing radio emission (see
Gurevich & Istomin 2007 and references therein). The majority of all known radio pulsars have
spin periods (P) less than 10s, and period derivatives (P) between 10722 and 1071%ss7! (see
Figure 1.4). The P of the NS is dependent on its surface magnetic field (B), moment of inertia
(1), radius (R), and P:
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, 8m’R®B?
© 331 P

where c is the speed of light. As such we define a simulated radio pulsar as a NS within the

4.3)

P — P parameter space of the observed pulsar population.

Radio Emission Mechanism

The acceleration of electron-positron pairs is crucial for the generation of radio pulsar emission.
The radiation terminates when the pulsar’s rotating magnetosphere no longer generates the
potential difference required for pair production (Sturrock 1971, Chen & Ruderman 1993).
When the emission terminates the radio pulsar becomes radio quiet. This corresponds to a death
line on the P— P diagram beyond which the pulsar mechanism switches off, and consequently
the pulsar is no longer observed. Bhattacharya et al. (1992) calculated a theoretical death line

of the form

B
=7 =017 10" Gs™, 4.4)

where B is the NS’s surface magnetic field, and P the NS’s spin period. This relation is well
supported by the distribution of known pulsars on the P — P diagram (Faucher-Giguére & Kaspi
2006). For our synthetic pulsars we use Equation 4.4 to distinguish between active and radio

quiet pulsars.

Observational Effects

The most important observational effects that can hinder the detection of a radio pulsar in
the SMC are the pulsar’s beaming fraction and brightness. Previous work (Lyne et al. 1975,
Vivekanand & Narayan 1981, Proszynski & Przybycien 1984) found that the radio luminosity
for Galactic pulsars has a power law dependence on P and P. Considering a power law of the

form

log (L) = log (LoP*P) + Leorr, 4.5)

where Lo=0.18 mJykpc?. The units of P is seconds, while P has units of 1073 ss™!. The
two exponents relating to P and P are determined empirically, with values of ep=-1.5 and
€ =0.5 (Lorimer et al. 1993, Faucher-Giguere & Kaspi 2006, Bates et al. 2014). The radio
luminosity of a pulsar may be affected by physical variations in the modelled luminosity, distance
uncertainties, as well as viewing geometries. To account for these variations the dithering term,
Leorr is added. Lgo is modelled by a normal distribution, centred at zero, with oz =0.8

‘COIT

(Lorimer et al. 1993) determined empirically. Once L is calculated the flux density (S ) for each
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pulsar is given by dividing L with d?, where d=60kpc is the average distance to the SMC.
This conversion from luminosity does not account for any beaming or geometrical effects, and
is commonly referred to as the "pseudo-luminosity" (Arzoumanian et al. 2002, Lorimer et al.
2006).

Following the flux calculation of every pulsar, we determine the beaming fraction of pulsars
in a particular spin period bin. Tauris & Manchester (1998) defined an empirical relationship
between a pulsar’s spin period and the beaming fraction for pulsars where P > 0.1 s:

p 2

Fom(P) = 0.09 [log (;) - 1] +0.03. (4.6)
Since a small portion of our simulated pulsars have P <0.1 s we depict the beaming fraction for
pulsars in this regime by a linear relationship. The relationship is defined by a beaming fraction
of 0.9 to 0.39 for 0.001 < P(s) <0.1. The lower limit was chosen from fr;(0.1)=0.39, while
the upper limit of 0.9 was determined from millisecond pulsars by Kramer et al. (1998). From
these limits we extend the Tauris & Manchester (1998) beaming fraction linearly with

Frne(P) = — 0.255 log (?) +0.135, 4.7)
where 0.001 < P(s)<0.1. Finally, the total number of pulsars in a period bin is given by
multiplying the number of pulsars with the beaming fraction. Furthermore, to test how sensitive
the number of detected pulsars is to the default empirical radio luminosity (Equation 4.5,
O, =0.8) and the beaming fraction model (Equation 4.6 & 4.7), we consider a second model
in each case. For the radio luminosity the second model is defined by adapting oz, from 0.8 to
2, simply to test how sensitive the number of detected pulsars is to oz .. The second empirical

beaming fraction model was derived by Lyne & Manchester (1988):

fim(P) = ;sin (6.5°P717), (4.8)

and is valid for spin periods down to 0.005 s. For pulsars with P < 0.005 s we set f; m(0.005) =0.78.

4.2.4 Star formation model

To account for the star formation history (SFH) of the SMC, we normalise our simulation with
respect to the simulated mass and the mass available for each SFE (Msgg). The mass available
for star formation (SF) is calculated for two star formation histories (SFHs) determined by
Harris & Zaritsky (2004) and Antoniou et al. (2010). Harris & Zaritsky (2004) composed a
global averaged photometric SFH (HZ04) of the SMC using the Magellanic Clouds Photometric
Survey (MCPS, Zaritsky et al. 2002, 2004). From Figure 7 in Harris & Zaritsky (2004) we
deduced a star formation rate (SFR) of 0.28 Mg yr'1 that lasted for 31 Myr for the most recent
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SFE that occurred 60 Myr ago. The star formation was averaged across time and spatial bins for
the entire SMC. The SFEs for the last 100 Myr were not resolved, implying that there could be
unresolved, intense star formation bursts. Harris & Zaritsky (2004) also calculated the metal-
licity evolution with every SFE, and found that the 60 Myr SFE has a metallicity of Z=0.008.
This is a factor of two larger than is usually assumed. Later on Antoniou et al. (2010) derived
the SFH (A10) of regions in the SMC containing X-ray binaries from the spatially resolved
HZ04 SFH. The A10 SFH resolved the SFH of the last 100 Myr into four star formation bursts
(see Table 1 in Antoniou et al. 2010), and were quoted in My, yr'! arcmin™. While we realize
this SFH is specific to the regions harbouring HMXBs, we invoked this SFH for the entire SMC
(6.7 deg?), to observe the effects of a globally higher star formation rate. As in the previous
study they found evidence for a SFE, 67 Myr ago, but with an average SFR of 0.72 Mg yr!,
followed by a SFE 42 Myr ago with a SFR 1.72Mg yr'!. They concluded that the most recent
SFEs occured 17 Myr and 11 Myr ago with SFRs of 0.38 M yr'! and 0.85 M, yr'! respectively.
The mass available for star formation for a given SFH is calculated by multiplying the duration
(At) of the SFEs with the corresponding SFRs (Table 4.2).

The normalisation also depends on the simulated mass of the primordial binaries (Mota1):

Binaries Single stars
M N 1 — fpi
Mtotal = [—b X Mb + [ b X ( fbln) X MP]’ (49)
f param f param f bin

where Ny, is the 3 million simulated binaries, while M}, =0.74 Mg and M}, = 0.49 Mg, represent
the average, simulated binary and primary mass respectively, and fy, refers to the binary
fraction. The total simulation mass also accounts for the fraction of the total SMC stellar
population we simulated ( fparam) by assuming the population consists of stars in a mass range
from 0.1 — 100 Mg. Since the primaries consist of stars with masses between 4.4 and 40 Mg, only
0.74% of the SMC’s stellar population was simulated, i.€ fparam =0.0074. The total simulated
mass depends critically on the binary fraction. As we assume a 100% binary fraction the single

star term in Equation 4.9 becomes zero. The scaling factor c is given by:

Mspg
Cc= .
M total

(4.10)

The total number of simulated pulsars normalised with respect to the mass available for star
formation is determined by multiplying ¢ with the number of simulated pulsars. Table 4.2 lists
the SFH parameters calculated by HZ04 and A10, as well as ¢ for every SFE. For the default
model we adopt the A10 SFH.
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Table 4.2: SFH parameters of the SMC as reported by Harris & Zaritsky (2004) and Antoniou
et al. (2010), as well as the calculated SFE mass scaling factor c.

SF¢ Peak SFE? SFR AtS  Mgpg c
(Myr) (Myr) Moyr) Myn) (M) (Number)
’ Harris & Zaritsky (2004) ‘
60 53-84 0.28 31 8.7x10°  0.029
’ Antoniou et al. (2010) ‘
11 7-15 0.85 8 6.8x10°  0.023
17 9.5-245 0.38 15 5.7x10°  0.019
42 25-59 1.72 34 58.5x10% 0.196
68 41-95 0.72 54 38.9%x10° 0.130

4SF: Star formation.
bSFE: The onset and termination of each SFE.
¢At: SFE duration.

4.2.5 Survey detection limits

Besides the total number of pulsars currently present in the SMC, we also determine the number
of synthetic pulsars that can be detected by past and future SMC surveys. We model the specific
selection effects of the Manchester et al. (2006), and a future SMC MeerKAT survey. The
sensitivity of a survey depends on the instrument used, as well as the observational setup. The
Manchester survey was conducted with the 21 cm multi-beam receiver (Staveley-Smith et al.
1996b) on the Parkes radio telescope. The gain for the centre beam is 0.69 K Jy™!, and system
temperature is 24 K. A potential MeerKAT survey configuration combines 40 dishes in the core
of the array, resulting in a gain of 1.6KJy™! and system temperature of 17 K. The proposed
SMC MeerKAT survey is assumed to observe an area equivalent to the Manchester survey.
Prior to the Manchester survey, Crawford et al. (2001) carried out an equally sensitive survey.
However, the Manchester survey was more complete, since it covered a larger region of the
SMC, and the pulsar searches were conducted across a larger dispersion measure range. For
these reasons we will discuss the simulation results with respect to the Manchester survey, and
not the Crawford survey. Table 4.3 lists the observational parameters that were used to generate
the survey sensitivity curves. The sensitivity limits set the threshold for the number of pulsars

that are detected by a particular survey, and are taken at the centre of each spin period bin.
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Table 4.3: Observational setup of SMC radio pulsar surveys, as well as the limiting flux densities
at 1400 MHz for P > 50 ms.

Survey Tin®  tamp’ AV Na,? S1400
(s) (us) (MHz) (Number) (mly)
Crawford et al. (2001) 8400 250 288 96 0.066
Manchester et al. (2006) 8400 1000 288 96 0.067
MeerKAT 7200 o4 800 4096 0.012

“Tine: Observation integration time.
btmmp: Observation sampling time.
¢Av: Number of frequency channels.
4N,: Number of frequency channels.

4.3 Results

4.3.1 Default model

When assuming the default model (see Section 4.2.1) the SMC is predicted to have formed
1.5 x10* observable* radio pulsars, and 1.8 x10° pulsars in total. Of these pulsars we predict
that the Manchester survey would detect 4.8 synthesised pulsars, while the future MeerKAT
survey is predicted to detect 19.6 pulsars. Figure 4.1 and 4.2 compares the brightness and period
distributions of pulsars in binaries, as well as isolated pulsars. These figures illustrate the low
radio flux of most synthesised pulsars, rendering them undetectable by the previous survey
limits, as well as the MeerKAT survey. However, the spin period distribution of pulsars peaks
at ~1s. So, it is the combined impact of the prevalence of pulsars around the 1s spin period
together with the increased brightness of the faster spinning pulsars (i.e. > 0.1s) that explains the
observed period and luminosity distribution of the pulsars detected by the Manchester survey.
(See Section 4.4.1 for further detail.)

4.3.2 Sensitivity to initial conditions

We carried out 96 simulations for two SFH to determine the effect the various parameters have
on the total number of synthetic pulsars, as well as the number of pulsars recovered by the
Manchester and MeerKAT surveys. The assumed SFH and radio luminosity model are the
main parameters that have a significant effect on the synthesised radio pulsar population of the
SMC.

The models where the A10 SFH was assumed with the empirical luminosity model (o ¢orr = 0.8),

while varying the CE model, CE parameter, metallicity, and beaming fraction resulted in a

*Pulsars beaming towards us.
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Figure 4.1: Default model of pulsars in binaries, adopting the Tauris & Manchester (1998)
= (.8 luminosity model. The top panel exhibits the various survey
sensitivity curves with the corresponding number of detected synthetic pulsars in the legend, as
well as the brightness distribution of the pulsars. The small black points represent the brightness
of individual pulsars, while the large black dots show the median flux of pulsars in a period bin.
The black arrows indicate points that are off the plot. The red stars denote the known pulsar
population. The bottom panel shows the period distribution of all pulsars in binaries in the

beaming fraction and, o,

corr

SMC that formed during the respective SFEs.




4.3 Results 69
0.45
0.40__NCrawford:0~7 ?f f??????ft *
Nmanchester = 0.7 . : .
—_~ 035 T NMeerKAT = 5.4
'ij 030] ¢ Median flux ‘ *
E *  Known pulsars :
S 025 :
o 4 i
g 0.20 )
— 0.15 - L *
0.10 - il
0.05 - i
[
0.00 T | T T A T
16001 __ Ap
1400{ — 11 Myr
— 17 Myr
1200 1 — 42 Myr
1%}
5 1000 1 68 Myr
0
S 4
3 800
Z 600 -
-
400 A 1
200 A
0 T T T T =T T
104 10-3 1072 101! 100 10!
Period (s)

Figure 4.2: Default model of isolated pulsars, adopting the Tauris & Manchester (1998) beaming
= (.8 luminosity model. The top panel exhibits the various survey sensitivity
curves with the corresponding number of detected synthetic pulsars in the legend, as well as
the brightness distribution of the pulsars. The small black points represent the brightness of
individual pulsars, while the large black dots show the median flux of pulsars in a period bin.
The black arrows indicate points that are off the plot. The red stars denote the known pulsar
population. The bottom panel shows the period distribution of all isolated pulsars in the SMC
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that formed during the respective SFEs.
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range of synthesised pulsars (see Appendix 4.6.1). A minimum of 1.2 x10* and a maximum
of 2.2x10* pulsars are synthesised. Of these synthesised pulsars, the Manchester survey is
predicted to detect 2.8 —6.0 pulsars, while the future MeerKAT survey is predicted to detect
12.3-23.0 pulsars.

Star formation history

The number of synthesised and detected pulsars is exceptionally sensitive to the assumed SFH.
The default A10 SFH produces ~12 times more pulsars when compared to the HZ04 SFH. This
is directly related to the mass available for star formation. The A10 SFH provides 110 x 10° M,
for SF, while the HZ04 SFH results in 8.7 x 10° M. Consequently, the A10 SFH has 12.6 times
more mass available for star formation than the HZ04 SFH, and in turn ~12 times more pulsars
are synthesised. The assumed SFH also has consequences for the number of recovered pulsars.
The A10 SFH results in the recovery of 14.5 and 59.4 times more synthesised pulsars for the
Manchester and MeerKAT survey when compared to the HZ04 SFH. The HZ04 SFH yields an
insignificant population of pulsars (~1 x 10%), thus we will only report the results of the A10
SFH. The results of the 96 simulations for the A10 SFH is summarised in Appendix 4.6.1.

Radio luminosity model

The number of recovered pulsars is contingent on the assumed radio luminosity model. The

alternate luminosity model (o . =2.0) allows for brighter synthesised pulsars when compared

Corr

to the empirical, default model (o =0.8). Consequently, more pulsars are recovered when

the survey selection effects are applied with the alternate luminosity model. In particular
the alternate radio luminosity model results in the detection of 16.0 synthesised pulsars with
the Manchester survey, while the MeerKAT survey is predicted to detect 112.6 pulsars. This
corresponds to an increase by a factor of 3.3 and 5.7 for the Manchester and MeerKAT surveys
respectively, when adopting the alternate luminosity model instead of the empirical, default

model’s radio luminosity.

4.3.3 Consistent population properties

The simulations are extremely robust in terms of the CE model (ya vs aa), CE parameter, metal-
licity, and beaming fraction, i.e across all these models there are no categorical differences in
the total number of synthesised or recovered pulsars. However, the applied SFH and radio
luminosity model have a significant impact on both the number of synthesised and recovered
pulsars. As such, we group the results by the A10 SFH as well as the empirical radio luminosity

model (o,

CorT

=(.8), and determine the various medians with corresponding standard deviations

as error estimates.
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On average the SMC synthesised (1.6 + 0.3) x10* detectable radio pulsars in the last ~100 Myr.
This population excludes old, recycled MSPs, and only includes pulsars beaming towards us.
By applying the Manchester survey detection limits we recover 4.0 + 0.8 synthetic pulsars on
average, while the SMC MeerKAT survey is predicted to detect 17.2 + 2.5 pulsars.

4.3.4 Pulsars in binaries

The NS kick velocity distribution does not have a significant impact on the number of synthe-
sised or recovered pulsars. However, it predicts different fractions of synthesised pulsars in
binaries. When applying NS kick velocity distributions from Hobbs et al. (2005) and Verbunt
et al. (2017) an average of 2.4% and 5.5% of the pulsar population is predicted to occur in
binaries, respectively. Conversely, when adopting the alternative model where we reduced the
kick velocities from Verbunt et al. (2017) by a factor of 10 an average of 19% of the synthesised
pulsar population is retained within a binary. The pulsars in binaries with high mass companions
(M > 5 Mp) are primordial high mass X-ray binaries (HMXBs). When considering the default
model 4% of pulsars are predicted to be in binaries, implying ~160 synthesised pulsars are in
binaries with high mass companions with orbital periods (P,) below 1000 days. Alternatively
when applying the Hobbs et al. (2005) distribution, the pulsar binary fraction is 2% predicting
~60 high mass binary pulsars.

Although a relatively small number of synthesised pulsars occur in binaries, the simulations
predict that ~80% of the synthesised pulsars that are detected by the Manchester survey are in
binaries. This prediction is inherent to the synthesised population of bright binaries with spin
periods below 0.1 s (Figure 4.1). These pulsars are young and typically short-lived, before the
pulsar mechanism is quenched by binary interactions. Pulsars within very compact binaries,
and/or with massive companions are quenched shortly after formation when mass transfer en-
sues. These pulsars have less time to spin down, and consequently are brighter on average than

the isolated pulsars with spin periods below 0.1 s.

The orbital period (Pop) and eccentricity (e) of the pulsars in binaries have a weak posi-
tive correlation (Figure 4.3). The binaries shown in the figure include 95% of the simulated
binary population (Pyp <5000 days). The orbital period distribution has five peaks, the peaks
below Py, ~ 300 days are associated with the SFEs of 11 & 17 Myr ago, while the remaining
two peaks (P ~ 400 & 1200 days) present the evolved binaries from the SFEs that occurred 42
& 68 Myr ago. The evolved binary pulsars occur in wider binaries where minimal mass transfer
occurs, extending the life time of the radio pulsars. There is a large number of binaries with a

nearly circular orbit, after which the eccentricity distribution follows a Poisson-like distribution.
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Figure 4.3: Intensity plot showing the relationship between the orbital period (Po) and ec-
centricity of simulated pulsars in binaries. The individual orbital period and eccentricity
distributions are also depicted on the relevant axes.

The peak at e ~ 0 is associated with more evolved binaries from the 42 and 68 Myr SFEs. The
most recent SFEs (11 & 17 Myr ago) have exponential eccentricity distributions with ~18% of
their population having e > 0.2, while the older SFEs (42 & 68 Myr ago) have fewer eccentric

orbits with only ~7% of systems exceeding an eccentricity of 0.2.

4.4 Discussion

4.4.1 SMC radio pulsar population

In this study we utilise binary population synthesis techniques to estimate the size of the SMC
radio pulsar population, and apply various survey selection effects in an attempt to recover
the observed population, and characterise the efficiency of the future SMC MeerKAT survey.
We predict that (1.6 +0.3) x10* normal radio pulsars were formed in the SMC during the last
~100Myr. This population excludes recycled, old MSPs, and only includes pulsars beaming
towards us. This is in agreement with Ridley & Lorimer (2010), who predict a population of
(1.09 +0.16) x10* normal pulsars in the SMC. This agreement is striking, since our method
was based on binary evolution and dependent on the SFH of the SMC, while Ridley & Lorimer
(2010) utilised a Monte Carlo method (Lorimer et al. 2006) that seeded pulsars until the Manch-

ester selection effects recovered five observed pulsars. Ridley & Lorimer (2010) also predict
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that 67.2% of all pulsars born in the SMC will escape within the average lifetime of a pulsar,
assuming that the SMC pulsars receive similar NS kicks as Galactic NSs (Hobbs et al. 2005,
Verbunt et al. 2017). The high fraction of escaped pulsars is related to the relatively small
escape velocity of the SMC (~ 120kms™!). Although a large fraction of pulsars may escape
the SMC, we may still be able to detect a reasonable portion of the 67.2% of escaped pulsars
with our surveys if the pulsars are travelling along our line of sight. To quantify this we would
need to carry out more detailed simulations. If such a large portion of pulsars are predicted to
escape the SMC we would expect more pulsars near the edges of the SMC. Currently this does
not seem to be the case (see McConnell et al. 1991, Crawford et al. 2001, Manchester et al.
2006, Titus et al. 2019), however more pulsars need to be discovered to make inferences on
the spatial distribution of the SMC pulsars. Furthermore, Ridley & Lorimer (2010) assumes a
NS kick velocity distribution derived from Galactic pulsars, which may not be the case for the
SMC pulsars, and can also affect the number of escaped pulsars. The discovery of more radio
pulsars and their characterisation are necessary to improve the models we base our simulations

on.

We study how many pulsars may be observed by the Manchester survey, by applying the
survey’s specific selection effects and recover 4.0 + 0.8 synthetic pulsars, which compares well
to the five pulsars observed with the Manchester et al. (2006) survey. The proposed SMC
MeerKAT survey is ~6 times more sensitive than the Manchester survey, however it is predicted
to detect only 17.2 +£2.5 pulsars. The large distance to the SMC reduces the flux of the radio
pulsars to such an extent that MeerKAT will only detect the brightest pulsars. To make a
comparison between the observed and synthesised spin period distribution we convolve the
simulated flux and spin period distributions (top and bottom panels of Figures 4.1 and 4.2) to
create a normalised, bias corrected spin period distribution (Figure 4.4). Currently there are
only seven known pulsars in the SMC. Such a small number of pulsars is insufficient to make
extensive comparisons, however Figure 4.4 shows that the observed pulsars are coincident with
the peaks of the binary and isolated pulsar period distributions. The isolated pulsars have a spin
period distribution that peaks around 1 s, and extends to 10s. The pulsars in binaries account
for only a few percent of all the simulated pulsars, and have a spin period distribution peaking at
~0.3s. Unlike the isolated pulsars, very few pulsars in binaries have spin periods beyond ~1 s.
Initially, rapidly spinning pulsars are prevented from accreting material by the propeller mecha-
nism, however once they have spun down sufficiently the NS can accrete material and enter the
HMXB phase. The SMC in particular harbours a number of accreting NSs with spin periods
shorter than 10 s (see Haberl & Sturm 2016, and references therein). Moreover, the simulations
predict a population of ~60— 160 NSs in binaries with massive companions. These systems are
primordial HMXBs, and compare well with the known population of ~140 HMXBs in the SMC.
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Figure 4.4: The normalised, bias corrected spin period distribution of pulsars in binaries and
isolated pulsars. This figure is a result of convolving the flux and period distributions, i.e. the
top and bottom panels of Figure 4.1 and 4.2.

Another notable difference is that pulsars in binaries are brighter than isolated pulsars with
spin periods below ~0.1 s (see Figure 4.1 & 4.2). As a result the simulations suggest that less
sensitive surveys are more likely to detect pulsars in binaries, and that as many as 80% of the
Manchester pulsars are predicted to be in binaries. Thus far one of the five pulsars has been
identified as a pulsar in a binary with a B star in a 51 day orbit (Kaspi et al. 1994). Due to the
distance to the SMC extensive timing studies of the known pulsars have not been possible, thus
the possibility that they are in wide orbits cannot be ruled out. With the upcoming MeerKAT
survey, timing studies are likely to identify new pulsars in binaries. Especially since the bulk
of the synthetic pulsars in binaries have orbital periods below ~103 days with fairly low eccen-
tricities (Figure 4.3) for which realistic observing campaigns can be launched to search for the
binaries. Apart from timing studies it is also possible to search for pulsars in binaries with
acceleration searches. Ridley et al. (2013) carried out acceleration searches that were sensitive
to pulsars in binaries with spin periods greater than 23.5 ms on the archival Manchester et al.
(2006) data, but did not discovery any new pulsars in binaries. However, acceleration searches

are most effective for close binaries, i.e. those more likely for MSPs, and not wide binaries.
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4.4.2 Constraints on assumed models

In the following sections we place constraints on the SMC SFH, and the empirically determined

radio luminosity model.

Star formation history

The A10 SFH successfully reproduced the predicted number of normal pulsars in the SMC, as
well as the observed pulsar population. This is in contrast with the HZ04 SFH, that neither
produces the predicted number of pulsars nor recovers the observed pulsar population. In fact
the HZ04 SFH produces a virtually undetectable pulsar population. The HZ04 is a global,
spatially resolved, time averaged SFH, and hence does not account for short bursts of SF. It also
does not resolve the SFH of the last 100 Myr, which is when the majority of the pulsars would
have formed. The HZ04 may be more suitably applied to older stellar populations where a high
temporal resolution is not required. For our pulsar population it is essential to apply a SFH
that is resolved throughout the last ~100 Myr, making the A10 SFH more appropriate. The
A10 SFH is also limited and not ideal, since it was not calculated for the entire SMC, but for
regions containing X-ray binaries, which we then assumed for the entire SMC. Regardless of
which SFH is more appropriate, the simulations require a SFH that provides sufficient mass to
synthesise enough pulsars for the Manchester survey to recover the five observed pulsars. Thus,
we require a SFH that provides at least as much mass as the modified A10 SFH (110 x 10 My,).

Radio luminosity model

The default model which adopts the empirical radio luminosity model (o7, =0.8) produces
a sufficient number of pulsars to recover the five observed pulsars with a ~20% error when
the Manchester selection effects are applied. Reproducing the observed population with such
accuracy provides confidence for the method, its results, and the predicted number of pulsars
MeerKAT will detect. The radio luminosity dispersion of the Galactic pulsars is well modelled
for or,,. =0.8. There is no observational evidence that the SMC pulsars will deviate from this

relation. Moreover, when adopting the alternate radio luminosity model (o =2), it does not

result in the recovery of the five observed pulsars, instead it overestimates the population by
a factor of three. The alternate model is not supported by observations, it was a theoretical
test to determine how sensitive the simulations are to the assumed luminosity model. Con-
sequently, there is presently no clear indication that the SMC pulsar radio luminosities differ

when compared to the Galactic pulsar population luminosities.
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4.5 Conclusion

We modelled the present day radio pulsar population of the SMC (excluding millisecond
pulsars). On average the number of synthesised and recovered pulsars were not affected by
metallicity, CE evolution, NS kick velocity distribution or the beaming fraction model, but are
strongly dependent on the recent star formation rate and the pulsar luminosity model. The
simulations predict a population of (1.6 +0.3) x10* normal radio pulsars. When applying the
selection effects of the Manchester et al. (2006) survey we recover 4.0 + 0.8 synthetic pulsars,
which is in agreement with the five observed pulsars. Furthermore, the future SMC MeerKAT
survey is predicted to detect 17.2 + 2.5 pulsars. This implies that the proposed SMC MeerKAT
survey will not be sensitive enough to detect a significant portion of the SMC pulsar population.
That being said, MeerKAT will provide a valuable test to the predicted number of detectable

pulsars, and contribute to our understanding of massive binary evolution.
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4.6 Appendix

4.6.1 Simulation tables

Here follows the results of all the simulations where the Antoniou et al. (2010) SFH was

assumed.
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Chapter

Conclusion and future work

In this thesis I explored various evolutionary stages of massive binaries in the MCs through
observational and theoretical studies. I investigate the evolutionary channels relating to NSs in

particular, and compare the HMXB and radio pulsar populations of the LMC and SMC.

5.1 High mass X-ray binaries

In Chapter 2, I carried out an optical follow up study of BeXB candidates identified by the
XMM-Newton X-ray survey of the LMC, and identified nine new BeXBs. This increased the
confirmed population of known BeXBs in the LMC to 26. I also explored the optical char-
acteristics of these new BeXBs to determine the spectral class of the companions, as well as
identify any orbital periods with a timing study. The detailed spectral study showed that all
the companions have spectral types of B3 or earlier, while the timing study revealed orbital
periods ranging from ~5-600days. Both the SMC and LMC have now been surveyed to
a limiting point source sensitivity of ~1033ergs™ in the X-rays with complementary optical
timing and spectral studies, characterising the optical companions, as well as the orbital peri-
ods of the binaries. The uniform X-ray surveys reduce the observational selection effects and

biases, and allow for a meaningful comparison of the HMXB populations of the LMC and SMC.

The SMC harbours ~140 HMXBs (candidate and confirmed, Antoniou et al. 2019), while
the more massive LMC contains 33 confirmed, and eight candidate HMXBs - a total of 41
HMXBs. The fraction of HMXBs to stellar mass in the SMC (107 My™!) is an order of mag-
nitude higher than the LMC (108 Mg!), indicating the high efficiency with which the SMC
has been forming HMXBs when compared to the LMC. Previous work (Grimm et al. 2003,
Shtykovskiy & Gilfanov 2005, Antoniou et al. 2018) has shown the discrepancy in population

TLatest HMXB discovered by Maitra et al. (2019).
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size is likely related to the SFHs of the MCs, which highlights the duration of a particular SFE,
as well as the respective star formation rates that determine the mass available for star formation.

The Be phenomenon may be in part a result of massive binary evolution, one scenario in
particular suggests that OB stars evolve to OBe stars as a result of mass transfer, during which
they get spun up, and form an outflowing circumstellar disc. Optical photometric studies show
that the circumstellar discs of OBe stars take ~25 - 80 Myr to form (McSwain & Gies 2005),
they also found that they are more likely to form in close binaries as a result of mass transfer.
This implies that a SFE that occurred between 25 - 80 Myr ago will maximise the observed
BeXB population. The SMC’s SFH (Harris & Zaritsky 2004, Antoniou et al. 2010) suggests
that a SFE occurred ~60 Myr ago, coinciding with the formation time of circumstellar discs of
OBe stars, enabling the formation of BeXBs. Two recent SFEs occurred in the LMC, ~12 Myr
ago and ~100Myr ago (Harris & Zaritsky 2009, Antoniou & Zezas 2016). The most recent
LMC SFE (~12 Myr) would have produced massive binaries, however they are mostly too young
to have entered the BeXB phase, while SGXBs can form on such a short time scale. To date
only two SGXBs have been confirmed in the LMC, making BeXBs the most prevalent HMXB
class in the LMC. Conversely, the massive binaries that were formed during the ~100 Myr SFE
would have evolved past both the BeXB and SGXB phase. None of the LMC SFEs take place
at the time scales required for the formation of circumstellar discs nor the average lifetime of
HMXBs, and thus fewer observable HMXBs are expected in the LMC. Both the relatively small
population of HMXB in the LMC, and large population of HMXB in the SMC may be in part
due to their independent SFHs, and not necessarily an observational bias.

Environmental effects such as metallicity may also have implications for a galaxy’s NS popula-
tion. The SMC has a low metallicity (Z=0.004) that can enable less massive stars to form NSs,
since less mass is lost due to line-driven winds (Poelarends 2007). The SMC has a HMXB
population three times larger than the LMC, despite having a lower mass. This can partially be
related to metallicity discrepancy between the SMC and LMC. Lower metallicities have also
been associated with lower NS kick velocities (Pfahl et al. 2002, van den Heuvel 2004, Linden
et al. 2009, Antoniou et al. 2010), leading to fewer disrupted binaries, and consequently more
HMXBs form. In Chapter 4 (population studies) we showed that a smaller NS kick reduces the
number of disrupted binaries significantly. However, our SMC population studies produced a
primordial HMXB population (see Section 4.4.1) that compares well with the observed SMC
HMXB population by assuming canonical NS kick velocity distributions (see Hobbs et al. 2005,
Verbunt et al. 2017). We also found no significant differences in the number of synthesised NSs

for a low metallicity (Z=0.004) when compared to a higher metallicity (Z=0.008) which is
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similar to the metallicity of the LMC (Z=0.01*.). Consequently, the effect a galaxy’s metallicity
has on the number of observed HMXBs is still poorly constrained.

5.2 Radio pulsars

The large population of HMXBs in the SMC implies a large NS population, however this is not
reflected by the SMC'’s radio pulsar population. In Chapter 3 I carried out the deepest, most
sensitive pulsar searches for six SNRs (and pulsar wind nebulae) in the SMC with the Parkes
radio telescope in an attempt to uncover more radio pulsars, and for better characterisation of the
radio pulsar population. The targeted survey revealed two new radio pulsars (PSR J0043-73,
PSR J0052-72), increasing the population size to seven. The new pulsars have similar DMs
and spin periods when compared to the known population. PSR J0O052-72 is currently the
fastest spinning pulsar in the SMC. These were the first pulsars discovered in the SMC in more
than a decade. Neither of the pulsars were associated with SNRs, they were serendipitous
discoveries. None of the known SMC radio pulsars have been associated with either SNRs
or pulsar wind nebulae. Some young radio pulsars are very bright (e.g. the Vela and Crab
pulsars), but this is not the case for all young pulsars. Camilo (2003) completed a census of
SNR-pulsar associations (Kaspi & Helfand 2002, Kaspi et al. 1996, Gorham et al., Lorimer
et al. 1998, Manchester et al. 2001) and found that in some cases the pulsars associated with
SNRs can be faint. If the pulsars in the SMC SNRs are intrinsically faint we would not be able to
detect them with the previous generation radio telescopes at the distance of the SMC. However
targeted searches with MeerKAT may be able to detect these elusive radio pulsars. The radio
pulsar populations of the SMC and LMC have very similar spin period distributions ranging
from ~100- 1000 ms, with the exceptions being the two LMC pulsars, PSR J0537-6910 and
PSR J0540—-6919 that have spin periods of 16 and 50 ms respectively. However, comprehensive
comparisons of the SMC and LMC radio pulsar populations are not possible, since previous
surveys were only sensitive to the brightest MC pulsars, discovering only a few pulsars. If the
MCs have a similar luminosity distribution to the Galaxy then surveys have only been sensitive

to ~4% of the MC pulsar population (See Figure 1.8).

In Chapter 4, I estimate the SMC radio pulsar population and quantify previous and future
survey selection effects by conducting population studies with a binary population synthesis
code. This is the first application of binary population studies to radio pulsars, and can provide
insights with regards to binary radio pulsars. Our estimate of the SMC radio pulsar population
(~15 000 pulsars) agrees with previous estimates utilising an independent Monte-Carlo method

(Ridley & Lorimer 2010). In addition to the population size, we studied the number of pulsars

*Zimc = 279 = % =0.01 (see Vagnozzi 2017 for Zg measurement)
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that may be observed by the Manchester et al. (2006) survey by applying the survey’s specific
selection effects, and recovered ~5 synthesised radio pulsars. This is in excellent agreement
with the five pulsars detected by the Manchester survey. Producing results in agreement with
observations provides confidence in this new method of population studies for radio pulsars.
Using this method we applied the selection effects of the MeerKAT SMC survey, and estimate
that MeerKAT will detect ~20 radio pulsars. This is a surprisingly low number, since the
proposed MeerKAT survey is ~6 times more sensitive than the previous Manchester survey.
With this increase in sensitivity we predict it will only detect a small portion of the SMC radio
pulsar population as a result of the SMC’s large distance. Nonetheless, the MeerKAT survey of
the SMC will provide an excellent test for the predictions made in Chapter 4, and contribute to
our understanding of massive binary evolution. The small population of detected radio pulsars
in the SMC is primarily attributed to the large distance to the SMC, and not likely a property of

the radio pulsar population.

5.2.1 Future work

The observed NS population of the SMC and LMC seems to be linked to their SFHs, and
affect the evolutionary phase or state within which they are observed. X-ray surveys of both
the MCs, sensitive enough to detect quiescent HMXBs, imply we have detected representative
samples of their respective HMXB populations. For the SMC this is supported from a theo-
retical point of view by the population studies we conducted in Section 4.4.1. The next step
involves similar population studies of the LMC to estimate its radio pulsar population size, as
well as the primordial HMXB population size. In addition to the population estimates we will
also include simulations to estimate the fraction of radio pulsars that will escape the LMC.
The LMC population synthesis study will follow the same method outlined in Chapter 4, while
applying the LMC SFH, as well as consider additional metallicities for the SeBa simulations.
This will provide a second case study for binary population synthesis methods applied to radio
pulsars, and predict the number of radio pulsars the LMC MeerKAT survey will detect. The
LMC MeerKAT survey will be more sensitive than the SMC MeerKAT survey, since itis 10 kpc
closer. As such we expect the LMC MeerKAT survey to be sensitive to a larger portion of its
radio pulsar population. If this method produces consistent results comparable to observations
it can act as a useful tool to asses the efficiency of future radio pulsar surveys, and consequently

determine optimised survey parameters.

Simulating the normal radio pulsar (i.e. non-recycled) population is simpler than simulat-
ing the HMXB population. This is because, for the the radio pulsars, no mass transfer is
allowed after the SN. Simulating HMXB populations with binary population synthesis codes

are complicated by both the eccentric orbits and circumstellar discs of BeXBs, which are
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currently not accounted for. To extend the population studies of radio pulsars to BeXBs in
particular, we will have to adapt the code to account for periodic mass transfer onto a NS
in an eccentric orbit, from the circumstellar disc of an OBe companion. Once the code has
been adapted we will carry out extended population studies to include both the radio pulsar
and HMXB phase. Synthesising the HMXB population will predict X-ray luminosity, orbital
period, and eccentricity distributions that can be compared to the known HMXB populations
of the MCs (Townsend et al. 2011). Extending the simulations can potentially explain the
observed radio pulsar and HMXB populations of the MCs, as well as the environmental impact

on the observed populations.

5.3 Concluding statement

The MC:s offer a unique environment to study resolved stellar populations and their evolution
with unprecedented detail. This in conjunction with the known distance to the MCs, reduces
the observational biases and uncertainties making the LMC and SMC excellent test beds for

stellar population studies.

Now that both the LMC and SMC HMXB populations have been characterised there is suffi-
cient observational data to compare with detailed population synthesis models. However, the
unique mass transfer mechanism of BeXBs introduces complexities to the modelling. Current
population synthesis codes like SeBa does not addressed these complexities, and would need

to be addressed before the BeXB population can be modelled.

The radio pulsar population of the MCs have not been studied observationally to the same
extent as the HMXB population. To date, we have only detected a small portion of the pulsar
population. This is due to previous instrumental limitations. With MeerKAT and SKA the
situation will be improved, and allow for better characterisation of the radio pulsar population,

and consequently an improvement on models of the populations.

Previous and future surveys grant the possibility to understand massive binary evolution from an
observational perspective, as well as a premise for testing our models by applying the selection
effects of particular surveys. Ultimately, pairing past survey results with simulations can help to
establish practical guidelines for future surveys, and provide insights on the expected massive

binary population sizes.
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