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Introduction and thesis structure

Since the dawn of civilization, mathematics has been a key tool that humans have
used to try and understand the laws of nature and the world that surrounded them.
The very first foundations of mathematics were laid by the ancient civilizations of
Sumerians, Egyptians and Babylonias, which used mathematics as an instrument to
quantify and describe their world. The Greeks further revolutionized this field, with
Euclid and Pythagoras formalizing the mathematical thought into axioms and the-
orems that are still valid today. A major cornerstone, which consecrated the role of
mathematics for our understanding of the universe, was the development of the sci-
entific method, with Galileo Galilei being one of its greatest representatives. Galileo’s
empirical observations and innovative experiments laid the groundwork for modern
physics. In particular, his use of the telescope to study celestial bodies, and his sub-
sequent support for the heliocentric model, exemplified the power of mathematical
precision and the scientific method in challenging long-held beliefs. Galileo’s legacy is
a testament to the key role of mathematics in our ability to understand the universe,
and is the foundation of the scientific research method that we currently use.

The last few decades have witnessed yet another pivotal change in the way science
is made: the technological revolution. The advent of computers, with their ability of
doing computations extraordinarily fast, has opened up entire new possibilities that
were simply inconceivable even just a few years ago. Besides allowing to numerically
solve complex equations and non-linear systems that would have been impossible to
solve otherwise, the exponential growth in the computing power has also led to the
massive application of innovative techniques, such Artificial Intelligence algorithms,
to all aspects of our lives, including science itself.

In this PhD thesis, we will focus on the applications of mathematical algorithms in
astrophysics, specifically those used to search for radio pulsar signals in radio astro-
nomical data. These algorithms are notoriously computationally extremely expensive,
so we will also discuss their implementation on modern high-performance-computing
systems, as well as possible ways to improve their efficiency. Here follows a brief
outline of how this thesis is structured.

* In Chapter 1 we provide a general introduction to pulsars for the non-expert
reader. We briefly outline the challenges related to their observation and dis-
cuss the main astrophysical applications.

* In Chapter 2 we delve into the details of pulsar searching. We explain the
basic principles and mathematical tools that are used to the detect the radio
signal emitted by pulsar, and we go into the details of the more sophisticated
techniques that allow us to maximize our capability of detecting pulsars under
particular conditions.

* In Chapter 3 we apply some of the pulsar searching techniques discussed
in the previous chapter to real observations of globular clusters acquired with
the Australian Parkes radio telescope, and with the South African MeerKAT
radio telescope.
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* In Chapter 4 we also apply different search algorithms to observations of
the young massive cluster Westerlund 1, also observed with the Australian
Parkes radio telescope.

¢ In Chapter 5 we summarize our findings and provide some prospects for
future work as follow-ups of the results obtained in this thesis.



CHAPTER 1

Pulsars

1.1 The discovery of pulsars

Pulsars are a particular subclass of fast-rotating neutron stars (NSs), endowed with
a very strong dipolar magnetic field, that emit electromagnetic waves from their mag-
netic poles. This emission comes in the form of two highly collimated beams of radia-
tion along the magnetic axis. Being the latter misaligned with respect to the rotation
axis, the resulting effect is that the neutron star appears to emit a pulse of radia-
tion every time that one beam sweeps across the line of sight of the distant observer,
exactly like a lighthouse on Earth (see Figure 1.1).

The discovery and subsequent understanding of pulsars represent a milestone
chapter in the history of astrophysics. In the early 20th century, the theoretical
groundwork for the existence of neutron stars was laid shortly after the discovery
of the neutron by James Chadwick in 1932. In particular, Baade and Zwicky were the
first to propose the concept of “neutron stars” in 1934, suggesting that these objects
could be the remnants of supernova explosions, i.e. the last act in the evolutionary
cycle of massive stars (Baade & Zwicky, 1934). During one of these events, the core
of the massive star would collapse, resulting in the formation of an extremely com-
pact object made of neutrons. The first theoretical models that described the internal
structure of a NS were developed by Oppenheimer & Volkoff (1939), and later refined
by Fowler & Hoyle (1964). Their models predicted that NSs would have extremely high
densities, higher than those of atomic nuclei. Shortly after, Colgate & White (1966)
predicted that NSs would also have very strong magnetic fields and high spin rates of
few tens to hundreds of rotations per second, as a consequence of the conservation of
magnetic flux and angular momentum from the progenitor star. The strong magnetic
field and high spin rate, combined together, would produce electromagnetic radiation.
Indeed, Hoyle et al. (1964) and Pacini (1967), posited that a neutron star could be
the engine that powers the observed X-ray emission of the Crab Nebula, a famous
and well-studied remnant of a supernova explosion occurred in the year 1054 in the
northern sky.

This theoretical framework set the stage for the discovery of pulsars, which oc-
curred in 1967. In that year, Ph.D. student Jocelyn Bell Burnell, and her supervisor,
Prof. Anthony Hewish, were working on a survey to study the effect of interplanetary
scintillation. For this experiment, they were using a newly commissioned telescope at
the Mullard Radio Astronomy Observatory near Cambridge (UK), which was observing
the sky at a frequency of 81.5 MHz. Among the signals that Bell and Hewish were an-
alyzing, they found one that was repeating in an extremely regular fashion, once every
1.337 seconds. The signal was appearing every day around the same time. However,
they noticed that, every time, it was appearing approximately 4 minutes earlier than
the previous day. This was a clear indication that the signal was not terrestrial, rather
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it was coming from a distant location outside the Solar System, and they could hence
record it every day at the same sidereal time. Although at the time it was not clear
what the actual origin of the signal was (some speculated that they could be “little
green men’, i.e. aliens that were sending these signals), what Jocelyn Bell had found
was the very first pulsar, which we now refer to as PSR B1919+21 (Hewish et al., 1968).
In the following years, a few more pulsating sources with very similar signal proper-
ties were found, in particular more pulsars were identified, such as the Vela (Large
et al., 1968) and the Crab pulsars (Staelin & Reifenstein, 1968; Comella et al., 1969),
associated with known supernova remnants. From their characteristics, it soon be-
came clear that such a fast periodic emission could only be produced by extremely
compact objects that were rotating very fast. In particular, as put forward by Gold
(1968), only a rotating NS could explain all the phenomenology seen in the observed
sources, including, among other things, their association with supernova remnants.
The term pulsar, short for PULSating stAR, was then coined to describe these objects.
The discovery of pulsars was monumental, as it confirmed the existence of neutron
stars and provided evidence for their properties, more than 30 years after they had
been theorized.

As of today, more than 3600 pulsars have been discovered and cataloged, according
to the ATNF pulsar database! (Manchester et al., 2005). The discovery of such a large
number of pulsars was possible thanks to numerous radio telescopes that, over the
decades, conducted extensive surveys aimed at expanding the total known pulsar
population (e.g. Manchester et al., 2001; Keith et al., 2010; Barr et al., 2013). Despite
this, the precise mechanism behind the radio emission of pulsars remains a mystery,
even fifty years after their initial discovery.

1.2 Formation of pulsars

As we saw earlier, a pulsar is a particular neutron star. In order to understand how a
pulsar is formed, we therefore need to understand how a NS can be produced, which
in turn depends on the evolution of the progenitor star. The evolution of a star is
now a well-understood process, which is governed by the balance between gravity and
nuclear forces. And, it is now well established that a neutron star is the end result of
the evolution of a massive (8 My < M < 25 M) main sequence star.

Indeed, a typical star, like our Sun, spends the vast majority of its life in a state
called “main sequence”, during which it maintains equilibrium against gravitational
collapse through the outward radiative pressure generated by nuclear fusion (Vogt,
1926; Russell, 1931). This stage involves the conversion of hydrogen into helium in
the core, a process called proton-proton reaction, which releases the energy that also
provides the star’s luminosity. This nuclear fusion generates a radiative pressure that
counterbalances the gravitational pull due to the mass of the star itself, which would
make the star collapse on itself if not contrasted by an opposing force. The total time
that a star spends in its main sequence depends solely on its mass: more massive
stars consume their nuclear fuel at a much faster rate than stars of smaller mass,
and will therefore spend much less time in their main sequence than lighter stars.
For example, our Sun, which weighs 1 solar mass, will spend a total of ~ 10 Gyr in its

"https://www.atnf.csiro.au/research/pulsar/psrcat
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Figure 1.1. Schematic representation of a radio pulsar. Figure adapted from NRAO (https:
//www.nrao.edu/pr/2002/3c58/pulsars/pulsardiagram. jpg).

main sequence phase. On the other hand, a star with ten times the mass of the Sun,
will spend just ~ 20 Myr in its main sequence phase.

When all the hydrogen is turned into helium, the star will leave its main sequence
phase and its core will shrink, causing its temperature to rise. When this temperature
becomes high enough, the fusion of helium will start to take place. This process
releases energy that causes the star to expand, entering the so-called giant phase.
For stars lighter than ~ 8 My, once the helium is also depleted, the star will not have
enough mass to trigger the fusion of heavier elements. In that case, the star then will
shed its outer layers and form a planetary nebula, leaving behind a white dwarf (WD).
On the other hand, if the mass of the star is larger than ~ 8 My, a new contraction
of the core occurs, resulting in the heating and fusion of heavier elements, such as
carbon, neon and oxygen, within a series of concentric shells, in each of which a
different element burns. This cycle continues, for the most massive stars, until the
burning of iron (°°Fe). Contrary to previous fusion reaction, the fusion of *Fe is an
endothermic process, that is, it requires energy to be provided from the outside, in
order for the process to happen. This means that the fusion of iron does not have
any energy release associated. As a consequence, there is no outward pressure to
counteract gravity, hence the star can no longer sustain itself, eventually collapsing.
This event results in a tremendous explosion, called a core-collapse supernova, during
which about 10'° times the luminosity of the Sun is released (Arnett, 1996). The
envelope of the star is violently ejected, forming a so-called supernova remnant (SNR),
while the core implodes.


https://www.nrao.edu/pr/2002/3c58/pulsars/pulsardiagram.jpg
https://www.nrao.edu/pr/2002/3c58/pulsars/pulsardiagram.jpg
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If the mass of the core exceeds the Chandrasekhar mass (~ 1.44 M ; Chandrasekhar
1931, 1935), the collapse will continue until the matter is confined within a radius of
~ 10 km (Lattimer & Prakash, 2001). Under such conditions, the density can reach
~ 10° kgm~3 and, when this occurs, protons and electrons are forced to merge through
electron capture, forming neutrons and releasing a burst of neutrinos, a process called
inverse-$ decay. The neutrons so formed arrange themselves in a lattice where quan-
tum phenomena occur. In particular, as neutrons are a gas of fermions, a quantum
degeneracy pressure builds up, and the latter is strong enough to contrast gravity and
therefore to keep the star as a stable sphere of just a few kilometres across: that is
what we call a neutron star.

1.3 Pulsar properties

A full understanding of the whole pulsar phenomenon, in particular in regards to
the exact mechanisms that powers the pulsar emission, is far from being obtained.
Notwithstanding, many characteristics of pulsars can still be excellently explained
starting from a very simple model where the pulsar is assumed to be a neutron star,
endowed with a dipolar magnetic field, that spins in a vacuum.

This model, originally proposed by Goldreich & Julian (1969) and further improved
over the years, is sufficient to derive useful analytical expressions that relate some key
properties of a pulsar to observable (and in most cases, easily measurable) quantities:
the spin period, P, and the first and second time derivatives of the latter, P and P.

1.3.1 Dipole radiation and spin-down

Let us consider a dipolar magnetic field with a magnetic moment m, misaligned by an
angle o, with respect to the rotation axis of the neutron star, S. The magnetic field
spins around the rotation axis with an angular frequency (2. It can be shown, through
classic electrodynamics (e.g. Jackson, 1962), that such a spinning magnetic field will
radiate power in the form of electromagnetic waves at a rate of:
2 |m|?Q* sin? ayy

Edipole =35

. 5 (1.1)

)

On the other hand, we know that the pulsar emission is ultimately powered by the
neutron star’s rotational kinetic energy:

1
Eoot = 5192, (1.2)

where 7 is the NS moment of inertia, which is assumed to be 10*° gcm?. The rate of
energy loss, also referred to as spin-down luminosity, Lsq, is obtained by taking the
time derivative of E,.:

1 . .
Lsd:_ci(ZI(f) =-IQQ =4I PP 3. (1.3)

By equating Eq. (1.3) to Eq. (1.1), we can therefore derive the pulsar spin-down
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rate:

3Zc3

which, as we can see, is proportional to the third power of the rotational frequency.
This, however, assumes a perfectly dipolar magnetic field and only dipole radiation as
the only emission process taking place. If one wants to account for possible deviations
from the model of a perfect dipole in a vacuum, a more general form of Eq. (1.4) would
be written as:

. 22-2m
Q:_<mﬂw“1>m‘ (1.4)

Q= K", (1.5)

where K is a constant and n is called the braking index. The latter is relevant as its
value depends on the underlying processes that power the pulsar emission: differen-
tiating Eq. (1.5) with respect to time and by using it again to eliminate the constant
K, one obtains: .
_If
As can be seen, the braking index can be obtained by just measuring the spin fre-
quency and its first two time derivatives. However, while f and f are typically very
easy to measure, this is not the case for f, whose measurement is often contaminated
by timing noise (particularly for slow pulsars) or it is simply too small to be measured.

(1.6)

1.3.2 Age
Let us take Eq. (1.5) and write it in terms of P and p:
. P
P;E%E—:JYP@_M = P"=2qp = Kdt. (1.7)

We can now integrate both members, assuming n # 1, along the whole lifetime of the
pulsar, that is, from its birth (¢t = 0) to the present time 7,:

P T
ﬂ%%m:K/ dt, (1.8)
Py 0

where Py = P(t = 0) is the pulsar spin period at birth. Solving the integrals, we find:

PO n—1
()] 09

Now, by further assuming that the pulsar spin period today is much larger than its
value at birth (Fy < P) and that the only emission mechanism is pure dipole braking
(n = 3), Eq. (1.9) becomes:

P
Tp = —————=
P n=1)P

P
Tp(P0<<P;n:3)ETC:ﬁ . (1.10)
which defines what is referred to as the characteristic age of the pulsar. This should
be considered only as an order-of-magnitude estimate of the real age of the pulsar.
However, in some noteworthy cases, such as that of the Crab pulsar, the characteristic
age turns out to be about 1200 years, strikingly close to the real age of the pulsar,
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which is known to be born in the year 1054 AD, when the supernova explosion of the
progenitor star was widely observed on Earth and recorded by Chinese astronomers.

1.3.3 Magnetic field

Another physical quantity that can be easily estimated is the pulsar’s surface magnetic
field.
Knowing that the strength of a dipolar magnetic field scales as:

m|

B(r) « (1.11)

5 -
-
where r is the distance and, again, assuming that the only emission mechanism is
pure dipole braking (n = 3), we can use Eq. (1.4) to express lm| as a function of P
and P. In this way, the magnetic field at the surface of a neutron star of radius R is
simply:

33 T : P \Y2 /p\'?
BSEB(r:R):\/WRGSmQaPPz <10_15> ><<S> x 10?2 G, (1.12)

where, typically, it is assumed R ~ 10 km, Z ~ 10*® g cm? and ay, = 90 deg.

1.3.4 Emitted spectrum

Pulsars are very weak radio sources, with typical pulsed mean flux densities of the
order of the 1073 —107° Jy, when observed at radio frequencies around 1 GHz. However,
pulsars have been observed across a very wide range of radio frequencies, which go
from a few tens of MHz to as much as 291 GHz (Torne et al., 2017), and their luminosity
vary significantly as a function of the observing frequency. In fact, different studies
(e.g., Maron et al. 2000) have measured the flux density at different radio frequencies
of a large sample of pulsars, showing that their dependency can be, in most cases,
described by a simple power-law:

Stean (V) X Ve, (1.13)

with the spectral index, £, being measured ¢ ~ —1.8 £ 0.2 across the whole population
(Maron et al., 2000), regardless of the pulsar type (Kramer et al., 1998; Toscano et al.,
1998), with the sole exception of magnetars, whose spectra are often remarkably flat
(e.g., Camilo et al. 2008). A small fraction of pulsars, however, show more complex
spectra. For instance, some pulsars require a two-component power-law to fit their
spectrum (Sieber, 1973), while others show a spectral turn-over at a frequency that is
typically in the range between 100 MHz and 1 GHz (Kijak et al., 2011; Rajwade et al.,
2016).

1.4 Interstellar medium and its effects

The electromagnetic waves produced by a pulsar transverse regions in our Galaxy
that are permeated by the interstellar medium (ISM) before they arrive to Earth. A
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number of physical effects arise from the crossing of this path. These effects will
modify the emitted radiation in a variety of ways such as dispersion, scintillation,
scattering and Faraday rotation (Lorimer & Kramer, 2004). The effects of dispersion
and Faraday rotation can be understood through the adoption of an homogeneous
plasma model. Scintillation and scattering, on the other hand, require a more realistic
model of inhomogeneous gas which can give rise to turbulence phenomena. In this
work, we will be mainly concerned with the effects of dispersion and, to a lesser extent,
scattering. In the following, we will discuss these two effects in more detail.

J1644-4559 1290 MHz J1644-4559 1290 MHz
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Figure 1.2. Left panel: dispersion effect in the signal of the 455-ms pulsar B1641-45 within
120 MHz of bandwidth between the frequencies of 1230 MHz and 1350 MHz. The DM of the
pulsar is 478.66 pc cm~3. The delay in the arrival time of the pulses between the top and the
bottom of the band is 222 ms. Right panel: same observation after being de-dispersed.

1.4.1 Dispersion

The first (and most relevant for this thesis work) interstellar medium effect is called
dispersion. This is the phenomenon by which electromagnetic waves propagate at
different speed, depending on their frequency, when passing through a medium that
contains free electrons. The ISM very often has an ionized component, which makes
it a dispersive medium.

In a vacuum, electromagnetic waves travel at the speed of light, ¢ = 299792458 m/s,
regardless of their frequency v. However, if the same radiation travels through a dis-
persive medium, its propagation speed, v, will be lower by a factor n(v), referred to as
refractive index, that depends on the frequency of the radiation:

v(v) =n(v)c. (1.14)

The refractive index is always smaller than 1 and it in turn depends on the physical
properties of the medium. If we ignore higher order terms and corrections due to the
magnetic field, the refractive index of the ionized ISM can be expressed as (e.g. Lorimer

& Kramer, 2004):
2
n(v) = /1 — (”—yp) . (1.15)
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where v, is called plasma frequency and is defined as:

e3n, n 1/2
Vp = © ~ 8.5 kHz ( ° ) . (1.16)

Here n, is the electron number density of the plasma, whereas e and m, are the charge
and the mass of the electron, respectively.

From Eq. (1.15) we can easily deduce that, in a dispersive medium, electromagnetic
waves with higher frequencies move faster those at lower frequencies. As a result,
when observing a pulsar within a given observing band, the pulsed signal at high
frequencies will arrive earlier than the same signal at low frequencies. We can also
note that, in the limit of v — oo, the refractive index n(rv) — 1 and the speed is the
same as in a vacuum (v = ¢). On the other hand, if v < v,, Eq. (1.15) cannot be
solved: physically, this means that an electromagnetic wave at such low frequency
cannot propagate at all in that dispersive medium.

We can use Eq. (1.14) to quantify the delay At, .y between the arrival times of an
electromagnetic wave of frequency v and another one of infinite frequency:

d
At (y00) = [/0 A ] _ 4 (1.17)

Vg (V) c

The integral is calculated along the optical path from the pulsar to Earth and d is the
distance between them.

In the vast majority of cases, the frequency at which pulsars are observed are
much higher than the plasma frequency of the ionized ISM, that is v > 1;,. Under this
condition, it is possible to get and approximate formula for the dispersion relation (Eq.
1.15) using a first-order Taylor expansion. Plugging the latter it into Eq. (1.17), one

gets: )
1[4 1 d 2 1 [ DM
At(l,’oo):/ [l—i—yp}dl—_ € / nedlED'T ) (1.18)
C Jo 0 1%

2 V2 ¢ 2mmec V2

Here D = ¢%/(2mmec) is called dispersion constant, while:
d
DMi/ nedl. (1.19)
0

is called dispersion measure. The latter quantity is extremely important for pulsar
astronomers, as it measures the free electron content along the line of sight from the
pulsar to the observer, providing an indirect way of estimating the distance of the
pulsar, as we shall see in the remainder of this thesis.

Also, the DM is a quantity that is always easily measurable for any pulsar, partic-
ularly if the latter is observed at relatively low frequencies (< 2 GHz). Indeed, from Eq.
(1.18), we can deduce that a straightforward way to measure the DM is by measuring
the difference At(,, ,,) in the arrival time of the pulsar signal at two given frequencies,
141 and 1)) (Wlth r < 1/2]1

e? 1 1
At(lfl,l/z) o (2 — 2> - DM. (1.20)

2TMmec vy V5
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Once the DM is determined, one can integrate Eq. (1.19) to estimate the distance
of the pulsar, provided that the electron number density distribution, n.(/) is known.
As of today, there are at least two models, namely the NE2001 model (Cordes & Lazio,
2002a, 2003) and the YMW 16 model (Yao et al., 2016), that map the electron content
distribution of our Galaxy, providing estimates of the pulsar distance, with a typical
relative uncertainty of ~ 10 — 50%, given the DM and the sky location of the pulsar.
Clearly, the inverse is also possible: if we have an independent way of determining the
distance to a pulsar, we can use the measured DM to derive the electron content along
the line of sight to the pulsar. In fact, this technique is the the one used to calibrate
the Galactic electron content models like the NE2001 and the YMW 16, which improve
as more and more pulsars have their distance independently measured.

1.4.2 Scattering

Another important interstellar medium effect is scattering. This is due to the inhomo-
geneities of our Galaxy ISM. The irregularities in the density of free electrons alter the
refractive index locally encountered by the electromagnetic wave. Consequently, the
paths of the rays deviate from a straight line, leading to increased travel times. This
means that, at any specific frequency, while the bulk of the radiation reaches the ob-
server at the same time, some other portion will be delayed creating an extended “tail”
in the pulse profile we detect. The scattering effect was initially described by Scheuer
(1968), which proposed the so-called thin-screen model. This model presumes that
the density irregularities follow a Kolmogorov spectrum and are contained within a
thin layer located between the pulsar and the observer. Under these basic premises,
it has been demonstrated (e.g. Lorimer & Kramer 2004) that the intensity of a pulse
over time is given by:
I(t) oc e AT,

where At represents the time delay caused by the extended path travelled by the
radiation. Thus, the pulse profile we observe from a pulsar is essentially the intrinsic
pulse shape convolved with a one-sided exponential function. This function has a
characteristic timescale 7,, which is inversely proportional to the fourth power of the
frequency:

Ts X v
As a result, at low frequencies (< 1 GHz), scattering can be important, potentially lead-
ing to the complete smearing of the pulsar’s signal, depending on the characteristics
of the scattering environment.

1.5 Pulsar populations

As of June 2024, more than 3600 pulsars are known, according to the ATNF pul-
sar catalogue2 (version 2.2.0, Manchester et al. 2005). Almost all of the known pul-
sars (precisely, 96.6%) are visibile in the radio band of the electromagnetic spectrum,
whereas the remaining 3.4% are only observed at other wavelengths (most often in
the X-rays or vy-rays).

2https://www.atnf.csiro.au/research/pulsar/psrcat
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Figure 1.3. P-P diagram for the currently known pulsar population.

The whole known pulsar population is extremely diverse, therefore it is common to
refer to different classes of pulsars, depending on their characteristics. As we saw in
the previous sections, several key properties of pulsars can be derived from the value
of their spin period and and spin period derivative. For this reason, the different
pulsar populations are often identified within the so-called P-P diagram, where, as
the name suggests, pulsars are placed according to the measured values of these
two quantities. A P-P diagram of the currently known pulsar population is shown in
Figure 1.3.

In the remainder of this section, we will discuss the main sub-population of pulsars
that are relevant for this thesis, using the P-P diagram as a visual help.

1.5.1 Ordinary and young pulsars

The vast majority of the pulsars known have a spin period and a spin period derivative
that place them in a large cluster in the center of the P-P diagram. Specifically, they
have periods that range between a few hundred milliseconds to a few seconds, and P
values of ~ 107121017, These imply typical characteristic ages in the range 10°—10° yr
and surface magnetic field strengths of ~ 10! —10'3 G.

Ordinary pulsars are direct descendant of newly-born pulsars (also referred to as
young pulsars), which are those that have have very small ages of < 10° yr, and are
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often found associated with supernova remnants. Because, at birth, pulsars typically
have very high (> 10~'°) spin-down rates, they slow down quite rapidly over time,
“quickly” becoming the ordinary pulsars that we see today.

Ordinary pulsars are in almost all cases isolated objects. For this reason, they
almost always continue to spin-down indefinitely, describing a trajectory, in the P-P
diagram, that goes towards higher periods and smaller period derivatives. This pro-
cess continues until the pulsar crosses the so-called death-line (Chen & Ruderman,
1993), which defines an area in the P-P diagram where the spin-down energy of the
neutron star is not anymore sufficient to sustain the radio emission and, hence, the
pulsar becomes undetectable. Only if some other external processes intervene (see
Section 1.5.3) can the pulsar emission be re-activated.

1.5.2 Magnetars

Magnetars (see, e.g., Kaspi & Beloborodov 2017 for a recent review) are a special type
of young pulsars, characterized by extremely small characteristic ages (which can be
as short as just ~ 240 years, see Esposito et al. 2020), unusually high surface magnetic
fields (typically > 10'* G), and relatively long spin periods of 2—15 seconds. To date,
30 such objects are known3. The key property, from which magnetars are named,
is that their emission mechanism is primarily powered by the decay of their ultra-
strong magnetic field (Duncan & Thompson, 1992). For this reason, their emission
properties are quite different from that of the typical pulsars: the vast majority of
them exhibit X-ray emission (often also manifested through recursive “outbursts”),
and a small fraction also vy-ray emission. Only 7 out of the 30 known magnetars are
known to also emit in the radio band of the spectrum (Olausen & Kaspi, 2014b), and
such emission is often erratic, periodically appearing and disappearing (e.g. Camilo
et al. 2016), and showing a flat or sometimes even inverted spectrum, which in some
cases makes them detectable even at very high (> 10 GHz) radio frequencies (Torne
et al., 2017). As we shall see in Chapter 4, searching for the radio pulsations from
an X-ray magnetar was one of the main motivations for part of the work done in the
context of this thesis.

1.5.3 Recycled pulsars

Even if a pulsar naturally slows down, eventually crossing the death line and turning
off its emission, there is still a possibility where the pulsar can spin up and re-activate
the emission. This can happen if the pulsar is part of a binary system, where the
companion is a normal star.

In this situation, the companion star can evolve, eventually expanding in size, up
to the point where its outer layers fall under the gravitational influence of the neutron
star. When this happens, it is said that the companion star is filling its Roche Lobe,
and the matter starts flowing from the companion star to the pulsar, thus transferring
mass and angular momentum to the neutron star. As a consequence of this process,
which is referred to as recycling (Bhattacharya & van den Heuvel, 1991; Tauris &
van den Heuvel, 2006), the neutron star increases its mass and, most importantly,
rotates faster and faster as more and more angular momentum is transferred (e.g.

Shttps://www.physics.mcgill.ca/~pulsar/magnetar/main.html
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Radhakrishnan & Srinivasan, 1982; Podsiadlowski et al., 2002; Papitto et al., 2013).
The duration of the recycling process can vary from millions to billions of years, de-
pending on the mass of the companion star. For binary systems where the companion
star is light (< 1 Mg), the process can last for billions of years, a time sufficient to make
the neutron star spin at a rate of hundreds of times per second (or, equivalently, rotate
once every few milliseconds). If the companion star is instead massive (> 1 My), then
its evolution, and consequent mass transfer will occur over much short time scales of
just millions of years, therefore leaving only a partially recycled neutron star. In any
case, the recycling process and the consequent neutron star spin-up allows the radio
emission mechanism to be re-activated, and the pulsar to be again detectable. On
the other hand, the accretion of matter also causes a quenching of the magnetic field,
which becomes orders of magnitude weaker than that of normal pulsars, reaching
typical values of ~ 108 G. As a result, their spin-down rate also sharply decreases to
values of the order of 10-2°. By virtue of these characteristics, these pulsars are also
called millisecond pulsars (MSPs) and occupy the bottom-left part of the P-P diagram.

Given the way they form, all recycled pulsars should be part of binary systems.
However, this is not always the case. In fact, excluding pulsars in globular clusters,
where binary systems can be disrupted by gravitational interactions with other stars
(see Section 1.6.1), there is a significant fraction of millisecond pulsars in our Galaxy
that are found to be isolated, and their origin is still matter of debate.

Figure 1.4. Position of all known pulsars (black dots), as per the ATNF Pulsar Catalog v2.2.0,
in Galactic coordinates in a Hammer-Aitoff projection.

1.6 Distribution of pulsars

All of the pulsars that we currently know are located in our Galaxy or in the immediate
proximity of it. In fact, over 90% of the ~ 3600 pulsars known are located in the plane
of the Milky Way (see Fig. 1.4). This is a direct consequence of the way neutron stars
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(and, hence, pulsars) are born. Indeed, as the Galactic plane, and in particular its
spiral arms, are the cradle where new stars (particularly the massive ones) form, this
is also the place where neutron stars will also be born as a result of the supernova
explosion of such stars. While the majority will be found very close to the Galactic
plane, (over 60% are located within a Galactic latitude range of —5 < b < +5 deg),
a fraction of them are found farther out. This is because the supernova explosion
of a massive star can at times be asymmetric, resulting in a “kick” imparted to the
neutron star due to conservation of linear momentum. This will make the pulsar be
thrown away at high speed (typically a few hundred km/s) and, depending on the
kick direction and how much time elapsed, will eventually place it far away from the
Galactic plane. In fact, one can estimate a pulsar’s age through its kinematic age, i.e.,
by measuring its 3D-velocity and re-constructing its trajectory, deriving how much
time it took for the pulsar to move from the Galactic plane to its current position (e.g.,
Noutsos et al. 2013).

330 pulsars in 44 clusters
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Figure 1.5. Histogram of the 330 pulsars in GCs currently known as function of host cluster.
Image credit: Alessandro Ridolfi.

1.6.1 Pulsars in globular clusters

Globular clusters (GCs) are spherical agglomerations of 10* to 10° stars, which are
bound together by their mutual gravity, within a typical volume of a few parsecs across.
These stellar systems are found both in the bulge and in the halo of our Galaxy, and
are among the most ancient structures that are known in the universe. Indeed, even
though their origin is still matter of debate, their typical ages are 10 — 12 Gyr, compa-
rable to age of the universe. This is evident from the lack of gas and of any form of
ongoing star formation. In fact, all the stars that compose a GC show clear signs of
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being all born together, with their current differences being explained by the different
stellar evolution, which in turn solely depend on the initial mass of the stars.

Given these premises, it is easy to understand that, in a GC, all of the massive
stars have already evolved and reached the end of their lives. Therefore, the more
massive stars (> 4 M) will have left stellar-mass black holes and neutron stars, while
the lighter one (< 4 M) will have produced white dwarfs. The only stars that can
still be in their main sequence phase are those with very low masses (< 1 Mg), stars
similar or lighter than our Sun, whose evolution occurs over time scales of > 10 Gyr.
For this reason, GCs are rich in neutron stars and, therefore, are among the most
prolific places to target when searching for pulsars.

Another key property of GCs is their very high stellar density. Near the cores of
GCs, latter can reach values of up 10° — 10° stars per cubic parsec, which is many or-
ders of magnitude higher than the typical values that characterize the Galactic plane.
Because of these crowded environments, several interesting phenomena occur in GCs.
First of all, the high stellar density promotes the gravitational interactions among the
stars. By repeatedly passing close to other bodies several times within their lifetime,
stars can exchange their kinetic energies, which is over time being equally distributed
across all stars and all locations within the cluster. With all the stars having similar
kinetic energy, the more massive stars will then have slower velocities than the lighter
stars. This leads to major changes to the cluster structure, as the lighter stars will
be much more likely to be flung towards the outer regions of the GCs, whereas the
most massive objects (namely neutron stars and black hole) will sink toward the cen-
ter. This phenomenon, which is referred to as mass segregration (?), is reason why
the vast majority of pulsars (which are neutron stars) in GCs are found to be in the
innermost regions of their host cluster.

Another consequence of the high stellar density is the fact that binary systems
can easily form (but also disrupt) as the result of a close encounter between stars.
In particular, what is relevant for pulsar astronomy, is the fact that while the major-
ity of isolated pulsars formed in the cluster eventually become undetectable due to
their spin-down, a fraction of them can instead be recycled. Indeed, a “dead” neutron
star can easily acquire a low-mass star companion (for instance, via tidal capture;
Fabian et al. 1975; Press & Teukolsky 1977) and being recycled by it for billions of
years, eventually becoming a millisecond pulsar. On the other hand, when a third
body gravitationally interacts with such a binary, further outcomes are possible. One
possibility is the exchange interaction scenario, which happens when a binary system
composed by a pulsar and a low-mass star (such as, e.g. a He WD) encounters a heav-
ier star. When this happens, the most likely result is that the lighter star is ejected
from the system and replaced by the heavier one. In the process, the binary system is
likely to acquire a large eccentricity and to be flung towards the outskirts of the GC,
due to the recoil produced by the interaction. Alternatively, the chaotic three-body
encounter can lead to the disruption of the binary, leaving an isolated recycled or par-
tially recycled pulsar. Also, these processes can obviously happen multiple times to a
single neutron star.

As the standard evolutionary path of stars can easily be interrupted, perturbed
or completely twisted, the resulting population of pulsars in GCs is very different for
that of the Milky Way. At the time of writing, 330 pulsars are known to reside in 44
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different GCs*. Among these pulsars, more than 80% are recycled, compared to just
about 10% in the Galactic field. Moreover, several pulsars and binary systems show
exotic properties that would not be possible to find in the Galactic plane. Among
these are ultra-fast-spinning pulsars (Hessels et al., 2006), highly eccentric binary
MSP pulsar systems (Ridolfi et al., 2021; Balakrishnan et al., 2023) as well as potential
pulsar-stellar mass black hole systems (Barr et al., 2024).

The presence of pulsars with such extraordinary characteristics is certainly the
main scientific driver for many pulsar searching projects, including the one done in
the context of this thesis.

1.6.2 Extra-galactic pulsars

Even though 99% of the known pulsars are located in the Milky Way, there are a few
pulsars that are found just outside of it. Specifically, 25 pulsars are currently known
in the Large Magellanic Cloud (including the most luminous pulsar known; Wang
et al. 2022) and another 9 in the Small Magellanic Cloud (Manchester et al., 2006),
with further searches currently ongoing (Carli et al., 2024). Although it is certain
that pulsars are also present in other galaxies (simply because they are the direct
descendant of massive stars), their intrinsic faintness, combined with the very large
distances, prevent us from detecting them outside a few tens of kpc, with our current
available sensitivity.
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Figure 1.6. Scheme of a traditional single-dish radio telescope. Credits: Encyclopedia Bri-
tannica.
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1.7 Radio telescopes and pulsar observations

The most common way through which pulsars are studied is by observing them with
radio telescopes. In the following section we will describe, in a very simplified fashion,
the main elements that characterize a modern radio telescope.

A radio telescope is an instrument that is capable of collecting electromagnetic
radiation in the radio band of the spectrum.

In its classic, and most common, conception, a radio telescope comprises a main
reflector (most often, but not always, parabolic in shape) through which the electro-
magnetic waves coming from a distant source (which we can approximate as located at
infinity) gets reflected and focused to one point, which is the telescope’s primary focus.
Here the radiation can be either further reflected by a secondary mirror, or directly
collected by a device called front-end (or receiver). The latter converts the incoming
electromagnetic waves having a frequency within a given range (called observing band,
which is determined by the receiver design) into electric voltages. The resulting sig-
nal is further amplified using cryogenically-cooled amplifiers, in order to minimize the
thermal noise and increase the sensitivity, and filtered so as to exclude unwanted
frequencies outside the range of interest, which may also be contaminated by ra-
dio frequency interference (RFI) due to human activities. The signal is then carried
through cables to the so-called backend, which is the actual data acquisition system.
The backend, which can be composed of electronic boards as well as by normal com-
puters, first digitizes the raw voltages with the aid of analogue-to-digital converters.
The digitized signal is then further processed in such a way that the observing band
is split into several smaller “slices” (or, more properly, frequency channels), and the
channelized data is eventually recorded onto disk by some attached computing ma-
chine, in a specific file format that is suitable for later analyses by the astronomers.
Some examples of single-dish radio telescopes that are used to study pulsars are the
64-m “Murriyang” radio telescope near Parkes, Australia, the 64-m Sardinia Radio
Telescope in Italy, the 100-m Effelsberg radio telescope in Germany. Currently, the
largest single-dish radio telescope on the planet is the Five-hundred-metre Spherical
Aperture Telescope (or FAST, for short) radio telescope in the province of Guizhou in
China. As its name suggests, its main reflector is 500 metres in diameter, and it has
been built within a natural depression of the karst-dominated landscape of the area.

Single-dish radio telescopes have very large reflectors of tens to hundreds of meters
across because, as can be intuitively understood, the larger the dish, the higher the
sensitivity and, thus, our ability to detect the feeblest astrophysical signals. However,
as one can also easily understand, building huge single-dish radio telescopes beyond
a certain size becomes extremely costly, challenging from a technical and mechanical
standpoint, and it comes with several compromises, such as being unable to steer
the telescope. Notwithstanding, thanks to technological advances, it now possible to
combine the signal of several, much smaller telescopes, so as to make them work
together as if they were a single, very sensitive telescope. The technique used for
this is called beamforming (e.g. Chen et al. 2021), and makes the construction of
highly sensitive telescopes much easier from a mechanical standpoint, shifting the
complexity (and, often times, the costs) to the computational side of things. Telescopes
that combine the signals of several antennas together are referred to as interferometers.
For this reason, the majority of the recently-built high-sensitive radio telescopes are



1.8. The many scientific applications of pulsars 25

in fact interferometers composed by an array of antennas (tens to hundreds), as well
as by some high-performance computing facility, which is required to beamform and
further process the signals from all the antennas in real time. Examples of modern
telescopes with an interferometric design that are relevant for pulsar science are, e.g.,
the MeerKAT radio telescope array in South Africa (which is composed by 64 13.5-
m dishes, each 13.5-m in diameter), the LOFAR radio telescope in the Netherlands
(composed of thousands of low-frequency dipole antennas, van Haarlem et al. 2013),
and the Giant Metrewave Radio Telescope (GMRT) in India (made of 30 dishes, each
45 meters across), but several more could be mentioned.

For this thesis, we will be using data taken both with a single dish telescope,
namely the Parkes radio telescope, as well as with an interferometer, namely the
MeerKAT radio telescope.

1.8 The many scientific applications of pulsars

By virtue of their rich phenomenology, and in particular of their outstanding rota-
tional stability, pulsars can be regarded and used as extremely precise cosmic clocks.
This, together with the large variety of pulsar type and binary system types, enables
a plethora of scientific applications in physics, astrophysics and several other areas
of research. For this reason, since the discovery of the first pulsar, astronomers have
been conducting surveys aimed at expanding the total sample of known pulsars, and
this is happening still today.

In the following, we briefly discuss some of the major scientific applications for
which pulsars are used.

1.8.1 Study of the interstellar medium

One the easiest quantity that is possible to measure when a pulsar is discovered is its
dispersion measure (DM). As we saw in Section 1.4.1, the latter is an indirect mea-
surement of the free electron number density along the line of sight from the observer
to the pulsar. By measuring the DM for a large number of pulsars, in combinations
with independent measurements of the distance to the pulsar (e.g., Deller et al., 2012),
it is possible to construct detailed maps of the whole electron content of our Galaxy
(Cordes & Lazio 2002a; Schnitzeler 2012; Yao et al. 2016). The latter can then be
used, among other things, to infer the distance of a newly found pulsar, given its DM
AND

1.8.2 Tests of gravity and equations of state

When a pulsar is found orbiting another star, it is possible to use the former to probe
the gravitational field produced by the latter. This allows pulsar astronomers to con-
duct extremely precise gravity tests in the strong-field regime. In particular, if at least
three post-Keplerian (PK) effects (such as the periastron advance in eccentric orbits,
the orbital decay due to the emission of gravitational waves, or the time dilation and
gravitational redshift due to the curvature of space-time) are measured, it is possible
to test General Relativity (GR) as well as alternative theories of gravity (Freire et al.,
2012). The most notable example of a binary pulsar where these kind of experiments
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are possible is the Double Pulsar (Burgay et al., 2003; Lyne et al., 2004), the only
system composed by two pulsars, which revolve about each other in a very tight orbit
every 2.4 hours. With the Double Pulsar, it has recently been possible to validate the
predictions of GR at a level of 1.37* with 95% confidence (Kramer et al., 2021).

Besides testing gravity, the measurement of at least two PK parameters give access
to the precise measurement of the individual masses of the pulsar and the compan-
ion. As the exact equation of state of neutron stars is still not known, measuring the
masses of pulsars, allows us to rule out all those equations of states that imply a
maximum neutron star mass lower than the measured value (e.g. Antoniadis et al.,
2013).

1.8.3 Detection of ultra-low-frequency gravitational waves

One of the most fascinating applications of pulsars is the detection of gravitational
waves (GWs). Predicted by Einstein’s theory of General Relativity in 1915, the first
proof of the existence of these tiny space-time ripples was obtained in 1974 by mea-
suring the orbital decay in the very first binary pulsar known, PSR B1913+16, also
known as the Hulse-Taylor pulsar (Hulse & Taylor, 1975), which was worth the 1993
Nobel prize in physics. Another ~ 40 years were necessary to have the first direct
detection of GWs through the use of the LIGO ground-based interferometers (Abbott
et al., 2016).

Both of these experiments were detecting high-frequency GWs emitted by binary
systems during their inspiral and merger phases. The current next challenge is to try
and reveal those GWs emitted by merging supermassive black hole binaries. Because
of the much longer time-scales that characterize supemassive binary systems, the fre-
quency of the emitted GWs is extremely small, of the order of 10~? Hz. Their detection
is possible by correlating the signals coming from an ensemble of tens of highly stable
millisecond pulsars located in different directions in the sky, an experiment referred
to as Pulsar Timing Array (PTA, e.g. Manchester 2013). The latter requires the follow-
up of these MSPs for several decades. For this purpose, many radio telescopes and
several large PTA collaborations across the world are currently involve in this huge
endeavor. It is expected that first high-significance detection of nHz GWs from PTA
experiment will be possibile within the current decade (Falxa et al., 2023).

1.8.4 Stellar and binary evolution

The discovery of the Hulse-Taylor binary pulsar was important because it proved the
existence of GWs, but also because it raised the question on how such a system could
have form, from a stellar evolution standpoint. As more and more pulsars in binary
systems were found with different companions types and different characteristics of
the orbit (such as double-neutron star systems, triple systems, pulsar-WD systems,
etc.), the need to explain their origin within a coherent picture became more and more
challenging. Today, the majority of the binary pulsar system types known have been
successfully explained by stellar evolution models (Tauris et al., 2000, 2017). Also, the
recycling model, which explains the formation of MSPs as direct descendant of LMXBs,
has now been amply confirmed by the discoveries of transitional MSPs, pulsars that
swing between a rotation-powered state where they are visibile in the radio band, to
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an accretion-powered state where they are visible in the X-ray (Archibald et al., 2009;
Papitto et al., 2013). Notwithstanding, there are still some open issues. One of these
is, for example, the existence of isolated MSPs in the Galactic field, which cannot be
explained by our current evolutionary models.

In addition to binary pulsars, the study of individual pulsars can also be important
for study of stellar evolution. Specifically, the measurement of the space velocity of a
pulsar, in particular in combination with it polarimetry properties, can return crucial
information about the kick undergone by the pulsar at birth, in turn providing insights
into the physics of supernova explosions (Noutsos et al., 2008).

1.8.5 Study of globular clusters

Once a sufficient number of pulsars are discovered in a globular cluster, it is possible
to use the pulsars to study the host cluster, enabling a number of interesting exper-
iments. For example, by measuring higher-order spin period derivatives of several
pulsars, it is possible to probe the gravitational field of the cluster (e.g. Freire et al.,
2017). This also allows to put constraints of the possible presence of non-luminous
matter at the center of the cluster, such as that of an intermediate-mass black hole,
or of an ensemble of stellar-mass black holes (e.g. Prager et al., 2016; Abbate et al.,
2019). By precisely measuring the DMs and the positions of the pulsars, one can
reveal the presence of a possible ionized intra-cluster medium (Freire et al., 2001; Ab-
bate et al., 2018). If the polarimetric properties of the pulsars are also known, it may
also be possible to constrain the presence of an intra-cluster magnetic field (Ho et al.,
2014; Abbate et al., 2020; Martsen et al., 2022).






CHAPTER 2

Time-series analyses and
techniques for radio pulsar
searching

As we have discussed in the previous chapter, radio pulsars are outstanding tools
with which one can carry out extremely high-precision experiments in a plethora of
scientific areas. For this reason, since the discovery of the first pulsar, astronomers
have carried out several surveys, aimed at expanding the total known pulsar popula-
tion. These surveys make use of a wide range of analysis techniques for time-series
data, tailored to detect the highly coherent periodic signals emitted by pulsars. In this
chapter, we delve into the details of radio pulsar searching. We discuss the methods
that allow us to reveal the existence of a coherent periodic signal in the data, with vir-
tually no prior information at our disposal. While doing so, we will also examine the
numerous challenges that make the detection of such signals difficult, particularly in
modern datasets.

2.1 The basics of how to find a pulsar

As previously mentioned, the radio signal of a pulsar consists of a train of pulses that
are emitted in an extremely regular fashion, at a rate that corresponds to the spin
rate of the NS (Fig. 2.1). Because the NS spin rate is extremely stable (at least over
sufficiently short time scales, such as the few hours of a typical single observation),
this stability is reflected in the periodicity of the pulse train. The single pulses of
radio emission, however, are in most cases too weak to be individually detected in the
data, and they will be hidden by the overall noise (Fig. 2.2), which is produced by the
several sources, both astrophysical and human-made. Obviously, the periodicity of
the signal is unknown prior to its discovery. Therefore, the problem is to find a way to
reveal the underlying periodic signal in the presence of noisy data. The most suitable
mathematical tool to detect any periodicities underlying a time series is the Fourier
Transform. So, in principle, discovering a pulsar means finding prominent peaks in
the Fourier power spectrum. However, this is easier said than done. Indeed, a number
of complications add up to the problem and must be addressed to be successful in re-
veal the pulsations. For instance, as we always observe pulsars within a certain range
of radio frequencies (see Section 1.7), the signal will be dispersed across the different
frequency channels according to the DM associated with the pulsar, which is also un-
known. This effect must be corrected before trying to reveal the periodicity, hence the
data must be searched over a range of de-dedispersion trial DM values. To compli-
cate things further, modern data is very often highly contaminated by human-made
interference (RFI), which have to be removed or highly suppressed before searching
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for the astrophysical signals. For these and other reasons, the whole procedure that
leads to the discovery of a pulsar is not as straightforward as it may seem at first. In
the following, we will describe all the main steps involved in a typical pulsar searching
analysis.
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Figure 2.1. Simulated signal emitted by an isolated pulsar having a spin period of 8.13 ms
(or, equivalently, spinning at 123 Hz). In this example, the individual pulse are much brighter
than the underlying noise.
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Figure 2.2. Schematic representation of a more realistic case in which the intensity of sin-
gle pulses of the pulsar signal (orange dotted line) is lower than the background noise (blue
line). Under this condition, which is the most common, the individual pulses are not directly
detectable.

2.2 Arealistic pulsar searching pipeline

Fig. 2.4 show the general scheme of a typical pulsar searching pipeline. In the follow-
ing, we will go through all the steps involved.
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Figure 2.3. Fourier spectrum of the simulated 123-Hz pulsar signal shown in Fig. 2.1. Be-
cause of the spiky shape of the individual pulses, peaks of power are present at several mul-
tiples of the fundamental frequency (the so-called harmonics).
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Figure 2.4. Sketch of a typical modern pulsar searching pipeline.
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2.2.1 Data acquisition

When searching for new pulsars, the first and most obvious step required is the acqui-
sition of the data. This consists in pointing a radio telescope at a specific area of the
sky and collect the radiation coming from that particular direction for a given amount
of time (referred to as integration time). Depending on the way the area of the sky is
selected, the search can be either targeted or blind. In the former case, the telescope
is aimed at specific points or areas where it is expected to find pulsars: typical ex-
amples are supernova remnants, pulsar wind nebulae, globular cluster, unidentified
~v-ray sources etc. In the latter case, the telescope covers a certain area uniformly
with a given number of pointings, each of them with the same dwell time.

When designing a search, besides choosing the target, one has to decide the obser-
vational set up. For single-dish telescopes, this includes the receiver, which in turn
determines the central observing frequency and total bandwidth, and the backend,
which allows the acquisition of the data with certain modes and/or characteristics
(such as the time resolution, the number of frequency channels etc.). For interferom-
eter telescopes, an additional parameter to choose is how many and which antennas
will be used for the observation. The latter choice will in turn determine the total
telescope gain (i.e., its “raw” sensitivity) and the size of the beam(s) on the sky, which
will obviously impact the total number of pointings (and, hence, the total observing
time) needed to survey the selected sky area. Last but not least, the integration time is
another key parameter, and is often a trade-off between the total number of observing
hours available to conduct the search, and the need to achieve a certain sensitivity.
The latter can be calculated, given the observing parameters and the telescope char-
acteristics, using the so-called radiometer equation adapted for pulsars (Dewey et al.,
1984; Lorimer & Kramer, 2004):

~ (S/N)(Tsys

g w
PTG npol Ators Av N P — W'

This equations provides the minimum mean flux density, Smean, that a pulsar must
have to be detected with a given signal-to-noise ratio (S/N), when observed for a time
Atops. The other parameters that play a role in the equation are the telescope gain,
g. the total system temperature, Tsys, the number of acquired polarizations, ny., the
effective observed bandwidth, Av, the pulsar spin period, P and its pulse width, W, as
well as a correction factor, ¢, that accounts for sensitivity losses due to the digitization
and other possible causes. Because targeted searches typically cover a far smaller
sky area than blind survey, they can often have much longer integration, resulting in
deeper (i.e., more sensitive) searches being possible with a given telescope / observing
set-up.

The signal so captured by the radio telescope is then digitized and stored in a so-
called “search-mode” file format, typically the filterbank proprietary file format of the
SIGPROC! pulsar searching software (Lorimer, 2011), or the more modern PSRFITS file
format (Hotan et al., 2004a). Regardless of the exact format, a search-mode data file is
composed by a header, which contains all the necessary information to correctly read
the file, and by the actual data. The latter is essentially the full observing bandpass,
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split into a number of frequency channels (typically hundreds or thousands), recorded
once every sampling time interval (typically of the order of few tens of microseconds),
This very high time resolution is retained so as to be able to resolve the pulses of
even the fastest MSPs, allowing their possible discovery. The fine channelization of
the bandpass is instead required to de-disperse the data over a wide range of DM trial
values (see Section 1.4.1), as well as to effectively remove narrow-band RFI present in
the data (see Section 2.2.2).

2.2.2 RFI mitigation

In addition to the radio wave coming from the sky location pointed, a radio telescope
also picks a large number of other signals produced by humans on the Earth. All
these unwanted signals that are nevertheless collected and, therefore, present in the
recorded data, are referred to as radio frequency interference (RFI). These can be man-
ifest themselves in the recorded data in many ways, showing up in a great variety of
forms: they can be persistent, temporary, or even bursty; they can be broad-band or
narrow-band; and, they can be stable, slowly-varying or even changing very fast.

As can be easily understood, this signals can significantly hamper our ability to
detect pulsars, particularly if we want to discover new ones, where we have little to no
information about the pulsr signal that we are about to reveal.

Until the end of the previous century, RFI were present in very small portions of
the radio band, and were therefore only a marginal problem that could be solved by
simply excluding those frequency channels or time intervals where the interference
signals were present. In the last few decades, however, the use of wireless telecom-
munication systems and satellites has exponentially increased, with more and more
protocols and systems occupying larger and larger portions of the radio band of the
electromagnetic spectrum. At the same time, modern radio telescope receiving sys-
tems often have very large observing bandwidth of several hundreds of MHz or even
a few GHz (e.g. Hobbs et al. 2020), therefore increasing the likelihood of collecting
radio waves in frequency ranges contaminated by human-made signals. These two
things combined have made RFI an increasingly concerning issue for radio observa-
tions. Astronomers have therefore been forced to devise clever strategies to mitigate
the impact of RFI on radio-astronomical observations, properly detecting and flagging
polluted pieces data, without also filtering out the possible astrophysical signal of in-
terest. Such techniques have rapidly developed over the last few years, and include
the implementation of sophisticated mathematical methods, both in the time-domain
and in frequency domain (e.g. Akeret et al. 2017; Maan et al. 2021; Morello et al.
2022). With the diffusion of multi-beams observing systems, both in single-dish and
interferometric telescopes, spatial filtering RFI excision techniques have also started
to develop (e.g. Kocz et al., 2012).

2.2.3 Search planning

After the RFI are removed or mitigated from the data, the next step is to plan the
search strategy.

First, as the dispersion measures of the yet-to-be-discovered pulsars are obviously
unknown, one has to decide which DM range to search. In blind all-sky surveys, one
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usually wants to find any possible detectable pulsar along the line of sight. For this
reason, it is common to search over a wide range of DM values, from ~ 0 pc cm™>(to
target close-by pulsars), up to a value that corresponds to the maximum distance that
one wants to explore. The NE2001 and/or YMW 16 models for the Galactic electron
content are typically used to determine the latter value. On the other hand, there
are cases in which the expected DM of the pulsar is roughly known. This is the
case, e.g., of those globular clusters: as all the pulsars in a GC are confined within a
volume of just a few pc, they basically all share the same distance from Earth and the
same direction in the sky. Moreover, GCs contain very little to no ionized intra-cluster
gas. As a consequence, the DMs of all the pulsars are expected to be very close to one
another, and the small differences (typically of the order of a fewpc cm—3) are solely due
to the slightly different directions of lines of sight to the different pulsars. Therefore,
if at least one pulsar is known in a GC, its DM will be very close to the DM of any
other pulsar present in the cluster, and it is sufficient to explore a small range of DMs
around that value to discover more pulsars in the GC.

Another important aspect to decide is which search algorithms to apply. This in
turns depends on which types of pulsars and binary systems one wants to target and
also how much computational power is available and how much time one can afford
for the processing. We will review the main pulsar searching algorithms, with their
characteristics and limitations, in Section 2.3.

2.2.4 De-dispersion (+ barycentering)

As explained in Section 1.4.1, the dispersion effect make the the signal of a pulsar
arrive at the telescope at different times across the observing band. If this effect
is not corrected, the pulses emitted by the pulsar can be significantly broadened or
completely smeared out, resulting in sharply reduced sensitivity or even the inability
to detect the signal.

Searching a given DM range means de-dispersing the data at a series of DM values
across that range. After applying the appropriate shifts to each frequency channel,
the frequency channels are summed together, producing a de-dispersed time series,
which is basically a light-curve encompassing whole observing band, for each DM
trial value. Clearly, when exploring a given DM range, it is important to choose an
appropriate DM step size. This is because one wants to minimize the total number
of de-dispersion trials (to minimize the total processing time needed to carry out the
search), while also not lose sensitivity in case the true DM of the pulsars falls between
two steps (and therefore no de-dispersion trial is optimal for that pulsar).

The optimal DM step size ADM can be calculated once the observing parameters
are fixed. The i-th trial DM value can be expressed as (Lorimer & Kramer, 2004):

DM; = 1.205 x 10~ pc em™3(i — 1) teamp (V2 /Av), (2.2)

where tsanp is expressed in ms and v and Av in MHz.

For each DM trial value, the corresponding de-dispersed time series is also barycen-
tered, that is, it is referred to the Solar System barycenter. This allows pulsar as-
tronomers to refer all the periodicities found to an inertial frame of reference, and
therefore be able to directly compare signals found in observations taken in different
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times of the year (as the motion of the Earth around the Sun, and its consequent
Doppler effect, is removed).

2.2.5 Periodicity search

Once all the RFI-cleaned, barycentered, de-dispersed time series are produced, one
or more search algorithms are applied to each of them in search of underlying peri-
odicities in the data. These algorithms can work either in the time domain or in the
frequency domain.

2.2.5.1 Frequency-domain algorithms

The most powerful and widespread mathematical tool to detect any periodicities un-
derlying a time series is the Fourier Transform (FT). The latter exploits the Fourier
theorem, which states that any function can be described as the superposition of
a number of sinusoidal signals, each with an appropriate amplitude, frequency and
phase. The FT is the mathematical tool that can perform such a decomposition on
the original function, returning the amplitudes .A; and phases ¢; of all the sinusoids
of frequency f; that make up the latter. The squares of the amplitudes, called Fourier
powers, are then plotted as a function of the corresponding frequency of the sinu-
soid, forming the so-called power spectrum. Because the signal emitted by a pulsar
has an intrinsic periodicity, while noise does not, the sinusoids with the same peri-
odicity as that of the pulsar signal, will have a much larger amplitude (and, hence,
power, defined as the square of the amplitude) compared to all the other sinusoidal
components, and will therefore easily stand out in the Fourier domain.

In real world, the original functions (i.e. time series that have been de-dispersed,
as outlined in Section 2.2.4) are composed of discrete, evenly spaced data points.
Therefore the FT is performed with its discrete implementation, called Discrete Fourier
Transform (DFT, see e.g. Press et al., 1992). The computational demand for performing
a DFT on a time series with N data points is on the order of O(N?), which becomes
computationally intensive for lengthy data sets, challenging even the capabilities of
contemporary computers. To address this issue, the Fast Fourier Transform (FFT)
algorithm is employed (see Cooley & Tukey, 1965), which is a highly efficient version
of the DFT, scaling at an operational complexity of O(N log N).

It is important to note that, although the signal from a pulsar is periodic, it is typ-
ically far from being a perfectly sinusoidal function. Instead, it manifests as a train of
pulses with varying degrees of complexity in shape. In the Fourier domain, this trans-
lates to a spectrum where the signal’s power is distributed among the fundamental
frequency and its harmonics, that is, the integer multiples and submultiples of the
fundamental frequency (Fig. 2.3). This distribution is more pronounced when the
pulse duty cycle is smaller. To properly recover the entire power of the pulsar signal,
a process known as harmonic summing is commonly employed: copies of the Fourier
spectrum, each scaled by an integer factor, are generated and then added to the origi-
nal spectrum. This technique ensures that peaks related by harmonics are combined,
thereby enhancing the pulsar signal’s power relative to the noise level. Typically, this
method involves adding up to 32 harmonics.
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2.2.5.2 Time-domain algorithms

Another class of periodicity search algorithms are those that operate directly in the
time domain. That is, the de-dispersed time series is not Fourier transformed, but
the underlying periodicity is sought with different methods. The primary example
of time-domain periodicity search algorithm in pulsar astronomy is the Fast Folding
Algorithm (or FFA). In a nutshell, the latter try to split the time series into segments of
different trial length (i.e. different trial spin periods), sums the segments coherently
in phase and measures the S/N of the pulse profile so obtained. A periodogram, with
S/N vs trial period data, is then inspected in search for prominent peaks. A more
extensive description of the FFA algorithm is given in Section 2.3.2.1.

2.2.6 Sifting

After searching through all the de-dispersed time series (with either time or frequency
domain techniques) one is left with a list containing the spin-period, its detection SNR,
and the associated DM trial. These are what we call candidates. Even if the strongest
RFI were previously removed from the data, modern observations can still contain
a large number of human-made signals that eluded the filtering, which can result
in thousands of spurious candidates. It is therefore crucial to find ways to recognize
these, and substantially reduce the total number of candidates. Fortunately, there are
different ways to achieve this. For example, for a real pulsar signal, which is broad-
band, the same periodicity is often detected in multiple adjacent DM trial values, with
the S/N varying as a function of trial DM, peaking at the value that is closest to
the real one. This is one criterion by which promising candidates are selected and
duplicate detections are grouped together. All of this process, aimed at significantly
reducing the final number of candidates, is known as sifting.

2.2.7 Folding

After sifting, we end up with the list of the most promising candidate. The next step
is folding the candidates. Folding consists in taking the original observation, de-
dispersing the frequency channels at the candidate DM, and then splitting it into time
segments with lengths of the candidate period, finally producing four-dimensional
data-cubes consisting of time, frequency, rotational phase and power of a signal.

2.2.8 Candidate inspection

From the folded data cube, a number of one-dimensional or two-dimensional projec-
tions are produced, resulting in graphs that show, among other things, the integrated
pulse profile, the pulse amplitude as a function of pulse phase and time and as a func-
tion of pulse phase and frequency, the S/N as a function of trial DM etc. All of these
graphs are put together to produce an overall diagnostic plot, which can be viewed to
determine whether the candidate signal is in fact astrophysical in nature or not.

For example, pulsar signals are broad-band, while RFI are often (but not always)
narrow-band; pulsar signals usually have one or multiple peaks per period, with a
narrow or broad duty cycle ranges, whereas RFI signals tend to be more sinusoidal
in shape (compare Figs. 2.5 and 2.6). Also, the S/N of a pulsar signal is expected to
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peak at a non-zero DM, as it crosses ionized interstellar medium during its path to
Earth, contrary to RFI, which are terrestrial in nature.

In the past, and partly also at present, all the candidate diagnostic plots were

reviewed by eye by the astronomer. However, as modern surveys can easily produce
thousands or even millions of candidates per observing run, it has become practically
unfeasible to do this manually. For this reason, pulsar astronomers now often resort
to machine-learning based software to automatically evaluate the goodness of the
plots, drastically reducing the total number of plots that need visual inspection (e.g.
Lee et al., 2013; Morello et al., 2014; Zhu et al., 2014).

If the candidate passes all the checks and the visual inspection, it can be regarded

as a potential pulsar, which can then be re-observed for its ultimate confirmation.
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Figure 2.5. Example of diagnostic plot produced with PRESTO showing the signal of a real

pulsar (PSR B1641—45)

2.3 State of the art of pulsar searching algorithms

After going through all the major steps that characterize a modern pulsar searching
pipeline, we hereby focus on the state of the art of periodicity search algorithms.
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Figure 2.6. Example of diagnostic plot produced with PRESTO showing a narrow-band RFI
signal.

2.3.1 Detecting pulsar in binary systems

The search pipeline that we described in the previous section assumed that the pul-
sars to be discovered be isolated. However, when a pulsar is part of a binary system,
the detection of its signal becomes more challenging. The reason for this is that, in
this case, the neutron star constantly undergoes time-dependent acceleration due to
the orbital motion. The projection of such acceleration along the line of sight in turn
causes a time-varying observed spin period and spin period derivative within a single
observation: this is nothing else that a time-varying Doppler effect, due to a time-
varying projected velocity of the pulsar along our line of sight during the observation.
The observed spin period and its derivative can therefore be expressed as:

MO Bt = P

C &

Pos(t) =P [1 + (2.3)

. where P and P are the intrinsic spin period and spin period derivative, P,,s and
P,s the observed ones, v;(t) and q;(t) the pulsar velocity and acceleration component
projected along the line of sight, respectively.

In frequency-domain search methods, as a consequence of a time-varying per-
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ceived spin period (and therefore, a time-varying spin frequency), the Fourier power
associated with the signal will be spread across multiple bins in the power spectrum,
with the effects being larger for larger accelerations. As the power is spread across
many Fourier bins, if the signal is not strong enough, it may not stand out from the
noise, but rather stay buried in it, remaining undetected. Therefore, one need a way
to account for such effect in order to recover the pulsar signal.

Over the decades, several techniques have been developed for this purpose. In
the following, we review the major techniques currently used to recover the signal of
pulsars within binary systems.
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Figure 2.7. Schematic representation of the “10% rule” of acceleration search. In the plot,
we show the sinusoidal modulation of the observed spin period, P,s, of a pulsar in a circular
binary orbit, over more than a full cycle. If an observation (here shown as the grey shaded
area) covers less than 10% of the orbital cycle, then the observed variation of P,,s during
the observation, regardless of the orbital phase interval covered, can nicely be approximated
with a line (red line); that is, the observed spin period derivative, Pspin can be considered as
constant throughout the observation. This is the assumption under which the acceleration
search technique works.

2.3.1.1 Acceleration search

The acceleration search is the most widespread technique used to discover pulsars in
binary systems. In a nutshell, it assumes that the acceleration component along the
line of sight undergone by the pulsar be constant throughout the observation, and
corrects for the effect. As we shall see in the following, this is valid only under certain
assumptions.

Let us start from the P,s(t) expression of Eq. (2.3). This can be expressed as a
Taylor series expansion (e.g., Johnston & Kulkarni 1991):

ult) = 6, (0)t + ﬁl?(?) 24 i"’;))(,o) B4+ ot 2.4)
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where we recall that v; is the line-of-sight component of the pulsar’s velocity. If we
make the assumption that, during the observation, the Doppler modulation is caused
only by a constant acceleration, Eq. (2.4) reduces to:

’Ul(t) = Q}l(O) t= a; t (25)

where ¢, is the acceleration component along the line of sight, and not the total accel-
eration.

In order for this assumption to be valid, the length of the observation must be sub-
stantially shorter than the orbital period of the binary system, P,. This can be intu-
itively understood looking at Figure 2.7. The latter schematically shows the observed
spin period of a pulsar in a circular binary orbit, which has a sinusoidal dependency
as a function of time, as a result of the time-varying projection of the velocity along
the line of sight. If the observation length T, is short enough compared to the or-
bital period P,, the sinusoidal function that describes the spin period modulation can
effectively be approximated with a line (that is, Py(t) o a;(t) = const) in any section
of the orbit. As a general rule of thumb, for a circular orbit, this approximation can
effectively hold valid if T, < P,/10. This is what is commonly referred to as the “10%
rule” in the pulsar astronomy jargon.

If this is the case, the acceleration search techniques consists in correcting for the
constant acceleration undergone by the pulsar during the observation. This can be
done either in the time domain or in the Fourier domain. The two methods, although
sharing the same principles, work differently:

* The time-domain acceleration search (or TDAS) method accounts for the Doppler
effect due to the orbit by re-sampling the time series. In essence, it shifts the
samples in time applying anticipations or delays according to the assumed
constant acceleration. Mathematically, these time shifts can be expressed as

c

() = 7(0) <1 + ‘“) 2.6)

where 7 (t) is a time interval in the pulsar frame, 7 (0) is a normalization factor
and c is the speed of light. After the resampling (which can be done, e.g.,
through a simple linear interpolation Middleditch & Kristian 1984), the pulsar
signal will look like as if the pulsar were in fact isolated, and we can later
apply our standard Fourier or time-domain detection techniques for isolated
pulsars.

¢ The Fourier-domain acceleration search (or FDAS) does not work on the time

series, rather on on its power spectrum after a FT is applied. It is possible to

show that, for a pulsar of spin period P, a constant line-of-sight acceleration

a; will cause the power of the fundamental and higher harmonics f the pulsar

signal to spread across a number of Fourier bins that can be expressed as
(Ransom et al., 2002):

— 72 M

Z = dlobs cP '

where h is the harmonic number. This equation is used to generate templates

for different values of z, with which a matched filtering in the Fourier domain

(2.7)
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is performed. The template that best fits the spectral signature of the binary-
modulated signal of the pulsar will then be used to retrieve the corresponding
acceleration of the pulsar and, therefore, derive the corresponding P and Pdot
observed in that particular observation.

Clearly, in both implementations, the constant acceleration a; is unknown a-priori,
and therefore is a parameter that has to be searched over a sensible range. Notwith-
standing, the problem of detecting the signal of a pulsar in a binary system is essen-
tially reduced to a one-dimensional problem, and it is therefore relatively cheap from
a computational standpoint.?. On top of that, some acceleration search implementa-
tions can now exploit the high level of parallelization provided by modern Graphics
Processing Units (GPUs), making the algorithm extremely fast when running on GPUs.
All of this makes acceleration search still the fastest method available to search for
binary pulsars. Because of this, despite its main limitation of being effective only with
pulsars in sufficiently wide orbits, acceleration search is still the most popular binary
pulsar search technique used by astronomers.

2.3.1.2 Jerk search

The jerk search algorithm is an extension of the acceleration search that also includes
the time derivative of the acceleration, ¢;. This basically means considering an addi-
tional term in the Taylor expansion of Eq. (2.4). The line-of-sight component of the
pulsar’s velocity will therefore be expressed as:

’Ul(t) =aqt+ ' 5 (2.8)

where j; is the time derivative of the line-of-sight acceleration and is called jerk. In
jerk search, the orbital modulation of the pulsar spin period is therefore approximated
with a parabola, rather a line. This means that the validity of the approximation
can be extended to observation lengths that are up to 15-20% of the orbital period.
Therefore, for a certain observation of a given length, jerk search can detect pulsars
that are part of tighter orbits, when compared to acceleration search. The price to pay
for this increased effectiveness is the higher dimensionality of the problem, as we now
have two unknown parameters (¢; and j;) that must be searched. This implies much
longer processing times for jerk searches with respect to acceleration searches.

Exactly like acceleration search, jerk search can be implemented both in the time
domain and in the frequency domain. At the time of writing, the only implementa-
tion available is Fourier-based and has been developed by Andersen & Ransom (2018)
within the PRESTO pulsar searching software, where the » parameter is now accompa-
nied by its time derivative ¢ = w, which is related to the jerk as:

2The FDAS implementations are usually much more computationally efficient that TDAS implemen-
tations. Indeed, while the former require only a single FFT to be done on a time series, the later require
an FFT operation for each acceleration trial value applied, for each de-dispersed time series.
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Figure 2.8. Fourier response of a simulated signal emitted by a 2-ms pulsar in a 50-minute
circular orbit, for an 8-h observation. As can be seen in the left panel, the Doppler-modulated
signal produces the typical “horned-shaped” response in the Fourier spectrum. In the right
panel, it is shown how the individual peaks are equally spaced by 7., = Tohs/Pp Fourier bins,
where 7,15 is the observation length and P, is the orbital period. Figure taken from Ransom
et al. (2003).

2.3.1.3 “Phase-modulation” (or “side-band”) search.

The acceleration and jerk search methods have proved to be very effective at finding
binary pulsar in relatively wide orbits, with hundreds of discoveries made with these
techniques (e.g. D’Amico et al., 2001; Ridolfi et al., 2021; Douglas et al., 2022). As
discussed in the previous sections, however, their efficacy decreases sharply when
the observation searched is longer than 10% of the orbital period in the case of the
acceleration search, or than ~ 15 — 20% in the case of the jerk search. Therefore,
finding pulsars in ultra-compact binary systems, where the observation length is
comparable or even much larger than the orbital period, requires the use of differ-
ent methods. One of these is the so-called phase-modulation or sideband search, a
Fourier-domain method independently developed by Jouteux et al. (2002) and Ransom
et al. (2003). The phase-modulation search complements the use of the acceleration
and jerk searches, by targeting pulsars in binary systems with 7,3 2> 1.5F,; that is,
all those binary systems for which the observation covered more than one orbit and a
half. The efficacy of the phase-modulation search technique also increases as the ratio
Tons/ Py, increases: in other words, the larger the number of orbits that the observa-
tion covers, the higher the sensitivity. In the following, we provide some more in-depth
description of the method, following the derivation of Ransom et al. (2003)and con-
sidering only the case of circular orbits. The latter choice is made both for the sake
of simplicity and also because ultra-compact binaries are, for the most part, expected
to be circular.
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Let us consider a pulsar of intrinsic spin period P (and, hence, spin frequency
fspin = 1/P) in a circular orbit of period P, (orbital frequency f, = 1/F;), being observed
for a time T, 2 1.5P,.

The signal coming from the pulsar, as seen from a distant observer, will be Doppler-
modulated by the orbital motion, and will therefore be seen with the train of pulses
being “squeezed” and “stretched” periodically in a sinusoidal fashion, due to the longer
or shorter distance that light has to travel from the pulsar to the observer, depending
on the position of the pulsar along its orbit. The fundamental harmonic, as sampled
by the telescope, can be described as:

(t —to)
P

t—1
+ ¢spin + ®gyp cOs <27T(Pb0) + ¢orb> :|

n(t) = Acos |27
(2.10)

orbital modulation term

where ¢ty is the start time of the observation; A and ¢, are the amplitude and phase
of the pulses; ®,1, and ¢.,1, are the amplitude and phase of the orbital modulation.

Now, it can be shown (Ransom et al., 2003) that the Fourier transform of the phase-
modulated signal of Equation 2.10 is equivalent to the Fourier transform of a series of
cosinusoids, at frequencies (referred to as sidebands) that are centered at the pulsar
spin frequency and are spaced from latter by m r,1, Fourier bins, where rq1, = Tons/ P
is the number of orbits covered by the observation and m € Z. The amplitudes of the
sidebands show a characteristic “horned shaped” trend (see Fig. 2.8), and their exact
value depend on the orbital characteristics. In any case these amplitudes decrease
sharply for sidebands separated by more than r.,®.1 bins from the intrinsic spin
frequency of the pulsar.

As the peaks in the power spectrum are equally spaced by r.,1, bins, these can in
turn be seen as a periodic signal: this periodicity can be revealed by performing a local
“mini-FFT” in the power spectrum, obtaining the value of r.;;, and, consequently, the
rough value of the binary orbital period. Although this operation can be performed
very quickly, obtaining a refined value for B, as well as the other two orbital parame-
ters (the projected size of the orbit, z,,, and the epoch of passage at the ascending node,
T,sc) is a much more computationally intensive task. This is because, in order to do
that, one has to search the three-dimensional orbital parameters space (P, xp, Thasc)
within a sensible range of values. For each triplet of parameters, a template of the
“horned-shaped” Fourier response is generated and matched-filtered and evaluated
against the actual power spectrum. This has to be done for all the potential candidate
binary pulsars detected with the “mini-FFT”. This makes the phase-modulation search
method extremely computationally demanding, requiring several hours on a modern
machine to search just a single de-dispersed time series. Therefore the application
of this search method to actual surveys has been extremely limited, and restricted to
very specific cases.

2.3.1.4 Full Keplerian Template Bank search

Another method to discover binary pulsars in compact orbits is the full Keplerian tem-
plate bank search (Balakrishnan et al., 2022). The idea is to convolve the data with a
large number of simulated templates (or, a bank) of pulsar signals modulated by the
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motion along a binary orbit. The latter is fully modelled using 5 Keplerian parameters,
namely: the projected semi-major axis, z,; the eccentricity, e; the longitude of peri-
astron, w; the mean angular velocity, (1,4; the initial orbital phase, aq. In addition
to the five Keplerian orbital parameters, the intrinsic spin frequency of the pulsar,
fspin is needed to generate a model (template) of the binary pulsar signal. Overall,
a 6-dimensional parameter space {z}, e, Qorh, Qorb, fspin} must therefore be searched.
For each point in this space, a pulsar signal template is generated and matched fil-
tered to the data through a convolution process. Therefore an optimal coverage of
this parameter space is also key to minimize the computational cost. The full Keple-
rian template bank search is technically the most effective method to reveal pulsars
in compact binary systems with any possible orbital characteristics. However, the
high dimensionality of the parameter space makes this method the most computa-
tionally intensive one to search for binary pulsars, even after accounting for the GPU
support of its current implementation (https://github.com/vishnubk/5D_Peasoup, Bal-
akrishnan et al. 2022). Therefore the Keplerian template bank algorithm will likely
applicable only through large-scale high-performance-computing facilities.

A simplified version of the 5D-Keplerian template bank search is its version for
circular orbits, where the Keplerian parameters are reduced to three. Such an imple-
mentation currently finds application within the Einstein@Home project® (Allen et al.,
2013; Knispel et al., 2013), which is a platform for volunteer distributed computing,
where real astronomical data is processed thanks to the computing power “donated”
by the volunteers.

2.3.2 Improved algorithms for isolated pulsars

Binary pulsars, and in particular binary MSPs, have historically been among the most
desired targets of pulsar astronomers carrying out searches. This is primarily because
pulsars in binaries enable a number of experiments that it is not possible to perform
with isolated pulsars. Moreover, it has been long thought that our ability to find single
pulsars was essentially limited only by our sensitivity, while binary pulsars required
sophisticated techniques, as we just saw. For this reason, most efforts have histori-
cally gone to the development of algorithms to discover pulsars in binary systems. In
the recent years, however, the discovery of extremely slow pulsars with spin periods
well above 10 seconds (Tan et al., 2018; Morello et al., 2020a) have shown that there
are several objects with extremely long spin periods that may have been missed by
most surveys. This has led astronomers to further develop or improve techniques bet-
ter tailored to reveal isolated pulsars, particularly those with very long periods. In the
following we review two main search techniques now commonly used for this purpose.

2.3.2.1 The Fast Folding Algorithm

The Fourier Transform and its FFT implementation has historically been the most
widespread method employed in the search for pulsars, as it was successfully used
in numerous large-scale surveys. Notwithstanding, the FFT has a number of draw-
backs. For instance, the current implementations of FFT search methods are only
capable of incoherently summing a limited number of harmonics (typically 16 or 32),

Shttps://einsteinathome.org
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which can greatly reduce the capability of detecting periodic signals with very small
duty cycles. Also, FFT methods are highly susceptible to red noise, which can no-
tably diminish their ability to detect pulsars with long rotational periods, particularly
those exceeding ~ 1 second (which are all concentrated in the ~ 0 — 1 Hz region of the
power spectrum). Indeed, Lazarus et al. (2015) demonstrated that the actual sensitiv-
ity reached by the Pulsar Arecibo L-band Feed Array (PALFA) survey was significantly
lower than what predicted by the radiometer equation, particularly for pulsars with
periods longer than approximately 100 milliseconds. If not properly taken into ac-
count, these limitations can potentially induce a significant selection bias, distorting
our understanding of the true pulsar population. Additionally, the detection of slow-
spinning pulsars is typically much more heavily affected by the presence of RFI. An
alternative approach to the Fourier Transform is the direct folding of the time series
using a number of trial rotational periods, and inspect the resulting folded profiles. A
computationally efficient implementation of this technique is the so-called fast-folding
algorithm (FFA), originally put forward by Staelin (1969) and recently implemented in
modern pieces of software by Cameron et al. (2017), Parent et al. (2018) and Morello
et al. (2020b). The FFA is very efficient at folding a time series with multiple trial pe-
riods by cleverly avoiding redundant summations and storing partial results for later
recall as needed. Notably, the FFA's processing speed increases when it folds data
over extended periods. This is because the required number of additions during the
folding sequence is proportional to O(N log,(/N/p)) , where N represents the total sam-
ple count in the dataset, and p denotes the initial trial period for folding, measured in
sample units. Consequently, with a constant N, as p grows, the addition operations
diminish, thereby enhancing the FFA's efficiency for longer periods. Additionally, even
though the FFA is not completely immune to red noise, it is a phase-coherent method,
therefore being intrinsically more sensitive that FFT-based techniques. The FFA has
been successfully used to discovery two slow-spinning pulsars in the globular cluster
M15 (Zhou et al., 2024).

2.3.2.2 Stack search

Another way to increase the sensitivity to isolated pulsars is by using the stack search
techniques. The latter exploits the facts that the spin period of an isolated pulsar,
when referred to the Solar System Barycenter, is constant over a long period of time
(with the intrinsic spin-down playing a role only over very long time scales). As a
consequence, the power of the pulsar signal in the Fourier spectrum is expected to
be located always at the Fourier frequency. Therefore, one can add together several
power spectra obtained from different observations of the same target to obtain a
“stacked” spectrum were the powers associated with isolated pulsars are boosted. As
this method only uses the Fourier powers, ignoring the phase, it is in fact an inco-
herent method. As a result, the Fourier significance of the pulsar signal will grow

as T/ /TW ~ /T where T'! is the total integration time of all the observations
whose spectra are stacked. Clearly, this method is not particularly useful for large
scale surveys, where a single sky region is typically observed a couple of times at
most. Rather, it is very effective for targets that are observed repeatedly, like globu-
lar clusters. Indeed, the stack search technique has been fruitfully used to discover

isolated pulsars in the globular clusters 47 Tucanae (Pan et al., 2016) and Terzan 5
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(Cadelano et al., 2018).

2.3.3 Single pulse search

All the previous methods are based on the assumption that the signal coming from the
pulsar is persistent in time, that is, that we get a pulse at every rotation of the neu-
tron star. However, that are classes of pulsars, such as the Rotating Radio Transients
(McLaughlin et al., 2006) and the “nulling” pulsars, that are known to emit their pulses
sporadically or only for limited periods of time. Applying periodicity search methods
to these sources is therefore largely ineffective, and a different searching approach is
thus required. This led to the development of single-pulse search algorithms. The lat-
ter essentially tries to detect individual bright pulses by applying a matched-filtering
algorithm to a de-dispersed time series, looking for statistically significant “events”.
The method, originally devised to look for transient pulsars, has led to the serendip-
itous discovery of a new class of transient sources of extra-galactic origin, which we
now refer to as Fast Radio Bursts (Lorimer et al., 2007). Given its cheap computa-
tional cost, the single-pulse search is nowadays commonly included in the majority
of large-scale pulsar surveys.



CHAPTER 3

Applications to globular cluster
data taken with southern radio
telescopes

3.1 Introduction

As discussed in Section 1.6.1, among the best places where to search for pulsars
are globular clusters (GCs). This is because these stellar aggregations are known to
harbor a wealth of pulsars in a very compact region of the sky. Furthermore, the
pulsars that are found in globular clusters often exhibit properties that are extreme
or exotic, enabling new and peculiar studies that would not be possible with Galactic
field pulsars. For these reasons, over the decades, several telescopes have conducted
surveys aimed at finding pulsars in GCs. As a result, hundreds of observations have
been taken and hundreds of pulsars have been discovered.

In this Chapter, we apply some of the search methods previously described to
look for pulsars in 10 selected globular clusters, using observations taken with two
major radio telescopes in the southern hemisphere: the Australian “Murriyang” radio
telescope, and the South African MeerKAT radio telescope.

3.1.1 Pulsars in globular clusters at the “Murriyang” radio telescope

The “Murriyang” radio telescope (Fig. 3.1) is a single parabolic dish with a diameter
of 64 meters, operating within the Parkes Observatory, which is situated about 20 km
north of the town of Parkes, New South Wales, Australia. Since its first commissioning
in 1961, the Parkes Observatory has proved to be one of the most successful radio
facilities ever built: besides having a major role in historical human achievements
(such as the Apollo 11 moon landing), over the decades it has been pivotal for nu-
merous outstanding scientific breakthrough, such as the discovery of the first quasar
3C 273 (Hazard et al., 1963), as well as of the first Fast Radio Burst (Lorimer et al.,
2007). Its contribution to pulsar astronomy has also been paramount, with over 1000
pulsars discovered, including PSR J0737—3039A/B, the only double-pulsar system
known (Burgay et al., 2003).

The “Murriyang” telescope has also been one of most active radio facilities for the
study of pulsars in globular clusters: the Parkes Globular Cluster survey (PKSGC,
Possenti et al. 2003), which started in the late 90’s, observed tens of globular clus-
ters, giving a major contribution to the first wave of pulsar discoveries in these stellar
systems. Even today, thanks to upgraded instrumentation, the Parkes Observatory
continues to have a primary role in the discovery and follow-up of pulsars in several
GCs (e.g. Dai et al., 2020; Zhang et al., 2020).
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Figure 3.1. The 64-m single-dish “Murriyang” radio telescope near Parkes, Australia. Photo
credit: Alessandro Ridolfi (2012).

Figure 3.2. View of nine of the 64 antennas that compose the MeerKAT radio telescope array.
Photo credit: Alessandro Ridolfi (2018).
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3.1.2 Pulsars in globular clusters at the MeerKAT radio telescope

The MeerKAT radio telescope (Fig. 3.2; Jonas & MeerKAT Team 2016; Camilo 2018)
is the most sensitive cm-wavelength telescope of the southern hemisphere. It is lo-
cated in the Karoo desert, in the Northern Cape province of South Africa. Contrary
to the Parkes radio telescope, MeerKAT is not a single-dish telescope. Rather, it is
an interferometer composed by 64 antennas, each having a diameter of 13.5 metres,
spread within an area of 4 km in radius. The signals from all the antennas are com-
bined together so as to work as if they were a single telescope with a collecting area
as large as the sum of the collecting area of all the individual antennas. MeerKAT is
also the precursor to the SKA1l-mid telescope (Dewdney et al., 2009), which will be
an enhanced version of MeerKAT: over the coming years, more dishes will be added
and, eventually, a total of 197 antennas will compose the array, turning MeerKAT into
SKA1-mid.

Since it began operations in 2018, the MeerKAT telescope has been devoted to
a large number of scientific objectives, which are pursued through the execution of
10 Large Survey Projects (LSPs). These are 5-year-long observing programmes, each
dedicated to a specific theme. Among the 10 LSPs approved at MeerKAT, TRAPUM!
(“TRansients and PUlsars with MeerKAT” Stappers & Kramer 2016) is one of two ded-
icated to pulsars. The main scientific objectives of TRAPUM are the increase of the
total known population of Galactic and extra-Galactic pulsars, the discovery of pecu-
liar pulsars and binary systems, and the discovery of transient radio sources. This is
achieved by means of targeted observations of supernova remnants, pulsar wind neb-
ulae, unidentified Fermi ~-ray sources, nearby galaxies, and globular clusters. The
TRAPUM globular cluster pulsar survey, which started in 2020 (e.g., Douglas et al.,
2022) and is still ongoing, carries out deep, repeated observations of more than 30
GCs, in search for the faintest and most extreme pulsars. As of June 2024, TRAPUM
has discovered more than 220 pulsars?, over 90 of which in GCs.

3.2 Observations

The dataset analyzed in the context of this thesis consisted of 20 observations, car-
ried out with the Parkes and MeerKAT radio telescopes, of 10 selected southern glob-
ular clusters with no pulsars previously known to be residing in them: these are
E3, ESO 452, NGC 288, NGC 3021, NGC 4372, NGC 4590, NGC 4833, NGC 5286,
NGC 6541 and NGC 6584. All the selected clusters have declinations lower than
—26 deg, hence the majority are only observable from the Parkes and MeerKAT sites,
being inaccessible from any other high-sensitivity cm-wavelength radio telescopes. We
selected GCs that, to our knowledge, have so far only been observed at Parkes and
not already deeply searched with modern software and high-performance-computing
facilities. In addition, we restricted our sample to only those GCs that were not among
the targets of the TRAPUM GC pulsar survey at MeerKAT. The sole exception to this is
represented by NGC 6541, a core-collapsed cluster, observed both with MeerKAT and
Parkes, whose observations have all been searched in the context of this thesis. The
list of the searched GCs with their main characteristics is reported in Table 3.1, while

"https://trapum.org
2https://trapum.org/discoveries
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their positions in Galactic coordinates are displayed in Fig. 3.4. Optical images of all
the clusters are shown in Fig. 3.3.

NGC 4372 NGC 4590

NGC 3201

NGC 4833 NGC 5386 £0 452 NGC 659/ NGC 6584

Figure 3.3. Optical images of the 10 globular clusters searched in the context of this thesis.
Image credits: NGC 288: Wikisky; E3: HST, NGC 3201: ESO; NGC4372: Bernhard Hubl;
NGC 4590 and ESO 452: PanSTARRS DRI1; NGC 4833: ESA/Hubble; NGC 5286 and NGC
6541: Hubble Legacy Archive; NGC 6584: NASA/HST.

Searched GCs in Galactic Coordinates
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Figure 3.4. Location of the 10 globular clusters searched, in Galactic coordinates.
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Table 3.1. List of the globular clusters searched in the context of this thesis. a: Right As-
cension of the nominal cluster center; §: Declination of the nominal cluster center; r.: core
radius, defined as the distance from the core at which the cluster surface brightness is half
of its central value; r,: half-light radius, defined as the radius at which half of the total light
of the globular is emitted C: cluster concentration, defined as C = log(r/r.) , where r, called
tidal radius, is the distance from the cluster center at which the gravitational field of the
host galaxy becomes more important than the self gravity of the cluster. d: cluster distance;
DMng2001 7 ymwis: dispersion measure associated with the cluster, as predicted by the NE2001
and YMW 16 Galactic electron density model, respectively.

Cluster « & re Th C d DMng2001 / YMW16
(J2000) (J2000) (arcmin) (arcmin) (kpc) (pc cm—3)
NGC 288 00:52:45.24 —-26:34:57.4 1.35 2.23 0.99 8.9 28 / 18
E3 09:20:57.07 —77:16:54.8 1.87 2.10 0.75 8.1 99 /113
NGC 3201 10:17:36.82 —46:24:44.9 1.30 3.10 1.29 4.9 141 / 353
NGC 4372 12:25:45.40 —72:39:32.4 1.75 3.91 1.3 5.8 173 / 159
NGC 4590 (M68) 12:39:27.98 —26:44:38.6 0.58 1.51 1.41 10.3 52 / 41
NGC 4833 12:59:33.92 —70:52:35.4 1.00 2.41 1.25 6.6 210/ 170
NGC 5286 13:46:26.81 —51:22:27.3 0.28 0.73 1.41 11.7 208 / 146
ESO 452 16:39:25.45 —28 23:55.3 0.50 0.50 1.00 8.3 182 / 105
NGC 6541 18:08:02.36 —43:42:53.6 0.18 1.06 1.86 (cc) 7.5 195 / 108
NGC 6584 18:18:37.60 —52:12:56.8 0.26 0.73 1.47 13.5 138 / 93

3.2.1 The Parkes dataset

The Parkes dataset comprises a total of 19 observations, split among the ten selected
GCs. These observations were all carried out as part of the PKSGC survey, which
aimed at searching for pulsars in virtually all the GCs visible from the Parkes site. All
of the 19 observations, except one, were taken using the central beam of the Parkes
Multi-beam receiver (Staveley-Smith et al., 1996) and the Analogue FilterBank (AFB)
backend with two different configurations. In one configuration, the central frequency
was set to 1326 MHz, and the observing bandwidth to 384 MHz, divided into 128, 3-
MHz wide frequency channels. In the other configuration, the central frequency was
set to 1390 MHz, and the observing bandwidth to 256 MHz, divided into 512, 0.5-MHz
wide frequency channels. The beam size on the sky (full-width at half maximum) of
these observations is approximately 14 arcmin, sufficient to encompass much more
than the half-light radius of all the clusters. A single observation of NGC 288 was
taken with another receiver, at a central frequency of 2934 MHz. In this case, the
observing bandwidth was 576 MHz, divided into 192 channels, resulting in 3-MHz
wide frequency channels. The beam size of this observation is about 7 arcmin, still
sufficient to cover the half-light radius of NGC 288. All the observations were acquired
in total intensity mode, with 1 bit per sample and a sampling time that ranged between
50 and 125 ps. All the observations, with their parameters, are listed in Table 3.2.

3.2.2 The MeerKAT dataset

The MeerKAT dataset consists of a single, 2-hour-long observation of the core-collapsed
cluster NGC 654 1. The observation was carried out on 26 July 2023 with the MeerKAT
L-band (856-1712 MHz) receivers, using 60 antennas. The data were acquired using
the Filterbanking Beamformer User Supplied Equipment (FBFUSE) and the Acceler-
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ated Pulsar Search User Supplied Equipment (APSUSE) computing clusters as back-
ends, which, together, constitute the data-taking system of the TRAPUM project (Barr,
2018). FBFUSE is used to synthesize a large number of tied-array beams on the sky,
by correlating the signals coming from all the MeerKAT antennas (Chen et al., 2021).
In our case, the observation recorded 36, partially overlapping, tied-array beams, each
being about ~ 9 arcsec in size. Altogether, the tied-array beams formed a tiling, that
covered an area of approximately 0.5 arcmin in radius around the nominal center
of the cluster (Fig. 3.5). This was sufficient to cover well beyond the core radius of
NGC 6541, and approximately half of the half-light radius of the cluster: within this
area our sensitivity was the highest. Along with the tied-array beams, an additional
incoherent beam was recorded: this has the advantage of covering a much larger
area of the sky (about 0.5 degrees in radius), but its sensitivity is about 8 times lower
than that of the tied-array beams®. All the beams were recorded with the APSUSE
cluster as total-intensity, 8-bit digitized, filterbank search-mode files. The total ob-
serving bandwidth of 856 MHz, centered at 1284 MHz, was split into 4096 channels
and recorded every 153 us. The details of the positions, sizes and properties of all the
recorded beams are reported in Table 3.3.

3.2.3 Sensitivity

As outlined above, our dataset is composed of observations made with different tele-
scopes, different set-ups, and different integration times. Therefore, our sensitivity
(and therefore our ability to find faint pulsars) varies from observation to observa-
tion. We can calculate the sensitivity of our searches by means of the radiometer
equation (Eq. 2.1), using the parameters of each individual observation and of the
telescope used. For the Parkes observations taken with the multi-beam receiver, we
use G = 0.735 KJy !, Tyys = 23 K, £ = 1.1, whereas for the MeerKAT observation, where
60 antennas were used, we use G = 2.625 KJy !, Tsys = 26 K, £ = 1.1. For our cal-
culations, we assume S/N = 10 and an intrinsic pulse duty cycle, W/P, of 8%. The
effective duty cycle, however, will be affected by the intra-channel dispersion (which
in turn depends on the DM and on the width of the frequency channels) and by po-
tential scattering (see Lorimer & Kramer 2004). This will cause a degradation in the
sensitivity: the larger the assumed DM and size of the frequency channels, the larger
the penalty in sensitivity, which is more severe for the fastest-spinning pulsars, as
their pulse duty cycle increases sharply when smearing effects are at play. When
accounting for all of these effects, one can get a sensitivity curve that shows the min-
imum detectable mean flux density as a function of the spin period of the pulsar. In
Fig. 3.6 we show the best sensitivity curve (i.e., we consider only the longest, and
therefore most sensitive, observation when multiple observations with similar setups
were made for a given cluster) for each of the 10 globular clusters searched in this
work. When calculating the sensitivity curve, we assume the associated DM to be the
higher value between the two predictions made by the NE2001 and YMW 16 model.
As can be seen, with the Parkes data, the minimum detectable mean flux density for
slowly-rotating (P 2 100 ms) pulsars ranges between ~ 63 uJy (for the 46-minute ob-

S5This is because the sensitivity of a tied-array beams scales linearly with the number of antennas
used, while the sensitivity of an incoherent beam only scales with the square root of the number of
antennas used.
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Figure 3.5. Tiling of the TRAPUM observation of NGC 6541 taken on 2023 July 26. The pink
ellipses represent the tied-array beams contours at the 50 per cent of their boresight power.
The outer dashed circle and the inner solid circle show the half-light radius (at 1.06 arcmin
from the nominal cluster centre) and core radius (at 0.18 arcmin from the nominal cluster
centre) of NGC 6541, respectively.
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Table 3.2. Table listing all the observations of the 10 different globular clusters searched
in the context of this thesis. Ti,s: observation length; f.: central frequency; Af: observing
bandwidth; Nna.n: number of frequency channels; Af.: channel bandwidth; tg.mp: sampling
time; Npeams: number of tied-array beams on the sky.

Cluster Telescope Start Date and Tobs fe Af Nchan Afe tsamp  NVbeams
Time (UTC) (min) (MHz) (MHz) (MHz) (us)

Parkes 1998-10-17 14:39 64 1326 384 128 3.00 125 1

NGC 288 Parkes 1998-10-17 16:03 211 1326 384 128 3.00 125 1
Parkes 2004-02-15 07:11 140 2934 576 192 3.00 125 1

E3 Parkes 1998-10-16 20:12 420 1326 384 128 3.00 125 1
Parkes 2002-07-28 06:04 140 1390 256 512 0.50 125 1

Parkes 1998-10-17 19:12 214 1326 384 128 3.00 125 1

NGC 3201 Parkes 1998-10-17 20:57 177 1326 384 128 3.00 50 1
Parkes 2000-07-22 23:30 140 1390 256 512 0.50 125 1

NGC 4372 Parkes 2000-07-23 01:53 140 1390 256 512 0.50 125 1
NGC 4590 Parkes 2002-07-31 07:12 140 1390 256 512 0.50 125 1
NGC 4833 Parkes 2001-03-09 14:11 70 1390 256 512 0.50 125 1
NGC 5286 Parkes 2002-07-22 06:22 140 1390 256 512 0.50 125 1
Parkes 2006-10-07 01:04 113 1390 256 512 0.50 100 1

ESO 452 Parkes 2002-08-01 08:44 140 1390 256 512 0.50 125 1
Parkes 1999-12-09 23:49 140 1390 256 512 0.50 125 1

Parkes 2000-12-05 06:45 70 1390 256 512 0.50 125 1

NGC 6541 Parkes 2000-12-07 07:24 46 1390 256 512 0.50 80 1
Parkes 2000-12-08 23:19 70 1390 256 512 0.50 125 1

MeerKAT 2023-07-26 00:28 120 1284 856 4096 0.209 153 37

NGC 6584 Parkes 2002-07-28 14:04 140 1390 256 512 0.50 125

—

servation of NGC 4833) and ~ 21 udJy (for the 7-hour observation of E3). These values
rapidly increase for pulsars with shorter spin periods because of the pulse broadening
effects coming at play due to the finite width of the frequency channels and predicted
scattering. With the MeerKAT data, thanks to the much higher telescope gain, larger
observing bandwidth and much finer channelization, the minimum detectable mean
flux density is lower than 10 pJy for pulsars with P > 5 ms, and it is always lower than
20 pJy for any pulsar with P > 1 ms.

3.3 Data analysis

As a first step in the data analysis, we devised the search strategy. Firstly, we deter-
mined the DM range to search using the NE2001 and YWM16 electron density models
(see Section 1.4.1) as implemented in the PyGEDM4 software (Price et al., 2021). For
each cluster, we inputed the equatorial coordinates and the distance as reported in the
Harris Catalog of globular clusters® (Harris, 2010) obtaining two predicted DM values.

“https://apps.datacentral .org.au/pygedm
Shttps://physics.mcmaster.ca/ harris/mwgc.dat
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Table 3.3. Table listing the parameters of the 37 beams recorded for the MeerKAT observation
of NGC 6541 taken on 26 July 2023. Beam I-000 is the incoherent beam. Beams C-Oxx are
coherent (tied-array) beams. apeam, dbeam: P€am boresight coordinates (Right Ascension and
Declination); D)‘?eam,D}*,’eam: beam sizes (major and minor axis) at half power; T,,s: observation
length; f.: central frequency; Af: observing bandwidth; Ng,.,: number of frequency channels;

Af.: channel bandwidth; t.,mp: sampling time.

NGC 6541 - MeerKAT observation

Beam Qtbeam Speam DR DY Tope e Af  Newan Afe  toamp

id (J2000) (J2000) (min) (MHz) (MHz) (MHz)  (us)
I-000 18:08:02.36 —43:42:53.6 (1.08°,1.08°) 120 1284 856 4096 0.209 153
C-000 18:08:02.36 —43:42:53.6 (10”,8" 120 1284 856 4096 0.209 153
C-001 18:08:01.39 —43:42:56.6 (10”,8") 120 1284 856 4096 0.209 153
C-002 18:08:03.33 —43:42:50.6 (10”,8") 120 1284 856 4096 0.209 153
C-003 18:08:00.42 —43:42:59.6 (10”,8" 120 1284 856 4096 0.209 153
C-004 18:08:04.30 —43:42:47.6 (10”,8") 120 1284 856 4096 0.209 153
C-005 18:08:01.69 —43:42:48.0 (10”,8") 120 1284 856 4096 0.209 153
C-006 18:08:02.66 —43:42:45.0 (10”,8" 120 1284 856 4096 0.209 153
C-007 18:08:00.72 —43:42:51.0 (10”,8") 120 1284 856 4096 0.209 153
C-008 18:08:03.63 —43:42:42.0 (10”,8") 120 1284 856 4096 0.209 153
C-009 18:07:59.75 —43:42:54.0 (10”,8" 120 1284 856 4096 0.209 153
C-010 18:08:04.60 —43:42:39.0 (10”,8") 120 1284 856 4096 0.209 153
C-011 18:08:02.06 —43:43:02.2 (10”,8") 120 1284 856 4096 0.209 153
C-012 18:08:03.03 —43:42:59.2 (10”,8" 120 1284 856 4096 0.209 153
C-013 18:08:01.09 —43:43:05.2 (10”,8") 120 1284 856 4096 0.209 153
C-014 18:08:04.00 —43:42:56.2 (10”,8") 120 1284 856 4096 0.209 153
C-015 18:08:00.12 —43:43:08.2 (10”,8" 120 1284 856 4096 0.209 153
C-016 18:08:04.97 —43:42:53.2 (10”,8") 120 1284 856 4096 0.209 153
C-017 18:08:01.99 —43:42:39.4 (10”,8") 120 1284 856 4096 0.209 153
C-018 18:08:01.02 —43:42:42.4 (10”,8") 120 1284 856 4096 0.209 153
C-019 18:08:02.96 —43:42:36.4 (10”,8") 120 1284 856 4096 0.209 153
C-020 18:08:00.05 —43:42:45.4 (10”,8") 120 1284 856 4096 0.209 153
C-021 18:08:03.92 —43:42:33.4 (10”,8") 120 1284 856 4096 0.209 153
C-022 18:08:02.73 —43:43:07.8 (10”,8") 120 1284 856 4096 0.209 153
C-023 18:08:01.76 —43:43:10.8 (10”,8") 120 1284 856 4096 0.209 153
C-024 18:08:03.70 —43:43:04.8 (10”,8") 120 1284 856 4096 0.209 153
C-025 18:08:00.80 —43:43:13.8 (10”,8") 120 1284 856 4096 0.209 153
C-026 18:08:04.67 —43:43:01.8 (10”,8") 120 1284 856 4096 0.209 153
C-027 18:08:01.32 —43:42:33.8 (10”,8") 120 1284 856 4096 0.209 153
C-028 18:08:02.28 —43:42:30.8 (10”,8") 120 1284 856 4096 0.209 153
C-029 18:08:00.35 —43:42:36.8 (10”,8" 120 1284 856 4096 0.209 153
C-030 18:08:03.25 —43:42:27.8 (10”,8") 120 1284 856 4096 0.209 153
C-031 18:08:02.44 —43:43:16.4 (10”,8") 120 1284 856 4096 0.209 153
C-032 18:08:03.41 —43:43:13.4 (10”,8" 120 1284 856 4096 0.209 153
C-033 18:08:01.47 —43:43:19.4 (10”,8") 120 1284 856 4096 0.209 153
C-034 18:08:04.37 —43:43:10.4 (10”,8") 120 1284 856 4096 0.209 153
C-035 18:08:01.61 —43:42:25.2 (10”,8" 120 1284 856 4096 0.209 153
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Figure 3.6. Sensitivity curves for the longest observation of each globular cluster searched in
the context of this thesis. Thescurvessare:calculatedsassuming;the-predicted:valuefor;the-DM
as given by the NE2001 model (see Table 3.1)

The search for the latter was then conservatively performed across a DM range from
zero to about double the value of the higher between the DMs returned by the two
models. Once the DM range to search for each cluster was established, an RFI mask
for every single observation was created using the rfifind routine of the PREST0® pulsar
searching package (Ransom, 2011). As for the search itself, we decided to restrict our-
selves to Fourier-domain techniques, and to include acceleration and jerk searches.
This choice is justified as it is a good trade-off between having reasonably fast pro-
cessing times, and being sensitive to fast-spinning pulsars in fairly compact binaries,
which are abundant in globular clusters. The application of additional methods, more
suitable to find ultra-compact binary pulsars (such as the phase-modulation search
and the 5D Keplerian template banking search), would have required much longer
processing times, incompatible with the time frame of this work.

Shttps://github.com/scottransom/presto
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The actual pulsar search analysis was carried out with PULSAR_MINER” (Ridolfi et al.,
2021), an automated pipeline based on PREST0 and its GPU-optimized variant (PRESTO_ON_GPU®),
that allows to perform Fourier-domain searches, including acceleration and jerk searches.
The processing was done on a 14-node high-performance-computing cluster recently
installed at the INAF - Osservatorio Astronomico di Cagliari. All nodes are powered
by dual 16-core/32-thread AMD Epyc “Milan” CPUs, while 6 nodes also feature two
NVIDIA A40 GPUs, which we exploited for the acceleration search part of the analysis.

With PULSAR_MINER, each observation is first summed in frequency, ignoring the
RFI-polluted frequency channels and time intervals indicated in the previously made
mask, to produce a 0-DM time series. The latter is then Fourier transformed, and
the resulting power spectrum is scanned in search of prominent peaks. These will
indicate the presence of low-level periodic signals of terrestrial origin (the so-called
birdies), whose frequencies are then store in a “zaplist file” so as to be ignored in
the later analysis. Then, an optimal de-dispersion scheme is calculated using the
DDplan.py routine of PRESTO: given the parameters of the observation (i.e., central fre-
quency, observing bandwidth, number of frequency channels and sampling time in-
terval), DDplan.py returns the best DM trial step sizes to use across the whole DM
range to be searched, allowing for the minimization of the number of computations
without losing sensitivity.

Using this plan, the prepsubband routine is run on the observation in combination
with the corresponding RFI mask to generate cleaned, barycentered (i.e. referred to
the Solar System barycenter) de-dispersed time series for each DM trial value. Each
of these is then Fourier transformed with the realfft routine and the slow time-
varying effects of possible red noise are mitigated by running the rednoise routine.
All these steps produce (mostly) RFI-free, de-reddered power spectra, one for each DM
trial. These are then searched using PRESTO’s accelsearch routine. The latter per-
forms a matched filtering in the Fourier domain and can seek signals coming from
both isolated and binary pulsars. To specify exactly what types of pulsars to target,
accelsearch accepts two input parameters: -zmax and -wmax. The -zmax parameter de-
fines the maximum allowed spectral drift, in terms of number of Fourier bins, due to
linear acceleration undergone because of a binary motion, for the highest harmonic
considered. Therefore, when -zmax equals to O, no possible spectral drift is considered,
meaning that only isolated pulsars will be searched. On the other hand, if -zmax is
greater than zero, a possible binary motion, under the linear acceleration approxima-
tion (“acceleration search”, see Section 2.3.1.1) can be accounted for. The larger the
-zmax value, the larger the allowed linear acceleration, but also the longer the com-
putational time required. Therefore, the -zmax value must be chosen as a trade-off
between acceptable processing time and maximum linear acceleration to be sensitive
to. For our searches, we let PULSAR_MINER run accelsearch with both -zmax = O, to
target isolated pulsars, and -zmax=200, to target binary pulsars. In both cases the
highest number of harmonics considered was 8. In addition to acceleration search,
we carried out jerk search. The latter is enabled when the -wmax is greater than O. In
our case, the parameters used where -zmax=100, -wmax=300 and up to 4 harmonics
were considered.

7https ://github.com/alex88ridolfi/PULSAR_MINER
Shttps://github.com/jintaoluo/presto2_on_gpu
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As we explained in Section 2.3.1.1, the acceleration search is effective only when
Tops < 0.1 By, while the jerk search works well as long as Ti,1s < 0.2 B,. As all the obser-
vations in our dataset were longer than 45 minutes, with most of them being longer
than 2 hours, our ability to detect binary pulsars would in principle be restricted to
orbits at least five times longer than the length of the observation (i.e. orbits longer
3.75 hours in the best case, longer than 10 hours for most cases). In order to be
sensitive to even more compact orbits and make our sensitivity to binary orbits more
uniform across all the observations, we enabled a “segmented search” in PULSAR_MINER:
each observation was first searched in its full length, and then split into segments of
lengths (whenever applicable) of 120, 60, 30 and 15 minutes, and each segment was
searched individually. This strategy allowed us to be sensitive to potential binary pul-
sars with orbits as short as about 15 min x 10 = 150 min with the acceleration search
and about 15 min x 5 = 75 min with the jerk search. This ability comes at the expense
of a higher minimum mean flux density that the pulsar must have to be detected, due
to the shorter integration time of the segments. After each segment is searched, all
the candidate periodicities that are found to have a Fourier significance higher than
40 are grouped together and sifted according to several criteria (see Section 2.2.6),
and written onto a final candidates list file. All the sifted candidates are then folded
by running the prepfold routine on the raw data, using the nominal DM and period of
the candidate, and applying the RFI mask to ignore bad channels and time intervals.
The routine also optimizes the folding parameters so as to maximize the S/N of the
resulting integrated pulse profile and produces a diagnostic plot for each candidate.
As a result of our searches, a number of the order of a few hundred to a few thou-
sands of candidate plots per observation were produced. Although high, the number
is still manageable and no particular additional filtering was needed. All the plots
were therefore inspected visually.

3.4 Results

As a result of the search of all the globular clusters, a total of about 24700 candi-
dates were produced. After the detailed scrutiny of all the relative diagnostic plots,
we selected 56 of them as promising candidate pulsars. The details of such selected
candidates are listed in Table 3.4, while their diagnostic plots are shown in Appendix
A.

As can be seen from the Table, the vast majority of the candidate pulsars are MSPs
(which we regard here as those with spin periods shorter than 10 ms), whereas six
are potential mildly recycled pulsars (with 10 < P < 37 ms) and one is a possible slow
pulsar (P = 311 ms)

Among the candidates, 22 candidates have been detected with no significant ac-
celeration, indicating that the putative pulsar would be isolated, or in a very wide
orbit that has an orbital period much longer than the segment where the pulsar was
found. On the other hand, the other 34 were detected with a significant line-of-sight
acceleration, with nominal absolute values that range between 0.10 to as much as
99 ms~2. These values are perfectly reasonable for the kind of (possibly eccentric)
binary pulsars that can be found in a GC. Even the highest detected line-of-sight ac-
celeration of 99.31 m s~2 is still well within the maximum absolute acceleration known
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Table 3.4. List of the 56 most promising pulsar candidates found in the 10 different globular
clusters searched in the context of this thesis. For each candidate, we list where the candidate
was found (in order: the host cluster; the date of the observation; the beam, if applicable; the
segment length; the segment number) as well as its properties (in order: the candidate spin
period; the candidate spin period derivative, if applicable; the candidate second spin period
derivative, if applicable; the candidate DM; the corresponding candidate linear acceleration;
the candidate significance).

Cluster Obs. date Beam Seg. Seg. # P P P DM a; o
number length (ms) (10719  (s=1) (pcecm™3) (ms~2)

E3 28 Jul 2002 - full 0 6.290 0.213 0 96.3 1.02 6.6
NGC 288 17 Oct 1998 - 30 m 2 3.018 0 0 27.7 0 5.6
NGC 288 17 Oct 1998 - 30m 6 4.174 (0] 0 43.4 0O 54
NGC 288 17 Oct 1998 - 60 m 2 3.092 0 0 56.5 0 95
NGC 3201 22 Jul 2000 - full 0 5.628 0 0 201.6 0 6.6
NGC 3201 22 Jul 2000 - 30m 0 3.089 1.35 0 197.8 13.11 6.6
NGC 3201 23 Jul 2000 - 15 m 3 2.806 0 0 32.9 o 7.1
NGC 3201 23 Jul 2000 - 15m 4 8.717 -5.16 0 1736  —-17.73 55
NGC 3201 23 Jul 2000 - 30 m 2 5.942 0.22 0 109.6 1.10 6.9
NGC 4372 23 Jul 2000 - 30 m 1 9.595 0 0 251.0 0 6.2
NGC 4372 23 Jul 2000 - 30m 0 5.422 (0] 0 34.5 o 77
NGC 4372 23 Jul 2000 - 30 m 0 3.502 0.63 0 135.2 535 6.5
NGC 4372 23 Jul 2000 - 30m 0 2.768 0 0 121.2 0 62
NGC 4372 23 Jul 2000 - 30m 0 2.407 (0] 0 272.1 0 6.6
NGC 4372 23 Jul 2000 - 30 m 3 37.262 0 0 202.1 0o 73
NGC 4372 23 Jul 2000 - 15m 3 6.552 (0] 0 320.7 0 53
NGC 4372 23 Jul 2000 - 60 m 0 5.083 0.49 0 247.9 290 64
NGC 4372 23 Jul 2000 - 60 m 0 5.850 1.52 0 256.9 7.78 6.0
NGC 4372 23 Jul 2000 - 15 m 0 4.795 5.06 0 268.8 31.62 6.5
NGC 4590 31 Jul 2002 - 60 m 1 5.162 0.06 0 99.1 0.35 9.9
NGC 4590 31 Jul 2002 - 30m 0 5.080 1.88 0 20.8 11.11 7.3
NGC 4590 31 Jul 2002 - full 0 8.945 0.09 0 96.9 0.30 6.4
NGC 4833 9 Mar 2001 - full 0 8.363 0 0 180.1 0 6.7
NGC 4833 9 Mar 2001 - full 0 12.022 0 0 379.8 0 6.9
NGC 5286 7 Oct 2006 - 60 m 0 5.133 0 0 53.2 0 6.9
NGC 5286 7 Oct 2006 - 60 m 1 7.083 1.00 0 135.5 4.22 5.9
NGC 5286 7 Oct 2006 - 60 m 1 7.941 0 0 137.2 0 6.3
ESO 452 1 Aug 2002 - 15m 1 7.334 —0.70 0 179.2 —2.87 6.5
ESO 452 1 Aug 2002 - 30 m 0 4.261 0 0 237.8 0 87
ESO 452 1 Aug 2002 - 30m 2 3.352 (0] 0 124.7 0 103
ESO 452 1 Aug 2002 - 30m 3 6.881 0 0 171.7 0 96
ESO 452 1 Aug 2002 - full 0 4.635 0.008 0 173.7 0.05 10.1
ESO 452 1 Aug 2002 . full 0 3.248 —0.10 0 242.0 —-0.92 11.2
NGC 6541 9 Dec 1999 - 60 m 0 3.056 —0.06 0 119.4 —-0.60 6.4
NGC 6541 9 Dec 1999 - 15 m 0 3.137 4.75 0 297.0 4543 5.2
NGC 6541 9 Dec 1999 — full 0 7.205 0.17 0 305.4 0.71 6.7
NGC 6541 5 Dec 2000 - 15 m 0 9.804 32.5 0 286.1 99.31 6.1
NGC 6541 5 Dec 2000 - full 0 3.014 (0] 0 306.6 0 62
NGC 6541 5 Dec 2000 - full 0 6.161 0.47 0 297.3 2.30 6.0
NGC 6541 8 Dec 2000 - full 0 311.010 —590 0 63.5 —56.86 10.1
NGC 6541 8 Dec 2000 - full 0 14.123 —6.47 0 303.3 —-13.74 6.6
NGC 6541 8 Dec 2000 - full 0] 3.130 —0.07 0 170.3 —-0.68 6.4
NGC 6541 8 Dec 2000 . full 0 7.979 1.68 0 306.3 6.31 6.8
NGC 6541 8 Dec 2000 - 15 m 0 15.373 —-12.3 0 318.5 —24.02 6.3
NGC 6541 8 Dec 2000 - full 0 3.569 —0.33 0 175.4 —2.78 7.4
NGC 6541 26 Jul 2023 C-001 full 0 4.136 0 0 257.9 0 42
NGC 6541 26 Jul 2023 C-001 full 0 11.003 —0.038 0 574.2 —-0.10 5.3
NGC 6541 26 Jul 2023 C-004 full 0 7.136  —0.210 0 314.1 —0.88 4.8
NGC 6541 26 Jul 2023 C-005 full 0 5.373 0.07 0 190.0 041 5.1
NGC 6541 26 Jul 2023 C-005 full 0 9.773 —0.35 0 515.9 —-1.07 4.8
NGC 6541 26 Jul 2023 C-013 full 0 7.179 0.05 0 173.2 0.20 4.8
NGC 6541 26 Jul 2023 C-028 full 0 6.357 0.28 0 495.1 1.32 5.2
NGC 6541 26 Jul 2023 C-031 full 0 11.166 0 0 120.0 0 5.0
NGC 6541 26 Jul 2023 C-032 full 0 6.591 0 0 107.9 0 6.0
NGC 6584 28 Jul 2002 - 30m 0 6.060 —4.11 0 194.4  —-20.34 6.3
NGC 6584 28 Jul 2002 - 30 m 3 7.228 —3.32 0 191.9 —13.77 5.3
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for a binary pulsar system (which is 684 m s~2, for the double-neutron star system PSR
J1757—-1854, Cameron et al. 2018). We also note that none of the selected candidates
showed any non-zero second spin period derivative (jerk).

Lastly, we can see that the significance of all the candidates is between ~ 4 — 110,
with the majority being < 7o.

3.5 Discussion and future work

If all the selected promising candidates found were real, the proportions among the
different types of pulsars (MSPs versus mildly recycled versus slow, as well as isolated
pulsars versus binary pulsars) would not be surprising. Rather, they would be in
very good agreement with the broader GC pulsar population. However, the low signif-
icance of the candidates prevents us from claiming the discovery of any pulsars in the
searched clusters. Any of the candidate pulsars found would require an additional
detection of the same periodicity, at the same DM, in a different observation, in order
to be confirmed. However, for half of the GCs searched (specifically, NGC 4372, NGC
4590, NGC 4833, ESO 452, and NGC 6584), only a single observation was available,
therefore, it was not possible to confirm any of their candidates. For the other five
GCs, multiple observations were available and searched, but none of the candidate
pulsars found were seen in more than one observation. One possibility is, obviously,
that those candidates are not real pulsars. Alternatively, the non-detection of at least
some of these candidates in additional observations of the same cluster could be due
to a few other reasons, such as: a) the different integration times, which give differ-
ent sensitivities, for the different observations; b) for the pulsars in binary systems,
unfavorable orbital phases, where the pulsar could be eclipsed or could have too high
a line-of-sight acceleration or jerk, which could not be accounted for; c) for the can-
didates with low nominal DM (< 100 pc cm™?), scintillation could boost or suppress
the pulsar signal in different observations. All of these explanations, although un-
likely, are anyway possible and apply to the Parkes observations, where the observing
set-up, and therefore the sensitivity, is very similar across all the observations of the
clusters.

Different considerations are needed for the core-collapsed cluster NGC 6541, as it
was observed with both the Parkes and MeerKAT telescopes. In this case, given the
much superior sensitivity of the South African telescope over the Australian one, one
could expect the candidates found in the Parkes observations to show up, and much
brighter, also in the MeerKAT observation. However, the latter covered a much smaller
area on the sky than the former (~ 1 arcmin vs ~ 14 arcmin in diameter). Therefore, it
is possible that some pulsars found in the Parkes data fall outside the tied-array beam
tiling of the MeerKAT observation. In fact, other core-collapsed GCs (e.g. NGC 6752,
M15), have pulsars that are located in the very outskirts of the cluster, as a result of
being flung because of a gravitational interaction with other stars in the dense cluster
core. In this regard, one might argue that those pulsars would anyway show up in
the incoherent beam (C-000), which covers about ~ 1 deg in diameter. However, the
sensitivity of the incoherent beam is slightly lower than that of the Parkes data, and
much more severely affected by RFI than the tied-array beams. Therefore, given that
all the candidates found in the Parkes observation of NGC 6541 are very faint and
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therefore have low significance, it would not be surprising if they were not detected in
the coherent MeerKAT beam, even though they were real.

Given all of this, the only way to confirm or refute the candidates presented here,
is to re-observe the clusters with either the Parkes or the MeerKAT telescope. If re-
observed at Parkes, one would be able to use the new Ultra-Wideband-Low receiver
(UWL, Hobbs et al. 2020), which covers the 0.7-4.0 GHz frequency range. This would
provide a much larger bandwidth than our searched observations, allowing us to have
higher sensitivity while still being able to observe a sky area of several arcminutes in
diameter, therefore covering well the half-light radius of all clusters. Re-observing the
clusters with MeerKAT and its L-band (856-1712 MHz) receivers, will obviously give
the advantage of the much higher (up to ~ 4—6x) sensitivity. However, given the inter-
ferometric nature of MeerKAT, it would be very important, for the future observations,
to be able to synthesize hundreds of tied-array beams on the sky, so as to cover an
area of few arcmin in radius, so as to encompass at least the half-light radius.

If none of the candidates are confirmed, nor other new pulsars are found even
after re-observing the GCs with Parkes/UWL or with MeerKAT, we see three possible
explanations:

1. The pulsars are missed because the searching algorithms used are not ef-
fective against the characteristics of the pulsars.

2. All the potentially detectable pulsars (i.e. those with their beams pointing
towards the Earth) in these clusters have mean flux densities below the min-
imum detectable threshold. In other words, the pulsars are too faint, and
require more sensitive telescopes or longer integration times to be detected.

3. None of the pulsars in these cluster have their beam pointing towards the
Earth, hence none of them will ever be detectable.

The second scenario is what we regard as the most likely. In fact, this has been
the case for a few GCs, most notably for the globular cluster Omega Centauri. Indeed,
the latter was searched for pulsars at Parkes for about two decades, with no success.
However, as soon as the more sensitive UWL receiver was installed and used, five pul-
sars were found with Parkes (Dai et al., 2020), and a further 13 were later discovered
with MeerKAT (Chen et al., 2023).

Notwithstanding, scenario 1 is also very much possible, if not even likely. Indeed,
the recent discovery of a MSP in a record-breaking orbit of just 53 minutes in the glob-
ular cluster M71 (PSR J1953+1844E, Pan et al. 2023) has once again demonstrated
that pulsars in ultra-compact (7, < 2 h) binary systems exist and are likely common
in GCs. The detection of such a compact binary pulsar was possible thanks to the
extremely high gain of 16 K Jy~! of the FAST telescope: having a huge instantaneous
sensitivity allowed the successful application of acceleration search algorithms to data
segments as short as 5 minutes (Han et al., 2021) while still being sensitive down to
Smean ~ 20 pJy for pulsar with P ~ 5 ms. In the absence of FAST and its outstanding
sensitivity, systems like PSR J1953+1844E could still be easily discovered by apply-
ing the more advanced searching techniques that we reviewed in Chapter 2, such as
the phase-modulation search and/or the 3D/5D Keplerian template banking search.
Similarly, a few pulsars with unusually long periods (2 2 s) were also found by FAST
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in the globular cluster M15 (Zhou et al., 2024), showing that slow pulsars in globular
clusters may be more common than previously thought. However, as discussed in the
previous chapter, the very long period pulsars are usually difficult to detect with tra-
ditional Fourier-domain methods, as they are more heavily impacted by the presence
of red noise and RFI. In this case, an FFA algorithm is more indicated for search for
them.

In light of these considerations, the application of the aforementioned more so-
phisticated algorithms will also be a crucial part of possible future work relative to
the ten globular clusters searched here. One major obstacle to this is the processing
time needed, which, in many cases, can be prohibitively long, particularly with mod-
ern datasets, and even if using high-performance-computing facilities. Another key
aspect and possible future work (which would be beneficial for the whole pulsar com-
munity, and not only for those searching for pulsars in GCs) is therefore the further
optimization and speed-up of (at least some of) the searching algorithms reviewed in
this thesis. This could be achieved by making some of the codes be able to exploit
GPUs, better utilize the multiple CPU threads available, and, most importantly, find-
ing cleverer ways to explore the parameter space to search or to do the computations.
This obviously requires some major effort on the development side of things. How-
ever, it is clear that such an endeavour is worthwhile, as it will have a major impact
in our ability to process data quickly. This is something that is becoming a more and
more important aspect, and that will be even more pressing in the era of big data and
computational astrophysics that the new generation of radio telescopes, such as the
SKA, are set to bring.



CHAPTER 4

Applications to young massive
clusters: the case of Westerlund 1

This chapter is based on the article titled “Serendipitous Discovery of a 431 ms Pulsarin
the Background of Westerlund 1”7, which is published in Universe (Piga, V.; Burgay, M.;
Possenti, A.; Ridolfi, A.; Pilia, M.; Rea, N.; Perna, R.; Colpi, M.; Israel, G. Serendipitous
Discovery of a 431 ms Pulsar in the Background of Westerlund 1. Universe 2024, 10,
274, DOI: https://doi.org/10.3390/universel10070274).

4.1 Introduction

Young Massive Star Clusters (YMCs) are very dense agglomerations of young stars,
conventionally defined as those clusters with ages smaller than 100 Myr and masses
of > 10* M, (Portegies Zwart et al., 2010). Several YMCs are found in the Local Group,
and they are most common in starburst and interacting galaxies.

With a total mass in the range of (44 — 57) x 10> M, (Andersen et al., 2017), West-
erlund 1 (Westerlund, 1961; Clark et al., 2005) is the most massive YMC of the Local
Group. The cluster is located in our Galaxy, in the Ara Constellation, with center co-
ordinates at Right Ascension a = 16:47:04.00 and Declination § = —45°51'04".9 (Clark
et al., 2005), corresponding to a Galactic longitude of [ = 339.55° and Galactic latitude
of b = —0.40°. It is also relatively nearby, with an estimated distance of 4.05 £+ 0.20 kpc
(Navarete et al., 2022), which makes it a relatively easy target to study, when compared
to other YMCs. Westerlund 1 has been extensively observed at various wavelengths
over time (optical and X-ray images of the cluster are shown in Fig. 4.1). Among
these, X-ray observations made with Chandra in 2005, revealed that the cluster is
the host of a bright X-ray source, dubbed CXOU J164710.2—455216 (henceforth,
CXOU J1647), which was identified as a magnetar spinning once every 10.61 seconds
(Muno et al., 2006). In September 2006, CXOU J1647 experienced an X-ray out-
burst (Krimm et al., 2006), where its luminosity increased by a factor of 100 in just
a few days (Muno et al., 2007). The discovery of CXOU J1647 triggered searches for
the possible pulsed radio emission produced by the source: a multi-year monitoring
campaign of CXOU J1647 was therefore initiated at the “Murriyang” radio telescope
near Parkes, Australia, where observations were carried out between 2006 and 2010
with an approximately bi-monthly cadence.

In this Chapter, we report on the searches originally made to uncover the poten-
tial radio pulsations emitted by CXOU J1647. We also re-process the entire Parkes
data set of Westerlund 1, blindly searching for radio pulsations, as well as for single
pulses, potentially coming from CXOU J1647 and any possible other pulsars. The
re-processing was motivated by the significantly more efficient pulsar searching al-
gorithms and much larger computing power available today, and, for the single-pulse
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search part, by the recent discovery of Fast Radio Burst-like signals from the Galactic
magnetar SGR 1935+2154 (Mereghetti et al., 2020).

CX0 J164710.2-455216 *
—

CHANDRA

Figure 4.1. Images of the young massive cluster Westerlund 1 as seen in visible light (left)
and in the X-rays (right panel). In the latter, the position of the X-ray magnetar CXOU
J164710.2—-455216 is indicated. Image credit: NASA/CXC/UCLA/M.Muno et al.

4.2 Observations

The dataset used for this work consists of 83 observations acquired between Septem-
ber 2005 and February 2010 with the Australian 64-m “Murriyang” Parkes radio tele-
scope. Their durations varied from 18 to 280 minutes. In addition to the multi-
year follow-up campaign made to search for the radio pulsations of CXOU J1647, the
dataset includes one observation of Westerlund 1 made in 2005 (prior to the discovery
of the magnetar), which was part of a pilot survey aimed at YMCs. The vast majority
of the observations were taken with the central beam of the Parkes 21cm Multi-Beam
receiver (Staveley-Smith et al., 1996), pointed at the location of the magnetar with the
exception of the first observation, which was pointed at the nominal center of West-
erlund 1. The central frequency used with the multi-beam receiver was either 1374
or 1390 MHz. About one-fourth of the observations were taken with “H-OH” receiver,
at a central frequency of 1518 MHz, while a handful of observations were carried out
with other single-beam receivers, which had higher central frequencies of ~2.2 and
~3.2 GHz. The total bandwidths used ranged between 256 MHz and 1152 MHz di-
vided into 96, 192, 384 or 512 channels, 1-bit digitized in total-intensity only, with
sampling intervals ranging between 125 and 750 pus. All the observations used in this
work and their parameters are listed in Table 4.1.
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Table 4.1. List of Parkes observations of the open cluster Westerlund 1 analyzed for this work.
All of them were acquired using the Analogue Filterbank (AFB) backend. At,ns: observation
length; f.: central observing frequency; Af: observing bandwidth; N..,: number of frequency
channels; ts,mp: sampling time.

Start Date and Time Atobs fe Af Nchan tsamp
(UTC) (min) (MHz) (MHz) (us)
2005-09-07 06:02 280 1390 256 512 750
2006-08-14 10:06 70 1390 256 512 125
2006-09-28 04:51 248 1390 256 512 200
2006-10-02 01:29 119 1390 256 512 250
2006-11-10 23:06 60 1374 288 96 250
2006-12-24 04:03 59 1518 576 192 250
2006-12-24 05:04 55 1518 576 192 250
2006-12-26 03:41 45 1518 576 192 250
2006-12-27 01:46 59 1518 576 192 250
2006-12-27 04:45 58 1518 576 192 250
2006-12-28 01:13 59 1518 576 192 250
2006-12-28 23:22 59 1518 576 192 250
2006-12-29 00:22 59 1518 576 192 250
2007-01-06 01:14 100 2233 576 192 250
2007-01-06 02:55 100 2233 576 192 250
2007-01-14 02:07 18 1518 576 192 250
2007-01-14 02:26 59 1518 576 192 250
2007-01-15 01:15 47 1518 576 192 250
2007-01-22 17:32 59 1518 576 192 250
2007-01-22 18:33 59 1518 576 192 250
2007-02-14 22:14 59 1518 576 192 250
2007-02-15 15:58 40 1518 576 192 250
2007-02-16 01:36 41 1518 576 192 250
2007-02-21 19:18 90 3222 1152 384 250
2007-04-14 19:56 53 1518 576 192 250
2007-04-14 20:50 59 1518 576 192 250
2007-05-03 19:17 53 1518 576 192 250
2007-05-03 20:11 59 1518 576 192 250
2007-05-20 18:35 53 1374 288 96 250
2007-05-20 19:29 48 1374 288 96 250
2007-06-06 16:57 53 1374 288 96 250
2007-06-06 17:51 53 1374 288 96 250
2007-07-14 06:38 53 1374 288 96 250
2007-07-14 07:31 56 1374 288 96 250
2007-07-18 07:11 60 1374 288 96 250
2007-07-19 06:02 60 1374 288 96 250
2007-07-21 08:24 60 1374 288 96 250
2007-07-21 12:52 60 1374 288 96 250
2007-07-21 15:21 51 1374 288 96 250
2007-08-15 07:56 53 1374 288 96 250
2007-08-15 08:49 60 1374 288 96 250
2007-09-19 09:18 53 1374 288 96 250
2007-09-19 10:11 60 1374 288 96 250
2007-10-21 04:10 53 1374 288 96 250
2007-10-21 05:09 180 1374 288 96 250
2007-10-21 23:47 89 1374 288 96 250
2007-10-22 05:36 144 1374 288 96 250
2007-10-23 00:01 119 1374 288 96 250
2007-10-23 05:02 180 1374 288 96 250
2007-10-24 00:02 89 1374 288 96 250
2007-10-24 07:12 50 1374 288 96 250
2007-10-24 23:41 60 1374 288 96 250
2007-10-26 23:39 50 1374 288 96 250
2007-11-01 03:09 54 1374 288 96 250
2007-11-19 23:43 60 1374 288 96 250
2007-12-06 05:16 28 1390 256 512 250
2007-12-06 05:51 80 1390 256 512 250
2008-01-04 03:01 53 1374 288 96 250
2008-01-04 03:55 31 1374 288 96 250
2008-01-04 04:27 49 1374 288 96 250
2008-01-10 04:09 44 1374 288 96 250
2008-01-29 00:39 104 1374 288 96 250
2008-01-29 02:24 50 1374 288 96 250
2008-02-02 00:40 104 1374 288 96 250
2008-02-26 23:10 60 1374 288 96 250
2008-02-27 00:17 50 1374 288 96 250
2008-04-05 13:33 75 1374 288 96 250
2008-05-07 19:42 75 1374 288 96 250
2008-05-31 18:06 78 1374 288 96 250
2008-06-30 14:14 81 1374 288 96 250
2008-08-05 12:53 89 1374 288 96 250
2008-09-08 12:11 47 1374 288 96 250
2008-10-18 09:19 61 1374 288 96 250
2008-12-19 03:36 81 1374 288 96 250
2009-01-18 01:29 92 1374 288 96 250
2009-02-14 01:22 70 1374 288 96 250
2009-03-17 20:08 81 1374 288 96 250
2009-04-12 20:22 68 1374 288 96 250
2009-06-07 08:49 70 1374 288 96 250
2009-09-24 08:14 89 1374 288 96 250
2009-10-09 08:08 82 1374 288 96 250
2009-12-01 23:37 89 1374 288 96 250

2010-02-02 18:59 80 1374 288 96 250
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4.3 Data Analyses and Results

4.3.1 Initial searches of radio pulsations from the magnetar

With the aim of finding radio pulsations from CXOU J1647, the data targeting the
magnetar were folded, shortly after each observing run, using the X-ray ephemerides
published in Israel et al. (2007) and a nominal dispersion measure (DM) of 300 pc/cm?.
This initial value was derived using the estimated distance to the cluster and the
NE2001 Galactic electron density model (Cordes & Lazio, 2002b). Data archives with
1024 profile bins were created using the DSPSR! software (van Straten & Bailes, 2011),
with time sub-integrations of 120 seconds and keeping all the frequency channels.
This allowed us to search over the unknown DM, up to twice the nominal value, with-
out any loss of sensitivity, and to search + 1 ms around the nominal X-ray period
(largely encompassing the X-ray ephemeris uncertainties for all our observing epochs)
with a maximum broadening of the pulse in the individual sub-integrations compati-
ble with a single time bin. We did this using the PDMP routine of the PSRCHIVE? software
package (Hotan et al., 2004b; van Straten et al., 2012), running it six times over adja-
cent DM ranges of 100 pc cm~3 each. We also carried out a basic blind search spanning
the same DM range as for the above targeted search (O to 600 pc/ cm?) with SIGPROC
(Lorimer, 2011), which uses the Fast Fourier Transform (FFT) to reveal periodic signals
in the data.

No radio pulsations compatible with the spin period of the magnetar were found
with a flux density upper limit between 70 and 190 uJy at around 1.4 GHz, depending
on the specific observation, and of 70 and 50 uJy respectively at 2.3 GHz and 3.2 GHz,
conservatively assuming a 10% duty cycle and a pulsed signal-to-noise ratio (S/N) of
7.

4.3.2 Deep periodicity search

Compared to when the observations were taken, pulsar searching algorithms are now
highly optimized and more computationally efficient. Moreover, the rapid technolog-
ical advances have led to significantly increased computing power currently being at
our disposal. All of this translates into a much larger parameter space that can be
searched for a given dataset. Motivated by this possibility, we re-processed all the
Westerlund 1 data using state-of-the-art pulsar searching software, based both on
some of the Fourier-domain and time-domain methods that we described in Chap-
ter 2.

First, we used the rfifind routine of the PREST0® pulsar searching package (Ran-
som, 2011) to look for radio frequency interference (RFI) in each observation. With
this, we created masks indicating those frequency channels and time intervals that
were corrupted by RFI and that should therefore be ignored in the subsequent analy-
ses. Then we determined the DM range to search using the PyGEDM* software (Price
et al., 2021), based on the NE2001 (Cordes & Lazio, 2002b) and YWM16 (Yao et al.,
2017) Galactic electron density models, by estimating the expected DM along the line

"https://sourceforge.net/projects/dspsr
Zhttps://psrchive.sourceforge.net
Shttps://github.com/scottransom/presto
“https://apps.datacentral.org.au/pygedn
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of sight towards Westerlund 1, at a distance of 4.05 kpc. The NE2001 and YWM16
models returned a predicted DM of ~ 307 and ~ 345 pc cm ™3, respectively. Given the
much larger computing power at our disposal, we decided to search a significantly
larger DM range, between 2 and 1500 pc cm~3. Each observation was therefore de-
dispersed using hundreds of DM trials (the exact number depended on the charac-
teristics of each observation) in this range. Similarly to what we did for the ten glob-
ular clusters analyzed in the previous chapter, the periodicity search was first per-
formed using PULSAR_MINER. For each de-dispersed time series, the pipeline performed
a Fourier-domain search targeting both isolated and binary pulsars. The latter are
targeted with an “acceleration search” algorithm, using PRESTO’s accelsearch routine,
in which we allowed the pulsar spin frequency to drift up to 200 Fourier bins (using
the -zmax 200 option of accelsearch) due to the Doppler shift induced by the orbital
motion. Each observation was searched in its full length, as well as, whenever possi-
ble, in shorter segments of 60, 30 and 15 minutes, so as to potentially be sensitive to
binary pulsars with orbits as short as ~ 150 minutes.

On a second stage, we processed the data with RIPTIDE® (Morello et al., 2020b),
a time-domain pulsar searching pipeline based on a highly optimized version of the
Fast Folding Algorithm (FFA, Staelin (1969)). The FFA is significantly more sensi-
tive than Fourier-domain methods for pulsars with long spin periods (2 1 second).
However, it cannot per se account for possible binary motions (unless one applies
corrections to the data before running the FFA, see e.g. Wongphechauxsorn et al.
(2024)). Therefore, in our case, it only targeted isolated pulsars. We ran RIPTIDE on all
the cleaned and de-dispersed timeseries previously produced. For each observation,
both pipelines produced diagnostic plots of potential pulsar candidates, which were
visually inspected.

With both pipelines, we were able to easily re-detect PSR B1641—-45, an extremely
bright isolated pulsar with a spin period of 455 ms and a DM of 450 pc cm 3, located at
about 25 arcminutes from the nominal center of Westerlund 1 (therefore well outside
the cluster), which was first discovered by Komesaroff et al. (1973). Despite being well
outside the primary beam, its mean flux density was sufficient to allow a detection in
all the observations. Its distance, constrained by HI absorption measurement (Frail
& Weisberg, 1990), ranges in the 4.5 + 0.4 kpc interval (Verbiest et al., 2012).

We also discovered a new long-period pulsar, named PSR J1646—-4545, with a spin
period of 431 ms, a DM of 1029 pc cm~3, and no signs of acceleration, suggesting it
being isolated. The pulsar was easily detected with high S/N by both pipelines in al-
most all the observations. Example diagnostic plots produced by the PULSAR_MINER and
RIPTIDE pipelines showing the new pulsar are displayed in Figure 4.2 and 4.3, respec-
tively. In Figure 4.4 we show a high-S/N integrated pulse profile of PSR J1646—-4545,
obtained by summing 24 bright detections at a central frequency of 1374 MHz. The
pulse profile is broad, with a pulse width at half-maximum of ~ 78 ms, corresponding
to about 18 per cent of the pulse period. This value is much larger than the typical
duty cycles at half-maximum of non-recycled pulsars: according to the ATNF pulsar
catalog®, it is larger than that of 97 per cent of all pulsars with spin periods longer than
30 ms and surface magnetic field B > 10'! G. The profile is also slightly asymmetric,

Shttps://github.com/v-morello/riptide
Shttps://www.atnf.csiro.au/research/pulsar/psrcat (v2.1.1)
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with the trailing part hinting at scattering being at play.

4.3.3 Single pulse search

We also performed a single pulse search throughout the dataset to look for bright spo-
radic events such as bright single pulses emitted by pulsars, as well as potential fast
radio bursts (Bailes, 2022; Petroff et al., 2022) that could serendipitously be present
in our field of view or potentially linked to the magnetar. To do this, we searched each
observation using the Heimdall” (Barsdell et al., 2012) software. An initial RFI flag-
ging was done using a spectral-kurtosis algorithm (Nita & Hellbourg, 2020) provided
by the YOUR® package (Aggarwal et al., 2020) and the noisiest channels found were
parsed through Heimdall via the -zap_chans option. We then used Heimdall to search
excesses in the DM range of 0 — 3000 pc cm~3, with a DM trial array sampled to have a
S/N loss for each trial of 1%, and searched for events with a maximum boxcar width
of 512 time bins. No evidence of single pulses/bursts has been found above a S/N
threshold of 10.
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Figure 4.2. Diagnostic plot for the new 431-ms isolated pulsar PSR J1646—4545 as produced
by the PULSAR_MINER Fourier-domain searching pipeline applied to the 2007 July 21 observa-
tion.
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Figure 4.3. Diagnostic plot for the new 431-ms isolated pulsar PSR J1646—4545 as produced
by the RIPTIDE FFA searching pipeline applied to the 2007 July 21 observation.
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Figure 4.4. Integrated pulse profile of PSR J1646—4545 obtained by summing 24 bright de-
tections of the pulsar at a central frequency of 1374 MHz and with a bandwidth of 288 MHz.

4.3.4 Timing of the new pulsar PSR J1646—-4545

The new pulsar PSR J1646—-4545 was clearly detected in 73 different observations,
spanning more than 4 years. All these detections were processed with DSPSR and the
PSRCHIVE software to obtain a total of 217 times of arrival (TOAs) across the whole time
span covered by the data. We then used the TEMP02® pulsar timing software (Edwards
et al., 2006) to derive a phase-connected timing solution (see, e.g., Lorimer & Kramer
2004 for an introduction to pulsar timing). This allowed us to precisely measure the
pulsar position, which locates it at ~ 5.97 arcmin north-west of the nominal center
of Westerlund 1 (see Figure 4.5), and its first spin period derivative, which is P =
2.78(3) x 10716, All the parameters of the pulsar with their 1-o uncertainties derived

Shttps://bitbucket.org/psrsoft/tempo2
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with the TEMP02 timing are reported in Table 4.2. The corresponding timing residuals
are shown in Figure 4.6.
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Figure 4.5. Position of the newly discovered PSR J1646—-4545 (red cross) with respect to the
nominal center of Westerlund 1 (intersection of the dotted lines) and to the positions of the
X-ray magnetar CXOU J1647 and the radio pulsar PSR B1641—-45 (black dots). The inner
solid circle, at 2 arcmin, shows the effective radius of Westerlund 1, defined as the radius
containing about 50 per cent of the Gaia-EDR3 sources belonging to the cluster (Navarete
et al., 2022). The outer dashed circle, at 6 arcmin, contains about 75 per cent of the same
sample.

4.4 Discussion

As outlined in the previous sections, our search observations, pointed at the X-ray
magnetar CXOU J1647 in the young massive stellar cluster Westerlund 1, did not
show any pulsed radio emission from the magnetar itself. However , they revealed
one new pulsar, PSR J1646—-4545, the parameters of which argue, for the most part,
against its belonging to Westerlund 1. In the following, we thoroughly discuss this
putative association and the implications of the lacking of any bona fide radio pulsars
in the cluster.

4.4.1 The case of PSR J1646—-4545

In order to discuss if PSR J1646—4545 belongs to Westerlund 1, we examine sep-
arately the three most relevant parameters resulting from the campaign run at the
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Figure 4.6. Timing residuals of PSR J1646—4545. The leftover unmodeled trend, visible in
the residuals, is likely due to timing noise.

Murriyang radio telescope, namely the position, the dispersion measure, and the spin-
down age of the pulsar.

4.4.1.1 The position of the pulsar

According to Navarete et al. (2022), the effective radius of Westerlund 1 is r = 2/, al-
though stars belonging to the cluster can be found at least up to 6’ from the center.
Given that, the location of PSR J1646-4545 at ~5.97 arcmin north-west of the nom-
inal center of Westerlund 1 (Clark et al., 2005) is only marginally compatibile with
its belonging to the cluster. Because of its relatively long spin period and the large
rms of the timing solution, no measurement of the proper motion has been possible
for PSR J1646—4545 to date. This prevents us from directly inferring if the neutron
star could have significantly traveled from the position of the original supernova to
the current location. However, at the GAIA3 distance of 4.05+0.20 kpc, 6’ corresponds
to 7.0 £ 0.4 pc; thus, even a small kick velocity at birth of just ~ 10 km/s would have
allowed PSR J1646—4545 to easily move from the center of Westerlund 1 to the out-
skirts of the cluster in less than ~ 1 Myr (the upper limit for the age of the cluster
being about ten times larger, see later). It should also be noted that the aforemen-
tioned value of »r was somehow biased towards the high-mass tail (up to tens of solar
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Pulsar PSR J1646—-4545
Right Ascension, a (J2000) ........ 16:46:49.66(4)
Declination, § (J2000) ........... —45:45:39.8(8)
Spin Frequency, f (s71) .......... 2.3159744218(2)
1st Spin Frequency derivative, f (Hz s~2) —1.49(1)x10~15
2nd Spin Frequency derivative, f (Hz s—3) 3.0(5)x10—24
Reference Epoch (MJD) .......... 54217.000
Start of Timing Data (MJD) ........ 54006.245
End of Timing Data (MJD) ........ 55229.834
Dispersion Measure, DM (pc cm~3) ... 1029(3)
Solar System Ephemeris ......... DE421
Terrestrial Time Standard ........ UTC(NIST)
Time Units ................. TDB
Number of TOAS .............. 217
Residuals RMS (ms) ............ 6.7
Derived Parameters
Spin Period, P (S) ............. 0.43178369786(3)
1st Spin Period derivative, P (s s™1) ... 2.78(3)x10~16
Spin Down Age, 7, (My1) ......... 24.6
Surface Magnetic Field, Bs (G) ...... 3.51 x 1011
Spin-down Luminosity, E (erg s~ 1) .... 1.36 x 1032

Table 4.2. Timing parameters for PSR J1646—-4545 as derived by the phase-connected timing
solution obtained in this work. All the quoted uncertainties on the last digits (in parentheses)
are lo.

masses) in the distribution of the stellar content of this young cluster (Navarete et al.,
2022), while relatively lower-mass stars, alike PSR J1646—-4545 (the mass of which
is expected in the ~1-2 M., range!?), might be found at even larger radius from the
center. Moreover, it has been suggested (Gennaro et al., 2017) that Westerlund 1 did
not experience any mass segregation at birth, and at origin had a similar or larger size
than currently seen; this could support the presence of a neutron star at the offset
position of PSR J1646—-4545.

At the moment, PSR J1646—-4545 is the closest known pulsar to the Westerlund 1
center, being four times closer than the 2nd ranked, PSR B1641—-45 (see Section 4.3).
According to the ATNF pulsar catalog, in the area of the sky surrounding Westerlund
1, the surface density of previously discovered radio pulsars (none of which expected
to be associated with Westerlund 1) is in the range 1-3 deg=2. In particular it is 2.4
deg~? in a circle of radius 1.5 deg from the Westerlund 1 center, while looking at a
wider rectangular strip of 9 deg (in RAJ) and thickness 3 deg (in DecdJ) centered at same
position as above, one gets a lower value!! of 1.4 deg—2. Taking these numbers at face
value, there is a chance probability of ~ 2% of finding a pulsar unrelated to Westerlund
1 within 6’ from its center. However, it is worth noting that this probability must be
taken cautiously, since this results from the combination of various pulsar surveys

Ohttps://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html

"'These surface densities are typical of sky regions chosen in the Galactic disk and including the
Galactic center (i.e. Galactic longitude —90 < I < +90). For instance, the surface density is 2.4 deg™>
within [—-1;+1] deg in Galactic latitude and 1.0 deg’2 within [-3;+3] deg.
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performed in the area, each with its own search parameters, which are different with
respect to the search experiment presented in this paper.

4.4.1.2 The dispersion measure of the pulsar

Another observable that can be used to investigate the association of PSR J1646—-4545
with Westerlund 1 is the value of its DM, which is 1029 + 3 pc cm™3. The mean of
the DMs for the known pulsars within 1.5 deg from the center of Westerlund 1 is
463 pc cm 3, with a standard deviation of 177 pc cm~3. There are two outliers in this
population, with DM values of 718 pc cm™ and 925 pc cm 3. As reported in Section
4.3, according to the NE2001 and YMW 16 models, the predicted DMs for a pulsar
included in Westerlund 1 are 307.6 pc cm ™3 and 344.6 pc cm—3, respectively (for the
distance of 4.05 kpc); in this context we also note that the second closest pulsar to
the center of Westerlund 1, PSR B1641—45, has a distance measured via HI absorption
(i.e. independently from its DM value of 450 pc cm—3) and that was used to calibrate the
YMW 16 model in that area of the sky, lending additional reliability to the prediction
of this model. The measured DM for PSR J1646—4545 would imply a distance of
10.4 kpc and 6.3 kpc for the NE2001 and YMW 16 model, respectively. All in all, these
considerations all strongly point adversely to the membership of PSR J1646—4545 to
the cluster.

However, since Westerlund 1 is the most massive YMC in the Local Group (see
Section 4.1), one may wonder if the high wind losses from the young star population
could sustain an intra-cluster gas dense enough to explain the excess DM of ~700
pc cm~? of PSR J1646-4545 with respect to the predictions. Indeed, a set of con-
catenated ATCA observations made at 5.5 GHz and 9 GHz (Andrews et al., 2019), and
an observing campaign carried out at 3 mm with ALMA (Fenech et al., 2018), both
aimed to imaging the central region of Westerlund 1, revealed diffuse emission over
~ 0.3 scales (corresponding to linear scales of ~ 0.3 pc), as well as the presence of
several much more compact clouds without an optical counterpart!?. For a gas cloud
projected along the line-of-sight to the pulsar with a size of s ~ 0.3 pc and a gas ion-
ization fraction x = n./ny (Where n. is the free electron number density and ny is the
hydrogen equivalent number density), the excess DM would imply a number density
ng = (ADM)/(sx) ~ 2.3 x 10 cm™3/x. For small x, the implied ny > 10° cm~—3 goes well
beyond what is seen in observed gas clouds!3.

4.4.1.3 The age of the pulsar

From the combination of P and P, it is possible to infer the so-called spin-down age
of a pulsar, as 7, = P/(2P) (see Section 1.3.2). For most of the ordinary pulsars (i.e.
those not “recycled” in a binary system), 7, can be used as a proxy for the real age of the
underlying neutron star (see e.g. Lorimer & Kramer 2004), although with large errors,
especially for relatively old objects (>Myr). For PSR J1646—4545 the spin-down age
is 7, ~ 25 Myr.

2Unfortunately, none of the mentioned observing campaigns covered the position of the pulsar and
thus it is not possible to constrain the presence of any cloud along the line of sight to PSR J1646—4545.

3Such high ny might be comparable to that recently predicted for the molecular gas retained in young
star clusters (e.g. Silich et al. (2023)), but the offset position of PSR J1646—4545 also does not favor
this hypothesis.
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The age of Westerlund 1 has been long debated and its value often reviewed. Early
observations indicated a very young age of 4 +1 Myr (Muno et al. (2006) and reference
therein). More recently, the observation of several giant and supergiant stars, led
Rocha et al. (2022) to suggest that multiple episodes of star formation, closely spaced
in time, occurred in Westerlund 1, the oldest of which is dating back to no more than
~ 12 Myr ago. Similar considerations have also been developed by Navarete et al.
(2022) via the use of Binary Population and Spectral Synthesis (BPASS) models for
the red supergiants with solar abundance, and by Beasor et al. (2023). Given these
results, 7, is at least twice larger than the estimated age of Westerlund 1.

On the other hand, 7, coincides with the pulsar age only under the following hy-
potheses: (i) applicability of the formula for the magneto-dipole emission in a vacuum
(see Lorimer & Kramer 2004); (ii) a non-decaying magnetic field; and (iii) an initial spin
rate much higher than the measured one. Relaxing some of these commonly adopted
assumptions can easily produce a factor of 2 (or more) shorter true age than the mea-
sured 7,. In particular, in the case of point (ii), if we take into account some magnetic
field evolution (Ronchi et al. 2022; Graber et al. 2023), the age estimate of the pulsar
would reduce substantially and would be compatible with being even as short as 1
Myr: see the result of a detailed calculation of the evolution reported in Figure 4.7.
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Figure 4.7. Evolution of synthetic pulsars in the P-P diagram over 1 Gyr, taking into account
B-field evolution (adapted from Michele Ronchi’s PhD thesis; see also Ronchi et al. (2022);
Graber et al. (2023)) The black star indicates the position of PSR J1646—-4545 in the diagram.

4.4.2 No radio pulsars in Westerlund 1

The absence of pulsed radio emission from the magnetar CXOU J1647 is not surpris-
ing per se. Over a total sample of about 30 catalogued magnetars, only 6 showed
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transient phases of regular and/or bursty radio emission so far'4. However, the lack-
ing of any ordinary radio pulsars in Westerlund 1, in combination with the presence of
a highly magnetized neutron star!®, deserves some considerations, which we develop
in the following.

As reported in Section 4.3, our deepest observations of Westerlund 1 reached a
flux density sensitivity limit of Sy, ~ 70 uJy at 1.4 GHz. Given the distance d ~ 4.05
kpc of the open cluster (see Section 4.1), this translates into a pseudo-luminosity
upper limit for any possible pulsar hosted in Westerlund 1 of Ly, = Sind? ~ 1.15 mJy
kpc?. According to the ATNF database, ~ 80% of the radio pulsars with a catalogued
pseudo-luminosity Lis0 at 1.4 GHz, have Li400 > Lyin. This percentage progressively
increases if one restricts the sample to only radio pulsars younger than the age of
Westerlund 1 (see above): e.g. it becomes ~ 84% for pulsars younger than 12 Myr,
and then grows to more than 90% for pulsars younger than 6 Myr. Assuming that the
observed radio pulsar pseudo-luminosity distribution function (as derived from the
ATNF database) is applicable to Westerlund 1, this means that our search might have
only missed ordinary pulsars in Westerlund 1 that are at the faintest end of the pulsar
pseudo-luminosity function at 1400 MHz. Provided that they have a radio beam that
points towards us, these faint sources (if any) could be detected with deeper searches
at more sensitive radio telescopes.

Alternatively, given the large sampled fraction of the pseudo-luminosity distribu-
tion, one can ascribe our null result to the complete absence of active ordinary pul-
sars currently hosted in Westerlund 1. This could be simply understood as due to the
young age of the open cluster (see Section 4.4.1.3): i.e. the stars belonging to West-
erlund 1 might not have had yet the time to produce any neutron stars, and, in turn,
any radio pulsars. On the other hand, we know that Westerlund 1 hosts at least one
neutron star, the magnetar CXOU J1647. In order to reconcile these two contrasting
considerations, one needs to invoke the occurrence of some peculiar evolutionary fac-
tor, capable to sustain an earlier formation of neutron stars with a very high magnetic
field.

In particular, the case for a massive progenitor star has been since long proposed
(and supported by population synthesis calculations, e.g. Olausen & Kaspi (2014a)
and references therein) in the framework of the so-called fossil scenario (e.g. Ruder-
man 1972) for the formation of magnetars. If this holds true, magnetars should be
more massive than the neutron stars underlying the ordinary radio pulsars (a charac-
teristic which could not be tested yet). On the other hand, the magnetars’ progenitors
should evolve off the main sequence earlier than the stars leading to the formation of
ordinary radio pulsars. The peculiar case of Westerlund 1, which hosts one magne-
tar and no known radio pulsars, thus seems to support the second prediction of this
model.

“https://www.physics.mcgill.ca/ pulsar/magnetar/main.html

15The association of CXOU J1647 with Westerlund 1 was discussed by Muno et al. (2006) on the basis
of its very close sky position with respect to the center of the cluster. They found a 0.03 per cent chance
probability of finding a X-ray pulsar so close to the center of Westerlund 1. If we restrict ourselves to only
magnetars with X-ray emission that are located within 2 degrees from the Galactic plane, we find an even
lower chance probability of 0.0037 per cent. If CXOU J1647 were in fact not associated to Westerlund 1,
then the estimate of the minimum progenitor mass given in Muno et al. (2006), ~ 35 — 40 M, should
also be revised.
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4.5 Conclusions

In this work, we have reported on a series of pulsar search observations, pointed at
the X-ray magnetar CXOU J1647, included in the open stellar cluster Westerlund 1.
The main observational results are:

* no pulsed radio emission from the magnetar CXOU J1647 was detected;

* a new ordinary pulsar, PSR J1646—4545, was discovered at the rim of the
cluster. This fact, together with the measured dispersion measure and the
age of the pulsar, strongly suggests that PSR J1646—-4545 is a pulsar located
in the background of Westerlund 1;

¢ despite the search sampled a large portion of the pulsar pseudo-luminosity
function, no pulsars were discovered in Westerlund 1.

The presence of the magnetar CXOU J1647 in Westerlund 1 has also been discussed
in view of the absence of bona fide pulsars in the same cluster. This might favor
models for which the magnetars’ progenitors are more massive than the progenitors
of the ordinary pulsars.



CHAPTER 5

Summary and Outlook

5.1 Summary

In this thesis, we delved into the fascinating realm of radio pulsars. We started, in
Chapter 1, by seeing how pulsars are remarkable astrophysical objects, discussing
their phenomenology and how some of their fundamental characteristics, such as
their age, magnetic field and spin-down luminosity, can be inferred from the simple
measurement of the spin period and its first two time derivatives. We also saw how the
extreme properties of pulsars make them outstanding tools with which to carry out a
wide range of scientific experiments, among which are the study of stellar evolution,
the tests of gravity theories, the study of ultra-dense matter, the detection of ultra-low-
frequency gravitational waves, and more. Not all pulsars are the same, though. In this
regard, we reviewed the main pulsar populations, highlighting their differences and
discussing how the current properties of pulsars are a direct consequence of their
evolution. The latter is influenced, among other things, by the environment where
pulsars form and evolve. In particular, we outlined how the population of pulsars in
the Galactic plane is substantially different from the one that can be found in globular
clusters, and how the latter are host of a large number of millisecond pulsars, as well
as of pulsars with extreme or exotic properties.

The discovery of the over 3600 pulsars known at present has been possible thanks
to numerous surveys carried out with different radio telescopes, and thanks to the
use of sophisticated searching techniques that have been developed over the decades.
In Chapter 2, we showed how the intrinsic periodicity of the signals emitted by pulsars
allows us to leverage the power of the Fourier Transform and use this as an outstand-
ing mathematical tool with which to reveal the extremely faint pulsar signals, even
in the presence of noisy data. However, things are often more complicated than this.
For example, when a pulsar is part of a binary system, the orbital motion makes the
application of the Fourier Transform much less straightforward, as the the periodicity
of the pulsar signal is heavily influenced by the Doppler effect. On the other hand,
when a pulsar has a long spin period, red noise and radio frequency interference can
make the detection of its signal very difficult when using traditional Fourier-domain
methods. Therefore, we reviewed and discussed all the major Fourier-domain and
time-domain based pulsar searching algorithms, devised to overcome these difficul-
ties, available today. We started with the most common (and so far most successful)
method used to find binary pulsars: the acceleration search. Although the latter is
limited by being effective only for binary pulsars with orbits at least ~ 10 times longer
than the duration of the observation, it is relatively cheap in terms of the compu-
tational time needed, a fact that makes it easily applicable even when only small
computing facilities are available. An extension of the acceleration search is the jerik
search, which improves the efficacy of the algorithm with pulsars in more compact
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orbits, at the cost of an increased dimensionality of the parameter space to search.
For the ultra-compact binary pulsars, that is, those with orbital periods comparable
to or shorter than the observation, the phase-modulation and full-Keplerian template
banking search methods are the most effective, but their huge computational costs
make their application to large datasets currently difficult, especially in the absence
of high-performance-computing facilities. Other search techniques, such as the fast-
Jolding algorithm (FFA) and the stack search, are more tailored to find isolated pulsars.
Finally, we saw how the single-pulse search technique is suitable to detect transients
pulsars as well as “burst-like” events, such as Fast Radio Bursts.

In Chapter 3, we applied some of the above search methods to a set of data of ten
different globular clusters (E3, ESO 452, NGC 288, NGC 3021, NGC 4372, NGC 4590,
NGC 4833, NGC 5286, NGC 6541 and NGC 6584) observed with the Parkes and
the MeerKAT radio telescopes. In particular, we processed the data using a pulsar
searching pipeline that implemented standard Fourier-domain searches, acceleration
searches and jerk searches to all the observations. The latter two methods were ap-
plied to the full observations, as well as to shorter segments, so as to be also sensitive
to possibly bright pulsars in orbits as short as ~ 2.5 h. As a result of our analysis, we
identified 56 candidate pulsars across all the ten clusters. Among the candidates, 32
are detected with significant acceleration, indicating that they could be part of binary
systems. All the candidates were detected with relatively low significance, hence, with
the available data, we are currently unable to confirm any of them.

Similarly, in Chapter 4, we applied a few algorithms to search for radio pulsations
in several observations of the young open cluster Westerlund 1, taken with the Parkes
radio telescope. The searches were originally motivated by discovery of the 10.61-
second X-ray magnetar CXOU J164710.2—-455216, and the primary aim was to look
for possible radio pulsations emitted by the latter. We extended the searches to target
not only the possible pulsations coming from the magnetar, but also to any possible
radio pulsars hosted by Westerlund 1, or in its direction. To this end, we applied stan-
dard Fourier-domain and acceleration search methods, as well as the Fast-Folding-
Algorithm and single-pulse searches. Our analyses led to the serendipitous discovery
of PSR J1646-4545, a 431-ms isolated pulsar with a DM of 1029 pc cm™3. As we
were able to detect the pulsar in almost all the observations, we carried out a pulsar
timing analysis, which allowed us to fully characterize the newly found pulsar, deter-
mining its position and spin-down rate. From these, we argued that the association
of the pulsar with Westerlund 1, is highly unlikely. This hypothesis is supported by
at least to pieces of evidence: a) the DM of PSR J1646—4545 being about three times
the predicted value of the DM for Westerlund 1; b) the spin-down age of the pulsar,
~ 25 Myr, being at least two times the maximum age estimated for the cluster. We
therefore concluded that PSR J1646—4545 is, in all likelihood, a Galactic field pulsar
in the background of Westerlund 1. No other pulsars were found in the cluster from
our searches.

5.2 Outlook

The results presented in this thesis leave room to a number of possible follow-up
works. Here we briefly discuss the main ones.
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5.2.1 Algorithm development and optimization

Even though pulsar searching algorithms have experienced significant development
over the last few years, the main obstacle to their successful exploitation is still the
large computational time required for their application. This problem is going to be-
come more and more pressing in the near future, as new generation of radio tele-
scopes, such as the SKA, are set produce, on a daily basis, tera-bytes (in some cases
even peta-bytes) of data that will need to be analyzed either in real-time or, in the
best case, over extremely short time scales. We therefore foresee the need for the fur-
ther development and computational optimization of the majority of pulsar searching
algorithms. Specifically, a first aspect that we consider very important, is the opti-
mization of the sampling of the parameter space to search. Such issue is particularly
severe for those algorithms that aim to reveal compact binary pulsars, due to the high
dimensionality of the problem. This is unfortunate, as the latter systems, besides
being scientifically very valuable, are likely abundant in globular clusters. Although
some codes already implement clever, and efficient ways to explore multi-dimensional
parameter spaces minimizing the computations, some other codes still make use a
simple, uniform grid, which results in a prohibitively large number of computations
needed to explore the whole space. We therefore encourage the development of op-
timal ways to explore multi-dimensional parameter spaces minimizing the computa-
tions in such algorithms. Another important point is related to the ability of exploit-
ing the available hardware: as high-performance-computing facilities endowed with
thousands of CPUs and GPUs are becoming more and more common and used in as-
trophysics, it is crucial that most of the codes used for pulsar searching be able to use
all of the available resources efficiently. We particularly encourage the porting of the
core searching codes from CPU to GPU, as the parallelized architecture of GPUs can
result in speed-ups of the order of tens or even hundreds of times, when compared to
CPUs, depending on the algorithm implementation.

5.2.2 Confirmation of globular cluster pulsar candidates

The 56 candidate pulsars in the ten globular clusters presented in this thesis could
not be confirmed. Follow-up observations of these clusters are therefore necessary to
either confirm or refute the candidates. Nine of the clusters searched are not in the
target list of the TRAPUM globular cluster pulsar survey at MeerKAT. Therefore, until
the official end of the project, slated for mid-2025, it is unlikely that these clusters
will be observed with the South African telescope. Nevertheless, before resorting to
the outstanding sensitivity of MeerKAT, we suggest that these clusters be re-observed
with Parkes and its new Ultra-Wideband-Low receiver. The latter, covering a frequency
range of 0.7-4.0 GHz, would guarantee a higher sensitivity as compared to the obser-
vations analyzed for this work, while retaining a comparable field of view on the sky.
Computational resources permitting, we also encourage the application of some of the
more sophisticated pulsar searching techniques review in this thesis to better target
binary pulsars in compact orbits, which we may have missed with the simple accel-
eration and jerk searches done. If no pulsars are found with Parkes/UWL and the
more advance algorithm, then future MeerKAT observations will likely be needed. In
the case NGC 6541, for which MeerKAT data are already available, the application of
other algorithms for compact binaries is also highly encouraged, before trying deeper
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observations. We also point out that, if some of the candidate pulsars are confirmed
via these methods, then the DM associated with their host clusters will then be known.
This would make deeper searches for further pulsars in those clusters much easier to
carry out in the future, as the DM range to explore will be much smaller and the new
observations could be acquired with a much smaller number of channels, thanks to
the known DM, resulting in much smaller files to search.

5.2.3 Deeper searches in Westerlund 1

As discussed earlier, there are currently no ordinary radio pulsars known in Wester-
lund 1. Regarding this, we argued that, if present, the ordinary pulsars in Westerlund
1 must all belong to the faintest end of the pulsar pseudo-luminosity function distri-
bution at 1.4 GHz. Alternatively, there must be some mechanism that favored the
formation of neutron stars with very high magnetic field (as proved by the magnetar)
but not neutron stars with “regular” magnetic fields. The only way to test these hy-
potheses is to conduct more sensitive observations of Westerlund 1. In this respect,
a single 2-hour-long observation with MeerKAT, using 60 antennas and the L-band
receivers, would result in a minimum detectable mean flux density of ~ 10 uJy, which
would improve our current best limit (70 xJy) by about a factor of seven.
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APPENDIX A

Appendix A: diagnostic plots of
best candidate pulsars found in
globular clusters

A.1 Best candidate pulsars found in NGC 288
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A.5 Best candidate pulsars found in NGC 4590
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A.6 Best candidate pulsars found in NGC 4833
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A.9 Best candidate pulsars found in NGC 6541
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