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Abstract

This thesis explores the search for radio pulsars in globular clusters and the devel-
opment and improvement of computational methods to enhance their detection in
challenging observational conditions. Pulsars are rapidly rotating neutron stars—
remnants of massive stars that have undergone supernova explosions—and they
represent some of the most extreme objects in the Universe. Studying them allows
us to probe physical conditions that cannot be recreated in laboratories on Earth,
including ultra-dense matter, intense magnetic fields, and strong gravitational envi-
ronments.

Beyond their intrinsic interest, pulsars play a broader role in modern astro-
physics. Their remarkably regular emission makes them powerful tools for precision
measurements, enabling studies of fundamental physics, stellar evolution, and the
structure of our Galaxy. They are used to test theories of gravity under extreme
conditions, to trace the distribution of matter in the interstellar medium, and to
understand how stars live and die. In this sense, pulsars are not only fascinating
objects in their own right, but also versatile probes that connect multiple areas of
physics and astronomy.

Globular clusters provide a particularly compelling environment in which to
study pulsars. These systems are dense, gravitationally bound collections of stars,
often containing hundreds of thousands to millions of members packed into a rela-
tively small volume. The high density leads to frequent interactions between stars,
which can significantly alter their evolutionary paths. As a result, globular clusters
are exceptionally efficient at producing exotic systems, including rapidly spinning
millisecond pulsars in binary systems. These objects offer a unique window into how
stellar systems evolve under conditions that are fundamentally different from those
in the more isolated regions of the Galaxy.

Despite their importance, detecting pulsars in globular clusters is inherently dif-
ficult. As radio signals travel through space, they are affected by the interstellar
medium, which disperses and distorts them. In addition, many pulsars reside in
binary systems, where orbital motion can smear their signals and make them harder
to detect using standard search techniques. These challenges become more severe
for compact and rapidly evolving systems, requiring both carefully designed obser-
vations and more advanced data analysis methods.

This thesis addresses these challenges through a combination of observational
work and methodological development. It is structured as follows.

Chapter 1 introduces the basic properties of neutron stars and pulsars, including

how they form, how their emission is observed, and why they are important tools in



astrophysics.

Chapter 2 focuses on pulsars in globular clusters, describing how the dense en-
vironments of these systems lead to the formation of unusual and exotic pulsar
populations. The role of stellar interactions and binary evolution is discussed.

Chapter 3 presents the techniques used to search for pulsars in radio data. It
explains how signals are processed and analysed, and outlines the key challenges
involved in detecting both isolated pulsars and those in binary systems.

Chapter 4 presents the first globular cluster pulsar survey conducted with the
MeerKAT radio telescope at S-band frequencies (approximately 2.4 GHz central
frequency). This chapter describes the observing strategy, data processing pipeline,
and search methods used in this work, and places the survey in the broader context
of pulsar searches across different observing frequencies.

Chapter 5 introduces an improved computational approach to searching for pul-
sars, with a focus on high-performance computing and GPU-based methods. This
includes the development of a time-domain search technique designed to improve
sensitivity to systems that are difficult to detect due to complex orbital motion,
along with a discussion of the computational strategies used to make such searches
feasible.

The thesis concludes with appendices that provide additional technical details,
including methods for estimating pulsar flux densities and considerations relevant
to the observational setup.

Overall, this work aims to improve our ability to detect and study pulsars in
dense stellar environments, thereby contributing to a broader understanding of fun-
damental physics, stellar evolution, and the behaviour of matter under extreme

conditions.
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panel shows a simulated dispersed pulsar signal, which produces a
frequency-dependent sweep across the observing band due to inter-
stellar dispersion. The bottom panel shows a combined dynamic spec-
trum containing all of these components simultaneously, illustrating
how different forms of interference and astrophysical signals can co-
exist in real pulsar search observations. . . . ... ... .. .. ...
[llustration of the effect of zero-DM subtraction on undispersed ter-
restrial interference in pulsar search data. The upper panels show the
dynamic spectrum before and after zero-DM subtraction. Broadband
terrestrial RFI, which arrives simultaneously across all frequency chan-
nels and therefore peaks at DM = 0, appears as vertical stripes in
the dynamic spectrum. Subtracting the mean across frequency chan-
nels at each time sample strongly suppresses this undispersed com-
ponent while largely preserving the dispersed pulsar signal. The lower
panels show the time series after dedispersion at the pulsar disper-
sion measure. Prior to mitigation, terrestrial bursts contaminate the
dedispersed time series and obscure the astrophysical signal. After
zero-DM subtraction, the RFI contribution is significantly reduced

and the pulsar peak becomes clearly identifiable. . . . . . . . . . ..
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[llustration of the power of Fourier-domain periodicity searches. Top
panels: a short-duration noisy time series and its Fourier spectrum.
Although the periodic signal is difficult to identify by eye in the time
domain, the FFT already reveals a localized excess at the signal fre-
quency. Middle panels: the same experiment for a longer observation.
The time-domain signal still appears noise dominated, but the Fourier
peak becomes much more significant because the periodic component
adds coherently over a larger number of cycles. Bottom panels: com-
parison of the clean periodic component with the noise realization in
the time domain, and the corresponding growth of coherent signal
power in the Fourier spectrum. This demonstrates why the FFT is
such a powerful tool for uncovering repeating signals buried in noise.
lustration of the line-of-sight orbital acceleration a)(t) and line-of-
sight jerk jj(t) over one full binary orbit for a circular system. The up-
per panel shows the periodic variation of the line-of-sight acceleration,
which determines the instantaneous drift rate of the observed pulsar
spin frequency through fous = (fo/c) aj. The lower panel shows the
corresponding line-of-sight jerk, which determines the rate of change
of that drift through fous = (fo/c) Jj- Together, these quantities pro-
vide the physical origin of Doppler smearing in Fourier-domain pulsar
searches. . . . . . .
[llustration of the effect of binary acceleration on a pulsar signal in the
Fourier domain. In the absence of binary motion (top panels), the pe-
riodic signal remains at a fixed frequency throughout the observation
and appears as a sharp peak in the FF'T. Under non-zero line-of-sight
acceleration (central panels), the observed spin frequency drifts dur-
ing the observation and the signal power is spread across multiple
Fourier bins. This Doppler smearing reduces the peak significance in
a standard FFT search and motivates the use of acceleration-search
techniques (see comparison in bottom panels). . . . . ... ... ..
A typical pulsar diagnostic plot prepared by PRESTO’s Prepfold rou-

TINE. . . . s,
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4.2

Time—phase plots and two pulse periods of the integrated pulse pro-

100

files for the four newly discovered pulsars in Glimpse-C01 (J1848—-0129C,

D, E and F), shown inorder.. . . . . . . ... ... ... ... . ...
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Observed spin period as a function of orbital phase for J1848—0129C
(top) and J1848—0129D (bottom). Blue points represent measured
spin periods from individual observations, while the solid black curves
indicate the predictions obtained from the orbital solutions listed in
Table 4.3. . . . . . e
Intra-cluster dispersion-measure dispersion, opy, as a function of the
nominal cluster dispersion measure (defined as the median pulsar
DM) for Galactic globular clusters hosting at least five known ra-
dio pulsars. The solid line shows the best-fitting power-law relation
of the form opyy = ADM?, with A = 0.008 and a = 1.06 (boot-
strap 16-84% interval: 0.90-1.21). The shaded region represents the

root-mean-square scatter in log space (0.27 dex) about the fit.

Comparison between the parameter-space coverage of the Fourier-
domain PRESTO search (blue wedge) and a representative time-domain
search band (orange), shown for acceleration (left column) and jerk
(right column). The three rows correspond to harmonic sums of h =
4,8, and 16. Increasing h improves sensitivity to narrow pulse profiles
through harmonic summing, but simultaneously makes the Fourier-
domain search boundary more restrictive, particularly at short spin
periods. The vertical dotted lines indicate the crossing period below
which the Fourier-domain wedge no longer fully covers the chosen
time-domain band. This effect is most pronounced for jerk, where
the loss of coverage occurs precisely in the region occupied by rapidly
spinning pulsars in extremely compact binaries. . . . . . . .. .. ..
Evolution of the resampling index shift, (out_idx — in_idx), for in-
creasing trial jerk for the same value of acceleration. In the pure-
acceleration case (j = 0), the mapping remains only weakly dis-
torted, whereas progressively larger jerk values introduce an increas-
ingly strong non-linear deformation of the output index as a function
of input index. This reflects the quadratic contribution of the jerk
term to the time-domain resampling map. As j increases, the re-
sampler must account for progressively larger departures from the
original regular sampling pattern, implying a larger correction to the

time series before the FFT is performed. . . . . . . .. ... .. ...
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5.2

2.3

5.4

9.9

Local increment of the resampling index, A out_idx, for increasing
trial jerk keeping the value of acceleration constant. While the 7 =0
case remains comparatively regular, the inclusion of jerk introduces
a position-dependent variation in the local stepping of the output
index. This means that neighbouring output samples no longer map
back to the input array with a uniform stride. Instead, the access
pattern becomes increasingly irregular as the jerk increases, which is
precisely the behaviour that drives up the computational cost of the
resampling stage. In practice, this leads to less regular memory access
and motivates the use of massively parallel GPU implementations
when extending time-domain searches beyond constant acceleration.
Coarse mismatch map of the current stochastic (a, j) template bank.
The colour at each point shows the mismatch to the nearest tem-
plate, evaluated using the projected metric on the acceleration—jerk

manifold. Darker regions indicate better local coverage, while brighter

patches correspond to under-covered regions where the nearest-template

mismatch is higher. The patchy structure, particularly toward the
boundaries of the search box, shows that the present Monte Carlo
/ MCMC bank generator does not yet provide sufficiently uniform
coverage for a production-quality search. . . . . . .. ... ... ...
[llustrative recovery of the same injected pulsar using an acceleration-
only search (left) and the jerk-enabled PULSEJET beta search (right).

. 164

The PULSEJET beta candidate shows a substantially cleaner and stronger

recovery, consistent with the expectation that a signal containing sig-
nificant jerk is not optimally corrected by an acceleration-only search.
Recovery fractions for the 10-pulsar blind injection tests using the cur-
rent stochastic template-bank implementation. The left panel shows
the result obtained with the original template bank, for which 7 out
of 10 injected pulsars were recovered. The right panel shows the re-
sult after enlarging the template bank so that the injected pulsars lay
more centrally within the populated (a,j) region, yielding 9 out of
10 recoveries. The improved performance in the enlarged-bank test
supports the conclusion that the dominant limitation of the present
implementation is not the jerk-resampling kernel itself, but incom-
plete template-bank coverage, especially near the boundaries of the

acceleration—jerk search space. . . . . . .. . ... L.

21

189
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Chapter 1

Pulsar generalities

1.1 Neutron Stars and the Discovery of Pulsars

Neutron stars are among the most extreme astrophysical objects known, representing
the compact remnants of massive stars that have ended their lives in core-collapse
supernova explosions. The theoretical existence of neutron stars was first proposed
shortly after the discovery of the neutron by Baade and Zwicky [8], who suggested
that supernovae could result in the formation of extremely dense stellar remnants
composed primarily of neutrons. Subsequent theoretical work established neutron
stars as objects with masses comparable to that of the Sun but radii of only about
10-12 km, implying mean densities exceeding nuclear saturation density.

The formation of a neutron star occurs when a massive star, typically with an
initial mass greater than ~ 8 M, exhausts its nuclear fuel and can no longer support
itself against gravitational collapse. During the collapse of the stellar core, protons
and electrons combine via inverse beta decay to form neutrons, while the outer
layers of the star are expelled in a supernova explosion. Conservation of angular
momentum during this rapid collapse leads to a dramatic increase in the rotation
rate of the remnant, while magnetic flux conservation amplifies the magnetic field
to strengths typically in the range 10*-10'3 G [9, 10].

The observational manifestation of neutron stars as pulsars was discovered serendip-
itously in 1967 by Jocelyn Bell Burnell and Antony Hewish during a radio survey
designed to study interplanetary scintillation. The discovery consisted of highly reg-
ular, narrow radio pulses with a period of approximately 1.3 s, originating from a
fixed position on the sky [11]. The remarkable stability of the signal initially led to
speculation about an artificial origin, but it was soon recognised that the source,
later identified as CP 1919 (now PSR B1919+4-21), was astrophysical in nature. This

discovery marked the first observational confirmation of rotating neutron stars and
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inaugurated the field of pulsar astronomy.

Pulsars are now understood as rotating, magnetised neutron stars that emit
beams of electromagnetic radiation from regions near their magnetic poles. When
the magnetic axis is inclined with respect to the rotational axis, these beams sweep
through space as the star rotates, producing a lighthouse-like effect. An observer
detects a pulse of radiation each time a beam crosses the line of sight, with the
observed pulse period corresponding directly to the neutron star’s rotation period
[1].

The radio emission from pulsars is believed to originate within the neutron star
magnetosphere, where strong electric fields accelerate charged particles along open
magnetic field lines. Although the detailed emission mechanism remains an active
area of research, the resulting radiation is highly coherent and narrowly beamed,
leading to the characteristic pulsed signals observed at Earth [2]. Pulsar rotation
periods span a wide range, from milliseconds to several seconds, reflecting both their
birth properties and subsequent evolutionary history.

Over time, isolated pulsars lose rotational energy through electromagnetic radi-
ation and particle winds, leading to a gradual increase in their spin periods. This
process, commonly referred to as spin-down, provides a direct probe of the neutron
star’s magnetic field and energy loss mechanisms. Despite this slow evolution, pul-
sars exhibit extraordinary rotational stability, making them precise celestial clocks
and powerful tools for a wide range of astrophysical applications.

It is important to note that pulsar emission is intrinsically directional, and only
a fraction of the Galactic neutron star population is observable as pulsars. The de-
tected population is therefore shaped by both intrinsic properties, such as luminosity
and beam geometry, and observational selection effects. This foundational under-
standing of pulsars forms the basis for more complex systems, including millisecond

pulsars, binary pulsars, and pulsars in dense stellar environments.

1.2 Pulsar Geometry and the Lighthouse Model

The characteristic pulsed emission observed from pulsars arises primarily from geo-
metric effects associated with rotation rather than from an intrinsically intermittent
radiation process. This interpretation, commonly known as the lighthouse model,
provides a simple and intuitive explanation for why pulsars appear as periodically
flashing sources and why only a subset of neutron stars are detectable as pulsars
1, 3, 12].

Figure 1.1 presents a schematic illustration of this geometric picture. At the
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Figure 1.1: Schematic illustration of the pulsar lighthouse model. A neutron star
rotates steadily about its rotation axis while possessing a strong magnetic field whose
axis is misaligned with the direction of rotation. Radio emission is produced along
open magnetic field lines near the magnetic poles and is concentrated into narrow
beams aligned with the magnetic field geometry. As the neutron star rotates, these
beams sweep through space in a regular manner, producing the observed pulsed
emission when the beam crosses the observer’s line of sight. The light cylinder
defines the boundary beyond which rigid corotation with the neutron star is no
longer possible. This geometric interpretation forms the basis of the lighthouse
model of pulsars [1-3].
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centre of the system lies the neutron star, an extremely compact remnant formed
during a core-collapse supernova. The neutron star rotates steadily about a fixed
rotation axis, shown in the figure as a vertical direction. Surrounding the star is an
intense magnetic field whose large-scale structure is well approximated by a dipole
configuration, similar in form to the magnetic field of a bar magnet [2, 9].

A key element of the lighthouse model is that the magnetic field axis is generally
misaligned with the rotation axis. This misalignment causes regions associated with
magnetic activity to sweep through space as the neutron star rotates. The magnetic
field divides the surrounding magnetosphere into regions of closed magnetic field
lines, which loop back onto the neutron star, and open magnetic field lines, which
extend outward from the magnetic poles. The boundary between these regions is
associated with the light cylinder, which marks the outer limit within which magnetic
field lines can corotate rigidly with the neutron star [13-15].

In the conventional picture, radio emission is usually associated with coherent
plasma processes operating along open magnetic field lines above the magnetic poles
of the neutron star. However, the emission location remains an active area of re-
search, especially for millisecond pulsars. Recent work has suggested that some radio
components in MSPs may instead arise much farther out, possibly in or near the
current sheet beyond the light cylinder, colocated with high-energy emission [16].
Therefore, the polar-cap/open-field-line picture should be regarded as the standard
baseline interpretation rather than a complete description of all pulsar radio emis-
sion. This emission is not radiated uniformly in all directions but is instead confined
to relatively narrow beams aligned with the magnetic field geometry. As the neutron
star rotates, these beams sweep across space in a regular and predictable manner,
analogous to the rotating beam of a lighthouse [1, 2, 17, 18].

An observer detects a pulsar only if the sweeping radio beam intersects their line
of sight during each rotation of the neutron star. When this condition is satisfied,
the observer perceives a brief pulse of radiation once per rotation period, giving rise
to the highly regular pulse trains that characterise pulsar signals. If the beam does
not cross the observer’s line of sight, the neutron star remains undetected as a pulsar
despite continuing to emit radiation. This geometric selection effect strongly influ-
ences the observed pulsar population and implies that the known sample represents
only a fraction of the total neutron star population in the Galaxy [3, 19, 20].

The lighthouse model successfully accounts for several fundamental observational
properties of pulsars, including the stability of their pulse periods, the repeatability
of pulse profiles, and the strong dependence of detectability on viewing geometry.

Although the detailed physical mechanisms responsible for particle acceleration and
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coherent radio emission within the magnetosphere remain an active area of research,
the geometric framework illustrated in Fig. 1.1 forms the foundation of modern
pulsar astronomy and underpins much of the observational interpretation of pulsar
data [2, 12, 15].

1.3 Birth of Pulsars

Pulsars are formed as a natural consequence of the evolution and death of massive
stars. Their observable properties are largely determined by physical conditions
established at birth and by the subsequent evolution driven by energy loss and
environmental interactions. An understanding of pulsar birth therefore provides the
foundation for interpreting the wide range of pulsar behaviours and populations

observed today.

1.3.1 Core-Collapse Supernovae and Neutron Star Forma-
tion

The formation of a pulsar begins with the gravitational collapse of a massive star at
the end of its nuclear-burning lifetime. Stars with initial masses exceeding approx-
imately eight solar masses develop iron cores that cannot undergo further fusion.
Once nuclear support is exhausted, the core collapses on a dynamical timescale,
while the outer layers of the star are expelled in a core-collapse supernova explosion
8,9, 21].

During collapse, densities rise to values comparable to or exceeding nuclear sat-
uration density. Under these conditions, electrons and protons combine via inverse
beta decay, producing a neutron-rich core and a burst of neutrinos that carry away
a significant fraction of the gravitational binding energy. The collapse is halted by
neutron degeneracy pressure and strong nuclear forces, leaving behind a neutron
star with a mass typically between one and two solar masses and a radius of order
ten kilometres [10, 22].

Observational evidence directly linking pulsars to supernova explosions is pro-
vided by the association of young pulsars with supernova remnants. Classic examples
include the Crab and Vela pulsars, which are located near the centres of expanding
remnants and exhibit spin-down ages consistent with the independently estimated
ages of their associated supernovae [3, 12, 23]. These systems provide compelling
confirmation that pulsars represent an early evolutionary phase of neutron stars

formed in core-collapse supernovae.
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1.3.2 Initial Spin and Magnetic Field Properties

The defining characteristics of a newly formed pulsar—rapid rotation and an intense
magnetic field—arise naturally from conservation laws acting during stellar collapse.
As the stellar core contracts by several orders of magnitude in radius, conservation
of angular momentum leads to a substantial increase in rotational frequency. Even
a progenitor core rotating relatively slowly prior to collapse can therefore give rise
to a neutron star with an initial spin period ranging from milliseconds to seconds
2, 9].

This process can be expressed schematically by angular momentum conservation,

Irog Qprog = Ins §dns, (1.1)

where the dramatic reduction in the moment of inertia during collapse results in
a corresponding increase in the neutron star’s rotation rate. This simple relation
captures the essential physical origin of pulsars as rapidly rotating objects, without
requiring detailed modelling of the collapse itself.

In parallel, conservation of magnetic flux during collapse leads to a strong am-
plification of the magnetic field. As the cross-sectional area of the collapsing core
decreases, the magnetic field strength increases accordingly, producing surface mag-
netic fields that are many orders of magnitude larger than those found in ordinary
stars. These strong magnetic fields dominate the structure of the neutron star mag-
netosphere and are essential for the generation of pulsar emission [9, 15, 24].

Newborn pulsars therefore emerge as rapidly rotating, strongly magnetised neu-
tron stars with substantial reservoirs of rotational energy. Young pulsars are conse-
quently highly energetic systems, often powering bright radio emission, high-energy
radiation, and relativistic particle winds. As pulsars evolve, their rotation gradu-
ally slows and their emission properties change, leading to the diverse population
observed today. The mechanisms responsible for this long-term evolution define
the class of rotation-powered pulsars and will be examined in detail in the follow-
ing section, where the processes governing pulsar spin-down and energy loss are

introduced.

1.4 Rotation-Powered Pulsars and Spin-Down Evo-

lution

The majority of known radio pulsars are powered by the gradual loss of their rota-

tional kinetic energy. These objects are commonly referred to as rotation-powered
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pulsars and include both young, energetic pulsars and older systems whose emission
remains detectable despite substantial spin-down. The evolution of a pulsar’s ro-
tation rate provides a natural framework for understanding its age, energetics, and

long-term behaviour.

1.4.1 Rotational Energy as the Power Source

A rotating neutron star possesses a large reservoir of kinetic energy associated with
its spin. To first order, the total rotational energy of a neutron star can be expressed

as 1
By = 5[92, (1.2)

where [ is the moment of inertia of the neutron star and € is its angular rotation
frequency. For a canonical moment of inertia I ~ 10*® gcm?, this corresponds to
Frot ~ 2 x 10% erg for a pulsar with P = 1 s, and rises to ~ 2 x 10°° erg for P = 10
ms. Expressed in terms of the energy radiated by the Sun in one year, these values
correspond to roughly 1.6 x 10° and 1.6 x 10° L yr, respectively. The rotational
reservoir is therefore especially large for young or rapidly rotating neutron stars.
2, 9].

As pulsars emit electromagnetic radiation and drive relativistic particle winds,
they lose rotational energy over time. The rate of energy loss, often referred to as

the spin-down luminosity, is given by
Eror = 1Q9), (1.3)

where € denotes the time derivative of the angular frequency. This quantity provides
a direct measure of the power available to drive pulsar emission and associated
phenomena such as pulsar wind nebulae [1, 23].

Rotation-powered pulsars are therefore characterised by emission whose ultimate
energy source is the star’s rotational kinetic energy. As the pulsar spins down,
the available energy decreases, leading to an evolutionary sequence in which young

pulsars are typically more luminous and energetic than their older counterparts.

1.4.2 Spin-Down Laws and Magnetic Braking

The gradual slowdown of pulsar rotation is driven by external torques acting on
the neutron star and its magnetosphere. Although the detailed torque depends on

magnetospheric physics, a widely used phenomenological description assumes that
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the spin-down can be expressed as a power law in the rotation rate,

O=-KQ", (1.4)

where K is a constant that encapsulates the strength of the braking torque (and
may depend on magnetic field strength, geometry, and magnetospheric state), and
n is the braking index [2, 12, 15].

A convenient and observable definition of the braking index can be obtained

directly from Eq. 1.4. Differentiating with respect to time gives

Q=—-KnQ" Q. (1.5)

Rearranging and eliminating K using Eq. 1.4 yields

Q0
02

n = (1.6)
In other words, the braking index is a measurable quantity that characterises how
the spin-down rate itself evolves with time. For the idealised case of pure magnetic
dipole radiation in vacuum, one expects n = 3, while observed values for young
pulsars frequently deviate from this, indicating that additional physics such as mag-
netospheric currents, particle winds, or evolving magnetic fields contribute to the
braking torque [3, 24, 25].

1.4.3 Characteristic Age and Magnetic Field Estimates

The power-law spin-down model in Eq. 1.4 can be integrated to relate a pulsar’s

current spin state to the time elapsed since birth. Separating variables gives

ds?

— = —K dt. 1.7

- (17)
Integrating from the birth rotation rate {2y to the current rotation rate €2 over a

time interval ¢ yields, for n # 1,

1 1-n 1-n
t:m(ﬁ ). (1.8)
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Using Eq. 1.4 to eliminate K (i.e. K = -Q/ 2") gives an equivalent expression in

terms of the currently observed spin parameters:

1— (Q%)H] . (1.9)

This is the general age estimate under the assumptions of a constant braking index

2
(n— 1)

and a time-independent braking coefficient.

A commonly used special case is obtained by assuming dipole-like braking with
n = 3 and that the pulsar was born spinning much faster than it rotates today (so
that Qg > Q). Under these assumptions, the bracketed term in Eq. 1.9 approaches

unity and the age estimate reduces to the characteristic age:

Q

= 28 (1.10)

Te

Expressed in terms of the spin period P = 27/ and its derivative P, this becomes

the familiar form

P
op

The characteristic age is widely used in pulsar population studies because it can be

Te (1.11)

computed directly from timing measurements [2, 3, 12]. However, it is not a direct
measurement of true age: deviations from n = 3, significant initial spin periods, or
time-variable torques can all lead to large differences between 7, and the actual time
since birth [24, 26].

For completeness, the braking index in Eq. 1.6 may also be expressed in terms

of period derivatives. Using Q2 = 27/P one obtains

n=2-—, (1.12)

which is sometimes convenient when period derivatives are tabulated directly [2].

1.5 Accretion-Powered Pulsars and Binary Evo-

lution

While the majority of radio pulsars are powered by the loss of rotational kinetic en-
ergy, a significant and astrophysically important subset of neutron stars derive their
observable emission from interactions with a binary companion. In such systems,

the presence of a companion star fundamentally alters the evolutionary pathway of
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the neutron star, giving rise to accretion-powered pulsars and, in many cases, recy-
cled systems. Binary evolution therefore plays a central role in shaping the observed

pulsar population.

1.5.1 Binary Systems and Mass Transfer

Binary systems are common outcomes of massive star formation, and many neutron
stars are born with stellar companions. The subsequent evolution of such systems
depends sensitively on the orbital separation, the mass of the companion, and the
evolutionary state of both stars. As the companion evolves, it may expand and
transfer mass onto the neutron star through stellar winds or Roche-lobe overflow,
initiating an accretion phase [27, 28].

Accretion proceeds through the formation of an accretion disk when the trans-
ferred material possesses sufficient angular momentum. Within the disk, viscous
processes transport angular momentum outward, allowing matter to spiral inward
toward the neutron star. The release of gravitational potential energy during ac-
cretion can produce intense high-energy emission, often dominating the observed
luminosity of the system [29)].

The onset of accretion introduces torques that can strongly influence the neutron
star’s rotation. Depending on the accretion rate and magnetospheric interaction,
these torques may either spin the neutron star up or down, in stark contrast to
the monotonic spin-down experienced by isolated, rotation-powered pulsars. Binary
interaction thus provides an external mechanism capable of reshaping a neutron

star’s spin evolution.

1.5.2 Accretion-Powered Pulsars

Accretion-powered pulsars are neutron stars whose observable emission is primarily
driven by the release of gravitational energy from infalling matter rather than by
rotational energy loss. These systems are most commonly observed as X-ray pulsars,
where accreted material is channelled by the neutron star’s magnetic field onto the
magnetic poles, producing hot spots that rotate with the star and give rise to pulsed
X-ray emission [29, 30].

In accretion-powered systems, the spin evolution of the neutron star is governed
by the balance between accretion torques and magnetic stresses at the magneto-
spheric boundary. Sustained accretion can transfer substantial angular momentum
to the neutron star, leading to a progressive increase in its rotation rate. This pro-

cess can dramatically alter the spin period and magnetic field configuration over
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timescales much shorter than those associated with isolated spin-down evolution
[27, 28].

Accretion-powered pulsars therefore represent a distinct evolutionary phase in
which the neutron star’s observable properties are dominated by its binary environ-
ment. These systems are particularly important as progenitors of recycled pulsars,
providing the physical mechanism required to spin neutron stars up to very short

periods.

1.5.3 Spin-Up and the Recycling Scenario

The long-term outcome of sustained accretion in a binary system is encapsulated in
the recycling scenario. In this framework, an old, slowly rotating neutron star is spun
up through prolonged mass and angular momentum transfer from a companion star.
As accretion proceeds, the neutron star’s spin period decreases while its magnetic
field strength is reduced, either through field decay or magnetic burial beneath
accreted material [27, 31].

Once accretion ceases—typically after the companion evolves into a white dwarf—the
neutron star re-emerges as a rapidly rotating, weakly magnetised pulsar observable
primarily at radio wavelengths. These objects are known as millisecond pulsars and
exhibit exceptional rotational stability, reflecting both their advanced age and their
modified magnetic field structure [2].

Binary interaction and recycling therefore provide a natural explanation for the
existence of millisecond pulsars and their strong association with binary systems.
This evolutionary pathway contrasts sharply with that of isolated pulsars and high-
lights the importance of external torques and environmental effects in shaping pulsar

populations.

1.5.4 Binary Pulsars and Evolutionary Diversity

Binary pulsars exhibit a wide range of orbital configurations and companion types,
including white dwarfs, neutron stars, and, in rare cases, non-degenerate stellar com-
panions. The diversity of observed systems reflects the complex interplay between
stellar evolution, mass transfer, and dynamical interactions [3, 28].

Some binary pulsars retain ongoing interactions with their companions, while
others represent the end products of past accretion episodes. In dense stellar environ-
ments such as globular clusters, close encounters and exchange interactions further
enrich the binary pulsar population, producing exotic systems that are rarely found

in the Galactic field. These systems provide valuable laboratories for studying stel-
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lar dynamics, binary evolution, and the long-term consequences of accretion-driven
spin-up.

The central role of binary evolution and recycling in producing millisecond pul-
sars motivates a detailed examination of such systems. In the following section, the
properties of millisecond pulsars and their significance for modern astrophysics are
discussed in greater detail, forming a key foundation for the subsequent chapters of
this thesis.

1.6 Millisecond Pulsars and Binary Motion

Millisecond pulsars (MSPs) form a distinct and astrophysically important subclass
of the pulsar population. They are characterised by exceptionally short spin periods,
typically of only a few milliseconds, weak inferred magnetic fields, and remarkable
rotational stability. These properties distinguish MSPs sharply from the popula-
tion of normal, isolated pulsars and point to a fundamentally different evolutionary

history.

1.6.1 Defining Properties of Millisecond Pulsars

Millisecond pulsars are understood to be old neutron stars that have undergone
significant spin-up through prolonged interaction with a binary companion. As a
result of this evolutionary pathway, MSPs exhibit spin periods that are one to two
orders of magnitude shorter than those of canonical pulsars, while their magnetic
fields are correspondingly weaker. This combination leads to much slower intrinsic
spin-down rates and exceptionally stable rotation over long timescales [2, 27, 31].

The rotational stability of MSPs rivals that of atomic clocks, making them
uniquely valuable for high-precision timing experiments. Their long-term stabil-
ity reflects both their advanced age and the reduced influence of magnetospheric
torque fluctuations compared to young, strongly magnetised pulsars. Consequently,
MSPs play a central role in a wide range of astrophysical applications, from tests of
gravitational theories to studies of stellar evolution [3, 32].

A defining observational characteristic of MSPs is their strong association with
binary systems. The majority of known MSPs are found in binaries, typically
with white dwarf companions, providing direct evidence for their formation through
accretion-driven recycling. This binary nature has profound implications for both

their observed spin properties and their detectability.
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1.6.2 Binary Motion and Orbital Modulation

The presence of a binary companion introduces additional complexity into the ob-
served signal from a millisecond pulsar. As the pulsar orbits the system’s centre of
mass, its line-of-sight velocity varies periodically, leading to Doppler modulation of
the observed spin frequency. This orbital motion causes the apparent pulsar period
to vary as a function of orbital phase, even when the intrinsic spin period of the
neutron star remains constant [2, 33].
To first order, the observed spin frequency can be expressed as

Fon®) = £ (14 12). (1.13)
where fj is the intrinsic spin frequency of the pulsar, v)(t) is the line-of-sight com-
ponent of the pulsar’s orbital velocity, and ¢ is the speed of light. This Doppler
modulation leads to time-dependent variations in the observed frequency and phase
of the pulsar signal.

For millisecond pulsars, whose intrinsic spin frequencies are very high, even mod-
est orbital velocities can produce significant frequency modulation over the course of
an observation. As a result, binary motion must be carefully accounted for in both
pulsar searches and timing analyses. Failure to correct for orbital Doppler effects
can smear the pulsar signal in frequency space, reducing sensitivity and potentially

rendering fast-spinning systems undetectable [34, 35].

1.6.3 Binary Millisecond Pulsars and Evolutionary Implica-

tions

The prevalence of binary systems among MSPs highlights the central role of binary
evolution in shaping this population. In most cases, the companion star has evolved
into a low-mass white dwarf following the accretion phase that spun up the neu-
tron star. The resulting systems often exhibit nearly circular orbits, reflecting the
dissipative nature of mass transfer through an accretion disk [28, 36].

Binary millisecond pulsars thus represent the end products of a long evolution-
ary sequence that begins with the formation of a neutron star in a supernova and
proceeds through an extended phase of mass transfer and angular momentum ex-
change. Their observed properties encode information about both their accretion
history and their subsequent dynamical evolution.

The strong connection between millisecond pulsars, binary evolution, and orbital

dynamics makes them particularly sensitive probes of stellar evolution and gravi-
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tational physics. Understanding their formation and observational characteristics
is therefore essential for interpreting pulsar populations and motivates dedicated

searches and timing studies, which form a central focus of this thesis.

1.6.4 The P-P Diagram and the Pulsar Fauna

One of the most powerful tools for understanding the global properties and evolution-
ary pathways of neutron stars is the spin period-period derivative (P-P) diagram.
By placing pulsars according to their measured rotation period P and its first time
derivative P, this diagram provides a compact, observationally driven summary of
how neutron stars are born, evolve, and populate distinct physical regimes. For
this reason, the P—P diagram is often described as a “map” of the neutron star
population, or colloquially as a view of the “pulsar fauna” [24, 26, 37, 38].

Figure 1.2 shows the P—P diagram used throughout this thesis. It includes all
rotation-powered neutron stars compiled from the Australia Telescope National Fa-
cility (ATNF) Pulsar Catalogue'[37] and magnetars from the McGill Online Mag-
netar Catalog?[39], updated to the current catalog releases as of January 2026.
Additional populations, such as X-ray Dim Isolated Neutron Stars (XDINS) and

candidate white dwarf pulsars, are overlaid for comparison.

Spin period and spin-down rate. The horizontal axis of the diagram represents
the spin period P of the neutron star. This quantity spans more than five orders of
magnitude, from ~1 ms for the fastest known millisecond pulsars to tens of seconds
for the slowest magnetars. The vertical axis shows the period derivative P, which
measures how rapidly the pulsar’s rotation is slowing down.

Physically, P encodes the rate at which the neutron star is losing rotational ki-
netic energy due to external torques acting on its magnetosphere. For isolated,
rotation-powered pulsars, this spin-down is primarily driven by electromagnetic
braking associated with the star’s magnetic field and particle outflows [1, 13, 25]. A
larger value of P therefore corresponds to stronger braking and more rapid rotational

evolution.

Derived physical quantities. Although the P—-P diagram displays only two
directly measured observables, it implicitly encodes several fundamental physical

properties of neutron stars. Under the assumption of magnetic dipole braking, the

https://www.atnf.csiro.au/research/pulsar/psrcat/
’http://www.physics.mcgill.ca/~pulsar/magnetar/main.html
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Figure 1.2: Spin period—period derivative (P—P) diagram showing the main pop-
ulations of known rotation-powered neutron stars. Ordinary radio pulsars from
the ATNF catalogue form a dense population centred around P ~ 0.1-1 s and
P ~ 1071107 s s~!. Millisecond pulsars (MSPs) occupy the lower-left region
of the diagram, characterised by short spin periods and extremely small spin-down
rates, indicative of old, recycled neutron stars. Magnetars populate the upper-right
region, exhibiting long spin periods and large period derivatives consistent with
ultra-strong magnetic fields. X-ray Dim Isolated Neutron Stars (XDINS) are found
at long periods and intermediate spin-down rates. Lines of constant surface dipole
magnetic field strength and characteristic age are overlaid for reference. The dia-
gram provides a unified view of neutron star evolution under magnetic braking and
highlights the distinct evolutionary pathways that give rise to the observed pulsar
populations.
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surface dipole magnetic field strength can be estimated as
B ~32x 10"V PP G, (1.14)

while the characteristic age is given by

P
oP

Te

(1.15)

Lines of constant magnetic field strength and constant characteristic age are overlaid
in Fig. 1.2 to guide interpretation. While these quantities should be treated as order-
of-magnitude estimates rather than precise measurements, they provide a valuable

framework for understanding population-level trends [26, 40].

Ordinary radio pulsars. The bulk of the pulsar population occupies a dense
region centred around P ~ 0.1-1 s and P ~ 107-10"13 s s~1. These “ordinary” or
“canonical” radio pulsars are typically young to middle-aged neutron stars formed
in core-collapse supernovae. Their inferred magnetic field strengths cluster around
10*-10" G, and their characteristic ages range from ~ 10* to ~ 107 yr.

The diagonal distribution of this population reflects long-term spin-down evolu-
tion: pulsars are born at short periods and large P and gradually migrate toward

longer periods and smaller spin-down rates as they lose rotational energy [24, 38].

Millisecond pulsars. Millisecond pulsars (MSPs) form a clearly distinct popu-
lation in the lower-left corner of the diagram, characterised by spin periods of a
few milliseconds and extremely small period derivatives (P < 10719 s s7). These
properties imply weak inferred magnetic fields (~ 108-10° G) and characteristic ages
that often exceed a gigayear.

The location of MSPs in the P-P diagram provides compelling evidence for
the recycling scenario discussed in the previous sections: these neutron stars have
been spun up through prolonged accretion in binary systems, which simultaneously
reduces their effective magnetic field strength and suppresses subsequent spin-down
[27, 31, 36]. Their extreme rotational stability makes MSPs invaluable tools for

high-precision timing experiments and gravitational-wave detection efforts [32].

Magnetars. At the opposite extreme lie magnetars, which populate the upper-
right region of the diagram. These objects exhibit long spin periods (P ~ 2-12 s)
combined with very large period derivatives (P ~ 107H1-1071 s s71), implying

surface magnetic fields in excess of 10'* G. Such fields are several orders of magni-
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tude stronger than those of ordinary pulsars and dominate the star’s energetics and
emission properties [26, 39].

The position of magnetars in the P—P diagram highlights the role of magnetic
field strength as a key parameter in neutron star evolution. Their rapid spin-down
and relatively short characteristic ages are consistent with a picture in which mag-
netic energy, rather than rotational energy, powers much of their observed high-

energy activity.

X-ray Dim Isolated Neutron Stars. X-ray Dim Isolated Neutron Stars (XDINS)
occupy a region characterised by long spin periods (P ~ 3-12 s) and intermediate pe-
riod derivatives. Unlike ordinary radio pulsars, XDINS are predominantly detected
through their thermal X-ray emission and are radio-quiet or extremely radio-faint.
Their inferred magnetic fields are typically of order 10'® G, placing them between
canonical pulsars and magnetars in magnetic field strength.

The nature and evolutionary status of XDINS remain active areas of research.
They are often interpreted as nearby, cooling neutron stars whose radio emission
is either intrinsically weak or geometrically unfavourable for detection [? |. Their
placement in the P-P diagram suggests a possible evolutionary link with high-
magnetic-field radio pulsars and magnetars, although the details of this connection
are still debated.

White dwarf pulsars and other outliers. A small number of objects have
been proposed as “white dwarf pulsars”, occupying regions of the diagram at very
long spin periods but comparatively small P. While these sources do not follow the
standard neutron star magnetic braking framework, their inclusion serves to illus-
trate the broader landscape of compact-object rotation and highlights the physical
assumptions underlying the interpretation of the P—P diagram [24].

A unified view of neutron star evolution. Taken as a whole, the P-P di-
agram provides a unifying framework for understanding the diversity of neutron
star manifestations. Distinct observational classes—ordinary pulsars, millisecond
pulsars, magnetars, and XDINS—occupy well-defined regions of the diagram, re-
flecting differences in magnetic field strength, age, and evolutionary history. At the
same time, the continuous distribution of sources suggests that these classes are not
entirely disjoint, but instead represent different evolutionary pathways through a
shared physical parameter space.

This population-level perspective will be particularly important in the context

of this thesis, which focuses on millisecond pulsars in dense stellar environments.
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The location of MSPs in the P-P diagram encapsulates the cumulative effects of
binary evolution, accretion, and long-term spin-down, and provides essential context
for interpreting both new discoveries and non-detections in globular cluster pulsar

surveys.

1.7 Radio Emission Properties of Pulsars

While the rotational and evolutionary properties of pulsars can be understood
through their spin parameters, observational studies ultimately rely on the char-
acteristics of the radiation emitted by these objects. Pulsars are most commonly
detected and studied at radio wavelengths, where their emission is highly coherent,
strongly polarised, and broadband in nature. Understanding the basic properties
of pulsar radio emission is therefore essential for interpreting both detections and
non-detections, as well as for placing observational results in a broader physical
context.

This section introduces the fundamental concepts related to pulsar radio emis-
sion, including the spectral behaviour of the radiation, the definition of flux density,
and the polarisation properties of pulsar signals. These topics are discussed at
a qualitative and phenomenological level, providing the necessary background for

later chapters without assuming prior familiarity with radio astronomy techniques.

1.7.1 Broadband Radio Emission from Pulsars

Pulsar radio emission is characterised by its broadband nature, extending over sev-
eral orders of magnitude in frequency, from tens of megahertz to several gigahertz.
Unlike thermal radiation, which has a characteristic spectral shape determined by
temperature, pulsar radio emission is non-thermal and is widely believed to arise
from coherent radiation processes within the neutron star magnetosphere [1, 40, 41].

Coherent emission implies that the radiated power scales with the square of
the number of participating charges, allowing pulsars to produce extremely high
brightness temperatures that cannot be explained by incoherent mechanisms such
as synchrotron or thermal emission. Although the precise physical mechanism re-
sponsible for pulsar radio emission remains an open problem, a wide range of models
invoke plasma processes operating along open magnetic field lines near the magnetic
poles of the neutron star [42].

From an observational perspective, the broadband nature of pulsar emission
means that pulsars can, in principle, be detected across a wide range of radio fre-

quencies. However, the emitted power is not distributed uniformly with frequency,
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and the observed brightness of a pulsar depends sensitively on the observing band.

1.7.2 Flux Density as an Observable Quantity

The fundamental observable used to quantify the brightness of a pulsar at radio
wavelengths is the flux density. The flux density, denoted S,, is defined as the
received power per unit collecting area per unit bandwidth at a given observing fre-
quency v, and is typically expressed in units of janskys (1 Jy = 10726 W m~2 Hz™1).
For a pulsar observed at a frequency v, the measured flux density depends on
several factors, including the intrinsic emission strength of the source, its distance
from the observer, and propagation effects introduced by the ISM. Unlike intrinsic
quantities such as spin period or magnetic field strength, the measured flux density
is therefore not an inherent property of the neutron star alone, but an observational
quantity affected by the intrinsic luminosity, distance, beaming geometry, and prop-
agation effects such as scintillation. The ability to detect or accurately measure this
flux density, however, depends on instrumental sensitivity and calibration.[38, 40].
Pulsar flux densities are also known to vary significantly with time. These vari-
ations can arise from changes in the emission process, geometric effects related to
beam structure, or propagation effects such as interstellar scintillation, which can
modulate the observed signal strength on timescales ranging from seconds to days
[43, 44]. As a result, flux density measurements for pulsars are often subject to

substantial uncertainties and should be interpreted with appropriate caution.

1.7.3 Spectral Index and Frequency Dependence

The frequency dependence of pulsar radio emission is commonly described using a

power-law model for the flux density,
S, o Ve, (1.16)

where « is the spectral index. For most radio pulsars, the spectral index is negative,
indicating that pulsars are generally brighter at lower radio frequencies. Typical
values of « lie in the range @ ~ —1.4 to —1.8, although significant scatter exists
within the population [45-47].

The spectral index provides a compact, phenomenological description of how
pulsar brightness changes with observing frequency. Steep spectra imply that pul-
sars may be readily detectable at low frequencies but become increasingly faint at
higher frequencies, while flatter spectra allow emission to remain detectable across a

broader frequency range. Differences in spectral index have been reported between
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various pulsar populations, including canonical pulsars and millisecond pulsars, al-
though the underlying physical causes of these differences remain an active topic of
investigation [48, 49].

It is important to emphasise that the power-law description is an approximation.
Many pulsars exhibit spectral turnovers at low frequencies, spectral flattening or
breaks at higher frequencies, or complex spectral shapes that cannot be captured by
a single power-law index [47, 50]. Nevertheless, the spectral index remains a widely

used and informative parameter in population studies and survey interpretation.

1.7.4 Polarisation Properties of Pulsar Emission

One of the most distinctive features of pulsar radio emission is its high degree of
polarisation. Pulsar signals are often strongly linearly polarised, with a significant
circularly polarised component also commonly observed. The polarisation properties
of pulsars provide important insights into the geometry of the emission region and
the structure of the neutron star magnetosphere [17, 51].

The observed polarisation is typically described in terms of the Stokes parame-
ters, which quantify the total intensity, linear polarisation, and circular polarisation
of the radiation. Systematic variations in the polarisation position angle across the
pulse profile are commonly observed and are often interpreted within the framework
of geometrical models that relate the emission beam to the rotating magnetic field
of the neutron star [17, 38].

Propagation effects within the magnetosphere and the ISM can further modify
the observed polarisation signal. In particular, Faraday rotation, caused by the
interaction of linearly polarised radiation with magnetised plasma along the line of
sight, can rotate the plane of polarisation in a frequency-dependent manner [52].
While such effects can complicate the interpretation of polarisation measurements,
they also provide valuable probes of magnetic fields in both the pulsar environment

and the intervening ISM.

1.8 Pulsars as Astrophysical and Physical Labo-

ratories

Beyond their intrinsic interest as exotic stellar remnants, pulsars occupy a unique
position in modern astrophysics as precision tools for studying a wide range of
physical phenomena. Their extreme properties—rapid rotation, intense magnetic

fields, enormous densities, and exceptional rotational stability—allow pulsars to
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probe regimes of physics that are inaccessible to terrestrial experiments or to other
classes of astronomical objects.

This section provides a broad overview of the key scientific areas in which pulsars
play a central role, highlighting why they are widely regarded as natural laboratories

for fundamental physics, astrophysics, and cosmology.

1.8.1 Probing Fundamental Physics in Strong-Field Regimes

Neutron stars represent the densest stable form of matter known in the Universe,
with central densities exceeding those found in atomic nuclei. As a result, pulsars
provide a unique window into the behaviour of matter under extreme conditions,
where strong nuclear forces, relativistic gravity, and quantum effects coexist [10, 227
].

Binary pulsars, particularly those in compact or relativistic systems, enable strin-
gent tests of gravitational theories in the strong-field regime. Measurements of
orbital dynamics in such systems have provided some of the most precise confirma-
tions of general relativity, including the indirect detection of gravitational radiation
through orbital decay [53, 54]. Unlike Solar System tests, which probe weak gravi-
tational fields, pulsars allow gravity to be tested in environments where relativistic
effects are dominant.

In addition to gravity, pulsars offer constraints on the equation of state of ultra-
dense matter. Observations of neutron star masses and radii place direct limits on
the possible composition and stiffness of matter at supranuclear densities, thereby

informing nuclear physics and particle physics models [227 |.

1.8.2 Magnetospheric Physics and Plasma Processes

Pulsars host some of the most extreme magnetic environments known, with surface
magnetic field strengths ranging from 10® G in recycled millisecond pulsars to above
10 G in magnetars. These fields dominate the structure and dynamics of the
surrounding magnetosphere, giving rise to relativistic plasma processes that remain
only partially understood [15, 257 ].

The coherent radio emission observed from pulsars is a direct manifestation of
these plasma processes and provides an observational handle on particle acceleration,
pair production, and wave-particle interactions in strong magnetic fields. Studies of
pulsar emission therefore contribute to a broader understanding of plasma physics
under extreme conditions, with implications that extend beyond neutron stars to

other magnetised astrophysical systems.
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1.8.3 Stellar Evolution and Binary Interactions

Pulsars serve as key tracers of stellar evolution, particularly in binary systems. The
existence of millisecond pulsars provides compelling evidence for long-term mass
transfer and angular momentum exchange in close binaries, offering insights into
accretion physics and binary stellar evolution [27, 28].

In dense stellar environments such as globular clusters, pulsars also act as probes
of dynamical interactions, including exchange encounters, tidal capture, and binary
disruption. The overabundance of millisecond pulsars in globular clusters relative
to the Galactic field reflects the importance of stellar dynamics in shaping compact-
object populations [55, 56]. These systems therefore link pulsar astrophysics to the

study of stellar dynamics and cluster evolution.

1.8.4 The Interstellar Medium and Galactic Structure

As pulsar signals propagate from their source to the observer, they interact with the
ionised interstellar medium (ISM). Frequency-dependent propagation effects such as
dispersion, scattering, and scintillation encode information about the distribution
and turbulence of free electrons along the line of sight [43, 57].

By studying large samples of pulsars distributed throughout the Galaxy, as-
tronomers can reconstruct models of the Galactic electron density and probe the
structure of the ISM on a wide range of spatial scales. Pulsars thus function as
effective beacons that illuminate the otherwise invisible ionised component of the
Milky Way.

1.8.5 Cosmological and Multi-Messenger Applications

The exceptional rotational stability of millisecond pulsars enables their use as ultra-
precise celestial clocks. Ensembles of such pulsars form the basis of pulsar timing
arrays, which are designed to detect low-frequency gravitational waves produced
by supermassive black hole binaries and other cosmological sources [32, 58]. In
this context, pulsars extend gravitational-wave astronomy into a frequency regime
inaccessible to ground-based detectors.

Pulsars also play a growing role in multi-messenger astrophysics. Associations
between pulsars, supernova remnants, high-energy neutrinos, and gamma-ray sources
provide complementary views of energetic astrophysical processes and particle ac-

celeration mechanisms across the electromagnetic spectrum [23, 24].
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Chapter 2

Pulsar Science with Globular

clusters

2.1 From Isolated Evolution to Dynamical Envi-

ronments

Chapter 1.1 developed three ideas that are essential for understanding why glob-
ular star clusters are such productive environments for pulsar science. (i) Pulsars
evolve in spin as they lose rotational energy, so their observed period P and period
derivative P encode physical evolution. (ii) Millisecond pulsars (MSPs) are typically
interpreted as recycled neutron stars: they reach millisecond periods by gaining an-
gular momentum during a past episode of mass transfer in a binary system. (iii)
Binary motion imprints itself directly on observables, because orbital Doppler shifts
modulate the apparent spin period and must be accounted for in searches and follow
up studies.

Taken together, these points imply a simple but powerful conclusion: producing
recycled pulsars is not only a question of how neutron stars evolve, but also a
question of how efficiently an environment can create, modify, and sustain the binary
systems that enable recycling.

In the Galactic field (a low stellar-density environment), binary systems are
formed primarily during star formation and subsequently evolve largely in isola-
tion. The probability that an old neutron star will acquire a new companion or
that an existing binary will be repeatedly reconfigured by close stellar encounters
is negligibly small over gigayear timescales. Consequently, the dominant pathways
for producing recycled pulsars in the field are those available to primordial bina-

ries, governed mainly by internal stellar evolution and mass transfer rather than by
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external dynamical interactions [27].

Globular clusters (GCs) represent the opposite regime. They are old (~10-
13 Gyr), gravitationally bound stellar systems containing ~ 10*-10° stars within
characteristic radii of only a few parsecs [59]. Their defining feature is not merely
their stellar content, but their extreme crowding in the central regions. Central
stellar densities can reach values many orders of magnitude higher than in the So-
lar neighbourhood, leading to frequent gravitational encounters between stars and
binaries over the cluster lifetime [60].

A useful concept in this context is the relazation time: the timescale over which
many weak gravitational encounters cumulatively redistribute orbital energies and
drive processes such as mass segregation 2.2.4 . Unlike the Galactic field, many
globular clusters are dynamically old systems in which relaxation has had sufficient
time to strongly modify both stellar and binary populations.

This dynamical evolution changes pulsar demographics in two distinct ways.
First, the cluster environment can assemble and reconfigure binaries through close
encounters. A neutron star can acquire a new companion through an exchange
interaction, in which it replaces one member of an existing binary. Encounters can
also harden binaries (reduce their orbital separations), increasing the likelihood of
mass transfer episodes, or disrupt wide “soft” binaries [61, 62]. Clusters therefore do
not merely perturb binaries that already exist; they can actively create and re-wire
the binary systems that enable recycling. These dynamical formation channels are
strongly suppressed in the Galactic field because close encounters are exceedingly
rare.

The impact of these processes is reflected directly in the observed pulsar pop-
ulations of globular clusters. Figure 2.1 shows the current number of known radio
pulsars hosted by individual Galactic globular clusters, separated into binary and
isolated systems. These population statistics are compiled from the continuously up-
dated online globular cluster pulsar catalogue maintained by Freire!, and therefore
represent the census at the time of writing.

A comparison with the Galactic field highlights the remarkable efficiency of glob-
ular clusters as factories of millisecond pulsars (MSPs): despite containing less than
~1% of the stellar mass of the Milky Way, they host a disproportionately large
fraction of the known MSP population. In addition, the relative fractions of binary
and isolated systems differ significantly between the two environments. While MSPs
in the Galactic field are predominantly found in binary systems, globular clusters

exhibit a substantially higher fraction of isolated pulsars. This trend, also visible in

https://www3.mpifr-bonn.mpg.de/staff/pfreire/GCpsr.html
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Figure 2.1: Number of known radio pulsars hosted by Galactic globular clusters,
separated into binary and isolated systems. The statistics are compiled from the
online globular cluster pulsar catalogue maintained by P. C. C. Freire as of 18 march
2026.

Fig. 2.1, is naturally explained by the high rate of dynamical interactions in cluster
cores, where close encounters can both form binaries and subsequently disrupt them,
leaving behind isolated recycled pulsars.

The strong cluster-to-cluster variation in pulsar yield emphasizes that pulsar
production is linked to underlying cluster properties such as central density and
encounter activity [63, 64].

Globular clusters provide an observationally advantageous target class for pulsar
surveys. A cluster occupies a compact, well-defined sky position, enabling deep and
repeated integrations on the same stellar system. This facilitates the detection of
faint pulsars and improves sensitivity to certain faint systems which require longer
observation times to be detected.

Finally, the cluster environment affects how pulsar parameters are interpreted. A
pulsar embedded in a globular cluster resides within the cluster gravitational poten-
tial and can experience a line-of-sight acceleration that contributes to the observed P
[65]. Separating intrinsic spin evolution from environmental contributions is there-
fore essential when inferring physical parameters, and conversely allows pulsars to
be used as probes of cluster mass distributions.

This chapter develops the physical framework required to connect globular clus-

ter properties to pulsar formation pathways, population trends, and observational
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detectability, providing the environmental basis for the subsequent sections and

chapters.

2.2 Structural Parameters and Dynamical Evolu-

tion of Globular Clusters

Section 2.1 motivated globular clusters as environments in which gravity-driven
encounters can repeatedly reshape stellar systems. The purpose of this section is to
define the structural parameters and dynamical timescales that quantify how fast
clusters evolve and how frequently close encounters occur. These quantities will
recur throughout the chapter when connecting cluster properties to compact-binary

formation and pulsar populations.

2.2.1 From Structure to Dynamics: the basic ingredients

A globular cluster can be treated, to first approximation, as a self-gravitating system
in approximate dynamical equilibrium. A widely used phenomenological description
of the stellar distribution is provided by lowered isothermal (King) models [66].
The detailed model is not required for most of what follows, but it motivates a
standard set of structural parameters used throughout the literature and tabulated
for Galactic clusters [59].

The key quantities are: (i) a characteristic size (core radius r. and half-light
radius 7), (ii) a characteristic density (central mass density py or central number
density ng), and (iii) a characteristic speed scale (velocity dispersion ). Together
these set the relevant timescales and interaction rates.

Here, the core radius 7. is the radius within which the stellar density remains
approximately constant before declining, while the half-light radius 7, is the radius
enclosing half of the total cluster luminosity. The central mass density p, and
number density ng describe the stellar density at the cluster centre in terms of mass
and number of stars, respectively.

The velocity dispersion o can be understood as the typical random speed of stars
in the cluster. It is set by the depth of the cluster potential: a deeper potential well
requires larger random motions to remain in equilibrium. This connection can be

made quantitative using the virial theorem, which for a bound system implies

2T + U ~ 0, (2.1)
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where T' is the total kinetic energy and U is the total gravitational potential energy.

For order-of-magnitude reasoning one may write 7' ~ %M o> and U ~ —aGM?/r,

where M is the cluster mass, r is a characteristic radius (often comparable to 74,),

and « is a structure-dependent factor of order unity. This yields the useful scaling
GM

2~ . 2.2
ot~ (2:2)

Thus, even without detailed modelling, one expects more massive and more compact

clusters to have larger o.

2.2.2 Crossing time: the “fast” dynamical clock

A first timescale is the crossing time, the time it takes a typical star to travel across
a region of size r at speed o:
r

teross ~ p (2.3)
For r ~ 1 pcand o ~ 10 kms™!, teoe ~ 10° yr. This is extremely short compared
to GC ages (~ 10'° yr), meaning that clusters have undergone an enormous number
of crossings. Crossing time therefore measures how quickly the system responds
dynamically to perturbations, but it does not by itself describe long-term evolution
of the stellar distribution.

2.2.3 Two-body relaxation: why clusters evolve at all

The long-term evolution of a globular cluster is driven primarily by two-body re-
lazation: the cumulative effect of many weak gravitational deflections during close
passages between stars [60, 67].Each encounter typically changes a star’s velocity by
a small amount, but the changes add up as a random walk (diffusion) in velocity
space. The relaxation time is the timescale on which a star’s velocity changes by an
amount comparable to itself, i.e. the time required for stars in the system to lose
memory of their initial velocities.

A standard approximate expression for the relaxation time at radius r is

034 o3
T GmZnn A’

(2.4)

where m, is the typical stellar mass, n is the local number density, and In A is the
Coulomb logarithm, which encodes the contribution of encounters over a wide range
of impact parameters [60, 67].

This expression arises by considering the cumulative effect of many weak, long-
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range two-body encounters. Individual encounters produce only small deflections in
stellar velocities, but their combined effect can be treated as a diffusion process in
velocity space. By integrating over the range of possible impact parameters (from
close to distant encounters), one obtains the characteristic rate at which velocities
change, leading to Eq. 2.4 (see also Mapelli 68).

Equation 2.4 makes the physics transparent:

e relaxation is faster at higher densities (¢, o< 1/n),

e relaxation is slower in high-velocity systems (¢, oc 0®),

e smaller-mass perturbers are less effective (¢, oc 1/m?).

A commonly used global form relates relaxation to the crossing time:

0.1N

by ~ —— tcrossv
In N

(2.5)

where N is the number of stars [60]. This expression can be understood by noting
that a star experiences a small deflection during each crossing of the cluster, and
that many such crossings (of order N/In N) are required for these deflections to
accumulate into a significant change in its velocity. Thus, the relaxation time can
be interpreted as the number of crossings needed for the system to lose memory of
its initial conditions.

Physically, t...ss measures how rapidly stars move through the system, while ¢,
measures how long it takes for many weak encounters to significantly alter stellar
velocities. The fact that ¢, > t..s in most stellar systems reflects that relaxation
is a cumulative, diffusive process rather than the result of a single strong encounter.

To illustrate the dynamical significance of relaxation for real globular clusters,
Fig. 2.2 shows the distribution of relaxation times tabulated in the Harris catalogue
2. The blue histogram corresponds to the core relazation time t,., evaluated at
the cluster centre, while the orange histogram shows the half-mass (evaluated at
half-light radius) relazation time t.;, [59]. The dashed vertical line marks 1010 yr,
a representative globular cluster age. The key point is that ¢,. is typically far
shorter than the cluster age, implying that most cluster cores have undergone many
relaxation cycles and are therefore dynamically evolved. The longer ¢, values reflect
the lower densities at larger radii; clusters may be dynamically old in their cores
even when their outer regions evolve more slowly. This separation of timescales is
central to understanding why compact objects become centrally concentrated and

why encounter-driven processes are most efficient in cluster cores.

’https://physics.mcmaster.ca/~harris/mwgc.dat
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Relaxation times in Milky Way globular clusters (Harris 1996, 2010 edition)
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Figure 2.2: Distribution of core (¢,.) and half-mass (¢,,) relaxation times for Galac-
tic globular clusters from the Harris (1996; 2010 edition) catalogue. The dashed
line marks 10'° yr for comparison with typical globular cluster ages. Cluster cores
generally relax on timescales < 10'° yr, implying substantial dynamical evolution
over a Hubble time.
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2.2.4 Mass segregation and dynamical friction: why rem-

nants collect in the core

Relaxation tends to redistribute kinetic energy between stars. In the limit of com-
plete energy equipartition, one expects mo?2, ~ const, where m is the stellar mass
and o,, is the velocity dispersion of stars of mass m, so heavier stars have smaller
velocity dispersions. Even though clusters do not achieve perfect equipartition in
general, the qualitative outcome is robust: heavier objects systematically lose ki-
netic energy and drift inward, while lighter stars preferentially populate larger radii.
This process is known as mass segregation [60, 67].

For compact remnants (white dwarfs, neutron stars, and stellar-mass black holes),
mass segregation implies an enhanced central concentration. This is one of the most
important dynamical facts for pulsar science: the objects most relevant for com-
pact binary formation are preferentially delivered into the high-density core where

encounter rates are maximized.

2.2.5 Close encounters and gravitational focusing

To connect structure to interaction rates, we need a quantitative notion of what it
means for two stars to have a “close encounter”. Consider two objects approaching
with relative speed v, at large separation and with an impact parameter b. Pure
geometry would suggest an interaction cross section ¥ ~ 7b%. In gravitational
systems, however, trajectories are bent: gravity focuses passing stars toward smaller
separations.

For an encounter to reach a periapsis distance r,;,, one can show that the effec-

tive cross section is approximately

5 (rrain) 2 712 (1 4 M) , (2.6)

min
Tmlnvoo

where my and msy are the masses of the interacting objects and v, is their relative
velocity at large separation (i.e. before the encounter) [60].

The periapsis distance ry;, is the relevant quantity because the strength and
outcome of an encounter are determined by the closest approach between the two
objects. Processes such as tidal interactions, physical collisions, or binary pertur-
bations depend sensitively on this minimum separation rather than on the initial
impact parameter.

The second term represents gravitational focusing. When v, is small, gravita-

tional attraction significantly deflects trajectories, increasing the likelihood of close
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Gravitational focusing in low-velocity stellar systems
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Figure 2.3: Gravitational focusing enhancement factor, 142G (mi+ms)/(rmmv2 ), as
a function of encounter velocity at infinity v, for representative periapsis scales ry;,.
Low velocity dispersions typical of globular clusters strongly increase the effective
cross section for close encounters relative to the geometric expectation.

encounters and making the effective cross section much larger than the purely geo-
metric one.

The importance of gravitational focusing for globular clusters is illustrated in
Fig. 2.3, which shows the focusing enhancement factor appearing in Eq. 2.6 as a
function of encounter velocity at infinity v, for representative periapsis scales ry;,.
Because the enhancement scales as v 2, it increases rapidly in the low-velocity regime
characteristic of globular clusters (o ~ a few to ~ 10 kms™!). In this regime, close
encounters are not governed purely by geometric cross sections; instead, the effective
interaction probability is substantially amplified by gravitational focusing.

The encounter rate per target object is then roughly
R~ nXvs, (2.7)

with n the number density of potential perturbers. Equations 2.6-2.7 summarize
the core reason globular clusters are encounter-rich environments: high n increases

the number of potential encounters, and low v, enhances gravitational focusing.
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2.2.6 The encounter rate parameter I'

For population studies it is convenient to define a single quantity that scales with
the global rate of close encounters in the cluster core. A widely used proxy is the
encounter rate parameter I' [62, 63]. Its standard scaling can be motivated in a few
steps.

The total number of encounters per unit time in a volume V' is schematically

N,
WNeve / n2(S) V. (2.8)
a "),

because encounters involve pairs, giving the n? dependence. If we approximate the
core as having roughly uniform density ny and characteristic speed o within a volume

V., ~ 73, then
dNenC

dt

In regimes where gravitational focusing dominates, Eq. 2.6 implies ¥ oc 1/v?, so

o n2rd (So). (2.9)

Yv « 1/v. Identifying v with the velocity dispersion o gives the commonly quoted

scaling
2.3
I x PoTec
o

: (2.10)

where pg is used instead of ny (they differ by a factor of the typical stellar mass).
The purpose of Eq. 2.10 is not precision, but clarity: clusters with higher central
densities and larger cores have much larger encounter rates, while higher velocity
dispersions reduce focusing and therefore reduce the interaction rate.

Empirically, I correlates with the abundance of dynamically formed compact
binaries (notably X-ray binaries), supporting the interpretation that close encounters

are a dominant formation channel in dense clusters [63].

2.2.7 Binary processing, core collapse, and binary heating

Two-body relaxation drives an outward transport of energy: the cluster core tends
to lose energy and contract, while the outer regions gain energy and expand. In
the absence of an internal energy source, this process can lead to a runaway in-
crease in central density, historically described as the gravothermal catastrophe and
observationally associated with core-collapsed clusters [60, 67].

Observationally, core collapse is identified through the surface brightness profile
of a cluster, which shows a steep central cusp rather than a flat core. Such clusters
lack a well-defined core radius and exhibit a continuous rise in brightness toward

the centre, indicating a very high central stellar density.
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An important internal energy source is provided by binaries. Consider a binary

with component masses m; and msy and semi-major axis a. Its binding energy is

Gmlmg

B =
b 2a

(2.11)

This can be compared to the characteristic kinetic energy of a typical cluster star,

1
Eigy ~ §m*02, (2.12)

where m, is the typical stellar mass and o the velocity dispersion.
The so-called "hard-soft” boundary is obtained by equating these two energies,
Gm1m2 1 2

~ 2ol 2.13
2. 27 (2.13)

which gives the characteristic semi-major axis

Gm1m2

(ps ~ (2.14)

myo?

Binaries with a < ays are called hard: their binding energy exceeds the typical
kinetic energy of field stars. Binaries with a > ays are soft. This distinction is
dynamically crucial. Encounters tend to drive systems away from the boundary:
soft binaries are easily disrupted, while hard binaries tend to become more tightly
bound through interactions [61]. This empirical rule is often summarized as Heggie’s
law: “hard binaries get harder; soft binaries get softer.”

In interactions involving hard binaries, part of the binary’s binding energy is
transferred to passing stars as kinetic energy. The intruding star leaves the encounter
with increased velocity, while the binary becomes more tightly bound (smaller a).
This process injects energy into the surrounding stellar population and is therefore
referred to as binary heating. Binary heating can partially counteract relaxation-
driven core contraction and plays a central role in regulating long-term cluster evo-

lution.

2.3 Neutron Stars and the Dynamical Formation

of Recycled Pulsars

Section 2.2 established that globular cluster cores are dynamically evolved and
encounter-rich: their relaxation times are typically far shorter than the cluster age

and gravitational focusing enhances close-interaction cross sections at the low veloc-
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ity dispersions characteristic of globular clusters. In this section we connect these
dynamical ingredients to neutron stars and pulsars. Two questions must be answered
before discussing millisecond pulsars (MSPs) in clusters: (i) how neutron stars are
retained in globular clusters despite natal kicks (velocity impulses imparted to neu-
tron stars at birth due to asymmetries in supernova explosions.), and (ii) how dense

cluster environments assemble and process the binaries required for recycling NSs
into MSPs.

2.3.1 Natal kicks and the neutron-star retention problem

Neutron stars are born in supernova explosions. Observations of pulsar proper
motions imply that many neutron stars receive substantial natal kicks at birth,
with characteristic speeds of hundreds of kms™ [4]. This immediately creates a
tension with globular cluster potentials: the escape velocities of globular clusters are

1. so a naive expectation would be that most newborn

typically only tens of kms™
neutron stars are ejected.

A simple way to see the scale of the problem is to compare a characteristic escape
speed to a characteristic kick speed. For a cluster of mass M and characteristic

radius 7, the escape speed scales as

1/2
Vese ~ (QGM) . (2.15)

r

For M ~ 105-10° M and r ~ a few pc, this yields ve of order ~ 30-80 kms™,
depending on concentration and where in the cluster the neutron star is born. This
is far below the high-velocity tail of the natal-kick distribution.

The retention fraction is the fraction of neutron stars formed with speeds below
the relevant escape speed. If the birth-speed distribution f(v) is known, one may

write schematically

Vesc

Jret = f(v)dv, (2.16)
0

emphasizing that retention is highly sensitive to the low-velocity end of the kick
distribution and to the cluster escape speed. In practice, additional factors matter,
including whether the supernova occurs in a binary, because the post-supernova
centre-of-mass velocity depends on both the natal kick and the binary orbital motion.

To make Eq. 2.16 intuitive, it is useful to think of natal kicks as a probability
distribution of birth speeds. When a neutron star is formed, it may receive a recoil
velocity (a “kick”) due to asymmetries in the supernova explosion. We generally

do not know the kick of an individual neutron star a priori, but we can describe
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the population statistically by a speed distribution f(v). A simple and widely used
choice is a Maxwellian distribution for the three-dimensional speed, which arises
if the kick velocity components are independent Gaussian random variables. This
form is also supported empirically by pulsar proper motion measurements [4]. In
this case, a single parameter o, (the one-dimensional dispersion) sets the overall
scale of the kicks.

The retained fraction in a globular cluster is then simply the probability that
the birth speed falls below the relevant escape speed v, i.e. the cumulative prob-
ability fret(Vese) = Ovesc f(v)dv. Figure 2.4 plots this cumulative retained fraction
as a function of wve. for two illustrative kick distributions. The “high-kick” curve
adopts the Maxwellian model inferred for ordinary field pulsars by Hobbs et al.
[4]. The “low-kick” curve is not presented as a unique physical model, but as a
schematic example showing how retention changes if a subset of neutron stars form
with substantially smaller kicks, as expected in some alternative supernova channels
(e.g. electron-capture or ultra-stripped supernovae) [5, 6]. The key message is that
neutron-star retention is controlled by the low-velocity tail of the kick distribution:
modest changes to the kick physics (or the presence of a low-kick component) can
increase the retained population by orders of magnitude for typical globular-cluster
escape speeds.

Several mechanisms can enhance neutron-star retention in globular clusters. A
key idea is that not all neutron stars are formed in the same way. Alternative for-
mation channels such as electron-capture supernovae (ECS) and ultra-stripped su-
pernovae can produce significantly lower kick velocities than canonical core-collapse
explosions. In ECS, a degenerate O-Ne-Mg core collapses once electron captures
onto nuclei remove pressure support, leading to a relatively symmetric and low-
energy explosion. Ultra-stripped supernovae, on the other hand, occur in close
binaries where prior mass transfer removes most of the stellar envelope, leaving
only a small amount of ejecta at collapse; the reduced ejecta mass leads to weaker
recoil kicks.[5, 6]. Even a modest low-kick component can greatly increase the num-
ber of neutron stars retained by a cluster, because f.o depends on the integrated
probability below ves. (Eq. 2.16).

The observational existence of large pulsar populations in some clusters therefore
suggests that (i) retention is non-negligible in at least a subset of clusters, and (ii)
the neutron stars that are retained are subsequently delivered to the cluster core

and efficiently recycled through binary interactions, as discussed below.
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Neutron-star retention fraction vs globular-cluster escape speed
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Figure 2.4: Retained neutron-star fraction as a function of cluster escape speed,
fret(Vese) = Ove“ f(w)dv, for two illustrative natal-kick distributions. The high-
kick curve adopts a Maxwellian with one-dimensional dispersion o}, = 265 kms™!
inferred for ordinary field pulsars [4]. The low-kick curve is included for comparison
to illustrate how the presence of low-kick formation channels (e.g. electron-capture or
ultra-stripped supernovae) can substantially increase retention in globular clusters

[5, 6]. Vertical lines indicate representative globular-cluster escape speeds.
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2.3.2 Mass segregation and the central concentration of com-

pact remnants

Once neutron stars are retained, they do not remain uniformly distributed. As de-
scribed in Section 2.2, two-body relaxation drives mass segregation: heavier objects
tend to lose kinetic energy to lighter stars and drift inward on a timescale compara-
ble to the local relaxation time [60, 67]. Since neutron stars are more massive than
the typical cluster star, they are preferentially concentrated in the core.

This central concentration has two important consequences. First, it increases
the interaction probability of neutron stars by placing them in the densest region
where the encounter rate parameter I is largest. Second, it increases the likelihood
that neutron stars participate in binary-mediated interactions, because binaries in
cluster cores act as large gravitational targets and are continuously processed by
encounters.

Thus, even if the global neutron-star retention fraction is not large, the neutron
stars that are retained can form a dynamically active central reservoir. This reservoir

is the starting point for producing compact binaries and recycled pulsars.

2.3.3 Binary processing and the pathways to recycling in

clusters

Recycling requires sustained mass transfer in a binary system. In the Galactic field,
the canonical pathway to form a fully recycled millisecond pulsar proceeds through
the evolution of a primordial binary, ultimately producing a neutron star with a
low-mass companion that becomes a white dwarf after the accretion phase [27, 28].
In globular clusters, the crucial difference is that binaries are not only evolved, but
also assembled and modified dynamically.

Hard binaries tend to survive and become harder in encounters, while soft bina-
ries are preferentially disrupted [61, 69]. This explains why cluster cores can sustain
a population of compact, tightly bound binaries that are particularly relevant for

recycling neutron stars.

Exchange interactions and dynamical assembly

In a dense core, encounters between a binary and a single star are common. One of
the most important outcomes is an exchange interaction: the incoming star replaces
one of the binary components. Because gravitational interactions favour more mas-

sive objects binding more strongly, exchange interactions tend to place the most
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massive participant into the final binary. As a result, neutron stars (and other rem-
nants) can efficiently acquire companions even if they were born single, or can swap
into binaries in place of lighter stars [69, 70].

This mechanism provides a natural route to producing binaries in which a neu-
tron star is paired with a companion capable of driving an accretion episode. It also
produces systems whose companions and orbital configurations need not resemble
the outcomes of isolated binary evolution. The same dynamical processing can yield
repeated episodes of binary formation and disruption, making the cluster environ-

ment capable of “recycling” neutron stars through multiple dynamical stages.

Hardening and the onset of mass transfer

Even when a neutron star is already in a binary, repeated encounters can change
the orbital separation. Hardening interactions shrink a, increasing the likelihood
that the companion fills its Roche lobe and initiates mass transfer. In this way,
stellar dynamics can accelerate the formation of interacting binaries compared to
the field. This is one reason globular clusters are efficient producers of low-mass

X-ray binaries, widely interpreted as direct progenitors of MSPs [63, 71].

Implications for pulsar populations

The combined effect of (i) non-negligible retention, (ii) mass segregation into dense
cores, and (iii) dynamical assembly and processing of binaries, produces pulsar pop-
ulations that differ from the Galactic field. Clusters preferentially host recycled
pulsars and a rich variety of binary configurations, including systems that are diffi-

cult to produce through isolated evolution alone.

2.3.4 Globular Clusters as Laboratories for Exotic Pulsar

Systems

The dynamical processes described in the previous sections do not merely modify
the pulsar population quantitatively; they qualitatively reshape it. Globular clusters
host a collection of pulsar systems that are rare or dynamically difficult to produce
in the Galactic field. This diversity reflects the interplay between neutron-star reten-
tion, mass segregation, and repeated dynamical interactions in dense cluster cores
[72-74].

One of the most striking observational facts is that globular clusters are ex-
traordinarily efficient factories of millisecond pulsars (MSPs). Although globular

clusters contain less than one percent of the stellar mass of the Milky Way, they
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host a disproportionately large fraction of the known MSP population [72, 73]. This
overabundance is widely interpreted as evidence that dynamical formation chan-
nels—particularly exchange interactions and binary hardening—are highly effective
at producing recycled systems in dense stellar environments.

Beyond their sheer numbers, the types of pulsars found in clusters are particularly
revealing. Many cluster MSPs reside in compact binaries with very low-mass com-
panions undergoing active ablation by the pulsar wind. These systems are commonly
referred to as “black widow” and “redback” pulsars and are thought to represent
transitional evolutionary phases between accretion-powered and rotation-powered
states [75]. The high stellar interaction rates in cluster cores likely facilitate the
formation, destruction, and reshuffling of such tight binaries.

Clusters also host systems with unusually high orbital eccentricities for recycled
pulsars. In the Galactic field, prolonged mass transfer during the recycling process
typically circularises binary orbits. The presence of eccentric MSP—white dwarf
systems in globular clusters is therefore interpreted as a signature of post-recycling
dynamical encounters, such as close fly-bys or exchange interactions with other
cluster members [36, 76]. These systems provide direct observational evidence that
binaries in clusters can continue to evolve dynamically long after the initial recycling
phase.

Even more extreme systems involve unusually massive or compact companions.
A particularly intriguing example is PSR J0514—4002E in the globular cluster
NGC 1851, whose timing measurements suggest the presence of a companion in
the stellar-mass black-hole regime [77]. If confirmed, such systems would provide
unique probes of black-hole populations in globular clusters and offer laboratories
for studying relativistic dynamics in strongly interacting stellar environments.

Globular clusters have also produced some of the most relativistic binary pulsars
known. The discovery of the double neutron star system PSR J0737—3039 in the
Galactic field demonstrated the extraordinary precision with which pulsars can be
used to test general relativity [78, 79]. In dense stellar systems, exchange interac-
tions can in principle assemble similarly compact binaries containing two neutron
stars or other massive companions. Such systems would provide exceptionally clean
laboratories for relativistic gravity and binary evolution under dynamical conditions.

In addition to compact binaries, globular clusters host a population of isolated
MSPs whose formation likely involved past binary disruption. These objects may
represent the remnants of exchange interactions or binary destruction events, again
highlighting the importance of cluster dynamics in shaping the observable pulsar

population.
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Taken together, the pulsar systems observed in globular clusters illustrate a
fundamental point: dense stellar environments do not simply accelerate canonical
binary evolution; they open entirely new evolutionary pathways. Exchange inter-
actions can replace companions, perturb orbital parameters, and assemble configu-
rations that are statistically improbable in the Galactic field. As a result, globular
clusters function as natural laboratories for studying stellar dynamics, compact-
object retention, relativistic binaries, and the late stages of stellar evolution.

This rich phenomenology provides a strong observational motivation for targeted
pulsar searches in globular clusters. By probing deeper into these systems—particularly
at higher radio frequencies where dispersion and scattering are mitigated—we gain
access to a pulsar population shaped not only by stellar evolution, but also by the

full complexity of long-term gravitational dynamics.

2.4 Pulsars as Probes of Globular Cluster Gravi-

tational Potentials

One of the most powerful reasons that pulsars are useful in astrophysics is that they
behave as exceptionally stable clocks. In practice, they are not clocks in the sense
of emitting identical single pulses one after another—individual pulses often vary
significantly in amplitude and morphology—but the average pulse profile formed
by integrating many successive rotations is remarkably stable. This stability allows
the pulse train of a pulsar to be used as a precise timing signal. Once a pulsar
is detected repeatedly, one can build a phase-coherent model for its rotation and,
where relevant, its binary motion. Small discrepancies between the predicted and
measured arrival times of the pulses then reveal dynamical effects of extraordinary
subtlety [12, 38, 40].

For pulsars located in globular clusters, this timing precision opens an especially
interesting possibility. A pulsar in a globular cluster does not move freely in empty
space: it resides within the gravitational potential of the cluster, and therefore
experiences a non-negligible acceleration. This acceleration alters the apparent spin
evolution of the pulsar and can also affect the apparent orbital evolution in binary
systems. At first sight this is a nuisance, because it complicates the interpretation
of the measured spin period derivative. However, the same effect makes pulsars
valuable probes of the gravitational field of the cluster. In other words, pulsars
in globular clusters can be used as precision accelerometers embedded within the
cluster potential [36, 65, 80].
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2.4.1 Minimal timing concepts: pulse times of arrival and

phase-coherent models

Because pulsar timing is central to this discussion, it is useful to introduce the
minimum set of concepts needed here, without attempting a full review of the sub-
ject. The fundamental observable in pulsar timing is the time of arrival (TOA). A
TOA is the measured arrival time of a fiducial phase point in the averaged pulse
profile recorded during a given observation. In practice, the observed profile is cross-
correlated with a high signal-to-noise template, and the phase offset between the two
is converted into an arrival time. The TOA is therefore not the arrival time of a
single radio burst, but rather the arrival time of a well-defined reference phase in
the stable integrated pulse profile 38, 40].

A timing model is then constructed to predict the rotational phase of the pulsar
at any given time. If the pulsar is isolated and its spin evolution is smooth, the

pulse phase can be expanded as a Taylor series around a reference epoch t,

P(t) = ¢po + fo(t —to) + %fo(f —to)® + éfo(t —t)d e, (2.17)

where ¢(t) is the rotational phase, f is the spin frequency, and f, f are its time
derivatives. A phase-coherent timing solution is one that accounts correctly for
every single rotation of the neutron star across the entire data span. When such a
solution is achieved, timing residuals—the differences between the measured TOAs
and those predicted by the model—can be driven down to the microsecond level or
better for many millisecond pulsars. This makes pulsars exquisitely sensitive probes
of small accelerations, orbital perturbations, and propagation effects [40, 81, 82].

The parameter of immediate relevance for the present discussion is the spin
period derivative P, or equivalently the spin frequency derivative f . In the simplest
case of an isolated pulsar in the Galactic field (where the galactic potential affect
the measured P to a much lesser extent than GCs) P is interpreted as the secular
spin-down of the neutron star due to the loss of rotational energy. In a globular
cluster, however, the observed P need not be purely intrinsic. It can instead contain
a substantial dynamical contribution due to the acceleration of the pulsar in the

cluster potential.

2.4.2 From Doppler shifts to apparent spin derivatives

The origin of this dynamical contribution can be understood from a simple Doppler

argument. Let the intrinsic spin frequency of the pulsar be fi,, and let the pulsar
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have a line-of-sight velocity v) relative to the observer. In the non-relativistic limit

lvj| < ¢, the observed spin frequency is

v
fobs ~ fint (1 - %) 5 (218)
where the sign convention is such that positive v| corresponds to motion away
from the observer.
Differentiating Eq. (2.18) with respect to time gives

a

fobs = fint <1 - U—> — fint (2.19)

I a|
)
C C

where a) = ¥y is the line-of-sight acceleration. Since |vj|/c < 1, we may write

. . a
fobs = fint - _” (220)
Dividing by f yields
Jobs o, S _ 1, (2.21)
f foc
Because P = 1/f, the relation between period and frequency derivatives is
,_ P J
p—_J o L__7 2.22

Using this identity gives

P -~ P CLH
(7). =(5),

This same reasoning applies to binary orbital periods,

Pb Pb CL”
— ~ | — —. 2.24
(Pb) bs (Pb) t+ ¢ ( )

2.4.3 Observed spin derivatives: intrinsic and kinematic con-

tributions

For a pulsar in a globular cluster, the observed spin period derivative generally

contains several contributions,

Pobs _ Pint ,U/QD + aj,cc + AGal
P P c c c

(2.25)
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where P, is the intrinsic spin-down of the pulsar, i is the total proper motion,
D is the cluster distance, a)gc is the line-of-sight acceleration produced by the
globular cluster potential, and ag, is the differential Galactic acceleration between
the Solar System and the cluster [36, 83, 84].

2.4.4 Pulsars as accelerometers in the cluster potential

Rearranging Eq. (2.23) immediately gives

(7). ().

Thus, once the intrinsic and kinematic contributions are estimated or bounded,

(2.26)

CL”:C

the line-of-sight gravitational acceleration can be inferred directly from pulsar tim-
ing. In this sense, a pulsar functions as a precision accelerometer.

To connect this measured acceleration to the cluster mass distribution, consider
a spherically symmetric gravitational potential. Let the pulsar lie at a true distance

r from the cluster centre. The magnitude of the gravitational acceleration is then

_ GM(<r)

r2

a(r)

where M(< r) is the mass enclosed within radius r. However, timing does

: (2.27)

not measure the full three-dimensional acceleration vector; it measures only the
component along the line of sight. If the pulsar is displaced from the plane of the
sky containing the cluster centre by a line-of-sight coordinate z, and has projected

separation R, then

r? =R + 22 (2.28)

For a spherically symmetric field directed toward the cluster centre, the line-of-

sight component is

a(R.,z) = _GM(<7r) 2 _ _M_

= . = (2.29)
This expression is useful because it immediately clarifies two points.
First, the sign of the acceleration depends on the sign of z. A pulsar lying behind

the cluster centre (z > 0, with the positive direction defined away from the observer)

will be accelerated toward the centre and hence toward the observer, leading to a

negative a;. A pulsar lying in front of the cluster centre (z < 0) will be accelerated

away from the observer, leading to a positive a;. Thus, the sign of the observed P

67



contribution reflects the pulsar’s unknown position along the line of sight.

Second, for a given projected separation R, the exact value of a; cannot be
known unless z is known. This is generally not the case. Therefore, for an individual
pulsar one usually infers either the acceleration itself or an upper limit on it, but
not its full three-dimensional location inside the cluster.

Nevertheless, Eq. (2.29) shows that the acceleration depends directly on the
enclosed mass. In the idealised limit where r is known and the intrinsic spin-down

is negligible, one may formally write

M(<r) == :?@) . (2.30)

Although this expression is usually too idealised to apply literally to a real glob-

ular cluster pulsar, it captures the essential physical point: pulsar timing provides

direct dynamical information about the cluster mass distribution.

2.4.5 Projected separations, angular offsets, and accelera-

tion envelopes

Observationally, the pulsar position relative to the cluster centre is measured as an
angular offset on the sky. If the angular separation is 6, and the cluster lies at

distance D, then the projected physical separation is

R, =D6,. (2.31)

Because the line-of-sight depth z is not known, the true distance from the cluster
centre remains uncertain even when R, is measured precisely. This uncertainty
motivates the use of acceleration envelopes. For a given cluster mass model, one
can calculate the maximum possible line-of-sight acceleration that a pulsar could
experience at a given projected separation.

This idea is particularly intuitive if one imagines the cluster as generating a
“gravitational bowl”. Near the centre the potential is deepest, and pulsars can
experience larger accelerations. Farther out, the potential becomes shallower and the
maximum allowed line-of-sight acceleration decreases. A plot of |a;|—or equivalently
\P / P| after the necessary corrections—against projected radius therefore provides a
compact visual summary of how the pulsar ensemble samples the cluster potential
(65, 80, 84].

The use of the absolute value deserves brief comment. Since the sign of a;

depends on whether the pulsar lies in front of or behind the cluster centre, and this
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Figure 2.5: Conceptual illustration of the maximum and minimum line-of-sight ac-
celerations expected for pulsars as a function of angular separation from the cluster
centre. The solid curves represent the LOS acceleration envelope produced by a stan-
dard cluster potential, while the dotted and dashed curves illustrate the additional
inner contribution that could arise from increasingly compact central mass compo-
nents. The vertical line marks the cluster core radius r.. Comparisons between
timing-derived pulsar accelerations and such envelopes provide a direct dynamical
probe of the cluster mass distribution.
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depth is generally unknown, the most useful comparison with a static mass model is
often made using |a;| or |P/P|. The absolute value therefore captures the strength
of the gravitational field while avoiding degeneracy associated with the unknown
line-of-sight position.

In practice, pulsars do not generally sit exactly on the maximum envelope. Most
lie below it, because they sample a range of depths z and therefore only rarely attain
the maximum possible line-of-sight acceleration at their projected separation. How-
ever, the outer boundary traced by the population can place powerful constraints

on the central mass density and on the overall cluster potential.

2.4.6 Central mass concentrations and possible black holes

The inner regions of a globular cluster are of particular interest because they can
host concentrated populations of dark remnants, including white dwarfs, neutron
stars, and stellar-mass black holes. Any such unseen component steepens the cen-
tral potential and can increase the maximum allowed accelerations near the cluster
centre. Pulsars projected close to the core are therefore especially valuable probes
of the central mass distribution.

If the observed accelerations of the innermost pulsars can be explained by a
standard cluster model, then no additional mass component is required. If, however,
the measured values exceed the expectations from a conventional model, one possible
interpretation is that the cluster contains an additional compact mass concentration.
This has motivated long-standing interest in using pulsars to test for intermediate-
mass black holes in cluster cores [65, 84].

The logic is straightforward. A central black hole would steepen the potential
within its radius of influence and raise the acceleration envelope for pulsars located
near the cluster centre. By comparing the measured pulsar accelerations with those
predicted by models with and without such a component, one can test whether a
black hole is dynamically required. In this way, pulsar timing provides a comple-
mentary probe of cluster cores alongside optical proper motions, radial velocities,
and surface-brightness modelling.

This method has already been applied in detail to several globular clusters that
host multiple precisely timed pulsars. In 47 Tucanae, for example, measurements of
spin and orbital period derivatives have been used to constrain the cluster potential
and to test whether an additional central black-hole component is required [80, 84].
Similar ideas have been applied more broadly to other pulsar-rich systems. Whether
or not an intermediate-mass black hole is ultimately present, the important point

for the present discussion is that pulsars provide a uniquely direct dynamical probe
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of the cluster gravitational field.

Taken together, these arguments complete a useful conceptual loop. Earlier in
this chapter, globular clusters were introduced as environments that efficiently pro-
duce exotic pulsars through dynamical interactions and repeated binary processing.
Here the perspective is reversed: once formed, those same pulsars become precision
tools for studying the cluster itself. They are therefore not only products of cluster
dynamics, but also tracers of the underlying gravitational structure that drives those

dynamics in the first place.

71



Chapter 3

Observational Techniques for

Radio Pulsar Searches

3.1 Introduction

Pulsars are among the most remarkable objects discovered in modern astronomy;,
yet they are also among the most difficult to detect. In the radio band they appear
as extremely faint sources whose signals must be distinguished from a background
dominated by instrumental noise, human made interferences and natural radio emis-
sion from the sky. The detection of pulsars therefore relies not only on their unique
periodic emission but also on the sensitivity of the observing instruments and the
techniques used to analyse the recorded data.

The discovery of the first pulsar in 1967 by Jocelyn Bell Burnell during her
doctoral research at the University of Cambridge marked the beginning of a new field
of astrophysics [11]. The instrument that revealed these signals was not originally
designed to search for neutron stars (only a theorised, at the time). Instead, it was
a large radio array built to study the scintillation of distant radio sources caused by
the solar wind. During routine observations, the telescope recorded a sequence of
highly regular radio pulses with a period of roughly 1.3 s. The remarkable stability
of these signals soon led to the interpretation that they originated from rapidly
rotating neutron stars [12].

In the years that followed, pulsar astronomy developed in close connection with
advances in radio telescope technology. Larger antennas and more sensitive receivers
allowed astronomers to detect weaker sources and survey larger regions of the sky.
Early pulsar discoveries were made primarily with large single-dish radio telescopes
such as the Jodrell Bank telescope in the United Kingdom and the Arecibo Obser-

vatory in Puerto Rico, which for decades remained one of the most sensitive radio
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telescopes in the world [3]. These facilities played a central role in establishing the
basic observational properties of pulsars and in building the first substantial pulsar
catalogues.

The rapid growth of the known pulsar population was driven not only by im-
provements in telescope sensitivity but also by the development of new methods
for analysing radio observations. As computing technology advanced, it became
possible to examine large volumes of observational data in search of the character-
istic periodic signals produced by pulsars. These developments transformed pulsar
searches from small targeted observations into large systematic surveys of the radio
sky.

A major milestone occurred in the early 1980s with the discovery of the first
millisecond pulsar, PSR B1937+21, whose rotational period is almost one thou-
sand times shorter than that of the first pulsar discovered [85]. The existence of
such rapidly rotating neutron stars revealed an entirely new population of pulsars
and required further advancements in observing systems capable of recording radio
signals with very high time resolution.

Over the past several decades, pulsar searches have continued to evolve as new
radio facilities have come online. Modern observatories such as the Green Bank
Telescope, the Five-hundred-meter Aperture Spherical Telescope (FAST), and the
MeerKAT radio array combine large collecting areas with wide observing band-
widths and advanced digital instrumentation. These capabilities allow astronomers
to conduct pulsar surveys with unprecedented sensitivity and to explore regions of
parameter space that were previously inaccessible.

Today, the search for pulsars represents a global effort involving radio telescopes,
high-performance computing systems, and sophisticated data analysis techniques.
The methods used to identify these objects have become increasingly refined as
astronomers attempt to detect ever fainter and more complex signals.

In the following sections, the observational techniques used in radio pulsar searches
are described in detail. We begin by discussing the radio telescopes and observing
systems that collect pulsar signals. Subsequent sections then introduce the meth-
ods used to record, process, and analyse these data in order to identify candidate

pulsars.
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3.2 Radio Telescopes and Pulsar Observing Sys-

tems

Radio telescopes are the primary instruments used to detect pulsars. Because pulsars
emit broadband radio emission with typical flux densities ranging from a few uJy
to a few mJy, high sensitivity is required to detect their signals. The sensitivity of
a radio telescope depends primarily on its effective collecting area and system noise
temperature, which together determine the minimum detectable signal.

In its simplest form, a radio telescope consists of a large reflecting dish that col-
lects incoming electromagnetic radiation and focuses it onto a receiver located at the
focal point. The receiver converts the incident radio waves into electrical voltages,
which are subsequently amplified, digitized, and processed by digital backends. The
fundamental observable recorded by a radio telescope is therefore a time-varying
voltage proportional to the electric field of the incoming radiation.

The sensitivity of a pulsar observation is commonly described by the radiometer

equation [2]:

S o (S/N)min Tsys w
min — G\/m P _ W’

where Sy, is the minimum detectable flux density, (S/N)pin is the required

(3.1)

signal-to-noise threshold, Ty is the system temperature, G is the telescope gain, n,
is the number of summed polarizations, B is the observing bandwidth, ¢.,s is the
integration time, P is the pulsar spin period, and W is the observed pulse width.

Each term in this equation has a clear physical interpretation. The system
temperature Ty represents the total noise contribution from the receiver electronics,
the atmosphere, and the sky background. The telescope gain G converts flux density
into system temperature and is proportional to the effective collecting area of the
antenna. Increasing the observing bandwidth B or the integration time t,,s improves
sensitivity by reducing the statistical noise in the measured signal. The factor
\/m reflects the fact that pulsar signals are typically present only during
a small fraction of the rotational cycle, known as the duty cycle.

In addition to sensitivity, the angular resolution and field of view of a radio
telescope play important roles in pulsar surveys. For a circular dish of diameter D
observing at wavelength A, the full width at half maximum (FWHM) of the telescope
beam is approximately

A
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This relation illustrates the trade-off between angular resolution and field of view:
larger telescopes provide higher sensitivity and finer angular resolution but observe
a smaller region of the sky at a time.

Modern pulsar surveys often employ large single-dish telescopes or interferomet-
ric arrays operating in beamforming mode. In interferometric arrays, signals from
multiple antennas are combined coherently to form one or more “tied-array” beams
that act as highly sensitive virtual telescopes [2]. This approach allows arrays to
achieve both high sensitivity and flexible beam placement across the sky.

The receiver systems used for pulsar observations are designed to record signals
with high time resolution and high frequency resolution over large bandwidths. After
amplification, the analog voltages produced by the receiver are digitized and passed
through digital spectrometers that divide the observing band into many narrow
frequency channels. The resulting data are typically stored as filterbank or search-
mode data products, which contain the detected signal power as a function of time
and radio frequency.

High time resolution is essential for detecting pulsars, particularly millisecond
pulsars (MSPs), whose spin periods can be as short as a few milliseconds. To
resolve the pulse structure of such rapidly rotating objects, sampling times of tens
of microseconds or better are often required. At the same time, the observing
bandwidth is divided into many frequency channels in order to mitigate the effects
of dispersion in the ISM, which introduces frequency-dependent delays across the
observing band.

The combination of large collecting areas, wide bandwidth receivers, and high-
time-resolution digital backends has dramatically increased the sensitivity of modern
pulsar surveys. These technological advances have enabled the discovery of thou-
sands of pulsars, including large populations of MSPs and binary systems that play

a crucial role in increasing the pulsar polulation.

3.3 Propagation Effects in the Interstellar Medium

Before reaching a radio telescope on Earth, the radio emission produced by a pulsar
must propagate through the ISM. Although interstellar space is often described
loosely as empty, in reality it contains a dilute mixture of gas, dust, magnetic fields,
and cosmic rays. A significant fraction of the gaseous component is ionised, forming
a tenuous plasma composed primarily of free electrons and ions. Typical electron
densities in the warm ionised phase of the ISM are very small by terrestrial standards,

but pulsar signals travel over path lengths of hundreds to thousands of parsecs. Over
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such enormous distances, even a very dilute plasma produces measurable and often
substantial effects on the propagation of radio waves.

For pulsar astronomy, these propagation effects are not merely secondary com-
plications. They are central to both detection and interpretation. On the one hand,
they distort the signal and can reduce detectability if not properly accounted for.
On the other hand, they encode information about the electron density, magnetic
field, and turbulent structure of the ISM itself. Pulsars therefore act not only as
sources to be detected, but also as beacons that probe the ionised Galactic medium
along the line of sight [2, 3, 12].

The principal propagation effects relevant for radio pulsars are dispersion, Fara-
day rotation, scattering, and scintillation. These arise from different physical prop-
erties of the plasma. A homogeneous ionised plasma produces dispersion. If the
plasma is also magnetised, it gives rise to Faraday rotation. If the electron den-
sity is inhomogeneous and turbulent, it produces scattering and scintillation. This
classification is particularly useful because it makes clear that different features of
pulsar observations trace different aspects of the ISM [2]. In what follows, each of

these effects is described in turn.

3.3.1 Dispersion

Dispersion is the most important propagation effect for pulsar searches. In a vacuum,
electromagnetic waves of all frequencies propagate at the same speed, c. In a plasma,
however, the electric field of the wave drives oscillations of the free electrons, and
this modifies the propagation speed of the wave in a frequency-dependent way. The
relevant quantity is the group velocity, since it describes the propagation of the pulse
envelope.

The characteristic oscillation frequency of the electrons in a plasma is the plasma

frequency, which for an electron number density n. is

n 62 1/2
fp = ( - > ) (33)

TMe

where e is the electron charge and m, is the electron mass. For radio waves of

frequency f propagating through a cold plasma, the group velocity is

vy =cy1— (%)2 (3.4)

For typical pulsar observations, the observing frequency is much larger than the

plasma frequency of the ISM, so that f > f,. In this limit the group velocity may
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Figure 3.1: Ilustration of dispersive delay in a pulsar signal across a radio observing
band. Top left: Simulated dynamic spectrum showing the characteristic frequency-
dependent arrival time of a dispersed pulse in the ionised interstellar medium (ISM),
where lower-frequency radiation arrives later than higher-frequency radiation follow-
ing the cold-plasma dispersion law (¢ oc f~2). Top right: The same signal after cor-
recting for the dispersive delay using the correct dispersion measure (DM), resulting
in the pulse aligning across all frequency channels. Bottom panels: Band-averaged
time series before and after dedispersion. Before correction the pulse is significantly
smeared due to the frequency dependent delays, while after dedispersion the intrin-
sic narrow pulse is recovered with substantially higher peak signal-to-noise ratio.

be expanded to first order as

vy~ [1 _ % (%)1 | (3.5)

This immediately shows the essential result: lower-frequency radio waves prop-
agate slightly more slowly through the ISM than higher-frequency waves. Conse-
quently, if a pulsar emits a broadband pulse, the high-frequency part of the pulse
arrives first and the low-frequency part arrives later see 3.1.

The propagation delay may be obtained by integrating along the line of sight.

The resulting dispersive delay relative to an infinitely high frequency is
At(f,00) = K DM f~2, (3.6)
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where

K = 4.15 x 10* MHz* pc™ ! cm® ms (3.7)

and the quantity

DM = /d ne(1) dl (3.8)

is the dispersion measure. DM is one of the most fundamental observables in
pulsar astronomy. Physically, it represents the integrated column density of free
electrons along the line of sight between the pulsar and the observer. Operationally,
it quantifies the amount of frequency-dependent dispersive delay introduced by the
ISM [2, 12].

The delay between two observing frequencies, f; and fs, is therefore

At(fi, f2) = KDM (fi* = f57). (3.9)

This relation is of direct practical importance. In raw pulsar search data, a
real astrophysical signal appears as a characteristic sweep across the band, with
arrival time varying as f~2. In modern pulsar search pipelines the data are therefore
corrected for dispersion over a large set of trial DM values in order to align the pulse
across frequency and recover its full signal-to-noise ratio. This process, known as
dedispersion, is discussed in the following section.

Beyond its role in signal recovery, DM is also astrophysically informative. Given
a model for the Galactic distribution of free electrons, the measured DM can be
used to estimate a pulsar distance. Conversely, if the pulsar distance is known
independently, the DM constrains the integrated electron content along the line of
sight. Large pulsar samples with measured DMs have therefore played a central role
in constructing Galactic free-electron models such as NE2001 and YMW16 [867 ].

3.3.2 Faraday Rotation

If the ionised plasma is permeated by a magnetic field with a non-zero line-of-
sight component, the two circularly polarised modes of the radiation propagate with
slightly different phase velocities. A linearly polarised wave can be decomposed into
the sum of left- and right-hand circularly polarised components, so this differential
propagation causes the plane of linear polarisation to rotate during propagation.
This effect is known as Faraday rotation [2, 87].

The change in polarisation position angle, A, is given by
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Figure 3.2: Illustration of Faraday rotation in a magnetised ionised medium. Left
panel: the physical effect of Faraday rotation. As linearly polarised radiation prop-
agates through the interstellar medium (ISM), the plane of polarisation rotates by
an angle that increases with the square of the observing wavelength. Right panel:
the corresponding observational relation between the polarisation position angle v
and \2. According to ¥ = 1)y + RM A2, the slope of this relation yields the rotation
measure (RM). The labelled points correspond to the wavelengths illustrated in the
left panel, demonstrating how the physical rotation of the polarisation vector trans-
lates into the linear ¥-\? relation measured in pulsar polarimetric observations.

A = RM \?, (3.10)

where A is the observing wavelength and RM is the rotation measure (Fig. 3.2).

In practical astrophysical units,

d
RM:O.81/ neBjdl radm™, (3.11)
0

where n, is in cm™, By is the line-of-sight magnetic field in pG, and dl is in
pc. RM is therefore the line-of-sight integral of the product of electron density and
magnetic field.

RM is another core observable in pulsar astronomy. While DM measures the
integrated free-electron column density, RM measures the magnetised electron con-
tent along the line of sight. Because DM and RM depend on related but different
path integrals, they can be combined to estimate the average line-of-sight magnetic

field weighted by the electron density. One obtains
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This simple relation is extremely important conceptually: pulsars provide a way
to probe not only the free-electron content of the Galaxy through DM, but also its
large-scale magnetic field structure through the combination of RM and DM [2; 12].
For this reason pulsars are among the most valuable probes of the magneto-ionic
ISM.

Faraday rotation is not generally a limiting factor for the detectability of a pul-
sar in total-intensity searches, but it is crucial in polarimetric analyses and in any

attempt to interpret the intrinsic polarisation properties of pulsar emission.

3.3.3 Scattering

The ISM is not perfectly homogeneous. Instead, it contains irregularities in the
electron density over a wide range of spatial scales, commonly interpreted as the
result of turbulence. These density fluctuations produce local variations in the
refractive index, causing radio waves to propagate along multiple paths from the
pulsar to the observer rather than along a single geometric path [2, 43].

The consequence is multipath propagation. Different parts of the wavefront tra-
verse slightly different path lengths and therefore arrive at different times. In the
time domain, this causes a sharp intrinsic pulse to be broadened. Rather than ap-
pearing as a narrow symmetric pulse, the observed signal develops an asymmetric
shape, usually characterised by a sharp leading edge and an extended trailing tail.
In the simplest thin-screen picture, the observed pulse profile is the intrinsic pulse

convolved with a one-sided exponential response function,

I(t)  exp (—§> , (3.13)

Tsc
where Ty is the scattering timescale [40, 88]. In this sense, scattering acts as a
temporal smearing process.
The scattering timescale depends strongly on frequency (see Fig. 3.3). For a
Kolmogorov-like spectrum of density fluctuations, a commonly used approximation

18

Tee X f_4, (3.14)

although the exact exponent may differ somewhat depending on the distribution

and spectrum of the irregularities [43]. The key practical point is that scattering
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Figure 3.3: Simulated frequency evolution of pulse broadening caused by multipath
scattering in the ISM. The same intrinsic pulse profile is shown at three observing
frequencies assuming a scattering timescale scaling as 7, o< f~*. At higher observing
frequencies the pulse remains narrow, while at lower frequencies the pulse develops
an increasingly extended exponential tail. This broadening reduces the peak signal-
to-noise ratio and can strongly limit the detectability of pulsars in low-frequency
surveys.
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grows rapidly toward lower frequencies. This is one of the main reasons why low-
frequency pulsar searches can become strongly sensitivity limited, especially for
fast-spinning MSPs: a pulse that is intrinsically narrow may be broadened until
it occupies a substantial fraction of the pulse period, greatly reducing the peak
signal-to-noise ratio.

Scattering is particularly severe along lines of sight through the Galactic plane
or toward regions of enhanced turbulence. It is therefore not determined by DM
alone. Two sightlines with similar DM may exhibit very different levels of scattering
depending on the distribution of turbulent structures between the source and the
observer. This is an important practical point when interpreting survey detectabil-
ity: DM measures integrated electron content, while scattering traces fluctuations

in that electron distribution, not simply its total amount.

3.3.4 Interstellar Scintillation

Closely related to scattering is interstellar scintillation. The same density irreg-
ularities that produce multipath propagation also cause interference between the
scattered wavefronts at the observer. Depending on their relative phase, the in-
terference may be constructive or destructive, producing variations in the observed
intensity of the pulsar as a function of both time and frequency [2, 43].

In dynamic spectra, scintillation appears as a patchy pattern of bright and dim
regions, commonly called scintles. It is in some sense the radio analogue of the
twinkling of optical stars, although the physical medium involved is the ionised ISM
rather than the Earth’s atmosphere.

A useful quantity here is the scintillation bandwidth, A f.., which characterises
the frequency scale over which the intensity remains correlated. The condition for

interference to be important is approximately

27 A foe Toe ~ 1. (3.15)

This relation expresses the fact that coherence is lost once the phase difference
between scattered paths changes substantially across the bandwidth considered. It

immediately implies that

Afio o 2 (3.16)

Since the scattering timescale decreases rapidly with increasing frequency, the
scintillation bandwidth correspondingly increases with frequency. Using the approx-

imate scaling 7. oc f~*, one obtains
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Simulated dynamic spectrum showing interstellar scintillation
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Figure 3.4: Simulated dynamic spectrum illustrating interstellar scintillation of a
pulsar signal. The main panel shows the observed intensity as a function of time
and observing frequency. The patchy bright and dim regions (“scintles”) arise from
interference between multiple propagation paths through the turbulent ionised in-
terstellar medium. The top and right panels show the mean intensity variations with
time and frequency, respectively. Scintillation can strongly modulate the apparent
brightness of pulsars and may therefore affect their detectability in individual ob-
servations.

Afye o [ (3.17)

Thus, at low frequencies the scintillation bandwidth is small and the intensity
pattern varies rapidly across frequency, whereas at higher frequencies the correlation
bandwidth becomes larger (see Fig. 3.4).

Scintillation also occurs over a characteristic timescale, set by the relative motion
between the pulsar, the scattering medium, and the observer. As this pattern drifts
across the line of sight, the apparent brightness of the pulsar changes with time.
Observationally, this means that a pulsar can sometimes appear strongly enhanced
and at other times substantially dimmed. In practical survey work, scintillation can
therefore make a faint pulsar detectable in one epoch but not in another. It does
not alter the intrinsic periodicity nor the duration (unlike scattering) of the signal,

but it can modulate its observability in a significant way.

83



Taken together, dispersion, Faraday rotation, scattering, and scintillation show
that pulsar signals do not arrive at the telescope in their pristine form. Instead,
they carry the imprint of the entire magneto-ionic medium through which they have
propagated. For pulsar searching, the most immediate and essential consequence is
the need to correct for dispersion in order to recover narrow periodic signals effi-
ciently.Scattering, however, is not routinely removed in standard pulsar search-mode
processing. In principle, the effects of scattering can be deconvolved if the scatter-
ing response is sufficiently well constrained, for example through cyclic spectroscopy
using high-S/N voltage or baseband data [89]. In ordinary survey pipelines, how-
ever, scattering is usually treated as an irreversible broadening effect that reduces
the peak signal-to-noise ratio. The methods used to remove dispersive delay from
observational data are described in section 3.5.7.

The interplay between these propagation effects also has important implications
for the choice of observing frequency in pulsar surveys. Since dispersive smear-
ing and scattering both increase strongly toward lower radio frequencies, searches
targeting fast-spinning pulsars, particularly millisecond pulsars in high-density or
high-DM environments such as globular clusters or the Galactic centre, are often
carried out at higher frequencies to preserve pulse detectability. Conversely, lower-
frequency observations benefit from the typically steep pulsar spectra and can be
more sensitive to slow, nearby pulsars with relatively low dispersion and scattering.
The optimal observing frequency therefore reflects a trade-off between intrinsic pul-
sar brightness and propagation-induced signal degradation, and depends on both

the target population and the line of sight through the interstellar medium.

3.4 Radio Telescopes and Pulsar Search Data Ac-
quisition

The detection of pulsars begins with the collection of radio emission by large radio
telescopes and the subsequent conversion of this signal into digital data products
that can be analysed using pulsar search techniques. Between the arrival of the
electromagnetic radiation at the telescope and the moment when an astronomer
receives a data file, the signal undergoes several stages of amplification, digitisation,
and digital signal processing. Understanding this chain of processes is important for

interpreting the structure and limitations of pulsar search data.
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3.4.1 Radio telescopes for pulsar observations

Radio telescopes detect the electric field associated with incoming electromagnetic
radiation. A reflecting surface collects the radiation and focuses it onto a receiver
system where it is converted into electrical voltages. The sensitivity of a radio
telescope is primarily determined by its effective collecting area and system noise
temperature. Larger collecting areas allow weaker signals to be detected, while lower
receiver noise improves the signal-to-noise ratio of the measured signal.

Two broad classes of radio telescope systems are widely used in pulsar astronomy:
large single-aperture telescopes and interferometric arrays. Both approaches play
important and complementary roles in pulsar searches.

Single-dish radio telescopes consist of a large reflecting surface that focuses in-
coming radiation onto a feed located near the focal point. The sensitivity of such
instruments is determined largely by the diameter of the dish. Several of the most
productive pulsar telescopes in operation today belong to this category. Examples
include the Five-hundred-meter Aperture Spherical Telescope (FAST) in China, the
Green Bank Telescope (GBT) in the United States, and the Effelsberg 100-m tele-
scope in Germany. The enormous collecting area of FAST, in particular, makes it
one of the most sensitive instruments ever built for pulsar searches.

Interferometric arrays, on the other hand, consist of multiple antennas dis-
tributed over a region ranging from hundreds of metres to several kilometres. Instead
of relying on a single large reflector, the signals received by the individual antennas
are combined digitally. By correlating the signals from pairs of antennas, interfer-
ometers can synthesize an effective aperture comparable to the maximum separation
between antennas, thereby achieving extremely high angular resolution [? .

Although interferometers are often used for imaging observations, pulsar searches
typically exploit a technique known as beamforming. In beamforming mode the
voltage signals from multiple antennas are combined after applying appropriate ge-
ometric delay corrections. The resulting signal forms a highly sensitive narrow beam
on the sky known as a tied-array beam. Interferometric arrays can form many such
beams simultaneously, allowing large regions of the sky to be searched with high
sensitivity. The MeerKAT telescope is a prominent example of an array that has

been extensively used for pulsar searches using beamformed observing modes.

3.4.2 Front-end receivers and signal amplification

Once the radio signal has been collected by the telescope, it is directed to the

front-end receiver system. The receiver is responsible for converting the incoming
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electromagnetic radiation into electrical signals that can be amplified and processed
electronically.

The front-end typically includes a cryogenically-cooled feed, low-noise amplifiers
(LNAs), and receiver electronics that define the observing band. The feed converts
the incoming electric field into voltages in one or more polarisation channels. In
most modern receivers two orthogonal polarisations are recorded, allowing the full
polarisation properties of the signal to be preserved.

The signals from the feed are extremely weak and must be amplified before
further processing. Low-noise amplifiers are therefore placed as close as possible
to the feed in order to minimise the introduction of additional noise. The receiver
electronics then filter and down-convert the signal into an intermediate frequency

range suitable for digitisation.

3.4.3 Digital back-ends and channelisation

After amplification and frequency conversion, the analogue voltages are sent to the
digital back-end systems of the telescope. At this stage the signals are digitised
using high-speed analogue-to-digital converters. Digitisation converts the continuous
voltage signal into a discrete time series that can be processed by digital electronics.

One of the most important steps in the digital processing chain is channelisation.
In this process the observing bandwidth is divided into many narrow frequency chan-
nels. Channelisation is typically performed using digital filterbanks or polyphase
filterbank algorithms, which allow the wide observing band to be separated into
hundreds or thousands of channels with well-defined spectral responses.

The output of this stage is a two-dimensional data stream representing the signal
intensity as a function of both time and frequency. Each frequency channel contains
a time series sampled at regular intervals. The sampling time must be sufficiently
short to preserve the rapid variations expected from pulsar signals, which can have

spin periods ranging from seconds down to a few milliseconds.

3.4.4 Search-mode observations

Pulsar observations can be recorded in several different modes depending on the
scientific objective. For pulsar surveys and discovery observations the telescope
typically operates in search mode. In this mode the signal intensity is recorded as a
function of time and frequency without assuming any prior knowledge of the pulsar
period. The resulting data retain the full time resolution necessary for searching for

periodic signals over a wide range of trial periods.
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This approach contrasts with fold mode observations, in which the data are folded
i.e summed in pulse phase in real time at a known pulsar period in order to produce
an integrated pulse profile. Fold-mode observations are commonly used in precision
pulsar timing experiments once the spin period of a pulsar is already known [2].

Because search-mode observations retain high time and frequency resolution
across large bandwidths, the resulting data rates can be extremely large. For modern
wideband receivers the raw data rates can reach many gigabytes per second. Conse-
quently, some degree of preliminary processing is often applied before the data are
written to disk. Such operations may include initial mitigation of radio-frequency
interference (RFI), integration over short time intervals, or optional subbanding of

neighbouring frequency channels in order to reduce the total data volume.

3.4.5 Pulsar search data formats

The processed data streams produced by the digital back-end are stored in spe-
cialised file formats designed for time—frequency data. Two widely used formats in
pulsar astronomy are filterbank files and PSRFITS files.

Filterbank files, commonly identified by the extension .fil, contain the signal
intensity recorded as a function of time and frequency. This format originated in
pulsar signal processing software developed for pulsar search experiments and has
become widely used for storing search-mode observations. Each file begins with
a header that describes the observing parameters, including the telescope name,
observing frequency, bandwidth, number of frequency channels, and sampling time.
The remainder of the file consists of a sequential array of intensity measurements
corresponding to each frequency channel and time sample [2, 90].

Another commonly used format is PSRFITS, which is based on the Flexible Im-
age Transport System (FITS) standard widely used throughout astronomy [91, 92].
PSRFITS provides a structured representation of pulsar data and includes extensive
metadata describing the observing setup, telescope configuration, and instrumental
parameters. The time—frequency data themselves are stored within the FITS struc-

ture in a form specifically designed for pulsar observations [93].

3.4.6 Pulsar search software: the PRESTO toolkit

Once pulsar search observations have been recorded and stored in time-frequency
data formats such as filterbank or PSRFITS files, the next stage involves a sequence
of processing steps designed to identify periodic or transient astrophysical signals

within the data. These steps typically include radio-frequency interference (RFI)
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mitigation, dedispersion across a range of trial dispersion measures (DMs), Fourier-
domain searches for periodic signals, and candidate evaluation. In modern pulsar
astronomy, these tasks are usually performed using specialised software packages
developed specifically for pulsar signal processing.

One of the most widely used pulsar search software suites is the PRESTO
package, originally developed by Scott M. Ransom for the analysis of high-time-
resolution radio data [947 ]. PRESTO provides a comprehensive collection of
programs and libraries designed to process pulsar search observations from raw time—
frequency data through to candidate identification. Over the past two decades, it
has become one of the standard toolkits used in many large pulsar surveys and
targeted search projects conducted with major radio telescopes.

The PRESTO software suite implements many of the core algorithms required
for pulsar discovery. These include routines for identifying and mitigating radio-
frequency interference, dedispersing the data across a grid of trial dispersion mea-
sures, performing Fourier-domain searches for periodic signals, and carrying out
acceleration searches to detect pulsars in compact binary systems [27 |. The pack-
age also contains tools for candidate sifting, visualisation, and further analysis of
promising pulsar detections.

Because of its flexibility and extensive functionality, PRESTO has become a
foundational tool in modern pulsar search pipelines. Many contemporary surveys
employ automated processing pipelines built around PRESTO routines to handle
the large data volumes produced by modern radio telescopes. Detailed documenta-
tion and tutorials for the software are available through the official repository and
user guides.!

In the following sections, the individual stages of the pulsar search process are de-
scribed in detail, beginning with the identification and mitigation of radio-frequency

interference in the observational data.

3.5 Pulsar pre-search Processing

Once pulsar observations have been recorded in search-mode formats, the task of
the astronomer is to transform these time—frequency data into a set of candidate
astrophysical signals. In practice this begins not with the search itself, but with the
removal or mitigation of non-astrophysical contamination. Modern pulsar search

data are almost invariably affected by RFI, instrumental systematics, and non-

!The PRESTO software package and documentation are available at https://github.com/
scottransom/presto. Tutorials and example workflows are provided within the repository and
associated user documentation.
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stationary noise processes. If left untreated, these effects can dominate the statistics
of the data, generate large numbers of false candidates, and reduce the sensitivity
of the search to real pulsars. For this reason, RFI mitigation is typically the first

major processing step in a pulsar search pipeline.

3.5.1 Radio-frequency interference and noise in pulsar search
data

Pulsar search data contain several distinct forms of contamination, and it is useful
to distinguish them conceptually before discussing mitigation strategies.

The ideal background noise of a radio observation is often approximated as white
notse. In the time domain, white noise is a random process with uncorrelated
samples and approximately Gaussian amplitude statistics. In the Fourier domain,
it corresponds to a flat power spectrum. Thermal receiver noise and sky noise
contribute approximately white components to the measured signal over sufficiently
small time and frequency intervals [2].

Real observations, however, are seldom governed by white noise alone. Pulsar
search data commonly exhibit red noise, meaning excess power at low fluctuation fre-
quencies. Red noise can arise from slow gain variations, baseline drifts, atmospheric
or instrumental instabilities, imperfect bandpass removal, and other non-stationary
processes. In the Fourier domain it appears as enhanced power at low Fourier fre-
quencies and can significantly reduce sensitivity to long-period pulsars [95, 96].

In addition to these stochastic noise processes, radio observations are frequently
contaminated by RFI of human made origin. Such interference may be persistent or
intermittent, narrow-band or broadband, impulsive or periodic. Common sources
include telecommunication signals, radar, electrical switching, digital electronics,
power-line harmonics, satellite transmissions, and impulsive discharges from nearby
infrastructure [97, 98]. The observational manifestation depends on the source.
Narrow-band RFT tends to contaminate specific frequency channels and may remain
stable over long time spans. Broadband impulsive RFI can contaminate many or
all frequency channels simultaneously for short intervals. Periodic terrestrial signals
may appear as discrete features in Fourier space and are often referred to in pulsar-
search practice as birdies. Figure 3.5 shows various forms of RFI commonly seen in
radio data.

The central challenge of RFI mitigation is therefore twofold. First, one must
identify which parts of the data are likely to be contaminated. Second, one must
suppress or mask those data without unnecessarily removing astrophysical signal.

This is not a trivial problem: overly aggressive excision can reduce sensitivity to
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Illustration of common forms of radio-frequency interference in pulsar search data
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Figure 3.5: Illustration of common forms of radio-frequency interference (RFI) en-
countered in pulsar search data. The upper panels show simplified dynamic spectra
illustrating individual types of contamination: narrow-band RFI, which appears as
persistent horizontal features affecting specific frequency channels; broadband impul-
siwe RFI, which produces vertical features affecting many channels simultaneously
for short time intervals; and periodic terrestrial RFI, which appears as regularly
repeating bursts in time. For comparison, the lower-right panel shows a simulated
dispersed pulsar signal, which produces a frequency-dependent sweep across the ob-
serving band due to interstellar dispersion. The bottom panel shows a combined
dynamic spectrum containing all of these components simultaneously, illustrating
how different forms of interference and astrophysical signals can coexist in real pul-
sar search observations.
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real pulsars, while insufficient excision leads to large numbers of false candidates

and distorts the statistical properties of the search.

3.5.2 Why RFI can mimic pulsars

Pulsars are sought as weak periodic or transient signals embedded in noise. Unfortu-
nately, many forms of terrestrial interference can also appear periodic or impulsive.
Narrow-band transmitters can generate strong lines in Fourier spectra. Periodic
electrical interference can produce harmonics that resemble the harmonic structure
of real pulsars. Broadband impulsive signals can mimic bright single pulses. The
problem becomes more severe in large blind surveys, where even a small false-positive
rate per observation leads to an enormous number of spurious candidates.

The crucial physical discriminator is that most terrestrial RFI is undispersed. A
genuine pulsar signal propagating through the ISM accumulates a dispersive delay
described by its DM, whereas local interference generally arrives simultaneously

across the observing band and therefore peaks at DM= 0.

3.5.3 RFI mitigation in a PRESTO-based workflow

In PRESTO, the first step after verifying the metadata of the input search-mode
file is usually RFI identification with the routine rfifind. In the official PRESTO
workflow, rfifind is used before dedispersion and periodicity searching, and the
masks it generates are then applied in the subsequent processing steps [99, 100].

The basic philosophy of rfifind is statistical. The data are divided into short
time blocks, and statistics are computed in both the time and frequency domains.
Chunks of data whose behaviour deviates significantly from the expected noise
statistics are flagged as interference candidates. The documentation exposes several
controls for this procedure, including a time-domain sigma threshold, a frequency-
domain sigma threshold, and fractional thresholds specifying how many bad channels
are required before a full time interval is masked and how many bad intervals are
required before a full channel is masked. In other words, rfifind does not merely
look for obviously bright events; it builds a statistical description of the observation
and identifies portions of the data that are inconsistent with the expected baseline
behaviour.

In the PRESTO tutorial, the typical block size used for RFT statistics is of order
a few seconds, and the user is encouraged to inspect the resulting mask and adjust
the integration time if too much data are being flagged [99]. This is an important

practical point: RFI mitigation is partly automated, but it still requires judgement.
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3.5.4 Clipping, masking, and DM= 0 filtering

Several complementary RFI mitigation strategies are commonly used in pulsar search
pipelines, either within PRESTO or in related survey processing systems.

A first line of defence is clipping in the time domain. Strong impulsive events
can dominate the time series and contaminate large portions of the Fourier spec-
trum. Time-domain clipping identifies samples or short intervals with amplitudes
far above the expected noise level and either replaces them or masks them. In
PRESTO, clipping of strong transient DM= 0 signals is enabled by default in the
early preparation steps unless explicitly disabled [997 |.

A second approach is masking. Once channels or intervals have been identified
as contaminated, they are excluded from further processing. Masking is one of the
most widely used and least assumption-dependent RFI mitigation techniques. It
is especially effective for persistent narrow-band interference and for time ranges
dominated by strong broadband bursts [977 ]. The cost, of course, is a reduction in
effective bandwidth or integration time.

A third and particularly important strategy is zero-DM filtering. The principle
is simple: at each time sample, the mean across all frequency channels is subtracted
from every channel. Because undispersed broadband terrestrial signals arrive simul-
taneously across the band, they contribute strongly to this mean and are therefore
suppressed (see Fig. 3.6). In contrast, a dispersed celestial signal is distributed
across different time samples in different channels and is therefore affected much
less strongly [98]. Zero-DM filtering has proved especially useful in mitigating im-
pulsive broadband RFT in pulsar surveys, and it is supported directly in PRESTO
through the -zerodm option. However, it is not without cost: because it subtracts
a common mode across the band, it can also remove some power from low-DM

astrophysical signals and must therefore be applied with care [987 |.

3.5.5 Birdies and periodic terrestrial signals

Not all problematic RFI is impulsive. Some interference sources are periodic or
quasi-periodic and therefore appear as narrow spectral lines in the Fourier domain.
These spurious periodicities are widely referred to as birdies in pulsar-search prac-
tice. They can arise from electrical mains harmonics, clocking electronics, digitiser
artefacts, and other periodic terrestrial systems.

Birdies are especially troublesome because pulsars themselves are sought as pe-
riodic signals. A strong birdie can generate a family of harmonics that closely

resembles the harmonic structure of a real pulsar, especially for narrow pulse duty
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Effect of zero-DM subtraction on undispersed terrestrial interference
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Figure 3.6: Illustration of the effect of zero-DM subtraction on undispersed ter-
restrial interference in pulsar search data. The upper panels show the dynamic
spectrum before and after zero-DM subtraction. Broadband terrestrial RFI, which
arrives simultaneously across all frequency channels and therefore peaks at DM = 0,
appears as vertical stripes in the dynamic spectrum. Subtracting the mean across
frequency channels at each time sample strongly suppresses this undispersed compo-
nent while largely preserving the dispersed pulsar signal.The lower panels show the
time series after dedispersion at the pulsar dispersion measure. Prior to mitigation,
terrestrial bursts contaminate the dedispersed time series and obscure the astrophys-
ical signal. After zero-DM subtraction, the RFI contribution is significantly reduced
and the pulsar peak becomes clearly identifiable.
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cycles. In the standard PRESTO workflow, one therefore inspects a DM= 0 time
series and its Fourier transform before performing the full dedispersion search. The
logic is straightforward: if a periodic signal is strongest at DM= 0, then it is almost
certainly local interference rather than a dispersed pulsar signal. The tutorial work-
flow then uses Fourier-domain inspection tools to identify these periodic features
and construct a zap list for subsequent searches [99]. In PRESTO’s own descrip-
tion of the data-preparation stage, this role is served by routines such as zapbirds
[100].

In practice, birdie removal is usually performed by excluding narrow frequency
ranges around known or measured interference frequencies in the Fourier domain.
This procedure is highly effective when the offending frequencies are stable, but less
so when the RFI drifts or when the interference is only intermittently present. For
this reason, birdie identification is commonly combined with the broader statistical

masking performed by rfifind.

3.5.6 White noise, red noise, and the limits of mitigation

It is tempting to think of RFI mitigation as a problem of simply removing obvi-
ously artificial signals, but the practical reality is more subtle. Even after obvious
interference has been excised, the residual statistics of pulsar search data may still
depart strongly from the ideal white-noise case. Slow baseline variations and red-
noise processes can leave significant low-frequency power in the Fourier spectrum,
reducing sensitivity to long-period pulsars. This issue has been demonstrated in sur-
vey analyses showing that red noise can substantially degrade pulsar detectability at
long periods and low DMs [95, 96]. In other words, the limiting background for pul-
sar searching is often not simply thermal noise, but a combination of instrumental,
terrestrial, and statistical non-stationarity.

This distinction matters because different mitigation techniques target different
failure modes. Clipping helps with strong impulsive interference. Masking helps
with contaminated channels or intervals. Zero-DM filtering helps with broadband
undispersed signals. Fourier-domain zapping helps with stable periodic birdies. Red-
noise suppression, which becomes important in the search stage itself, targets slow
low-frequency spectral contamination. No single method solves all problems, and
modern pipelines therefore rely on multiple complementary layers of mitigation.

Once this stage is complete, the next task is to reverse the most important
astrophysical distortion introduced by the ISM itself, namely dispersion. The RFI-
mitigated search-mode data are therefore ready for the dedispersion stage, which is

usually the next major operation in a pulsar search pipeline.
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3.5.7 De-dispersion

As discussed in Section 3.3.1, dispersive propagation through the ionised interstellar
medium causes lower-frequency radiation to arrive later than higher-frequency ra-
diation. In pulsar search data this produces the characteristic f~2 sweep across the
observing band shown in Fig. 3.1. If the frequency channels are summed without
correcting for this delay, the pulse energy becomes spread over many time samples
and the peak signal-to-noise ratio of the pulse is significantly reduced (or the pulse
even completely washed out, if the delay is larger than the pulse period).

The purpose of de-dispersion is therefore to compensate for these delays and
reconstruct the original broadband pulse by aligning the signal across the observing
band. In a pulsar search the true DM of a source is not known a priori, so the
correction must be applied for a large set of trial DM values. For each trial DM, the
frequency channels are shifted in time according to the expected dispersive delay
and then summed to produce a single time series. When the assumed DM matches
the true value, the pulses align across the band and the signal is recovered with
maximum signal-to-noise ratio.

If the assumed DM differs from the true DM, a residual dispersive smearing
remains in the dedispersed time series. The characteristic broadening due to a

DM error ADM across an observing bandwidth A f centred at frequency f can be

ADM Af N\
s (00 (1) (1) 19

This strong f~2 dependence makes dispersion particularly problematic at low

approximated as

radio frequencies. For metre-wavelength facilities such as LOFAR or NenuFAR, the
dispersive delay across even modest bandwidths can reach many milliseconds. Such
smearing is sufficient to wash out the signal from fast millisecond pulsars unless
extremely fine DM spacing or coherent de-dispersion techniques are employed (see
below).

An additional limitation arises from the finite width of the individual frequency
channels in channelised pulsar search data. In standard search pipelines the data
are recorded as detected power in many narrow channels. In this case the dispersive
delay can only be corrected between channels, not within them. The resulting resid-

ual broadening, known as intra-channel dispersive smearing, is given approximately

by
~ DM Afcham f -
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where A fegan is the channel bandwidth. For large DMs or wide channels this
term alone can exceed the intrinsic pulse width of a millisecond pulsar, significantly
reducing detectability.

Two principal approaches exist for correcting dispersion in pulsar data. In in-
coherent de-dispersion, the detected power in each frequency channel is shifted in
time according to the expected dispersive delay and the channels are then summed.
This approach is computationally efficient and is therefore widely used in large pul-
sar surveys. However, as noted above, it cannot remove dispersive smearing within
individual channels.

In contrast, coherent de-dispersion operates directly on the complex voltage data,
before channel formation, and removes the dispersive transfer function of the inter-
stellar plasma in the Fourier domain. This method eliminates dispersive smearing
across the entire observing band, but it requires access to the raw voltage data
and significantly greater computational resources. Coherent de-dispersion is there-
fore typically used in pulsar timing observations of known sources rather than in
wide-field pulsar searches.

In this work the de-dispersion step was performed using the prepdata routine
from the PRESTO pulsar-search software suite?. prepdata reads the cleaned filter-
bank data and generates a dedispersed time series for a specified trial DM. The
routine computes the appropriate delay for each frequency channel and applies the
corresponding time shifts before summing the channels to produce a single dedis-
persed time series. Repeating this process for a grid of trial DM values produces
a collection of dedispersed time series that are subsequently searched for periodic
signals.

The dedispersed time series generated by prepdata form the input for the peri-

odicity and acceleration searches described in the following sections.

3.5.8 Red-noise mitigation

Following dedispersion, the data consist of a set of time series, each corresponding to
a different trial dispersion measure. In an ideal observation these time series would
contain only white noise together with any periodic pulsar signal present in the data.
In practice, however, as mentioned above, they often exhibit slow variations in the
baseline arising from instrumental gain fluctuations, atmospheric effects, residual
radio-frequency interference, or imperfections in the receiver system giving rise to

the so-called red noise in the power spectra [2].

’https://www.cv.nrao.edu/~sransom/presto/
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Red noise can significantly degrade the sensitivity of pulsar searches, particularly
for long-period pulsars. In the Fourier domain, slow baseline fluctuations generate
strong power in the lowest frequency bins of the spectrum. Since pulsars are detected
as narrow peaks in the Fourier power spectrum, this excess low-frequency power can
mask real signals or distort the statistical distribution of the noise background,
making it more difficult to identify genuine pulsar candidates during searches. [101,
102].

To mitigate these effects, pulsar search pipelines apply procedures that suppress
slow variations in the time series before or after performing the Fourier transform.
One common approach operates in the time domain, where a running median or
low-order polynomial is subtracted from the data in order to remove long-timescale
trends in the baseline. Alternatively, red-noise mitigation may be performed in the
Fourier domain by locally normalising or “whitening” the power spectrum so that
the background noise becomes approximately flat across frequency.

In the PRESTO pulsar-search software suite, red-noise suppression is performed
in the frequency domain. The Fourier spectrum of each dedispersed time series is
computed and then locally normalised using algorithms implemented in routines
such as realfft and rednoise. These procedures reduce the excess power at low
frequencies while preserving the narrow spectral features associated with genuine
periodic signals [103, 104].

The resulting whitened spectra provide a statistically well-behaved background
against which periodic signals can be identified. With the effects of dispersion and
red noise mitigated, the dedispersed time series are then ready for the Fourier-

domain periodicity searches.

3.6 Periodic Pulsar Search Techniques

3.6.1 Fourier-domain periodicity searches

After dedispersion and red-noise mitigation, each trial-DM data product is a one-
dimensional time series that may contain a weak periodic pulsar signal buried in
stochastic noise. The central idea of Fourier-domain searching is that a strictly
repeating signal, even when not visually apparent in the time domain, can be trans-
formed into a small number of localized peaks in frequency space. In this way, the
Fourier transform acts as a highly efficient matched filter for periodic phenomena
(2, 103].

Let the dedispersed time series be sampled uniformly with sampling interval

tsamp, SO that the total observing duration is
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Tops = Ntsampa (320)

where N is the total number of samples. If the discrete time series is denoted

T, = x(t,) with t,, = ntgmp and n = 0,..., N—1, then its discrete Fourier transform
(DFT) is
N-1 kn
Ty = ;wnexp (—MW), k=0,...,N—1. (3.21)

Each index k corresponds to a Fourier frequency

k
= 3.22
v Tobs 7 ( )
so that the spacing between adjacent Fourier bins is
Sv = — (3.23)
v= : .
Tobs

Equation 3.23 is of fundamental practical importance: longer observations pro-
duce narrower Fourier bins, allowing periodic signals to be measured with finer
frequency resolution. However, if the signal frequency is not perfectly constant over
the observation (e.g. due to acceleration), the power can spread across multiple
bins, effectively reducing the signal-to-noise ratio.

To see why the Fourier transform is so effective for pulsar searches, consider first

a noiseless sinusoidal signal of amplitude A and frequency vy,

T, = Acos 2mvpt, + ¢), (3.24)

where ¢ is an arbitrary phase. If 14 lies exactly at one of the Fourier frequencies
vk, then the sum in Eq. 3.21 adds coherently and the signal power is concentrated into
the corresponding Fourier bin. In contrast, random noise does not add coherently.
Its contribution is distributed over many Fourier bins, producing a comparatively
broad background rather than a localized spectral peak.

This is the essential reason why periodic signals that are almost invisible in
the time domain can become obvious in the Fourier domain. In a sufficiently long
observation, the contribution of a periodic signal to the correct Fourier bin grows
coherently with the number of samples, whereas the stochastic noise grows only as
a random walk. Qualitatively, if the coherent signal amplitude scales as o« N in the
correct bin, the corresponding noise amplitude scales only as o< v/N. The transform

therefore acts as an integrator of periodic power, greatly enhancing sensitivity to

98



repetition.
In practical searches, the quantity inspected is usually the Fourier power spec-

trum,

Py, = |3 (3.25)

For a time series containing only white Gaussian noise, the real and imaginary
parts of x; are themselves Gaussian-distributed random variables, and the Fourier
powers follow an exponential distribution (equivalently a y? distribution with two
degrees of freedom) after appropriate normalisation [2]. A genuine periodic signal is
therefore identified as a statistically significant excess above this noise background.

The role of the observing duration can be visualised directly. A short observation
contains fewer cycles of a repeating signal, and the corresponding Fourier peak is
less prominent relative to the noise background. A longer observation contains more
repetitions of the same signal, and the coherent power grows accordingly. This is
why, all else being equal, longer integrations substantially improve sensitivity to
faint periodic sources. Figure 3.7 illustrates this principle by comparing noisy time

series and their corresponding Fourier spectra for short and long integrations.
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Figure 3.7: Illustration of the power of Fourier-domain periodicity searches. Top
panels: a short-duration noisy time series and its Fourier spectrum. Although the
periodic signal is difficult to identify by eye in the time domain, the FFT already re-
veals a localized excess at the signal frequency. Middle panels: the same experiment
for a longer observation. The time-domain signal still appears noise dominated,
but the Fourier peak becomes much more significant because the periodic compo-
nent adds coherently over a larger number of cycles. Bottom panels: comparison
of the clean periodic component with the noise realization in the time domain, and
the corresponding growth of coherent signal power in the Fourier spectrum. This
demonstrates why the FFT is such a powerful tool for uncovering repeating signals
buried in noise.

For pulsar searches, the relevant repetition frequency is the spin frequency of the

neutron star, which for an isolated pulsar is
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where P is the pulsar spin period. In the simplest case, an isolated pulsar will

(3.26)

therefore produce a peak in the Fourier spectrum at v = f; together with additional

power at integer multiples of this frequency, (see discussion in Section 3.6.3).

3.6.2 Implementation in PRESTO: the realfft stage

Although the DFT in Eq. 3.21 provides the formal basis of Fourier-domain searching,
a direct evaluation of that expression is computationally prohibitive for modern
pulsar datasets. The naive calculation requires of order N? operations, which is
impractical when N may be of order 107-10° samples in a single dedispersed time
series. The practical solution is the fast Fourier transform (FFT), which exploits
symmetries in the DFT to reduce the computational cost to order Nlog N [2, 105].
This reduction is precisely what makes large modern pulsar surveys feasible.

In a PRESTO-based pulsar search workflow, the dedispersed time series generated
by prepdata are transformed into the Fourier domain using the routine realfft?.
The name reflects an important property of pulsar search data: the dedispersed time
series are real-valued. For a real input sequence, the Fourier transform obeys the

Hermitian symmetry

Pnog = L, (3.27)

where the asterisk denotes complex conjugation. This means that the negative-
and positive-frequency halves of the spectrum contain redundant information. In
practice, only the non-redundant positive-frequency half of the Fourier spectrum
must be retained, making the calculation more efficient in both time and storage.

Operationally, realfft takes each dedispersed time series and computes the
complex Fourier amplitudes ;. These are then converted into a power spectrum
through Eq. 3.25. The resulting spectrum is the fundamental search product: any
strictly periodic or quasi-periodic signal present in the time series will appear as one
localized peak ( and potentially, a number of harmonics) above the noise floor.

A useful way to interpret this computational step is to view the FFT as a bank of
simultaneous sinusoidal filters. Rather than testing one trial frequency at a time, the
transform evaluates the response of the data to all Fourier frequencies vy, = k/Tops at

once. This parallelism is one of the main reasons why FFT-based pulsar searches are

3https://www.cv.nrao.edu/~sransom/presto/
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so powerful. A single transform of a dedispersed time series searches an enormous
range of candidate spin periods in one operation.

In practice, the raw Fourier power spectrum is not yet ready for candidate se-
lection. Instrumental effects, residual red noise, and baseline variations can distort
the low-frequency end of the spectrum and modify the underlying noise statistics.
For this reason, PRESTO applies additional processing steps, including local nor-
malisation and spectral whitening, after the FFT stage and before the final peak
selection [103, 104]. These operations were introduced conceptually in Section 3.5.9
and are part of the reason that genuine pulsar signals can be distinguished from
broad low-frequency noise features.

Nevertheless, the realfft step is the moment at which the search problem
changes character. Before the FFT, the data are a noisy time series in which a
weak repeating pulsar signal may be impossible to see by eye. After the FFT, the
same repetition becomes a compact spectral feature. In this sense, realfft provides
the central bridge between time-domain radio data and Fourier-domain periodicity

searches.

3.6.3 Harmonic structure and harmonic summing

A real pulsar does not emit a sinusoidal waveform. Instead, it produces a train of
narrow pulses separated by one spin period P. This distinction is crucial, because
the Fourier transform of a non-sinusoidal periodic signal is not confined to a single
frequency. Instead, its power is distributed among the fundamental spin frequency
and a series of harmonics at integer multiples of that frequency [2, 103].

This can be demonstrated explicitly with a simple model. Consider a periodic
train of top-hat pulses of amplitude A, width W, and period P. Over one period,

the signal may be written as

A 0<t< W,
s(t) = s(t+ P) = s(t). (3.28)
0, W<t<P,

The complex Fourier coefficient of the mth harmonic is

c ! /Ps(t) e 2 imt dt (3.29)
m = = xp | — — : .
PJ, PATAMp

Substituting Eq. 3.28 gives

—A/W dmimL ) dt (3.30)
Cn = 5 ) exp mim , .
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which evaluates to

w |44 W
Cm = A y) sinc (mﬁ?> exp (—mm?> , (3.31)
where sinc(x) = sinz/x. The corresponding harmonic power is therefore
|em|? o w 2 sinc? m7rK (3.32)
" P P’ '

Equation 3.32 captures an important practical fact about pulsar searches. If the
duty cycle W/P is large, the signal is relatively sinusoidal and most of its power is
concentrated in the fundamental frequency. If the duty cycle is small, corresponding
to a narrow pulse, the signal contains substantial power in many harmonics. In other
words, narrow pulses produce broader harmonic content in the Fourier domain.

This immediately explains why pulsar searches do not simply look for one strong
Fourier bin. A narrow-pulsed pulsar may have only modest power at the fundamen-
tal, while a substantial fraction of the detectable signal is distributed among higher
harmonics. To recover this power, pulsar search algorithms perform harmonic sum-
ming. The basic idea is to stretch the Fourier spectrum by integer factors and add
it back to the original spectrum so that harmonically related peaks align at the
location of the fundamental.

In idealized notation, if P, denotes the original power spectrum, then an ny..m

harmonic sum may be written schematically as

Mharm

tharm<k) = Z P(mk)v (333)

m=1
where the rebinned or stretched spectra are added after being mapped onto the
bin index corresponding to the fundamental. In practical software, this procedure
is implemented through resampling and interpolation in Fourier space rather than
by the simple symbolic form of Eq. 3.33, but the physical meaning is the same.
The gain in sensitivity can be substantial for narrow-pulse signals. If a pulsar has
appreciable power in, for example, the first 2, 4, 8 or 16 harmonics, then summing
those harmonics can increase the significance of the candidate relative to the noise
background. This is why PRESTO and similar pulsar-search packages routinely search
multiple harmonic sums rather than only the unsummed spectrum [103, 104].
There is, however, a trade-off. Summing too many harmonics can begin to add
more noise than signal if the true harmonic content falls off rapidly. For this reason
search pipelines typically examine several harmonic sums separately and retain the

maximum significance obtained across them. A nearly sinusoidal signal is usually
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best detected in the unsummed or low-order summed spectrum, whereas a narrow
duty cycle pulsar is often best detected after summing many harmonics.

Harmonic summing is therefore a natural extension of the FF'T search itself. The
FFT reveals periodicity by concentrating coherent signal power into Fourier space,
and harmonic summing recovers the additional coherent power distributed among
integer multiples of the spin frequency. Together, these two steps make Fourier

searches highly sensitive to the non-sinusoidal pulse trains produced by real pulsars.

3.6.4 Binary motion and Doppler modulation

The Fourier-domain search methods described in the previous sections assume that
the pulsar spin frequency remains constant throughout the observation. This is a
good approximation for isolated pulsars, but it breaks down for pulsars in binary
systems. As discussed earlier in Section 1.6.2, orbital motion introduces a time-
dependent Doppler shift in the observed pulsar spin frequency. Even if the intrinsic
spin of the neutron star is perfectly stable, the changing line-of-sight velocity causes
the observed frequency to vary during the observation [2, 34, 103].
In the non-relativistic limit, appropriate for binary pulsars with |v)| < ¢, the
observed spin frequency may be written as
fun(®) = fo (14 12). (3.34)

C

where fj is the intrinsic pulsar spin frequency, v)(t) is the line-of-sight component
of the orbital velocity, and c is the speed of light. Equation 3.34 immediately shows
that the observed spin frequency is no longer constant, but instead tracks the orbital
motion of the pulsar around the binary centre of mass.

For a circular orbit, the line-of-sight velocity varies sinusoidally with orbital

phase. It is therefore convenient to write

27t

vy (t) = K sin (i + gbo) , (3.35)
Py

where K is the projected orbital velocity amplitude, P, is the binary orbital

period, and ¢q is a constant orbital phase. Substituting Eq. 3.35 into Eq. 3.34 gives

ot 1 K (22 )] 530

This relation shows that orbital motion modulates the apparent spin frequency
of the pulsar even when the intrinsic spin frequency fy is constant. The observed

signal is therefore not strictly monochromatic over long integrations. Instead, the
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instantaneous frequency drifts during the observation, and this drift reduces the ef-
fectiveness of a standard FFT search, which assumes that the signal remains confined
to a single Fourier bin.

The physical origin of this effect is illustrated by the line-of-sight acceleration
and jerk curves shown in Fig. 3.8. These quantities are the first and second time
derivatives of the orbital velocity and provide the most direct bridge between binary

orbital dynamics and pulsar search algorithms.

3.6.5 Line-of-sight acceleration and jerk

To understand how binary motion affects pulsar searches, it is useful to expand the
Doppler modulation in terms of successive time derivatives. Differentiating Eq. 3.34

with respect to time gives

1 d’UH

obs (1) = fo=—+ 3.37
fonlt) = for (337
Since the time derivative of the line-of-sight velocity is the line-of-sight acceler-
ation,
dU”
t)= — 3.38
we obtain the important relation
; _Jo
fons(t) = . Cl||(t)- (3.39)

Equation 3.39 is central to acceleration searches. It shows that a pulsar undergo-
ing a non-zero line-of-sight acceleration has a non-zero observed frequency derivative,
even when its intrinsic spin is constant over the observation.

For the circular-orbit velocity model in Eq. 3.35, the line-of-sight acceleration is

obtained directly by differentiation:

dv 2rK 2mt
CLH(t) = d_tH = Pb COS (?b + ¢0) . (340)

The maximum magnitude of the line-of-sight acceleration is therefore

2K
af|lmax = ——- 3.41
s = (341)
This expression immediately shows that compact binaries with short orbital pe-
riods produce the largest accelerations and are therefore the most strongly affected

by Doppler smearing during a pulsar search.
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The next derivative introduces the line-of-sight jerk, defined as

. day _ dv
)= — = —. 42
i =S =0 (342
Differentiating Eq. 3.39 with respect to time gives
; _Jo.
fobs(t) - ?]H(t)J (343>

so the second derivative of the observed spin frequency is directly proportional
to the line-of-sight jerk.
Using Eq. 3.40, the jerk for a circular orbit becomes

d 2
ji(t) = % — (%) K sin (2?”: n ¢0> . (3.44)

[ts maximum magnitude is therefore

. 27\ 2
|J\\’max: Fb K. (3.45)

Equations 3.40 and 3.44 are illustrated in Fig. 3.8, which shows the variation of
ay(t) and jj(t) over one full binary orbit. The upper panel shows that the line-of-
sight acceleration varies smoothly and periodically, changing sign as the pulsar moves
from one side of the orbit to the other. The lower panel shows the corresponding
jerk, which describes how rapidly the acceleration itself changes with orbital phase.
In other words, acceleration controls the instantaneous frequency drift of the signal,
while jerk controls how that drift rate evolves during the observation.

This distinction is important for pulsar searches. If the observation is short com-
pared with the orbital timescale, the acceleration may be treated as approximately
constant over the duration of the observation. In that case, fobs may be neglected
and the signal can be modelled with a constant frequency derivative. If, however,
the observation is long enough (or the orbital phase unfavourable enough) that
a)(t) changes significantly during the integration, then the jerk term becomes non-

negligible and the constant-acceleration approximation begins to fail [103, 106, 107].
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Figure 3.8: Illustration of the line-of-sight orbital acceleration a|(t) and line-of-sight
jerk jj(t) over one full binary orbit for a circular system. The upper panel shows the
periodic variation of the line-of-sight acceleration, which determines the instanta-
neous drift rate of the observed pulsar spin frequency through fops = (fo/c) aj. The
lower panel shows the corresponding line-of-sight jerk, which determines the rate of
change of that drift through fons = (fo/c) Jj- Together, these quantities provide the
physical origin of Doppler smearing in Fourier-domain pulsar searches.

3.6.6 Signal drift in the Fourier domain

The relations derived above connect orbital dynamics directly to pulsar search be-
haviour. A standard FFT search assumes that the signal remains at a constant
frequency throughout the observing time T,s. In that case, the signal power accu-

mulates coherently in a single Fourier bin of width

1

ov = )
Y Tobs

(3.46)
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However, for a pulsar in a binary system the observed frequency is time-dependent.

Expanding fops(t) about the start or midpoint of the observation gives

fobs(t)%fo+ft+%f't2+~-, (3.47)

where, over a sufficiently short observation, f and f may be treated as approxi-
mately constant.

If the jerk is negligible over the observation, then Eq. 3.47 reduces to

fobs(t) ~ fO + ft (348)

This is the constant-acceleration approximation. The total frequency excursion

during the observation is then approximately

AF = fTos. (3.49)

Dividing this by the Fourier-bin width from Eq. 3.46 gives the number of Fourier
bins drifted by the signal:

LAf
ArY

Using Eq. 3.39, this may be written as

f T3 (3.50)

z

o 2% 2 (3.51)
C

Equation 3.51 is one of the most useful practical expressions in binary pulsar
searching. It shows that the degree of Fourier smearing increases with spin frequency,
line-of-sight acceleration, and the square of the observing time. When |z| < 1, the
signal remains effectively confined to one Fourier bin and a standard FFT search
retains most of its sensitivity. When |z| 2 1, the signal power is spread across
several bins and the peak significance is reduced. This effect is illustrated in Fig. 3.9,
where the accelerated pulsar produces a broadened and weakened Fourier response
compared to the unaccelerated case.

If the jerk is not negligible, then the quadratic term in Eq. 3.47 must also be

retained:

foos(t) ~ fo+ ft+ %f'tz. (3.52)

In this regime the drift is no longer linear in time. Instead, the signal moves

through Fourier space with a drift rate that itself changes during the observation.
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Using Eq. 3.43, the curvature term is set directly by the line-of-sight jerk:

f= %j- (3.53)

Acceleration therefore produces a linear drift of the signal across Fourier bins,
whereas jerk introduces curvature in that drift [106]. In physical terms, acceleration
determines how fast the apparent spin frequency moves through the FFT, while jerk
determines how rapidly that drift rate changes during the observation. This is why
acceleration searches are effective when the constant-acceleration approximation is
valid, but become suboptimal for very compact binaries observed over a significant
fraction of their orbit.

A useful estimate of the additional frequency excursion introduced by jerk is

1 ..
A fiork ~ 3 fT3., (3.54)

which corresponds to an additional non-linear distortion of the Fourier response.
Although this effect is harder to visualise directly than the linear bin drift caused by
acceleration, its practical consequence is the same: the signal power is distributed
over a larger region of Fourier space, reducing the peak significance in a standard
periodicity search.

This behaviour motivates the two broad classes of correction methods used in
binary pulsar searches. In the time-domain approach, the time series is resampled to
remove the effects of orbital motion before the FFT is computed. In the frequency-
domain approach, one first performs the FFT and then searches for the characteristic
drift patterns produced by non-zero f and, where relevant, f . These methods are
described in the following sections [34, 103, 104].
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Figure 3.9: Hlustration of the effect of binary acceleration on a pulsar signal in the
Fourier domain. In the absence of binary motion (top panels), the periodic signal
remains at a fixed frequency throughout the observation and appears as a sharp peak
in the FFT. Under non-zero line-of-sight acceleration (central panels), the observed
spin frequency drifts during the observation and the signal power is spread across
multiple Fourier bins. This Doppler smearing reduces the peak significance in a
standard FFT search and motivates the use of acceleration-search techniques (see
comparison in bottom panels).

Phase evolution of an accelerated signal

It is useful to begin from the signal phase rather than the instantaneous frequency.
Since frequency is the time derivative of phase divided by 27, the phase of the

observed signal is

B(t) = 21 / ) d (3.55)

Substituting Eq. 3.52 into Eq. 3.55 gives
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(t) ~ 2 (fot + %fﬂ + %f't?’) . (3.56)

Equation 3.56 shows explicitly how binary motion destroys the simple phase
model of an isolated pulsar. In the absence of orbital effects, ®(t) = 27 fot, so
successive pulses remain perfectly phase coherent and all signal power accumulates
into a narrow set of Fourier bins. The additional quadratic and cubic terms represent
phase errors relative to this simple model. The quadratic term arises from a non-
zero acceleration and the cubic term from a non-zero jerk. If these terms become
appreciable over the interval T, the signal power is smeared and the sensitivity of
a standard FFT search degrades.

Using the results from the previous section, one may write

., - fy
f = 20 CL”, f = 70 j||, (3.57)
c c
so that Eq. 3.56 becomes
o, I3
O(t) ~ 2 t+ —t"+ =t . 3.58
(t) Wfo{JrQC +66} (3.58)

This form is especially useful because it shows that the search problem may be
viewed either as one of correcting the time coordinate or as one of correcting the
phase evolution. These two viewpoints lead naturally to time-domain and frequency-

domain search methods, respectively.

Time-domain methods: resampling before the FFT

The guiding idea of the time-domain approach is simple: if orbital motion causes the
pulse train to arrive too early or too late relative to a uniformly spaced clock, then
one should undo that distortion before carrying out the Fourier analysis. In other
words, one seeks a new time coordinate in which the pulsar once again appears to
spin at a constant frequency.

Suppose that a corrected time coordinate 7 is defined such that the phase is

written in the isolated-pulsar form
O(t) = 2w for. (3.59)
Comparing Eq. 3.59 with Eq. 3.58 yields

a9, Jl,3
=t g2 A 3.60
T + 2¢c + 6¢ + ( )
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Equation 3.60 is the essence of the time-domain correction: binary motion is
removed by redefining the time axis so that the pulsar signal is demodulated to a
nearly constant frequency. If only the acceleration term is retained, one obtains the
constant-acceleration approximation; if the jerk term is also included, one obtains
the next-order correction. In the most general case, one may instead use a full
orbital timing model and remove the Roemer delay due to the orbit directly.

In actual search pipelines the data are not continuous but discretely sampled.
Hence, the corrected time series must be obtained by interpolation or nearest- neigh-
bour assignment. Let the observed time series be sampled at uniform intervals tsump,
and denote its samples by s;. A resampled time series s7° is then constructed by
evaluating which observed sample corresponds to each corrected time 7; = j tgamp-
In the simplest implementation one identifies the nearest sample in the original se-
ries and copies its value into the resampled sequence. More sophisticated approaches
use interpolation between neighbouring samples. The underlying idea is the same
in either case: the signal is demodulated in the time domain before any Fourier
transform is computed [34, 103].

The important computational consequence is that this procedure must be re-
peated for every trial correction. If one searches over a set of trial accelerations,
then for each trial one must construct a new resampled time series and compute its
FFT. If one extends the search to include jerk, or even a full orbital template bank,
the number of resampling trials increases rapidly. Time-domain methods are there-
fore very natural and physically intuitive, and they can remain fully coherent over
a large class of signal models, but they can also become computationally expensive
because the FFT must be repeated for each template.

Despite this cost, time-domain methods have an important advantage: they are
conceptually very general. If the orbital model is known or can be parameterised
accurately, the signal can in principle be corrected all the way back to a simple peri-
odic train before the FF'T is applied. This is the logic behind coherent demodulation

schemes and this type of time-domain resampling.

Frequency-domain methods: FFT first, correction afterwards

The alternative strategy is to accept that the observed time series is already modu-
lated by orbital motion, compute its FFT once, and then search the Fourier spectrum
for the signature of that modulation. In this approach the orbital correction is not
applied to the data samples themselves, but to the spectral response of the signal.
The idea of a frequency-domain acceleration search is to compute the FFT once

and then correlate the Fourier amplitudes with a family of templates corresponding
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to different trial values of z, the number of drifted bins defined in equation 3.4.8.
Each template represents the expected Fourier response of a signal whose apparent
frequency drifts linearly during the observation. By scanning over a range of z, the
algorithm attempts to reconstruct the coherent power that has been spread across
the spectrum by acceleration [103, 104].

This is the basis of the standard Fourier-domain acceleration search implemented
in PRESTO through accelsearch. This is the basis of the standard Fourier-domain
acceleration search implemented in PRESTO through accelsearch. In practical
terms, one first computes the FF'T of the dedispersed time series. For each harmonic-
summing stage, the Fourier amplitudes are then correlated with matched-filter tem-
plates over a range of trial z values, and the resulting responses from harmonically
related signals are combined. Thus, the acceleration matched filtering is applied
at each harmonic stage, rather than being performed only after a single final har-
monic sum. Because the FF'T is computed only once per dedispersed time series, the
method is much faster than a brute-force time-domain resampling search over many
trial accelerations. This computational efficiency is the main reason why frequency-
domain acceleration searches have become standard in large pulsar surveys.

The price paid for this efficiency is that the method is usually derived under
the assumption that the acceleration remains approximately constant over the ob-
servation. This requirement is the reason why standard acceleration searches work
best when the observation spans only a modest fraction of the binary orbit. If the
observation becomes too long, the jerk term can no longer be neglected, the drift
through Fourier space is no longer linear, and the standard constant-acceleration
templates become progressively mismatched to the signal. A commonly used rule

of thumb is that the constant-acceleration approximation remains adequate when
Tobs <

~

P,/10, although the exact limit depends on the orbital phase and system
parameters [34, 35].

When the acceleration is not constant over the duration of the observation,
higher-order derivatives of the line-of-sight motion become important, in particular
the jerk . In this regime, the apparent spin frequency no longer drifts linearly in time,
but follows a curved trajectory in Fourier space. As a result, standard acceleration
searches, which correct only for a constant frequency derivative , become increasingly
ineffective. To recover sensitivity, one must extend the search to include the jerk
term, introducing an additional parameter (commonly denoted w) that accounts for
the second-order frequency derivative. This leads to a two-dimensional search over
(z,w), allowing the templates to better match signals from compact binaries where

orbital motion varies significantly over the observation timescale [106].
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3.6.7 Candidate generation, sifting, and folding

The Fourier-domain search techniques described in the previous sections produce a
very large number of potential periodic signals. In practice, the vast majority of
these detections do not correspond to astrophysical pulsars but instead arise from
random noise fluctuations, residual radio-frequency interference (RFI), or instru-
mental artefacts. Modern pulsar search pipelines therefore include several additional
stages that progressively reduce the number of candidates before detailed inspection
is performed. These stages typically include candidate generation, candidate sifting,

and finally candidate folding and diagnostic analysis [2, 103, 104].

Candidate generation in Fourier searches

Following the FFT and harmonic summing steps, the search algorithm scans the
Fourier spectrum for peaks exceeding a predefined statistical threshold. Each peak
corresponds to a potential periodic signal characterised by a trial spin frequency
f, dispersion measure (DM), and, in acceleration searches (and also a trial second
derivative in case of Jerk), a trial frequency derivative f.

In practice, the search is performed over many trial dispersion measures and,
where applicable, trial accelerations and jerks. A typical observation may therefore
produce tens of thousands or even millions of raw candidates. For each detection
above the chosen spectral signal-to-noisethreshold, the pipeline records several pa-

rameters including

e the candidate spin period P,

the trial dispersion measure,

the signal-to-noise ratio of the detection,

the harmonic number of the detection,

the trial acceleration (or frequency derivative).

e the trial jerk (the second derivative of frequency).

These raw detections form the initial candidate list that must be further pro-

cessed before meaningful astrophysical interpretation is possible.
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Candidate sifting

The next stage is candidate sifting, whose purpose is to reduce the large list of
raw detections to a manageable number of promising pulsar candidates. Candidate
sifting typically involves several filtering operations designed to eliminate obvious
duplicates and non-astrophysical signals [103, 108].

A common feature in Fourier searches is that a single pulsar can appear multiple
times in the candidate list. For example, detections may occur at the fundamental
frequency as well as at several harmonics. Similarly, the same signal may appear
at nearby trial dispersion measures or accelerations. Candidate sifting algorithms
therefore identify groups of detections that correspond to the same underlying pe-
riodic signal and retain only the most significant representative of each group.

Additional filtering criteria are often applied during this stage. Candidates with
extremely low dispersion measures are frequently rejected because terrestrial in-
terference is not dispersed by the interstellar medium. Similarly, candidates with
periods corresponding to known instrumental frequencies or power-line harmonics
may be discarded. Other heuristics may remove candidates whose signal-to-noise ra-
tios are below a specified threshold or whose detection significance decreases rapidly
when harmonics are combined.

In software packages such as PRESTO, the sifting procedure is implemented by
dedicated scripts that analyse the candidate lists produced by the periodicity search.
The output of this stage is a much smaller set of unique candidate signals that

warrant further investigation [103, 104].

Folding of pulsar candidates

Once the candidate list has been reduced through sifting, the remaining signals are
examined in greater detail by folding the time series at the candidate period and
dispersion measure. Folding is the process of aligning successive rotations of the
pulsar signal and summing them coherently to produce an integrated pulse profile.

For a candidate with period P, each sample in the dedispersed time series is

assigned a pulse phase

B(t) = (%) mod 1, (3.61)

where ¢ € [0,1) represents the rotational phase within a single pulse period.
The data are then accumulated into a set of phase bins to construct the average
pulse profile. If a genuine pulsar is present, the periodic pulses add coherently and

produce a stable pulse shape, while random noise averages out.
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2 Pulses of Best Profile Search Information
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Figure 3.10: A typical pulsar diagnostic plot prepared by PRESTO’s Prepfold rou-
tine.

In practice the candidate period obtained from the FFT search is not perfectly
precise. Folding routines therefore perform a local optimisation of several param-
eters, including the period P, its derivative P, and the dispersion measure. The
optimisation is typically carried out by searching over small ranges around the can-
didate parameters and selecting the combination that maximises a detection statistic

such as the reduced y? of the folded profile.

Interpretation of pulsar diagnostic plots

After candidate sifting, the remaining signals are folded and summarised in diag-
nostic plots that allow rapid visual assessment of their astrophysical credibility.
Figure 3.10 shows a typical example of such a diagnostic plot produced by PRESTO.
These plots combine several independent views of the data that together provide
strong evidence for or against the presence of a genuine pulsar signal.

Each panel of the diagnostic plot probes a different aspect of the signal, and
experienced pulsar searchers use the combined behaviour of these panels to evaluate

candidates.
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Integrated pulse profile The integrated pulse profile represents the average sig-
nal intensity as a function of pulse phase. This profile is obtained by summing many
thousands or millions of individual rotations of the candidate signal.

For a genuine pulsar, the integrated profile typically shows a stable and well-
defined pulse shape, often consisting of one or more components. The signal-to-noise
ratio of this profile increases as the square root of the number of pulses integrated
[2].

Noise fluctuations usually produce irregular or poorly defined profiles, while nar-
row spikes confined to a single phase bin often indicate radio-frequency interference
(RFI). Real pulsar profiles tend to have finite width and remain consistent when the

data are divided into smaller time segments.

Pulse phase as a function of time The time-phase diagram shows how the
pulse phase evolves throughout the observation. Each horizontal slice corresponds
to a short segment of the data folded at the candidate period.

For a real pulsar, the pulse appears as a vertical stripe that remains at a constant
phase throughout the observation. This indicates that the period, the first as well as
the second period derivative used for folding accurately tracks the rotational phase
of the pulsar.

If the candidate period is slightly incorrect, the pulse will drift diagonally across
the plot as the observation progresses. If the first period derivative (P) is incorrect,
the pulse track follows a quadratic curvature, while an unaccounted or incorrect
second derivative (P) produces a characteristic S-shaped structure. Random noise
produces no coherent pattern, while intermittent interference may appear only in

isolated time segments.

Pulse phase as a function of observing frequency The frequency—phase panel
displays the folded pulse signal across the observing bandwidth, typically divided
into sub-bands.

A genuine pulsar signal should appear aligned across frequency channels when
the correct dispersion measure is applied. Because the interstellar medium disperses
radio signals, an incorrect DM will cause the pulse to appear slanted across the
frequency axis.

Terrestrial interference, which is not dispersed, often produces signals that align
at DM = 0, or that appear only in restricted frequency ranges (and have therefore

similarly high S/N over large ranges of DM).
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Dispersion measure curve The dispersion-measure curve shows the detection
significance as a function of trial DM. A real pulsar should produce a clear peak at a
well-defined non-zero DM corresponding to the integrated electron column density
along the line of sight.

Noise signals usually produce curves with no clear maximum. RFT signals of-
ten peak near DM ~ 0 because they originate within the Earth’s atmosphere or

instrumentation and therefore do not experience interstellar dispersion.

Period and acceleration optimisation Additional panels display the detection
statistic as a function of small adjustments to the candidate period and its derivative
(or acceleration). These curves indicate whether the signal strength increases when
the folding parameters are refined.

Real pulsar candidates typically produce sharp peaks centred on the optimal
parameter values. In contrast, noise candidates often produce broad or irregular

structures without a well-defined maximum.

Period—acceleration search plane The two-dimensional panel in the lower-right
portion of the diagnostic plot shows the detection statistic across a grid of trial peri-
ods and period derivatives. The candidate location is marked within this parameter
space.

For accelerated pulsars in binary systems, this panel often shows a distinct peak
or ridge corresponding to the best-fit combination of period and acceleration. The
surrounding pattern reflects correlations between these parameters during the opti-

misation process.

Common false-positive signatures In practice, many candidates that initially
appear significant are later identified as non-astrophysical signals. Several common

patterns can often be recognised directly in the diagnostic plots:

e Broadband RFI: Narrow spikes in the integrated profile, often accompanied
by signals that appear simultaneously across all frequencies and peak near DM
~ 0.

e Narrow-band RFI: Signals confined to a small number of adjacent frequency
channels, often appearing with high S/N and at DMs different from zero, as
they are largely unaffected by the de-dispersion process.

e Noise fluctuations: Weak peaks that disappear when the data are subdi-

vided in time or frequency.
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e Incorrect DM solutions: Signals that appear strong only over a limited

frequency range or whose pulse phase varies systematically across the observing

band.

Identifying these failure modes is an essential part of pulsar candidate evalua-
tion. Although automated classification algorithms are increasingly used in modern
surveys, visual inspection of diagnostic plots remains an important step in validating

new pulsar discoveries [108, 109].

3.7 Additional pulsar search techniques

The Fourier-based search methods described in the previous sections form the back-
bone of most modern pulsar surveys. Fast Fourier Transform (FFT) searches com-
bined with harmonic summing and acceleration corrections are highly effective for
detecting periodic signals whose spin frequency remains approximately stable over
the duration of the observation. However, not all pulsars satisfy these assumptions.
In particular, signals from very long-period pulsars, highly accelerated binary sys-
tems, or sources that emit sporadic pulses can be difficult to detect using standard
Fourier techniques.

To address these limitations, a number of complementary search methods have
been developed. These approaches target different signal regimes and can signif-
icantly improve sensitivity in situations where traditional FFT-based searches be-

come inefficient.

3.7.1 Fast Folding Algorithm (FFA) searches

One important alternative to Fourier-based periodicity searches is the Fast Folding
Algorithm (FFA). The FFA operates directly in the time domain by folding the time
series at a large number of trial periods and evaluating the statistical significance of
the resulting profiles [2, 110].

Unlike FF'T searches, which rely on harmonic summing to recover narrow pulse
profiles, the FFA preserves the full coherence of the signal throughout the folding
process. As a result, the FFA can be significantly more sensitive to long-period
pulsars and pulsars with broad pulse profiles. This makes it particularly useful for
detecting sources whose periods are longer than a few seconds, where the number
of observed rotations during the observation is relatively small.

Historically, the computational cost of FFA searches limited their use in large

surveys. However, modern implementations and increased computing power have
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renewed interest in this technique, and several recent pulsar discoveries have been
made using FFA-based pipelines [111, 112].

3.7.2 Single-pulse searches

Some neutron stars emit detectable radio bursts that do not form a stable periodic
signal during a typical observation. Such sources include rotating radio transients
(RRATS), intermittent pulsars, and some magnetars. These objects may produce
individual bright pulses separated by long intervals of weak or undetectable emission.

Single-pulse search techniques therefore look for isolated dispersed bursts rather
than periodic signals. Some of the very first pulsars were discovered through this
technique. After dedispersion, the time series is searched for peaks exceeding a
specified signal-to-noise threshold. The search is typically performed over a range
of boxcar widths in order to detect pulses of different durations [113, 114].

A key diagnostic for identifying astrophysical bursts is the dispersion-measure
dependence of the signal. Genuine pulses from distant sources appear at multiple
frequencies with a delay that follows the cold-plasma dispersion relation. In contrast,
terrestrial interference usually lacks this characteristic behaviour.

Single-pulse searches have become an essential component of modern pulsar
pipelines and have led to the discovery of fast radio bursts (FRBs), which are bright

millisecond-duration radio transients of extragalactic origin [115].

3.7.3 Stacking and phase-modulation techniques

In addition to standard periodicity searches, several techniques have been developed
to improve sensitivity to faint or highly accelerated pulsars by combining information
across time or frequency in different ways.

A simple approach is incoherent stacking of multiple independent observations.
In this method, power spectra from separate observing epochs are summed without
preserving phase information. This is particularly effective for faint isolated pulsars,
where each individual observation may be below the detection threshold, but the
combined signal becomes significant when multiple observations are added.

For binary systems, where the apparent spin frequency evolves during the obser-
vation, more specialised methods are required. One such approach is the stack-and-
slide technique. A long observation is divided into shorter segments, within which
the pulsar period can be approximated as nearly constant. A Fourier transform is
computed for each segment, producing a set of power spectra in which the signal is

less smeared across frequency bins. These spectra are then combined by applying
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trial frequency drifts corresponding to different accelerations, effectively “sliding”
the spectra before summing them. This allows partial recovery of signals from bi-
naries that would otherwise be undetectable in a single long Fourier transform.

In the regime of extremely compact binaries (P, < Tips), the phase-modulation
search [35] provides an alternative strategy. In this case, the orbital motion imprints
a characteristic phase modulation on the pulsar signal, producing a series of evenly
spaced sidebands around the intrinsic spin frequency in the Fourier domain. By
searching for this distinctive pattern, one can detect pulsars in very tight orbits

where both standard acceleration and stack-and-slide techniques lose sensitivity.

3.7.4 Template-bank searches for compact binaries

For very short orbital period systems, the constant-acceleration approximation used
in standard acceleration searches may no longer be valid. In such cases, the observed
pulsar frequency can evolve rapidly during the observation due to higher-order or-
bital effects.

Template-bank searches attempt to address this problem by constructing a grid
of trial orbital parameters and performing coherent demodulation of the time series
for each template [116, 117]. This approach is similar in spirit to matched-filter
searches used in gravitational-wave data analysis [118, 119].

Although computationally expensive, template-bank methods provide a powerful
way to search for pulsars in extremely compact binary systems [120], including
systems that may host neutron star—black hole pairs or ultra-short-period double
neutron star binaries.

Together, these complementary search techniques extend the discovery space of
pulsar surveys beyond the regime where standard FFT-based methods are most

effective. This technique is discussed in detail in 5.4.5
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Chapter 4

Results from the first MeerKAT

S-band pulsar survey

4.1 Introduction

Globular clusters (GCs) are among the most productive environments for pulsar
searches. These dense, gravitationally bound systems contain ~ 10*-10° stars
packed into compact volumes, creating ideal conditions for frequent dynamical en-
counters. Such interactions can exchange companions, harden binaries, and recycle
neutron stars through the transfer of mass and angular momentum from a compan-
ion star, efficiently producing binary millisecond pulsars (MSPs) that are otherwise
comparatively rare in the Galactic field [27, 31]. For this reason, GCs are attractive
targets for deep observations, as a single long pointing is likely to host multiple pul-
sars and can build signal-to-noise for intrinsically faint systems or those affected by
scattering and eclipses. At the same time, long dwell times can be detrimental to the
detection of pulsars in compact binaries, since orbital acceleration and higher-order
motion can smear the signal over extended integrations if not properly accounted
for.

The scientific motivation for globular-cluster pulsar surveys is correspondingly
broad. Recycled pulsars in compact binaries provide precision laboratories for tests
of relativistic gravity [e.g. 121, 122], constraints on the neutron-star equation of
state [123], and the study of exotic binaries formed through dynamical interactions
in dense stellar systems [e.g. 124]. Ensembles of stable millisecond pulsars con-
tribute to pulsar timing array experiments targeting nanohertz gravitational waves
le.g. 125], while globular-cluster pulsars, by virtue of their common distance and
shared environment, serve as sensitive probes of cluster gravitational potentials and

the intervening interstellar medium [126]. These drivers have motivated sustained
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pulsar-search campaigns over several decades with facilities including Murriyang,
the radio telescope at Parkes (New South Wales, Australia), the Green Bank Tele-
scope (GBT; West Virginia, USA), and more recently with upgraded instrumenta-
tion and new high-sensitivity facilities such as the Giant Metrewave Radio Telescope
(GMRT; India) and the Five-hundred-metre Aperture Spherical Telescope (FAST;
China) [127-130].

MeerKAT has become a cornerstone facility for pulsar science in the southern
hemisphere. Its combination of collecting area, modern receivers, and wide instanta-
neous bandwidth has made it a highly effective instrument for deep pulsar searches
and follow-up timing observations, including in globular clusters (see Bailes et al.
131). The impact of MeerKAT on globular-cluster pulsar studies is already evident
through the Transients and Pulsars with MeerKAT (TRAPUM) and MeerTime pro-
grammes, the two pulsar-focused Large Survey Projects carried out with MeerKAT
over the last five years. Together, these projects have delivered a substantial fraction
of recent globular-cluster pulsar discoveries and continue to expand the accessible
parameter space for faint systems and compact binaries [132-134].

Most globular-cluster pulsar surveys to date have been conducted at frequen-
cies near 1-1.4 GHz, where pulsar flux densities are typically higher compared to
higher frequency observations and receiver performance has historically been op-
timized. However, for distant clusters with large foreground dispersion measures
(DMs), pulse detectability at such frequencies can be significantly limited by disper-
sive smearing and, more critically, multi-path scattering in the interstellar medium.
The scattering timescale decreases steeply with observing frequency, approximately
as Ty o< v~* [135], such that millisecond pulsars in high-DM systems may suffer
substantial pulse broadening at L-band. Higher-frequency searches have therefore
been explored with single-dish facilities including Effelsberg, the GBT, and Parkes in
targeted studies of heavily scattered or high-DM pulsars, leading to successful detec-
tions in otherwise challenging systems [136, 137]. Over the past two decades, several
globular clusters have also been observed at S-band with the GBT in dedicated cam-
paigns [e.g. 1387 | 139], demonstrating the utility of higher observing frequencies
for mitigating dispersive smearing and scattering in dense Galactic-plane sightlines.

Nevertheless, most large globular-cluster pulsar surveys have historically been
conducted near 1-1.4 GHz, where pulsar flux densities are typically higher and sur-
vey instrumentation has been optimised. Systematic, uniformly processed multi-
cluster surveys above 2 GHz remain comparatively uncommon. MeerKAT’s large
collecting area, coherent tied-array beamforming capability, and wide instantaneous

bandwidth provide a complementary high-sensitivity platform for conducting such
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systematic S-band searches across a broader cluster sample.

The work presented here reports the preliminary results of a MeerKAT S-band
(v ~ 2.4 GHz) globular cluster pulsar survey of 14 clusters observed during 2023-
2024 as part of TRAPUM. We present the outcomes of the search and folding
campaign, including the discovery of four millisecond pulsars in the globular cluster
Glimpse-CO01 (see Fig. 4.2) and the re-detection of 39 previously known pulsars across
the full sample (see Table 4.1 and Section 4.4.1). Beyond reporting detections, this
chapter also aims to quantify practical S-band performance for future studies. To
that end, we (i) estimate S-band flux densities for the detected pulsars, (ii) place
these measurements in context by comparing a subset to representative MeerKAT
L-band flux-density values for the same objects (see Table 4.4), and (iii) derive
illustrative spectral-index constraints for selected non-detections using S-band upper
limits (see Section 4.4.5).

4.2 Target selection and observations

For this survey, 14 globular clusters were observed with the S1-band of the Meer KAT
S-band receiver system, covering a frequency range of 1750-3500 MHz, with an ef-
fective usable bandwidth of Av ~ 875 MHz centred near 2406 MHz over a one-year
period starting in March 2023. These GCs are listed in Table 4.1. All targets host at
least one previously known pulsar and had previously been observed with MeerKAT
at L-band as part of the TRAnsients and PUlsars with MeerKAT (TRAPUM) sur-
vey [132, 133, 1407 —143], except NGC 6316, Glimpse-C01, NGC 5986, NGC 6539,
and NGC 6712.

Several clusters in our sample have previously been searched at S-band or com-
parable frequencies with other facilities, including Terzan 5, NGC 6440, NGC 6441,
w Centauri, and M28 [e.g. 136, 138, 144-146]. NGC 6316 has also been targeted
in a recent GBT S-band study [147]. For the remaining clusters in our sample, no

dedicated S-band pulsar-search results have yet been reported.
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Table 4.1: Summary of globular-cluster pointings in the first MeerKAT S-band pul-
sar survey. For each target we list the cluster identifier, J2000 right ascension and
declination of the telescope pointing, the observation date in MJD, the nominal clus-
ter dispersion measure (DM) used for dedispersing the data, the total integration
length, and the sampling interval. The columns “Re-det” and “New-det” indicate
whether any known pulsar was re-detected or a new pulsar discovered in that point-
ing. The DM range searched for each globular cluster was +20% of the nominal
cluster DM (taken as the median for clusters with multiple pulsars and as the DM
of pulsar A in clusters with only one known pulsar), with the DM step sizes calcu-
lated using PRESTQO’s DDplan.py.

Source RA (J2000) Dec (J2000) MJD DM Length Tsamp Re-det New-det
(beem™) (5 (wo)

Glimpse-C01 1km 18:48:49.70 —01:29:50.00 60158.752 491.1 7202 150 AB C,D,E
Glimpse-C01 FA 18:48:49.70 —01:29:50.00 60158.752 491.1 7201 150 A C,F
Glimpse-CO1A 1km 18:48:48.21 —01:29:58.27 60158.752 491.17 7200 150
Glimpse-C01A FA 18:48:48.21 —01:29:58.27 60158.752 491.17 7199 150

A,B,C,
M28 1km 18:24:32.81 —24:52:11.20 60286.630 119.9 7201 75 E,G,H —

A,B,C,
M28 FA 18:24:32.81 —24:52:11.20 60286.630 119.9 7200 75 E,G —
M22 1km 18:36:23.94 —23:54:17.10 60138.824 91.2 7202 150 —
M22 FA 18:36:23.94 —23:54:17.10 60138.824 91.2 7201 150 —
M22A 1km 18:36:25.4452  —23:54:52.39 60138.824 89.107 7199 150 A -
M22B 1km 18:36:23.3760  —23:55:20.9129 60138.824 93.772 7200 150 B -
NGC5986 1km 15:46:03.00 —37:47:11.10 60142.901 92 7201 75 —
NGC5986 FA 15:46:03.00 —37:47:11.10 60142.901 92 7198 75 —
NGC5986A 1km 15:46:03.44 —37:47:10.1 60142.901 92.17 7201 75 A —
NGC5986A FA 15:46:03.44 —37:47:10.1 60142.901 92.17 7201 75 A —
NGC6316 1km 17:16:37.30 —28:08:24.40 60398.057 172.1 7202 75 A —
NGC6316 FA 17:16:37.30 —28:08:24.40 60398.057 172.1 7199 75 -
NGC6440 1km 17:48:52.70 —20:21:36.90 60314.496 222.51 7200 75 A —
NGC6440 FA 17:48:52.70 —20:21:36.90 60314.496 222.51 7199 75 ABE —
NGC6441 FA 17:50:13.80 —37:03:11.00 60296.589 236.6 7202 75 —
NGC6522 1km 18:03:34.02 —30:02:02.30 60259.665 192.6 7200 75 A -
NGC6522 FA 18:03:34.02 —30:02:02.30 60259.665 192.6 7199 75 A —
NGC6539 1km 18:04:49.68 —07:35:09.1 60138.693 186 7202 75 A —
NGC6539 FA 18:04:49.68 —07:35:09.1 60138.693 186 7201 75 A —
NGC6539A FA 18:04:49.8954 —07:35:24.69 60138.693 186.316 7200 75 A —
NGC6544 1km 18:07:20.58 —24:59:50.40 60126.971 135.5 7202 75 AB —
NGC6544 FA 18:07:20.58 —24:59:50.40 60126.971 135.5 7201 75 AB —
NGC6544A FA 18:07:20.3556  —24:59:52.9015 60126.971 134.004 7199 75 AB -
NGC6544B FA 18:07:20.8712  —25:00:01.915  60126.971 137.15 7200 75 AB -
NGC6624 1km 18:23:40.51 —30:21:39.70 60329.502 86.2 7200 75 AB,D -
NGC6624 FA 18:23:40.51 —30:21:39.70 60329.502 86.2 7199 75 A,B,D -
NGC6712 1km 18:53:04.30 —08:42:22.00 60144.755 155 7201 75 —
NGC6712 FA 18:53:04.30 —08:42:22.00 60144.755 155 7200 75 -
NGC6712A FA 18:53:04.07409 —08:42:28.254  60144.755 155.125 7199 75 A —
OmegaCen3 1km 13:26:47.24 —47:28:46.50 60330.964 100.4 7201 75 —
OmegaCen3 1km 13:26:47.24 —47:28:46.50 60331.055 100.4 7201 75 —

A,C,E,G,ILM,

N,0,V,W,Y,Z,
Ter5 1km 17:48:04.80 —24:46:45.00 60251.453 237.75 7199 75 ae,ai,am

ALLM,
Ter5 FA 17:48:04.80 —24:46:45.00 60251.453 237.75 7199 75 W.Z
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Targets were selected using complementary criteria intended to probe the strengths
and limitations of MeerKAT S-band pulsar searching in globular clusters. Clusters
with high DMs were prioritised because higher observing frequencies reduce the im-
pact of dispersion and multi-path scattering, improving sensitivity to fast-spinning
and strongly accelerated systems that can be difficult to detect at L-band (e.g.
Glimpse-C01; see Section 4.4.2). In parallel, several clusters with already rich pulsar
populations were re-observed to maximise the likelihood of re-detections, to confirm
candidates, and to provide a consistent dataset for assessing S-band sensitivity for
future surveys.

Each observation used a four-beam Pulsar Timing User Supplied Equipment
(PTUSE) tied-array configuration [148]. For every pointing, one full-array beam
(typically 56-64 antennas, subject to availability) and one “1-km” core beam (typ-
ically 38-44 inner-core antennas) were centred on the nominal cluster position (see
Fig. 4.1). The two beams sample different regions of parameter space: the full-array
beam provides higher sensitivity over a narrower field of view, while the 1-km core
beam offers lower sensitivity but a larger on-sky coverage, improving robustness to
positional uncertainties within the cluster.

Where sufficiently precise positions were available for previously known pulsars
(e.g. NGC 6624, NGC 5986, NGC 6539, and NGC 6544), the remaining two beams
(again, one full-array and one 1-km beam) were pointed at the known pulsar loca-
tion(s). In these cases, re-detections were obtained through blind searches as well
as coherent folding using published timing ephemerides, with the aim of confirming
detectability, assessing signal stability, and, in selected cases, verifying the consis-
tency of existing timing solutions (e.g. NGC 6712A; Yan et al. 149) or candidates
reported in earlier surveys (e.g. Glimpse-C0O1A; McCarver et al. 150).

4.3 Data Analysis

4.3.1 Data Format for the S-band survey

The pulsar search was performed on search-mode PSRFITS data products (see Hotan
et al. 93) generated as part of the standard MeerKAT pulsar-processing chain. The
data consist of total-intensity filterbank files formed by summing the two recorded
linear polarisations, and are channelised into 256 frequency channels spanning the
full S-band bandwidth. The data are dedispersed at the nominal cluster dispersion
measure (DM) adopted for the search and have a final time resolution appropriate for
millisecond-pulsar detection for the corresponding cluster DMs (Table 4.1). Radio-

frequency interference (RFI) mitigation and standard quality checks were applied
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prior to the search analysis.

4.3.2 Search operation

All 14 globular clusters in this survey were searched using PULSAR_MINER v2.0-beta!,
an automated pulsar-search pipeline built on the PRESTO software suite [? |. The
overall workflow follows the standard search logic described in Chapter 3, in partic-
ular the steps outlined in Sections 3.5.7, 3.6, and 3.6.7. All PSRFITS files were first
processed to further mitigate RFI. An RFI mask was generated for each observation
using the rfifind routine, with parameters optimised on a per-observation basis to
identify contaminated time intervals and frequency channels. These data segments
were subsequently excluded from further analysis.

Following RFI masking, a zero-dispersion-measure (0-DM) time series was gen-
erated using prepdata and examined for periodic terrestrial signals. Repeating
features identified in the 0-DM spectrum were flagged as instrumental or anthro-
pogenic interference (“birdies”), and the corresponding frequencies were removed
from the Fourier spectra prior to the pulsar search. As in standard pulsar-search
pipelines, a de-dispersion plan tailored to each observation was then constructed
using the DDplan.py utility in PRESTO. This procedure defines a set of discrete trial
DMs such that the residual dispersion smearing arising from finite channel band-
width, finite time resolution, and from the true DM lying between adjacent trials
remains within acceptable limits across the observing band.

For this survey, the overall DM search range was chosen to extend to within £20%
of the nominal cluster DM. This was a deliberately conservative choice intended to
retain sensitivity to possible outlier pulsars lying along sightlines with enhanced free-
electron content, especially in high-DM systems such as Glimpse-C01. Adopting a
broad fractional DM range therefore ensured sensitivity to pulsars with substantial
DM offsets from the nominal cluster value.

To recover pulsars in compact binary systems, the data were searched for periodic
signals in the Fourier domain using both acceleration and jerk search techniques. In
a binary system, orbital motion induces a line-of-sight acceleration, ), that Doppler-
shifts the apparent spin frequency of the pulsar. As discussed in Section 3.6.5, this
causes the signal power to drift across multiple Fourier bins over the duration of

an observation. For approximately constant acceleration, the resulting frequency

fobs = (aH> Jo;

C

derivative may be written as

https://github.com/alex88ridolfi/PULSAR_MINER.git
’https://wchenastro.github.io/mosaic_web/
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Figure 4.1: Beam maps of the 14 globular clusters observed in the MeerKAT S-band
pulsar survey. Each panel shows the tied-array beam coverage and relative sensitivity
across the field. The solid blue ellipses represent beams formed by the full MeerKAT
array, while the solid black ellipses represent the 1-km core-array beam. The cluster
core radius (dashed curves) and half-light radius (dotted curves) are indicated using
structural parameters taken from the Harris globular cluster catalogue. Positions
of previously known pulsars are overlaid where available. Beam geometries were
derived directly from the observational metadata and generated using the MOSAIC
beam plotter?. The ordering of panels follows the target list in Table 4.1.
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where fj is the intrinsic pulsar spin frequency and c is the speed of light [104]. If
uncorrected, this frequency drift reduces sensitivity in standard Fourier searches.

The acceleration search, implemented using accelsearch, assumes that the pul-
sar experiences a constant line-of-sight acceleration over the integration time and
attempts to recover signal power by summing across adjacent Fourier bins corre-
sponding to trial acceleration values [104]. The jerk search extends this approach by
allowing for a linear change in acceleration, that is, a constant line-of-sight jerk j,
during the observation. This increases sensitivity to systems in which the constant-
acceleration approximation breaks down, such as very compact binaries or observa-
tions taken near orbital phases where the acceleration changes rapidly [? |.

While acceleration and jerk searches substantially improve sensitivity to binary
pulsars, their underlying assumptions remain approximations and can still lead to
residual signal smearing over long integrations. To mitigate this effect and to con-
trol computational cost, the data were also searched at multiple effective integration
lengths [? |. For each observation, time series were prepared for 15, 30, and 60 min
sub-integrations, in addition to the full ~ 2 h observation. Shorter integrations
reduce the accumulated frequency drift and improve detectability for the most com-

pact or highly accelerated systems, at the expense of raw signal-to-noise ratio.

4.3.3 Sifting and folding

At the end of the periodicity search, candidate lists were generated for each time-
series chunk and trial DM. Here, a candidate corresponds to a statistically significant
peak in the Fourier power spectrum, or in a harmonically summed spectrum, ex-
ceeding a predefined detection threshold. Candidates were grouped according to
harmonic relationships and sifted using standard criteria, requiring that a signal be
significant in at least three adjacent DM trials. Only candidates with a detection
significance of > 40 were retained [104]. Depending on the level of residual RFI, the
presence of bright or long-period pulsars, and the integration length, this procedure
typically produced ~ 200-500 candidates per beam.

All surviving candidates were then folded using the prepfold routine, taking
the detected spin period, DM, and trial acceleration as initial parameters. During
folding, these parameters were refined to maximise the x? of the folded pulse profile
relative to an average unpulsed background. The resulting diagnostic outputs in-
clude integrated pulse profiles, time-phase and frequency—phase plots, DM response
curves, and frequency—frequency-derivative planes.

The folded candidates were subsequently inspected visually to identify strong,

broadband signals that are persistent over a significant fraction of the observation
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and display characteristics consistent with astrophysical pulsars. Promising can-
didates were cross-checked against the catalogue of known globular-cluster pulsars
maintained by the Max Planck Institute for Radio Astronomy (MPIfR)?. For each
cluster, known pulsars were searched for explicitly, including up to 16 harmonics of
the fundamental spin frequency, particularly in systems hosting bright or long-period
pulsars.

In addition to the blind search described above, targeted folding was performed
for all known pulsars covered by the S-band beams using the best existing timing
ephemerides available to us. For this purpose, available MeerKAT parameter files
were used to fold both the S-band census observations presented in this work and
multiple epochs of archival MeerKAT L-band data using dspsr?. These coherently
folded profiles form the basis of the flux-density measurements and spectral-index

estimates discussed later in Sections 4.4.4 and 4.4.5.

4.3.4 Flux density measurements

An important component of this work is the measurement of mean flux densities
for a subset of re-detected pulsars, with the aim of providing reference values and
empirical sensitivity estimates for future observations with MeerKAT or other tele-
scopes at S-band. Flux-density measurements are restricted to pulsars for which
reliable folding ephemerides are available and for which the detections yield suffi-
cient signal-to-noise ratio to permit robust baseline and on-pulse flux estimation.
Systems exhibiting strong eclipses or highly variable detectability, such as spider
binaries, are excluded where the observed signal is not representative of the intrinsic
pulsar emission.

Rather than relying on direct calibration with the MeerKAT noise-diode system,
which may be affected by backend non-linearities, we estimate mean flux densities
using the standard pulsar radiometer equation applied to folded pulse profiles, fol-
lowing the methodology described by ? |. Throughout this work, we express the
radiometer equation in terms of the effective system-equivalent flux density (SEFD),
defined as SEFD = T,/G, where Ty is the total system temperature and G is the
telescope gain. The determination of the effective tied-array SEFD for our S-band
observations is described in Appendix B.

For a folded pulsar observation with integration time t,,s and usable bandwidth

Shttps://www3.mpifr-bonn.mpg.de/staff/pfreire/GCpsr.html
‘https://dspsr.sourceforge.net/

133


https://www3.mpifr-bonn.mpg.de/staff/pfreire/GCpsr.html
https://dspsr.sourceforge.net/

Av, the phase-averaged mean flux density S is given by

_ SNR x SEFD [N,

Y\ Npol Av tobs NOff ’

where SNR is the signal-to-noise ratio of the integrated pulse profile, ny,, = 2 is

g (4.1)

the number of summed orthogonal polarisations, Ny, is the number of phase bins
containing pulsed emission, and Nog = Npiw — Non is the number of off-pulse bins
used to estimate the baseline noise level.

The signal-to-noise ratio is measured directly from the folded profile as

SNR = i, (4.2)
0A
where A is the integrated pulse amplitude above the baseline and o 4 is its associated
uncertainty derived from the off-pulse root-mean-square level (see Appendix 77).

The on-pulse region was identified following the procedure described by ? |. An
initial selection of contiguous phase bins exceeding the off-pulse baseline root-mean-
square by a fixed threshold was performed, after which the selection was visually
inspected to ensure that only statistically significant pulsed emission was included.
The remaining bins were designated as the off-pulse region and used to determine
the baseline level and noise properties. This approach avoids circular dependence
on the total profile SNR and ensures consistent estimation of N,, and N,g across
pulsars.

Uncertainties on the derived flux densities are obtained by propagating the un-
certainty in the measured SNR and the off-pulse root-mean-square through Eq. (1).
Since the SEFD, bandwidth, number of polarisations, and integration time are fixed
for a given observation, the dominant source of statistical uncertainty arises from

the profile-noise estimate.

4.4 Results

4.4.1 Re-detections

This survey resulted in the re-detection of 39 pulsars across 14 globular clusters.
Details of all re-detections, including the specific tied-array beams in which each
pulsar was detected, are summarized in Table 4.1. The beam information, together
with pulsar parameters such as spin period P and dispersion measure (DM) obtained
from the MPIfR pulsar catalogue, provides a practical basis for subsequent timing

analysis using the S-band observation data archived in the long-term storage facilities
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of the Astronomical Observatory of Cagliari.

4.4.2 New Discoveries and other search results from Glimpse-
Cco1

Four new pulsars were discovered in the globular cluster Glimpse-C01, which previ-
ously hosted two known pulsars: J1848—0129A [150] and J1848—0129B discovered
by the Five-hundred-meter Aperture Spherical Telescope (FAST) [151]. The full set
of pulsars currently known in this cluster is listed in Table 4.2 together with their
basic measured parameters.

All four newly discovered pulsars are members of binary systems and have been
added to the pulsar catalogue maintained by MPIfR as well as to the TRAPUM
discovery page®. Time-phase plots for these pulsars are shown in Fig. 4.2.

This globular cluster had previously been searched at radio S-band (1850 MHz)
using the Green Bank Telescope (GBT) and at L-band using FAST. Following the
discovery of the four pulsars in the MeerKAT data, the archival GBT observations
were re-examined and J1848—0129D was successfully recovered through acceleration
searches performed on a 7.36 h observation. J1848—0129A was re-detected in the
MeerKAT data, while J1848—0129B, originally discovered by FAST, could not be
detected through blind searches in the MeerKAT dataset. It was later recovered by
folding the data using ephemerides provided by the FAST team.

After the initial discoveries in the MeerKAT data, Glimpse-C01 was observed on
multiple occasions with MeerKAT in two dedicated orbital monitoring campaigns
separated by approximately one year. These data, together with the GBT and FAST
observations, enabled preliminary characterisation of the newly discovered systems,

which we now discuss.

J1848—-0129C

J1848—-0129C is a 6.44 ms binary millisecond pulsar detected at a dispersion measure
of 491.8 pcecm™3. The pulsar was independently identified in both the 1km core
and full-array PTUSE beams and was subsequently recovered in archival FAST
observations.

The combined dataset spans a wide range of orbital phases and enabled the
construction of a Keplerian orbital solution for J1848—0129C. The derived orbital

parameters are given in Table 4.3. The solution consistently folds all available

Shttps://www.trapum.org/discoveries
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Figure 4.2: Time—phase plots and two pulse periods of the integrated pulse profiles
for the four newly discovered pulsars in Glimpse-C01 (J1848—0129C, D, E and F),
shown in order.

Table 4.2: Parameters for the pulsars in the globular cluster Glimpse-C01. Newly
discovered pulsars are shown in boldface. Listed are the barycentric spin period P,
dispersion measure (DM), and mean flux density S measured at MeerKAT S-band.
Uncertainties reported in parentheses correspond to lo errors on the final quoted
digit(s). Flux-density uncertainties are derived from the off-pulse noise of the folded
profiles, as described in Section A.1.

Pulsar P (ms) DM (pcem™?) S (mlJy)
J1848—0129A 19.78 491.1 0.032(0.002)
J1848—0129B 13.80 482.0 0.010(0.001)
J1848-0129C 6.44 491.8 0.035(0.002)
J1848—-0129D 17.10 457.9 0.012(0.001)
J1848—0129E  4.54 479.9 0.008(0.001)
J1848—0129F  4.17 520.1 0.008(0.001)
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detections and reproduces the expected orbital Doppler modulation, as illustrated
in Fig. 4.3.

Assuming a neutron-star mass of M, = 1.4 My, the mass function implies a
minimum companion mass of M min = 0.3525 M, for an edge-on orbit (i = 90°)
and a median companion mass of M. = 0.4169 M, for a representative inclination of
¢ = 60°. The companion therefore lies in an intermediate mass regime, substantially
heavier than the ~ 0.23 M, helium white-dwarf companions predicted for this orbital
period by [152].

A notable property of J1848—0129C is its orbital-phase-dependent detectability.
Using the orbital solution in Table 4.3, we computed the orbital phase correspond-
ing to each MeerKAT observation. Detections are confined to phases away from
superior conjunction, while observations predicted to sample phases near superior
conjunction (orbital phase ~ 0.25) consistently resulted in non-detections.

In one case, two observations separated by less than 24 h sampled orbital phases
immediately preceding superior conjunction. The earlier observation yielded a detec-
tion, whereas the subsequent observation, probing deeper into the predicted conjunc-
tion phase interval, resulted in a non-detection. No clear ingress or egress structure is
resolved within individual ~2 h integrations; however, the systematic confinement of
non-detections to the phase range expected for superior conjunction is reproducible
across campaigns separated by approximately one year.

The stability of this phase-locked non-detection interval disfavors refractive scin-
tillation or acceleration-search limitations as the dominant cause of intermittency.
Instead, the behaviour is consistent with eclipse or absorption in an intrabinary
medium.

To assess whether the eclipse interpretation is geometrically plausible, we per-
formed a simple consistency check using the derived orbital parameters. Adopting
the phase interval A¢ ~ 0.24 (phases ~ 0.13-0.37) as the putative eclipse window,
the corresponding duration is At ~ 1.2d for P, = 5.03d. For a circular edge-on
orbit, this phase width implies a minimum eclipsing scale Re. = asin(mrA¢).

Using Kepler’s third law with the parameters in Table 4.3 and M, = 1.4 Mg,
the orbital separation is a ~ 15 R,. Substituting A¢ ~ 0.24 yields R.q 2 10 R, as
a lower limit on the characteristic size of the absorbing region in the edge-on case.
For comparison, the companion Roche-lobe radius for ¢ >~ 0.25-0.30 is Ry . ~ 4 Re.

These order-of-magnitude estimates indicate that, if the non-detections are in-
deed caused by eclipse or absorption, the absorbing material must extend over several
solar radii and cannot be explained by a compact geometric occultation alone. This

calculation assumes a symmetric eclipse centred on superior conjunction and should
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therefore be regarded as a preliminary geometric consistency check rather than a
detailed physical model.

Under this interpretation, J1848—0129C is not compatible with a classical com-
pact redback configuration and instead occupies the long-period spider regime as-
sociated with the proposed “Huntsman” subclass [see 153, 154]. Its orbital period
places it directly alongside the Huntsman prototype PSR J1417—4402 (P, ~ 5.4d)
and far beyond the orbital periods of known globular-cluster redbacks and candi-
dates, whose longest currently reported value, held by J1740—5340B, is A, ~ 1.97d
[155].

If confirmed as a Huntsman-like eclipsing system, J1848—0129C would constitute
the first example of this long-period spider subclass in a Galactic globular cluster.
Even under the more conservative classification of an ordinary redback, its P, =
5.03 d would still represent the longest orbital period measured for a globular-cluster

redback system by a substantial margin.

J1848—-0129D

J1848—0129D is a binary pulsar discovered in an acceleration search of MeerKAT
S-band observations targeting the core of the globular cluster Glimpse-C01 and sub-
sequently re-detected in archival GBT data as well as in FAST and later MeerKAT
follow-up observations. The pulsar has a spin period of P ~ 17.1 ms and a dispersion
measure of DM ~ 459 pccm ™.

We derived a Keplerian orbital solution by fitting a BT binary model to the
observed spin-period modulation using detections from both MeerKAT and FAST
observations. The resulting solution folds all available measurements, and the orbit
is consistent with being circular (e ~ 0). The corresponding spin-period modulation

is also shown in Fig. 4.3.

Table 4.3: Best-fitting orbital parameters for J1848—0129C and J1848—0129D, to-
gether with their relative 1o uncertainties, obtained using a modified version of the
PRESTO routine fit_circular_orbit.py.

Pulsar J1848—-0129C J1848—-0129D
Spin Period, P (ms) 6.44835719(2)  17.110102567(7)
Orbital period, P, (d) 5.0293642(6) 3.39134255(7)
Projected semi-major axis, z (1t-s) 6.95158(14) 12.1271(4)
Epoch of periastron, T, (MJD) 60591.731656(44)  59279.22166(3)
Eccentricity, e 0 0

Mass function, f(M) (M) 0.01426 0.16649
Minimum companion mass, M. (M) 0.3525 0.9809
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Figure 4.3: Observed spin period as a function of orbital phase for J1848—-0129C
(top) and J1848—0129D (bottom). Blue points represent measured spin periods
from individual observations, while the solid black curves indicate the predictions
obtained from the orbital solutions listed in Table 4.3.
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Assuming again M, = 1.4 Mg, the system’s mass function implies M ymin =~
0.98 M, and M. ~ 1.20 M, for a representative inclination of + = 60°. While
this mass range overlaps the lowest neutron-star masses, the absence of measurable
eccentricity disfavors a double neutron-star interpretation [e.g. 156]. Instead, the
system is more naturally explained as a mildly recycled pulsar with a massive CO

or ONeMg white-dwarf companion formed through stable mass transfer [157].

J1848—-0129E and J1848—-0129F

J1848—0129F and J1848—0129F are two faint binary millisecond pulsars. J1848—0129E
was detected in the 1km core PTUSE beam and has a spin period of 4.54 ms with

a dispersion measure of 479.9 pccm ™3, while J1848—0129F was detected in the full-
array PTUSE beam and has a spin period of 4.17 ms with a dispersion measure of
520.1 pccm™3. Both pulsars exhibit non-zero line-of-sight accelerations, indicating
that they are members of binary systems.

Owing to their intrinsic faintness and the limited number of detections, no further
constraints on the orbital parameters of either system could be obtained. No addi-
tional re-detections were secured during subsequent follow-up observations, prevent-
ing the derivation of coherent orbital solutions. At the time of writing, J1848—0129F
has the highest dispersion measure reported for any pulsar associated with a glob-
ular cluster. Further targeted observations will be required to confirm the binary
properties of these systems and to better characterise their emission and propagation

properties.

4.4.3 Dispersion measure discrepancy and cluster member-
ship

Two of the pulsars detected towards Glimpse-C01 exhibit dispersion measures that
differ substantially from the nominal value measured towards the cluster core (DM =~
491.1pcem™2). In particular, J1848—0129D is detected at DM ~ 459.1 pccm ™3,
while J1848—0129F is detected at DM ~ 520.1pccm™3. Taken together, these

pulsars span a total DM range of approximately 61 pccm™>

. This unusually large
range motivates a careful examination of whether the observed DM discrepancies
are compatible with cluster membership, or whether one might instead be detecting
MSPs unrelated to the cluster.

Several observational considerations support the interpretation that both pulsars
are associated with Glimpse-C01 despite their displaced DMs. First, the detections

were obtained in narrow, full-array tied-array beams centred on the cluster core,
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which strongly reduces the probability of a chance alignment with unrelated field
pulsars.

If the pulsars are indeed associated with Glimpse-C01, the most natural explana-
tion for the DM differences is real structure in the ionized interstellar medium along
the line of sight. Glimpse-CO01 lies behind a heavily obscured Galactic-plane sight-
line, where significant small-scale variations in electron column density are expected
[e.g. 86, 158]. In such environments, different sightlines across the angular extent
of a globular cluster can sample distinct foreground ionized structures, leading to
measurable DM differences among pulsars bound to the same cluster potential.

To place the Glimpse-C01 DM behaviour in a broader context, we compared
its DM distribution with those of other Galactic globular clusters hosting multiple
known pulsars. Published DM values were compiled from the MPIfR Globular
Cluster Pulsar Catalogue, and only clusters with > 5 known pulsars were included
in order to ensure that intra-cluster statistics are meaningful. For each cluster, we
computed the dispersion of the pulsar DMs, opy, and adopted the median pulsar
DM as the nominal cluster DM.

Figure 4.4 shows opy as a function of nominal cluster DM. A power-law relation
of the form opy = ADM® was fitted in log—log space using ordinary least squares.
To estimate uncertainties on the fitted parameters, we performed bootstrap resam-
pling of the cluster sample (4000 realizations), refitting the relation for each resample
and deriving the 16th—84th percentile intervals for the slope and normalization. The
shaded region in the figure represents the root-mean-square scatter of the residuals
in log space about the best-fitting relation.

A clear trend is observed: clusters with larger nominal DMs tend to exhibit
larger intra-cluster DM dispersions. The best-fitting slope is statistically consistent
with unity, indicating an approximately linear scaling, opy o DM. This behaviour
is qualitatively consistent with the trend noted by Freire [159], who investigated the
spread of DMs in globular clusters using the full DM span, ADM = DM,,.., — DMun,
as a proxy for internal variation. At that time, the number of clusters hosting
multiple known pulsars was limited, and the root-mean-square dispersion could not
be robustly determined for most systems. With the substantially expanded globular-
cluster pulsar population now available, the use of opy; provides a more statistically
stable measure of intra-cluster DM variation.

Glimpse-CO01 lies at the high-DM end of the distribution and exhibits a large
internal DM dispersion consistent with the overall population trend. Its relatively
large DM offsets therefore appear compatible with the behaviour observed in other

high-DM clusters, rather than indicating an anomalous or fundamentally distinct
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GCs with =5 pulsars: DM dispersion vs nominal DM (median)
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Figure 4.4: Intra-cluster dispersion-measure dispersion, opy, as a function of the
nominal cluster dispersion measure (defined as the median pulsar DM) for Galactic
globular clusters hosting at least five known radio pulsars. The solid line shows
the best-fitting power-law relation of the form opy = ADMY, with A = 0.008 and
a = 1.06 (bootstrap 16-84% interval: 0.90-1.21). The shaded region represents the
root-mean-square scatter in log space (0.27 dex) about the fit.

DM structure.

Taken together, the beam-centred detections and the placement of Glimpse-C01
within the established population trends of intra-cluster DM dispersion support the
interpretation that the DM offsets observed for J1848—0129D and J1848—0129F
arise from small-scale structure in the intervening interstellar medium along this
high-DM Galactic-plane sightline. The observed offsets therefore do not, by them-

selves, require invoking a foreground or background origin.

Position of J1848—-0129A

The S-band survey observations of Glimpse-C01 employed two dedicated tied-array
beams for J1848—0129A: one formed using the MeerKAT 1km core and the other
using the full array. These beam pointings were centred on the reported position of
J1848—0129A as determined from the VLITE millisecond-pulsar survey, in which
the MSP was discovered by targeting a VL A-detected point-like radio source [150].

However, the pulsar was not detected in either of these dedicated beams. Instead,

142



J1848—0129A was detected in both the 1km core and full-array beams pointed at
the centre of the globular cluster. This discrepancy raises the possibility that the
position inferred from the VLITE survey does not correspond to J1848—0129A, and
that the VLITE detection may be associated with a different radio source.

This result was confirmed by a follow-up observation of Glimpse-C01 conducted
in April 2024 as part of an orbital-determination and timing campaign for the newly
discovered cluster pulsars. These observations used the same beam configurations
as the original S-band survey. Once again, J1848—0129A was not detected in the
two beams centred on the VLITE position, but was clearly detected in the beams
pointed at the cluster core, reinforcing the conclusion that the VLITE point source
is unlikely to be associated with J1848—0129A.

To investigate further whether the VLITE point source might instead correspond
to a previously unidentified pulsar, we performed full as well as segmented acceler-
ation and jerk searches on both the original S-band survey data and the April 2024
follow-up observations at the VLITE beam pointings. These searches were carried
out using both the 1km core and full-array data and explored very high acceleration
and jerk trial ranges. No additional pulsars were detected in any of these searches.
As a result, the radio source detected in the VLITE survey®, originally associated
with J1848—0129A, remains unidentified.

4.4.4 S-band and L-band flux density measurements

Table 4.4 presents mean flux-density measurements for a subset of pulsars detected
in the MeerKAT S-band globular-cluster survey that also have available MeerKAT
L-band observations. The pulsars listed were selected based on the availability of
reliable ephemerides, which allowed coherent folding of both the S-band survey data
and archival or targeted L-band observations. The S-band flux densities reported
here are derived from single-epoch observations, whereas the corresponding L-band
flux densities were obtained by averaging measurements from multiple epochs where
such data were available.

It is important to note that the S-band and L-band observations used to populate
Table 4.4 were not obtained contemporaneously. In several cases, the observations
are separated by months to years. Over such timescales, refractive interstellar scin-
tillation is expected to introduce substantial variability in the observed flux densities
[see, e.g. 7], potentially enhancing or suppressing the measured signal by factors of
a few [2, 43]. As a result, the flux-density values reported in the two bands are

not intended to be compared directly, and any apparent differences between the L-

Shttps://vlite.nrao.edu/
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band and S-band measurements should not necessarily be interpreted as indicative
of intrinsic spectral behaviour.

The primary purpose of Table 4.4 is therefore to provide reference flux-density
measurements for pulsars detected in the S-band survey. The use of multi-epoch
averaging at L-band serves to mitigate the effects of scintillation and provides a
more representative estimate of the typical L-band flux density for comparison at a
population level. These measurements also act as a consistency check for the flux-
density estimation procedure described in Appendix A.1, applied across different
observing bands and datasets.

Terzan 5 is presented separately here because it contributes a particularly large
number of pulsar detections within a single cluster, and because extensive literature
flux density measurements are available for its known pulsars. Using the Sy499 and
Sa000 values reported by Martsen et al. [7], we compare these with our single-epoch
MeerKAT S-band flux density measurements at ~ 2406 MHz. Table 4.5 lists the
resulting Ssy00 values together with the literature measurements, and gives updated
spectral indices derived using the literature Sy4909 values and our measured S99 flux
densities. This allows the Terzan 5 detections to be placed in the context of previous
flux density measurements while keeping this unusually large single-cluster sample
separate from the rest of the survey detections.

A more quantitative investigation of spectral properties would require either
simultaneous multi-frequency observations or a sufficiently large number of epochs
at each frequency to average over scintillation effects. Such an analysis is beyond
the scope of the present work.

Beyond serving as reference measurements, the flux densities listed in Table 4.4
provide an empirical indication of the range of pulsar brightnesses accessible to
MeerKAT S-band observations in globular clusters. The detection of several known
pulsars with reliable orbital solutions at 2.4 GHz demonstrates the viability of S-band
searches for both isolated and binary millisecond pulsars in dense cluster environ-
ments. These measurements therefore establish a practical sensitivity scale for the
present survey, which is useful for interpreting subsequent non-detections and for

informing the design of future high-frequency globular-cluster pulsar surveys.

4.4.5 S-band non-detections and reference spectral-index con-

straints

A number of previously known globular-cluster pulsars fall within the MeerKAT
S-band (~ 2.4 GHz) PTUSE tied-array beam coverage but are not detected in our

S-band survey. Several of these pulsars are, however, reliably detected in MeerKAT
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L-band (~ 1.4GHz) observations reported in the literature. While our S-band
survey consists of a single epoch per cluster, we examine whether the combination
of published L-band detections and S-band non-detections can be used to derive
reference upper limits on the radio spectral index.

This exercise is not intended to yield precise spectral measurements. Instead,
the derived limits are meant to serve as indicative constraints that help contextu-
alise S-band non-detections of otherwise established L-band pulsars. The resulting
values are expected to carry substantial uncertainties due to the limited number of
epochs, possible epoch-to-epoch variability driven by interstellar scintillation, and
assumptions regarding the effective sensitivity of coherent tied-array beams. For the
purpose of deriving upper limits, we adopt the nominal usable S1-band bandwidth
of 875 MHz for the best-case scenario. This is very close to the typical effective
bandwidth after RFI excision, which is = 98% of the processed band. The resulting
limits therefore represent optimistic best-case sensitivity estimates.

From the full set of S-band non-detections, we restrict attention to pulsars that
(i) are reported to be moderately to highly bright at L-band in published MeerKAT
or comparable observations, (ii) are not known spider systems (black widows or
redbacks) or strongly eclipsing binaries, and (iii) have sufficiently precise positional
localisations to confirm that they lie within the S-band PTUSE beam response.
Pulsars clearly outside the S-band beam footprint, as well as systems with poor L-
band localisation for which beam coverage cannot be reliably assessed, are excluded
from this analysis. This selection is intended to minimise ambiguity arising from
eclipses, orbital modulation, and positional uncertainties.

Assuming a power-law radio spectrum,
SV X Va) (43)

an S-band non-detection can be combined with a published L-band flux density to
place an upper limit on the spectral index a. The minimum detectable flux density

at S-band is estimated using the standard radiometer equation [2],

EFD [0
Smin = SNRmin 5 ) (44)
1/ Mpol Av Lobs 1—9¢

where SNR,i, is the adopted detection threshold, SEFD,,,y is the effective system-

equivalent flux density of the tied-array beam?, ny, = 2 is the number of summed

polarisations, Av is the usable bandwidth, ¢, is the integration time, and 6 = W/P

"https://skaafrica.atlassian.net/wiki/spaces/ESDKB/pages/1588854789/S-band+
capability+and+status
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is the pulse duty cycle. For consistency, we adopt duty cycles comparable to those
inferred at L-band, noting that this is a simplifying assumption.

Given an L-band flux density S,, at frequency v, and an S-band non-detection
at frequency vg, the corresponding upper limit on the spectral index is

i, = B/ ). (45)
In(vs/vr)

In the following, we adopt vs = 2.4GHz, tos = 2h, Av = 875MHz, and
SNRpnin = 8 for our S-band search configuration. The effective SEFD,;yay is com-
puted from published MeerKAT S-band receiver-performance curves, scaled by the
number of antennas contributing to the tied-array beam.

For non-detections of pulsars with known positions, the effective sensitivity may
be reduced relative to the ideal radiometer-equation prediction if the pulsar lies
away from the beam boresight. Rather than modelling the detailed tied-array
beam response and epoch-specific conditions for each case, we adopt a conservative
sensitivity margin when deriving spectral-index limits. This approach is intended
to bracket plausible detectability while avoiding over-interpretation of single-epoch
non-detections.

Among the non-detections satisfying the selection criteria described above, only
J1823—3021G and J1824—2452D have sufficiently reliable L-band flux-density mea-
surements and positional information to permit meaningful spectral-index constraints.
We therefore restrict the following analysis to these two systems.

For J1823—3021G, Ridolfi et al. [132] report a mean L-band flux density of
Si1scu, = 47 £ 10 uJy. Combining this with the S-band non-detection yields an
indicative constraint of @ < —1.6 to —1.2, where the range reflects conservative
sensitivity assumptions and the quoted uncertainty on the L-band flux density.

A similar constraint can be derived for J1824—2452D, which lies within our
1km S-band PTUSE beam coverage but is not detected in our S-band data. A
published L-band reference flux density for J1824—2452D is S;4aqn, =~ 0.05mJy
]2011MNRAS.418..477B. Under the same conservative assumptions, the S-band non-
detection implies an upper limit on the spectral index in the range o < —2.5 to —2.1.

A similar consideration applies to several of the non-detections in Terzan 5.
Using the literature flux densities and spectral indices [7], extrapolated to our ob-
serving frequency of ~ 2406 MHz, we find that PSRs J1748—2446H, J1748—2446R,
J1748—-2446U, J1748—2446ac, J1748—2446aa, J1748—2446ag, and J1748—2446ah
are all expected to be very faint at MeerKAT S band, and their non-detection

in our single-epoch observations is therefore not surprising. In the same context,

146



Table 4.4: Flux densities of pulsars measured in MeerKAT S-band and L-band
observations. The Sg values are from single-epoch detections, whereas Si, values
are averages over multiple epochs, where available. Spectral indices are computed
assuming S, x v between 1.2 and 2.4 GHz. Uncertainties are 1o; values in paren-
theses denote the uncertainty on the final quoted digit(s).

Pulsar Name Ss (mJy at 2.4GHz) Si, (mJy at 1.2 GHz) a
J1836—2354A 0.074(12) 0.201(23) 1.44(29)
J1836—2354B 0.071(11) 0.128(45) —0.85(55)
J1803—3002A 0.094(15) 0.318(51) —1.76(33)
J1804—0735A 0.090(14) - -
J1824—2452A 0.192(31) 0.328(53) —0.77(33)
7182424528 0.012(2) 0.019(3) —0.66(33)
J1824-2452C 0.078(12) 0.089(14) —0.19(32)
J1824—2452E 0.014(2) - -
J1824—2452G 0.032(5) - -
J1853—0842A 0.024(4) - -
J1823—3021A 0.124(34) 0.218(340) —0.81(228)
J1823—3021B 0.084(14) 0.092(21) —0.13(41)
J1823—3021D 0.040(14) 0.051(19) —0.35(74)

PSRs J1748—2446a0 and J1748—2446aw are already very faint in MeerKAT L-band
observations [160], with Sjss4 = 0.012 and 0.010 mJy, respectively, and their absence
in our S-band data is likewise expected, indicating no evidence for an unusual in-
verted spectrum in either case. By contrast, the extrapolated S-band flux densities
of PSRs J1748—2446F and J1748—2446K are ~ 0.029 and ~ 0.030 mJy, respec-
tively, which places them within the practical sensitivity range of our MeerKAT
S-band observations. Since both are isolated pulsars, their non-detection is unlikely
to be related to orbital-phase effects, and is more plausibly explained by refractive
scintillation.

Taken at face value, these limits imply that the pulsars would need to exhibit rel-
atively steep radio spectra for their published L-band flux densities to fall below the
S-band detection threshold at 2.4 GHz. In practice, single-epoch non-detections can
also be influenced by refractive scintillation and possible duty-cycle evolution with
observing frequency. The derived values should therefore be interpreted as conserva-
tive upper bounds intended to characterise expected detectability in a single-epoch
S-band survey.

Finally, adopting the same survey configuration and tied-array assumptions, the
effective S-band detection threshold implied by the radiometer equation corresponds
to a practical reference level of order ~ 10-20 uJy at 2.4 GHz for the 1 km PTUSE

beams.
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Table 4.5: Flux density measurements for the Terzan 5 pulsars detected in our
single-epoch MeerKAT S-band observations. Owing to the large number of pulsars
detected in this cluster, we present the Terzan 5 measurements separately from the
rest of the sample. The Syy00 and Saogop values are taken from Martsen et al. [7],
while So400 gives our measured flux densities at a central frequency of ~ 2406 MHz.
The spectral index « is computed using the literature Si499 value together with our
measured Sayq0, assuming a power-law spectrum, S, o< v*. No literature flux density
measurement was available for PSR J1748—2446am.

Pulsar name S1a00 (mJy)  Sogoo (mJy)  Sageo (mJy) 1o}

J1748—2446A 2.700 1.700 0.702(9) —2.50
J1748—2446C 1.100 0.670 0.613(12) —1.08
J1748—2446E 0.170 0.110 0.090(10) —1.18
J1748—2446G 0.024 0.022 0.027(2)  +0.22
J1748—24461 0.095 0.055 0.034(1)  —1.91
J1748—2446L 0.096 0.043 0.026(9)  —2.42
J1748—2446M 0.140 0.091 0.068(16) —1.34
J1748—2446N 0.150 0.100 0.097(22)  —0.81
J1748—24460 0.310 0.160 0.101(30)  —2.08
J1748—2446V 0.100 0.077 0.034(11)  —2.00
J1748—2446W 0.054 0.031 0.022(8)  —1.67
J1748—2446Y 0.037 0.029 0.021(7)  —1.05
J1748—24467 0.030 0.023 0.019(7)  —0.85
J1748—2446a¢ 0.056 0.050 0.043(11)  —0.49
J1748—2446ai 0.033 0.028 0.021(11) —0.84
J1748—2446am . . 0.008(2)
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4.5 Discussion and Conclusions from the survey

This work presents the first dedicated MeerKAT S-band (v ~ 2.4 GHz) pulsar survey
of globular clusters, targeting 14 systems observed during 2023-2024. The survey
re-detected 39 previously known pulsars and discovered four new millisecond pulsars
in Glimpse-C01 (J1848—0129C, D, E, and F). These results demonstrate that coher-
ent tied-array beams at S-band provide a powerful complement to lower-frequency
searches, particularly for high-DM clusters where dispersion and scattering increas-
ingly limit detectability at ~1-1.4 GHz.

A key practical outcome of the survey is an empirical single-epoch detectability
scale for MeerKAT S-band tied-array observations. Across detections and non-
detections, the results are consistent with a characteristic sensitivity of order ~10—
20 pJy for ~2hr integrations under the survey configuration adopted here. This
level should be interpreted as an operational planning benchmark for comparable S-
band globular-cluster searches, rather than as a strict completeness threshold, since
detectability will vary with scintillation, pulse duty cycle, and observing conditions.

J1848—0129C exhibits a combination of a multi-day orbit and reproducible
orbital-phase-dependent detectability. The coherent BT solution yields P, = 5.03 d
and a companion mass of M, ~ 0.35-0.42 M, for typical inclinations. Non-detections
are confined to orbital phases near superior conjunction and recur across cam-
paigns separated by approximately one year. This phase-locked behaviour disfavors
stochastic propagation effects and is suggestive of eclipse or absorption within the
binary system.

Interpreting the phase interval A¢ ~ 0.24 as an eclipse window corresponds to
a duration of ~ 1.2 d. Under the assumption of a circular edge-on orbit, this phase
width implies a characteristic absorbing scale of order ~ 10 R, based on an orbital
separation of a ~ 15 R;. For comparison, the expected Roche-lobe radius of a
~ 0.4 M companion in such an orbit is ~ 4 R;. While these estimates are intended
as approximate geometric constraints, they indicate that a purely compact stellar
occultation would be insufficient to account for an eclipse of this duration, and that
extended intrabinary material would likely be required if the eclipse interpretation
is correct.

With P, = 5.03 d, J1848—0129C lies at the extreme long-period end of the spider
population. Its orbital period exceeds that of known globular-cluster redbacks and is
comparable to that of the proposed “Huntsman” systems, such as PSR J1417—4402.
Further multiwavelength observations will be required to determine whether the
companion is non-degenerate or evolved, and to establish whether J1848—0129C

represents a long-period spider system in a globular cluster or an unusually wide
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detached configuration.

The orbital parameters of J1848—0129D have also been determined. Using de-
tections from MeerKAT and FAST, we obtained a Keplerian orbital solution that
coherently folds all available measurements and is consistent with a circular orbit.
The resulting mass function, f(M) = 0.166 M, implies, assuming M, = 1.4 Mg,
a minimum companion mass M i, =~ 0.98 M for an edge-on configuration and
M. ~ 1.20 M, for a median inclination of ¢« = 60°. While this mass range overlaps
the lowest measured neutron-star masses, the absence of measurable eccentricity dis-
favors a double-neutron-star interpretation and instead points to a mildly recycled
pulsar with a massive CO/ONeMg white dwarf companion formed via stable mass
transfer. Continued phase-connected timing will refine the orbital parameters and
may enable detection of post-Keplerian effects.

J1848—0129E and J1848—0129F are fainter binary millisecond pulsars for which
the current detection set is insufficient to obtain coherent orbital solutions. The
Glimpse-C01 pulsars are also being pursued in ongoing timing efforts: a timing
analysis of J1848—0129A is in preparation (McCarver et al. in prep.), J1848—0129B
(Baoda et al. in prep.), and timing work on the newly discovered systems, including
J1848—0129C and J1848—0129D, is also in preparation (Nag et al. in prep.).

One notable feature of the pulsars currently known in Glimpse-C01 is that a
significant fraction exhibit spin periods between 10 and 20 ms, indicating that they
are only mildly recycled. In the case of J1848—0129C, this can be understood
in terms of its relatively massive white-dwarf companion, and its spin period is
consistent with those observed in systems with similarly massive companions in the
Galactic field. The low eccentricity does not indicate a dynamical exchange origin for
this system. This raises the question of whether such mildly recycled systems with
relatively massive companions are over-abundant in this cluster, which could point to
an unusual evolutionary history. However, observational biases must be considered:
the high dispersion measure and potential pulse scattering may hinder the detection
of faster-spinning pulsars. If so, the intrinsic pulsar population of Glimpse-C0O1 may
be more similar to that of other globular clusters with comparable encounter rates,
implying that a substantial population of faster millisecond pulsars remains to be
discovered.

GLIMPSE-CO1 is one of the most heavily obscured globular clusters in the Milky
Way, with a visual extinction of Ay ~ 18 magnitudes [? |, indicating that the cluster
lies behind a large column of intervening material. It is also reported to exhibit
strong spatial variations in optical extinction (differential reddening; Cadelano et al.,

in prep.). Among clusters hosting identified pulsars, it is currently the most heavily
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extincted system known. The combination of a high mean DM and a large internal
DM dispersion may therefore be consistent with substantial small-scale structure in
the intervening medium along neighbouring sightlines. This raises the possibility
of a connection between fluctuations in ionized gas traced by DM and the complex
dust distribution probed at optical and near-infrared wavelengths (Pallanca et al.,
in prep.), although a quantitative investigation of this link lies beyond the scope of
the present work.

The dispersion-measure behaviour observed toward Glimpse-C01 has direct im-
plications for survey strategy at high foreground DMs. Two pulsars detected toward
the cluster, J1848—0129D and J1848—0129F, exhibit substantial offsets from the
median cluster DM. A comparison across globular clusters with > 5 known pul-
sars shows that Glimpse-CO01 lies at the high-DM extreme and follows the empirical
trend in which larger median DMs are associated with larger intra-cluster DM dis-
persions (see Fig. 4.4). Practically, this motivates adopting broader or adaptive DM
search ranges for high-DM clusters, since narrowly padded DM windows become
increasingly likely to miss genuine cluster pulsars in complex lines of sight.

Finally, the S-band and L-band flux-density measurements reported here pro-
vide a uniform high-frequency reference set for re-detected pulsars and a basis for
illustrative spectral-index constraints in selected non-detections.

The combined results demonstrate that MeerK AT S-band tied-array observations
are capable of recovering faint millisecond pulsars in dense cluster environments
and open a complementary discovery space for highly dispersed systems that are

challenging to detect at lower frequencies.
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Chapter 5

PULSEJET beta:
Pulsar Searching through Efficient
Jerk Templates

5.1 Going Beyond Acceleration Searches

As discussed in Section 3.6.6, the effect of binary motion on a pulsar signal can be
understood most directly through its phase evolution. In the presence of line-of-sight
motion, the pulse phase is no longer described by a simple linear function of time,
but instead acquires higher-order corrections. Expanding the phase as in Eq. 3.58,
one obtains

o(t) = 21 f, (t+%t2+£t3+m), (5.1)

where a and j| represent the line-of-sight acceleration and jerk, respectively.

The constant-acceleration approximation corresponds to truncating this expan-
sion at quadratic order in time. Under this assumption, the signal remains locally
well-described by a linear frequency evolution, and both time-domain and frequency-
domain search techniques can recover the signal efficiently. This regime applies when
the orbital motion varies slowly over the observation, such that higher-order terms
remain negligible.

However, in more compact binary systems, the orbital motion evolves signifi-
cantly over the duration of the observation. In such cases, the cubic term in Eq. 3.58
becomes non-negligible, and the signal can no longer be accurately described by a
constant acceleration. The phase evolution acquires curvature, and any method that

assumes a purely quadratic phase model will become progressively mismatched to
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the true signal.

A useful way to characterise the breakdown of the constant-acceleration approx-
imation is to compare the relative contributions of the acceleration and jerk terms
over the observation timescale. From Eq. 3.58, the ratio of the cubic to quadratic
phase contributions scales as

CI)jerk -~ j||Tobs

5.2
cI)acc a ( )

When this ratio approaches unity, the jerk term contributes significantly to the
phase evolution, and the constant-acceleration approximation breaks down. In bi-
nary systems, this condition is naturally related to the orbital timescale, leading to
the well-known requirement that 7Tops must be small (less than or equal to 10 times)
compared to the orbital period for acceleration searches to remain valid [34, 35].

The implications of this breakdown depend on how the search is performed. In
frequency-domain approaches, the signal distortion manifests as a non-linear evolu-
tion of the apparent frequency, leading to a mismatch with templates that assume
linear drift. In time-domain approaches, the same effect corresponds to an incorrect
demodulation of the time series when only acceleration is accounted for. In both
cases, the underlying issue is identical: the assumed signal model does not capture
the true phase evolution.

It is therefore more appropriate to view acceleration and jerk not as features
of a particular search method, but as successive terms in a unified description of
the signal phase. Both frequency-domain and time-domain techniques attempt to
account for these terms, but they do so in different ways: either by modelling the
spectral response after the Fourier transform, or by correcting the time series before
the transform is applied.

For the majority of pulsar searches, particularly in blind surveys, the constant-
acceleration approximation remains adequate and computationally efficient. More
advanced treatments, including jerk searches, are therefore best viewed as targeted
extensions designed to recover signals from systems that lie beyond the reach of

standard acceleration searches.

5.2 Time-Domain Resampling Formalism

Having established that the limitations of acceleration searches arise from an in-
complete modelling of the signal phase, we now focus on the time-domain approach,
in which the correction is applied directly to the time series prior to the Fourier

transform. A qualitative description of this method was given in Section 3.6.6; here
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we develop the formalism in a more explicit and quantitative manner.
The starting point is the phase model introduced in Eq. 3.58, which may be
written as ,
a Jll

®(t) = 27 fo (t+2—it2+at3+--~). (5.3)

This expression describes the phase evolution of a pulsar signal observed in the
presence of line-of-sight motion, truncated at the jerk term. The essential idea of
time-domain resampling is to construct a new time coordinate 7 such that the phase

becomes linear in 7, i.e.

D(t) = 2 for, (5.4)

as already introduced in Eq. 3.59.
By equating the two expressions, one obtains the transformation
T:t+;—it2+é—'(':t3+-~-, (5.5)
which is identical to Eq. 3.60. This transformation defines the mapping between the
observed time coordinate ¢ and the corrected time coordinate 7, in which the pulsar
appears as an isolated periodic source.

In practice, the observed signal is discretely sampled at intervals tsump, yielding
a time series s(t;) with ¢; = 4 tgamp. The goal is to construct a new time series s*(7;)
sampled uniformly in 7, where 7; = jtsamp. This requires evaluating the inverse
mapping ¢(7) and determining which sample in the original time series corresponds
to each resampled point.

Since the mapping between t and 7 is generally non-linear, the values of ¢(7;)
will not coincide exactly with the original sampling grid. As a result, the resampled
time series must be constructed using either nearest-neighbour assignment or inter-
polation between adjacent samples. In the simplest implementation, one identifies

the index i such that ¢; is closest to #(7;) and sets

More accurate implementations employ linear or higher-order interpolation schemes
to reduce discretisation errors [103].

Once the resampled time series has been constructed, it can be analysed using a
standard Fourier transform. If the trial parameters (aj, 7)) are sufficiently close to
the true values, the phase modulation induced by the binary motion is effectively
removed, and the signal power is concentrated into a narrow set of Fourier bins

corresponding to the intrinsic spin frequency and its harmonics. In this sense, time-
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domain resampling performs a coherent demodulation of the signal prior to the
FFT.

The key computational implication of this approach is that the entire proce-
dure—resampling followed by FFT—must be repeated for each trial set of parame-
ters. If one searches over a grid in acceleration and jerk, the total number of trials
scales as

Nirial ~ No X Ny, (5.7)

where N, and N; are the number of trial acceleration and jerk values, respectively.
This scaling leads to a rapid increase in computational cost as higher-order terms
are included.

Despite this cost, the time-domain formulation provides a direct way to apply
a chosen phase model to the time series before the FFT is computed. This makes
it conceptually convenient to implement polynomial corrections, such as constant
acceleration or acceleration plus jerk, and it can also be extended to more detailed
orbital prescriptions. This generality is not unique to the time-domain approach:
frequency-domain methods can also search for orbital modulation, including through
phase-modulation or sideband techniques implemented in PRESTO’s binary-search
tools [161]. The distinction made here is therefore not that full orbital information
is exclusive to time-domain methods, but that PULSEJET beta explores a time-

domain implementation of the acceleration—jerk polynomial correction.

5.3 The PULSEJET beta Pipeline: Motivation and
Design

Modern pulsar search pipelines broadly fall into two categories: frequency-domain
approaches, such as those implemented in PRESTO, and time-domain resampling
approaches, as implemented in software such as Peasoup'. While both methods are
rooted in the same physical description of binary motion, they differ in how the
signal model is applied in practice.

Peasoup is a GPU-accelerated pulsar search code designed to perform coherent
time-domain acceleration searches. It operates by resampling the input time series
according to trial values of the line-of-sight acceleration and subsequently applying
a Fourier transform to recover periodic signals. In contrast to frequency-domain
matched filtering, this approach directly corrects the phase evolution of the sig-

nal prior to the FFT, enabling fully coherent recovery when the assumed model is

"https://github.com/ewanbarr/peasoup
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accurate.

Time-domain resampling techniques have been used in pulsar searches for decades
[34, 103]. In their modern GPU-accelerated form, they are implemented in the
PEASQUP search code and have been used in several major pulsar surveys and search
efforts. For example, PEASOUP was used in the HTRU-S medlat/hilat reprocess-
ing that reported 23 new pulsars [162], in the SUPERB survey real-time peri-
odicity pipeline [163], in the TRAPUM L-band survey for pulsars in Fermi-LAT
sources [164], in the MMGPS-L survey pipeline description [165], and in the GPU-
accelerated reprocessing of archival PMPS data that yielded 37 new pulsars [166].
These examples show that PEASOUP is not merely a conceptual implementation of
time-domain resampling, but an established and practically validated search code
in modern pulsar astronomy.

Despite this, existing implementations of time-domain searches have been largely
limited to the constant-acceleration approximation. While higher-order corrections
such as jerk can, in principle, be incorporated into the phase model, there has
been no widely adopted pipeline that performs a systematic jerk search in the time
domain for blind pulsar surveys. This limitation motivates the development of the
PULSEJET beta pipeline 2, which extends the resampling formalism to include jerk
and enables a coherent search over both acceleration and its first derivative.

The development of PULSEJET beta is driven by two primary scientific motiva-

tionswhich are discussed in the next two subsections.

5.3.1 Accessing Extreme Regions of Parameter Space

The primary scientific motivation for extending the Peasoup framework to a jerk-
capable time-domain pipeline is not that standard acceleration searches are inef-
fective in general, but rather that they become progressively sub-optimal in a very
specific and astrophysically important region of parameter space. That region cor-
responds to compact binaries in which the line-of-sight motion varies rapidly over
the observation and the higher-order terms in the signal phase can no longer be ne-
glected. These are precisely the systems that are often regarded as the “holy grail”
targets of radio pulsar searches: extremely compact double neutron star systems,
and eventually pulsar—black hole binaries, whose discovery would have exceptional
value for relativistic gravity, binary evolution, and gravitational-wave astrophysics
[77, 167, 168].

The point is therefore not that acceleration searches fail everywhere, nor that

time-domain jerk searches should replace them in all circumstances. On the con-

2https://github.com/Rouhin1997/PULSEJET beta.git
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trary, standard Fourier-domain acceleration and jerk searches are highly efficient
in their native coordinates because they tile the Fourier response directly in terms
of frequency, frequency drift, and frequency-drift derivative. The motivation for
PULSEJET beta is instead that a time-domain search over physical acceleration and
jerk provides a complementary way of specifying the search region. In particular,
it allows the bounds of the search to be chosen directly in terms of the line-of-sight
acceleration and jerk expected for a target class of compact binaries.

To make this comparison quantitative, it is useful to examine how fixed Fourier-
domain search limits map into physical acceleration and jerk as a function of pulsar
spin period. In the Fourier-domain acceleration search implemented in PRESTO, the
basic measurable quantity is the drift of the signal through Fourier bins over an
observation of duration Tyys. For a signal observed at spin frequency fo = 1/P, the

total bin drift under constant acceleration is

w2 _ YU 4o

Z = fTobs - C_PTObS’ (58)
where aj| is the line-of-sight acceleration. When harmonic summing is used, the same
physical acceleration produces a proportionally larger drift at the h-th harmonic.
Therefore, for a maximum search value zy,.x, the corresponding physical acceleration

boundary may be written as

(5.9)

obs
This relation shows that a fixed Fourier-domain choice of z,., corresponds to a spin-
period-dependent boundary in physical acceleration. This should not be interpreted
as an intrinsic inefficiency of the Fourier-domain method; rather, it is the result of
expressing the search in Fourier-bin drift coordinates rather than directly in physical
acceleration units.

An analogous mapping applies to jerk. If the acceleration varies over the observa-
tion, the quadratic term in the frequency evolution introduces a drift-rate derivative

in Fourier space, usually denoted by w [106]. Using

.. jH
= L 5.10
f P’ ( )
the corresponding Fourier-space curvature parameter scales as
wr fT5 = £l T5... (5.11)
obs cP obs
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Including harmonic summing gives the corresponding physical jerk boundary

WaxCP

RT3 -

obs

il < (5.12)
Thus, for fixed values of zyax and wiay, the region covered in physical (qy, jj) space
scales with the pulsar spin period. In a period—acceleration or period—jerk plot
this naturally appears as a wedge. The wedge is therefore best understood as the
mapping of uniform Fourier-domain limits into physical units, not as a fundamental
limitation of Fourier-domain searching.

The time-domain resampling approach is parameterised differently. Once the

phase model is specified, one may choose directly the physical search ranges
gl < aliks Ll < 5k (5.13)

and resample the time series over that band. In other words, the search boundary is
imposed directly in physical parameter space rather than indirectly through Fourier-
bin drift. For fixed choices of a'ie and j&ﬁi, the adopted time-domain search region
therefore appears as a rectangular band in physical acceleration and jerk, indepen-
dent of spin period. This is useful when the intended target region is defined by
physical binary parameters rather than by fixed Fourier drift limits.

This distinction is illustrated in Figure 5.0, where the PRESTO Fourier-domain
limits are mapped into physical units and compared with a representative time-
domain band for 7T, = 600 s. In the acceleration case, the transition period at which
the Fourier-domain boundary first contains the chosen time-domain acceleration

band follows directly from Eq. 5.9:

h al(;cl(;z( To2bs

P cross,a — 5.14
, . (5.14)
Similarly, for jerk,
h jiax T3,
Prrogsj = ———=. 5.15
j= (5.15)

These crossing periods are marked in the figures. They quantify where a particular
choice of Fourier-domain search limits and a particular choice of time-domain phys-
ical bounds cover the same region. Below P...s, the selected Fourier-domain limits
correspond to a narrower physical interval than the chosen time-domain band; above
Prioss, they contain that band.

For the representative values adopted here, the acceleration comparison shows

how fixed 2z limits map into period-dependent physical acceleration coverage.
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The effect is more visible in the jerk case. For example, with wy.. = 4000,
jr(ﬁg))( =20 ms~3, and T, = 600 s, the crossing period moves from ~ 14.4 ms for
h =4 to ~ 28.8 ms for h = 8 and ~ 57.6 ms for h = 16. These numbers should be
interpreted only as a comparison between two specific choices of search parameteri-
sation and computational budget. They do not imply that Fourier-domain methods
are intrinsically unable to cover the same physical region: increasing zyax O Wpax
would extend the Fourier-domain coverage, at the cost of additional computation.
Conversely, achieving full sensitivity to very fast spin periods with time-domain re-
sampling also requires a sufficiently dense set of acceleration—jerk trials, which can
be computationally expensive.

The practical distinction is therefore not one of fundamental accessibility, but
one of implementation and computational trade-off. Fourier-domain methods tile the
signal response efficiently in their natural coordinates (f, z, w) using matched filters,
whereas time-domain resampling applies each trial correction to the time series and
then performs a one-dimensional FFT. This latter structure is attractive for GPU
implementation because the resampling trials can be parallelised and the subsequent
harmonic summing is performed on ordinary one-dimensional spectra. However,
the total number of floating-point operations for equivalent coverage may be larger
than in a highly optimised Fourier-domain matched-filter implementation. The aim
of PULSEJET beta is therefore to explore whether GPU acceleration and metric-
informed template placement can make this time-domain strategy competitive for

targeted searches over physically motivated acceleration—jerk regions.
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Figure 5.0: Comparison between the parameter-space coverage of the Fourier-
domain PRESTO search (blue wedge) and a representative time-domain search band
(orange), shown for acceleration (left column) and jerk (right column). The three
rows correspond to harmonic sums of h = 4, 8, and 16. Increasing h improves
sensitivity to narrow pulse profiles through harmonic summing, but simultaneously
makes the Fourier-domain search boundary more restrictive, particularly at short
spin periods. The vertical dotted lines indicate the crossing period below which the
Fourier-domain wedge no longer fully covers the chosen time-domain band. This
effect is most pronounced for jerk, where the loss of coverage occurs precisely in the
region occupied by rapidly spinning pulsars in extremely compact binaries.
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This is the central scientific rationale for PULSEJET beta. The pipeline is de-
signed specifically to interrogate that small but high-value region of parameter
space where compact orbital motion produces large jerk and where the standard
acceleration-search formalism is no longer the most natural or sensitive way to pro-

ceed. As Ewan Barr put it during the development of this work:

“We are looking for those holy grail systems like pulsar—black hole bina-
ries and DNS systems before merger and stuff, otherwise what even is

the point of writing codes like this? Otherwise it is just madness.”

That statement captures the philosophy behind the present pipeline. The pur-
pose is not to replace existing survey search tools, but to extend the reachable
search space towards the most extreme compact-binary systems, where the scien-
tific return of a discovery would far outweigh the additional computational cost.
Once that motivation is established, the need for an efficient GPU implementation
follows naturally: if the goal is to search coherently in this difficult regime, then
the computational burden of the time-domain jerk search must be brought under

control.

5.3.2 Computational Cost of Jerk Searches

The second motivation arises from the computational cost associated with extending
the phase model to include higher-order terms. In the time-domain framework, each
trial set of parameters (q,jj|) requires the construction of a new resampled time
series followed by a Fourier transform. As a result, the computational cost scales
with the total number of templates in the search space.

The inclusion of the jerk term introduces a quadratic dependence in the resam-
pling transformation (Eq. 3.60), which significantly increases the complexity of the
mapping between input and output time indices. This effect is illustrated in Fig-
ures 5.1 and 5.2, which show the deformation of the resampling index and its local

increments for increasing values of jerk.
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Figure 5.1: Evolution of the resampling index shift, (out_idx —in_idx), for increasing
trial jerk for the same value of acceleration. In the pure-acceleration case (j = 0),
the mapping remains only weakly distorted, whereas progressively larger jerk values
introduce an increasingly strong non-linear deformation of the output index as a
function of input index. This reflects the quadratic contribution of the jerk term to
the time-domain resampling map. As j increases, the resampler must account for
progressively larger departures from the original regular sampling pattern, implying
a larger correction to the time series before the FFT is performed.
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Figure 5.2: Local increment of the resampling index, A out_idx, for increasing trial
jerk keeping the value of acceleration constant. While the 7 = 0 case remains com-
paratively regular, the inclusion of jerk introduces a position-dependent variation
in the local stepping of the output index. This means that neighbouring output
samples no longer map back to the input array with a uniform stride. Instead, the
access pattern becomes increasingly irregular as the jerk increases, which is pre-
cisely the behaviour that drives up the computational cost of the resampling stage.
In practice, this leads to less regular memory access and motivates the use of mas-
sively parallel GPU implementations when extending time-domain searches beyond
constant acceleration.
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As the jerk increases, the mapping between input and output indices becomes
increasingly non-linear, leading to irregular memory access patterns and reduced
computational efficiency. When extended over a large template bank, this results in
a rapid increase in total computational cost, making a naive CPU implementation
impractical for large-scale searches.

This motivates the adoption of GPU-based implementations, where the paral-
lel nature of the resampling and FFT operations can be exploited to achieve the
required performance. The PULSEJET beta pipeline is therefore designed as a GPU-
accelerated extension of the Peasoup framework, enabling efficient exploration of a
two-dimensional parameter space in acceleration and jerk.

In the following sections, we describe the implementation of the jerk resampling
algorithm, the construction of the template bank, and the performance characteris-

tics of the pipeline.

5.4 Astrophysical Determination of the Acceler-

ation and Jerk Bounds

Before constructing a template bank in the (q, jj) plane, one must first decide which
region of that plane the search should cover at all. This is a scientific choice before
it is a computational one. The adopted bounds should be large enough to include
the classes of binaries that the search is intended to detect, but not so large that
computational effort is wasted on clearly implausible regions of parameter space.
In the present work, the guiding requirement is sensitivity to very compact bi-
nary systems in which the pulsar can experience large line-of-sight acceleration and
large line-of-sight jerk during a single observation. The relevant search boundaries
are therefore set not from an abstract Fourier-space criterion, but from physically
motivated orbital models. We ask the following question: for a binary system with
plausible masses, inclination, orbital period, and eccentricity, what are the largest

values of |q)| and [jj| that can occur over an orbit?

5.4.1 Keplerian description of the line-of-sight motion

Consider a pulsar of mass M, in a binary with companion mass M., orbital period
Py, eccentricity e, longitude of periastron w, and inclination ¢. Let the pulsar orbit

the system barycentre with semi-major axis a,. Kepler’s third law gives the relative
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semi-major axis of the binary,

G(M, + M.)P?
a® = P47r2 2, (5.16)

and the pulsar semi-major axis is

M
-0 —. 5.17
(lp a Mp + MC ( )
The projected semi-major axis is therefore
o GP? V3 M,sini
ap ST = (4—71_2) W (518)
Equivalently, in pulsar-timing notation one often writes
.= apsini’ (5.19)
c

but for the present derivation it is convenient to retain the dimensional quantity
ap sin ¢ explicitly.

Define the mean orbital angular frequency

27
b,

n

(5.20)
The orbital phase is most conveniently parametrised through the mean anomaly
M(t) = n(t —Ty), (5.21)

where Ty is the epoch of periastron passage. For an eccentric orbit, M is not itself the
geometric orbital angle. Instead, one introduces the eccentric anomaly F, defined

implicitly by Kepler’s equation,
M =FE—esinE. (5.22)

This transcendental equation has no closed-form solution in elementary functions
and must therefore be solved iteratively. In practice, we use Newton-Raphson iter-

ation,
M — (Ey — esin Ey)

By =FE
P bt 1 —ecos E},

(5.23)

with a suitable initial guess, until convergence is achieved. Once E is known, the
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true anomaly v follows from

v 1+e FE
tan — = tan —. 24
an2 T % an2 (5.24)

The true anomaly v is the physical orbital angle measured from periastron and is

the most natural variable for evaluating the instantaneous line-of-sight motion [2].

5.4.2 Line-of-sight velocity
For a Keplerian orbit, the pulsar line-of-sight velocity can be written as

napSim?e

o (t) = T

This is the quantity that enters the Doppler relation for the observed spin frequency,

fons(t) = fo (1 + v”—(t)) , (5.26)

C

[cos(w + ) + ecosw]. (5.25)

up to the adopted sign convention for v|. The important point for the present
purpose is that once v)(t) is known, the corresponding acceleration and jerk follow

by differentiation.

5.4.3 Line-of-sight acceleration
The line-of-sight acceleration is

a”(t) = ddit (5.27)

To evaluate this derivative, one uses the standard Keplerian identity

. (1+ecosv)?

Differentiating Eq. 5.25 then gives

2 . .
n-apsim?e

a|(t) = —m(l + ecosv)?sin(w + v). (5.29)

This expression shows explicitly how the maximum line-of-sight acceleration de-

pends on the projected orbit size a, sini, the orbital timescale through n?, and the

eccentricity-dependent factor (1 + ecosv)?/(1 — e?)2.
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For a circular orbit (e = 0), Eq. 5.29 reduces to
a(t) = —n’apsini sin(w + v), (5.30)

so that the maximum absolute acceleration is simply
o\ 2
| | max = n’ap,sini = (F) ap sini. (5.31)
b

This already makes the principal scaling transparent: for fixed masses and inclina-

tion, the maximum acceleration grows rapidly as Pb_2.

5.4.4 Line-of-sight jerk
The line-of-sight jerk is the time derivative of the acceleration,

Jit) = %. (5.32)

Differentiating Eq. 5.29 and again using Eq. 5.28 yields

3 . .
n°ap sin i

Jit) = —m(l—ke cosv)? [cos(w + ) + ecosw — 3esin(w + v)sinv]. (5.33)
—e

As for the acceleration, the circular-orbit limit is especially simple. Setting e = 0

gives
41 (t) = —n’a, sini cos(w + v), (5.34)
so that
o\
e =i = () o
b,

Thus, for fixed masses and inclination, the maximum jerk grows even more steeply

than the acceleration, scaling as P, .

5.4.5 Determining the search bounds

Equations 5.29 and 5.33 provide the full orbital expressions for the line-of-sight
acceleration and jerk. In the circular case, the maxima are given analytically by
Eqgs. 5.31 and 5.35. For eccentric systems, however, the location of the extrema
depends on w, e, and v in a non-trivial way, and it is generally more robust to

determine the extrema numerically over a full orbit:

CL”,maX = m?X |a||(t)|, j”,max = m?X |j||(t>|. (536)
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This is the strategy adopted here. For each trial astrophysical binary config-
uration, we sample one full orbit, solve Kepler’s equation iteratively at each time
step, convert to the true anomaly, and evaluate Eqs. 5.29 and 5.33. The search
boundaries are then chosen so as to encompass the maximum absolute values of a
and j) expected for the class of systems to which the pipeline is intended to remain
sensitive.

The scientific purpose of this exercise is straightforward. If the search is to
remain sensitive to extremely compact binaries, then its (aj,jj) coverage must be
set by the physical maxima that such systems can produce. Only after those physical
boundaries are defined does it become meaningful to discretise that region into a

practical template bank, which is the subject of the next section.

5.5 Metric Construction and Stochastic Popula-
tion of the (qy, jj) Template Bank

Once physically motivated bounds on the maximum line-of-sight acceleration and
jerk have been established (Section 5.4), the next task is to populate that region of
parameter space with a finite set of search templates. The purpose of the template
bank is to ensure that for any true signal whose parameters lie inside the chosen

search box,

— 0| max < A < G max; —Jllmax < J)| < Jjlmax; (5.37)

there exists at least one nearby template whose phase model is sufficiently close that
the loss in coherent signal power remains below a specified tolerance.

This section describes that construction in full detail for the acceleration—jerk
model adopted in PULSEJET beta. The procedure follows the general logic of metric-
based template placement developed in coherent searches for pulsars and gravita-
tional waves, in which the local mismatch between neighbouring parameter-space
points is approximated by a quadratic form defined by a metric tensor [116-118].

The overall strategy is:

1. choose a phase model for the signal;

2. compute the metric on the full parameter space;

3. project out the spin-frequency direction, since the FFT already covers it;

4. use the determinant of the projected metric to define the local template den-

sity;
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5. estimate the proper volume of the chosen search region;
6. populate that region stochastically according to the required density;

7. validate the resulting bank by explicitly checking the nearest-template mis-

match distribution.

In the present implementation, all of these steps are carried out for the polyno-
mial time-domain phase model in acceleration and jerk that underlies the resampling
formalism developed earlier in this chapter. The final result is therefore not an arbi-
trary cloud of points in the (ay, 7)) plane, but a bank constructed from the geometry

of the signal manifold itself.

5.5.1 Choice of phase model

The starting point is the jerk-corrected phase model. In the earlier discussion of
time-domain resampling, the signal phase was written in the form
O(t) = 2mfy (t+ g2 4 I3 +e ), (5.38)
2c 6c
which is convenient when the resampling correction is expressed as a mapping of
the observed time coordinate. For the template-bank construction, however, it is

algebraically more convenient to write the template phase in the equivalent form
at* 3
(e fad) = 2af (1 5~ ). (5.39)

where f is the template spin frequency and (a, j) denote the template acceleration
and jerk parameters. The change of sign simply reflects whether one chooses to
write the modulation in the signal itself or in the demodulating template. The two
viewpoints are equivalent provided the sign convention is used consistently.
Equation 5.39 is the model implemented in the template-bank code. It is a

truncated polynomial phase model with three parameters,

A= (f,a,j). (5.40)

The role of the template bank is to cover the (a, j) subspace for a specified maximum
signal frequency, here denoted by fa.x, at which the search is intended to remain
sensitive. This is a crucial design parameter of the bank. In the phase model used
here, the derivatives with respect to acceleration and jerk scale linearly with the sig-

nal frequency, and therefore the metric components in the projected (a, j) subspace
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scale approximately as f2. Consequently, the local template density, proportional
to v/dety, scales approximately as f? for fixed T,ps, acceleration—jerk bounds, and
mismatch tolerance. Increasing fi..x therefore improves the ability of the bank to
preserve sensitivity to short spin periods and higher harmonics, but it also increases
the number of templates and hence the computational cost.

For a pulsar with fundamental spin frequency f, = 1/P, the h-th harmonic

appears at frequency hfy. A conservative choice of bank frequency is therefore

fmax = min (fNyq, %) , (5.41)
min
where fnyq is the Nyquist frequency of the sampled time series, Amayx is the highest
harmonic one aims to recover with controlled mismatch, and P,;, is the shortest
spin period targeted by the search. A bank generated at f,.x is conservative for
lower-frequency signals and lower harmonics, because their phase mismatch for the
same (Aa, Aj) offsets is smaller. Thus, fi.x should be treated as one of the primary
bank-generation parameters, together with Tops, Gmax, Jmax, the target mismatch,

and the desired coverage.

5.5.2 Mismatch and local metric approximation

Suppose a signal is present with true parameters A, but is filtered with a nearby
template at A + AX. The fractional loss in coherent detection statistic is called the
mismatch, conventionally denoted by m. In the small-offset limit, the mismatch can

be expanded to second order in the coordinate offsets,
(A, AX) & gog ANTAN (5.42)

where repeated indices imply summation and g.g is the metric tensor on the signal

manifold [118, 119]. For a phase model search, the metric can be written as

gag = <8a(1> 85(1)> — <8aq)> <85(I)> s (543)
where 9, = 9/0\* and
1 Tobs
(X) = X (1) dt (5.44)
Tobs 0

denotes a time average over the observation.
Equation 5.43 is the central mathematical object of the template-bank construc-
tion. It measures how rapidly the signal phase changes under infinitesimal displace-

ments in parameter space. Directions in which the phase changes rapidly require
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denser template placement; directions in which it changes slowly require fewer tem-

plates.

5.5.3 Derivatives of the acceleration—jerk phase model

For the phase model in Eq. 5.39, the derivatives with respect to the three parameters

are
g_i’ _ ?t{ (5.46)
Z_CJI,) - g—£t3. (5.47)

Substituting these into Eq. 5.43 yields the full 3 x 3 metric on the parameter
space (f,a,j). After carrying out the time averages analytically over the interval
0 <t < Tgys, one obtains

9grf Y9fa 9fj
9aB = | Yaf Yaa YGaj | » (548>
9if  Yja  Yjj
with
grr = W <45T bsj + 280Tgbsaj + 448Tobsa
— 504T2 .cj — 1680Teac + 1680c2>, (5.49)
2T3
Ufa = Jay = 185b52f (5T3sj + 16Topsa — 30c) (5.50)
w2 T .
95 = gjs = 504?;2{ (45T2,,5 + 140Tpsa — 252¢) (5.51)
47T2T4b f2
= obss 5.52
9 45 2 ( )
2TCE)'> sf2
Yaj = Gja = 36]22 ' (5.53)
2T06 Sf2
933 = 112bc2 ' >34

At this stage the metric still includes the spin-frequency dimension. This is not

yet the metric that should be used for the template bank, because the search does
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not place explicit templates in f. Instead, the FFT already provides an efficient and

effectively regular search over frequency.

5.5.4 Projection onto the (a,j) subspace

The metric relevant to the template bank must therefore be the metric on the
(a, j) subspace after projecting out the frequency direction. Following the standard
construction used by Knispel for orbital template banks [116, 169], the projected
metric is obtained through the Schur complement,
9if9j . .
Yij = 9ij — 2o i,j €{a,j}. (5.55)
grf
This projected metric measures mismatch in the acceleration—jerk plane once the
frequency has been allowed to adjust optimally through the FFT.
It is convenient to define the common denominator

— 504773

obs

D(a, j) = 45T5,j° 428073

obs

aj+448T2 a

obs@

cj —1680T,psac+1680¢%. (5.56)

The projected metric elements then become

2T(;lbsf2
452D
R b i (1073 saj + 45T 3 cj — 84T psac + 420c7) (5.58)
70«.7 - ’y]a - 9002 D obs J obs j obs 5 .
= T Ll (5T35,.a* — 45T gpsac + 108¢7) (5.59)
Vij = 4502 D obs obs . .

Yoa = (5T 5" + 84T 5 4cj + 420¢7) (5.57)

The local mismatch between a signal at (ag, jo) and a nearby template at (a, j)

is then approximated by
m(ao, jo; @, §) R Yaa Aa® + 2705 Aa Aj + 75 Aj?, (5.60)

where
Aa = a — ay, Aj =7 — Jo, (5.61)

and the metric coefficients are evaluated at the signal location (ag, jo)-
This quadratic form is the object used throughout the template-bank code to

estimate how well any point in the target region is covered by the nearest template.
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5.5.5 Determinant and local template density

The determinant of the projected metric plays a special role because it defines the

local proper volume element on the signal manifold,

AVproper = v/ det y(a, j) da dj. (5.62)

For the present phase model, the determinant simplifies to

7T4T10 f4
det ) = obs . .
et7(@.J) = 5750 & D(a, ) (5.63)

Hence
25 £2
S

~ V2700¢+/D(a, j)
This quantity determines the required template density. Where /det 7y is large,

dety(a, ) (5.64)

the signal manifold is locally stretched and neighbouring templates must be closer
together in coordinate space to maintain the same mismatch. Where /dety is
smaller, templates may be placed more sparsely. In this sense, the determinant is

the bridge between the phase model and the actual spatial density of templates.

5.5.6 Proper volume of the target region

The total proper volume of the chosen search box is

amax Jmax
V= / Vdety(a,j)dadj. (5.65)

Gmax ¥ —Jmax

In general this integral is not particularly convenient to evaluate analytically, so in
the implementation it is estimated by Monte Carlo integration. Random points are
drawn uniformly over the target box, y/dety is evaluated at those points, and the

mean value is multiplied by the coordinate-space area of the box,

Vo~ <\/det 7>MC (2tmae) (2mas)- (5.66)

This step is crucial because the total proper volume tells us, in a metric sense,
how large the target region really is. Two rectangular boxes with the same coordinate-
space dimensions can require very different numbers of templates if the metric den-

sity differs substantially across them.
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5.5.7 From proper volume to template count

The next step is to decide how many templates are required [116, 118] . In the code,

this is done by specifying two quantities:

1. a target mismatch p, which is the maximum tolerated nearest-template mis-

match;

2. a desired coverage fraction C', which is the fraction of the target region that

should lie within mismatch p of at least one template.

For a stochastic covering in n dimensions, the volume of the mismatch ball is
proportional to ;™/2V,,, where V,, is the volume of the unit n-ball. Since the present
bank is two-dimensional,

n=2, Vo =m. (5.67)

(5.68)

rounded to the nearest integer.

This formula should not be read as an exact theorem for the final realised bank;
rather, it provides a practical estimate of how many random templates are needed
so that the bank has the desired statistical coverage of the target region. In practice,

the realised coverage is always checked empirically afterwards.

5.5.8 Sampling the bank from the metric density

Having determined the target number of templates, the bank must now be pop-
ulated. The key design choice here is that templates are not placed uniformly in

coordinate space. Instead, they are sampled with probability density

dety(a, j)

T (5.69)

pla,j) =

within the target region.
This choice ensures that regions requiring a higher local template density re-
ceive more samples automatically. The code implements this through Markov-chain

Monte Carlo. Two possible samplers are provided:

1. an independence Metropolis—Hastings sampler for comparatively small banks;
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2. an emcee ensemble sampler for larger banks.

In both cases, the target density is Eq. 5.69. The independence Metropolis—

Hastings implementation works as follows:

1. propose a candidate point (a', j') uniformly inside a generation box;
2. evaluate y/dety(a/, j') at the proposal and at the current point;

3. accept the proposal with probability

d t ! >/
o = min[ 1, Y@ 5) ) (5.70)
dety(a, j)

Because the proposal distribution is uniform and independent of the current location,
it cancels in the acceptance ratio.
The code does not sample directly inside the final target box, but instead inside

a slightly larger padded box,
la| < (14 amax, 7] < (14 €)Jmax, (5.71)

with padding fraction e. This is an edge-protection strategy: without padding,
stochastic banks often become under-dense near the boundaries simply because no
templates are permitted beyond the edge. By sampling in a slightly enlarged region
and then trimming back to the target box, the interior coverage becomes more

uniform.

5.5.9 Saving and interpreting the bank

Once the Markov-chain sampler has produced the required number of accepted

points, the bank is stored as a list of template coordinates,

{(an, i)y (5.72)

These are the trial acceleration and jerk values supplied to the search pipeline. Each
point corresponds to one resampling template. In the search stage, the time series
is resampled using that template, Fourier transformed, and searched for periodic
power.

Thus the template bank is the direct computational realisation of the metric

geometry derived above.
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5.5.10 Empirical validation of the bank

A metric-based bank is only useful if it actually provides the intended coverage. For
that reason, the code includes an explicit validation step.

A set of random test points (ag, jo) is drawn uniformly from the target region.
For each test point, the mismatch to every template in the bank is computed using
the quadratic form of Eq. 5.60,

mi(ao, o) = Yaa (ar — a0)* + 27 (ak — a0) (i — jo) + 755 (x — Jo)*. (5.73)
The nearest-template mismatch is then
Mmin (@0, Jo) = min mi(ao, Jo)- (5.74)
The empirical coverage is estimated as the fraction of test points satisfying

mmin(a07j0> S - (575>

This validation serves two purposes. First, it checks whether the realised bank
coverage is close to the requested coverage used in Eq. 5.68. Second, it reveals
whether particular parts of the parameter space are systematically under-covered.
The code therefore examines not only the global coverage fraction, but also the full
distribution of nearest-template mismatches across random test points and across a

coarse (a,j) map.

5.5.11 Relation to exact stochastic banks and the role of the

metric approximation

It is worth noting an important methodological distinction. In Knispel’s Ein-
stein@Home binary search, the final stochastic bank was based on the exact mis-
match rather than only the quadratic metric approximation, precisely because the
orbital parameter-space geometry can become non-Euclidean and the metric ap-
proximation may overestimate the mismatch in some regions [? ]. Knispel explicitly
shows that isomismatch surfaces can deviate from simple ellipses, making purely
lattice-based constructions problematic in certain coordinates.

In the present work, however, the situation is different in two important re-
spects. First, the phase model is deliberately restricted to the polynomial (a, j)
description rather than a full Keplerian orbital manifold. Second, the metric is not

used blindly: the bank is always validated empirically through the nearest-template
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mismatch tests described above. The adopted bank is therefore best described as a
metric-weighted stochastic template bank: the metric supplies the local density and

mismatch estimate, while the final bank quality is judged by direct coverage tests.

5.5.12 Summary of the construction

The complete template-bank methodology used in PULSEJET beta may therefore be

summarised as follows:

1. choose physically motivated search bounds (amax, jmax) from the class of bina-

ries to which the search should remain sensitive;
2. adopt the polynomial phase model in Eq. 5.39;
3. compute the full metric on (f,a,j) using Eq. 5.43;
4. project out the frequency dimension using Eq. 5.55;

5. evaluate the determinant of the projected metric to obtain the local density

function;
6. estimate the proper metric volume of the chosen target region;

7. infer the required number of templates from the target mismatch and desired

coverage;
8. populate the target region stochastically with density proportional to y/det ~;

9. validate the realised bank by explicitly computing nearest-template mismatches

over random test points.

This procedure provides the mathematical and computational foundation for the

acceleration—jerk template banks used for the our Jerk search pipeline.

5.6 Iterative GPU Resampling over the (g, jj) Tem-
plate Bank

Once the physically relevant search region has been identified and populated by a
template bank (Section 5.5), the core operation of the pipeline is straightforward in

principle: for each template point

T = {(ar, i) o™ (5.76)
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the input time series is resampled according to the corresponding trial acceleration
and jerk, and the corrected series is then searched in the Fourier domain. In practice,
however, this step dominates the computational cost of the entire pipeline, because
it must be repeated for thousands of templates.

The central design choice in PULSEJET beta is that these templates are not gen-
erated by stepping independently in acceleration and jerk on a fixed Cartesian grid.
Instead, they are drawn from the metric-informed template bank developed in Sec-
tion 5.5. This distinction is important, because the phase model induces a non-trivial
correlation between acceleration and jerk. A naive fixed-step strategy ignores that
correlation and therefore tends to oversample some parts of the parameter space
while undersampling others. The metric-based bank, by contrast, uses the local

mismatch geometry itself to determine where templates are needed.

5.6.1 Why a fixed-step grid in a and j is inefficient

A conceptually simple implementation of a jerk search would proceed by selecting
a uniform step size Aa in acceleration and a uniform step size Aj in jerk, and then

evaluating every pair in the Cartesian product

ac {_amaxa —0max + Aaa s 7amax}7 ] € {_jmaxv _jmax +A]7 cee 7jmax}- (577)

The resulting number of trials scales approximately as

20max \ [ 2Jmax
Ngpiq ~ .
grid ( Aa ) ( A] ) y (5 78)

which already grows rapidly as the target bounds are increased.

More importantly, such a grid assumes that mismatch contours in the chosen
physical (a, j) coordinates are aligned with the coordinate axes and may be covered
efficiently with fixed independent step sizes. That is not generally the case for the
projected time-domain phase metric used here. As shown in Section 5.5, the local

mismatch in the projected (a, j) subspace is
M~ YaaAa* + 274, Aa0Nj + 75057, (5.79)

where the off-diagonal term +,; is generally non-zero. In this coordinate system,
acceleration and jerk are therefore correlated from the point of view of phase mis-
match: a displacement in a can, to some extent, be compensated by a displacement

in 7, and vice versa. The natural isomismatch contours of the projected time-domain
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metric are tilted ellipses rather than axis-aligned rectangles.

This statement is coordinate-dependent. It applies to the physical (a,j) bank
used in the present time-domain resampling implementation after projecting over
the signal frequency. It should not be interpreted as a statement about the native
coordinates of Fourier-domain acceleration or jerk searches, where the search is
naturally formulated in terms of frequency and its derivatives, or equivalently in
terms of (f,z,w), and can be sampled on a regular grid in those variables. The
point here is only that, once the bank is specified in physical acceleration and jerk,
the local phase-mismatch geometry need not be aligned with the (a, ;) coordinate
axes.

A fixed-step grid does not follow this geometry [170]. In regions where the
mismatch ellipses are strongly tilted or elongated, a Cartesian grid wastes templates
along directions where the phase changes slowly, while still risking poor coverage
along the true principal directions of the metric. The metric-based stochastic bank
solves precisely this problem: it populates the (a,j) plane according to the phase-
model geometry and the chosen mismatch tolerance, rather than according to an
arbitrary coordinate spacing.

The practical meaning of the bank is therefore simple. Each template is nothing

more than one allowed pair
(ak; Jr), (5.80)

but the collection of such pairs is chosen so that the target region is covered efficiently
at the required mismatch level. The bank may contain thousands of templates, but
it is still substantially more efficient than a brute-force dense rectangular sweep over

acceleration and jerk.

5.6.2 From the continuous resampling model to the discrete

index map

The time-domain correction introduced earlier is based on the polynomial phase

model .
o(t) = 21 f, (t + ;—ltz + éﬁ') , (5.81)
or equivalently, in corrected-time form,
a5 JI 3
=t+ —t =t-. 5.82
T + 2c + 6c ( )

To apply this to a sampled time series, the continuous time coordinate must be

converted into a discrete index map.
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Let the input series consist of N uniformly sampled points,
tn = N lsamp, n=0,...,N—1. (5.83)

In the implementation, it is convenient to work with indices directly rather than
repeatedly converting back and forth between time and sample number. A centred

index coordinate is introduced,
Ne = —, An =n —n., (5.84)

so that the resampling is performed relative to the midpoint of the observation. This
centring is useful numerically because it makes the correction symmetric about the
observation midpoint and reduces the magnitude of large polynomial excursions at
one edge of the series.

For each template (ag, ji), the code constructs two coefficients,

2 .
_ tsamp Jk

6¢c

tsam ag
_ P
ap = ) Bk

> (5.85)

which encode the acceleration and jerk contributions in discrete index units. The

actual index mapping used by the resampler is
Nowt = N+ nag An + B, (An)?. (5.86)

In the GPU kernel, this mapping is evaluated for each input index and rounded to
the nearest integer output location.

Equation 5.86 is the discrete implementation of the polynomial time-domain cor-
rection. The first correction term is the acceleration contribution, which depends
linearly on the offset from the observation centre. The second is the jerk contri-
bution, which introduces a cubic dependence in the centred coordinate. This cubic

term is the essential new ingredient relative to an acceleration-only resampler.

5.6.3 Nearest-neighbour resampling in the implemented ker-

nel

The core device function in the implementation is

__device__ unsigned long getAcceleratedJerkedIndex(
double accel_factor,

double jerk_factor,
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double size,

unsigned long idx)

which evaluates the discrete mapping in Eq. 5.86. In the code, the midpoint

N
Ne = —
2

is first computed, then the centred coordinate

An =n—n.

is formed, and finally the mapped index is returned as the nearest integer,

Nout = round (n + n oy An + B(An)?) .

The global kernel then applies this map to every sample:

__global__ void resample_acc_jerk_kernel(float* input_d,
float* output_d,
double accel_factor,
double jerk_factor,

size_t size)

so that, for each index n,

5[nout]7 O S Nout < N,

0, otherwise.

(5.87)

(5.88)

(5.89)

(5.90)

This is therefore a nearest-neighbour resampler: the output sample is assigned the

value of the closest input sample identified by the mapping in Eq. 5.89.

mapped index falls outside the array bounds, the output is set to zero.

If the

The use of nearest-neighbour assignment here is deliberate. It is inexpensive,

simple to parallelise, and avoids the additional arithmetic and memory traffic re-

quired by higher-order interpolation. Since the resampling must be repeated for

every template in the bank, keeping the per-sample kernel lightweight is impor-

tant for overall throughput. The price is that the method is formally less accurate

than linear or higher-order interpolation, but the gain in computational efficiency is

substantial and is well matched to a large-scale iterative search.
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5.6.4 The iterative structure of the pipeline

With the template bank and resampler in place, the main search loop is conceptually
(a1, j1) — resample — FFT — candidate search, (5.91)

repeated for every template in the bank,
E=1,..., Niemp- (5.92)

In other words, the pipeline does not search one acceleration at a time and then sweep
separately over jerk with a fixed step size. Instead, it iterates over the template bank
itself:

T = {(ar, ji) o™, (5.93)

and each element of that bank represents one trial polynomial phase correction.

Operationally, the process is:

1. select the next template pair (ay, ji) from the bank;

2. convert it to the discrete coefficients a and (5 using Eq. 5.85;

3. launch the GPU resampling kernel to construct the corrected time series s°;
4. perform the FFT and subsequent periodicity search on the corrected series;
5. record any significant detections;

6. move to the next template.

This must be repeated thousands of times. The search is therefore fundamentally
iterative even though each individual resampling kernel is highly parallel. It is the
repeated application of the resampler over a large template bank that makes the
computational cost of jerk searches so much larger than that of acceleration-only

searches.

5.6.5 Why the jerk term changes the computational char-

acter of the resampling

In an acceleration-only resampler, the index correction is dominated by the lower-
order term,

Nouwt = N+ n oy An, (5.94)
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which already produces a non-trivial remapping of the time series. Once jerk is

added, however, the new term

Br(An)? (5.95)

introduces a much stronger non-linearity in the index map. This has two immediate
consequences.

First, the number of templates increases because the search must now cover a
two-dimensional parameter space rather than a one-dimensional one. Second, even
for a fixed template, the resampling map itself becomes more complicated. The
cubic term causes the input-to-output index relation to vary more rapidly across
the observation, especially away from the midpoint. This is precisely the behaviour
illustrated by the index-shift 5.1 and index-increment 5.2 figures discussed in the
previous section: increasing jerk not only changes the total amount of resampling,
but also makes the local stepping of the map increasingly irregular.

Thus the computational difficulty of the jerk search is not merely that there are
more templates. It is also that the resampling kernel for each template becomes

more non-linear in its memory access pattern as jerk increases.

5.6.6 Why GPUs are the natural implementation target

This structure makes the search particularly well suited to GPU acceleration. For
a fixed template (ay, jx), the computation of the mapped index ng, at sample n is
independent of every other sample. The resampling stage is therefore an embarrass-
ingly parallel operation:

n — nout(n; ak?jk) (596)

may be evaluated independently for all n =0,..., N — 1.

The GPU kernel exploits exactly this property. Each thread evaluates the index
map for one or more samples, reads the corresponding input location, and writes
the resampled value into the output array. Once one template has been processed,
the same procedure is repeated for the next. The total search therefore becomes
a sequence of massively parallel resampling operations, each followed by the corre-
sponding FFT-based search stage.

This is the computational justification for implementing the polynomial template-
bank jerk search on GPUs. The bank itself is chosen to minimise the number of trial
(a,j) pairs required at fixed mismatch, while the GPU implementation minimises

the cost of applying each of those trials to the data.
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5.7 Current Status of the Pipeline and Prelimi-

nary Template-Bank Performance

At the time of writing, PULSEJET beta should be regarded as a functional but still
evolving search pipeline. The core GPU-based resampling framework is in place
and the polynomial acceleration—jerk resampler described in Section 5.6 is fully
operational. In particular, the pipeline is already capable of iterating over a bank
of trial (ay, 7)) templates, applying the corresponding time-domain correction, and
passing the resampled series to the subsequent Fourier-domain search stages.

The part of the pipeline that remains under active development is the template-
bank construction itself. The present implementation uses a stochastic bank gen-
erated from the projected phase metric, with the bank populated through a Monte
Carlo / Markov-chain procedure designed to follow the local metric density. This
approach is theoretically well motivated and, in broad terms, does succeed in pop-
ulating the target region of the (a, jj) plane. However, in the current beta version,
its realised coverage is not yet as uniform or as robust as desired for production
science searches.

Figure 5.3 illustrates this issue using a coarse coverage map of the (a, j) plane.
At each grid point, the quantity shown is the mismatch to the nearest template
in the current bank, computed using the projected metric derived in Section 5.5.
In an ideal bank, one would expect this map to remain relatively smooth and to
stay below the chosen mismatch threshold across the full target region, apart from
modest stochastic fluctuations. Instead, the present implementation shows a patchy
structure, with numerous localised regions of elevated mismatch. These appear as
bright yellow or green patches in the map and indicate locations where the nearest
available template is appreciably farther away, in the metric sense, than intended.

This behaviour is not merely aesthetically undesirable; it has direct consequences
for search sensitivity. A locally under-covered region implies that a true signal falling
in that part of parameter space would be matched less accurately by the bank,
leading to a larger phase mismatch and therefore a larger loss in recovered signal-
to-noise ratio. In principle, some degree of stochastic irregularity is expected in any
finite random bank. In practice, however, the present level of patchiness is not ideal,
especially because the most prominent under-covered regions often appear near the
boundaries of the search box.

Those boundary regions are scientifically important. They correspond to the
largest trial values of |aj| and |jj|, i.e. the most extreme ends of the search space.

These are precisely the regions where one expects the signatures of the most compact
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Figure 5.3: Coarse mismatch map of the current stochastic (a, j) template bank. The
colour at each point shows the mismatch to the nearest template, evaluated using the
projected metric on the acceleration—jerk manifold. Darker regions indicate better
local coverage, while brighter patches correspond to under-covered regions where the
nearest-template mismatch is higher. The patchy structure, particularly toward the
boundaries of the search box, shows that the present Monte Carlo / MCMC bank
generator does not yet provide sufficiently uniform coverage for a production-quality
search.

and dynamically extreme binaries to lie. If the bank under-performs there, then the
sensitivity loss is concentrated in exactly the part of parameter space that motivated
the development of a jerk-capable time-domain search in the first place.

The present results therefore suggest a clear distinction between the status of
the different pipeline components. The GPU resampling machinery itself is already
functional and capable of carrying out the large number of iterative trial correc-
tions required by the search. The current limitation lies instead in the quality of
the stochastic template bank used to drive those corrections. In other words, the
computational engine is ready, but the geometric organisation of the search space
still requires improvement.

At present, the metric-informed Monte Carlo / MCMC bank generator provides
a useful proof of concept and demonstrates that the (a,j) space can be populated
in a physically motivated way. Nevertheless, the realised coverage remains spatially

non-uniform, and the edge behaviour is particularly problematic. This indicates
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that further work is required on the bank-generation strategy before the pipeline
can be considered fully mature. Possible directions include improved edge treat-
ments, adaptive oversampling in boundary regions, hybrid stochastic-deterministic
placement methods, or more sophisticated bank-relaxation schemes that explicitly

suppress local holes after the initial stochastic draw.

5.8 Injection Tests and Preliminary Comparison

with Existing Jerk-Search Implementations

To evaluate the present beta version of PULSEJET beta, a series of controlled in-
jection tests were carried out using the Inception pulsar injection software®. The
purpose of these tests was twofold. First, they were used to verify that the poly-
nomial acceleration—jerk resampler and the GPU search loop behave as expected
when the correct trial parameters are supplied. Second, they were used to assess
the practical recovery performance of the current template-bank implementation in
progressively more realistic blind-search scenarios.

In addition to these injection tests, a preliminary computational comparison was
also made against PrestoZL*, a GPU implementation of the PRESTO jerk-search for-
malism. At the present stage of development, this comparison is intended primarily
as an exploratory benchmark of computational behaviour rather than as a defini-
tive one-to-one sensitivity comparison, since the two pipelines are based on different
search strategies and the PULSEJET beta template-bank construction is still under

active refinement.

5.8.1 Validation of the resampler with exact trial parame-

ters

The first and most direct validation step was to inject synthetic pulsars with known
acceleration and jerk values and then run the resampler using exactly those same
values as the trial parameters. In this idealised setting, the template mismatch
is, by construction, zero at the signal location, and any residual phase drift after
resampling should therefore vanish apart from numerical effects.

In these tests, all injected pulsars were recovered successfully. After applying the
exact acceleration—jerk correction, the recovered signals showed no residual acceler-

ation or jerk signature and could be folded coherently. This is an important result

Shttps://github.com/erc-compact/inception.git
‘https://github.com/zhejianglab/PrestoZL.git

187


https://github.com/erc-compact/inception.git
https://github.com/zhejianglab/PrestoZL.git

because it isolates the core resampling machinery from the template-bank problem.
It shows that the polynomial jerk resampler itself, together with the GPU execution
path and subsequent search stages, is functioning as intended. In other words, the
pipeline is able to undo the injected orbital modulation correctly when supplied with
the correct trial parameters.

This test therefore establishes the baseline correctness of the resampling engine.
Any subsequent loss of performance in blind searches must then be attributed not
to a failure of the underlying resampler, but to the finite coverage and quality of the

template bank used to drive the search.

5.8.2 Illustrative comparison with an acceleration-only search

A second test was designed to examine the practical utility of introducing jerk
into the time-domain correction. For this purpose, pulsars with relatively high
acceleration and jerk were injected, and the resulting data were searched both with
the standard acceleration-only Peasoup pipeline and with PULSEJET beta.

Figure 5.4 shows one such example. Both pipelines recover the same injected
pulsar, but the quality of the recovery differs substantially. The PULSEJET beta fold
shows a much clearer candidate, with a significantly stronger diagnostic response and
a more tightly localised parameter-space peak. By contrast, the acceleration-only
search still detects the pulsar, but with a visibly degraded candidate response. This
behaviour is fully consistent with expectation: when the injected signal contains
non-negligible jerk, an acceleration-only correction can at best remove only the
lower-order component of the phase drift, leaving residual curvature in the signal.
The jerk-enabled resampler is able to remove that additional structure and therefore
recover the signal more coherently.

This comparison should not yet be interpreted as a population-level sensitivity
statement, since only individual controlled cases have been examined at this stage.
It does, however, provide direct qualitative evidence that the inclusion of jerk in
the time-domain resampling can improve recovery for signals lying in the high-

acceleration, high-jerk regime.

5.8.3 Blind recovery tests with small sets of injected pulsars

The next step was to move from exact-template validation to genuinely blind re-
covery tests. In the first such experiment, ten pulsars were injected with randomly
selected acceleration and jerk values inside a chosen target range, and the pipeline

was then run without prior knowledge of the true signal parameters. In this mode,

188



nose.test_cinitest0il

nose.test_ainj_test_0i|

Teleacope = MeerkAT Source name = NGCB#41 Teleacope = MeerkaT Source name = NGCB#41
Beam = cfbf00000 Date (MJD) = 59375.8671050465 - Bearn = cfbi00000 Date (MID) = 50378.8671050465
RA = 17:50:13.06 GL (deq) = 353.532226 RA = 17:50:13.06 GL (deq) = 353.532226

. DEC = —37:03:05.20 GB (deq) = —5.005797 . DEC = -37:03:05.20 GB (deg) = —5.005757

2 PO () = 0.010122355(18) FO (Hz) = 98.79124(18) H PO (s) = 0.0101222131(46) FO (Hz) = 98.792624(45)

P (5/5) = 3.48(15)e-3  F1 (Hz/s) = —3.40(14)e=5

DM (pc/cc) = 123.46(30)  MoxDM YMWTE (pc/cc) = 294.5
ace (m/s/s) = 103(4)  Distance TNW16 (pc) = 3336.2
/N = 883 Pepoch (WD), = 59378.870821702

PO (s) = 0.010122355(18)
T T T T

P1 (s/5) = 3.303(37)e-9  F1 (He/s) = —3.224(36)e5

DM (pc/cc) = 123.191(75) MaxDM YMWTE (pe/cc) = 294.5
acc (m/s/s) = 98(1) Distonce YMW16 (pc) = 3327.1
S/N = 1688, Pepach (MJD), = 59378.870821702

PO (s) = 0.0101222131(46)
T T T T

1600

~ 3
w 3
Tgl - g
z R
2 @ =
= pig3 . . L I ~ L h i ;
E —4x1022x107° 0 2x10774x107 2. 4x1022x107° 0 2x10774x1077
3 N z -
3 FO - 98.791238 (Hz)  P1(3/3) = 3.4K15)e=9 Z8 FO - 98.792624 (Hz)  P1 (3/3) = 3.303(37)e=9
i © _
57 E @7
e 2 e
= - =
w P
8 o g
T 3 i
> 2 o
So £ o
54 #
& g
7 o
" "
T o To
[ e ol ]
= [ O} i [
oy o i i Lossdiad
- £
= DM (pe/cc) = 123.46(30) = DM (pe/cc) = 123.181(75 1234
o T T
o~ F $’ g x
£33 I
Lo
o E o
120 125 130 120 125 130
Phase DM (pe/cc Phase DM (pe/cc
(pe/ce) mag 9-Sep—2025 11:38 (pe/ce) mag 9-Sep—2025 11:44

Figure 5.4: Illustrative recovery of the same injected pulsar using an acceleration-
only search (left) and the jerk-enabled PULSEJET beta search (right). The
PULSEJET beta candidate shows a substantially cleaner and stronger recovery, con-
sistent with the expectation that a signal containing significant jerk is not optimally
corrected by an acceleration-only search.

recovery depends critically on whether the stochastic template bank provides a suf-
ficiently close template to each injected source.

With the current bank implementation, seven out of ten injected pulsars were
recovered. Inspection of the missed signals showed that two of the failures corre-
sponded to pulsars placed close to the boundaries of the (a, j) search region, where
the nearest-template mismatch approached values of order m ~ 0.6. This behaviour
is consistent with the coarse coverage map shown earlier in Fig. 5.3, which already
indicated that the current bank generator tends to leave locally under-covered re-
gions, especially near the edges of the search box.

To test whether the problem was indeed driven by edge coverage rather than by
the resampling machinery itself, the same experiment was repeated after enlarging
the template bank so that the injected pulsars lay more centrally within the popu-
lated region rather than near its boundaries. In that configuration, nine out of ten
pulsars were recovered 5.5. This result strongly suggests that the main limitation
in the present blind-search performance is not the GPU jerk-search kernel, but the
realised quality of the stochastic bank, particularly its behaviour near the boundary

of the search domain.
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Figure 5.5: Recovery fractions for the 10-pulsar blind injection tests using the current
stochastic template-bank implementation. The left panel shows the result obtained
with the original template bank, for which 7 out of 10 injected pulsars were recovered.
The right panel shows the result after enlarging the template bank so that the
injected pulsars lay more centrally within the populated (a,j) region, yielding 9
out of 10 recoveries. The improved performance in the enlarged-bank test supports
the conclusion that the dominant limitation of the present implementation is not
the jerk-resampling kernel itself, but incomplete template-bank coverage, especially
near the boundaries of the acceleration—jerk search space.

5.8.4 Larger injection campaigns

The same general conclusion emerged from larger injection campaigns containing
30 and 100 pulsars. In these tests, the injected pulsars were drawn randomly over
a range of astrophysical and observational parameters, including spin period, dis-
persion measure, acceleration, jerk, duty cycle, and signal-to-noise ratio. Before
interpreting any non-recoveries as search failures, every injected pulsar was checked
through folding to confirm that the injection itself was valid and present in the data.

For these larger tests, the current version of the pipeline recovered roughly 60—
70% of the injected population. This level of performance is encouraging for a beta-
stage implementation, since it demonstrates that the end-to-end search architecture
is already able to recover a substantial fraction of the target signals in genuinely
blind conditions. At the same time, the recovery fraction is not yet at the level
required for a mature production search. The outcome is again consistent with the
picture developed in the preceding sections: the dominant limitation at present is
not the correctness of the jerk-resampling formalism, but the incompleteness and
spatial non-uniformity of the current template bank.

During these tests, different stochastic bank-generation schemes were also ex-
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plored, including an emcee-based approach in addition to the original Monte Carlo
/ MCMC random bank generator. At present, neither variant has yet delivered
the level of boundary robustness and uniform practical coverage required for a final
science-ready implementation. These experiments therefore define the current state
of the code: the pipeline is operational and capable of recovering injected signals,
but the template-bank generation remains the principal component still under active

optimisation.

5.8.5 Template-bank trials versus a naive acceleration—jerk

scan

In addition to the blind injection tests, a separate study was carried out to compare
the number of search trials implied by the template-bank strategy against a naive
approach based on stepping independently through acceleration and jerk with fixed
step sizes. This comparison was not performed as a search on data, but as a di-
rect accounting exercise designed to measure the reduction in the number of trial
parameter combinations.

The motivation for this comparison is straightforward. A naive jerk search would
evaluate every pair in a rectangular grid of trial accelerations and jerks. Such a
procedure ignores the correlation between a and j encoded by the phase metric
and therefore requires many more evaluations than are actually needed at a fixed
mismatch tolerance. The metric-informed template bank, by contrast, seeks to
populate only those regions and directions in parameter space that are required by
the phase geometry itself.

Figure 5.6 shows the result of this comparison for several observation lengths. In
all tested cases, the template-bank approach reduces the total number of required
trials by a factor of approximately 3.4 relative to the naive scheme. This is an im-
portant validation of the metric-based construction described earlier in this chapter.
Even though the present bank is not yet ideal in terms of local coverage quality, it
already provides a substantial reduction in the global number of trial resamplings
that must be performed.

This reduction is not merely a technical curiosity. Since each trial requires a
resampling operation followed by subsequent search stages, a factor-of-few reduction
in the number of templates translates directly into a factor-of-few reduction in the

total computational burden of the pipeline.
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Figure 5.6: Comparison between the number of trials required by a naive rectangular
scan in acceleration and jerk and by the metric-informed template-bank approach,
shown for several observation lengths. The right-hand panel shows the corresponding
reduction factor. Even in its present beta form, the template-bank method reduces
the total number of required trials by a factor of about 3.4.

5.8.6 Preliminary runtime comparison with PrestoZL

A further exploratory comparison was made against PrestoZL [171], which imple-
ments a GPU jerk-search approach within the PRESTO framework. Here the compar-
ison was restricted primarily to computational behaviour, specifically the per-run
jerk-search runtime and the number of candidates produced, rather than to a defini-
tive sensitivity benchmark.

Figure 5.7 shows the outcome of one such comparison. In the tested configu-
ration, PULSEJET beta completed the jerk-search run more quickly than PrestoZL,
whereas the number of candidates reported by PULSEJET beta was substantially
larger.

At present, this result should be interpreted cautiously. The two pipelines do
not sample the search space in the same way. As discussed earlier with refer-
ence to Fig. 5.0, the Fourier-domain jerk-search formalism and the time-domain
template-bank formalism cover the high-acceleration, high-jerk region differently.
In the extreme part of the parameter space used for this test, it is plausible that
PrestoZL effectively samples a smaller accessible region, while PULSEJET beta, be-
ing based on a time-domain search band, evaluates a larger set of physically al-
lowed trial corrections. If so, a larger candidate count in PULSEJET _beta may reflect
broader parameter-space coverage rather than simply noisier behaviour. At the same
time, it is also possible that the current candidate-collapsing and sifting stages in
PULSEJET beta are not yet sufficiently mature, and that this contributes to the ele-
vated candidate count. Further work on candidate consolidation is therefore clearly

warranted, but it is not yet a priority compared with stabilising the template-bank
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Figure 5.7: Preliminary comparison between PrestoZL and PULSEJET _beta in terms
of per-run jerk-search runtime and total candidate count. In the tested configura-
tion, PULSEJET beta completed the run more quickly but produced many more
candidates. At the present stage this should be interpreted only as an exploratory
computational comparison, since the two pipelines probe the parameter space dif-
ferently and PULSEJET beta is still under active development.

performance.

5.8.7 Interpretation of the present results

Taken together, these tests define the present state of the project clearly.

First, the polynomial jerk-resampling GPU pipeline itself is working as intended.
When supplied with the correct trial parameters, it fully removes the injected ac-
celeration and jerk and recovers the signals coherently. Second, in targeted exam-
ples, the jerk-enabled time-domain search can recover signals more cleanly than an
acceleration-only search, which is consistent with the intended scientific motivation
of the pipeline. Third, in blind searches, the current stochastic template bank is
already capable of recovering a substantial fraction of injected pulsars, but still
fails preferentially in under-covered regions, especially near the search boundaries.
Fourth, even in beta form, the metric-informed bank reduces the total number of
required acceleration—jerk trials substantially relative to a naive rectangular scan.
Finally, preliminary computational tests suggest that the time-domain jerk-search
implementation can be competitive in runtime with an existing GPU frequency-
domain jerk-search code, although a rigorous comparison of runtime and sensitivity
must await a more mature and better validated version of the pipeline.

For that reason, the present section should be read as a report on prelimi-
nary performance rather than as a final statement on the search capabilities of
PULSEJET beta. A fair one-to-one comparison between pipelines will ultimately re-

quire controlled blind-search tests on the same data products, with matched compu-
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tational budgets and well-defined injection populations. Only then will it be possible

to compare both runtime and sensitivity in a quantitatively meaningful way.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis has addressed two closely connected aspects of modern pulsar astronomy:
the discovery and characterisation of pulsars in dense globular-cluster environments,
and the development of search methods tailored to compact binary systems whose
orbital dynamics challenge standard acceleration-search techniques.

On the observational side, the first MeerKAT S-band globular-cluster survey
has demonstrated the power of high-frequency tied-array observations for probing
highly dispersed and heavily scattered lines of sight. The survey resulted in the re-
detection of previously known pulsars and the discovery of four new binary pulsars in
Glimpse-CO01, thereby establishing this cluster as one of the most interesting emerg-
ing laboratories for pulsar studies in the Galactic globular-cluster population. The
survey also showed that MeerKAT S-band observations provide a complementary
discovery space to lower-frequency searches, particularly in clusters where scattering
and high foreground dispersion measures limit sensitivity at L-band and below.

The Glimpse-CO01 discoveries are especially noteworthy. J1848—0129C exhibits a
wide orbit together with reproducible orbital-phase-dependent non-detections, sug-
gesting eclipse or absorption by extended intrabinary material. J1848—0129D has
emerged as a particularly promising mildly recycled binary system with a massive
companion, most naturally interpreted as a CO or ONeMg white dwarf. Together,
these systems show that high-frequency globular-cluster surveys can reveal binary
pulsars with unusual architectures and potentially important evolutionary histories.

On the methodological side, this thesis has developed the first version of PULSEJET _beta,
a GPU-based time-domain jerk-search pipeline built on a metric-informed template-
bank formalism in the (ay, jjj) plane. The scientific motivation for this development

is clear: while standard Fourier-domain acceleration searches remain highly suc-
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cessful and computationally efficient for large surveys, there exists a compact but
astrophysically important region of parameter space in which higher-order orbital
effects become significant and a coherent time-domain treatment is advantageous.
PULSEJET beta was designed specifically to access that regime.

The current implementation demonstrates that the polynomial jerk-resampling
formalism works as intended and that the GPU execution path is capable of car-
rying out iterative template-driven searches efficiently. Injection tests confirm that
the resampler is able to remove injected acceleration and jerk exactly when the cor-
rect trial parameters are supplied, and preliminary blind-search tests show that the
pipeline can already recover a substantial fraction of injected signals. At the same
time, these tests also make clear that the dominant limitation of the present beta
version lies not in the resampling kernel itself, but in the practical construction of a
sufficiently uniform and robust template bank near the edges of the acceleration—jerk
search space.

Taken together, the results of this thesis show both the scientific potential of high-
frequency globular-cluster pulsar surveys and the need for continued methodological
development aimed at the most extreme compact-binary systems. In that sense, the
observational and computational threads of this work are strongly complementary:
the survey results motivate deeper follow-up of newly discovered binaries, while the
pipeline development aims to make future searches more sensitive to precisely the

kinds of systems that may otherwise remain hidden.

6.2 Future Work

6.2.1 Follow-up of the Glimpse-C01 discoveries

A major near-term priority is the continued timing follow-up of the pulsars dis-
covered in Glimpse-CO1. Ongoing timing campaigns with MeerKAT, together with
awarded observing time at FAST and future follow-up observations, will extend the
timing baseline and improve the orbital and spin solutions of these systems.

For J1848—0129D, the immediate goal is continued phase-connected timing. The
current orbital solution already suggests a massive companion, with the measured
mass function favouring a CO or ONeMg white dwarf over a double neutron star
interpretation. A longer timing baseline and improved timing precision will refine
the orbital parameters further and may, if the system proves sufficiently favourable,
enable meaningful constraints on post-Keplerian effects. Even if such effects remain
difficult to measure, the system is already a valuable target for studying the forma-

tion of mildly recycled pulsars with massive degenerate companions in dense stellar
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environments. Continued monitoring may also help clarify whether Glimpse-C01
hosts an unusually large fraction of mildly recycled systems with relatively mas-
sive companions, which would have implications for the evolutionary history of the
cluster.

For J1848—-0129C, future work is motivated by its unusual orbital-phase-dependent
detectability and the possibility that it may represent a long-period spider-like
system, perhaps related to the proposed “Huntsman” subclass. The most impor-
tant next step is to characterise the eclipse or absorption behaviour more precisely
through denser orbital-phase coverage. This will allow the phase extent, repeata-
bility, frequency dependence, and possible asymmetry of the non-detection window
to be measured more robustly. Such observations are needed both to determine
the nature of the companion and to establish whether the system hosts extended
intrabinary material. If the eclipse interpretation is confirmed, J1848—0129C may
provide a rare opportunity to study plasma outflows and binary interaction physics
in an unusually wide system. More broadly, it could become an important test case
for understanding the transition between detached binaries, redbacks, and other
long-period interacting systems.

J1848—0129E and J1848—0129F also remain important targets. Both are cur-
rently limited by sparse detections, and further observations are required before
coherent orbital solutions can be attempted. Additional timing detections will deter-
mine whether these systems are ordinary faint binary millisecond pulsars or whether
they too display unusual orbital behaviour that was not apparent from the present

data set.

6.2.2 Companion identification and multiwavelength follow-
up

A second major direction for future work is the identification and characterisation
of the binary companions through multiwavelength observations. Once sufficiently
precise timing positions are available, archival and future imaging data from facilities
such as the Hubble Space Telescope and other optical or near-infrared instruments
can be searched for plausible counterpart candidates.

This is particularly important for Glimpse-C01, where the cluster is highly ob-
scured and companion identification is observationally challenging. Nevertheless,
the combination of improved pulsar localisation, infrared imaging, and colour—
magnitude analysis may make it possible to constrain the evolutionary state of
the companions in systems such as J1848—0129C and J1848—0129D. In the case
of J1848—0129C, counterpart identification could help distinguish between a non-
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degenerate or evolved companion and a detached degenerate scenario. In the case of
J1848—0129D, it may provide an independent check on the inferred massive white-
dwarf interpretation. More generally, multiwavelength companion studies will help
place the Glimpse-C01 pulsar population in the broader context of globular-cluster

binary evolution.

6.2.3 Further development of PULSEJET beta

On the methodological side, the most urgent priority is to improve the template-bank
generation algorithm used by PULSEJET beta. The current metric-informed Monte
Carlo / MCMC bank already demonstrates the feasibility of populating the (ay, j))
space in a physically motivated way, but the realised coverage remains spatially
non-uniform and the edge behaviour is not yet satisfactory for production blind
searches.

Future work will therefore focus on investigating alternative bank-generation
strategies. These include improved edge-padding and boundary-treatment schemes,
adaptive oversampling of high-mismatch regions, hybrid stochastic—deterministic
placement methods, and alternative sampling algorithms. The goal is to achieve
sufficiently uniform coverage and sufficiently low nearest-template mismatch across
the full search region, including the most extreme high-acceleration and high-jerk
boundaries that are most relevant for compact-binary discovery.

Once the template-bank problem has been stabilised, the next stage will be sys-
tematic benchmarking on both injected and real data. On the injection side, this will
involve controlled blind-search experiments with known pulsar populations spanning
a range of spin periods, dispersion measures, duty cycles, accelerations, jerks, and
signal-to-noise ratios. On real data, the goal will be to compare PULSEJET beta
directly against existing approaches, including acceleration-only Peasoup searches
and GPU jerk-search implementations such as PrestoZL, using matched data sets
and controlled computational budgets.

Such comparisons should ultimately address both sensitivity and computational
performance. At present, the exploratory tests reported in this thesis indicate that
the time-domain jerk-search strategy is viable and can be competitive in runtime,
but a definitive comparison must wait until the template-bank construction is mature
enough for robust blind searches on real survey data. Once that stage is reached,
the natural next step will be a dedicated methods publication describing the fi-
nal implementation, its validation, and its performance relative to existing search

pipelines.
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6.3 Data Availability and Software Used

The data underlying this work are held by the author and are stored on the HPC
facilities of the INAF—-Osservatorio Astronomico di Cagliari. They will be made

available upon reasonable request.
Table 6.1 summarises the principal software packages and pipelines used in this

thesis together with the corresponding repositories or project pages.
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Table 6.1: Principal software packages and pipelines used in this thesis, listed in
alphabetical order.

Software /  Primary use in this thesis Repository / project

pipeline page

DSPSR Pulsar data processing and fold- https://dspsr.
ing. sourceforge.net/

Inception Synthetic pulsar injection soft- https://github.com/
ware used for controlled valida- erc-compact/inception.
tion and recovery tests. git

PEASOUP GPU-accelerated time-domain https://github.com/
acceleration-search software ewanbarr/peasoup
used as the parent frame-
work and conceptual basis for
PULSEJET beta.

PRESTO Fourier-domain pulsar search- https://github.com/
ing, RFI mitigation, dedis- scottransom/presto
persion, acceleration and jerk
searches, candidate sifting, and
related diagnostics.

PrestoZL GPU  jerk-search implemen- https://github.com/
tation wused for exploratory =zhejianglab/PrestoZL.
computational comparison with git
PULSEJET beta.

PULSAR MINER  Automated PRESTO-based https://github.com/
pulsar-search pipeline used for alex88ridolfi/PULSAR_
survey processing. MINER.git

PULSEJET beta GPU-based time-domain jerk- https://github.com/
search pipeline developed in this Rouhin1997/PULSEJET_
thesis. beta.git

Python scien- Numerical analysis, plotting, https://www.python.

tific stack testing, and auxiliary pipeline- org/

development tasks.
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Appendix A

Flux Density Estimation from
Folded Pulse Profiles

A.1 Flux Density Estimation from Folded Pulse
Profiles

We derive here the expression used to estimate the phase-averaged pulsar flux density
from folded pulse profiles.

For an observation with integration time t,,s and usable bandwidth Av, the rms
noise of the dedispersed time series is given by the radiometer equation in terms of

the system-equivalent flux density (SEFD):

SEFD

;
1/ Mpol Av tobs

where 7,01 is the number of summed orthogonal polarisations.

(A1)

Ots =

After folding the time series into Ny, pulse-phase bins, each bin contains an

effective integration time of tops/Npin. The rms noise per phase bin is therefore

SEFD _ SEFD
\/npol AV (tobs/Nbin) \/npol Av tobs

Nom. (A.2)

Obin =

Let N, denote the number of phase bins containing pulsed emission and Nyg =
Npin — Non the number of off-pulse bins used to estimate the baseline level. The

integrated pulse amplitude above the baseline is

Non

A= Z(pi - b), (A.3)
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where p; are the on-pulse bin values and b is the mean off-pulse baseline.
The uncertainty in the integrated pulse amplitude arises from both the noise
in the on-pulse bins and the uncertainty in the baseline estimate derived from the

off-pulse region. Propagating these contributions yields

Non
oA = Jbin\/Non (1 + N ) (A4)
off

The signal-to-noise ratio of the folded profile is therefore

sNR = L (A.5)
oA

The phase-averaged flux density S is related to the integrated pulse amplitude

through
A= S Ny, (A.6)

since S represents the mean flux density over the full rotational phase.

Substituting for A and o4 and rearranging yields

_ SNR x SEFD [N,

\/ npol AV tobs NOff ’

which is the expression used to compute the flux densities reported in this work.

S (A7)
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Appendix B

Effective SEFD and Gain

Determination

B.1 Effective SEFD and Gain Determination

This appendix describes the procedure used to determine the effective system-
equivalent flux density (SEFD) for the coherently beamformed MeerKAT S-band
observations, required to convert folded pulse profile signal-to-noise ratios into phase-
averaged flux densities.

In the pulsar radiometer equation, the system sensitivity is expressed through
the factor (Tiec + Tiky)/G, which is equivalent to the SEFD. For interferometric
arrays operating in tied-array beamforming mode, the effective SEFD depends on
both the intrinsic per-antenna sensitivity and the number of antennas contributing
coherently to the beam.

Published MeerKAT S-band performance data provide the mean SEFD as a
function of frequency for a single antenna across the receiver band. The SEFD
curves used in this work were obtained from official SARAO S-band capability doc-
umentation. These curves incorporate receiver temperature, sky contribution, and
antenna gain, but do not include backend or processing losses. As tabulated values
are not available, the curves were digitised from the published performance plots
and interpolated across the observing band.

To account for the frequency dependence of the system response across the wide
S-band bandwidth, we compute a band-averaged effective SEFD. Since signal-to-
noise adds in quadrature across independent frequency channels, the appropriate

averaging is inverse-square weighted. The effective per-antenna SEFD is therefore
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given by

_gN —1/2

> Wi

where SEFD(f;) is the per-antenna SEFD at frequency f; and w; are per-channel

SEFDeff,ant = (

weights. Given the low radio-frequency interference occupancy of the S-band data
used in this work (typically 2 98% usable bandwidth), uniform weights are adopted.

The effective SEFD for the coherently beamformed tied-array beam is obtained
by scaling the per-antenna value by the number of antennas contributing to the

coherent sum,
SEFDeH,ant

Nant
For observations using the full MeerKAT array, we adopt N, in the range 58—

SEFDeft array = (B.2)

64. For beams formed using only the inner core of the array (baselines < 1 km),
we adopt N, between 35 and 48. This yields effective tied-array SEFD values of
approximately 7.4-8.1 Jy for the full array configuration and 9.8-13.5 Jy for the
core configuration.

We note that this estimate reflects only the intrinsic telescope sensitivity and
does not include losses associated with digitisation, detection, or backend processing,
which are often parameterised by a multiplicative factor £ in the pulsar radiometer
equation. Because signal-to-noise ratios are measured directly from the folded pulse
profiles produced by the full processing chain, and no independent characterisation
of backend efficiency is available, we set § = 1 and do not apply an additional
correction. Any residual processing losses are therefore implicitly absorbed into the
measured signal-to-noise ratios. The derived flux densities scale linearly with any

alternative choice of j.
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Figure B.1: Mean system-equivalent flux density per antenna across the full
MeerKAT S-band receiver bandwidth, digitised from SARAO performance docu-
mentation.
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Figure B.2: Mean system-equivalent flux density per antenna evaluated for individ-
ual sub-bands across the observing bandwidth.
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