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ABSTRACT

Gravitational waves are a consequence of Albert Einstein’s General theory of relativity,
which he put forward in 1916. One hundred years later, in 2015, a gravitational wave
signal from two merging black holes was detected by the Advanced LIGO detectors.
Now, the Advanced LIGO detectors have recorded about a hundred such signals from
the merging of compact objects in binary systems.

Rotating neutron stars with a non-axisymmetric distribution of their mass present
a perfect candidate for emitting gravitational waves continuously. Such continuous
gravitational waves are several orders of magnitude weaker than those emitted by
merging binary systems. Not surprisingly, these continuous gravitational wave signals
have not yet been detected in the Advanced LIGO data. Efforts to make a detection
of such a signal are going on. This thesis presents such a search for continuous
gravitational waves.

Pulsars are neutron stars from which electromagnetic emissions have been observed,
most commonly in the radio wavelength. These observations provide useful information
about the neutron star, including its location in the sky and spin parameters. With
this knowledge, we search for the continuous gravitational wave from that specific
neutron star — thus targeting a source. Such targeted searches probe a small region of
the signal parameter space and hence can afford a fully coherent search in data from all
observations of the detectors. This makes targeted searches the most sensitive search
strategy.

In this thesis, we present two different methods to search for continuous gravitational
wave signals from pulsars. Using these methods, we target newly discovered, fast-
spinning pulsars, a majority of them in binary systems. These pulsars have been
targeted for continuous gravitational wave emission for the first time in this work.
We do not detect a continuous gravitational wave signal from any of the targets. The
non-detection of a signal can be translated into constraints on the mass distortions of
the pulsar, parameterized by its ‘ellipticity’. Our constraints on the ellipticities of these
pulsars, using data from all the observation runs of Advanced LIGO detectors, are
some of the lowest and lie in the regime of astrophysically interesting values for the
parameter.

Keywords: Continuous gravitational waves, neutron stars, pulsars, ellipticity, LIGO, Data
analysis



ZUSAMMENFASSUNG

Gravitationswellen sind eine direkte Konsequenz der 1916 von Albert Einstein aufge-
stellten Allgemeinen Relativitdtstheorie. Hundert Jahre spater, im Jahr 2015, wurde
ein Gravitationswellensignal von zwei verschmelzenden schwarzen Lochern von den
Advanced LIGO-Detektoren detektiert. Inzwischen haben die Detektoren etwa hundert
solcher Signale von verschmelzenden kompakten Doppelsternen aufgezeichnet.

Rotierende Neutronensterne sind aufgrund der nicht achsensymmetrischen Vertei-
lung ihrer Masse ein perfekter Kandidat fiir die kontinuierliche Ausstrahlung von
Gravitationswellen. Solche kontinuierlichen Gravitationswellen sind um mehrere Gro-
fSenordnungen schwécher als die, die von verschmelzenden Doppelsternsystemen
ausgestrahlt werden. Es tiberrascht deshalb nicht, dass diese kontinuierlichen Gravitati-
onswellensignale noch nicht detektiert wurden. Die Bemiihungen um den Nachweis
eines solchen Signals sind jedoch im Gange. Die vorliegende Arbeit beschiftigt sich mit
der Suche nach kontinuierlichen Gravitationswellen.

Pulsare sind Neutronensterne, die im elektromagnetischen Bereich, meist als Radio-
wellen, beobachtet werden. Diese Beobachtungen liefern niitzliche Informationen iiber
den Neutronenstern, einschliefilich seiner Position am Himmel und seiner Spinpara-
meter. Die Informationen kénnen genutzt werden, um gezielt nach der kontinuierli-
chen Gravitationswelle eines bestimmten Neutronensterns zu suchen. Solche gezielten
Suchen untersuchen lediglich einen kleinen Bereich des Signalparameterraums und
ermoglichen dadurch eine vollstandig kohdrente Suche in allen Daten der Detektoren.
Dies macht die gezielte Suche zur empfindlichsten Suchstrategie.

Zwei verschiedene Methoden zur Suche nach kontinuierlichen Gravitationswellen-
signalen von Pulsaren werden in dieser Arbeit vorgestellt. Sie zielen auf neu entdeckte,
schnell drehende Pulsare ab, von denen sich die meisten in Doppelsternsystemen
befinden. Diese Pulsare wurden im Rahmen dieser Arbeit zum ersten Mal auf konti-
nuierliche Gravitationswellenemission untersucht. Wir konnten von keinem der Ziele
ein kontinuierliches Gravitationswellensignal nachweisen. Die Nichtentdeckung eines
Signals kann in Grenzwerte der Deformation eines Pulsars {ibersetzt werden, die durch
seine ‘Elliptizitdt’ bestimmt wird. Unsere Grenzwerte fiir die Elliptizitit dieser Pulsare,
die aus Daten aller Beobachtungsreihen der LIGO-Detektoren gewonnen wurden, geho-
ren zu den niedrigsten bisher ermittelten und liegen im Bereich der astrophysikalisch
interessanten Werte fiir diesen Parameter.

Schlagworte: Kontinuierliche Gravitationswellen, Neutronensterne, Pulsare, Elliptizitit,
LIGO, Datenanalyse
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INTRODUCTION

If I have seen further, it is by standing on the shoulders of giants.
— Isaac Newton, Letter to Robert Hooke (1675).

A child throwing a ball up knows that it will inevitably come down into her hands.
Our tryst with gravity starts early in life. Soon it becomes just one of those ubiquitous,
unremarkable features of living on Earth. But if you stop and think about it for a
moment: gravity is that law that ensures that we stay rooted onto Earth and at the same
time that nothing escapes a black-hole. It defines how planets move around the Sun,
and how the Sun moves in the galaxy. It is one of the four fundamental forces in nature.

Sir Isaac Newton in Newton (1687) described gravity as a force of attraction that exists
between any two objects that have mass. For several hundred years after, the theory
reigned, explaining practical phenomena observable to humans. Even today, Newton’s
theory remains successful in sending rockets to outer space. But it had shortcomings
that were known to Newton himself, namely that the theory entails action taking place
over any distance at infinite speed.

Albert Finstein’s radically new take on gravity, describing it as geometry of space time
arrived, originally, in Finstein (1915) and in a consolidation of his work of November
1915 in Einstein (1916). Over the next couple of years, Einstein’s general theory of
relativity was proved correct by a number of observations - the very first one being
Arthur Eddington’s 1919 observation of the solar eclipse (Dyson, Eddington, and
Davidson, 1920), which confirmed that the angle at which light bent due to the mass of
the Sun matched predictions of the theory.

Einstein’s theory of gravity predicted the existence of gravitational waves (Einstein,
1918), an idea that he himself found hard to believe. In the Chapel Hill conference of
1957 (two years after the death of Einstein), both Felix Pirani and Richard Feynman
presented the argument that gravitational waves carry energy (Pirani, Felix, 2011;
Rickles, Dean and DeWitt, Cécile M., 2011; Saulson, 2011), and thus are indeed physical.
A first indirect, observational confirmation of the existence of gravitational waves came
from measuring the loss of orbital energy of the binary pulsar system PSR 1913+16 in
Taylor et al. (1979).

Interest in measuring gravitational waves on Earth began in the 1960s with Joseph
Weber, who attended the Chapel Hill conference and later devised a bar detector. The
principle behind the bar detector was that a passing gravitational wave would set the
detector vibrating at its resonant frequency. Soon after, in the 1970s, interferometric
detectors began to be developed. See Papa for an overview of the efforts towards
detecting gravitational waves and also for a general history of the field.
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On 14th September 2015, a gravitational wave was received and recorded for the
first time on Earth. It was emitted by two black holes spiralling around each other,
eventually merging. This first detection opened a whole new window to probe some
of the most exotic objects in this Universe. We got a new tool to do astronomy with; a
new messenger joined the league of electromagnetic waves and neutrinos from the far
ends of our Universe.

Fast forward to seven years later. Today, nearly ninety compact binary coalescences
have been observed using the ground-based gravitational wave detectors (Abbott et al.,
2021; Nitz et al.; Venumadhav et al., 2020; Olsen et al., 2022). Gravitational wave
astronomy is a reality today. But gravitational waves from compact binary coalescences
remain the only type of gravitational waves that have been observed so far. A number
of other kinds of gravitational waves still evade detection. This thesis concerns the
search for one such type of gravitational waves - those that are persistent and nearly-
monochromatic, the ‘continuous gravitational waves’.

Continuous gravitational waves are expected from rotating neutron stars with a
non-axisymmetric distribution of mass. We will see in Chapter 3 why that is. Our
galaxy is believed to host a population of a billion neutron stars (Sartore et al., 2010;
Reed et al., 2021). So there is no dearth of sources for continuous gravitational waves.

There are three main strategies for searching for these signals - blind searches for
signals coming from any source in the sky, directed searches, in which a source is
expected at a certain sky location, and searches targeted at specific sources. Targeted
searches are possible because some of the neutron stars in our galaxy are observable as
pulsars. A pulsar emits a beam of electromagnetic radiation, and in its rotation, as this
beam sweeps past our line of sight, we see a pulse of light. These pulses are observed
by telescopes operating in a range of the electromagnetic spectrum in which the pulsar
emits. The pulses can be timed precisely. These timing solutions then provide us with a
wealth of information about the neutron star, including how fast it spins, how quickly
it loses its rotational kinetic energy, how fast it is moving in the sky and, of course, its
location in the sky. This information is priceless for a search for continuous gravitational
wave signals from it, effectively helping to predict the signal that the source would
emit.

The crux of this thesis is the targeted search for continuous gravitational waves from
newly discovered pulsars. But it tries to tell the story from the beginning. Chapter 2
shows how Einstein’s theory of gravity predicts the generation and propagation of
gravitational waves. This chapter also touches upon the various types of gravitational
wave signals and their respective astrophysical sources before moving to a brief de-
scription of the ground-based interferometric detectors for these signals, which are
nothing short of a feat of human endeavour right from its conception to the technology
involved. Chapter 3 zooms into the topic of continuous gravitational waves, starting
with the mathematical description of gravitational waves from rigid rotating objects. It
then touches upon the sources and describes in detail the search strategies opted for
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such signals. Chapter 4 focuses on pulsars, which are key ingredients to this thesis. It
focuses on those details of pulsar astronomy and pulsar physics that are relevant to
the continuous gravitational wave emission from pulsars. Chapter 5 and Chapter 6 are
methods chapters, elaborating on a frequentist and a Bayesian method, respectively, that
we adopted to analyse and infer from the detector data. The former chapter describes a
single-template search and a band-search using the multi-detector F-statistics (Cutler
and Schutz, 2005) and the assessment of the significance of search results. As mentioned
before, we do not detect a continuous gravitational wave signal. Chapter 5 concludes
with a description of the calculation of frequentist upper limits on the gravitational
wave amplitude based on the null results. The latter chapter on methods, Chapter
6 describes a new Bayesian formalism. It starts with a derivation of the underlying
likelihood function, describes the software implementation of the method and presents
results from tests of the method. Chapter 7 presents the results from the known pulsar
searches carried out by me during this Ph.D work. Each targeted pulsar is treated
as a specific source, and results from its single-template and band search and the
upper-limit calculation procedure are presented. For one of the pulsars, results from the
search using the method in chapter 6 are presented. Chapter 8 summarises the work.
It discusses the continuous gravitational wave search results and their implications,
especially on the constraints on the ellipticities of the targeted pulsars. It closes by
pondering on the scope of targeted continuous wave searches and, more generally, on
the power of multi-messenger astronomy.






GRAVITATIONAL WAVES

It is as if a wall which separated us from Truth has collapsed.
— Herman Weyl on General Theory of Relativity,
Preface to First Edition (1918), Space, Time,Matter (1952)

Gravitational waves are ripples in space-time that travel outwards from their sources
at the speed of light. In this chapter, we will look at gravitational waves in detail. I will
assume that the reader is familiar with the Special Theory of Relativity and start at
Einstein’s Field equations and go on to establish that, according to the General Theory
of Relativity, gravitational waves must exist. I will only go into those details of the
General Theory of Relativity that are relevant to the task at hand. Then I ask, what can
source gravitational waves? And finally, I dwell on how we can detect them. Today,
gravitational waves have been proven to exist through observation, and I will conclude
with a quick look at the current status of gravitational wave astronomy.

Maggiore (2007) and Schutz (1985) contain details of the arguments presented in
Section 2.1, 2.2 and 2.3.

2.1 EINSTEIN’S THEORY OF GRAVITATION

Einstein combined the three-dimensional space (described by the co-ordinates ¥ =
x,Y,z) and time into one entity, spacetime. Spacetime is thus the four-dimensional
co-ordinate system given by

xt = (ct, X) (2.1)

where c is the speed of light.
In (Einstein, 1916), Einstein suggested that what is experienced as gravitation is the
curving of spacetime in the presence of mass. This idea is mathematically written as

1 8tG
R],n/ - ERg‘uv = CTT]/H// (2-2)

where the Greek indices y and v = 0,1,2,3. The left-hand side of equation 2.2 is called
Einstein’s tensor, and there are several mathematical objects in it that needs to be
unpacked to see that it expresses the curvature of spacetime. Let us start at the
coordinates in spacetime given in 2.1. The line element in flat spacetime is given by

ds? = —c?dt* + dx* + dy2 + dz? (2.3)
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-1 0 0 0] |c%dt?
_ 1 0 0f | dx?
a 01 0] |dy
0 01 dz?

= udxtdx’

where 7, is the metric in the flat spacetime, given the special name, Minkowski metric.
For a general, curved spacetime, the line element is given by

ds? = Suvdxtdx” (2-4)

where the metric in spacetime, g, encodes the curvature of the spacetime.
The Christoffel connections are constructed from the metric as

1
r;\v = ng (aygva + avgay - aagyv) ’ (2.5)
where
0
dy = Fpe (2.6)

The Riemann tensor contains everything we want to know about the curvature of
spacetime and is obtained from the Christoffel connections as

R‘gyv = a],lrlp/ﬁ’ - avrﬁa + rg)\rﬁa — I‘ﬁAF;‘a. (2.7)

The Ricci tensor is a contraction of the Riemann tensor,

Ry = R}y, (2.8)

and the trace of the Ricci tensor is the Ricci scalar given by
R = g"Ryy. (2.9)

On the right-hand side of 2.2, T, is the stress-energy tensor of an object in spacetime.
It contains physical insights into the energetics of the system. The component most
relevant to us is Top which is the rest-frame energy-density of the source, p.

This story of the interplay between matter and spacetime was summarised by John
Wheeler in the catchy one-liner “‘Matter tells spacetime how to curve, spacetime tells
matter how to move’ (Misner et al., 1973).

2.1.1 Linearised weak field equations

Let us assume a coordinate frame in which we can write

S = Nuv + h;u/, (2.10)
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where 7, is the Minkowski metric with the signature (-,+,+,+) and |h;,v| < 1. Far
away from the source that curves spacetime, the metric can be approximated as a
perturbation on flat spacetime as above. We will use the metric in equation 2.10 and
expand equation 2.2 to first order in 1, and omit O(h?) terms which will be negligibly
small. First of all, the Christoffel connection considering only the linear quantities, is

1
rﬁv = E’?AU (ayhva + avhay - aahyv) . (2.11)
The Riemann tensor is then given by,
R(gyv = ayrﬁtr - avr;ea- (2.12)

The Riemann and Ricci tensors and the Ricci scalar in linearised gravity are explicitly
worked out in the Appendix in Section A.1. Plugging in Ricci tensor and Ricci scalar as
written in equations A.7 and A.10 into Einstein’s equations (2.2) gives

% 10605 — Oty = 3,8, + 0,9 g = 10000 MG + 1y | = SZTTGTW, (2.13)
where, O = —(%)9? + V? as mentioned in Appendix A.

Einstein’s equation is, in the most general sense, a set of 16 equations. The symmetry
of the metric tensor reduces the number of degrees of freedom to 10. The equation
can be further simplified (the number of degrees of freedom further reduced) if we
choose the appropriate coordinate system or gauge. Why are we allowed to ‘choose” an
appropriate coordinate system? Equation 2.10 does not result in a unique h,,,, — if one
coordinate system exists where the metric can be written as 2.10, then there are many
such coordinate systems. The physical predictions made from all coordinate systems
will be the same, but the mathematical work in a poorly chosen coordinate system
might make it harder to arrive at the predictions or, in the worst cases, prevent us from
seeing the physics clearly. So it is time to choose a coordinate system, first, in which
2.10 holds.

Also, we change the notation of the metric perturbation by expressing it in terms of
trace-reversed tensor given by,

1
h;u/ = h;u/ - E”]yvh/ (2.14)

where
h = trace(hyy) = §" hyy = 1" hyy (2.15)

in the linear order. This is done because the field equations simplify (as we will shortly
see) when the metric perturbations are expressed in the trace-reversed form. hy,, is
called trace-reversed because

h=—h (2.16)
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as shown in section A.2 of appendix A. The Einstein equation in terms of ,,,, is worked
out in section A.3 of appendix A. The final expression is in equation A.24, re-written

here —
167tG

900, — Ohyy 4 0,0y — 17,000 1S = —5 T (2.17)

Even after fixing the coordinate system to be one in which 2.10 holds, there is a
residual symmetry under which £, will not change. Consider two coordinate systems,
x* and x* which differ from each other by a very small amount & so that

X = x4 gt (2.18)
The metric then transforms ! into

Wy = My — Gy — 0uGp, (2.19)

and the trace-reversed metric transforms to
E,‘uv = ]jl‘uv - ayév - avgy + 77]41/8060- (2'20)

Using the freedom of 2.18, we can apply a gauge transformation that satisfies the
Lorentz (also called Hilbert or De Donder) gauge condition

ohyy = 0. (2.21)
As long as the infinitesimal coordinate transformation satisfies
Dgy = avﬁyw (2-22)

the metric perturbation %, can be put into a Lorentz gauge. Under the Lorentz gauge
with 2.21 being true, 2.17 simplifies to
- —167G
Dhyv - TTVV. (2.23)
Equation 2.23 shows that in linearised weak fields, under the Lorentz gauge, the Einstein
tensor reduces to the wave operator acting on the trace reversed metric perturbation. In
vacuum, this reduces to
Ohy = 0, (2.24)

the solution to which is the wave,

hyw = Re (Aweikyxi‘) = Re (Aweikixie*i“”) , (2.25)

1 Under a coordinate transformation, a metric transforms according to the rule,

guv(x) = g (') = aa;:, gf/:gpv(x)
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where k* is the wave vector with k¥ = w, the frequency of the wave, and k' are the
spatial components. The solution 2.25 must satisfy the condition in 2.21. This gives,

Akt =0, (2.26)

meaning that the A, must be orthogonal to k, the direction of propagation, implying
that gravitational waves are transverse waves.

We began with the 10 degrees of freedom of Einstein’s equation. Under the Lorentz
gauge in 2.21, which is a set of 4 equations, the degrees of freedom of h,,, reduced to 6.
Further, the conditions to be satisfied by ¥, given in the 4 equations of 2.22, reduced
the degrees of freedom of EPV to 2. Thus, there are two degrees of freedom for FLW,
which are called the polarisations of the gravitational wave. Staying in the Lorentz
gauge, we can do coordinate transformations — a coordinate transformation of the form
xt — xt + ¥ provided that

0¢, =0 (2.27)
is still allowed in the Lorentz gauge without breaking the condition of 2.21. One such
transformation called the transverse-traceless gauge further helps to bring out the
actual physical content of the theory. Under this gauge,

W% = 0; " = 0; 1} = 0;9'hy; = 0. (2.28)

The solution for 2.24 in the transverse-traceless gauge is, for a plane wave travelling
along the z-axis, given by

0 O 0 O
- 0 h h 0
hij(t,z) = . h+ ; . cos [w(t —z/c)] (2.29)
x  —hy
0 O 0 0

where hy and h, are the two remaining degrees of freedom, called the ‘plus” and
‘cross’ polarisations of the gravitational wave. Figure 2.1 helps visualise what these two
different polarisations do to a ring of particles in the x — y plane, lying in their path.
The effect of h, is to stretch space in one direction and compress it in the direction
perpendicular to the first. This can be seen in panel (b) as the distortion of the proper
distance between the particles. The effect of 1, is to distort space in a similar manner
as hy but rotated at an angle of 45° relative to it. We will look at the interaction of
gravitational waves with test particles in detail in section 2.3.

2.2 SOURCES OF GRAVITATIONAL WAVES

We have seen that gravitational waves are a prediction of Einstein’s theory of gravity.
The next question is, what sources these gravitational waves? This is described by the
quadrupole formula. First, we look at the quadrupole formula. Then, a discussion of
the astrophysical sources of detectable gravitational waves follows.
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Figure 2.1: Effect of the two polarisations of gravitational waves travelling along the z axis on a
ring of test particles lying perpendicular to their path. (a) the ring of particles before
the wave reaches them (b) effect produced by the k4 polarisation (c) effect of the /i
polarisation. Figure from Schutz (1985)

2.2.1 Quadrupole formula
The wave equation in the presence of a source, equation 2.23, is an inhomogeneous

partial differential equation which can be solved using Green’s function so that

- 1 167G

1 r—r
/ ’T _ r/‘ T]/ll/ (rllt - | c | )dax/l (2'30)

where t — V;—r/' is the retarded time, time at which the wave should have left the source

located at 7’ if it has to reach a distance r at time t. When r > ¢/,
- 4G 1 r
My (r,t) = — = / T (1, t — —)d3x'. (2.31)
c?r c
The stress-energy tensor obeys the conservation law,
9, T = 0. (2.32)

For spatial co-ordinates, = k, and time co-ordinate denoted by 0, this becomes

laTkO B _aTkl (2 )
2 ot ol 33
When p = 0, equation 2.32 becomes,

9,T% =0 (2.34)

implying,
laTOO — _aLOl (2.35)
2 ot  oxl’ 35
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Differentiating 2.35 once again with respect to time, and using equation 2.33,

1 82 TOO aZ Tkl

2 92 dxkoxl’ (2.36)
Multiplying both sides by x™x" and integrating over spatial volume,
1 927100 aZTkl
=2 32 x"xdPx = / 50k X" d3x. (2.37)
The term on the right-hand side is integrated by parts, and 2.37 becomes,
1 aZ 00 ,.m ,.n 43 mn 13
C—zﬁ/Txxdx:2/T d’x. (2.38)
In the spatial part of equation 2.31, using 2.38,
2
" (r,t) = if;;z/Tooxmx”dg’x. (2.39)
The integral
Q" (r,t) = / TOOx™x" {3 (2.40)

is the quadrupole moment of the source. An object’s gravitational monopole is just the
total amount of its mass. Its gravitational dipole is a measure of how much that mass is
distributed away from the centre in a particular direction. The quadrupole represents
how stretched-out along some axis the mass is. A sphere has zero quadrupole. A rod
has a finite quadrupole.

Thus, we have the quadrupole formalism, which tells that a time-varying quadrupole
moment generates gravitational waves -

- G .
h" (v, t) = i—ern(r,t). (2.41)

2.2.2  Astrophysical sources of gravitational waves

There are four broad classes of astrophysical sources that are expected to emit gravita-
tional waves that could be measured on Earth.

1. Coalescence

Binary systems with compact objects such as black holes or neutron stars lose
energy over time and inspiral towards each other, eventually merging, and form-
ing, in most cases, a stable black hole. The three stages, inspiral, merger and
ringdown, result in a transient gravitational wave signal whose frequency and
amplitude increase to a peak during merger and die exponentially post-merger.
Since two compact objects are involved in the process, a large amount of energy
is emitted as gravitational waves, and as we shall see shortly, such signals have
been routinely detected in ground-based detectors already.

11
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2. Continuous gravitational waves

Isolated neutron stars with a non-axisymmetric distribution of mass can gen-
erate continuous gravitational waves, which are simple quasi-monochromatic
signals. This thesis focuses on continuous gravitational waves, and so they will be
described in detail in Chapter 3.

. Stochastic gravitational wave background

A gravitational wave background formed from the superposition of signals of
cosmological as well as astrophysical origin is expected to be present in the
universe. This background is not a deterministic signal and cannot be modelled
but, instead, is of a stochastic nature. A large number of random processes in the
early stages of the universe, approximately 107 to 10732 seconds after the Big
Bang, and perturbations to the metric of the universe could have, for instance,
produced this gravitational wave background. The stochastic gravitational wave
background is analogous to the Cosmic Microwave Background and could carry
information about the early universe. Gravitational waves from astrophysical
processes like supernovae, magnetars or the inspiral and merger of compact
objects over the history of the universe could also produce such a background.
Searches for such a background are underway but yielded no detection (Abbott
et al., 2022).

. Bursts

Bursts of gravitational waves are expected to be emitted in high-energy astro-
physical phenomena such as a supernova explosion or a gamma-ray burst. But
the sources are not confined to known high-energy events. With the possibility
of gravitational wave transients from hitherto unknown types of astrophysical
events, burst gravitational waves are those with the least apriori information on
the source. In other words, bursts are surprise events from the universe and are
largely unmodelled.

2.3 MEASUREMENT OF GRAVITATIONAL WAVES

We next look at techniques to measure gravitational waves. The question of how a
gravitational wave affects particles in its path is relevant now.

Interaction of gravitational waves with test particles

The trajectory X#(7) of a test particle obeys the geodesic equation

PXE L, dXP dX
dr? thor dr drt =0, (2.42)
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where T is the proper time as measured by an observer travelling along the geodesic.

Consider two freely falling particles, one following geodesic A and another following
geodesic B. The second time derivative of the displacement between the two particles is
given by the geodesic deviation equation.

In the transverse traceless gauge, consider the two particles lying at rest at 7 = 0.

The geodesic equation at T = 0 is

?X! . dXPdXxXe . dX0ax°
7 R i e el | (2.43)
Now,
T = %7717 (9ohoj + dohjo + djho0) = 0 (2.44)
from the conditions in equation 2.28. This means
LZS =0, (2.45)

which means that the particles remain at rest forever, even if the wave passes. But note

that, ‘at rest” only means that the coordinate positions of the particles remain constant.

Essentially what happens is that, by choosing to be in the transverse-traceless gauge, we
ended up in a gauge in which the coordinate system remains attached to the individual
particles and moves with the waves. We have to instead look at the proper distance
between the two particles.

Consider that one particle lies at rest at the origin and the otheratx =L,y =z =0
at T = 0 as shown in figure 2.2.

Let the gravitational wave travel along the z-axis.The proper distance S between the
two particles in the presence of the gravitational wave is,

L 1
5= / 1ds2|3. (2.46)
0

Using equations 2.4 and 2.10,

NI—=

S = /OL [dxdx (Hxx + Nyx)]

NI=

L

= [ dx[1+hll(t,z=0)]
0
L

z/dx
0

(2.47)

1

1
1+ Ehg(’f,z = O)}
Lot
S:L 1+§I’lxx .

If the change in proper distance is S — L is denoted by AL, then equation 2.47 tells us
that,
AL

1 1
T~ Ehg o~ Eh? cos wt (2.48)

13
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e

Figure 2.2: Two test particles lying at rest at T = 0 in the x-y plane with the time axis along the
vertical.

using equation 2.29. Thus the presence of the gravitational wave comes out as its effect
on the proper distance between two particles. One can see that 1! acts as a fractional
length change — a strain. For this reason, the magnitude / of the wave is called a "'wave
strain’.

2.3.2  Gravitational wave detectors - The Advanced LIGO

Equation 2.48 already lays down quite a few conditions to be satisfied by a gravita-
tional wave detector. The change in distance as a result of the gravitational wave is
directly proportional to the initial distance between two particles. So a gravitational
wave detector should have a huge scale and involve large distances between the test
particles. The effect of the gravitational wave is directly proportional to hgT. So the
experiment should be able to measure relative length changes of the order of one part
in 10%!, in order to detect the loudest black hole coalescences. The Laser Interferometer
Gravitational-wave Observatory (LIGO) (Abbott et al., 2009) is the ground-based detec-
tor that has successfully collected gravitational wave data since 2002. This thesis deals
closely with analysing the data from LIGO detectors. So we will focus on its working
and experimental setup.

Figure 2.4 shows a schematic diagram of the LIGO detectors. Let us describe the
working principle of these detectors in a simplistic manner. At their heart, the LIGO
detectors are L-shaped Michelson interferometers. A beam of Nd-YAG laser light is
split into two arms perpendicular to each other. On each arm are two test masses at
a distance of L = 4 km from each other. The test masses are four suspended mirrors
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time

Figure 2.3: The effect of the plus polarisation of gravitational waves in changing the arm lengths
of the detector shown in red. The signal evolution over time is shown in the top

figure. Figure credit: Abbott et al. (2009)
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Figure 2.4: Schematic diagram of LIGO interferometer. Figure credit: Abbott et al. (2016)
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that form Fabry-Perot arm cavities. A Fabry-Perot cavity is different from a Michelson
interferometer because of the additional mirror in each arm near the beam splitter,
causing the laser light in each arm to bounce between the two mirrors a number of
times before merging with the beam from the other arm. Thus, the optical path of the
light is folded a large number of times, effectively increasing the arm-length of the
cavity.

In the absence of a gravitational wave, the two arm lengths are equal. The beams
return from each arm and undergo destructive interference with each other at the beam
splitter, and no light reaches the photodetector (note once again that this is only a
simplistic description of the principle). But in the presence of a gravitational wave, the
arm lengths stretch and compress as happens to a ring of particles shown in Figure 2.3.
Thus, the beams produce interference on returning from the arms, which is detected in
the photodetector. Following equation 2.48, the relationship between the change in arm
length and the gravitational wave strain h is

AL = %h, (2.49)

where
AL = ALy — ALy. (2.50)

With an arm length of L = 4 km, to measure the effect of a gravitational wave with a
(somewhat high) amplitude of hg ~ 10~2! the detector should be able to measure a AL,

1
AL ~ 5 x 1072 x4 x10° =2 x 10718, (2.51)

which is a thousand times smaller than the size of a nucleus. What does it mean to

‘measure a length change that is smaller than the size of a nucleus’? First of all, given that

the mirror surface is made of atoms, and it is impossible to have an infinitely smooth
surface, how are we even sure that the length L is a well-defined quantity, let alone
make a measurement at a level 10® times smaller than individual atoms? The answer is
that the laser beam has a transverse size of a few centimetres, so what is being measured
is the position of the surface of the mirror averaged over a macroscopic area rather
than the position of individual atoms on the surface. The individual atomic fluctuations
are cancelled out in this area. This is a fundamental factor in how an interferometer
could at all detect such small length changes induced by a gravitational wave. Secondly,
the quantity causing the final measurement is the phase shift in the laser beams that
traverse back from the two arms. Without going into a derivation (see, for example,
Maggiore (2007) for details), the phase shift in a Michelson interferometer is given by
APMichelson = (%)hoL where Ay is the wavelength of the laser light. Using a laser of
Ar = 1um, the phase shift caused by a hg = 1072 ijs ~ 5 x 107! rad. Now, inside a
Fabry-Perot cavity, the light storage time is larger. Consequently, there is a gain in the
phase shift A¢ysic;, by a factor of % where F is the Finesse of the cavity (see Maggiore
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(2007) for a discussion). In Advanced LIGO detectors, the Fabry-Perot cavity has an

J ~ 200. This means that the phase shift we aim to measure is Arapry—peror ~ 10~8
rad.

2.3.2.1  Noise sources

The detectors are sensitive to the strain in space-time caused by a gravitational wave
of astrophysical origin as well as to noise sources of non-astrophysical origin which
cause differential arm length changes. The noise sources reduce the sensitivity of the
detectors. In attempting to measure an effect as weak as that produced by a gravitational
wave signal, it becomes necessary to understand the noise sources in the detector. The
dominant noise source is different at different frequency ranges of the detector, and the
most important classes of noise are depicted in the noise budget of Advanced LIGO
shown in Figure 2.5. We will look at the major noise sources in this figure.

T LI AU U B P P T T .7

= Quantum noise
= Seismic noise
= Gravity Gradients
== Suspension thermal noise
== Coating Brownian noise
Coating Thermo-optic noise [|
Substrate Brownian noise
Excess Gas
=== Total Noise

Strain [1VHZ]

Frequency [Hz]
Figure 2.5: Noise budget of Advanced-LIGO detector. Figure credit: Aasi et al. (2015)

The low frequency is dominated by seismic noise that shakes the mirrors. These
originate from environmental vibrations, the seismic activity of the earth, weather, and
human activity in the vicinity of the detectors. To isolate the test masses mirrors from
seismic noise, they are suspended as pendulums. Such suspensions further lead to
disturbances at certain frequencies due to the resonance vibrations of the silicon strings
that hold the mirrors, called violin modes. In the LIGO detectors, the violin modes are at
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~ 500Hz and at harmonics of that frequency. Figure 2.6 shows the Amplitude Spectral
Density (ASD) in the frequencies near 500 Hz in O1 data. ASD will be described in
chapter 5. Violin modes play an important role in this thesis. One of the sources focused
on in this thesis had signal frequencies which lie in the second harmonic of the violin
mode in the Hanford (H1) and Livingston (L1) LIGO detectors. We will see in section
7.2.1 how a search in highly contaminated data can be carried out.
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Figure 2.6: First harmonic violin mode region in H1 (red) and L1 (blue) during O1. The y-axis is
the average Amplitude Spectral Density during O1. Figure credit: Covas et al. (2018)

The gravity gradient noise (also called Newtonian noise) arises due to fluctuations
of local gravity fields around the test masses — caused by, for example, vibrations of
the buildings, walls of the vacuum chambers (inside which the optical components are
housed), and the density of the Earth itself, which lead to changes in the gravitational
force acting on the test mass mirrors.

At intermediate frequency ranges, the dominant noise source is thermal noise, which
induces vibrations in the mirrors and in the suspensions. Several sources of thermal
noise have been identified — thermal vibrations of the suspension fibres, optical coatings
on the mirrors, and in the interiors of the test masses, to name a few examples. Thermal
noise is considered one of the biggest problems for the sensitivity improvement of
gravitational wave detectors.

The high-frequency range of the detectors is limited by shot noise, which is due to
the quantum nature of light in the laser beam. Shot noise is caused by the random
fluctuations in the photon count in the beam. The higher the laser power, the lower the
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shot noise. But increasing the laser power to reduce the shot noise introduces another
source of quantum noise called the radiation pressure noise. Radiation pressure noise
arises because the impinging of a large number of photons on the mirrors causes mirror
displacement.

2.4 CURRENT STATUS OF GRAVITATIONAL WAVE ASTRONOMY

The LIGO detectors saw first light in August 2002. After thirteen years of improvements
in sensitivity and collecting data in the Science runs, they caught their first gravitational
wave signal on 14th September 2015, merely two days after the beginning of the first
observation run.
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Figure 2.7: The first ever detection of gravitational waves GW150914. Figure credit: Abbott et al.
(2016)

Figure 2.7 summarises the signal and the source of this first detection - GW150914.
Two black holes of masses 29 M, and 36 M, 400 Mpc away, spiralled around each
other and merged, releasing energy worth 3M,c? in gravitational waves. This detection
was not only the first direct observation of a merging binary black hole system but
also the first proof of the existence of stellar-mass black holes. The bottom panels show
the spectrogram of the strain data, showing the ‘chirp’ signal in which frequency and
amplitude increase over time, as expected for such a system.
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As of the day of writing, the LIGO detectors have completed 3 observation runs -
O1, O2, O3, between September 2015 and March 2020. Figure 2.8 shows the masses
of the sources and the remnants of all compact binary coalescences detected by the
gravitational wave detectors in these three observation runs. These detections of com-

Masses in the Stellar Graveyard

Figure 2.8: Masses of observed black holes and neutron stars so far. Figure credit: LIGO-
Virgo/Aaron Geller/Northwestern

pact binary coalescences are aiding astrophysics — to infer the population of black
holes in the universe and trace their formation channels and evolution (Abbott et al.,
2021; Mandel, 2017), to constrain properties of neutron stars (Abbott et al., 2018), and
in cosmology (Abbott et al., 2021) to mention a few examples. The first detection of
a binary neutron star merger in gravitational waves and in electromagnetic waves
(Abbott et al., 2017) kickstarted ‘multi-messenger astronomy’. It also contributed to
the understanding of r-process nucleosynthesis, which produces heavy elements in
the universe (Kasen et al., 2017). Continuous, stochastic and burst gravitational wave
searches in the detector data are underway.

The Virgo detector in Italy joined the observation run O2. The Kagra detector in
Japan joined the observation run in O3. An interferometric detector is being set up in
India. The existing ground-based interferometric detector network is not only being
expanded but also improved. LIGO A+ aims to double the sensitivity of Advanced
LIGO via improvements in tackling coating thermal noise and quantum noise (Zucker,
2016). Beyond advanced detectors, the Einstein Telescope is a proposed underground
gravitational wave observatory with a triangular interferometer of 10 km arm length
with 20 times better sensitivity than existing detectors. The Cosmic Explorer is a
proposed L-shaped overground detector of 40 km arm-length. Both these detectors
will be sensitive to larger distances in the universe, up to redshift z = 30. A detailed
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description of future science with current and upcoming gravitational wave detectors is
in (Kalogera et al., 2021).
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Figure 2.9: Sources, sensitive frequencies and strains for current and future detectors. Figure
credit: gwplotter.com, Moore et al. (2015). Note that a more realistic sensitivity curve
for Pulsar Timing Arrays can be found, for example, in Hazboun et al. (2019).

A space-based detector Laser Interferometer Space Antenna (LISA) is being built
by the European Space Agency (ESA) and the National Aeronautics and Space Ad-
ministration (NASA). LISA will observe massive (> 10*M,) black holes, and extreme
mass ratio inspirals, trace the history of the galaxy formation and structure, explore
the stellar-mass compact objects in the galactic nuclei, search for unforeseen sources of
gravitational waves and aims to come up with a coherent picture of the universe by
combining all the findings (Danzmann et al.).

Pulsar Timing Arrays (PTAs) try to measure gravitational waves by detecting their
effect on the arrival times of pulses from pulsars. Pulsars (especially millisecond
pulsars, which we will discuss in more detail in chapter 4) have high stability in their
rotational period. In the absence of gravitational waves, the arrival times of pulses
from these pulsars should have equal intervals after accounting for Earth and binary
orbital motions. In the presence of gravitational waves, one would measure timing
residuals when comparing observed time or arrivals of pulses with those predicted
by a model. The effect of a gravitational wave can be seen as a correlated signature
in the residuals in the arrival times from pairs of pulsars. Depending on the angular
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separation between the pulsars in each pair, the correlation in timing residuals due to
the presence of a gravitational wave follows a specific relationship called the Hellings-
Downs curve (Hellings and Downs, 1983). PTAs aim to detect stochastic gravitational
backgrounds of astrophysical and cosmological origin in the nanoHz frequency range.
Currently, gravitational wave astronomy using PTAs is entering an interesting time,
anticipating a detection, with the data from PTAs indicating evidence of a stochastic
process (Arzoumanian et al., 2020; Goncharov et al., 2022; Chen et al., 2021).

A comprehensive picture of current and some of the future detectors, the sources and
the characteristic strain of gravitational wave signals they aim to detect are in figure 2.9.
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Of all the communities available to us, there is not one I would want to devote myself
to, except for the society of true searchers, which has very few living members at any
time.

— Albert Einstein, Letter to Max Born (1971)

Continuous gravitational waves are nearly-monochromatic gravitational waves ex-
pected to be emitted by rotating neutron stars with a non-axisymmetric distribution of
mass.

These signals are always present in the data collected by gravitational wave detectors.
At the time of writing, continuous gravitational wave signals have not been detected.
The primary reason is that these signals are several orders of magnitude weaker than
gravitational waves emitted during the merger of compact objects like black holes
and neutron stars. For a typical source rotating at 100 Hz at a distance of 100 pc and
having an ellipticity of 107, the continuous gravitational wave signals have a strain
value of ~ 10~2°. On the other hand, thanks to the persistent presence of the signal
in the data, the signal power can be accumulated coherently over time to increase the
signal-to-noise ratio following the relation (Cutler and Schutz, 2005)

SNR o Iy Tg—f (3.1)
h

where hy is the strength of the signal, Tj,;,, the amount of data used in the search and
Sy, is the noise level in the data, quantified in terms of the power spectral density (which
will be described in chapter 5).

This thesis concerns the searches for continuous gravitational wave signals. Hence
this chapter is dedicated to this type of gravitational wave. We start, in Section 3.1, with
the theory of gravitational waves emitted by rotating rigid objects to get an idea of what
feature causes the emission and to arrive at the mathematical expressions describing
the signal. In Section 3.2, we will discuss the potential astrophysical sources of this
signal. Moving on, in Section 3.3, we will describe the continuous gravitational wave
signal model we expect in the detector data. Then in Section 3.4, we look at the three
broad search strategies adopted to search for these signals.

3.1 GRAVITATIONAL WAVES FROM ROTATING OBJECTS LIKE NEUTRON STARS

We saw in chapter 2 that a perfectly symmetric mass distribution cannot produce gravi-
tational waves. For rotating neutron stars, the simplest way to generate gravitational
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waves is to have a non-axisymmetric mass distribution. Let us return to the quadrupole
formula to generate gravitational waves, this time from a rotating rigid body. We start
at the inertia tensor of the rigid body, in the most general form,

Il = /d3x o(%)(r*67 — x'xl), (3-2)

where p is the mass density and 67 is the Kronecker delta function. Since I;j is real and
symmetric, there exists a coordinate frame in which [;; is diagonal. This frame, called
the body frame, has coordinates x/. In the body frame, the axes are called the principal
moments of inertia of the body and are given by,

h= [ () + ), 63
L= /d?’x'p(a‘c”)(xi2 +x2), (3-4)
L= [ () +3). 63

We also introduce a fixed reference frame with coordinates (x1, xp, x3) with x3 = xJ.
The neutron star with a rotation frequency w;.; is depicted as a triaxial ellipsoid in
figure 3.1. If the body is rotating about one of its principal axes, x5, the two frames are

Xy =3

Figure 3.1: The principal axes (x], x5, x4) rotate with the rigid body and the fixed frame is
(xll X2, x3)'
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related to each other through a time-dependent rotation matrix R;; given by

COS Wyptt  SiNwyeit 0

Rij = | —sinwyet coswyort 0 (3-6)
0 0 1
as
x; = Rijx;. (3.7)

Then the inertia tensor in the body frame I{]- = diag(L, I, I3) is
Il = (RIRT);. (3-8)

Therefore we can calculate the inertia tensor in the fixed frame by

I=RTI'R. (3.9)
This yields

L —1I

I =1+ 1= 2 0s 2Wyort, (3.10)
L -1

I, = 1= 2 sin 2wyott, (3.11)

I - T
I, =1- L 5 2 cos 2Wyort, (3.12)
I3 = I, (3.13)

and 13 = I3 = 0. We saw in equation 2.39 that a time-varying quadrupole moment
leads to the generation of gravitational waves. From equation 2.40, quadrupole moment,
is

Q' = [ (@, (3.14)

because T is the density of the source. Comparing expressions 3.14 and 3.2, we see
that Q¥ differs from I'/ by an overall minus sign. That is,

Qij = —Ljj + constant, (3-15)

where [;; are given above. This gives us

L -1

Qn=- ! > 2 cos 2wyoit + constant, (3-16)
L-1 .

Qp=-— 5 sin 2wyott + constant, (3-17)
L-D

Q=+ COS 2wyt + constant (3.18)
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and Q13 = Q23 = Q33 = constant. We can already see that it is I} — I, the asymmetry
of the object, that causes a non-zero quadrupole.

Next, we compute the second-order time derivative of Q;; and plug them into
equation 2.39. If the observer is at distance r, and denoting Iy = I, b = I, and
Iz = I,,, we have

14Gw?, Iy — I
hi () = = —2t =1 cos(2wrort) (3.19)
r o c I,
and > ;
14G -
hy(t) == Wrot Zxx — Tyy L sin(2wyott) (3.20)

rooct L.
which are the amplitudes of the two polarisations of the gravitational wave emitted.
Recall that equation 2.39 is the expression for the gravitational wave along the z (i.e., the
x3) axis. If one wants the emission along a direction in the line of sight of the observer,
one can first compute the angular distribution of the quadrupolar radiation (Maggiore,
2007), and plug in the second-derivatives of Q;; in to get,

14Gw?, Liy — I 1+ cos?
= C4mt xxl W, 5 cos(2wyott) (3.21)
4

h(t)
and
_ 14Gw30t Ly — I

hy (1) ., cosi sin(2wyott) (3.22)

r ot L,
where [ is the angle between the line-of-sight from the observer to the source and
the neutron star’s spin axis. Thus, a non-axisymmetric object with a time-varying
quadrupole moment owing to its rotation will continuously emit gravitational waves of
the form in equations 3.21 and 3.22. Notice that the frequency of the gravitational wave
is twice the rotational frequency of the star,

w
fgw = Lot =2X frot- (3-23)
We introduce the ellipticity € given as

Ixx - Iyy
IZZ

€= , (3-24)
which is a very important quantity that decides the strength of the continuous gravita-
tional wave emitted. We can write Equations 3.21 and 3.22 as

1+ cos? i

h+(t) - ]’l() 2

cos(2wyort) (3-25)

and
hy (t) = ho cos 1 sin(2wyost), (3.26)
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where
_ 47'C2G Izzefgw

ho = A » (3-27)

is the intrinsic gravitational wave amplitude of a star at a distance 7, and spinning
about a symmetry axis z.

Assuming that the neutron star has the typical mass of 1.4M., and a radius of 10 km,
I, has a canonical value of 103 kgm2.

3.2 ASTROPHYSICAL SOURCES OF CONTINUOUS GRAVITATIONAL WAVES

The simplest scenario in which a continuous gravitational wave is emitted is when a
neutron star has a deformation leading to a non-axisymmetric distribution of mass (¢),
which results in a non-zero quadrupole moment. The rotation of the star leads to a
changing quadrupole moment. Then gravitational waves of the form in equation 3.25
and 3.26 are continuously emitted.

The neutron star loses energy over time for various reasons, leading to an fmt. A
theoretical estimate on the maximum possible strength of the continuous gravitational
wave signal detectable at a distance r from a neutron star can be calculated by assuming
that all of the rotational kinetic energy lost by the neutron star is converted into
gravitational waves. This is called the spin down upper limit 4%, and can be calculated
knowing the distance to the source by

. 1/2
hsd o <5 GIzz‘frot’)
0 — ~ A A~ ~ .

In Section 4.4, we will arrive at this expression from energy considerations for a rotating
pulsar.

A neutron star precesses when it is not spinning about one of its symmetry axes.
For such a star, continuous gravitational wave emission is expected near two distinct
frequencies fou = frot + fprec and fou = 2(frot + fpm) where fp is the frequency of
precession (Zimmermann and Szedenits, 1979).

Another scenario for continuous gravitational wave emission is through the current
quadrupoles instead of the mass quadrupoles of neutron stars. The r-mode is a toroidal
mode of fluid oscillations in the interior of the star. The r-modes are unstable to
gravitational wave emission (Andersson et al.,, 1999). Young pulsars, shortly after
their birth, are spinning very rapidly and are expected to have r-mode emission. The
frequency of continuous gravitational wave from r-mode emission is expected to be
around % frot. Studies on glitching pulsars (Andersson et al., 1999) also indicate the
possibility of r-mode gravitational wave emission in the inter-glitch timespan.

Some exotic sources for continuous gravitational wave emission include boson clouds
around a black hole (Arvanitaki et al., 2017). Quantum fluctuations near rotating black
holes can lead to the formation of a cloud of ultralight bosonic particles like axions
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around the black hole. These clouds grow in number due to superradiance, a process
in which the particles scatter off and extract angular momentum from the rotating
black hole. The superradiance process stops when the black hole’s angular momentum
falls below a threshold. The axion particles being anti-particles of themselves, begin
to annihilate, emitting gravitational waves continuously, leading to a depletion of the
cloud. The emitted gravitational waves are at a frequency parameterised by the mass of
the particle (Arvanitaki and Dubovsky, 2011).

3.3 SIGNAL MODEL

A continuous gravitational wave signal is a nearly-monochromatic signal at twice the
spin frequency of the pulsar. Two reasons cause a frequency evolution, one the inherent

Evolution of frequency of CW signal from J0154+1833 during O1
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Figure 3.2: Doppler modulation due to Earth’s motion during O1 on the frequency of continuous
wave signal from PSR Jo154+1833. The gaps in the curve correspond to gaps in the
time when data was collected.

spinning down of the source, resulting in a fg,. The other reason is that Earth-based
gravitational wave detectors move with the Earth’s orbital motion around the sun and
its intrinsic spin. This causes a Doppler modulation of the signal, as shown, for example,
in Figure 3.2 for an isolated pulsar, PSR Jo154+1833, with f¢,, ~ 800Hz. The frequency
modulation during 120 days reflects the Earth’s motion around the sun. The frequency
modulation of the signal during one day, as shown in the inset, reflects the Earth’s daily
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rotation. For a source in a binary orbit with a companion star, the binary orbital motion
also contributes to the signal’s Doppler modulation.

Source

~
T'spin

Earth

Figure 3.3: Geometry of continuous wave signal reception and analysis, showing the source,
detector on Earth and SSB. The various frames of reference needed in the description
are also shown. Figure Credit: Miroslav Shaltev (2013)

An amplitude modulation is caused due to the fact that the detector is not equally
sensitive in all directions. A full description of the continuous gravitational wave signal
can be found in Section II of Jaranowski et al. (1998). Here, we will revisit the geometry
of the system, best expressed with the help of Figure 3.3, and the fundamental equations
describing the signal as received by the ground-based gravitational wave detectors.

Figure 3.3 illustrates first the reference system fixed at the Solar System Barycenter
(SSB). The direction of wave propagation is —#1. Additionally, we have a wave frame,
{#1,9, —n} where I and 9 lie in a plane transversal to the wave. {cf,ﬁ, —n} form a
polarisation-independent frame in the wave plane. The polarization angle ¢ relates
these two frames in the wave plane by

sing =17 (3.29)

The inclination angle, 0 < < 7, is the angle between the total angular momentum of
the star and the line of sight, 7. It is worth noting that the sources we are interested
in are far away so that 7 from the SSB to the source is in the same direction as the
line of sight from the detectors on earth to the source. The source is at a sky-position
expressed in right ascension, # and declination, . The signal from this source in the
strain data from a gravitational wave detector has the form (Jaranowski et al., 1998)

h(t) = Fy(a,d,;t)hi(t) + Fx(a,6,;t)hx (), (3.30)
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where F. (a,6,;t) and Fx (&, 6, ; t) are the detector antenna pattern functions to the +
and x polatisations of the gravitational wave. These depend on the relative orientation
between the detector and the source, hence on time ¢, and on ¢, the polarisation angle
as well as the sky-position of the source.

The waveforms . (t) and h () in Equations 3.25 and 3.26 are usually written more
compactly as

hy(t) = Ay cos P(t)

hy () = Axsin®(t), (3.31)
with
1 2
Ay = Eho(l—I—cos L)
Ay = hycost. (3-32)

®(t) of Eq. 3.31 is the phase of the gravitational wave signal at time f. If Tsgp is the arrival
time of the wave with phase ®(t) at the solar system barycenter, then ®(t) = ®(1sgp(t)).
The gravitational wave phase as function of Tsgp is assumed to be

D(1558) = Po + 277[f (TssB — Tossp) + %f(TSSB — Tossp)’)- (3-33)

Tossp is the reference time with respect to which the spin parameters are defined. The
choice of reference time Tysgg in our searches are discussed in 5.1.1. We will see the
signal model in detail in 5.1.2 and 5.1.3.

3.4 SEARCH STRATEGIES

There are broadly three strategies to search for continuous gravitational wave signals
based on how much is known about the source and, consequently, the size of the
parameter space and the computational cost. This thesis focuses on targeted searches
for continuous gravitational wave signals emitted from known pulsars.

3.4.1 Targeted searches

Almost 3300 pulsars are known today in the ATNF catalogue (Manchester et al.,
2005). Pulsars are a crucial ingredient to this thesis and will be discussed in Chapter
4. When a pulsar has a rotational frequency such that its f¢;, lies in the sensitivity
band of the Advanced LIGO detectors, it becomes a potential target for continuous
gravitational wave searches, as, for example, done in the most recent observation run O3
in Abbott et al. (2022) and Abbott et al. (2022). In this thesis, we searched for continuous
gravitational wave emission from newly discovered millisecond pulsars. Seven new
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pulsars were targeted in all of the observation runs so far in Ashok et al. (2021). The
discovery of and search for continuous gravitational wave signals from a high energy
black widow pulsar is reported in Nieder et al. (2020). A newly discovered binary
pulsar was targeted in Clark et al. (2023). The results from the search for continuous
gravitational wave signals from a set of 6 gamma-ray pulsars discovered in the Fermi-
LAT data using preliminary timing solutions are also presented in this thesis. When
final parameters for these pulsars are available, the search for continuous wave signals
will be repeated and published in a peer-reviewed journal.

We assume that the phase of the gravitational wave is locked with the rotational
phase of the pulsar. Then the continuous gravitational wave shape is completely known,
and we can build a single template for the signal. We then coherently combine all the
data from the Advanced LIGO detectors and carry out a search for the template. Also,
less the number of templates probed in a search, the weaker the signal detectable with
the method. This single-template search thus has the maximum sensitivity that can be
achieved in a continuous gravitational wave search.

As mentioned before, we have not yet detected a continuous gravitational wave
signal. So we set upper limits on the strength of the gravitational wave signal from the
targeted pulsar. Our upper limits are informative if they are smaller than the spin-down
upper limit of the pulsar, given in Equation 3.28. In such a case, our upper limits
on hy can set an upper limit on the fraction of the rotational kinetic energy of the
source converted into gravitational waves. For the Crab pulsar, which is valuable for
such searches because of its high spin-down luminosity, the most recent continuous
gravitational wave upper limits in Abbott et al. (2022) mean that < 0.009% of rotational
energy lost is converted into gravitational waves.

Figure 3.4 shows the latest upper limits on continuous wave searches from 236 known
pulsars, compared against the sensitivity of the two detectors during observation run
in pink, from the LIGO-Virgo-Kagra collaboration. Pulsars for which #g°, the 95%
confidence upper limits, beat the spin-down limits are within shaded circles.

The upper limits on the strength of the gravitational waves can be translated into
upper limits on the ellipticity of the source by equation 3.27, thus constraining an
important property of the pulsar, namely its deformation.

Most pulsars targeted so far have spin-down upper limits smaller than the 95%
confidence upper limits on hy. And for the pulsars whose spin down upper limits have
been beaten, the constraints on ellipticity values are too large that they are less likely to
be physically sustained by the crust of the neutron star. Morales and Horowitz (2022),
Gittins et al. (2020) and Ushomirsky et al. (2000) for example discuss the maximum
possible ellipticities sustainable by neutron star crusts without breaking. Even so,
looking forward, targeted searches are a good idea. New pulsars are being discovered
by electromagnetic surveys at a faster rate than ever before, thanks to new and improved
telescopes. There might be a neutron star that is close enough and deformed enough
to be emitting continuous gravitational waves with a strength detectable with the
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Figure 3.4: Upper limits on hy for ~ 200 pulsars using O3 data. The stars show 95% confident
upper limits on the amplitudes of hy. Figure Credit - Abbott et al. (2022)

sensitivity allowed by a targeted search. The higher the frequency of the pulsar, the
stronger the gravitational wave it emits because h o fgzw, and with 40,000 millisecond
pulsars expected in our galaxy (Lorimer, 2008), as we move forward in time it can
only be that more promising pulsars are discovered. For the already known pulsars,
more observation time provides more precise pulsar parameters helping to sharpen
the waveform template. Also, being computationally the least expensive and, at the
same time most sensitive type of search, targeted searches are attractive. Added on,
the sensitivity of gravitational wave data is increasing with the amount of data used,
bridging the gap between spin down upper limit and achievable 95% upper limit on /g
from pulsars, especially in the high sensitivity region of the detectors near 200Hz.

3.4.2 Directed searches

In a directed search, the sky position of a potential source is known, but its spin
parameters are unknown. So broad ranges must be searched in the spin parameter
spaces, making the search computationally expensive. Promising sky locations are
those of supernova remnants where a neutron star is expected to be present (Ming
et al., 2019; Papa et al., 2020) and neutron stars in Low Mass X-Ray Binaries such as
Scorpius X-1 (Zhang et al., 2021; Abbott et al., 2022). Young objects are favoured for
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such searches because they are expected to be more energetic and have larger energy
potentially converted into gravitational waves. Optimisation techniques are employed in
setting up parameter space range and resolutions in directed searches to gain maximum
sensitivity, given the limited computational power (Ming et al., 2018). At AEI, the first
stage of such searches is carried out with the computational power harnessed through
Einstein@Home, which is a citizen volunteer computing system. Then the results are
followed up in a hierarchical procedure with several stages. Figure 3.5 shows Ming et al.
(2022)’s upper limits on continuous wave emission from the supernova remnant G347.3
in the most sensitive search carried out to date for the source. So far, no pulsations from
the neutron star in this supernova remnant have been observed. A detected continuous

gravitational wave emission would provide the first gravitational wave pulsar timing
solution.
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Figure 3.5: 90% confidence upper limits on kg for continuous waves from the neutron star in
the supernova remnant G347.3 for signal frequencies between 20-400Hz in O2 data.
Figure from Ming et al. (2022)

Another type of directed search aims at sky locations which are expected to host a
large number of neutron stars, for example, the centre of the galaxy most recently in
Abbott et al. (2022) or the globular cluster, Terzan 5 Dergachev et al. (2019).

3.4.3 All-sky searches

All-sky searches such as Steltner et al. (2023), Abbott et al. (2022) assume no particular
source and search for signals from everywhere in the sky. Probing ~ 10'® templates, all-
sky searches are computationally the most expensive type of continuous gravitational
wave search. So they are carried out using a semi-coherent approach: the data is divided
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into time segments on which coherent searches are carried out. The results from each
segment are then combined. In Steltner et al. (2023), the first stage of the search runs on
Einstein@Home for several months. The results from the Einstein@Home search then
undergo a hierarchical follow-up in which, at each stage, the span of the time segments
is progressively increased. At each consecutive stage, more noise is rejected while a
true astrophysical signal gains significance. So far, no candidate has survived all stages
of the hierarchical follow-up. So, based on the null results, frequency-dependent upper
limits have been set on hy, which say that, in each frequency bin, there is no source
anywhere in the sky that emits a continuous gravitational wave signal stronger than
the hp upper limit. Figure 3.6 shows the hy upper limits from all-sky search in O3 data.
Assumed distances to sources parameterise the ellipticity upper limits following these
ho upper limits.
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. e This search
Hardware injections in range

|
[
o
|
N
N

ho amplitude upper limit

107%

102 103
Signal frequency [Hz]

Figure 3.6: 90% confidence upper limits on hy for continuous waves all sky search in public
O3 data. Figure from Steltner et al. (2023). The different searches in this plot probe
slightly different parameter spaces.



PULSARS

From one particular piece of the sky an unclassifiable signal sometimes recurred, and
my brain started to say: “You've seen something like this before, haven't you? You've
seen something like this before from this bit of the sky, haven’t you?”
— Professor Dame Jocelyn Bell Burnell,
Journeys of Discovery, University of Cambridge

In this chapter, we take a look at topics in pulsar astronomy that are relevant to the
searches for continuous gravitational waves they emit. One can find further details in
Lorimer and Kramer (2004).

Pulsars are neutron stars from which pulses of electromagnetic energy have been
observed on Earth. Neutron stars are highly magnetised, harbouring magnetic fields
with strengths of the order of 107 to 10'°G. With the rotation of the neutron star, charged
particles in its magnetosphere are accelerated in this magnetic field, leading to the
emission of electromagnetic radiation. During its rotation, as the magnetic axis of the
neutron star crosses our line of sight, we see this electromagnetic radiation as a pulse.
Thus, in very simplistic terms, one pulse is observed per rotation of the star. This model
makes the pulsar analogous to a lighthouse, as shown in Figure 4.1. Observations of
these pulses and the timing of their arrival give us valuable information about the
pulsar.

o N

I'I;] N Ermmor [.r'l N.Kramer ] N-F'r':m-r I (%] NuKrmmer :

Figure 4.1: The rotating neutron star is modelled as a lighthouse to explain pulsed emission.
The bottom panel shows the evolution of the pulse as the beam of radiation rotates
with the neutron star. Credit: Animation designed by Michael Kramer

4.1 KNOWN PULSARS
The first pulsar was discovered in 1967 by Jocelyn Bell Burnell (Hewish et al., 1968).

Today ~ 3300 pulsars are known, with rotational frequency-spin-down distribution as
shown in 4.2.
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Figure 4.2: Population of known pulsars (3308) as of 20th August 2023 in the ATNF Catalog. The
pulsars to the right of the red line lie in the sensitive frequency range of Advanced
LIGO detectors. Credit: Manchester et al. (2005)

The Parkes radio telescope, Arecibo telescope, the Green Bank Telescope, and GMRT
have, over the years, contributed most to the discovery of new pulsars. Seven of the
pulsars targeted in this thesis were discovered and timed by the Arecibo telescope and
reported in Martinez et al. (2019, 2017) . The Arecibo telescope was decommissioned
after the platform hosting the data collecting instrument crashed into the dish of the
antenna at the end of 2020, devastating it as shown in figure 4.3. As older telescopes
close their eyes to the radio sky, the future is still in the safe hands of new, advanced
observatories. MeerKAT observatory, based in South Africa, has several ongoing sur-
veys aiming to detect pulsars in various environments. Clark et al. (2023) reports the
discovery of nine new millisecond pulsars, one of which was targeted in this thesis for
continuous gravitational wave emission because of the availability of precise timing
solutions.

Notable for pulsar discoveries in other wavelengths, the Large Area Telescope (LAT)
on board the Fermi Gamma-ray Space Telescope was launched in 2008 and today
has contributed more than 278 new pulsars (FLP). 145 of these were discovered in
following up unidentified LAT sources with observations in other wavelengths. Two of
the pulsars in this thesis were discovered and timed using the Fermi-LAT data. The
pulsar in (Nieder et al., 2020) was radio-quiet and was detected in Fermi-LAT data with
the help of parameter space constraints from optical and X-ray observations. The pulsar
in (Clark et al., 2023) was discovered and timed thanks to a joint effort of MeerKAT
and Fermi-LAT.
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Figure 4.3: The Arecibo telescope has now been decommissioned following irreparable damage
to the antenna. Credit: Nature, News dated 2 December 2020

Current and future telescopes like the Square Kilometer Array, with the ability to
see much deeper into the galaxy, promise the discovery of new pulsars (Smits et al.,
2009). Among these discoveries, hopefully, lies one or many neutron stars with a high
deformity and the right rotational frequency making its gravitational wave emission
observable in Advanced LIGO data with the sensitivity afforded by a targeted search.

4.2 TYPES OF PULSARS IN THIS THESIS

All the pulsars targeted in this thesis are millisecond pulsars (MSPs). Pulsars that spin
faster than the fastest-spinning pulsar in a double-neutron star system, PSR J1946+2052,
are generally classified as MSPs (Martinez et al., 2019). This means that pulsars with
rotational frequency > 60Hz are MSPs. Note, however, that other definitions exist in
the community as to the exact spin frequency threshold above which a pulsar can
be classified as an MSP. In figure 4.2, MSPs occupy the lower-right corner, with the
shortest known periods. They spin down more gradually as well. MSPs are theorised
to be ‘recycled’. Recycled pulsars have a history of binary interaction (Srinivasan, 2010).
The neutron star in the binary system is born first and, over time, loses its rotational
energy to a variety of radiation, including gravitational and electromagnetic ones and
slows down. Having expended its rotational energy over time, the neutron star’s spin
period is now long, lasting a couple of seconds. The slow-rotating magnetic field will
continue to accelerate the charged particles, but the pulsar emits only low-energy
radiation that is absorbed in the interstellar medium and is not detectable — the pulsar
is said to have ’died’. In a later stage, when the companion star reaches the end of
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its main sequence lifetime, the neutron star’s gravitational field attracts matter from
it, resulting in a process called accretion. The mass and angular momentum transfer
during accretion from the companion star spins up the neutron star to short periods,
burying its magnetic field in the process.

This binary interaction, if sustained, in principle, can cause non-axisymmetric dis-
tortions to the star (Abbott et al., 2020). Recycled pulsars are old neutron stars, 2 108
years in age, and this could be a caveat in that they have enough time to anneal their
distortions. But they spin rapidly. Since the continuous gravitational wave signal ampli-
tude is proportional to the square of twice the spin frequency, small ellipticities could
lead to detectable emission.

Ashok et al. (2021) targeted seven newly discovered (at that point in time) recycled
pulsars. Six are millisecond pulsars, and one is a mildly recycled pulsar with a rotational
frequency of ~ 29Hz. Six pulsars are currently in binary systems, and one is an isolated
pulsar. The origin of isolated recycled pulsars is unclear (Lorimer and Kramer, 2004).
But theoretically, they could have either evaporated their companions (Fruchter et al.,
1989) or lost the companion in an exchange interaction in a globular cluster (Verbunt
and Freire, 2014). In a post-recycling phase, the pulsar might have run away in a
supernova explosion that disrupted the binary (Tauris and Takens, 1998).

The pulsar targeted in (Clark et al., 2023), PSR J1526-2744, is a millisecond pulsar
with a 402 Hz spin frequency. It is in a binary orbital system with a period of ~ 5 hours,
and its companion has a minimum mass ~ 0.08 M. Optical observations suggest that
the companion is a lightweight white dwarf.

The pulsar in (Nieder et al., 2020), J1653-0158 is a ‘black-widow” pulsar. Optical
modelling predicts that it is heavy with mass 2 2M. It spins at a high frequency of
508 Hz. It is in a compact binary orbit of period ~ 75 minutes. Its companion has a low
mass of 0.01M, and is being evaporated because of the energetic pulsar wind.

4.3 PULSAR TIMING

Pulsars are very stable clocks. And their rotation periods can be measured to a precision
of one part in 10'® or better as was measured for example, in Davis et al. (1985). Figure
4.4 shows the schematic of measuring the time-of-arrival (TOA) of pulses using the
example of a radio telescope.

Pulses from the star travel through the interstellar medium. The interstellar medium is
made of ionised plasma. As the pulse travels through this medium, different frequencies
in electromagnetic radiation will experience different indices of refraction. The result
is that the pulses undergo dispersion — the pulses observed at different frequencies
arrive at different times after their travel through the interstellar medium. This can
be seen, for example, in figure 4.5. Once received at the telescope, the pulses are first
de-dispersed.



4.3 PULSAR TIMING

Rotation axis )
Mean Pulse Profile

=

.. a - \
U____ Q eim e TEIESCOPE / .»—-\._j \_/\_.f\
m /-'I \ = S J

|

Neutron stN --------- < S )
Radio beam 1 ; % De-dispersion &

L On-line folding
Recerver

- —a’:’-."- L Reference clock

Figure 4.4: Main stages in a pulsar timing observation. Credit: Lorimer (2008)
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Figure 4.5: Pulse dispersion in the Parkes observation of pulsar B1356-60. Credit: Lorimer (2008)

The observations of TOA suffer modulations due to the relative motions between the
Earth and the source. During Earth’s annual orbit around the sun, at the time when
the Earth is closest to the pulsar, the pulses arrive at the telescope early, and when the
Earth is farthest from the pulsar, the pulses arrive after a delay. Thus, even if the pulsar
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is emitting the pulses at equal time intervals throughout the year, there is an annual
modulation of the signal purely due to the Earth’s orbital motion around the sun. To
circumvent this, the TOAs observed on Earth are transformed into a reference frame
attached to the solar system barycentre (SSB). A planetary ephemeris, which provides
the position of the planet at different times, is used for this transformation. With the
accumulation of a number of TOAs, a Taylor expansion around the rotational frequency
frot usually suffices to fit the TOA data and predict the arrival of future pulses. Thus,
the pulse phase ® of the pulsar is modelled by

D(1) = Dy + 27T frot (T — T0) + 7 frot (T — T0)? (4.1)

where 7 is the barycentric time, ® is the pulse phase at a reference time 1.

The time series data collected by the telescope usually contains weak pulsating
signals from the pulsar. Many pulses are added (folded) so that a signal is discernible
above the noise. This process is possible because we know that the pulses arrive at a
regular period. A pulse profile shows the emission from the neutron star averaged over
many pulses as a function of its rotational phase. Each pulsar has a unique pulse profile.
Figure 4.6 shows the pulse profiles of the nine pulsars, including PSR J1526-2744, which
was targeted for continuous gravitational wave emission, discovered in Clark et al.
(2023) as examples. Pulses from two rotations of each pulsar are shown.

A pulsar timing solution provides the sky position and the spin parameters of
the pulsar. For a pulsar in a binary system, orbital parameters are also provided.
Figure 4.7 shows an example timing solution, that of PSR J1526-2744, based on which
a continuous gravitational wave search was set up (Clark et al., 2023). This timing
solution is a TEMPOz2-style file, which means that the file can be read by the TEMPO2
pulsar timing software (Hobbs, 2012). Note that TEMPOz2 is only one example of
several different pulsar timing software available. The first two columns are the pulsar
parameter labels, and their observed values, the third column is a flag which shows if
the parameter has been fit (1) or held constant (0), and the last column provides the
1o, i.e. 68% uncertainty in the observed values. Sky positions are expressed in terms of
Right Ascension, RAJ and Declination, DEC]. FO is the rotational frequency in Hz, F1 is
the spin-down in Hz/s. PEPOCH is the reference time in Modified Julian Day (M]JD) at
which these values were measured. ELL1 (Lange et al., 2001) is the binary orbital model
that was used to infer the orbital parameters. Figure 4.8 shows a simple geometry for
the binary orbit of the pulsar. The orbit of the pulsar is, in the most general scenario, an
eccentric orbit of eccentricity e. The orbital period of the pulsar is given in the timing
solution as PB in days. The projected semi-major axis of the orbit is the projection of
the semi-major axis (2) onto the line of sight. In the figure, therefore, it is equal to
asini, where i is the inclination angle between the plane of the orbit and the plane of
the sky. The timing solution writes the projected semi-major as A1 in light-seconds.
For this pulsar, there was no measurement of the eccentricity of the orbit. The binary
model ELL1 is used for systems with low eccentricity, ~ 1 x 10~°. When measurable,
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Figure 4.6: Pulse profile for nine pulsars discovered by Clark et al. (2023). The black and
red curves show the pulse profiles observed in two wavelengths, the L-band (856-
1712MHz) and Ultra High Frequency (544-1088MHz) band of the MeerKAT tele-
scope.

eccentricity (e) and argument of periapsis (w, which is the angle between ascending
node and periapsis) are provided in terms of EPS1 and EPS2 defined by this model as

EPS1 = esinw, EPS2 =ecosw (4-2)

For nearly circular orbits, periapsis and apoapsis are not defined. TASC is the time of
ascending node, in MJD.

The binary orbital model DD (Damour and Deruelle, 1986) is used when eccentricity
is high enough to be observable. With this model, eccentricity (E) and argument of
periapsis (OM) are provided in the timing solution. In an eccentric orbit, periapsis is a
well-defined point, and the time of periapsis of the pulsar is provided as T0 in MJD.
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Figure 4.7: Gamma-ray timing solution for PSR J1526-2744 provided by Clark et al. (2023).
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Figure 4.8: Geometry of an eccentric orbit of a Pulsar.
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4.4 PULSAR PHYSICS RELEVANT TO GRAVITATIONAL WAVE SEARCHES
4.4.1  Spin evolution

The spin-down upper limit on the continuous wave emission from a pulsar mentioned
in Chapter 3 is calculated from the rate of loss of rotational kinetic energy of the pulsar
(Lorimer and Kramer, 2004). This is given by

dEo  d(10?/2)

Emt = — T = 7 = 100 = _47T21frotfrot (43)

where () = 27f,,; is the rotational angular frequency and I is the moment of inertia of
the pulsar. Assuming that all this lost rotational energy is converted into gravitational
waves, we can equate it to the gravitational wave luminosity (Schutz, 1985) given by

16,
108
for a pulsar with ellipticity €. Equating 4.3 and 4.4 yields the ellipticity value that would
support gravitational wave emission at the observed spin down rate —

_ 5¢ |frot|
€sd = \/2(47‘()4GI Frot (4-5)

LGW 47Tfmt)6 1262 (44)

Substituting this €,; into the equation for intrinsic amplitude of continuous gravitational

wave in equation 3.27 gives
1 [5GI | froi
=y == . .6
O 7\ 2¢3 fro (4-6)

The assumption that all energy lost has gone in gravitational waves may sound un-
reasonable in light of the fact that other carriers of energy, like pulsar wind and
magnetic dipole radiation, exist. This is why the 1 is considered an upper limit on the
gravitational wave amplitude.

4.4.2  Proper motion

Due to the relative motion of the Sun and the pulsar through space, the pulsar will
be observed to move in the sky in a constant direction. The velocity of the pulsar
with respect to the Sun can be decomposed into a radial component directed along
the line of sight and a transverse component that is perpendicular to the line of
sight. The transverse component causes a proper motion. The proper motion y has
two components. One along declination, jis = ¢ and one along the right ascension,
My = & cosd. The total proper motion ur is

e =\ 13+ 1. (4-7)
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Knowing the distance d to the pulsar, we can find the transverse velocity by

vp = ped. (4-8)

Proper motion leads to an increase in the distance from the pulsar to the SSB. The

Path of pulsar
¥ ¥

F 3

Extra distance

Curve of
Constant distance to SSB

Solar System Barycenter (SSB)

Figure 4.9: The transverse motion of the pulsar adds an extra distance to the curve of constant
distance to the SSB. The pulse of light from it has to travel an ever-increasing distance
causing the observed spin period to be different from the intrinsic spin period.

pulses are coming from an ever-increasing distance, as shown in figure 4.9, and at each
time ¢t suffer a delay given by

v2t?
tdeluy(t) = % (4'9)
leading to a change P in the observed period, P given by
P 107
P (4.10)

This effect was first pointed out by Shklovskii (1970), and is now known as the Shklovskii
effect. Thus, for pulsars with measurements of proper motion, there is a Shklovskii
correction to the spin-down, and the apparent spin-down can be distinguished from
its intrinsic spindown. This distinction must be considered when calculating the spin-
down upper limits on the continuous gravitational wave emission from the pulsar. One
should use the intrinsic spin-down for such a calculation. But in the actual search for
the continuous gravitational wave signal from the source, one should use the observed
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spin-down value because any effect on the electromagnetic signal from the pulsar will
also be found in its gravitational wave.

4.5 PULSARS AND GRAVITATIONAL WAVES

Pulsars have played and continue to play a vital role in gravitational wave astronomy.
The first observational evidence for the existence of gravitational waves came from the
shrinking of the orbit of the Hulse-Taylor binary pulsar system PSR B1913+16 (Hulse
and Taylor, 1975). The observed decrease in the orbital period was consistent with
the expected energy emitted in gravitational waves. In Pulsar Timing Arrays, pulsars
come together to form a unique type of gravitational wave detector in which a passing
gravitational wave induces correlations between pulse arrival times for pairs of pulsars,
which depend on their angular separations.

The observability of pulsars in electromagnetic and potentially in gravitational waves
is an example showcasing the potential of multi-messenger astronomy, where different
physics help each other and eventually lead to new scientific discoveries. Targeted
searches for continuous gravitational wave signals exploit such alliance. Take the story of
pulsar J1526-2744 (Clark et al., 2023). A gamma ray source was identified in Fermi-LAT
data. In a dedicated follow-up, this source location was observed using the MeerKAT
radio telescope, confirming its nature as a pulsar. MeerKAT also helped further pinpoint
its location and constrain some of the orbital parameters. With this information, a
focussed search in Fermi-LAT data found and timed pulsations from the source. This
timing solution was then used to inform the search for continuous gravitational waves
from the pulsar in Advanced LIGO data. Such information exchanges between multiple
wavelengths of the electromagnetic spectrum culminating in a precise timing solution
which could then aid the search for a whole new messenger, showcases the true essence
of targeted continuous wave searches.
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METHOD I - TEMPLATED SEARCHES USING THE
MULTI-DETECTOR F-STATISTIC

One’s instinct is at first to try and get rid of a discrepancy, but I believe that experience
shows such an endeavour to be a mistake. What one ought to do is to magnify a small
discrepancy with a view to finding out the explanation.
— Sir John William Strutt (Lord Rayleigh),
Proceedings of the Royal Institution (1895), 14, 525

We want to target continuous gravitational waves emitted by a pulsar. Unlike all-
sky and directed searches, the wealth of information about the source available from
pulsar timing solutions provides a single waveform template for the gravitational
wave signal from the pulsar. We search for the presence of this waveform in the
Advanced LIGO data. We also search for templates with ( feu, fgw) in narrow bands of
the waveform parameters, centred at the values derived from the timing solutions, to
allow for possible differences between twice the spin frequency and the gravitational
wave signal frequency. Both single-template and narrow-band searches can be carried
out in a fully coherent manner. Currently, targeted searches are the only type of
continuous gravitational wave searches where it is computationally affordable to do a
fully-coherent search in the detector data. Also, the fewer the templates probed, the
higher the sensitivity of the search and the weaker the detectable signal. The number
of templates probed in a band search is many orders of magnitude smaller than those
probed in large-scale surveys. For example, the all-sky search in Steltner et al. (2023)
probed 10 templates; this is ~ 10!° times more templates than the largest band search
(for PSR Jo154+1833 as seen in table 5.1) in this thesis.

This chapter describes one method to search for continuous gravitational wave
emission from a known pulsar. In section 5.1, we will look at the parameters that
define the single template. Once we have a template for the signal, we ask — is this
signal present in the noise-dominated data (described in section 5.2) from Advanced
LIGO detectors? A detection statistic quantifies the answer to this search problem.
We should also quantify the significance of this answer. These steps constitute the
single-template search described in section 5.3. In a detection problem, assuming a
strict signal model and looking for nothing else is dangerous. Especially given that
there is a lot of uncertainty surrounding neutron star physics. So, we also search for
signals with parameters in a range of values around those provided by the timing
solution. Section 5.4 describes this search. In the event of non-detection of a signal,
we set upper limits on the gravitational wave amplitude from the pulsar. Section 5.5
describes this procedure. As we will see, these steps constitute a frequentist approach
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to signal detection followed by a frequentist approach to constrain the strength of such
emission.

5.1 SEARCH PARAMETERS

This section describes how the continuous gravitational wave search parameters are set
up from the pulsar parameters available from the timing solution.

Assuming a quasi-monochromatic gravitational wave signal with slowly varying
intrinsic frequency, the signal phase ®(7) can be Taylor-expanded as

s £(k)
d(7) = cp’mf 4+ 27 Z LT”J()

k+1
= (k+1)! )

(T — Tref (5.1)

where 271f(7) = d®(7)/dT is the intrinsic signal frequency and the s + 1 spin parame-

ters are *
fO (er) = ;T(Z : (52)

Tref

and T,y is the reference time.

5.1.1 Reference time

Every continuous gravitational wave search has a reference time, T,.f, and all time
elapsed is counted with respect to this time. The spin parameters f(¥) of the signal
waveform at 7, are fixed, and the waveform at each point in time is determined by
these. Further, we search for signals originating from the pulsar’s location in the sky
at time T,.s. In our searches, we define the reference time to be the time epoch with
respect to which the pulsar timing solution is reported, henceforth ¢t,,,,. That is,

Tref = tepoch- (5-3)
5.1.2  Doppler parameters

In section 3.3, we saw that the continuous gravitational wave signal is Doppler-
modulated by the relative motion of the detector with respect to the source. Let
us elaborate on this. Consider the general case of a pulsar in a binary orbit, with orbital
parameters b. Let 71 be the unit vector pointing in the direction of the source, as in the
geometry of the system depicted in figure 3.3. If a wave-front that leaves the source at
time 7(t) arrives at the detector at time f, the relation between these two times is

T(Hb,n) = t+r(tz-n d

- E + Abin(t; b)/ (54)
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where r(t) is the vector from the Solar-System Barycenter (SSB) to the detector (see
figure 3.3), and @ is called the Roemer delay, Ay;;, (£; 1) is the time delay between the
pulsar and the Binary-System Barycenter (BSB) and vanishes for an isolated source, d is
the distance between the SSB and the BSB. Inserting this timing relation in equation 5.1,

we find that the phase evolution in the detector frame, ¢(t) has the general form

p(tA) = p(T(t M), (5.5)

where A = {f®), 71, b}, defines the set of Doppler parameters.

Let us look at how to set up the Doppler parameters of the gravitational wave signal
template. We assume a triaxial ellipsoid neutron star emitting gravitational waves at
twice the spin frequency of the star, as shown in equation 3.23. So the spin parameters
of the continuous gravitational wave signal are,

fgw = 2frot (5~6)

fgw = Zfrot (5-7)
Spin frequency and its first derivative are the spin parameters that are observable in

most cases. But for some pulsars, higher-order derivatives of frequency are needed to
describe the pulse timing. In such cases, we can generalise,

fé]g{w =2X f;lcot (58)

We saw in section 4.4.2 that if the pulsar is moving with respect to Solar System
Barycenter (SSB), the transverse component of this velocity causes the apparent spin
period (P) to be larger than the intrinsic spin period (P;,;). For some pulsars we
targeted, there are observations of such proper motion across the sky. Since these
pulsars have been observed in radio/gamma-ray during a timespan that overlaps with
the gravitational wave observations, the apparent spin-down of these pulsars in both
electromagnetic and gravitational wave data will be the same. So we use the observed
spin-down value in Equation (5.7) for the search even if the pulsar has a measured
proper motion.

The sky location of the source is expressed in terms of right ascension (1) and
declination () of the pulsar at t,p,, as observed by the telescope. Then
n = (cosdcosw,cosdsina,sind). If the pulsar is in a binary orbit with another object,
then its orbital parameters - orbital period, time of ascending node, projected semi-
major axis, the eccentricity of the orbit and argument of periapsis — comprise b in
defining the template. In section 4.3, we saw that the timing solutions provide these
parameters.

5.1.3 Amplitude parameters

The amplitude hy, initial phase ¢, polarisation angle ¢ and the cosine of the angle
between our line-of-sight to the pulsar and its spin axis, cosi, together form the
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Amplitude parameters of the signal. These are usually unknown properties of the
source, which are maximised over in the F-statistic.

For recycled pulsars, which are very old pulsars (= 108 year), such as many in this
thesis, the orbital inclination angle is aligned with the angle 1. This is useful when there
are observed values for the orbital inclination angle, providing information on cos .
In section 5.5 we will see how we use this constraint on cos: to set more informative
upper limits on the signal strength.

5.2 DATA

This section describes the Advanced LIGO data in which the search is carried out. The
time-domain strain data x(#) from detector X of the two Advanced LIGO detectors is
converted into the frequency domain via Short-baseline Fourier Transforms (SFTs).

7 _ [T —i2mft
x(f) —/0 xx(t)e dt. (5.9)

The frequency resolution of the SFT is 6 f = 1/Tspr and the timebase Tsrr is chosen in
such a way that even with the Doppler modulation during this time the signal power is
maintained in one frequency bin. The SFTs used in the searches for isolated pulsars
have a timebase of 1800s, while those used for binary pulsars have a timebase of 60s.

At the time of writing, the first three observation runs, O1, O2 and O3, of Advanced
LIGO detectors are concluded, and the data from these runs are publicly available.
In principle, we would use data from all the observing runs of the Advanced LIGO
detectors because the signal is expected to be present in the data all the time. If
the timing solution of the pulsar overlaps with the timespan of the Advanced LIGO
observations, then we can coherently combine the data without worrying about changes
in the spin frequency of the pulsar. If a pulsar is known to have glitched during the
Advanced LIGO observation, we can no longer coherently combine all the data. We
need to split the observation time into pre-glitch and post-glitch times and search in
them with different signal templates. None of the pulsars encountered in this thesis
is known to have glitched within the Advanced LIGO observations. But for a subset
of pulsars, the timing solutions are not based on observations that completely bracket
the Advanced LIGO runs. These are recycled pulsars, objects that are considered stable
and non-glitching. Yet, purely based on the timing solutions, glitches cannot be ruled
out. So we performed three different searches — (i) in the coherent combination of O1
and O2 data (ii) in the O3 data, (iii) in the coherent combination of all the observation
runs, 01020s3.

The searches in this thesis were carried out at different points in time during 2018-
2022. Each search was done in the data from the Advanced LIGO observation runs
that were publicly available at that point in time. The data used for each pulsar will be
explicitly mentioned in the section dedicated to the pulsar in chapter 7, which presents
the results.
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We are searching for a signal that is buried in detector noise. Noise in the detector data
has to be understood and removed as much as possible to allow for a sensitive search.
First, loud detector glitches in Advanced LIGO detectors are removed in a process
called gating (Steltner et al., 2022). Data is ‘cleaned” to remove known lines. Lines
and combs are noise artefacts whose origins could be instrumental, environmental
or unknown. They are usually monochromatic, with combs repeating in multiples
of a starting frequency and lasting for long timespans in the data and hence are
particularly problematic for continuous gravitational wave searches because they mimic
a continuous gravitational wave signal by virtue of their monochromatic, persistent
nature. If a line coincides with the expected frequency of a continuous gravitational
wave signal from a pulsar, it becomes impossible to search for this signal in the data.

Advanced LIGO data with sensitive frequency range 20-2000 Hz, is first narrow-
banded to reduce the amount of data in the next steps to just the frequency range that
is relevant for the signal from the pulsar.

The noise power spectral densities (PSD) in this frequency range gives a first sense of
how disturbed the data is. The per-detector PSD is practically estimated by

N 2 = g2
Sx(f) = 7% (f)]

= .10
Terr (5.10)

and averaged over the number of SFTs from that detector. The Amplitude Spectral
Density (ASD) is the square root of the PSD. The per-detector ASD shows features
present in the frequency range around the signal frequency and helps decide which
data needs detailed noise analysis.

An advantage of knowing the signal evolution beforehand is that we know, at every
specific time of the data, precisely which frequency bins will be used in the computation
of the detection statistic. This allows for a meticulous choice of data to be used in the
search. If the noise in a detector at the continuous gravitational wave signal frequency
at a specific time is high, we exclude the SFT data from that time from the search. Such
a thorough data choice procedure was necessary (see section 77.2.1) for the search of
PSR J1653-0158 whose continuous gravitational wave signal frequency lay in the second
harmonic of the violin mode near the H1 and L1 detectors.

The search weighs the data according to the noise in it, so highly noisy data will be
down weighed in calculating the detection statistic. This process is most often sufficient
to ensure that noise does not contribute towards the search results. But when a pulsar is
near known instrumental artefacts like the 60 Hz power line (see section 7.7), additional
noise removal steps prior to the search are carried out. Also, when a pulsar with high
promise owing to its closeness to Earth, high spin frequency and the possibility to set
an hy upper limit that beats the spin-down upper limit presents itself in noisy data, it
makes more sense to carry out careful data choices.
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5.3 SINGLE TEMPLATE SEARCH

Before doing a single template search, the first question that arises is the possibility of
such a search. The data from radio/gamma-ray observations of a pulsar spans several
years. The resulting timing solutions report the pulsar parameters at a reference time
tepoch- tepocn fOr many pulsars in this thesis lay before the start time of the gravitational
wave data. An uncertainty in f*) at tepocn Tesults in a range of possible values for f (k=1)
at later times. For pulsars in this work, f = 0. So, we focus on the evolution of f-range
due to the uncertainty in observed f. If 6f is the uncertainty in f and At is the time
elapsed between the mid-point of LIGO observations and f,,., then, we check if the
range in f is resolvable by the search, i.e, if

SfAt < df, (5.11)

where df is the frequency resolution of the search. For the pulsars in this thesis,
the uncertainties in observed rotational f are between 10718 and 1072Hz/s. And,
the maximum time elapsed between £, and LIGO-O1 start time is 684 days. With
At = 684 days and §f = 1078, the maximum values of both quantities, the maximum
range in f is < 7 X 10711 Hz. The frequency resolution of the longest search is ~ 1077
Hz (as we will see in section 5.4.2). So we can do single-template searches for continuous
gravitational wave from these pulsars.

We use the matched-filter detection statistic - F-statistic (2F, Cutler and Schutz
(2005)) as our detection statistic. F-statistic is essentially the log of the maximum
likelihood ratio between two hypotheses. One hypothesis is that the data contains a
continuous wave signal parameterised by Doppler parameters, A. The second hypothesis
is that the data contains Gaussian noise. Details on the expressions for this detection
statistic can be found in chapter 6 in which the likelihood odds-ratio for these two
hypotheses is written down.

In Gaussian noise, the F-statistic has a x? distribution with a zero non-centrality
parameter and 4 degrees of freedom. This helps us quantify the significance of the 27
with respect to Gaussian noise. But in practice, the distribution of 2 in Gaussian noise
is not a perfect x? distribution. So we calculate the significance of 2F from a search in
terms of frequentist p-values based on search results in a parameter space which does
not contain the signal. The p-value associated with the realisation 27’ is defined as

p(2F") = /2: po(2F)d2F (5.12)

where py is the distribution of 2F when there is no signal, and we evaluate it on real
data in frequencies close to the target frequency. Such off-source data leads to a realistic
p-value for the search result as opposed to the perfect Gaussian noise expectations.
Results from an off-source search in real data can be used as a representative of the null
hypothesis (which here is the hypothesis that the on-source searched data contains no
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signal) as long as the noise in the off-source frequencies is similar to the noise present in
the on-source search. Thus the off-source search must not be carried out in a parameter
space region which has noise artefacts that are not present in the targeted search. For
a single-template search, it is possible to use the real data in a frequency bandwidth
that is large enough to build a reference distribution but is not so large that the nature
of noise varies from that which contributes to the actual search result. This is worth
mentioning because, in the next section, which discusses a band search, we will see
that to assign p-values to band search results, a reference distribution cannot be built
from search results in real data.

In chapter 7, where the results will be presented, three p-values will be reported

in figures that show the significance of targeted search results, like for example, 7.9.

These are denoted with ‘p_v’ (where v stands for value) and are p-values based on (i)
theoretical distribution of 2. (ii) 2F distribution from search in Gaussian noise (iii) 2F
distribution from search in real data.

5.4 BAND SEARCH

The single template search assumes that the gravitational wave frequency is locked
with the observed spin frequency. But this is a strong assumption, and there could be
mechanisms that produce a small difference between the gravitational wave frequency
and twice the spin frequency. It could be that the component of the star dominating the
gravitational wave emission (which, for instance, may be an asymmetry in the core of the
star) and the component emitting the electromagnetic radiation spin differently. There
could be a small difference between the spin axis and the symmetry axis of the star
leading to free precession. Acknowledging the current limitations in the understanding
of gravitational wave emission mechanisms and the geometry of electromagnetic
emission, we perform a search in a band of ( fgu, fgw) parameter space.

5.4.1 Bandwidth

We consider that the signal frequency can vary in the interval

few € [(2frot = 0), (2frot + 6)] (5.13)

where § parameterises a possible discrepancy between the true gravitational wave
parameters and those derived from electromagnetic observations. Such a relationship
holds if the component of the star emitting gravitational waves rotates separately from
the component emitting electromagnetic waves, and the two components are linked by
a torque which tries to enforce corotation between them on a timescale T;y,piing- Then,

S~ _Teoupling (5.14)

4
Tspin—down
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where,

7 (515)

Tspin—down ™

is the characteristic spin-down time of the pulsar, which is an indicator of the approxi-
mate age of the pulsar.

In the scenario that the gravitational wave is produced by the free precession of a
nearly biaxial star (Jones and Andersson, 2002),

o6~Q0 [Izzl_lxx] , (5.16)

where [, is the moment of inertia of the star along the principal axis aligned with the
rotation axis, and I is with respect to the principal axis in the equatorial plane of the
star.

Early narrowband searches like Abbott et al. (2008) used a § ~ O(107*). The rea-
soning was based on the characteristic age and glitch recovery periods of the Crab
pulsar. A corotation between the two components is expected to occur during the glitch
recovery period. This value of J also accounts for the scenario of free precession in the
following way in that § ~ 107 is on the high end of deformations sustainable by a
neutron star.

More recently, Abbott et al. (2022) chose a larger bandwidth with § = 2 x 1073, owing
to less computational limitation. Our search bandwidths are consistent with this and
amount to a total of

A fgw =4 x 1073 x 2fk,, (5.17)

for the gravitational wave signal spin parameters around the central value 2fX .. Al-
though the first estimate of 6 was based on the Crab pulsar, our pulsars are much older
than Crab. For our pulsars, a 6 spanning O(10~3) covers more spin parameter range
than recommended by equation 5.14. Hence, there is no risk of losing signal that isn’t
coupled with the electromagnetic emission.

Thus we want to probe a frequency range (Afgy) of 0.4% of fg, and likewise for
spin-down. For spin-down, this range is smaller than the search resolution for the
majority of the pulsars in this thesis, so we search one f;, template on each side of the
targeted f,. Table 5.1 shows the frequency bandwidths around the targeted frequency
probed for different pulsars.

5.4.2  Search resolution

Our template parameter space is discrete. As a result, it could be that none of the
templates exactly matches the true signal. This results in a mismatch, p, (Owen, 1996)
between a true signal and the template. It is impossible to entirely avoid a mismatch
between the true signal and the template because we cannot have an infinite number of
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Pulsar  foo (Hz) Afgw Hz)  fow (Hz/s)  Afew (Hz/s)
J1653-0158  1016.5 2.0 -13x107"®  38x107Y
Jo154+1833  845.8 3.38 ~1.1x107%  38x107"
Jo509+0856  493.1 1.97 —5.6x1071 38 x10°Y
Jo709+0458 58.1 0.23 —6.6x1071%  38x10°Y
Jo732+2314  489.0 1.96 ~75x1071% 38 x 107"
Jo824+0028  202.8 0.81 —3x10715  38x107"
J1411+2551 32.0 0.13 —68x1077 38x107V
J2204+2700  23.6 0.09 —56x1077  38x107V
J1526-2744  803.5 3.2 -12x107%  19x107Y
Jo418+6635  687.2 2.7 —32x107®  18x107Y
Jo744-2525 21.7 0.09 —22x10713 9 x 10716
J1139-6247 16.6 0.07 —56x1071%  22x1071
J1335-5656  617.7 2.5 —23x1071%  18x107"
J1649-3012  584.0 2.3 —23x107®  1.8x107Y
J2034+3632 547.9 2.2 —27x1071%  1.8x107Y
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Table 5.1: Signal frequency and bandwidth probed for pulsars. Note that for the first pulsar
PSR J1653-0158, the search probed a bandwidth with 6f = 1072 around the target
frequency. §f = 2 x 1073 was adopted afterwards.
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templates. The mismatch produces a reduction in the signal-to-noise ratio with respect
to what would have resulted from a perfectly matched search. If we indicate with 2.7,
the detection statistic in the case of a perfect match between the signal and template
and 2F;, the detection statistic in the presence of a mismatch between the signal and
the template, we measure the mismatch with

in the absence of Gaussian noise.

The search resolution is decided based on the mismatch that we can afford in the
search. Since a targeted search is not computationally intensive, we can demand a
mismatch as small as 1% for the search, as compared to the ~ 50% mean mismatch
in an all-sky search which is at the opposite end of computational expense. Once we
decide on the mismatch value, we compute the resolutions for ( fgu, fgw). For y < 1% it
was found (Owen, 1996; Dhurandhar and Sathyaprakash, 1994) that

n(As, Ar) = giiANAN, (5.19)

where A! indicate the signal parameters (and in our case, A= (fgw/fgw)) and AJ is
the distance between the signal and template parameters : AL = A — A, gij is the
metric in the parameter space, defined in (Owen, 1996). As has always been observed
in the comparison of metric mismatch with the true mismatch, the metric mismatch
is an overestimation of the mismatch. This effect has recently been illustrated and
explained by Allen (2019). So we do not directly use equation 5.19 to calculate the
resolutions because the resolutions predicted by the metric will be finer than necessary
for the desired mismatch. We do Monte Carlo studies starting with the grid resolutions
recommended by the metric and progressively decrease the resolution to arrive at the
grid resolutions that practically provide us with our desired mismatch. Since our band
searches are not computationally challenging, we can aim for a dense grid with a very
small mismatch of the order of ~ 1% mismatch. For a search in the timespan of 0102
coherent combination, this means a search grid with resolutions

dfgw = 2.55 x 10 °Hz, dfgw =19 x 1077 Hz/s. (5.20)

For an 010203 search, which has a longer timespan, this grid results in ~ 7% mismatch.
To obtain 1% mismatch in O10203 search, we use a grid

dfew =1.09 x 107°Hz, dfg =9.23 x 10 "®Hz/s. (5.21)

That is, to achieve a mismatch y, with a longer observation time, we need a finer grid
than would be necessary with a shorter observation time.
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5.4.3 Search

The full frequency bandwidth is split into smaller sub-bands of 10 mHz. The highest
(or loudest) detection statistic, 2}, in each sub-band is regarded as the result from that
sub-band. And the collection of these 2F; from all sub-bands is referred to as the ‘band
search results’. Thus, there are

N* = Af sw

~ 10mHz
results from a band search for a pulsar «.

The significance of these results are expressed in terms of p-values based on a
reference distribution of the loudest 2F from band searches in Gaussian noise. To
get the reference distribution, we carry out searches in 10 mHz bands ~ 7000 times,
each time in a different realisation of Gaussian times. In practice, this is achieved by
producing a number of Gaussian noise realisations for a pulsar and repeating the
band search procedure exactly as was done in real data for that pulsar and combining
the loudest 2F from all the fake Gaussian noise realisations for all the pulsars to
arrive at the reference distribution, po(2F;). Then the p-value of a band-search result
is calculated according to equation 5.12 with this po(2F;) as the reference distribution
of search results. We do not use real data to build the reference distribution in this
case because, with thousands of independent realisations of 10 mHz bandwidth, we
would be considering target frequencies several Hz away from the original pulsar
frequency where the noise is not necessarily representative of the noise contributing to
the original results. The Gaussian noise p-value is conservative in that we would not
accidentally discard a potential signal because it will overestimate the significance of a
result compared to the p-value evaluated based on real data. A reference distribution
based on search results in real data, p,e, (2F;), is more likely to have an abundance of
higher 2F; than a reference distribution based on search results in Gaussian noise. With
Preat (2F7) instead of po(2F;), equation 5.12 would lead to a higher p-value implying
lower significance for any 2.7;.

In works like Ashok et al. (2021) where a number of pulsars are targeted simultane-
ously, after analysing the band search results from individual pulsars and concluding
that they are consistent with the noise-only hypothesis, we have the chance to confirm
that the statistical combination of the band search results from all pulsars is consistent
with the noise-only hypothesis. Additionally, we can compare the most significant
result for each pulsar, the largest amongst the 2F; to make sure we understand the
reason for the relative significance of results with respect to one another. This cannot be
done directly because N* is different for different pulsars, and so the loudest among the
loudest 1omHz 2F; for each pulsar does not come from the same distribution. Simply
due to the trials factor, the larger the frequency bandwidth searched, the lower the
expected lowest p-value for that pulsar. To allow a direct comparison of these, we first
estimate the trials factor to be the number of independent 10 mHz sub-bands N* and

(5.22)
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then introduce the following measure of significance for the most significant result for
pulsar a

[ S o : o
st =N gﬁ}gﬂ{m % (5.23)
where p? is the p-value associated with the i" sub-band for pulsar a. s* < 1 implies
that we would have to repeat the band search for pulsar « in random noise & times
before we can expect a result as significant as the observed one. In this case, s* behaves
as a p-value. When s* > 1 it means that in a band search in random noise we expect
that in s* sub-band the loudest result will be at least as significant as the observed
result. For detection we need that s* << 1.

Section 7.10 presents the combined analysis for 7 recycled pulsars using the method
described above.

5.5 UPPER LIMITS

In the event of a non-detection, we set frequentist upper limits on the intrinsic gravita-
tional wave amplitude /g at the detector. As we saw before, a non-significant detection
statistic is the indicator of the non-detection of the signal. We ask - what signal strength
from the pulsar would have resulted in a detection statistic that is greater than what
was obtained in the search? We use a series of Monte Carlos, where we simulate signals
at a fixed amplitude in real data and measure the detection efficiency of our search.
The detection efficiency is the fraction of simulated signals recovered with a detection
statistic larger than the targeted search result. The simulated signals from a pulsar have
the Doppler parameters of the pulsar and amplitude parameters randomly drawn from
a uniform distribution as in Table 5.2. The frequencies of the fake signals are drawn
from a small range around the signal frequency to allow for different realisations of
noise to be used in each injection search. But this range must not be too large lest the
noise characteristics vary from what contributes to the actual search. As mentioned
before, when there is a measurement of the orbital inclination angle, we use it to
constrain the cos: of the signal.

The detection criterion is that the obtained value of the detection statistic is equal to
or greater than the one found in the real search. The higher the measured detection
statistic, the higher the gravitational wave amplitude needed for the simulated signal to
be detected. We repeat this for various values of hg. For each value of hy, the fraction of
detected signals is calculated to get the confidence C(h) for detecting a signal with hy,

Netected (hO)
C(hy) = —F——=. 2
( O> Ntotal(hO) (5 4)
We fit this (hg, C(hp)) with a sigmoid of the form
1
C(ho) = T iy (5.25)

1+ exp( b )
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Parameter Range
few 0.1 mHz around signal f
fgw 3.8 x 1077 Hz/s around signal f
P uniformly distributed with |¢| < /4
D uniformly distributed in [0, 277]
cos ¢ unrestricted case uniformly distributed in [—1, 1]

cos ¢ restricted case fixed at the value of the orbital inclination when available

Orbital Parameters same as expected signal

Table 5.2: Parameters of simulated signals in upper limit Monte Carlos.

and from it we read off the hy amplitude that corresponds to 95% confidence as our
upper limit value, hg°.

For the band search, we repeat the procedure above in each of the 1omHz sub-
bands and base the detection criterion on the 2F; in that sub-band. This produces
frequency-dependent upper limits 13 (f) in each sub-band, one per 1omHz band.

5.6 ENDING NOTE

This chapter described a templated search whose results are evaluated based on
frequentist p-values. The upper limits on hy are set via a frequentist injection-recovery
method. So overall, this method follows the frequentist approach to analysing the data
for the presence of continuous gravitational wave signals from a known pulsar. In the
next chapter, we will describe a method based on Bayesian inference to tackle this
search problem.
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METHOD II - A NEW BAYESIAN METHOD FOR TARGETED
SEARCHES FOR CONTINUOUS GRAVITATIONAL WAVES

But the real reason is because it is such good fun.
— Albert Michelson,
on why he wanted to do his last experiment on the velocity of light,
(Gale, 1931)

There are two broad philosophies of statistical inference from data. The frequentist
philosophy which was discussed in chapter 5 is based on the idea that the more times
an observation occurs in the data, the more the assigned confidence to the inference.
The second approach, called Bayesian inference, starts with an existing understanding
of the system and uses observed data to update it. A Bayesian pipeline for targeted
searches of continuous waves from known pulsars had been developed and used by
the LVK collaboration (Pitkin et al., 2017). In this chapter, we present a new pipeline
to do these searches. At its core, this method is based on the calculation of F-statistic
(Cutler and Schutz, 2005), stopping one step before it culminates as a detection statistic
on maximisation over the four amplitude parameters.

Section 6.1 describes the method starting at the basics of Bayesian inference and
goes through the details of signal detection in data to arrive at the likelihood function.
This section is the framework for the F-statistic as well, as was mentioned in the
previous chapter. Section 6.2 shows some tests carried out to validate the method and
the software that executes it. Section 6.3 closes this methods chapter by discussing the
practicalities of a targeted continuous wave signal using the new pipeline and re-stating
its relevance.

This chapter is a scientific paper under preparation and will be published as Ashok
et. al., 2023. The paper will also include details/developments in the method that we
worked on after this thesis was written.

6.1 METHOD

6.1.1  Bayesian Inference

We want to search for a continuous gravitational wave signal with parameters 6 in
gravitational wave detector data, D . That is, we want to test the hypothesis that D

contains the signal described by parameters 6 against the hypothesis that D is purely
noise. If P(0) is our prior knowledge about the probability distribution of 6, then D
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contains observations using which we can update this prior knowledge. The inference
consists in deriving the posterior probability distribution for the parameters 6, given
data D . This posterior is calculated according to the Bayes theorem

P(D|6)
P(D)

P(6|D) = P(6) (6.1)
where P(D|0) is the likelihood of observing the data with signal described by 6 and
P(D) is the probability of observing data D taking into account all possible hypotheses.

6.1.2  Likelihood function

We search for continuous gravitational wave from a known pulsar. This means the
Doppler parameters of the signal are known, and the amplitude parameters are un-
known. Our aim is to find the probability distribution of the amplitude parameters,
{ho, cos 1,1, o }of the continuous gravitational wave from a pulsar, given the observed
data. The first step is to find the likelihood function P(D|6).

In equations 3.30,3.31, 3.32 we saw the expressions for the continuous gravitational
waveform. Here we go into the details of detecting this waveform in the data. The
following is also the background for the F-statistic as was mentioned in section 5.3.

In the strain data from a gravitational wave detector, the signal has the form

h(t) = F—&-(“/‘S/ l[);t)h_,_(t) + Fx (“/ S, ¢}t)hx (t) (6.2)

The “+" and “x" indicate the two gravitational wave polarisations. F, («,6, ;t) and
F.(a,0,9;t) are the detector sensitivity pattern functions, which depend on the relative
orientation between the detector and the source, and hence on time ¢, on the position
(a,6) of the source, and on ¢, the polarisation angle. The waveforms h.(t) and h (t)
are

hi(t) = Ay cos ¢(t)

with
1 2
AL = Eho(l + cos” 1),
Ayx = hycost. (6.4)

The angle between the total angular momentum of the star and the line of sight is
0 <: < mand hy > 0 is the intrinsic gravitational wave amplitude. ¢(t) of Eq. 6.3 is the
phase of the gravitational wave signal at time . ¢(¢) depends upon the frequency of
the signal, foy, the sky-position of the source and the binary orbital parameters if the
source is part of a binary system, collectively called the phase-evolution parameters
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A. As shown in Jaranowski et al. (1998) the dependence of the signal on the intrin-
sic parameters {hg,cost, i, o} can be re-parametrised into a set of four amplitude
coordinates A¥ as

Al = AL cos g cos 2y — Ay singy sin 2,
A% = A, cos¢p sin2y + A, sin¢y cos2i,

6.
A3 = —A, singy cos2p — Ay cos g sin2yp, (65
At = —A4 singg sin2y + A, cos g cos2i,
and the signal in detector X can be written as
4
W (A L) =Y AR (£ A) (6.6)

p=1

where hff(t; A) only depend on the signal phase parameters and A" on the amplitude
parameters. Furthermore:

B (t) = a*(t) cos ¢ (1),
hX(t) = bX(t) cos ¢ (1),
HE(t) = aX (1) sinp* (8), (67)
hy (1) = b(t) sing™ (1),
in terms of the antenna-pattern functions a* (¢) and b*(#) and they can also be expressed

as complex basis functions
B (1) = i —inf = aX () e "0, 6.8)
hX(F) = hE — i = bX(£) e "0, '

The detection of the signal (6.6) in data x(t) boils down to calculating the ratio of the
likelihood of the signal hypothesis to the likelihood of the noise hypothesis. The signal
hypothesis that the data contains the signal and Gaussian noise n(t) is expressed as

x(t) = n(t) +h(t; A A), (6.9)

and has likelihood P (x|.A, A). The noise hypothesis says that the data contains only
Gaussian noise n(t) and has likelihood P (x|0). The likelihood ratio

' _ P (x]A,A)
L(x; A N) = D0 0) (6.10)
is found as (Jaranowski et al., 1998)
log £(x; A,A) = (x|h) — = (nlh)
21 (6.11)
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where the scalar product (Cutler and Schutz, 2005) is
NDet

T
(xly) =2y syt / X ()X (dt (6.12)
X 0

and
xu(A) = (x|hy)
M) = (i) .

Sx is the noise floor in detector X. We define the overall noise floor S such that

1
S 1= Sl 6.1
A&kt%; X ( 4)

(6.13)

(6.11) is our likelihood function in the conceptually most basic form. Let’s dwell on
how it is practically computed.

The time series from detector X is converted into Short-Fourier-Transforms (SFTs) of
length Tgpr. Let & denote an SFT. We assume that the noise is stationary over the Tsgr
and is given as Sx, (f). Now, we can compute all quantities per SFT. The scalar product,
in equation (6.12) becomes,

X
Npet N&pr

() =2 Y0 3 5200 [ Bl dn, ©615)
X=1 a=1

where xx, (t) = xx(txy +t) if tx, is the start-time of the SFT Xr, and N&;; is the number
of SFTs from detector X. Henceforth we will use the notation,

X
Npet N3pr

; = Z Z . (6.16)

X=1a=1

We normalise the Sy (f) in the scalar product in terms of noise weights, wx, according
to,

Sfl
ww(f) = 22 617)
Then, the scalar product becomes,
1 Tsrr
() 2287 Do [ xa(B)yma(t)dt, (618)
X

so that we are left with a noise-weighted sum over SFTs.

Lastly, delving one step deep into the implementation of these computations in the
search codes, it is a matter of numerical convenience if we further normalise the Fourier
transformed data, Xx,(f) as

falf) = ——2U) (6.19)
3 TorrSx(f)
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so that yx, (f) ~ O(1).

Now, let’s take the two terms on the right-hand side of (6.11) separately and see how
they are computed.

The first term on the right-hand side of (6.11) is A"x,,. Here, A" = A1 A2A3A* as
written in equation (6.5). Let’s focus on x,. x;, as given in equation (6.13), can be

written as _
x, = (x|hy) = x1 —ix3

. (6.20)
xp = (x|hy) = x2 —ixy
in terms of the complex basis of equation (6.8). From equation 6.19,
~ ~ 1
X (f) = Vxa(f) ETSFTSXa(f) (6.21)

and using the definition of noise weights in equation 6.17, Xx,(f) is

1
B () = 7 ()] 228 (6.2

Then, in terms of yx,(t) and {h,,h;} from expression (6.8), equation (6.20)

T .
Xq = /28 1Tspr Z\/wm/ o Yxa (1) ax (1) e~ i) gy
Xo 0
T .
Xp =/ 2371TSFT Z\/an/ o yXAc(t) bXtX(t) g_Z‘Psz(t) dt
Xu 0

(6.23)

using the expression of scalar product in equation (6.18). Here, the noise weights
/Wx, can be completely absorbed into {ax,(t),bx.(t)} to define the noise-weighted
antenna-pattern functions,

N<

x(t) = Vwxax(t),

I;Xk(t) = \/W)gxbxlx(t). (624)
With,
¥ =S ' Tepr (6.25)
and
T, ‘
Fo = / () g (£) e e gy, (6.26)
0
T . .
X E/ " Y (8) b (£) e 2B (6.27)
0

from equation (6.23),

(6.28)
= /2y FX.
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Fiap) over all SFTs from all detectors is computed as
Flapy = %Ff{;fb} - (6.29)

Using equation (6.20) and equation (6.28),

1

F, = = (X1 —iX3
= = ix) 6
1 ‘ (6.30)
F, = m(xz —ixyg)
So, x, are
x1 = /2y FF
Xy = /27 E}
(6.31)

X3 = —\/2YF°

xy = —/27E.
where R denotes the real part of the complex F(,p, and 3 denotes the imaginary part.
Thus, the first term on the right-hand side of (6.11),

Abxy, = 25 A'ER + A2FF — AF — AR (6.32)

Let’s focus on the second term in (6.11), —%A"MWAV. As expressed in equation

(6.13),
My = (hylhy) . (6.33)

h, and h; contain antenna pattern functions {a(t),b(t)} and oscillatory functions of
signal phase, {sin¢(t), cos ¢(t)}. The antenna patterns are slowly varying with Earth’s
daily rotation, and the phase functions oscillate at short timescales Jlf & Tgpr. Using
these properties and the definition of scalar product, M, is approximated as

A C 0 O

C B 0 O
My, =7 6.34)
v 0 0 A C (6.34

0 0 C B

where,
A= (|a*)

B = (|b|*) (635)
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In the practical implementation, in terms of the noise-weighted antenna pattern func-
tions of equation (6.24), we have

0
Il

Y- (%)
X
B=) (b%) 6.36)

X
C=) R(a5%bx)

Xu
giving
AC 0 0
C B 0o o0
My, =% o (6.37)
m 00 A C 3
0 0 C B

Adding equation (6.32) and —%AP‘MWAV with M, as written in equation (6.37),
the full-likelihood function, (6.11), is implemented in the form

log £ = \/2Y[A'F! + AR} — A°F} — A*R}]—
F A [(AD2 4 (A2] + B [(A422+ (447 (6.38)
+2C [ALA2 + A |

In equation (6.1), we now have, P(D|0).
Additionally, note that, to arrive to the F statistic, we analytically maximise the
likelihood-ratio in equation 6.11 with respect to the four amplitudes A, by

F(x ) = mjxlog L(x; A N) = %xy./\/l’“’x,,, (6.39)

where MM = {M™1} ie. My M =6y,

6.1.3 Priors

We look at the component P(6) in equation 6.1. Our prior knowledge of amplitude
parameters is non-informative in the general case. For cos 1, the prior probability density
is in general uniform over [—1,1], the full range of values that the quantity can have.
Similarly for ¢y, the prior is uniform over [0,27], and for ¢, uniform over [—7/4, 7t /4].
The question of hg prior is less straightforward. One thing we know is that the spindown
upper limit (h%) of the pulsar, the strength of the continuous gravitational wave signal
if all the rotational kinetic energy lost by the pulsar was converted into gravitational
waves, should be included in the prior range. Defining the hg prior range as [f1ow, fhigh],
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we have hy,,, < 3. (Dupuis and Woan, 2005) spends some thought on the question
of hy priors. They ponder if a prior for g that falls sharply at strain levels above hgd is
a good choice. They concluded that at that stage of gravitational wave astronomy (as
of 2005, when no signal was yet detected), it is better to interpret observational data
independent of spin-down arguments. This line of thought is still valid in the era when
continuous gravitational waves have not yet been detected. This calls for a uniform
prior in the range [Mow, fhigh], One that does not fall above h(s)d. A uniform prior favours
larger values of hy (the prior probability for 0.1 to 1 is 10 times less than for 1 to 10)
and can lead to conservative upper limits on the signal strengths.

We used a lipigh = 107* in the first (and only so far) application of this pipeline
for a known-pulsar search, whose results are presented in section 7.11.1. This hpig, is
several orders of magnitude larger than the % of the pulsar and is justified based on
the frequentist upper limit for the pulsar at 1.25 x 10~2.

(Isi et al., 2017) found that a log-uniform hy prior is a better choice when we are
ignorant of the scale of the signal amplitude in the absence of a strong signal. In the
scenario of a strong signal, the prior distribution on hy should not matter since the
likelihood function will be strongly peaked and will dominate the posterior. In the
absence of such a strong signal, the choice of priors will matter. In our pipeline, we do
two sets of inference, one with a uniform prior in the range [hoy, 10*24] (the value of
hpigh is not fixed rigorously and can be chosen on a per-pulsar basis), and one with a
log-uniform prior in this range. Furthermore, we will always do the Bayesian search in
combination with the frequentist method of chapter 5, which makes no assumptions
on the hg values of the signal. Ultimately, the inference from the two methods should
agree with each other. This reduces the possibility of making a wrong inference of
the data compared to when the inference is made using a single method. Sometimes
observations of pulsars are able to constrain the inclination angle of the pulsar. For
example, for some binary millisecond pulsars, their inclination angle is aligned with
the orbital inclination angle. This helps to constrain the priors used for cos ..

6.1.4 Software Implementation

The aim of the Bayesian inference described so far is to derive posterior probability
distribution for the amplitude parameters of a continuous gravitational wave from a
known pulsar. In practice, this is achieved by a combination of software like LALSuite
(LIGO Scientific Collaboration, 2018), pyCW (pyC), BILBY (Ashton et al., 2019) and
samplers.

The computation of log-likelihood in (6.38) is done in an XLAL function. An XLAL
function is a module in LALSuite, which is a collection of C-codes to carry out the
analysis of gravitational wave data.

pyCW, a new python-based interface to the XLAL C-codes, sets up the data, the
parameter space for the signal to be searched. The pyCW-XLAL interface is provided
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by SWIGLAL (Wette, 2020). SWIGLAL provides python understandable wrappers
around the C functions and objects in LALSuite using SWIG (Beazley, 1996). The XLAL
likelihood function is called using the SWIG wrapper.

The next step is the computation of equation (6.38) at samples in the prior parameter
space. We use BILBY to do this. BILBY is a recent python-based Bayesian Inference
library for Gravitational-wave Astronomy. BILBY’s class core.samplers links the likeli-
hood function that needs to be computed at points in the parameter space, with the
preferred variant of a sampler. A sampler is a software tool that moves through the
parameter space to evaluate a function at different points. A number of algorithms
exist to achieve this sampling, differing mainly in the scheme using which the sampler
decides, after each evaluation, the consecutive point in the parameter space at which it
will evaluate the function.

6.1.5 Inferences

In the presence of a signal, the posterior distribution of signal parameters will peak
near the true signal parameters. In the absence of a detectable signal, the posterior
distribution of /iy will peak at the lower end of the prior range, indicating that the data
is consistent with just noise. In such a scenario of non-detection we set upper limits
to the hy by integrating the posterior iy curve upto the value of hy such that 95% of
the curve lies to the left of the h. This is the h{°, the upper limit on the strength of the
signal that we can quote with 95% credibility.

6.2 TESTS
6.2.1  Recovery of fake signals

The first test demonstrates that the method recovers fake continuous gravitational wave
signals with posterior distributions of parameters consistent with their known true
values. We test first in the absence of noise to avoid any extra effects that the presence
of noise would cause. We simulate data spanning 1 day containing a fake continuous
gravitational wave signal from an isolated source. A typical targeted continuous wave
search will analyse years of gravitational wave data, but for the purpose of testing
software, data spanning a day is sufficient and has the benefit that the codes converge
fast. The fake signal has strength o of ~ 3 x 1072 and an assumed noise floor of
1 x 1072*y/Hz, to scale the results. The Doppler parameters of the search (the prior
range in these parameters) are fixed as they would be in a targeted search. The priors
on the angular amplitude parameters are as mentioned in the previous section. For hy
the prior range is uniform in [1 x 1072°,~ 6 x 10~24]. The nested sampler DYNESTY
(Speagle, 2020), with controls nlive = 500 and dlogz = 0.1 is used. Figure 6.1 shows the
posterior distributions of the amplitude parameters recovered by our pipeline; the true
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amplitude parameters of the injected signal have been recovered with high posterior

probability density.
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Figure 6.1: Recovery of a high SNR fake signal using the pipeline.

6.2.2 PP Plots

Another question to ask is if the credible intervals in the posterior distribution behave
like the frequentist confidence intervals. To do this, we set up a fake signal-recovery
Monte Carlo with a large number of injections whose amplitude parameters are drawn
randomly from their prior interval, as would be done in an actual search. We set i to be
drawn from a log-uniform distribution in the prior [1072?,10~%]. This lands us in the
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signal strength regime that is realistically expected in a continuous wave search. We use
real data from O1, O2 and O3 from detectors H1 and L1 in the test. We search for each
of these injected signals using our method. Ideally, x% of the total number of injections
should be recovered in a credible interval C.I = x. Figure 6.2 shows that this is indeed
the case for the four amplitude parameters. The shaded regions show the 1-, 2-, and
3—0 confidence intervals in decreasing opacity. A Kolmogorov-Smirnov (KS) p-value is
calculated for every parameter individually. A KS p-value quantifies the probability
that the observed samples are drawn from a reference probability distribution. In this
case, the samples are the fraction of events as a function of C.I, and the reference
distribution is a uniform distribution in [0,1]. A combined p-value for all the parameter,
representing the probability that the ensemble of individual-parameter p-values is
drawn from a uniform distribution, is also computed.

N=500, p-value=0.3071
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Figure 6.2: PP plot for weak signal regime with ho priors in [1072%,107%7]

6.3 DISCUSSION

This chapter presented a new Bayesian method for searches for continuous gravitational
waves from known pulsars. The method combines well-established machinery like
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the F-statistic, LALSuite, Bilby, and sampling techniques to search for continuous
gravitational waves from known pulsars. Tests based on the recovery of simulated
signals have shown the pipeline to work.

In a real known pulsar search, we also include Doppler parameters in the search with
the prior ranges for these parameters defined by the uncertainties in their observed
values in the pulsar timing solution. As mentioned in the discussion on priors, we do
two searches using different distributions of the hy prior range. We used the pipeline
for the first time in the search for continuous gravitational waves from PSR J1526-2744.
The results from this search were consistent with the noise-only hypothesis and are
presented in section 7.11.1.

New pulsars are being discovered at a rate faster than ever before. Thanks to the
ability to achieve maximum possible sensitivity by a coherent combination of Advanced
LIGO data, targeted searches such as Ashok et al. (2021) probe astrophysically inter-
esting regimes of ellipticity for neutron stars, setting ellipticity constraints at the level
of the minimum expected neutron star ellipticities proposed by Woan et al. (2018).
Targeted searches thus form a very important class of continuous gravitational wave
searches. Yet, there is only one method that tackles this problem from a Bayesian point
of view. This method (Pitkin et al., 2017), variously called the Time Domain Method,
or the Heterodyne method, has been successfully used for targeted searches since Ab-
bott et al. (2004). Pitkin et al. (2017)’s lalpulsar_knope and its modern implementation
CWInPy operate in the time-domain exploiting the knowledge of the signal model to
reduce the amount of the data to be analysed via heterodyning, low-pass filtering and
down-sampling. Our method works in the frequency domain. It requires data from
only a limited bandwidth of frequency based on the evolution of the signal frequency
and the uncertainties in the observed Doppler parameters. More tests comparing the
two pipelines in terms of performance are underway and form a part of the work in
progress in this project. In any case, the motivation is not to have a better pipeline
than the existing one but to have a distinct one when it is possible to design one using
a combination of existing, well-tested software. In the era where gravitational wave
astronomy is a reality, and the detection of continuous gravitational waves is much
anticipated, it makes sense to have multiple pipelines attacking the search problem. A
claim of detection can either be confirmed with better confidence or refuted with the
help of multiple, well-tested search methods. In the event of non-detection, it is always
a good idea to look at the data in different ways, and multiple methods let us do that.
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In some strange way, any new fact or insight that I may have found has not seemed
to me as a “discovery” of mine, but rather something that had always been there and
that I had chanced to pick up.
— Subrahmanyan Chandrasekhar,
Truth and Beauty: Aesthetics and Motivations in Science
Preface, ix.

7.1 INTRODUCTION

The methods described in chapter 5 and 6 were used in the search for continuous
gravitational wave signals from several newly discovered pulsars. This chapter presents
the results from these searches. Some of these pulsars were first targeted for continuous
wave emission in this work.

PSR J1653-0158 is a binary gamma-ray millisecond pulsar discovered in the Fermi-
LAT data. Its discovery and our continuous gravitational wave search are reported in
Nieder et al. (2020). At the time of the search, data from the O1 and O2 observation
runs of the Advanced LIGO detectors were publicly available. The gravitational wave
target frequency at ~ 1016.4 Hz lies in a disturbed region of the data, close to the
second harmonic of the mirror suspension violin modes. For the F-statistic search, we
exclude data taken during times when the relevant frequency regions are excessively
noisy; for instance, we do not use data from the Livingston detector (L1) in the first
observation run. In the end, this yields 50.6% of the Hanford detector (Hz1) data and
20.4% of the L1 data. The search results and analysis are presented in Section 7.2.

Next, we targeted seven recycled pulsars discovered and timed in the radio wave-
length with the ARECIBO telescope as part of the AO327 survey, reported in Martinez
et al. (2019) and Martinez et al. (2017). Recycled pulsars have a history of binary in-
teraction, and are believed to be spun up to high frequencies due to the accretion of
mass and angular momentum from a companion star. This increases the probability
that they have a high non-axisymmetry in their mass distribution. Their high rotational
frequency from the recycling is an added benefit, because the continuous gravitational
wave signal amplitude is proportional to the square of the frequency. Thus, recycled
pulsars are particularly interesting targets for continuous gravitational wave searches.
Our targets in this section are all in binary systems, except one. At the time of the
search, data from Advanced LIGO O1,02 and first six months of O3 (called O3a) were
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publicly available. Figure 7.1 shows that the ARECIBO data from which the timing
solutions are derived do not entirely overlap the LIGO observation timespan for all
pulsars. Even though recycled pulsars are old and stable, based on the timing solutions
alone, we cannot exclude the possibility of pulsar glitches or other irregularities. So we
perform three different searches by

1) coherently combining data from O1 and O2

2) in only O3a

3) coherently combining data from O1, O2 and O3a.

|
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Figure 7.1: Time intervals of radio observation and gravitational wave observation for the
pulsars in Section 7.3 to 7.9

The results for these pulsars have been published in Ashok et al. (2021) and are
presented here in Sections 7.3 to 7.9. The search results and upper limits in each data
set are presented as sub-sections.

J1526-2744 is a binary pulsar discovered by the Transients and Pulsars with MeerKAT
(TRAPUM) collaboration in a MeerKAT follow-up of unidentified gamma-ray sources
in Fermi-LAT data. The timing solution was derived from 13-years of Fermi-LAT data,
covering the Advanced LIGO observation runs. Based on this we carried out searches
for continuous gravitational wave signals. The discovery of the pulsar and our search
are reported in Clark et al. (2023). We use Advanced LIGO data from the O1-O2-O3 runs,
i.e all of the gravitational wave data available at the time of the search. The continuous
gravitational wave signal frequency for the pulsar, near 803.5 Hz, is a non-contaminated
frequency range, and data from all times were included in the search. The results and
detailed analysis are presented in Section 7.11. For this pulsar, we carried out our first
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Bayesian search using the pipeline described in chapter 6. The results from this analysis
are also presented.

The continuous gravitational wave search for a set of pulsars newly discovered in
the Fermi-LAT data but yet unpublished are presented in Sections 7.14 to 7.12. These
searches were carried out using preliminary timing solutions provided by Colin Clark
et.al. So these results are regarded as preliminary.

7.2 PSR J1653-0158

7.2.1  Data Choices
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Figure 7.2: Time averaged ASD of the detectors in 1Hz around 1016.4 Hz, the signal frequency
of J1653-0158 in O1 data.

PSR J1653-0158 has a continuous gravitational wave signal frequency of 1016.4Hz,
which is highly contaminated due to the resonance in the silicon wires that hang the
test mass in both the Advanced LIGO detectors. Data from this frequency range is
usually discarded in scientific analysis. But here, we are presented with a source with
its signal frequency in this range! And so, we roll up our sleeves and try to hand-pick
data which can be used in this search. As a first step, figures 7.2 and 7.3 show the
disturbances as peaks in the Amplitude Spectral Density (ASD) of the detectors near
the signal frequency in O1 and Oz data, respectively. In O1 data, the H1 detector is
much quieter than the L1 detector at the signal frequency, and hence we chose only
data from the H1 detector for the next step. In Oz, we use data from both detectors in
the next step of noise analysis.

Next, we ask — is the noise present at all times during the observation or are there
times when the detector is quiet in the frequency range? This can be answered by
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Figure 7.3: Time averaged ASD of the detectors in 1Hz around 1016.4 Hz, the signal frequency
of J1653-0158 in O2 data.
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Figure 7.4: Time-frequency maps (time along x-axis and frequency along y-axis) of the noise
near the signal frequency of J1653 in (i) H1 during O1 in top left, (ii) H1 during O2
in the top right and (iii) L1 during Oz in the bottom panel. The disturbances are not
present in the same frequency bins at all times.

the heatmaps in figure 7.4. They indicate that the violin mode powers are not always
present in the same frequencies at all times.
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signal frequency bin during the times of the observation (ii) middle stretch of
Oz2 highlighted in red (iii) distribution of noise power in the middle stretch after
removing fluctuations (iv) final stretch of O2 data (without fluctuations) on which
running mean is computed.

Now we are hopeful and wonder if there are times when the noise due to violin
mode is not egregiously high in the frequency bin that the signal from our pulsar
would occupy at that given time. We can check this with the knowledge of the signal
waveform we are looking for. We can calculate the evolution of the signal frequency at
each time. So in the next stage, we calculate the detector noise in each data set in the
signal frequency bin at each time. We carried out this stage in the following general
steps:

1. we determine the expected frequency of the signal during the observation with a
resolution of 60s
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Figure 7.6: Data choices for L1 data in Oz run for the search for J1653. The running mean is in
green, and the threshold is in cyan.

2. we calculate the mean ASD of power in three frequency bins centred at the
frequency bin of signal at that time

3. we determine a threshold on the ASD value

a) we compute the running mean of this quantity over a window of 1000 times-
tamps, taking care not to include timestamps when there are obvious high
disturbances in the computation. In these extreme cases, the running mean
from the end of the preceding non-disturbed time is simply extrapolated to
the disturbed times.

b) compute the running standard deviation

threshold = mean + 4.5 x standard deviation. (7.1)

4. we discard data at which the noise goes above this threshold ASD value

As an example demonstrating the details of this analysis, consider the data from L1
detector in Oz2. The mean of ASD in three frequency bins centred at the frequency bin
of signal at each timestamp in Oz data is given in the first panel of figure 7.5. For the
analysis, the Oz data can be split into three parts divided by the gaps in the data. Let’s
call these the initial timespan, the middle timespan and the end timespan.
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During the initial times of the observation, a large disturbance is seen. The running
mean was not computed for these initial times. Rather, the value was set to be equal to
that at the first timestamp of the stretch following the disturbance, at=1173119631 GPS
sec.

In the remaining two stretches, the running mean was calculated by excluding the
occasional high fluctuations in ASD. For times when there are fluctuations, the ASD
value is first forced to be the mean value of the bulk of the distribution. Then, the
running mean is calculated. This way, the threshold of allowable noise is based on the
characteristics of the bulk of the data. Eventually, the fluctuations will be discarded on
account of being above the threshold.

For the middle stretch, as highlighted in the second panel of 7.5, the fluctuations are
suppressed by forcing the ASD value to be the mean for the undisturbed data. One can
visually see that the fluctuations in ASD are greater than 3.5 x 10722Hz~1/2. So for any
timestamp when the ASD is greater than 3.5 x 1072Hz~!/2, the ASD value is set to
1.5 x 10722 Hz1/2, also learnt from the plot. After this step, the distribution of ASD in
this stretch is seen in the third panel of figure 7.5.

For the end stretch, there are two parts — one 1180975619 GPS sec to 1185306020 GPS
sec where the running statistics are computed. Then the second part, highlighted in red
in the panel (iv) of 7.5, where fluctuations are suppressed. For any timestamp with ASD
greater than 6e-23, the value was set as the running mean value for the last timestamp
of the previous stretch. This is done because this stretch of data has a varying noise
floor, unlike the middle stretch. So it is not possible to arrive at a mean value of the
bulk.

The running standard deviation was also computed following the same treatment
as for the running mean, described above. The threshold was calculated according to
equation 7.1 for the timespan of O2 data as shown in cyan in 7.6. The example of O2-L1
data was chosen to demonstrate our analysis of noise in the data because it was the
worst of the different data sets for J1653. The data for the other detector and the other
observation runs were chosen following a similar but not exact line of argument. Note
that this is not a recipe for data choice. Every set of data is different, especially in the
presence of noise artefacts. It needs to be looked at critically, and a different approach
to data choice might be necessary based on what the noise presents to us.

7.2.2  The search

The single template search yields a 2F value of 5.7, corresponding to a p-value of
27% , consistent with a null result calculated according to the method described in
section 5.3. We search in a ~ 2 Hz band around twice the rotation frequency, a factor
of 1073 of the gravitational wave frequency, as in Abbott et al. (2019). The spin-down
range is 2f € (—1.260, —1.2216) x 10~15Hz/s. In this two dimensional parameter space
we use 2.4 x 10° templates with an average mismatch of 1%. We examine the results
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Figure 7.7: Band search results for J1653-0158. Normalised Histogram of the loudest 2F in
o.1mHz slice, obtained from a search in real data and search in Gaussian noise, in
semi-log scale.

in o.1mHz wide bands, by comparing them against results from searching in pure
Gaussian noise. Knowing how the search results should look like in pure noise, we can
infer the significance of the search results from real data.
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Figure 7.8: 95% confidence upper limits on the gravitational wave amplitude in a 2 Hz band
around twice the rotation frequency of PSR J1653-0158 . The x-axis shows the start
frequency of the sub-bands and the bars indicate a conservative estimate of the
uncertainty on the upper limit values. The “spike" does not indicate a detection: it is
due to disturbance in L1 around ~ 1016.32 Hz.

The 2Hz bandwidth was split into sub-bands of 0.1mHz bandwidth. The search was
carried out in the resulting 20,000 sub-bands. A probability distribution of the loudest
2F in the 20,000 sub-bands is computed. The distribution of top 2F values in both
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real data and Gaussian data show very similar behaviour (Figure 7.7), indicating that
the search results are consistent with those expected from Gaussian noise. We then
superimpose the analytical form of the probability density function for the highest 27
values, given by

eff 1
ploudest <2]:|n€ff> - neff%glz )pX42' (7.2)

where p, > denotes the probability density of a central x? distribution with 4 degrees
of freedom. This is the distribution of 2 in the absence of any signal and assuming
Gaussian Noise. F, > is its cumulative distribution given by

2F
Fa=[ pe@F)der) 73

and n°/f is the effective number of templates. n°// is usually lesser than the actual
number of templates because all templates are not independent. This basically stems
from the fact that the templates are very close to each other. To find n%/f, we curve
tit the expected distribution over the actual distribution of top 2F values with the
analytical form of the probability density function given above. This fitted curve gives
us an effective number of templates. We see in figure 7.7 that the normalised probability
density function for this effective number of templates superimposes well with the
2F obtained. This shows that there is nothing out of ordinary about the results, and
they are consistent with the results expected from Gaussian noise. Figure 7.7 has the
y-axis in a logarithmic scale, in order to see clearly, what happens near the tail of the
distribution.

In the description above of analysis of band search results, we used sub-bands of
bandwidth o.1mHz. Note that in the final published results, we adopted sub-bands of
bandwidth 1omHz and carried out a similar procedure using the loudest candidates
from 1omHz bands. This choice was adopted because in the next step, the upper limits
in the band are set based on the loudest candidates in sub-bands. With the former
choice, we end up with 20,000 sub-bands and the upper limit Monte Carlos become
computationally expensive. So we use the larger 1omHz bands for the upper limits.

The 95% confidence upper limit on the intrinsic gravitational wave amplitude, 1J>"
is 4.4 x 1072, with an uncertainty < 20% including calibration uncertainties. These
hg>” are comparable to the upper limits on other known pulsars at similar frequencies
from Abbott et al. (2019). We also set upper limits in each sub-band. The values are
plotted in Figure 7.8. The mean value is 1.3 x 1072 and it is higher than the targeted
search upper limit, as expected due to the larger volume of searched wave shapes.

7

7.3 PSR JO154+1833

PSR Jo154+1833 is an isolated millisecond pulsar with a gravitational wave frequency
of 845 Hz making it the fastest pulsar in the ARECIBO set. At 860 pc Martinez et al.
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(2019), it is also the closest among all the pulsars in this thesis. Its high frequency,
combined with its small distance, made it the pulsar for which the most constraining
ellipticity was found among the pulsars in this thesis. We will discuss this further in
the Conclusions.

7.3.1  Search In O102

The targeted search returned a 27=0.65 and has a p-value of 0.9 calculated with respect
to off-source data as shown in top panel of figure 7.9. In such figures, the distribution
of 2F from the band search as well as the p-value of the targeted search, are shown.
The results from searching in real data (red distribution) are compared against results
from searching in pure Gaussian noise (blue distribution). The green curve is the
equivalent expected distribution of 2 in Gaussian noise. We had seen in chapter 5
that 2F showed deviations from the x? distribution with 4 degrees of freedom and
non-centrality parameter of 0. So we find the best-fitting non-centrality parameter
(called nc in the plots) to the distribution of 2F in Gaussian noise and calculate the
p-values of the targeted search with respect to this pseudo-theoretical distribution of
2F as well. The p-values are denoted by "p_v’ in these plots.

A search region of 3.4Hz around the targeted template frequency was probed and
the the distribution of 2F in this range is in Figure 7.9. We find that the distribution of
2F in real data is consistent with that from Gaussian noise.

The 95% upper limit based on a null detection in the targeted search is 2.7e-26. This
hg® is a factor of 30 larger than the spin-down upper limit. The kg vs detection efficiency
and the sigmoid fit is shown in figure 7.10. The upper limits in 1omhz sub-bands are in
Figure 7.11.

7.3.2  Search In only O3a

In O3a data, the targeted search returned a 2/=4.9 and has a p-value of 0.3 calculated
with respect to off-source data. Figure 7.12 shows the distribution of 2F in this off-
source band search and the p-value of the targeted search result.

A band search in 3.4 Hz around the targeted template frequency in O3a yielded
results that are consistent with expectations from Gaussian noise as seen in figure 7.12.
The p-values of the loudest result in each sub-band is shown in figure 7.13.

The 95% upper limit based on a null detection in the targeted search is 1.9e-26.
This h° is a factor of 21.2 larger than the spin-down upper limit. The /g vs detection
efficiency and the sigmoid fit is shown in figure 7.14. The upper limits in 1omhz
sub-bands are in Figure 7.11.
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Figure 7.9: Distribution of 2F in a 3.4 Hz region around the signal frequency of Jo154+1833 in
0102 data. The dashed-grey line shows the 2F value returned in the targeted search.
The p-values of this 2F result calculated with respect to different distributions are
denoted by "p_v’ in these plots. The different distributions are (i) a central x?
distribution of 4 degrees of freedom which is the theoretical distribution of 2F in
Gaussian noise, plotted in green (ii) search results from simulated Gaussian noise as
a blue histogram (iii) search results from off-source real data as a red histogram (iv)
the best fitting x? distribution for the results from Gaussian noise, 'nc’ stands for
the non-centrality parameter.

7.3.3 Search In O10203a

In all 0102034, the targeted search returned a 2F5=4.0 and has a p-value of 0.41
calculated with respect to off-source data as shown in figure 7.15.

A search region of 3.4Hz around the targeted template frequency was probed. Figure
7.15 shows the distribution of 2F in this range compared with search results from
Gaussian noise.

The distribution of this loudest 2F from search in real data is found to be consistent
with expectations in Gaussian noise in figure 7.15. The significance of the band search
results in real data is expressed in terms of their p-values with respect to a reference
distribution of such results in Gaussian noise. The p-values of the loudest result in each
sub-band is shown in figure 7.16.
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Figure 7.11: O102 data hg upper limits in 10 mHz frequency subband searched, based on the
most significant result in that 10 mHz subband.

The 95% upper limit based on a null detection in the targeted search is 1.5e-26. This
95% UL is a factor of 17 larger than the spin-down upper limit. The hy vs detection
efficiency and the sigmoid fit is shown in figure 7.17.
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Figure 7.14: Upper limit sigmoid fit for Jo154+1833 for O3 data
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Figure 7.15: Distribution of 2F in a 3.4Hz region around the signal frequency of Jo154+1833 in
010203 data

7.4 PSR J0824+0028

PSR Jo824+0028 was targeted using parameters derived from a timing solution valid
over all of the Advanced LIGO observation as seen in Figure 7.1. With a gravitational
wave frequency of 203Hz, this pulsar lies in the most sensitive frequency region
of Advanced LIGO detectors. Such pulsars are valuable candidates for continuous
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Figure 7.17: Upper limit sigmoid fit for Jo154+1833 in 010203 data

gravitational wave searches. Thanks to the sensitivity of data at this frequency, PSR
Jo824+0028 is the pulsar for which we came closest to the spin-down upper limit, with a
factor of 5.8 above the 1. It is a binary pulsar with an eccentricity of orbit that was
found to be non-negligible in terms of mismatch induced in the signal recovery, and
hence was part of the searched parameter space. . Measurements of orbital inclination
angle were available for this pulsar. So upper limits based on a restricted range in

95
hO

allowed cos are also calculated for this pulsar.
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7.4.1  Search In O102

The targeted search returned a 27=2.4 and has a p-value of 0.4 calculated with respect
to off-source data as shown in figure 7.18.

082440028
-=-- TargetedSearch =2.41
Theoretical x?, p_v=0.6934
B Gaussian Noise, p_v=0.7765
1 Real Data (off source), p_v=0.7764
(BestFit, nc=0.765, p_v=0.7625)
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2F
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Figure 7.18: Distribution of 2F in a 0.8Hz region around the signal frequency of Jo824+0028 in
0102 data

A search region of 0.8 Hz around the targeted template frequency was probed. Figure
7.18 shows the distribution of 2F in this range compared with search results from
Gaussian noise.

The 95% upper limit based on a null detection in the targeted search is 1.4e-26. This
th is a factor of 7 larger than the spin-down upper limit. The hg vs detection efficiency
and the sigmoid fit is shown in figure 7.19.

Using a restricted prior on cos: we set an h{° of 1.8e-26. This 1] is a factor of 8.8
larger than the spin-down upper limit. The /g vs detection efficiency and the sigmoid
fit in the restricted cos case is shown in figure 7.20.

Figure 7.21 shows the upper limits in 1omHz sub-bands. The upper limits with
constrained priors on cos are also in the figure. The upper limit values are indicative
of the significance of the loudest 2 in the 1omHz sub-bands — higher the upper limit
in a sub-band, higher was the 2F in that band.
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Figure 7.20: Upper limit sigmoid fit with restricted prior on cos : for Jo824+0028 in O102 data

7.4.2  Search In only O3a

The targeted search returned a 2/=1.0 and has a p-value of 0.7 calculated with respect
to off-source data. Figure 7.22 shows the distribution of 2F in this off-source band
search and the p-value of the targeted search result. A band search in 0.8 Hz around the
targeted template frequency in O3a yielded results that are consistent with expectations
from Gaussian noise as seen in figure 7.22. The p-values of the loudest result in each
sub-band is shown in figure 7.23.

89



90 RESULTS

le-25

J0824+0028
----- f=202.812015562
Unconstrained cos t Prior
Constrained cos t Prior
Targeted Search Unconstrained cos t Prior

1.0
4
¥

0.8 '
4 Targeted Search Constrained cos t Prior

0.61

o At
0.2 *

202.4 2025 2026 2027  202.8 2029  203.0 2031  203.2
Frequency (Hz)

Gravitational Wave Amplitude Upperlimit, hg>%
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Figure 7.22: Distribution of 2F in a 0.8Hz region around the signal frequency of Jo824+0028 in
O3 data

The 95% upper limit based on a null detection in the targeted search is 9.9e-27. This
hy® is a factor of 5.0 larger than the spin-down upper limit. The /g vs detection efficiency
and the sigmoid fit is shown in figure 7.24.
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Figure 7.25: Upper limit sigmoid fit with restricted prior on cos: for Jo824+0028 for O3 data

7.4.3 Search In O10203a

The targeted search returned a 2=0.64 and has a p-value of 0.9 calculated with
respect to off-source data as shown in figure 7.26. A search region of 0.8Hz around the
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Figure 7.26: Distribution of 2 in a 0.8 Hz region around the signal frequency of Jo824+0028 in
010203 data

targeted template frequency was probed. The results are consistent with expectations
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from Gaussian noise as seen in figure 7.26. The p-values of the loudest result in each
sub-band is shown in figure 7.27.
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Figure 7.27: p-values of the band search results for Jo824+0028 in 010203 data

The 95% upper limit based on a null detection in the targeted search is 7.6e-27. This
95% UL is only a factor of 3.8 larger than the spin-down upper limit. This is the closest
we have come to the spin-down upper limit for this set of pulsars. The hy vs detection
efficiency and the sigmoid fit is shown in figure 7.28.
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Figure 7.28: Upper limit sigmoid fit for Jo824+0028 in 010203 data
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Figure 7.29: Upper limit sigmoid fit with restricted prior on cos: for Jo824+0028 in 010203
data

Using a restricted prior on cos: we set an h° of 1.2e-26. This 1] is a factor of 5.8
larger than the spin-down upper limit. The hy vs detection efficiency and the sigmoid
fit is shown in figure 7.29.
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7.5 PSR J0509+0856

PSR Jos509+0856 with a gravitational wave frequency of 493 Hz is one of the two pulsars
in this frequency range. It is at a distance of 1.45 kpc. It is a binary pulsar but there was
no measurement of orbital inclination angle. The ellipticity constraint on this pulsar
using 010203 data is one of the most stringent to date.

7.5.1  Search In 0102

The targeted search returned a 2/=2.7 and has a p-value of 0.6 calculated with respect
to off-source data as shown in figure 7.30. A search region of 0.8Hz around the targeted

02001
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—--- TargetedSearch =2.71
Theoretical y2, p_v=0.6034

B Gaussian Noise, p_v=0.6597

] Real Data (off source), p_v=0.6561
(BestFit, nc=0.714, p_v=0.6803)
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Figure 7.30: Distribution of 2F in a 2Hz region around the signal frequency of Jo509+0856 in
0102 data

template frequency was probed. The results are consistent with expectations from
Gaussian noise as seen in figure 7.30.

The 95% upper limit based on a null detection in the targeted search is 1.9e-26. This
hg° is a factor of 36 larger than the spin-down upper limit. The kg vs detection efficiency
and the sigmoid fit is shown in figure 7.31. The band search upper limits in 7.32 are
indicative of how significant the results in each sub-band is. The higher the upper-limit,
lower the p-value of the loudest 2.
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Figure 7.32: O102 data hy upper limits in 10 mHz frequency subband searched, based on the
most significant result in that 10 mHz subband.

7.5.2  Search In only O3a

The targeted search returned a 27=1.6 and has a p-value of 0.8 calculated with respect
to off-source data. Figure 7.33 shows the distribution of 2F in this off-source band
search and the p-value of the targeted search result. A band search in 2 Hz around the
targeted template frequency in O3a yielded results that are consistent with expectations
from Gaussian noise as seen in figure 7.33. The p-values of the loudest result in each
sub-band is shown in figure 7.34. The 95% upper limit based on a null detection in the
targeted search is 1.2e-26. This h° is a factor of 23.7 larger than the spin-down upper
limit. The hg vs detection efficiency and the sigmoid fit is shown in figure 7.35.
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7.5.3 Search In O10203a

The targeted search returned a 27=2.0 and has a p-value of 0.8 calculated with respect
to off-source data as shown in figure 7.36.
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Figure 7.36: Distribution of 2F in a 2 Hz region around the signal frequency of Jo509+0856 in
010203 data
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A search region of 2Hz around the targeted template frequency was probed. The

results are consistent with expectations from Gaussian noise as seen in figure 7.36. The

p-values of the loudest result in each sub-band is shown in figure 7.37.
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Figure 7.37: p-values of the band search results for Jo509+0856 in 010203 data

The 95% upper limit based on a null detection in the targeted search is 1e-26. This
95% UL is a factor of 20 larger than the spin-down upper limit. The hy vs detection
efficiency and the sigmoid fit is shown in figure 7.38.
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Figure 7.38: Upper limit sigmoid fit for Jo509+0856 in 010203 data
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7.6 PSR J07324+2314

PSR Joy732+2314 is yet another pulsar near ~ 490Hz and is at a distance of 1.66kpc.
Being in a frequency close to PSR Jo509+0856 (Section 7.5) and having a similar distance,
the upper limits on the continuous gravitational wave emission for these two pulsars
are nearly equal in all data sets. The difference is that an orbital inclination angle
measurement is available for Jo732, so there are two sets of upper limits for this pulsar.
This pulsar is a part of the NANOGrav Pulsar Timing Array:.

7.6.1  Search In O102

The targeted search returned a 27=0.9 and has a p-value of 0.9 calculated with respect
to off-source data as shown in figure 7.39.
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Figure 7.39: Distribution of 2F in a 2Hz region around the signal frequency of Joy32+2314 in
0102 data

A band search in 2 Hz around the signal frequency yielded results consistent with
Gaussian noise. The significance of loudest results in 10 mHz sub-bands can be inferred
from the band-search upper limits in figure 7.42.

The 95% upper limit based on a null detection in the targeted search is 1.9e-26. This
hg® is a factor of 32 larger than the spin-down upper limit. The kg vs detection efficiency
and the sigmoid fit is shown in figure 7.40.
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Figure 7.40: Upper limit sigmoid fit for Joy32+2314 for O102 data
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Figure 7.41: Upper limit sigmoid fit with restricted prior on cos for Joy32+2314 in O102 data
Using a restricted prior on cos: we set an h)> of 1.4e-26. This h° is a factor of 24.0

larger than the spin-down upper limit. The hg vs detection efficiency and the sigmoid
fit, in this case, are shown in figure 7.41.

7.6.2  Search In only O3a

The targeted search returned a 2/=0.59 and has a p-value of 0.9 calculated with respect
to off-source data. Figure 7.43 shows the distribution of 2F in this off-source band
search and the p-value of the targeted search result.
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Figure 7.42: O102 data hy upper limits in 10 mHz frequency sub-band searched, based on the
most significant result in that 10 mHz sub-band.
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Figure 7.43: Distribution of 2F in a 2Hz region around the signal frequency of Joy32+2314 in
O3a data

A band search in 2 Hz around the targeted template frequency in O3a yielded results
that are consistent with expectations from Gaussian noise as seen in figure 7.43. The
p-values of the loudest result in each sub-band is shown in figure 7.44.

The 95% upper limit based on a null detection in the targeted search is 1.2e-26.
This h3° is a factor of 20.6 larger than the spin-down upper limit. The g vs detection
efficiency and the sigmoid fit is shown in figure 7.45.
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7.45: Upper limit sigmoid fit for Joy32+2314 for O3 data

fit is shown in figure 7.46.
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Figure 7.46: Upper limit sigmoid fit with restricted prior on cos for Joy32+2314 for O3a data
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Figure 7.47: Distribution of 2F in a 2 Hz region around the signal frequency of Jo732+2314 in
010203 data.

7.6.3  Search In O10203a

The targeted search returned a 2/=0.5 and has a p-value of 0.9 calculated with respect
to off-source data as shown in figure 7.47.
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Figure 7.48: p-values of the band search results for Joy32+2314 in 010203 data

Detection efficiency

1.0

c o o o o o o o
N o N W

2F_threshold:-4

—— h™*x10*?" = 8.32%538
—— hP*x10*77 =10.25%732

95% Confidence Region

Strain hO

le-28

Figure 7.49: Upper limit sigmoid fit for Jo732+2314 in 010203 data

A search region of 2Hz around the targeted template frequency was probed. The
results are consistent with expectations from Gaussian noise as seen in figure 7.47. The

p-values of the loudest result in each sub-band is shown in figure 7.48.

The 95% upper limit based on a null detection in the targeted search is 1e-26. This
95% UL is a factor of 18 larger than the spin-down upper limit. The hy vs detection

efficiency and the sigmoid fit is shown in figure 7.49.
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Figure 7.50: Upper limit sigmoid fit with restricted prior on cos: for Joy32+2314 in 010203
data

Using a restricted prior on cos we set an 1> of 7.8e-27. This h{’ is a factor of 13.3
larger than the spin-down upper limit. The h vs detection efficiency and the sigmoid
fit for this case are shown in figure 7.50.

7.7 PSR J0709+0458

PSR Jo709+0458 is a mildly recycled pulsar with a larger spin period than the rest of
the pulsars in the set. Its gravitational wave frequency is thus low, and at 58Hz it lies
near the 60Hz contamination in Advanced LIGO detectors due to the frequency of the
alternating current in the USA. The noise Amplitude Spectral Density (ASD) plots for
the two detectors in O1 and Oz2, in 7.51 show the range of these disturbances. The noise
ASD is the square root of the noise PSD described in chapter 5. The O3a data had just
been publicly released, and we did not wait for the preparation of 60os SFTs with line
cleaning. So the non-cleaned O3a data was directly used.

For O1 and Oz2, we looked at the noise ASD at the signal frequency as a function of
time. Figure 7.52 shows the mean ASD in the signal frequency bin + 1 frequency bin at
each timestamp, and excess noise in the H1 detector in some timestamps of O1 run is
seen.

This is also seen as the tail in the curve for H1 in O1 in Figure 7.53 which shows on
the left the distribution of this mean ASD and on the right the cumulative distribution
of the mean ASD. After removing the times when there is excessive noise in the H1
detector, data with distribution of ASD in the continuous gravitational wave signal
frequency of PSR Jo709+0458 as shown in figure 7.54 was used in the search.
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Figure 7.51: Noise ASD in the Hanford (H1) and Livingston (L1) detectors during O1, O2 runs.
These plots show in one glimpse the noise levels in the different data-sets.

7.7.1  Search In 0102

The targeted search returned a 25=6.1 and has a p-value of 0.5 calculated with respect
to off-source data as shown in figure 7.55.

A band search in 0.2Hz around the signal frequency gave results which were consis-
tent with those from Gaussian noise. The 95% upper limit based on a null detection in
the targeted search is 3.3e-26. This 1 is a factor of 22 larger than the spin-down upper
limit. The hg vs detection efficiency and the sigmoid fit is shown in figure 7.56.

Using a restricted prior on cos: we set an hJ> of 3.9e-26. This h{’ is a factor of 26.5
larger than the spin-down upper limit. The h vs detection efficiency and the sigmoid
fit is shown in figure 7.57. The band search upper limits in figure 7.58

7.7.2  Search In only O3a

The targeted search returned a 27=6.4 and has a p-value of 0.2 calculated with respect
to off-source data. Figure 7.59 shows the distribution of 2F in this off-source band
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Figure 7.52: Noise ASD in the continuous gravitational wave signal frequency of Jo7o9+0458 at
each timestamp during the O1 and O2 observation runs in the Hanford (H1) and
Livingston (L1) detectors.

search and the p-value of the targeted search result. A band search in 0.2 Hz around the
targeted template frequency in O3a yielded results that are consistent with expectations
from Gaussian noise as seen in figure 7.59. The p-values of the loudest result in each
sub-band is shown in figure 7.60. The 95% upper limit based on a null detection in the
targeted search is 2.2e-26. This h{° is a factor of 14.6 larger than the spin-down upper
limit. The hg vs detection efficiency and the sigmoid fit is shown in the left plot of
figure 7.61. Using a restricted prior on cos : we set an hJ® of 2.4e-26. This k)’ is a factor
of 16.1 larger than the spin-down upper limit. The hy vs detection efficiency and the
sigmoid fit is shown in the right plot of figure 7.61.
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Figure 7.53: Distribution of noise ASD in the continuous gravitational wave signal frequency
of Joy09+0458 during the O1 and O2 observation runs in the Hanford (H1) and
Livingston (L1) detectors, as a function of time.
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Figure 7.54: Distribution of noise ASD in the continuous gravitational wave signal frequency
of Joy09+0458 during the O1 and O2 observation runs in the Hanford (H1) and
Livingston (L1) detectors, after noise removal, as a function of time.
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Figure 7.55: Distribution of 2F in a 0.2Hz region around the signal frequency of Joyo9+0458 in
0102 data
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Figure 7.56: Upper limit sigmoid fit for Joyog+0458 for O102 data
7.7.3  Search In O10203a

The targeted search returned a 27=1.6 and has a p-value of 0.8 calculated with respect
to off-source data as shown in figure 7.62.
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Figure 7.58: O102 data hy upper limits in 10 mHz frequency subband searched, based on the
most significant result in that 10 mHz subband.

A search region of 0.2Hz around the targeted template frequency was probed. The
results are consistent with expectations from Gaussian noise as seen in figure 7.62. The
p-values of the loudest result in each sub-band is shown in figure 7.63.

The 95% upper limit based on a null detection in the targeted search is 1.5e-26. This
95% UL is a factor of 10 larger than the spin-down upper limit. The hy vs detection
efficiency and the sigmoid fit is shown in the left plot of figure 7.64.Using a restricted
prior on cos: we set an h)° of 1.9e-26. This 1 is a factor of 12.7 larger than the spin-
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Figure 7.59: Distribution of 2F in a 0.2Hz region around the signal frequency of Joyo9+0458 in
O3 data
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Figure 7.60: p-values of the band search results for Joyog+0458 in O3 data.

down upper limit. The iy vs detection efficiency and the sigmoid fit is shown in the
right plot of figure 7.64.
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Figure 7.61: Upper limit sigmoid fit for Joyo9+0458 in O3a data — on the left using non-restricted
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Figure 7.62: Distribution of 2F in a 0.23 Hz region around the signal frequency of Joyo9+0458
in 010203 data.

7.8 PSR J1411+2551

PSR J1411+2551 is in a binary orbit with another neutron star, forming the lightest
known to date double neutron star system. Pulsations from the companion neutron
star have not been detected yet. It has been mildly recycled by accretion of matter from

the progenitor of the companion star and has a gravitational wave frequency of 32 Hz.
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Figure 7.63: p-values of the band search results for Joy09+0458 in 010203
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Figure 7.64: Upper limit sigmoid fit for Joyo9+0458 in 010203 data — on the left using non-
restricted priors on cos, on the right using restricted priors on cos .

7.8.1  Search In O102

The targeted search returned a 27=1.8 and has a p-value of 0.8 calculated with respect
to off-source data as shown in figure 7.65. A band of 0.13 Hz around the signal
frequency was probed for gravitational wave emission slightly offset from the twice the
spin frequency, but no significant results were found.

The 95% upper limit based on a null detection in the targeted search is 5.2e-26. This
hg® is a factor of 48 larger than the spin-down upper limit. The kg vs detection efficiency
and the sigmoid fit is shown in figure 7.66. Using a restricted prior on cos: we set
an h}® of 3.6e-26. This h{"° is a factor of 32.9 larger than the spin-down upper limit as
shown on the right plot in figure 7.66.
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Figure 7.66: Upper limit sigmoid fit for Ji411+2551 for O102 data — on the left using non-
restricted priors on cos, on the right using restricted priors on cos .

The band search upper limits are presented in figure 7.67, with both unrestricted and
restricted priors on cos .

7.8.2  Search In only O3a

The targeted search returned a 2/=3.6 and has a p-value of 0.5 calculated with respect
to off-source data. Figure 7.68 shows the distribution of 2F in this off-source band
search and the p-value of the targeted search result.

115



116 RESULTS

le—25

AR AR R R R AR

J1411+42551 i

R
N

05 f=32.024135685

Unconstrained cos « Prior

Constrained cos t Prior

Targeted Search Unconstrained cos t Prior |

- .

Targeted Search Constrained cos t Prior

Gravitational Wave Amplitude Upper Limit, h3®*

3196 3198 32.00 32.02 3204 3206 32.08
Frequency (Hz)

Figure 7.67: O102 data hy upper limits in 10 mHz frequency sub-bands searched, based on the
most significant result in that 10 mHz sub-band.

---. TargetedSearch =3.63
Theoretical x?, p_v=0.4428

B Gaussian Noise, p_v=0.5201

3 Real Data (off source), p_v=0.5203
(BestFit, nc=0.766, p_v=0.5386)

log10 PDF, with 1 added to bin count

2F

Figure 7.68: Distribution of 2F in a 0.13 Hz region around the signal frequency of J1411+2551
in O3a data.

A band search in 0.13 Hz around the targeted template frequency in O3a yielded
results that are consistent with expectations from Gaussian noise as seen in figure 7.68.
The p-values of the loudest result in each sub-band is shown in figure 7.69.

The 95% upper limit based on a null detection in the targeted search is 3.9e-26.
This h° is a factor of 35.7 larger than the spin-down upper limit. The g vs detection
efficiency and the sigmoid fit is shown in figure 7.70.Using a restricted prior on cos
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Figure 7.69: p-values of the band search results for J1411+2551 in O3 data.

we set an hy° of 2.7e-26. This 1 is a factor of 25.1 larger than the spin-down upper
limit. The hg vs detection efficiency and the sigmoid fit are shown in the right panel of

figure 7.70.
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Figure 7.70: Upper limit sigmoid fit for Jig411+2551 for O3a data — on the left using non-restricted
priors on cos ¢, on the right using restricted priors on cos .

7.8.3  Search In 0102034

The targeted search returned a 27=4.2 and has a p-value of 0.4 calculated with respect

to off-source data as shown in figure 7.71.

A search region of 0.13Hz around the targeted template frequency was probed. The
results are consistent with expectations from Gaussian noise as seen in figure 7.71 and
the p-values of loudest results in tomHz sub-bands are in figure 7.72.
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Figure 7.71: Distribution of 2 in a 0.1 Hz region around the signal frequency of J1411+2551 in
010203 data.
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Figure 7.72: p-values of the band search results for Ji411+2551 in O10203 data.

The 95% upper limit based on a null detection in the targeted search is 3.1e-26. This
95% UL is a factor of 28 larger than the spin-down upper limit. The hy vs detection
efficiency and the sigmoid fit is shown in the left plot of figure 7.73. Using a restricted
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prior on cos: we set an h)° of 2.2e-26. This 1 is a factor of 19.9 larger than the spin-
down upper limit. The hy vs detection efficiency and the sigmoid fit are shown in right
plot of figure 7.73.
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Figure 7.73: Upper limit sigmoid fit for Jig11+2551 for O10203a data — on the left using
non-restricted priors on cos ¢, on the right using restricted priors on cos..

7.9 PSR J2204+2700

PSR J2204+2700 is the farthest pulsar in the set, at a distance of 2.15kpc. It is also a
mildly recycled pulsar giving it a gravitational wave frequency of 23 Hz. Its low signal
frequency and large distance put it on the opposite end of PSR Jo154, lending it the
least constraining hy° upper limits, two order of magnitude larger than its spin-down
upper limit.

7.9.1  Search In O102

The targeted search returned a 27=0.98 and has a p-value of 0.9 calculated with respect
to off-source data as shown in figure 7.74. A band search of 0.1Hz yielded no significant
results. The significance of the loudest results in 1omHz bands can be inferred from the
band-search upper limits in figure 7.76.

The 95% upper limit based on a null detection in the targeted search is 1.5e-25.
This 1 is a factor of 319 larger than the spin-down upper limit. The hg vs detection
efficiency and the sigmoid fit is shown in figure 7.75.

7.9.2  Search In only O3a

The targeted search returned a 2/=2.7 and has a p-value of 0.7 calculated with respect
to off-source data. Figure 7.77 shows the distribution of 2F in this off-source band
search and the p-value of the targeted search result.
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Figure 7.74: Distribution of 2F in a 0.1Hz region around the signal frequency of J2204+2700 in
0102 data

o
]
i
i
i
I
I
i
i
i
i
I
I
I
I
i
i
i
]
I
I
i
i
i
i
I
I
i
i
i
i
]
i
I
i
i
i

o
@

=
~

2F_threshold:4
90% +26 _ +1.15
—— h@O%x10+26 = 12.35+113

—— h$*x10%2° = 15.44+205

95% Confidence Region

Detection efficiency
o
)]

o
wu

045 095 145 195 245 295 345 395
Strain hO le-25

Figure 7.75: Upper limit sigmoid fit for J2204+2700 for O102 data

A band search in 0.1 Hz around the targeted template frequency in O3a yielded
results that are consistent with expectations from Gaussian noise as seen in figure 7.77.
The p-values of the loudest result in each sub-band is shown in figure 7.78.

The 95% upper limit based on a null detection in the targeted search is 9.9e-26. This
hy° is a factor of 204.0 larger than the spin-down upper limit. The kg vs detection
efficiency and the sigmoid fit is shown in figure 7.79.
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Figure 7.76: O102 data hg upper limits in 10 mHz frequency subband searched, based on the
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Figure 7.77: Distribution of 2F in a 0.1Hz region around the signal frequency of J2204+2700 in
O3 data

7.9.3 Search In O10203a

The targeted search returned a 2/=1.8 and has a p-value of 0.8 calculated with respect
to off-source data as shown in figure 7.80.
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Figure 7.78: p-values of the band search results for J2204+2700 in O3 data.
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Figure 7.79: Upper limit sigmoid fit for J2204+2700 for O3 data

A search region of 0.1Hz around the targeted template frequency was probed.

The

results are consistent with expectations from Gaussian noise as seen in figure 7.80. The
p-values of the loudest result in each sub-band is shown in figure 7.72.

The 95% upper limit based on a null detection in the targeted search is 8.1e-26. This
95% UL is a factor of 166 larger than the spin-down upper limit. The kg vs detection
efficiency and the sigmoid fit is shown in figure 7.82.
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Figure 7.80: Distribution of 2 in a 0.09 Hz region around the signal frequency of J2204+2700
in 010203 data.
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Figure 7.81: p-values of the band search results for J2204+2700 in 010203 data.
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Figure 7.82: Upper limit sigmoid fit for J2204+2700 in 010203 data.

7.10 COMBINED ANALYSIS FOR ARECIBO PULSARS

In this section, we see all the search results in different data sets for pulsars from Section
7.3 to 7.9 in one place. These are in figure 7.83. First, the plots on the left-hand side of
7.83 simply show the p-values of all the search results. The significance of band search
results (red) are generally higher than that of the targeted search p-values because they
are maxima over 10 mHz, whereas the targeted searches probe only a single waveform.
Next, as mentioned in chapter 5, when we want to check if the band search result for
any pulsar is significant, we compare the loudest results from their searches. These are
the normalised p-values.The red circles in the right-side plots show for each pulsar the
lowest p-value amongst the sub-bands rescaled according to equation 5.23, s*. When
s* <1 it can be directly interpreted as p-value. When s* > 1 it represents the number
of 10 mHz sub-bands in which we would expect, in a band search of Gaussian noise
data like that performed for pulsar «, to measure a result more significant than the
most significant found in real data. In either case, the lowest rescaled p-value can be
taken as a measure of the significance of the band-search results for each pulsar and
compared with that of other pulsars. Then we look at the cumulative distribution of the
p-values from all 10 mHz band search results for these pulsars and compare it against
the expectation in Gaussian noise in figure 7.84. Had there been a detected signal, it
would show up in this plot with very low p-values.

The most significant targeted-search result comes from PSR Jo709+0458 from the
O3 data search, with a p-value of ~ 23%. The product of the ~ 55% p-value of the
0102 result and the O3 result is ~ 12%, however the coherent O10203 data search
yields a totally insignificant p-value of ~ 83%. The most significant result from the
band searches comes again from PSR Jo709+0458 in the 010203 coherent search and is
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Figure 7.83: O102 (1st row), O3 (2nd row) and 010203 (3rd row) results. The blue circles show
the p-values of the targeted searches. The red circles in the left-side plots show
the p-value of the most significant result in each 10 mHz sub-band of the band
searches. Figure from (Ashok et al., 2021).
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7.11 PSR J1526-2744

at the level of ~ 9%. However, this significance is not confirmed in the O3 data where
the lowest p-value (s797%%) is 22% and it is at a different sub-band than the one that
produced the O10203 most significant result as seen in Figure 7.60. PSR Jo709+0458
has a timing solution that is based on observations that completely bracket all the
Advanced LIGO data (Figure 7.1) — so there are no observed irregularities in its spin
parameters. Note that the target frequency for PSR Jo709+0458 is at ~ 58 Hz, which is a
highly contaminated region. In any case, a detection should have a p-value of the order
of 107> followed by other channels of confirmations independent from the p-value
method.

7.11 PSR J1526-2744

J1526-2744 was discovered first as a faint gamma-ray source in Fermi-LAT data. With
dedicated observations using MeerKAT telescope, the TRAPUM collaboration con-
firmed its identity as a binary pulsar and constrained the positions, orbital semi-major
axis and time of ascending node of the system (Clark et al., 2023). But the spin-down
rate was not measurable. A search for gamma-ray pulsations in Fermi-LAT data incor-
porating the new parameters constraints resulted in a measurement of spin-down and a
precise 13-year timing solution for the pulsar, covering the Advanced LIGO observation
runs. Based on this gamma-ray timing solution, we carried out searches for continuous
gravitational wave signals.

With a gravitational wave frequency of 803 Hz, PSR J1526-2744 occupies a fairly
uncontaminated frequency region in the Advanced LIGO detectors. Data from all of the
observation runs till date (O1,02,03) were publicly available at the time of the search -
so for this pulsar, we carried out the most sensitive search possible.

The targeted search returned a 2F=5.6. Figure 7.85 is a first look at the search result
set against the distribution of the detection statistics in a o.1mHz band around the
targeted frequency. The 2F value lies in the bulk of the distribution and clearly points
to a non-detection of the signal.

Figure 7.89 shows the cumulative distribution of p-value. The absence of a spike of
low p-values would indicates that there is no detection.

This result has a p-value of 29%, estimated using off-source data of 3.2Hz bandwidth.

A search region of 3.2Hz around the targeted template frequency was probed. One
spin down template on each side of the targeted template spin down was probed. The
resolutions in frequency, and spin-down parameter space are:

df =1.09 x 10"°Hz (7.4)

df =9.23 x 1078 Hz /s (7.5)

This grid gives a mean mismatch of 1% in an 010203 search. The loudest 2.F in
1omHz slices of the full band (3.2Hz) are treated to be the results of the band search.
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distribution of 2 in Gaussian Data is plotted in green. The bottom panel shows
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J1526-2744 . The bottom panel shows the y-axis in a log scale.
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Figure 7.88: p-values of the band search results.

The distribution of this loudest 2F from search in real data is found to be consistent
with expectations in Gaussian noise in figure 7.87.
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Figure 7.89: Cumulative distribution of p-values of band search results. The expectation in
Gaussian noise is plotted as red-dashed line.
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Figure 7.92: Upper limit sigmoid fit for J1526-2744 .

The significance of the band search results in real data is expressed in terms of their
p-values with respect to a reference distribution of such results in Gaussian noise, as
described in chapter 5.The p-values of the loudest result in each sub-band are shown in
figure 7.88.
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Taking this check one step further, we ask if we can conclude that the band search
results do not deviate from expectations in Gaussian noise. To check this, we compare
the loudest 2Fs from searching in real data against the loudest 2Fs from searching
in 20 realisations of Gaussian noise in figure 7.90 and are further convinced that the
results from both types of data are indistinguishable. In figure 7.91, the mean value
of the distribution of loudest 2F in 20 realisations of Gaussian noise is found it be
consistent with the results in real data for the most part and falls within the error bar
in other cases. Note, in the bottom plot, the last 5 bins contain no counts in real data.

The 95% upper limit based on a null detection in the targeted search is 1.25e-26. This
95% UL is a factor of 17 larger than the spin-down upper limit. The hy vs detection
efficiency and the sigmoid fit are shown in figure 7.92.

7.11.1 Bayesian results

J1526-2744 is the first pulsar for which we carried out an alternative search using the
Bayesian method described in chapter 6. We probe the full prior range for cos,  and
¢o. For hy the prior range is [1 x 10728,1 x 10~24], probing below the spin down upper
limit of the pulsar and several orders of magnitude above it. Figure 7.93 shows the
resulting posterior distributions on the signal parameters. The hy posterior peaks at
the lowest end of the prior range and is consistent with expectations from noise. Since
there is no detection of a signal, the posteriors for all the other signal parameters are
non-informative.
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The remaining results are from gamma-ray pulsars discovered and timed using the
Fermi-LAT data by Colin Clark et.al. The continuous gravitational wave searches are
based on preliminary timing solutions for them.

7.12 J1139-6247
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Figure 7.94: Distribution of 2 in a 0.0y Hz region around the signal frequency of J1139-6247 in
010203a data

For this pulsar, results from a preliminary search in a coherent combination of O1,
O2 and O3A data sets are presented here. The targeted search returned a 2/=3.3 and
has a p-value of 0.58 calculated with respect to off-source data as shown in figure 7.94.

The distribution of the loudest 2F's from the band search is shown in figure 7.95. To
compare, the results from searching in Gaussian noise are plotted as well. The figure
shows that the search results are consistent with those from Gaussian noise.

The 95% upper limit based on a null detection in the targeted search is 7.8 x 1072°.
This hJ° is a factor of 12 larger than the spin-down upper limit. The hy vs detection
efficiency and the sigmoid fit is shown in figure 7.96.
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713 J0744-2525

J0744-2525
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Figure 7.97: Distribution of 2 in a 0.09Hz region around the signal frequency of Joy44-2525 in
010203 data
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The targeted search returned a 25=6.2 and has a p-value of 0.2 calculated with
respect to off-source data as shown in figure 7.97. The distribution of loudest 2Fs
from the band search is shown in figure 7.98. To compare, the results from searching
in Gaussian noise are plotted as well. The figure shows that the search results are
consistent with those from Gaussian noise.

The 95% upper limit based on a null detection in the targeted search is 1.2 x 10~2°.

This hg° is a factor of 4.5 times larger than the spin-down upper limit. The ko vs
detection efficiency and the sigmoid fit is shown in figure 7.99.

7.14 J04184+6635

The targeted search returned a 27=7.1 and has a p-value of 0.14 calculated with respect
to off-source data as shown in figure 7.100.

The distribution of loudest 2Fs from the band search is shown in figure 7.101. To
compare, the results from searching in Gaussian noise are plotted as well. The figure
shows that the search results are consistent with those from Gaussian noise.

The 95% upper limit based on a null detection in the targeted search is 1.3 x 10~2.

This i’ is a factor of 22 larger than the spin-down upper limit. The hy vs detection
efficiency and the sigmoid fit is shown in figure 7.102.

137



138 RESULTS
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Figure 7.100: Distribution of 2F in a 2.7Hz region around the signal frequency of Jo418+6635 in
010203 data
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Figure 7.101: Distribution of loudest 2F in 1omHz sub-bands in real 010203 data and simu-
lated Gaussian noise for Jo418+6635
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7.15 J1335-5656

The targeted search returned a 2/=1.3 and has a p-value of 0.91 calculated with respect
to off-source data as shown in figure 7.103.

J1335-5656
--- TargetedSearch =1.25
Theoretical 2, p_v=0.8749
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Figure 7.103: Distribution of 2F in a 2.5Hz region around the signal frequency of J1335-5656 in
010203 data
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Figure 7.104: Distribution of loudest 2/ in 1omHz sub-bands in real 010203 data and simu-
lated Gaussian noise for J1335-5656
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Figure 7.105: Upper limit sigmoid fit for J1335-5656 for 010203 data

The distribution of loudest 2Fs from the band search is shown in figure 7.104. To
compare, the results from searching in Gaussian noise are plotted as well. The figure
shows that the search results are consistent with those from Gaussian noise. The 95%
upper limit based on a null detection in the targeted search is 9.3 x 10~%. This hy° is a
factor of 18 larger than the spin-down upper limit. The /iy vs detection efficiency and
the sigmoid fit is shown in figure 7.105.
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Figure 7.106: Distribution of 2F in a 2.2Hz region around the signal frequency of J2034+3632 in

010203 data
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Figure 7.107: Distribution of loudest 2F in 1omHz sub-bands in real 010203 data and simu-

lated Gaussian noise for J2034+3632

7.16 J2034+3632
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Figure 7.108: Upper limit sigmoid fit for J2034+3632 for 010203 data

The targeted search returned a 25=0.67 and has a p-value of 0.97 calculated with
respect to off-source data as shown in figure 7.106. The distribution of loudest 2Fs
from the band search is shown in figure 7.107. To compare, the results from searching
in Gaussian noise are plotted as well. The figure shows that the search results are
consistent with those from Gaussian noise. The 95% upper limit based on a null
detection in the targeted search is 8.5 x 107?’. This h{" is a factor of 46 larger than the
spin-down upper limit. The h vs detection efficiency and the sigmoid fit is shown in
figure 7.108.

7.17 J1649-3012

For this pulsar, results from a preliminary search in a coherent combination of O1, O2
and O3A data sets are presented here. The targeted search returned a 2/=3.7 and has
a p-value of 0.48 calculated with respect to off-source data as shown in figure 7.109.

The distribution of loudest 2Fs from the band search is shown in figure 7.110. To
compare, the results from searching in Gaussian noise are plotted as well. The figure
shows that the search results are consistent with those from Gaussian noise.

The 95% upper limit based on a null detection in the targeted search is 1.1 x 1072,
This kY’ is a factor of 21 larger than the spin-down upper limit. The hy vs detection
efficiency and the sigmoid fit is shown in figure 7.111.

The results of the search for the remaining pulsars in this set will be published soon.
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Figure 7.109: Distribution of 2F in a 2.3Hz region around the signal frequency of J1649-3012 in

010203a data
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SUMMARY AND CONCLUSIONS

One never notices what has been done; one can only see what remains to be done.
— Marie Curie, Letter to her brother (1894)

The era of gravitational wave astronomy is here. Transient gravitational wave signals
from ninety-four compact binary coalescences have been detected by the Advanced
LIGO detectors (Abbott et al., 2021; Nitz et al.; Venumadhav et al., 2020; Olsen et al.,
2022) to date. The physics of black holes and neutron stars, as well as fundamental
physics, have already begun to benefit from observations using this new messenger.
Large numbers of gravitational wave observations from binary black hole systems
are helping to understand the formation and evolution channels of such systems in
the universe (Farr et al., 2017), multi-messenger observations of binary neutron star
mergers like GW170817 (Abbott et al., 2017) are addressing broader questions like the
origin of heavy elements in the universe (Pian et al., 2017) and providing measurements
of the Hubble constant (Abbott et al., 2017). The upcoming observation runs O4 and
Os are expected to be sensitive to transient signals from even further in the universe
(Abbott et al., 2018).

At this juncture, it makes sense, in general, to search for other types of gravitational
wave signals in Advanced LIGO data.

If we focus specifically on the motivations to search for continuous gravitational
waves, firstly, there is an expected population of 108 to 10° neutron stars in the galaxy
(Sartore et al., 2010), so there is no dearth of sources for continuous gravitational waves.
This class of gravitational wave signals is present in the data persistently. The fact
that the timespan of data from gravitational wave detectors is increasing with more
observation runs and that the detector sensitivity is improving with each run combine
according to equation 3.1, indicating that the signal-to-noise ratio builds up over time.
This is an encouragement to search for these signals in the detector data. Speculating
on what these signals could tell us, continuous gravitational waves can shed light on
the properties of neutron stars, for example, on the degree of asymmetry in their mass
distribution and potentially on what happens in their interiors. Owing to the difference
in the emission mechanism, these signals can be treated like a new messenger of
neutron star physics distinct from signals from binary neutron star mergers. Continuous
gravitational waves could perhaps help understand exotic phenomena like that of axion
clouds. Searching for continuous gravitational wave signals is thus a useful pursuit.

In this thesis, we approached this problem taking help from a well-established
astrophysical messenger — electromagnetic waves. Using the timing solutions for pulsars,
we searched for continuous gravitational wave signals they emit.
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SUMMARY AND CONCLUSIONS

8.1

ON METHODS

In chapter 5 and 6, we described two methods for our search problem.

1. a templated search followed by a frequentist approach to inference. This search

method is based on the well-established F-statistic. We have set up a pipeline that
carries out our standard procedure the LALSuite implementation of F-statistic
at its core. This pipeline starts with the timing solution of the pulsar we want to
target and has six stages, namely

a) studying the noise in the data and choice of data for the search,
b) a targeted search,
¢) quantifying the significance of the targeted search result,

d) setting upper limits on the strength of the continuous gravitational wave
signal in the event of a non-detection,

e) a band search in frequency and spin down,
f) quantifying the significance of the results from band search,
g) setting upper limits in the band search for interesting/promising pulsars.

The single template search in step (b), when carried out in a coherent combination
of all data from gravitational wave detectors, is the most sensitive search for a
continuous gravitational wave signal. On top of that, it is also computationally
the least expensive of the various search strategies. For every targeted pulsar, we
also do a band search in frequency and its derivatives. The band search loses
some sensitivity owing to the larger number of templates probed and costs more
than a fully targeted search but allows for known and unknown effects that might
cause the gravitational wave signal frequency parameters to deviate away from
twice the rotational frequency parameters.

. deriving Bayesian posterior distributions on the unknown amplitude parameters

of the signal. This method was developed as an alternative approach to inferring
from the data. At its core, this method is based on the calculation of F-statistic
itself, but we stop one step before the maximisation over amplitude parameters to
obtain the likelihood function. This likelihood function (written in equation 6.38)
is sampled in the amplitude parameter space, defined by prior beliefs on these
parameters, to obtain their posterior distributions. Our method is also different
from the one existing Bayesian tool for targeted continuous wave searches, Pitkin
(2022), mainly in the sense that the former operates in the frequency domain and
the latter in the time domain.

Having multiple search pipelines is always a good idea. One can cross-check results
from the different pipelines. In the event of a detection, it becomes important to have
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the same result show up consistently in more than one well-tested search pipeline.
The two methods presented in this thesis differ in their philosophy of inferring from
given data. Frequentist probability is understood as the fraction of occurrence over
a large number of repeated trials. Bayesian probability is a ‘degree of plausibility.’
This difference manifests in the interpretation of upper limits on signal amplitude
derived from the two methods. The two methods are asking different questions. The
95% confidence of the frequentist upper limit refers to the reliability of a procedure
for finding an interval that contains the true value of hy. The Bayesian upper limit
defines an interval in hj that includes the true value with 95% probability, given the
data and the prior beliefs. Hence the two upper limits are not comparable, even though
we would expect the two types of upper limits to have a similar value. This can be seen
in the hy upper limits for PSR J1526-2744, the first pulsar which was targeted using
both methods.

1e27 J1526-2744

. 1 Log Uniform priors in ho - [1e-28,1e-24]

14 Uniform priors in hO - [1e-28,1e-24]

-- Bayesian h0_95% - Log uniform priors in ho [1e-28,1e-24]
Bayesian h0_95% - Uniform priors in hO [1e-28,1e-24]

-1 i o,
1.2 .Frequentlst h0_95%

1.0

0.8

0.6

posterior probability distribution

0.4

0.2

M

0.0 en et PR, =
0.0 0.5 1.0 15 2.0 25
hO le-26

Figure 8.1: Comparison of continuous gravitational wave upper limits from frequentist and
Bayesian pipelines for J1526-2744 which has been searched using both methods. The
posterior distribution of hy is consistent with the noise-only hypothesis in both cases
of the prior distribution function.

Figure 8.1 presents the results from both analyses together. The Bayesian 95% upper
limit on Ky of J1526-2744 is &~ 7 x 10~%, a factor of 2 smaller than the frequentist 95%
upper limit.
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8.2 ON RESULTS

We find no evidence of a continuous gravitational wave signal at twice the rotation
frequency of the newly discovered pulsars PSR J1653-0158 , PSR Jo154+1833, PSR
J0824+0028, PSR Jo509+0856, PSR Jo709+0458, PSR Jo732+2314, PSR J1411+2551, PSR
J2204+2700, PSR J1526-2744, PSR Jo418+6635, PSR Jo744-2525, PSR J1139-6247, PSR
J1335-5656, PSR J1649-3012, PSR J2034+3632 nor within 0.4% of twice their rotation
frequency.

Quoting again from equation 3.27, the gravitational wave intrinsic amplitude expected
from a triaxial star rotating around a principal axis z is

16772G Izzefzt
ho = C4 J ro , (81)
where [ is the moment of inertia tensor and
Lix — 1
e= > (8.2)
IZZ

is the ellipticity of the star. Thus an upper limit on the strength of the gravitational
wave emission can be translated into an upper limit on the ellipticity of the pulsar.
Let us look at the constraints on these two quantities based on our null results for the
pulsars.

8.2.1  Upper limits on gravitational wave emission

The 95% upper limits for the strength of gravitational wave emission from the targeted
pulsars are best understood when compared against their spin-down upper limits,
calculated according to equation 8.1, and the sensitivity of the data. Figure 8.2 shows
such a comparison of spin-down upper limit, the strength of continuous gravitational
wave signal we could detect given the data and the 95% upper limits we set for these
pulsars. The spin-down upper limits were calculated assuming a canonical moment
of inertia of 10%® kg m?. The actual moment of inertia of the star may differ from the
canonical one up by a factor of a few. Also, there could be uncertainties in distance
measurements. Our 95% confidence upper limits did not beat the spin-down upper
limits of any of these pulsars. For PSR Jo824+0028, our upper limits using restricted
priors on cos: were a factor of merely 3.8 times larger than its spin-down upper limit;
this is the closest we came to the theoretical bounds for the pulsars in this thesis. This
was possible thanks to the increased sensitivity of the detectors near 200 Hz where the
signal frequency lies, and by the coherent combination of O1, O2, and O3a data, which
were all the publicly available data at that time. The worst upper limits using O1,02,03a
were derived for PSR J2204+2700, a factor of 166 times larger than the spin-down upper
limit for the pulsar. This is not surprising because J2204 has a combination of large
distance and low signal frequency.
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Upper limits on continuous wave emission from pulsars in this thesis
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Figure 8.2: Comparison of the spin-down upper limit, measured upper limit and sensitivity
of the data for all the pulsars in this thesis. In choosing to plot these quantities,
we adhere to the convention of a typical known pulsar search paper (for example,
Figure (2) in Abbott et al. (2022)). For ease of representation, the pulsar names are
cut short. The spin-down upper limits are the grey triangles, the measured upper
limits from our analysis of the Advanced LIGO data are the blue stars, and these
reflect the sensitivity of the searches at that frequency using the data timespans
available at the time of the search for the respective pulsar, shown in red circles.

8.2.2  Ellipticities

Our upper limits at twice the rotation frequency is translated in upper limits on the
ellipticity of the pulsar, by

h
_ 7 0

D 200 Hz\ ? [ 1038 kg m? (8.3)
(1) (577) (2™

Ellipticity is a measure of distortion of the neutron star, and continuous gravitational
wave signals provide, at the moment, the only way to constrain this property of the
neutron star. Table 8.1 provides the ellipticity constraints for the targeted pulsars.

The most constraining upper limit on ellipticity is set for PSR Jo154+1833, the pulsar
with a high frequency of 845 Hz and at a close distance of 860 pc. For two-thirds of
the pulsars we targeted we have probed ellipticities < 3 x 1077, as shown in Table 8.1.
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Table 8.1: 95% ellipticity constraints on the pulsars.

Pulsar

Ellipticity

J1653-0158
Jo154+1833
Jos509+0856
Jo709+0458
Jo732+2314
Jo824+0028
J1411+2551
J2204+2700
J1526-2744
J0418+6635
Jo744-2525
J1139-6247
J1335-5656
J1649-3012
J2034+3632

3.4x10°8
1.7 x 1078
5.7 x 1078
7.8 x 107°
6.8 x 1078
2.7 x 1077
2.8 x 1077
29 %1074
24 x10°8
7.8 x 1078
7.4 x10*
6.2 x 1073
7.0 x 1078
95x 108
82x 1078
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These lie in the regime of ellipticity values sustainable by neutron star crusts (Morales
and Horowitz, 2022). For distant and/or slow-spinning pulsars, the ellipticities are less
constraining. Nevertheless, such low values of ellipticity can presently only be probed
with the sensitivity of targeted searches. These values are also in the physically interest-
ing ellipticity ranges (Woan et al., 2018). Such tight constraints on the ellipticity values
for pulsars showcase the potential of targeted searches for continuous gravitational
waves.

83 ON THE SCOPE OF TARGETED CONTINUOUS WAVE SEARCHES

In directed or all-sky searches, a null measurement could either mean that there were
no sources emitting signals with the searched parameters or that the signals were too
weak. In this sense, targeted searches (Ashok et al., 2021; Clark et al., 2023; Nieder et al.,
2020) are distinct from the other types of searches because a source is guaranteed to
be present. So a null measurement is directly informative about the gravitational wave
emission. And the resulting ellipticity measurements are constraining an important
astrophysical property of the pulsar. It should be noted that the ellipticity constraint on
a pulsar becomes a physically interesting value when the measured gravitational wave
upper limit is lower than the spin-down upper limit of the pulsar.

As mentioned before, targeted searches combine the best of both worlds — high
sensitivity and low computational cost. Therefore it makes sense to carry out such
searches for as many pulsars as possible. New surveys of the electromagnetic sky
discover pulsars at a rate faster than ever before. The data from existing gravitational
wave detectors are only getting better in sensitivity. And detectors in new locations
are under construction. At such a time, looking forward, there is no reason to stop
targeting pulsars for their gravitational wave emission.

If a pulsar has a spin frequency high enough that its continuous gravitational wave
signal is within the sensitive frequency band of Advanced LIGO detectors, it should
be targeted for continuous gravitational wave search. A timing solution that covers
the Advanced LIGO data timespan is the ideal guide, but in case there is no such
perfect overlap, it is still possible to adopt strategies as those presented in this thesis
for the pulsars from ARECIBO survey (sections 7.3 to 7.9). The promise of a pulsar as a
continuous gravitational wave candidate increases if it is

1. nearby,
2. is highly deformed,

3. has a continuous gravitational wave frequency in the high sensitivity regions of
Advanced LIGO detectors.
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This thesis focussed on newly-discovered pulsars, targeted for continuous wave
emission for the first time. But when an updated timing solution is available for a
high-value pulsar that was once targeted, it makes sense to re-do the search with the
new timing solution.

Sometimes the continuous gravitational wave signal frequency of a promising pulsar
is noise-infested, like in the case of J1653-0158 (Section 7.2). In such cases, we first
thoroughly study the noise in the data and carefully choose the data that enters the
search. But even then, a detection in such noise-infested frequencies would be hard to
trust simply because of the possibility of unknown consequences of noise in data of
such damage. The fact that one out of the fifteen pulsars in this thesis (and the very first
search of the author) was a pulsar with frequency near a violin mode makes room for
worrying if, in future, a pulsar of exceptional value for continuous gravitational wave
search could be discovered with its expected frequency in a range beset by noise. Some
noise sources, such as, for instance, the violin mode itself, are inevitable and are present
in both H1 and L1 detectors. But they are well understood by experimental physicists
who work closely with the detectors. Perhaps it is helpful to sit with an experimentalist
and devise a strategy for data choices for the off-chance of a high-promise pulsar search
in data with known noise.

New pulsar surveys also discover binary pulsars that are particularly interesting by
virtue of their relationships with their companion, for example, PSR J1803-6707 in Clark
et al. (2023). Such interactions could have repercussions on the degree of non-symmetry
in their mass distribution, which in turn sources their continuous gravitational wave
emission. A close look at each pulsar’s features to decide the best search parameter
ranges for the expected signal is a good idea. Some pulsars have measurements of
higher derivatives of spin frequency. We have a few examples of such pulsars in our
upcoming searches. Such specialities call for an update of existing search codes —
eventually leading to the development of search software to handle a larger pool of
possible scenarios for pulsars. Sometimes a whole different search method might be
more suitable. For instance, a band search in the traditional sense described in this
thesis may not be the best approach to allow deviations in higher spin derivatives from
observed values. We work with the pulsar astronomers who understand the source
best to come up with an ideal method in such cases.

8.4 CLOSING NOTE

Electromagnetic waves heralded new physics in the 20th century. Like every new
scientific theory, the theory of electromagnetic waves put forth by James Clark Maxwell
was treated with incredulity by his contemporaries. But soon, astronomy using light
became the most commonplace tool to understand the universe. For the longest time,
electromagnetic waves shed light, in the most literal manner, on various astrophysical
phenomena like supernova explosions, gamma-ray bursts, distant stars, and pulsating
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stars. Today, apart from their independent contributions to our observations of the
universe, electromagnetic waves combine with gravitational waves and neutrinos to
provide multiple perspectives of cosmic events like the binary neutron star merger
GW170817 (Abbott et al., 2017). The era of multi-messenger astronomy is very much
here. In this thesis, we saw an example of multi-messenger astronomy in action, where
electromagnetic waves became guides in the hunt for gravitational waves.
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APPENDIX TO CHAPTER 2

In this appendix, we include some algebraic details pertaining to Section 2.1, which
were omitted in the body of the chapter to maintain focus on the flow of the main ideas.

A.1 CURVATURE IN LINEARISED GRAVITY

Here we explicitly work out the Riemann tensor, Ricci tensor and Ricci scalar in
linearised gravity to plug into the Einstein equation given in 2.2. Since |h;,,| < 1, indices
will be raised and lowered using the Minkowski metric. Starting at the expression for
Riemann tensor, from equation 2.12,

Rbey = 05Tl — 0, T (A1)
Expanding Christoffel connections in the weak field case, as in equation 2.11,
1 1

(A.2)
Multiplying both sides by 7,, to simply the calculation,

oA R;gm/ = R)\ym/

1
=3 (050 hry + 000 hpy — 05Op Iy — 0y0uhre — 0y0chiay + 0yOrTyc (A.3)
1
— E [ag'a],{h)u/ — ag'aAh],“/ — ayayh)\g + aya/\hl/lg]
Raising the first index of R, by multiplying with n'P

77/\‘BR/\,H£7V = Rﬁav

= 2 [00ul — 3Py — 2,0, 13, )
From this, we construct the Ricci tensor Ry = R;’wv,
Ry = % 050, — 0507 hyy — 0,0, h + 0,0 hye | - (A.5)
Now, here we can identify,
hg = h, the trace of the the tensor /1,
0,0" =0 = —(Clz)a% + V2. (A.6)
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So,
1
Ry = 5 [050,1 — Ohyy — 040,11 4 0,07 hyo | - (A7)
The Ricci scalar, R, is the trace of R,,. First, raising i by multiplying with 1#*,
7Ry = R} = % (3007 — 0} — 2,0 + 8,07 h}] (A8)
Now, with v = A,
R = % (3005 — 0} — 3,0 + 0,0 (Ag)
which using A.6 is
_ 1 Ao
= [2303 he — 2Dh} .
Therefore,
R = 0,0 h§ — Oh. (A.10)

A.2 TRACE OF I

This section is the proof for equation 2.16. We want to find the trace of the tensor

h*" =t — %n””h. (A.11)
To lower the index v, we multiply throughout by #,,,

wht = h* — %mm”“h (A.12)
Note that, 17)“’ is the inverse of 77,,. So,
" = ‘SK

where, 5K is the Kronecker delta. So, equation A.12 is,

1

By = nh — Eéﬁh. (A.13)
Trace of FLK is then, with A =y,
- 1
hﬁ = h; — Eéﬁh. (A.14)
Now,
1 000
b = 0100
0010
0 0 01



A.3 EINSTEIN’S EQUATION IN TERMS OF E;w

So,
trace (6,)) = o), = 4. (A.15)

Using this in equation A.14,

h=h—=x4dxh=—h (A.16)

N =

A3 EINSTEIN'S EQUATION IN TERMS OF Fl;w

We start at the Einstein’s equation in terms of h,,, given in equation 2.13.

161G

9e0uhs — Ohyy — 30,1 + 0,0 My — 11y050™hS + 17, = — T, (A.17)

Let’s focus on the left-hand side of this equation, the Einstein’s tensor, and call it G, —
Guy = 049,hy — Ohyy — 0,0,h + 0,07y — nwagaAhi + 1 Oh. (A.18)

The trace-reverse metric is defined as (also in equation 2.14),

- 1
h‘uv = h‘uv - Eﬂyvh- (A19)
Then,
- 1
hyv = hyv + Eﬂyvhr (A.20)
and,

- 1
;/I]'lghw/ = ;/IVU |:h1“/ + 27’]],“/]/1:| ,

WS = hY + %qwlywh. (A.21)

We want to write Gy, in terms of /*’. We first replace in equation A.18, I, with
equation A.20. Then,

-1
Gyv = agayhg -0 |:hw/ + 277‘111/hi|
-1
— 11000 hS + 17, .
= 3,0, — Oy + ~ 1
— YoUpulty — nv + Eﬂyv

1 -
_anayh + ayavhyg - Uyyaga)\hg.
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NOW replacing I’lg Wlth equation A.21,
G,y = 959, | 1% 1 oy h Oh 1 Oh
Hv o0y |y + 577 Nuvh| — uv + 577;41/

1 o1, 1,00 1 (o4
—Za@ﬂp+mahwf—mw%a*hA+2qﬂmM4,

_ 1 . 1
- aaayhg + Eqﬂngagayh - Dh,w + ETIVVDh
1 - - 1
—EBVBP,h + 0,07 hyy — nyvaga)‘hi — Eiywnwnmaaa%.
Gy = 050,15 — Ohyy + 0,07 hyue — 17,0050 h5.
Thus equation A.17 becomes,

161G

ag'ayljlg - D}_l],ﬂ/ + ayag]jl],ﬂf - ﬂyyag—a/\fla = C4

Tyv .

(A.23)

(A.24)
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Abstract

We conduct searches for continuous gravitational waves from seven pulsars that have not been targeted in
continuous wave searches of Advanced LIGO data before. We target emission at exactly twice the rotation
frequency of the pulsars and in a small band around such a frequency. The former search assumes that the
gravitational-wave quadrupole is changing in a phase-locked manner with the rotation of the pulsar. The latter
search over a range of frequencies allows for differential rotation between the component emitting the radio signal
and the component emitting the gravitational waves, for example the crust or magnetosphere versus the core.
Timing solutions derived from the Arecibo 327 MHz Drift-Scan Pulsar Survey observations are used. No evidence
of a signal is found and upper limits are set on the gravitational-wave amplitude. For one of the pulsars we probe
gravitational-wave intrinsic amglitudes just a factor of 3.8 higher than the spin-down limit, assuming a canonical
moment of inertia of 10*® kg m?. Our tightest ellipticity constraint is 1.5 x 10~%, which is a value well within the
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1. Introduction

Continuous gravitational waves are expected from rotating
neutron stars if these objects present a deviation from a perfectly
axisymmetric configuration (Jaranowski et al. 1998; Lasky 2015).
On the whole, the expected signal is simple, consisting of one or
two harmonics at the rotation frequency of the star and at twice
this frequency (Jones 2015).

The sensitivity of the LIGO instruments allows for the
probing of continuous gravitational-wave emission from the
Galactic population of neutron stars, for deformations of a few
parts in a million and smaller, depending on the search, over a
broad range of frequencies. Different types of searches are
carried out: “blind” all-sky surveys (Abbott et al. 2021a;
Steltner et al. 2021b; Covas & Sintes 2020; Dergachev &
Papa 2021, 2020; Abbott et al. 2019a), searches directed at
neutron star candidates like supernova remnants and low mass
X-ray binaries (Zhang et al. 2021; Abbott et al. 2021b; Papa
et al. 2020; Lindblom & Owen 2020; Jones & Sun 2021; Ming
et al. 2019), and targeted searches aimed at known pulsars
(Abbott et al. 2019b, 2019c; Nieder et al. 2020, 2019; Fesik &
Papa 2020; Abbott et al. 2021c, 2021d).

Among the different searches, the ones that target pulsars have
a special place. Pulsars are believed to be neutron stars, the
distance is usually known and the rotation frequency and its
derivatives are also known. This has important consequences: a
null measurement is directly informative on the gravitational-wave
emission—there is no question about whether a source is there in
the first place. The search is simple because whatever the emission
mechanism is, the gravitational frequency depends on the spin
frequency, which is known. A detection would therefore
immediately encode information on what is generating the
gravitational waves. Because there is little to no uncertainty on
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the gravitational waveform from a known pulsar, the number of
templates that are searched is many orders of magnitude smaller
than those investigated in surveys: the O2 data all-sky search of
Steltner et al. (2021b) probed ~10"7 more templates than a
targeted search. Fewer probed waveforms make targeted searches
the most sensitive: the smallest detectable signal is a few times
smaller than what the most sensitive broad survey could detect at
the same frequency.

In this paper we present results from searches for emission from
seven new pulsars using public data from all three Advanced
LIGO observing runs (O1, O2 and O3; Abbott et al. 2021e and
LIGO 2019a, 2019b, 2019c).

In this paper we introduce the signal model in Section 2, we
detail the targeted objects in Section 3, the gravitational-wave
searches are described in Section 4, and the results are presented
and discussed in Section 5.

2. The Signal

The search described in this paper targets nearly monochro-
matic gravitational-wave signals of the form described, for
example, in Section II of Jaranowski et al. (1998). In the
calibrated strain data from a gravitational-wave detector the signal
has the form

h(t) = Fi(a, 6, ¥; Dh (1) + Edo, 6, 95 Dhu(@), )]

with the “+” and “x” indicating the two gravitational-wave
polarizations. F(«, 6, ¢; 1) and Fy(a, 6, ;) are the detector
sensitivity pattern functions, which depend on relative orienta-
tion between the detector and the source, and hence on time ¢,
on the position («, 6) of the source, and on ), the polarization
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angle. The waveforms 4, (f) and h,(f) are

hi(t)= A cos®(r)
hy(t) = A, sin®(7), ?)

with

A= %ho(l + cos?u)
Ay = hgcost. 3)

The angle between the total angular momentum of the star and
the line of sight is 0<:<7 and hy>0 is the intrinsic
gravitational-wave amplitude. ®(#) of Equation (2) is the phase
of the gravitational-wave signal at time . If 7ggp is the arrival
time of the wave with phase ®() at the solar system barycenter,
then ®(r) = ®(7ssp(f)). The gravitational-wave phase as a
function of 7ggg is assumed to be

D (7ssp) = Po + 27[f (TssB — TossB)
1.
+ Ef (7ssB — TossB)*]. 4

We take Togsp consistently with the timing solution, and hence
differently for every pulsar, as shown in Table 3.

3. The Pulsars

We target continuous gravitational-wave emission from seven
recycled pulsars discovered and/or timed with data from the
Arecibo 327 MHz Drift-Scan Pulsar Survey (AO327; Martinez
et al. 2017, 2019): PSR J2204+2700, PSR J1411+2551, PSR
J0709+-0458, PSR J0824+-0028, PSR J0732+2314, PSR J0509
40856, and PSR J0154+-1833. For practicality we mostly use
abbreviated forms of the names of the pulsars, omitting the
“PSR” prefix and the part after the “+”.

These pulsars have never been searched for before for
gravitational-wave emission. They represent a relatively nearby
sample, with distances smaller than 2 kpc, which is typical of
all-sky surveys. This makes them particularly interesting for
gravitational-wave searches, the only exception being 2204
42700, which is more distant, and also having an extremely
low spin-down.

Our targets are all in binary systems except for J0154+1833,
which is an isolated millisecond pulsar. Our set includes the
radio pulsar in the notable double-neutron-star system PSR
J1411+2551.

When available, we take the orbital inclination angle as
estimate of the inclination angle ¢ for the determination of
the constrained prior upper limit, see Section 5.1. We take the
fOHOWng values: l11411 = 0.83 rad, Lj0709 = 1.30 rad,
LJ0824:l.32 rad, LJ0732:0.93 rad. For J0154, J0509, and
J2204 we do not have an estimate of the inclination angle.

4. The Gravitational-wave Searches

We use LIGO public data from the Hanford (H1) and the
Livingston (L1) detectors from the Ol, O2, and the recently
released first six months of the O3 science run (LIGO
2019a, 2019b, 2019c). The data is gated to remove loud
glitches (Steltner et al. 2021a) and contiguous segments are
Fourier transformed to produce the input to the search. After
having excluded egregiously noisy segments in the band of
each pulsar, we have ~175 days of data from each detector
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1/110 1/‘13 116 117 4/‘19
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Figure 1. Time intervals corresponding to the O1, O2, and O3 LIGO runs are
shown in red as vertical rectangles and the radio observation periods for each
pulsar are shown in yellow as horizontal rectangles.

from the O1 and O2 runs combined, and ~125 during the O3
run for H1 and ~129 days for L1.

No glitch was recorded by the AO327 in any of the pulsars’
spins. As Figure 1 shows, these observations do not perfectly
cover all the Advanced LIGO runs so we cannot exclude the
possibility of a glitch. Even though our targets are very stable
pulsars and a glitch is unlikely, we perform different searches
and coherently combine the O1 and O2 data, the O3 data, and
also all the data that we have, O10203. We use the matched-
filter detection statistic—F -statistic (Cutler & Schutz 2005)—
as our detection statistic. The F -statistic is the maximum log-
likelihood ratio of the signal hypothesis to the Gaussian-noise
hypothesis. The signal is described by a frequency, spin-down,
sky position, and orbital parameter values, which define the
template waveform and are explicitly searched over. The signal
amplitude parameters cose¢, 1, ®q, and hy are analytically
maximized over.

In Gaussian noise the 2F -statistic follows a noncentral chi-
squared distribution with 4 degrees of freedom, Xi (2F, p?). The
noncentrality parameter p? is the expected squared signal-to-noise
ratio and it is proportional to hoz Tiata /S;,, where Ty, is the
duration of time for which data is available and S, is the strain
power spectral density of the noise (Jaranowski et al. 1998).

For every pulsar and data set we conduct two searches: one
with a single template with the gravitational-wave frequency f
and spin-down f being twice the spin frequency v and spin-
down #, and one for a range of frequencies and spin-downs
around these. The parameters of the targeted searches are given
in Table 3 in the Appendix.

The search at f=2v is appropriate if the gravitational-wave
frequency is exactly locked with the observed spin frequency.
Mechanisms exist, however, that could produce a small
difference between the gravitational-wave frequency and twice
the spin frequency: a misalignment of the rotation axis with the
symmetry axis of the star, causing free precession; or the
component responsible for the gravitational-wave emission—
for example a solid core—not spinning as the radio-emitting
component. For such cases, it has been found that f=
2u(1 + &) with §,<10* (Jones & Andersson 2002; Abbott
et al. 2008). With this in mind, we conservatively perform
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searches over a band & 2v x 2 x 1073 of f=2v, and consis-
tently for f.

For the band searches we set up a template grid in frequency
and spin-down with spacings of 2.6 x 10™° Hz and
1.9 x 107" Hzs ™!, respectively. These grids yield a maximum
mismatch smaller than 1% for the O102 and O3 searches, and
smaller than 8% for the 010203 searches.

We also conduct the single-template searches using a
Bayesian approach. We demodulate the data according to the
expected signal, we heterodyne/downsample the data, and then
search over the waveform amplitude parameters with a nested-
sampling algorithm. The method is exactly the same as used by
Abbott et al. (2019d), with the same uniform angular priors,
namely ®,€[0, «], ¥ € [0, %], cost € [—1, 1]. For the
intrinsic amplitude we adopt the same broad uniform prior
for all sources with A € [107%7, 107%*]. The data used for this
search is not gated. We report the results for the combined
010203 data.

5. Results

In order to evaluate the significance of the search results we
compute p-values. We do this because, based on insignificant
p-values, we can exclude the presence of signals that we can
confidently detect. We note, however, that a very low p-value
in general is not enough to claim a confident detection.

The p-value associated with the realization 2’ of a random
variable is defined as

peF) = [ : po2F) d2F, ®)

where py is the distribution of 2F in the presence of noise only.

If our data were Gaussian and our search pipelines were
completely perfect implementations of the F-statistic, p, =
Xﬁ (2F, 0). In reality the distribution of our search results may

differ slightly from Xi(Z]—', 0), and for targeted searches we
evaluate it on the actual data by running searches for fiducial
sources at frequencies close to the target frequency.

None of the targeted searches yield a detection. Figure 2
shows the p-values for the targeted searches (blue circles): all
the results for the targeted searches are consistent with the
noise-only hypothesis. The most significant targeted-search
result comes from PSR JO709 from the O3 data search, with a
p-value of ~23%. The product of the ~55% p-value of the
0102 result and the O3 result is ~12%, however the coherent
010203 data search yields a totally insignificant p-value of
~83%. The Bayesian posteriors of Figure 3 are consistent with
the F-stat results, with the only slightly off-zero posterior
found for PSR J0709. Such a posterior is very broad, includes
zero, and may happen just due to noise fluctuations. We also
note that the target frequency for PSR J0709 is at~58 Hz,
which is a highly contaminated region.

To evaluate the results from the band searches, for every
pulsar we consider the most significant result in subbands that
are 10mHz wide, and compute the Gaussian-noise p-value
associated with it. We do this by searching 10 mHz thousands
of times, each time with a different Gaussian-noise realization.
From each search we find the value of the loudest, 27, and
from the ensemble we estimate the p,(2F;), which we use to
compute the p-value from Equation (5). Since we use Gaussian
noise, this is a Gaussian-noise p-value and it is conservative (in
the sense that we would not accidentally discard a potential
signal) because in general it will overestimate the significance
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of a result with respect to the p-value evaluated on real data.
We do not use real data because each Monte Carlo realization
covers 10 mHz; with thousands of independent realizations we
would be considering target frequencies several hertz away
from the original pulsar frequency, and at these distances there
is no assurance that the noise is representative of the noise
contributing to the original result. These p-values are the red
circles shown in the left-hand-side plots in the first three rows
of Figure 2.

We want to evaluate whether for any pulsar the band search
yields a very significant result, so we consider the most
significant (lowest) p-value found for each pulsar. One would
then want to compare these lowest p-values but this cannot be
done directly, because they do not come from the same
distribution. In fact, simply due to the trials factor, the larger
the band that has been searched, the lower the expected lowest
p-value for that pulsar. To normalize the results and allow a
direct comparison we estimate the trials factor to be equal to the
number of independent 10 mHz subbands N searched for
pulsar ¢, and introduce the following measure of significance
for the most significant result for pulsar a:

s =N min (p}, ©)
i€[1,N?]

where p{' is the p-value associated with the ith subband:
p(Q2F*). These quantities are shown in the right-hand-side
plots of Figure 2.

A value of s < 1 indicates that we would have to repeat the
a-pulsar band search in random noise 1/s“ times before we
can expect a result as significant as the observed one. In this
case s can be interpreted as a p-value. If s > 1, it means that
in a band search like the one conducted, in random noise, we
expect that in s subbands the loudest values will be at least as
significant as the observed result. For a detection we would
need s < 1.

The most significant result from the band searches comes
again from PSR J0709 in the 010203 coherent search and is at
the level of ~9%. However this significance is not confirmed in
the O3 data where the lowest p-value (s7979%) is 22% and it is at
a different subband than the one that produced the 010203
most significant result.

Figures 4 show the distributions of the most significant
10 mHz p-values and illustrate that they are consistent with the
Gaussian-noise expectations for searches on all data.

5.1. Upper Limits

Based on the 0102, O3, and O10203 targeted-search
results we place 95% confidence upper limits on the intrinsic
gravitational-wave amplitude at the detector h, defined in
Equation (3). We use a series of Monte Carlos where we
simulate signals at a fixed amplitude in real data and measure
the detection efficiency of our search. The detection criterion is
that the obtained value of the detection statistic be equal or
greater than the one found in the real search: if the measured
detection statistic is high, a higher gravitational-wave ampl-
itude will be needed in order for the signals to be detected. The
amplitude for which 95% of the tested signals is detected is the
upper limit value, hg°”. With minor variations on the theme,
this is the standard approach that we have taken for F -statistic
searches since the very first continuous waves search on LIGO
data back in Abbott et al. (2004). The F-stat upper limits are
shown in Table 1.
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Figure 2. 0102 (first row), O3 (second row), and 010203 (third row) results. The blue circles show the p-values of the targeted searches. The red circles in the left-
hand plots show the p-value of the most significant result in each 10 mHz subband of the band searches. These are generally higher than the targeted-search p-values
because they are maxima over 10 mHz, whereas the targeted searches probe only a single waveform. The red circles in the right-hand plots show, for each pulsar, the

lowest p-value among the subbands rescaled according to Equation (6), s

“. When s < 1 it can be directly interpreted as a p-value. When s > 1 it represents the

number of 10 mHz subbands in which we would expect, in a band search of Gaussian-noise data such as that performed for pulsar «, to measure a result more

significant than the most significant found in real data.
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Figure 3. Bayesian posteriors for the combined O10203 searches (blue) and
associated 95% confidence upper limits. We also show (red) the F -stat upper limits.

As discussed in the previous section the A posteriors from
the Bayesian analysis shown in Figure 3 are consistent with a
null result. Because of this, the Bayesian upper limits are
readily derived by integrating the posteriors up to a value such
that the overall probability is the desired confidence level. Such
value is the upper limit, and it represents the smallest extremum
of the credible interval. The Bayesian upper limit values are
shown in Table 2.

For the 0102 band searches we divide the searched frequency
range into 10mHz subbands and take the most significant
detection statistic value in that subband for our detection criteria.
The subband searches probe numerous waveforms and so the
loudest detection statistic value is going to be higher than for the
targeted searches. Correspondingly the upper limits will also be
higher, as shown in Figure 5 in the Appendix, typically by a factor
of ~2.7. Since this is the most computationally intense part of this
work, and we do not find evidence for a signal, we do not set
upper limits based on the O3 data, or on the 010203 data, but we
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p-value of the most significant result. If the data were Gaussian noise, the
distribution would follow the dashed black line.

expect that these would also be higher than the corresponding
targeted ones by a factor of a few.

The populations of fake signals used to determine the
detection efficiencies have polarization angle 1 and initial
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Table 1
95% Confidence Upper Limits on the Gravitational-wave Amplitude for the Targeted Searches Based on No Assumptions on the Inclination Angle (Unconstrained
Prior) and if the Inclination Angle is the Same as the Estimated Value of the Orbital Inclination Angle (Constrained Prior), Using Different Data

Pulsar f (Hz) h(?S% h(?S% h(;pd\m % 3 hgs/ h(Tpdwn hg 5/ h(TPdW‘]
Unconstrained Constrained Unconstrained Constrained Unconstrained Constrained

Prior Prior Prior Prior Prior Prior

01 02

10154 ~ 8458 27103 x 1072 9.0 x 1078 3.1 x 107 303

J0509 ~493.1 19793 x 1072 52x 10728 1L1x 1077 36.3

10709 ~58.1 33702 x 1072 3.9758 x 1072 1.5 x 1077 1.6 x 107% 2.0 x 107% 21.9 26.5

J0732 ~ 489.0 19193 x 1026 14194 x 10726 5.8 x 107 121077 9.2 x 107 32.0 24.0

10824 ~202.8 14703 x 10726 18504 x 10720 2.0 x 10777 49 %1077 6.2 x 1077 6.9 8.8

11411 ~32.0 52113 x 1072 3.6799 x 1072 1.1 x 107 47 x107% 3.2 x 1079 47.7 329

12204 ~23.6 15794 x 1072 48 x 1077 5.6 % 107 319.2

03

J0154 ~ 845.8 19704 x 10720 9.0 x 1072® 22x107% 21.2

10509 ~493.1 1.2592 x 10726 52x 1073 6.9 x 107% 237

J0709 ~58.1 22793 x 10726 24793 x 10726 1.5 x 107 1.1 x107% 12x107% 14.6 16.1

J0732 ~ 489.0 12103 x 1072 10.0123 x 10°% 5.8 x 10728 7.9 x 107% 6.6 x 1078 20.6 17.1

10824 ~202.8 9.9+ x 107 12402 x 10°26 2.0 x 10777 3.5 x 1077 42 %1077 5.0 5.9

J1411 ~32.0 3.9 x 10726 27507 x 10726 1.1 x 107 3.5 x 1079 25 x 1079 35.7 25.1

12204 ~23.6 9.9126 x 10°2 48 x 1072 3.6 x 107 204.0

01 02 03

10154 ~ 8458 15703 x 10726 9.0 x 1078 1.7 x 107% 16.7

J0509 ~493.1 10193 x 10726 52 %107 5.7 % 107% 19.6

10709 ~58.1 15503 x 10726 19403 x 10720 1.5 %1077 7.7 x 107 9.5 x 107 103 12.7

J0732 ~ 489.0 1.0793 x 1072 7.833 x 10777 5.8 x 107 6.7 x 107 5.1 %107 17.6 13.3

J0824 ~202.8 76518 x 1077 12103 x 1072 2.0 x 10777 27 %1077 4.1 %1077 3.8 5.8

11411 ~32.0 31507 x 1072 22104 x 1072 1.1 x 1077 28 x 107" 2.0 x107% 28.0 19.9

12204 ~23.6 8.1729 x 10726 48 x 1077 2.9 x 107 166.4

Note. We also show the spin-down upper limit calculated for a nominal value of the moment of inertia of 10*® kg m?, and the upper limits on the ellipticity of the star.

spdwn

The last two columns indicate how far our results are from being physically interesting: if /y>% / hy is less than 1, then the upper limits are informative.

(This table is available in machine-readable form.)

Table 2 refer to the resulting upper limits as wunconstrained and
Bayesian Upper Limits of O1-02-03 Targeted Searches (Unconstrained cos ¢ constrained, respectively.

Priors) If we assume that the neutron star is a triaxial ellipsoid
01 02 03 hS% 5% S [ngpivn spinning around a principal moment of inertia axis /., and that
Bayesian the continuous wave emission is due to an ellipticity
Pulsar

Ixx - Iyy
30154 13 % 1072 15 % 107 14.9 e=—7—> )
10509 1.0 x 107%¢ 59 %107 20.1

—26 —06 . . . . . . ..

10709 19 % 10 ” 94 x 10 o 12.5 based on the intrinsic gravitational-wave amplitude upper limits
J0732 7.7 x 10 5.1 x 10 13.2 h()S% lud " tar def i b 95%
10824 00 x 10-27 32 % 10 45 o » we can exclude neutron star deformations above a ¢
T1411 28 % 1026 2.5 % 10795 25.9 level. The ellipticity needed for a neutron star at a distance D,
12204 73 x 1072° 2.7 x 107 151.4 spinning at f/2, to produce continuous gravitational waves with

an intrinsic amplitude on Earth of & is (Jaranowski et al. 1998;
(This table is available in machine-readable form.) Gao et al. 2020):

h
e = 24x107 (70)

1 x 1072 g
phase @, uniformly distributed as described in Section 4. For D 200 Hz \*( 1038 kg m? ®)
the orientation angle we consider two cases: cos ¢ uniformly 1 kpe I I :
distributed in [—1,1] and fixed at the value of the orbital =
inclination, when available from the radio observations. We The ellipticity ¢>>% upper limits are given in Table 1.
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5.2. Discussion

We have searched for continuous gravitational waves from
seven pulsars that have not been targeted before. We use all the
publicly available Advanced LIGO data, namely from the O1,
02, and O3 science runs.

We find no evidence of a gravitational-wave signal at a
detectable level. The posterior probability distribution for PSR
JO709 is peaked slightly off-zero, but this could well be a noise
fluctuation as well as due to spectral contamination. At the
lower frequencies in particular, it is not uncommon to find
these posteriors, see for example Figure 3 of Abbott et al.
(2020) showing the results for the Vela Pulsar from the search
at ~22 Hz. The F -statistic results for the coherent 010203
search are insignificant, which indicates that a coherent signal
during all the observations is not detected. On the other hand
PSR J0709 is one of the only two pulsars for which the radio
observations overlap with all the LIGO runs, so we are most
confident of the used template waveform.

For more than half of the pulsar sample, our searches probe
ellipticities <3 x 107, which could be sustained by neutron
star crusts (Johnson-McDaniel & Owen 2013; Bhattacharyya
2020; Gittins et al. 2021). Our tightest ellipticity bound
amounts to 1.7x 107® (1.5x107® from the Bayesian
analysis), for PSR JO154. The remaining four pulsars are more
distant and/or spin slower, this yields less-constraining upper
ellipticity limits. For the pulsar PSR J0824, assuming a
canonical moment of inertia of 10*® kg m?, our upper limits
are within a factor of 3.8 (5.8) of the spin-down upper limit, for
an unconstrained and constrained cos ¢ prior, respectively. The
actual moment of inertia of the star may differ from the
canonical one up by a factor of a few. These are physically
interesting ellipticity ranges (Woan et al. 2018), and showcase
the potential for this type of search.
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Appendix A
Targeted Search Parameters

The parameters of the gravitational-wave templates for the
pulsars in this search are provided in Table 3.



Table 3
Gravitational Waveform Parameters
Pulsar GW Frequency GW Freq. Derivative R.A. Decl. Epoch Proj. Semimajor Axis Binary Period Eccentricity Arg. of Periastron Distance
! i) TOSSB asini W

(Hz) (Hzs™") (rad) (rad) (MJD) (It-s) (s) (rad) (pc)
12204 ~23.6 3652 x 107" 5.7802112 0.4715040 56.805.0 210.680632593 70,437,206.11210689 0.00152 0.1118 2150
J1411 ~32.0 —4.904 x 1077 3.7145600 0.4512083 57,257.864168 9.204790917 226,010.02575114663 0.16993 1.4209 977
J0709 ~58.1 —6.418 x 107'° 1.8724740 0.0869343 56,983.893691 15.716582025 377.281.1771422851 0.00023 5.6319 1790
J0824 ~202.8 —-3.021 x 1072 22009213 0.0081476 56,600.0 18.988928488 2,005,081.527370442 0.00023 0.8084 1530
10732 ~489.0 ~7.344 x 107'° 1.9749503 0.4057610 58,000.0 10.625842295 2,611,878.6842582175 0.00001 1.1879 1660
J0509 ~493.1 —5.366 x 107'° 1.3498838 0.1560374 57,384.0 2.458025534 424,049.2036136159 0.00002 0.5642 1450
J0154 ~845.8 —1.046 x 102 0.5001010 0.3240047 56.900.0 860
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Appendix B
Band Search Upper Limit Plots
In this Appendix, in Figure 5, we show the O102 band search
upper limit results and for reference we also plot the targeted-search

upper limits.
le—25 le—-25
J0154+1833 J0509+0856
- f= 845819827372 1757 - f=493.116314264
2.0 $  Unconstrained cos ¢ prior 1.50 $  Unconstrained cos t prior
¥  Targeted-search unconstrained cos t prior ¥ Targeted-search unconstrained cos t prior
1.25 f
L 15 .
%:‘3 %*:o 1.00 i
1.0 0.75 Ll I ‘ Li
. I, [ Al L L L gl ol i g P TN Y
0.50 e O ‘v'"“;m e e e e
03 0.25
. : '
0.00 :
8445 845.0 8455 846.0 846.5 847.0 8475 492.25 492.50 492.75 493.00 493.25 493.50 493.75 494.00
Frequency (Hz) Frequency (Hz)
Je—25 Je—25
J0709+0458 1.75 073242314
1.75] - f=58.090600008 -~ f=488.98116609
1.50 ¢ Unconstrained cos t prior 1.50 ¢ Unconstrained cos t prior
: + Constrained cos t prior 1.25 t Constrained cos ¢ prior
125 + Targeted-search unconstrained cos t prior + Targeted-search unconstrained cos t prior
3 4 Targeted-search constrained cos t prior 2 1.00 4 Targeted-search constrained cos t prior
% 1.00 } = .95 ;
075 | f } } . $ $ + + f . } ‘ f + ‘ + + } + f B . T A T AL
050 o0
: # 0.25 i
0.25 i 0.00 *
58.00 58.05 58.10 58.15 58.20 488.00 488.25 488.50 488.75 489.00 489.25 489.50 489.75
Frequency (Hz) Frequency (Hz)
le-25 le—-25
)0824+0028 4 J1411+2551
10| f=202.812015562 | | f=32.024135685
+  Unconstrained cos t prior ¢ Unconstrained cos t prior
0.8 + Constrained cos t prior 3 + Constrained cos  prior
’ ¥ Targeted-search unconstrained cos t prior + Targeted-search unconstrained cos t prior
2 4 Targeted-search constrained cos t prior 2 }  Targeted-search constrained cos t prior
+ Py
oa MR e B P T TR
‘ bt N NI O 0 I
0.2 * t
H 0 1
202.4 202.5 202.6 202.7 202.8 202.9 203.0 203.1 203.2 31.96 31.98 32.00 32.02 32.04 32.06 32.08
Frequency (Hz) Frequency (Hz)
le-24
1.2 J2204+2700
""" f=23.612021759
1.0{ % Unconstrained cos t prior
#  Targeted-search unconstrained cos t prior
0.8
g
i l
e
0.2
'
0.0 H

23.56 23.58 23.60 23.62 23.64 23.66
Frequency (Hz)

Figure 5. 0102 data upper limits on the gravitational-wave amplitude in each 10 mHz frequency subband searched, based on the most significant result in that
10 mHz subband. We also show the targeted-search results, which are the lower points at the central frequency, which is twice the pulsar rotation frequency.
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ABSTRACT

More than 100 millisecond pulsars (MSPs) have been discovered in radio observations of gamma-ray sources detected by the
Fermi Large Area Telescope (LAT), but hundreds of pulsar-like sources remain unidentified. Here, we present the first results
from the targeted survey of Fermi-LAT sources being performed by the Transients and Pulsars with MeerKAT (TRAPUM) Large
Survey Project. We observed 79 sources identified as possible gamma-ray pulsar candidates by a Random Forest classification of
unassociated sources from the 4FGL catalogue. Each source was observed for 10 min on two separate epochs using MeerKAT’s
L-band receiver (856—1712 MHz), with typical pulsed flux density sensitivities of ~ 100 pJy. Nine new MSPs were discovered,
eight of which are in binary systems, including two eclipsing redbacks and one system, PSR J1526—2744, that appears to have a
white dwarf companion in an unusually compact 5 h orbit. We obtained phase-connected timing solutions for two of these MSPs,
enabling the detection of gamma-ray pulsations in the Fermi-LAT data. A follow-up search for continuous gravitational waves
from PSR J1526—2744 in Advanced LIGO data using the resulting Fermi-LAT timing ephemeris yielded no detection, but sets
an upper limit on the neutron star ellipticity of 2.45 x 10~%. We also detected X-ray emission from the redback PSR J1803—6707
in data from the first eROSITA all-sky survey, likely due to emission from an intrabinary shock.

Key words: binaries: general —pulsars: general —pulsars: individual: J1036—4353, J1526—2744, J1803—6707 — gamma rays:

stars.

1 INTRODUCTION

Observations by the Large Area Telescope (LAT; Atwood et al. 2009)
onboard the Fermi Gamma-ray Space Telescope have led to the
detection of gamma-ray pulsations from nearly 300 pulsars' (The
Fermi-LAT Collaboration, in preparation). These fall into two main
classes: canonical pulsars that are still rapidly spinning-down from
their initial rotation periods; and millisecond pulsars (MSPs) that
have been spun-up (or ‘recycled’ Bhattacharya & van den Heuvel
1991) to rates of hundreds of rotations per second by accretion from
an orbiting star (Smarr & Blandford 1976; Alpar et al. 1982).

Both pulsar classes have characteristic gamma-ray emission prop-
erties (curved spectra and low flux variability over time) that are
distinct from those of other gamma-ray emitting objects (e.g. Acker-
mann et al. 2012). These properties can be used to identify promising

* E-mail: colin.clark@aei.mpg.de
Uhttp://tinyurl.com/fermipulsars

pulsar-like gamma-ray sources, which can then be targeted with
radio telescopes to detect pulsations and confirm their nature (Ray
et al. 2012). The few-arcmin localization regions of unassociated
Fermi-LAT sources enable targeted, long and repeated observations
of promising sources, and a higher detection efficiency than can be
achieved when surveying a broad region of the sky.

This method has proven highly successful at discovering new
MSPs; more than a quarter of the 400 MSPs known in the Galactic
field have been discovered in Fermi-LAT sources’ (e.g. Cognard
et al. 2011; Keith et al. 2011; Ransom et al. 2011; Kerr et al. 2012;
Barr et al. 2013; Camilo et al. 2015; Cromartie et al. 2016) in a
global effort coordinated by the Fermi Pulsar Search Consortium
(Ray et al. 2012). These searches have been particularly effective
in finding exotic but elusive ‘spider’ binary pulsars (‘black widows’
and ‘redbacks’, Roberts 2012) whose long radio eclipses due to
diffuse intrabinary material make them easily missed in single-pass

Zhttp://astro.phys.wvu.edu/GalacticMSPs/

© 2023 The Author(s).

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.
182

€20z Aenuer Gz uo Jesn SdIA - sieuenbpes aAnensiuIWpY AQ 222€269/065S/7/6 L G/810ne/SEIuW/ /W00 dno dlwepeoe//:sdjy Wwo.y papeojumoq



untargeted surveys. Around two-thirds of the known spider binaries
in the Galactic field were found by targeting Fermi sources.

Many new MSPs remain to be found amongst the LAT sources:
pulsars make up around 6 per cent of the identified or associated?
sources in the recent 12-yr iteration (Abdollahi et al. 2022, hereafter
4FGL DR3) of the Fermi-LAT Fourth Source Catalog (Abdollahi
et al. 2020, hereafter 4FGL), while over 2000 sources remain
unassociated. Observed gamma-ray and radio fluxes from pulsars
are not strongly correlated with one another (Abdo et al. 2013; The
Fermi-LAT Collaboration, in preparation), and so prospects remain
high for detecting radio pulsars even in faint new gamma-ray sources
that have only recently been detected thanks to the exposure that has
accumulated during Fermi’s ongoing all-sky survey. This also means
that new radio MSPs discovered within faint new Fermi-LAT sources
can still be bright enough to be valuable astrophysical tools, and
indeed several new MSPs found using this method have been added
to pulsar timing array (PTA) projects aiming to detect gravitational
waves (e.g. Spiewak et al. 2022).

The potential importance of detecting new MSPs in Fermi-LAT
sources is illustrated by the fact that several previous discoveries
found in this manner now mark the extreme edges of the MSP popula-
tion, and are therefore the best current probes for several fundamental
astrophysics questions. These include: the fastest known Galactic
MSP (PSR J0952—0607, Bassa et al. 2017); the pulsar binary
system with the shortest known orbital period (PSR J1653—0158,
Nieder et al. 2020b); and a group of massive black-widow
MSPs that probe the maximum neutron star mass (Romani et al.
2022).

One crucial benefit of finding a new MSP within a gamma-ray
source is that gamma-ray pulsations can often be detected and
timed directly in the Fermi-LAT data. Initial timing solutions can
be refined and extrapolated backwards to the start of the LAT
data (which currently spans more than 14 yr), providing long and
precise rotational ephemerides without the need for lengthy radio
timing campaigns. Illustrating the potential scientific benefits of
this capability, gamma-ray timing of the recently discovered black-
widow PSR J1555—2908 (Ray et al. 2022) may have revealed a
second, planetary mass object in a long period orbit around the inner
binary system (Nieder et al. 2022). The LAT data have also even
been recently exploited to build a gamma-ray PTA (The Fermi-LAT
Collaboration 2022), whose sensitivity to a stochastic gravitational
wave background may reach that of current radio PTAs within a
decade. While searches for pulsations in the Fermi-LAT data itself
can reveal new MSPs (e.g. Pletsch et al. 2012; Clark et al. 2018), trials
factors and computational costs limit these searches to the brighter
pulsars. The detection of gamma-ray pulsations from MSPs in binary
systems (which most are) is also impossible without prior orbital
constraints (Nieder et al. 2020a). Radio surveys and initial timing
therefore remain critical for expanding the population of Galactic
MSPs.

The efforts of searching for new MSPs in Fermi-LAT sources
have recently been bolstered by new radio telescopes. These bring
capabilities of observing in new parameter spaces (e.g. at low radio
frequencies with LOFAR and GMRT, Bassa et al. 2017; Pleunis

3Gamma-ray sources are only deemed ‘identified’ if they have pulsed gamma-
ray emission, gamma-ray variability that correlates with that seen in other
wavelengths, or are resolved and have an angular extent consistent with that
of a known source seen at other wavelengths. If a known source is likely to
be the source of the gamma-ray emission, but these conditions are not met,
then the gamma-ray source is described as ‘associated” but not identified.

TRAPUM’s survey of Fermi-LAT sources 5591
et al. 2017; Bhattacharyya et al. 2021) or with greater sensitivity
(e.g. FAST; Wang et al. 2021).

In this paper, we present the first results from one such new
survey of unassociated Fermi-LAT sources, using the MeerKAT
radio telescope (Jonas 2009; Jonas & MeerKAT Team 2016). The
full MeerKAT array is around five times more sensitive than the
Murriyang Parkes telescope (Bailes et al. 2020), the next most
sensitive radio telescope in the Southern Hemisphere. The Transients
and Pulsars with MeerKAT (TRAPUM) project is a large survey
project using MeerKAT to search for new pulsars (Stappers & Kramer
2016). All TRAPUM observations target sky locations in which
pulsars are particularly likely to lie: globular clusters (Ridolfi et al.
2021); nearby galaxies (Carli et al. 2022); supernova remnants, pulsar
wind nebulae and other TeV sources; and GeV gamma-ray sources.
A separate dedicated L-band survey of the Galactic plane (MMGPS-
L) is also ongoing using the same instrumentation and processing
infrastructure (Kramer et al. 2016, Padmanabh et al., in preparation).
To date, the TRAPUM and MMGPS-L searches have discovered
more than 150 new pulsars,* the majority of which are MSPs. Here,
we present the first results from TRAPUM’s survey of unassociated
Fermi-LAT sources, which led to 9 of these MSP discoveries.

The paper is organized as follows: Section 2 describes the survey
setup (recording and processing infrastructure, target selection and
observation strategy); Section 3 presents the new discoveries and
subsequent investigation (localization, timing and multiwavelength
follow-ups) and an estimate of the survey’s sensitivity; and finally a
brief discussion and conclusions follow in Sections 4 and 5.

2 SURVEY PROPERTIES

2.1 MeerKAT and the TRAPUM processing infrastructure

MeerKAT is a radio interferometer located in the Karoo, South
Africa, consisting of 64 antennas with 13.5-m effective diameter.
Here, we give a brief description of MeerKAT and the TRAPUM
infrastructure used to perform our pulsar search observations. For a
full technical description of the instrument, we refer the reader to
Jonas & MeerKAT Team (2016). At the time of data taking (between
2020 June and 2021 February), two receivers were available: the
L-band receiver operating between 856 and 1712 MHz and the Ultra
High Frequency (UHF) receiver between 544 and 1088 MHz. This
survey was conducted at L band, but follow-up observations of new
pulsars were also made at UHF.

At the L-band centre frequency, a coherent tied-array beam
produced using all 64 MeerKAT antennas has a typical full width
at half-maximum of the order of a few arcseconds. Furthermore,
the data rate of complex voltages from the antennas is too high
to record while observing. Efficiently searching the several-arcmin
localization region of an unassociated Fermi-LAT source in a single
pointing therefore relies on the ability to form and record the Stokes
intensities from a large number of coherent beams simultaneously.
This capability is provided by the Filterbanking BeamFormer User
Supplied Equipment (FBFUSE), a 32-node, GPU-based, software
beamformer developed by the Max Planck Institute for Radio
Astronomy (Barr 2018; Chen et al. 2021). FBFUSE coherently
sums the channelized complex voltages in real time, using sky
position-dependent complex weights computed by the purpose-built
Mosaic software® from a delay model provided by the MeerKAT

“http://trapum.org/discoveries/
Shttps://github.com/wchenastro/Mosaic

MNRAS 519, 5590-5606 (2023)
183

€20z Aenuer Gz uo Jesn SdIA - sieuenbpes aAnensiuIWpY AQ 222€269/065S/7/6 L G/810ne/SEIuW/ /W00 dno dlwepeoe//:sdjy Wwo.y papeojumoq



5592  C. J. Clark et al.

Science Data Pipeline. FBFUSE can produce channelized time series
for up to 864 coherent beams, as well as one incoherent beam
produced by summing the (real-valued) Stokes intensities from each
antenna. FBFUSE’s beamforming algorithm requires a multiple of
four antennas, and not all antennas are available for all observations.
As such, we used either 56 or 60 antennas during our observations,
depending on availability.

The channelized data from each coherent beam are then recorded
on to a distributed 3.5-PiB file system accessible from the Acceler-
ated Pulsar Search User Supplied Equipment (APSUSE) instrument,
asecond, 60-node computer cluster, with two NVIDIA GeForce GTX
1080 Ti GPUs per node, on which the pulsar search takes place. The
number of beams that can be stored is limited by the data rate at
which APSUSE can record, and so down-sampling in time from
the native data rate is necessary for a large number of beams to be
recorded. All of our observations used the 4096-channel MeerKAT
F-engine channeliser mode, but beamformed spectra were down-
sampled in time by a factor of 16 from the native time resolution
(4096/856 MHz = 4.785 us) to give 76-ps time resolution. With
these time and frequency resolutions, up to 288 coherent beams
could be formed and recorded. Additionally, downsampling in
frequency by a factor of 2 allowed for 480 coherent beams with 2048
frequency channels. Both of these recording modes were used in our
survey.

The full set of filterbank files for 480 coherent beams constitute
46 TiB of data per hour of observation, allowing at most 73 h of
data in this format to be stored for processing on APSUSE. It was
therefore necessary to process these data quickly, identify promising
candidates for further follow-up, and delete the raw data to ensure
there was sufficient storage space for other TRAPUM projects to
continue observing. Only the filterbank files for beams in which
promising candidates were identified were retained for later use.

2.2 Observing strategy

The very high gain and low system temperature of the MeerKAT array
(G=2.8KIJy! for the full array and Tyys = 18 K, Bailes et al. 2020)
enable the detection of pulsars with low flux densities, even with
short observation lengths. This motivated a strategy involving short
pointings towards as many sources as possible. We chose 10-min
observations, for which we still obtain flux density limit estimates of
around 95uJy that compare favourably against previous surveys of
Southern sources with longer observations (see Sections 3.4 and 4).

Previous surveys for MSPs within unidentified Fermi-LAT sources
have revealed the importance of observing sources more than once
to mitigate non-detections due to scintillation (Camilo et al. 2015)
or unfavourable orbital phases (e.g. due to spider eclipses or ‘jerk’
effects Andersen & Ransom 2018). In this paper, we describe the
first two passes of this survey, both performed at L band. At least two
further passes are planned for each source at the UHF band, where
the lower frequency will provide additional sensitivity to pulsars with
steep spectra, but where propagation effects and dispersive smearing
are larger.

During each observation, FBFUSE can be configured to form
coherent beams that are distributed within the primary field of view
either at pre-specified locations, or automatically using an optimal
hexagonal tiling pattern. In this latter mode, used for all of our survey
observations, the beam spacing is defined by an overlap parameter,
which is the fractional sensitivity level of a 2D Gaussian function fit
to the tied-array beam response, simulated by Mosaic (see Chen
etal. 2021) at the centre of the frequency band, at the point mid-way
between two neighbouring beams. The simple Gaussian model of
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Figure 1. An example of the coherent beam tiling pattern, from the
second observation of 4FGL J1623.9—6936. The greyscale image shows the
fractional sensitivity according to the Mosaic beam simulation, maximized
over neighbouring coherent tied-array beams, reaching 100 per cent at the
centre of each beam. The solid red ellipse is the 95 per cent confidence region
for the Fermi-LAT source. The dashed green circle shows the minimum region
that we aimed to cover, and has a radius corresponding to the semimajor axis
of an approximate 99 per cent confidence region. The blue star shows the
location of PSR J1623—6936 discovered in this observation. The positional
uncertainty (obtained in Section 3.2) is smaller than this marker.

the earlier versions of Mosaic, used for all our survey observations,
tended to overestimate the true overlap when using the full MeerKAT
array, and so e.g. points mid-way between beams in a tiling with an
intended 50 percent overlap actually only achieved ~ 40 percent
sensitivity.

In the first pass of all our targeted sources, we used the 4096-
channel mode, with a maximum of 288 coherent beams. The beam
tiling patterns for each source were configured with a desired
overlap of 50 per cent. We prioritized observing sources with larger
positional uncertainties when they were at lower elevations, where
the coherent tied-array beams covered a larger solid angle, to
ensure that the full localization region could be covered. For the
sources with the largest uncertainty regions, observations were
scheduled to ensure a sufficiently low elevation that the beam
tiling covered a circle with a radius at least as large as the
semimajor axis of the elliptical 95 per cent confidence region
(hereafter ros) from 4FGL. No significant sensitivity penalty due
to ground spillover is incurred for elevations above 30°. For better-
localized sources, the outer beams were well outside the Fermi source
region.

Further development of FBFUSE after our survey began provided
the capability to alter the tiling overlap between sources within
one observing block. For 75 per cent of the observations in the
second pass, we used the 2048-channel, 480-beam mode and adjusted
the tiling overlaps for each source to maximize sensitivity while
ensuring that the coherent beams covered a circular region with
radius at least r = 4/log(0.01)/10g(0.05) ros, the semimajor axis
of an approximate 99 per cent-confidence ellipse. An example of
the resulting tiling pattern is shown in Fig. 1. All sources had
ros < Sarcmin, such that the tiled region covered a very small
patch around the centre of the ~ 1 deg primary beam, meaning no
significant sensitivity loss occurs for coherent beams that are not
located at the central pointing position.
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2.3 Search pipeline

The filterbank data from all coherent tied-array beams and incoherent
beams were searched by a dedicated pipeline built around the
peasoup® GPU-accelerated pulsar search code, which performs
an FFT-based acceleration search via time-domain resampling with
incoherent harmonic summing (Barr 2020, and described in detail in
Morello et al. 2019).

The data were de-dispersed at trial dispersion measures (DMs)
up to 300 pc cm~3 with spacing ADM = 0.06 pc cm~>. This range
covers the maximum DM:s predicted by the Galactic electron density
model of Yao, Manchester & Wang (2017, hereafter YMW 16) in the
direction of any of our target sources, and 70 of our 79 target sources
have maximum predicted DMs that are less than half of this range
(i.e. below 150 pc cm™?).

The acceleration search covered a range of @ + 50 m s~2, which
is slightly less than twice as large as the maximum acceleration seen
from any known fully recycled binary MSP (26.1 m s~2 from PSR
J0024—7204V, Ridolfi et al. 2016) in the ATNF Pulsar Catalogue
(v1.65, Manchester et al. 2005). Higher accelerations have been
observed from relativistic binaries, such as pulsars with massive
white dwarf companions or double neutron star systems, but these
are all mildly recycled systems, which typically do not have sufficient
spin-down power to emit gamma-ray pulsations, although the Double
Pulsar is one notable exception (Guillemot et al. 2013). At each trial
DM, the spacing between acceleration trials was chosen according
to the scheme described in Morello et al. (2019), which ensures that
signals lying between two acceleration trials suffer a total smearing
that is not more than 10 per cent larger than the other (unavoidable)
smearing effects due to intrachannel dispersion smearing and finite
time resolution.

After performing the acceleration search, a clustering algorithm
was used to search for clusters of candidates from neighbouring
coherent beams with similar periods and DMs. Candidates with
periods close to known radio-frequency interference (RFI) signals
were excluded. This clustering step also aims to distinguish between
astrophysical and terrestrial RFI signals, based on how the signal-
to-noise ratio (S/N) drops off in neighbouring beams as a function
of the angular offset from the beam in which the signal is detected
most strongly. With the exception of side-lobe detections of very
bright pulsars, signals from astrophysical point sources should only
be detected in single beams, or in a small number of beams close
to their sky positions. Candidates are therefore rejected if they are
detected in many non-neighbouring coherent beams with S/Ns that
drop off too slowly with angular offset, as this is indicative of a
terrestrial interference signal.

The data from the beam containing the strongest detection of each
candidate cluster were then folded using the PulsarX software,’
and folded candidates were scored by the Pulsar Image-based Classi-
fication System (PICS) machine-learning classifier (Zhu et al. 2014).
Candidates surpassing a conservatively low PICS-score threshold
of 10percent, typically a few hundred per pointing, were then
grouped for visual inspection. As mentioned previously, the full set
of raw data could not be stored indefinitely, except for data from
beams containing high-confidence pulsar candidates. Reduced data
products, i.e. candidate lists, and folded data for every candidate,
were retained from all observations.

Ohttps://github.com/ewanbarr/peasoup
Thittps://github.com/ypmen/PulsarX
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2.4 Target selection

We built a list of observing targets by identifying pulsar-like unasso-
ciated Fermi-LAT gamma-ray sources within the 4FGL catalogue.

Several studies have had success in using machine-learning classi-
fication techniques to identify pulsar candidates from the population
of unassociated sources detected by the Fermi LAT (Lee et al. 2012;
Saz Parkinson et al. 2016; Luo et al. 2020; Finke, Kramer & Manconi
2021). These methods rely on the fact that gamma-ray pulsars have
characteristic spectral properties that distinguish them from other
gamma-ray emitting source classes: (1) gamma-ray pulsar spectra
typically have significant curvature, in that they deviate from a
simple power-law spectrum due to a sub-exponential cutoff at photon
energies above a few GeV; and (2) gamma-ray pulsars are very
stable emitters on long time-scales. The Random Forest algorithm
(Breiman 2001) has been shown to perform well for the purpose
of classifying Fermi-LAT sources (Saz Parkinson et al. 2016; Luo
et al. 2020), and so we employed this method to rank sources from
4FGL.

We used five parameters from 4FGL for the classification:
PLEC_SigCurve, the significance of the log-likelihood improve-
ment when fitting the source spectrum with a (curved) sub-
exponentially cutoff power-law spectrum typical of pulsars, com-
pared to a simple power-law; Variability2_Index, the chi-
squared value of the energy flux measured in 2-month time bins;
Signif_Avg, the point-source significance (brighter sources can
have higher curvature and variability significance, including this
parameter in the ranking accounts for this); PLEC_Index and
PLEC_Expfactor, the photon index and the pre-factor a in the
exponential cutoff term exp (— aE”), where b = 2/3 was used for all
unassociated sources and all but six bright pulsars in 4FGL. These
final two parameters encode the energy at which the gamma-ray spec-
trum peaks, which for pulsars typically lies between 0.5 and 4 GeV,
but which can be at much higher energies for active galactic nuclei
(AGNs) with curved spectra.

‘We combined the gamma-ray source classes listed in 4FGL into
three broad categories: AGNs, pulsars, or ‘other’ (which contains
e.g. supernova remnants and pulsar wind nebulae). The classifier
was trained to identify these classes using sources with highly likely
or confirmed associations listed in 4FGL. To evaluate the classifier
performance, we removed 33 per cent of the 4FGL sources, chosen
at random, trained the classifier on the remaining population, and
compared the classifier results to the known association classes. For
identifying pulsars, the classifier had a precision of 82 per cent (i.e.
82 per cent of sources predicted to be pulsars were in fact pulsars)
and a recall of 71 per cent (i.e. 71 per cent of pulsars in the sample
were correctly identified as such).

For each unassociated source in 4FGL the Random Forest algo-
rithm estimates the probability, P(psr), of this source being a pulsar.
We used this list of unassociated sources, ranked by their predicted
pulsar probability, and made further cuts to reduce the number of
sources to observe. First, only sources with declinations below +20°
were included. Next, we removed sources with Galactic latitudes
within || < 10° of the Galactic plane. This is because gamma-ray
pulsars close to the Galactic plane tend to be slowly spinning young
pulsars, which have much narrower radio beams, and are therefore
more likely to be radio-quiet gamma-ray pulsars undetectable to our
survey. The Galactic plane is also being surveyed with MeerKAT
with similar sensitivity as part of the MMGPS-L survey up to
|b| < 5°. Our survey was planned before the MMGPS-L survey
region had been finalized, and hence our Galactic latitude cut aimed
to avoid redundant observations. We then removed sources whose
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4FGL 95 per cent confidence regions had semimajor axes larger
than 5 arcmin, which is the largest region that could be covered in a
single pointing using 288 coherent beams overlapping at 50 per cent
sensitivity. This semimajor axis cut removes around 40 sources that
pass our other cuts, but several of these will be covered in future
UHF observations, where the coherent beams are wider.

Finally, we removed any sources with P(psr) < 12 per cent, which
leaves 79 sources to search, while retaining 95 per cent of the total
sum of all P(psr) values. Summing the classifier probabilities gives
a (crude) prediction that 38 pulsars (not necessarily all detectable in
radio surveys) should exist within these sources, with only 2 expected
pulsars in the remaining sources that did not pass the probability
threshold. The sources that were searched, along with the pulsar
probabilities predicted by the classifier, are listed in Table 1.

3 RESULTS

From our two-pass survey, nine candidate signals were identified
in the final visual inspection step as likely being new millisecond
pulsars, and all of these were later confirmed by additional detections
(see Section 3.1). The pulse profiles for the newly discovered MSPs
are shown in Fig. 2.

Our survey also independently detected PSR J0312—0921,
a black-widow MSP discovered recently in a GBT observa-
tion of 4FGL J0312.1—0921 (Tabassum et al., in preparation).
Shortly after our first observations, another two target sources,
4FGL J0802.1-5612 and 4FGL J1231.6—5116, were identified
as young gamma-ray pulsars by the direct detection of gamma-
ray pulsations in the Fermi-LAT data by Einstein@Home.® Neither
pulsar was detected in our survey, but this is not surprising, as only
a very small fraction of young pulsars discovered in gamma-ray
pulsation searches have been detected in radio observations (Wu
et al. 2018).

3.1 Follow-up observations

To confirm the pulsar nature of the detected candidates, we performed
dedicated follow-up observations with MeerKAT at both L band
and UHF, and checked for archival data from previous search
observations of the Fermi-LAT sources in which they were found.
Three pulsars (J1757—6032, J1803—6707, and J1823—3543) were
re-detected in archival data from the Parkes radio telescope.

The five high-confidence pulsar candidates detected in the first pass
were removed from the scheduled second survey pass, so that they
could be observed in a dedicated set of confirmation observations
along with candidates from the second pass. In these confirmation
observations, we employed a very dense tiling (with 90 per cent
overlap) with a smaller number of beams around the location of the
coherent beam in which the candidate was detected most strongly
in the initial survey observations. This dense tiling ensured high
sensitivity for re-detecting these candidates, while also enabling us
to more precisely localize each pulsar using the method described
below (see Section 3.2).

Eight of the pulsar candidates (excluding PSR J1036—4353, dis-
cussed below) were re-detected in these confirmation observations.
One pulsar, PSR J1709—033 was only seen in the UHF observation,
most likely due to unfavourable scintillation that was seen during
observations in which this pulsar was detected.

Shttps://einsteinathome.org/gammaraypulsar/FGRP1_discoveries.html
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One pulsar, PSR J1036—4353 was not included in the confirmation
observations, as it had not been immediately identified as a candidate
due to a bug in the folding pipeline that caused it to be folded with
the wrong acceleration sign. Instead, it was identified at a later date
when the folded archives were corrected. It was confirmed in a later
UHF observation as part of the next stage of this survey, which will
be presented in a future paper.

3.2 Localization

Following the detection of a pulsar in our survey, the sky position
could be estimated to a much higher precision than the size of a
coherent beam by triangulation using the measured S/Ns in neigh-
bouring beams. The method with which we localized candidates
from our survey is described in Bezuidenhout et al. (in preparation),
based on the concept outlined in Obrocka, Stappers & Wilkinson
(2015), which works as follows. Given the model of the coherent
beam point spread function (PSF) provided by Mosaic, one can
compute the expected ratio of the S/Ns that would be recovered in
two neighbouring beams for a pulsar at any given point nearby. This
expected ratio will match the observed ratio, within uncertainties, for
a strip of positions between the two beams. These strips can then be
computed for each pair of beams, and the location of the candidate
can be inferred from where these strips all cross one another.

This procedure is implemented by the SeeKAT package.’ We used
SeeKAT on each of the confirmation observations, which had the
most dense beam tilings. The best-fitting positions and uncertainties
were in good agreement across the three observations (one at L band,
two at UHF), and so we combined these results by summing together
the log-likelihood surfaces from each observation.

The best-fitting positions and uncertainties for each pulsar are
given in Table 2, and an example of the localization log-likelihood
surface is illustrated in Fig. 3. The SeeKAT positional uncertainties
for new pulsar candidates are typically of the order of a few arc-
seconds, sufficiently precise to enable the identification of potential
counterparts in multiwavelength catalogues.

3.3 Timing

Follow-up timing campaigns have begun for all newly detected
pulsars. Initially, all timing observations were performed at other
telescopes. The pulsars visible from the Northern hemisphere are
followed up mainly using the Nangay (for PSRs J1526—2744
and J1823—3543) and Effelsberg (for PSRs J1709—0333 and
J1906—1754) telescopes at L band, while all other pulsars (and,
initially, also those observed at other telescopes) are followed up
at the Murriyang Parkes telescope, using the Ultra-wide-band Low
(UWL) receiver (Hobbs et al. 2020), covering a frequency range
from 0.7 to 4 GHz. Depending on the discovery S/N at MeerKAT
or, when available, the S/N at the improved position, we follow-up
the TRAPUM discoveries for 1-2 h. Observations are carried out
in search mode. Whenever possible the pulsars have been observed
with a pseudo-logarithmic cadence to help achieve phase coherence
in our timing analysis. Phase-connected timing solutions for two
MSPs, described in detail below, were obtained using the Dracula
algorithm'® (Freire & Ridolfi 2018); this was necessary given the
sparsity of the timing data in both cases.

“https://github.com/BezuidenhoutMC/SeeK AT
10https://github.com/pfreire 163/Dracula
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Table 1. List of survey observations of Fermi-LAT sources. P(psr) is the probability predicted by the Random Forest classifier of each source being a
gamma-ray pulsar (see Section 2.4). Sop, Ss0, and Sos are sensitivity estimates (see Section 3.4) from the radiometer equation for a 500-Hz pulsar, with
DM = 100pc cm~3 and a 15 per cent duty cycle, based on optimistic (no losses due to finite frequency, acceleration, and DM trial spacings, and for a
pulsar lying at the centre of a coherent beam), realistic (median losses), and conservative (95th centile losses) assumptions, respectively.

4FGL source P(psr) Epoch 1 Sopt (1Y) Ss0 (1Jy)  Sos (1Jy) Epoch 2 Sopt (1Y) Ss0 (1y)  Sos (1Jy)
J0048.6—6347 0.53 59034.2131 53 114 135 59196.6117 50 88 97
J0139.5-2228 0.29 59123.8042 53 110 142 59196.6191 50 94 112
J0251.1—-1830 0.13 59034.206 52 112 136 59202.7276 49 78 89
J0312.1-09217 0.94 59034.1976 52 112 132 59202.7204 49 86 95
J0414.7—-4300 0.45 59034.1435 52 113 136 59202.6874 49 92 106
J0529.9-0224 0.3 59065.4275 49 120 144 59188.1007 51 97 117
J0540.0—7552¢ 0.19 59034.221 52 113 138 59188.1084 50 89 105
J0657.4—4658 0.26 59065.4594 50 121 142 59188.1538 50 96 115
J0712.0—6431 0.17 59065.5499 50 122 189 59188.161 49 99 118
J0802.1-5612° 0.91 59065.444 52 128 148 59182.2759 54 94 108
J0940.3-7610° 0.94 59065.4674 51 126 144 59188.1155 50 81 93
J0953.6—1509 0.89 59065.4514 49 118 137 59182.2831 53 94 112
J1036.6—4349* 0.45 59065.4908 53 130 148 59182.3887 54 94 112
J1106.7—1742 0.57 59065.498 50 122 140 59182.3508 53 94 113
J1120.0—-2204¢ 0.75 59065.5058 52 126 143 59188.1761 49 64 74
J1126.0-5007 0.21 59065.4357 50 119 224 59182.412 54 95 111
J1204.5—-5032 0.5 59020.8389 50 113 182 59188.0925 51 929 115
J1207.4—4536 0.7 59065.4835 52 127 152 59250.2806 54 103 126
J1213.9—4416 0.23 59065.5129 51 122 140 59188.1316 50 87 99
J1231.6-5116" 0.96 59065.528 53 130 152 - - - -
J1303.1-4714 0.15 59065.4207 67 159 248 59188.1244 51 103 121
J1345.9-2612 0.34 59065.4747 49 116 133 59188.1389 51 94 113
J1400.0—-2415 0.91 59020.7561 50 117 134 59188.1461 51 87 100
J1416.7-5023 0.55 59020.7634 53 125 147 59188.1686 54 95 108
J1450.8—1424 0.14 59065.5427 52 130 158 59188.1981 51 96 111
J1458.8—-2120 0.46 59065.5578 51 122 139 59188.1909 51 83 95
J1513.7—1519 0.19 59020.7276 51 120 143 59188.2053 52 91 103
J1517.7—-4446 0.24 59065.5205 57 143 168 59188.1837 55 109 130
J1526.6—2743¢ 0.68 59020.7346 51 120 140 - - - -
J1526.6—-3810 0.23 59065.5353 57 140 168 59188.2124 55 110 132
J1539.4-3323 0.9 59020.7418 52 116 140 59182.3427 57 100 116
J1543.6—-0244 0.83 59182.3063 54 94 109 59250.3519 55 104 125
J1544.2-2554 0.59 59020.749 51 120 138 59196.4976 52 86 97
J1612.141407 0.84 59020.7713 52 123 144 59196.4842 66 114 129
J1622.2—-7202 0.37 59065.5655 53 130 153 59182.2916 54 95 112
J1623.9-6936¢ 0.17 59020.7123 51 119 137 59196.5798 51 83 94
J1630.1-1049 0.57 59020.8087 51 122 166 59182.2992 56 98 114
J1646.7-2154 0.17 59020.7198 53 127 175 59182.3136 58 102 270
J1656.4—0410 0.18 59123.674 134 271 337 59182.3591 55 97 112
J1659.0—-0140 0.61 59123.7308 57 116 146 59182.3735 56 99 114
J1709.4—0328¢ 0.13 59123.7082 57 117 147 59196.5426 53 98 112
J1711.9-1922 0.35 59020.8238 54 127 154 59196.5498 54 90 101
J1717.5—-5804 0.66 59020.7791 54 126 147 59196.603 55 92 103
J1720.6+0708 0.6 59020.7944 53 124 144 59196.521 54 97 112
J1722.8—0418 0.29 59123.7452 58 118 147 59196.557 53 85 96
J1727.4+0326 0.13 59182.3663 57 99 115 59250.3446 57 119 138
J1730.4—0359 0.86 59123.738 58 118 150 59196.5641 54 82 95
J1735.3-0717 0.32 59123.7816 59 119 147 59196.5956 55 929 112
J1747.6—-0324 0.46 59123.7673 59 121 152 59182.3969 59 103 122
J1749.8—0303 0.22 59020.8015 55 128 146 59196.5884 56 95 105
J1757.7-6032¢ 0.84 59020.8314 52 121 140 59182.321 56 100 120
J1803.1-6708¢ 0.23 59020.8161 51 118 138 - - - -
J1813.7—-6846 0.12 59123.6858 56 115 146 59182.3281 55 98 118
J1816.4—6405 0.47 59123.6931 57 116 148 59182.3353 56 9 120
J1816.7+1749 0.2 59123.7009 58 118 147 59196.5063 53 94 105
J1818.6+1316 0.77 59123.7601 57 118 147 59196.5282 53 92 104
J1822.9-4718 0.2 59123.7159 56 117 145 59202.6346 55 94 104
J1823.8—-3544¢ 0.13 59034.0991 58 125 150 - - - -
J1824.2—-5427 0.61 59123.6786 55 114 143 59182.3811 55 96 111
J1827.5+1141 0.96 59123.7744 59 121 151 59196.5354 55 92 103
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Table 1 — continued

4FGL source P(psr) Epoch 1 Sopt (WJy) S50 (WJy)  Sos (Wy) Epoch 2 Sopt (Wy) — Ss0 (Wy) - Sos (dy)
J1831.1-6503 0.67 59123.7231 55 114 143 59202.6716 52 73 85
J1845.8—-2521 0.85 59123.8123 61 124 155 59202.6571 56 96 107
J1858.3—-5424¢ 0.71 59034.1361 54 118 140 - - - -
J1906.0—1718 0.33 59034.1066 57 123 150 59182.4041 57 101 123
J1906.4—1757¢ 0.14 59123.7962 58 120 151 - - - -
J1913.4—1526 0.51 59123.789 58 120 150 59202.6428 54 95 105
J1916.8—3025 0.59 59123.7525 57 117 147 59202.6643 53 72 84
J1924.8—1035 0.78 59202.65 54 83 95 59250.31 59 102 128
J1947.6—1121 0.18 59034.1285 55 118 142 59202.6791 52 89 100
J2026.3+1431 0.19 59196.5136 51 90 100 59250.3282 55 110 130
J2043.9-4802 0.87 59034.1757 53 116 143 59202.7498 51 77 88
J2112.5-3043 0.96 59034.183 53 115 138 59202.6952 50 60 67
J2121.8-3412 0.23 59034.2283 53 114 141 59202.757 50 94 111
J2133.1-6432 0.77 59034.1903 53 115 137 59202.7354 50 81 91
J2201.0—-6928 0.41 59034.1214 53 113 133 59202.7426 50 86 95
12212.4+0708 0.92 59034.1595 53 113 133 59202.7041 50 87 99
12219.7—-6837 0.52 59034.1138 53 114 135 59196.4899 50 78 90
12241.4-8327 0.33 59034.152 53 113 132 59202.7119 50 87 96
12355.5—-6614 0.24 59034.1679 53 115 137 59196.5724 50 91 104

“New MSP discovered in this work.
PIdentified as a gamma-ray pulsar by other groups after this work began.

“Identified as a likely pulsar binary system through optical/X-ray observations, but without pulsation detections.

PSR J1036—-4353 PSR J1526—-2744 PSR J1623-6939

PSR J1709-0333 PSR J1757-6032 PSR J1803-6707

PSR J1823-3543 PSR J1858—-5422 PSR J1906—-1754

Flux Density (arbitrary units)

0 05 1 15 20 05 1 15 20 05 1 15 2
Pulse Phase Pulse Phase Pulse Phase

Figure 2. Pulse profiles of the newly discovered millisecond pulsars. Black
and red curves show the profiles from L- band and UHF observations,
respectively. For clarity, two identical pulses are shown, and pulses have
been arbitrarily normalized and phase shifted to peak at phase 0.5.

Obtaining a phase-connected timing solution for the remaining
seven pulsars has required a dedicated timing campaign using the
Pulsar Timing User Supplied Equipment (PTUSE) system developed
for the MeerTime project (Bailes et al. 2020), which additionally
provides coherent de-dispersion and full Stokes polarization in-
formation. This MeerKAT timing campaign, along with follow-up
searches for gamma-ray pulsations from these seven pulsars, will be
presented in a dedicated paper (Burgay et al., in preparation). For
these seven pulsars, we give a preliminary timing solution in Table 2,
obtained using PRESTO’s fit_circular_orbit.py routine to
fit a sinusoidal modulation to the observed barycentric spin periods
from multiple observations without requiring phase-alignment across
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observations. We also plot the orbital properties of the 8 newly
detected binary MSPs (excluding PSR J1709—0333 which appears to
be an isolated pulsar) according to these ephemerides, in comparison
to the overall MSP population, in Fig. 4.

3.3.1 PSR J1526—2744

Using the SeeKAT position as a starting point, we obtained a
phase-connected timing solution using TOAs produced from the
original L-band observation, the two UHF observations, as well
as several Nancay and Parkes observations taken in 2021 as part
of our dedicated timing campaign. This timing solution provided
precise constraints on the pulsar’s orbital semimajor axis and time of
ascending node, as well as a refined position, but the spin-down rate
was not significantly measurable and was highly correlated with the
declination.

‘We used the radio timing solution to search for gamma-ray pulsa-
tions in the photon arrival times measured by the Fermi LAT. For this,
we used SOURCE-class gamma-ray photons from within a 3° region-
of-interest around the SeeKAT position, with energies greater than
100 MeV and with a zenith angle below 105° according to the ‘Pass
8’ P8R3_SOURCE_V2 (Atwood et al. 2013; Bruel et al. 2018) instru-
ment response functions.!" To increase sensitivity to faint pulsations,
we used gt srcprob to compute photon probability weights (Kerr
2011), using the spectral and spatial parameters for nearby sources
from the 4FGL DR2 catalogue, as well as the gl1l_iem v07.fits
Galactic and 1so_P8R3_SOURCE_V2_v1. txt isotropic diffusion
emission models.

Folding the gamma-ray data over the validity interval of the radio
timing solution did not yield a significant detection. To search for
gamma-ray pulsations in earlier data it was necessary to search over
a 5D parameter space (o, 8, v, v, and Pyy). The pulsar’s orbital
semimajor axis and time of ascending node were already constrained

!See https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT _essentials.html
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Table 2. Properties of newly discovered millisecond pulsars without phase-connected timing solutions. Initial orbital solutions are obtained from fitting
sinusoids to observed barycentric spin periods as a function of time. These models are approximate, and so we only provide limited precision on orbital
parameters and spin frequency. Positional parameters (RA and Dec.) are estimated from the measured S/N in neighbouring coherent beams using SeeKAT

(see Section 3.2), except for J1036—4353 whose position is from Gaia DR3.

Parameter PSR J1036—4353 PSR J1623—6939 PSR J1709—-0333 PSR J1757—-6032
RA, @ (J2000) 10736™30:21513(1) 16"23m5 1541 40533 1709m32:79+0: 18 175745153+ 0:22
Dec., 5 (J2000) —4SIONT220)  —69°36/48!3 7 —03°3317/7+60 —60°32'1017°%8
Dispersion measure, DM (pc cm™3) 61.1 46.4 35.7 62.9

Spin frequency, v (Hz) 595.2 415.0 283.8 3433
Orbital Period, P, (d) 0.259 11.01 - 6.28
Projected semimajor axis, x (t-s) 0.665 6.73 - 9.62
Epoch of ascending node, 7,5 (MJD) 59536.31 5919291 - 59183.40
Minimum companion mass, M¢ min (Mg) 0.23 0.19 - 0.43
Distance (from YMW16), d (kpc) 0.40 1.3 0.21 3.5

Parameter

PSR J1823-3543

PSR J1858—5422

PSR J1906—1754

RA, o (J2000)

Dec., § (J2000)

hyamy3se+0t 14
18723M432067 < 7

350434078174
-2.2

hsqm(y7s9n+0526
18"58 07,9270?23

—54°22/ 1416158
=27

hogm(4504+0%11
19706™ 142947 <

"
—17°54'337°

5597

Dispersion measure, DM (pc cm™3) 81.7 30.8 98.1 -
Spin frequency, v (Hz) 4214 4245 347.7 -
Orbital period, Py (d) 144.5 2.58 6.49 -
Projected semimajor axis, x (It-s) 51.8 1.68 1.35 -
Epoch of ascending node, Ty (MID) 59091.36 59564.98 59304.97 -
Minimum companion mass, Mc min (Mg) 0.27 0.12 0.05 -
Distance (from YMW16), d (kpc) 37 1.2 6.8
A He white dwarf J1823-3543
27°44'02" v CO white dwarf A A, —
- 1 [ 102{ + Neutron star ° A M: R °
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Figure 3. An example of pulsar localization using SeeKAT, from the three
confirmation observations of PSR J1526—2744. The dashed black contours
show the localization probabilities in three separate observations. The colour
scale and the solid red contour lines show the joint likelihood (i.e. the
product of the likelihoods from all three observations). Contour lines are at
approximate 1o and 2o levels. The green star is at the Fermi timing position
for this pulsar.

precisely enough by the initial radio ephemeris that only one trial
was required in these dimensions. The search was performed using
the weighted H-test (de Jager, Raubenheimer & Swanepoel 1989;
Kerr 2011), a statistic that normally performs an optimal incoherent
sum of the Fourier power in the first 20 harmonics. In this case,

Figure 4. Orbital properties of known binary MSPs. Each companion type,
according to the ATNF Pulsar Catalogue (Manchester et al. 2005), is denoted
by a different marker as noted in the legend. We mark two pulsars categorized
as having He white dwarf companions in the ATNF Pulsar Catalogue,
PSRs J1518+4-0204C and J1653—0158, as black widows following Pallanca
etal. (2014) and Nieder et al. (2020b), respectively. Filled markers show MSPs
that were found by targeting an unidentified Fermi-LAT gamma-ray source.
The new MSPs from this work are highlighted with blue stars and labelled.

we only summed over 3 harmonics, as detecting power in higher
harmonics requires increased search grid density in each dimen-
sion, but gamma-ray pulsars have most power in lower harmonics.
This search detected a significant pulsed signal with H = 108.9,
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Table 3. Timing solution for PSR J1526—2744. Timing parameters are
obtained from the gamma-ray timing analysis, with the exception of the DM
measurement which is from the original MeerKAT discovery observation.

Parameter values are in the Barycentric Dynamical Time (TDB) scale.

Parameter Value
Timing parameters

Data span (MJD) 54681-59476
Reference epoch (MID) 59355.468037
RA, « (J2000) 15M26™45$103(2)
Dec., § (J2000) —27°44'05/91(8)
Dispersion measure, DM (pc cm™3) 30.95(3)

Spin frequency, v (Hz) 401.7446020975(3)
Spin-down rate, v (Hz s —5.71(1) x 10716
Orbital period, Por, (d) 0.2028108285(7)
Projected semi-major axis, x (It s) 0.22410(3)
Epoch of ascending node, Tasc (MID) 59303.20598(1)
Derived parameters

Spin period, p (ms) 2.489143587192(2)
Spin period derivative, p 3.537(6) x 102!
Spin-down power, E (ergs™") 9.1 x 103
Surface magnetic field strength (G) 9.5 x 107
Light-cylinder magnetic field strength (G) 5.7 x 10*
Minimum companion mass, Myin (Mg) 0.083
Distance (from YMW16), d (kpc) 1.3

and with phase-connected pulsations visible from the start of the
LAT data.

Following this detection, we derived a precise 13-yr gamma-
ray timing solution by varying the timing parameters to maximize
the unbinned Poisson log-likelihood of the weighted photon phases
(Abdo et al. 2013) using a template pulse profile consisting of two
wrapped Gaussian peaks whose parameters were also free to vary
in the fit. The best-fitting parameter values and uncertainties are
given in Table 3. The gamma-ray photon phases according to the
best-fitting timing model and template pulse are shown in Fig. 5.
We also tested for but did not significantly detect proper motion
(ln| < 49mas yr~') or eccentricity (e < 8 x 107%).

The nature of the companion star in this system is currently unclear.
The short orbital period (4.9 h) and low minimum companion mass
(0.08 M) suggest a heavy black-widow or light redback companion,
but no radio eclipses typical of these systems have been seen. Many
black-widow binaries have detectable optical counterparts, and so we
searched for an optical counterpart to this system using the ULTRA-
CAM (Dhillon et al. 2007) high-speed multiband imager on the 3.5-
m New Technology Telescope (NTT) at ESO La Silla. The longest
observation lasted 3.5 h, covering orbital phases between 0.1 and 0.8.
We did not find any counterpart at the pulsar’s timing position, with
30 magnitude upper limits of i; = 23.2, g, = 24.0, and u, = 23.0
in the deepest 5-min stacked image, which was obtained close to
the companion’s superior conjunction, where a heated black-widow
companion would appear at its brightest. It therefore seems likely that
the companion is a light-weight (M, = 0.083 M) white dwarf.
If confirmed, e.g. through the detection of a non-variable optical
counterpart below our ULTRACAM detection threshold, this would
be the shortest orbital period of any known fully recycled Galactic
MSP-WD system, and the third shortest orbit of any Galactic PSR-
WD binary system, after the relativistic binary PSRs J0348+0432
(Antoniadis et al. 2013) and J1141-6545 (Kaspi et al. 2000).
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Figure 5. Gamma-ray pulsations from PSR J1526—2744 in Fermi-LAT
data. The lower panel shows each photon’s phase according to the best-
fitting timing solution. Each photon is assigned a weight, computed from
its incidence angle and energy, and illustrated by greyscale representing the
probability that it was emitted by the targeted source as opposed to a fore-
or background source. The upper panel shows the integrated pulse profile,
computed by summing the photon probability weights in each rotational phase
bin. The dashed blue horizontal line shows the estimated background rate. In
the upper panel, the opaque orange curve shows the best-fitting template pulse
profile used to estimate the log-likelihood of the gamma-ray pulsations. The
transparent black curves show templates with parameter values randomly
drawn from our MCMC samples to illustrate the uncertainty on the pulse
profile.

For the observed DM = 30.95(3) pc cm 3, YMW 16 predicts a dis-
tance of 1.3 kpc. The gamma-ray energy flux from this source above
100MeV is Gigp = 2.5 £ 0.4 x 1072 ergem~2s~!, corresponding
to a gamma-ray luminosity of L, = 5.3 x 10*>ergs™'. This can
be compared to the pulsar’s spin-down power E = 472Jvd = 9.1 x
10% erg s—!, for an assumed pulsar moment-of-inertia I = 10 g cm?,
corresponding to an efficiency n = L, /E ~ 0.06, which is typical
of gamma-ray MSPs (Abdo et al. 2013).

Using the timing solution obtained above, we carried out a search
for continuous gravitational waves from this pulsar. Continuous
gravitational wave emission is expected due to a non-axisymmetric
deformation (€) of the neutron star and the dominant signal frequency
is twice its rotational frequency. Our search was therefore targeted at
a frequency f = 803.5 Hz and spin-down f ~ —1.14 x 10~'5 Hz/s
and directed at the timing position.
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An a priori estimate of the detectable strain amplitude using
Advanced LIGO data yields a value about an order of magnitude
larger than the spin-down upper limit amplitude (Aasi et al. 2014),

LN 172
i = (56””') : M
2 c3d?v
where we again assume I = 10* g cm?. This is the strain amplitude
of the signal assuming that all the rotational kinetic energy lost by the
pulsar (E) was converted into gravitational waves. We therefore do
not expect a detection, but, in the spirit of leaving no stones unturned
(e.g. Abbott et al. 2018, 2019; Nieder et al. 2019, 2020b; Abbott
et al. 2022a,b), we carried out the search.

We used all of the Advanced LIGO data from the Hanford and
Livingston detectors collected during the O1, O2, and O3 runs
(Abbott et al. 2021). The gamma-ray timing solution allows us to
coherently combine these data sets using a single template, thus
achieving the maximum possible sensitivity this search could have to
date. Loud detector glitches in the data were removed through gating
(Steltner, Papa & Eggenstein 2022). The frequency range relevant to
this search is free of known lines in the detectors. The multidetector,
matched-filtering F-statistic (Cutler & Schutz 2005) was used for
the analysis. Our search result has a p-value of 0.29, estimated using
off-source data. This result implies a non-detection and based on it
we set a 95 per cent confidence upper limit of 1.25 x 1072 on the
intrinsic gravitational wave amplitude. Our upper limit is a factor
of ~20 larger than the spin-down upper limit, and the uncertainty
on this upper limit is not more than 8 per cent including calibration
uncertainties. Translating the amplitude upper limit into an upper
limit on the ellipticity of the source, we constrain the ellipticity of
J1526—2744 to be <2.45 x 1078, which is close to the minimum
ellipticity proposed for millisecond pulsars by Woan et al. (2018).

We also searched in a band of fand f accounting for mismatches
between the phase of the gravitational wave signal and the phase
locked to the electromagnetic observations. Such mismatches could
result from a differential rotation between the parts of the star
emitting the gravitational wave and the electromagnetic pulsations
or if the star was biaxial and consequently freely precessing. We
searched in a bandwidth of 0.4 per cent of the spin parameter values
following Abbott et al. (2020), and estimated the p values of the
results as done in Ashok et al. (2021). The results from this band
search were also consistent with expectations from Gaussian noise.

3.3.2 PSR J1803—6707

PSR J1803—6707 was the first pulsar to be found in our survey,
and was quickly confirmed by a detection in 1h of archival Parkes
data from 2015. Detection of the pulsar in this observation required
a significant jerk term, indicating that the pulsar was likely to be
in a short-period binary system. Pulsations were only detected for
~30 min in one of two 1h dedicated follow-up observations with
Parkes in 2020 Decembe , indicative of a wide eclipse typical of
black-widow or redback systems.

Establishing an orbital timing solution (given in Table 4) revealed
an ~9 h orbit and a minimum companion mass of 0.26 M, (assuming
apulsar mass of 1.4 M), as well as significant variations in the orbital
period requiring several orbital frequency derivative terms to describe
the orbital phase throughout the 1 yr of phase-connected timing data.
These features are characteristic of redback binary systems (e.g.
Deneva et al. 2016).

We used the UHF MeerKAT observations to estimate the sky
position of this pulsar using SeeKAT. The refined position is

TRAPUM’s survey of Fermi-LAT sources
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Table 4. Radio timing solution for PSR J1803—6707. Parameter values are

in the TDB scale.

Parameter Value

Gaia astrometry

RA, a (J2000) 18"03™043235339(9)
Dec., § (J2000) —67°07'3671576(2)
Proper motion in RA, j,cos § (mas yr’l) —8.4(2)
Proper motion in Dec. j5 (mas yr’l) —6.5(2)
Parallax, @ (mas) 0.18(17)
Position reference epoch (MJD) 57388.0
Timing parameters

Data span (MJD) 59020-59583
Reference epoch (MJD) 59364.893677
Dispersion measure, DM (pc cm) 38.382(3)

Spin frequency, v (Hz) 468.46771214886(7)
Spin-down rate, v (Hz s~") —4.01(2) x 10713
Orbital period, Py, (d) 0.38047324(8)
Projected semimajor axis, x (It s) 1.061910(3)
Epoch of ascending node, Tase (MID) 59020.99710(1)
Ist orbital frequency derivative, f(frlb) (Hzs™h) 1.05(9) x 10719

—1.5(1) x 107
1.03(7) x 10731
—3.3(2) x 10740

2nd orbital frequency derivative, fgrzb) (Hzs™")
3rd orbital frequency derivative, féfb) (Hzs™ 1)
4th orbital frequency derivative, f(ffb) (Hzs™")

Derived parameters

Spin period, p (ms)
Spin period derivative, p

2.1346188308539(3)
1.828(7) x 10720

Spin-down power, E (ergs™!) 7.4 x 10
Surface magnetic field strength (G) 2 x 108
Light-cylinder magnetic field strength (G) 1.9 x 10°
Minimum companion mass, My, (Mg) 0.26
Distance (from YMW16), d (kpc) 14

coincident with the location of a star in the Gaia DR3 catalogue
(Gaia Collaboration 2016, 2022). We also observed this star with
ULTRACAM, which revealed optical variability with the same 9-h
periodicity, confirming that this is indeed the optical counterpart. The
optical light curve, shown in Fig. 6, varies by around 1.5 mag, with a
single peak indicative of significant heating via irradiation from the
pulsar (similar to e.g. PSR J2215+5135, Schroeder & Halpern 2014)
but the counterpart is detectable at all orbital phases, as is typical
for nearby redback companions which tend to have hot surfaces (T
> 4000 K) even on the non-irradiated side. Light-curve modelling
to estimate properties of the companion such as its temperature,
irradiation, radius, and the binary inclination angle will be performed
in a dedicated follow-up project (Phosrisom et al., in preparation).
As with PSR J1526—2744, we folded the gamma-ray data using
the radio ephemeris to check for gamma-ray pulsations. Significant
pulsations are detected within the I-yr interval in which the radio
ephemeris is valid, with a weighted H-test of H = 51, corresponding
to a 5.60 detection using the false-alarm probability calibration from
Bruel (2019). These pulsations are shown in Fig. 7. However, these
pulsations quickly disappear when extrapolating to earlier data. This
is not unexpected, as Taylor-series models for orbital period varia-
tions lack predictive power, and the spin-down rate is not measured
precisely enough in the radio data to fold the 13 yr of Fermi-LAT data.
We have not been successful in extending the ephemeris by timing
the gamma-ray data, likely as a result of the pulsar’s faint gamma-
ray flux and the large amplitude of the orbital phase variations. A
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Figure 6. Optical light curves for PSRs J1036—4353 and J1803—6707
obtained using ULTRACAM+NTT. Observations are folded on the orbital
period using the radio timing ephemerides. The pulsar’s superior and inferior
conjunctions are marked with dotted and dashed vertical lines, and labelled
SCand IC, respectively. The two peaks in the light curve for PSR J1036—4353
are due to ellipsoidal deformation of the companion star in the pulsar’s grav-
itational field, while the single peak in the light curve for PSR J1803—-6707
indicates strong heating from the pulsar.

longer radio timing baseline will hopefully solve this problem by
providing a more precise spin-down rate measurement, and a longer
phase-connected radio ephemeris that will fold more Fermi-LAT data
to provide better statistics with which to build a gamma-ray pulse
profile template to search with. Nevertheless, this detection confirms
the association between 4FGL J1803.1—6708 and PSR J1803—6707.
The gamma-ray energy flux from this source above 100 MeV is G oo
=504 05 x 1072 ergcm™2s™!, corresponding to an efficiency
n = 0.017 for the assumed YMW 16 distance of 1.4 kpc (for DM =
38.382 pc cm™?), which is again fairly typical of gamma-ray MSPs
(Abdo et al. 2013).

Using data from the first eROSITA all-sky survey (eRASSI;
Predehl et al. 2021), the X-ray counterpart of PSR J1803—6707
was independently detected (positional match within ~5 arcsec) in a
pilot search for likely X-ray counterparts of unassociated Fermi-LAT
sources. Fig. 8 depicts the X-ray counterpart as seen in eRASS1.
The formal detection significance in the 0.2-2.3keV bandwidth
is 4.60 for a vignetting corrected exposure time of 167.63s and
a count rate of (7.242.4) x 1072cts™! obtained from all seven
telescope modules. The source is not detected in the 2.3-8.0keV
bandpass. The detected X-ray photons do not support a detailed
spectral analysis. eROSITA’s temporal resolution is 50 ms which
prevents the detection of a periodicity at the millisecond level as well.
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Figure 7. Gamma-ray pulsations from PSR J1803—6707 in Fermi-LAT
data. The lower panel shows each photon arrival during the radio timing
solution’s validity interval. Each photon is assigned a weight, computed from
its incidence angle and energy, and illustrated by greyscale representing the
probability that it was emitted by the targeted source as opposed to a fore-
or background source. The upper panel shows the integrated pulse profile,
computed by summing the photon probability weights in each rotational phase
bin. The dashed blue horizontal line shows the estimated background rate.

Assuming a power-law spectrum with a photon index of 2.0 and an
absorption column density of 6 x 10%° cm~2 (HI4PI Collaboration
2016), the eROSITA counting rate implies an unabsorbed X-ray
flux of Fx = (1.540.5) x 107 ergs™'em™2 in the 0.2-10keV
band. For the Yao et al. (2017) distance, we obtain an X-ray
luminosity of Lx ~ 3.5 x 10*'ergs~! and an X-ray efficiency of
Lx/E ~ 4.7 x 107*, a typical value for X-ray detected MSPs (see
e.g. Becker & Truemper 1997). A significant contribution by the g ~
20 optical counterpart to the detected X-ray flux is not expected. The
X-ray-to-optical flux ratio of the system is around 1, much greater
than that expected for coronal X-ray emission from stars (Krautter
et al. 1999).

It is interesting to note that, considering the y-ray flux of the
likely counterpart, the y-ray to X-ray flux ratio of this source is
comparatively small at F,/Fx ~ 35. This value is located at the
lower end of the observed distribution for high-energy pulsars, which
extends over a range of around 10-10* (Marelli, De Luca & Caraveo
2011; Berteaud et al. 2021). It is therefore likely that the X-ray
flux contains a contribution from, or is dominated by, an intrabinary
shock, as is commonly seen in redback binary systems (e.g. Roberts
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Figure 8. eRASS1 image in the 0.2-2.3keV band, with the 95 per cent
positional error ellipse of 4FGL J1803.1—6708 indicated in blue, and the
GAIA position overlaid on the eROSITA counterpart of PSR J1803—6707
marked in red. The image has been spatially binned to a pixel size of 10 arcsec
and smoothed with a 15 arcsec kernel. The color bar indicates the count rate
in units of 1073 cts~! pix~".

etal. 2015). Follow-up observations are planned to further investigate
the X-ray emission from this system.

3.3.3 PSRJ1036—4353

This pulsar is both the fastest-spinning (with v &~ 595 Hz), and
the most highly-accelerated (with @ &~ 15 m s~2) pulsar found by our
survey. Follow-up observations have revealed this to also be a redback
system. A preliminary orbital solution revealed an ~6.2 h orbit and a
minimum companion mass of 0.23 Mg,. Several non-detections have
occurred during our timing campaign in the half of the orbit in which
the pulsar is behind its companion, likely due to eclipses by material
from the redback companion. A single Gaia source lies within its
SeeKAT localization region. Like PSR J1803—6707, we observed
this source with ULTRACAM, revealing a double-peaked light curve,
shown in Fig. 6, very typical of redback binary systems. Modelling
of this data will also be presented in a future paper (Phosrisom et al.,
in preparation).

3.3.4 The other new MSPs

Of the remaining MSPs, one (PSR J1709—0333) appears to
be isolated, while three (PSRs J1623—6939, J1823—3543, and
J1858—5422) have companion masses and orbital periods that are
consistent with helium white dwarf (He—-WD) companions, but the
remaining two warrant further mention. The first, PSR J1906—1754
lies at an unusual position in the orbital parameter space shown in
Fig. 4, with a minimum companion mass (M, > 0.05Mg) much
lower than that of typical white dwarf companions, but with an
orbital period (Pop, = 6.5 d) much longer than a typical black-widow
system. Of the MSP binaries with Py, > 1d, only PSRJ1737—0811
has a similarly low minimum companion mass (M. > 0.06 Mg,
Boyles et al. 2013). The low minimum mass could indicate a
very face-on binary inclination angle, with i < 14.5deg required
for M, = 0.2Mg. However, such orbits are a priori unlikely, as
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only around 3 per cent of orbits should have a lower inclination,
assuming a random distribution of viewing angles. The final pulsar,
PSR J1757—6032, has a larger minimum companion mass (M, >
0.45M,) that suggests it is perhaps more likely to have a CO-WD
companion, similar to that of the relativistic binary PSR J1614—2230
(Demorest et al. 2010; Tauris, Langer & Kramer 2011).

3.4 Sensitivity

As our observations were not flux calibrated, we estimated the
flux density thresholds (S) above which a pulsar should have been
detectable to our survey. To estimate this, we used the pulsar
radiometer equation (Lorimer & Kramer 2004),

Go_ P (Toys + Tay) w
B G nan \/poiTops BV 1 —w’

where we have assumed: G = 0.044 K Jy~! is the gain per antenna
(Bailes et al. 2020); p = 9 was the S/N threshold required for a
candidate to be folded for visual inspection; n,y is the number of
antennas; 71, = 2 polarizations are summed; Tops is the exposure
time; B = 700 MHz is the estimated useable bandwidth after RFI
excision; and Ty, = 22.5K is the combination of the receiver tem-
perature, atmospheric, and ground spillover contributions (Ridolfi
et al. 2021). The sky temperature, Ty, towards each source is taken
from the 408 MHz all-sky map of Haslam et al. (1982), reprocessed
by Remazeilles et al. (2015), and scaled to the central frequency
of 1284 MHz according to an assumed spectral index of —2.6.
The resulting flux-density limits are given in Table 1. Estimated
sensitivity also depends strongly on the assumed pulse duty cycle,
w. For the new MSPs, this varies from 0.05 (PSR J1803—6707)
to 0.35 (PSR J1906—1754); we have assumed w = 0.15 for our
estimated sensitivities.

The remaining factor in equation (2), 8, accounts for various losses
incurred during observing and searching. This includes constant
fractional losses due to the 8-bit voltage digitization (5 per cent)
and beamforming efficiency (5 per cent); sensitivity losses due to
using incoherent harmonic summing (15 per cent for our assumed
15 per cent duty cycle, Morello et al. 2020); finite time resolution
and intrachannel dispersion smearing (both <1 per cent). In addition
to these fractional losses, there are random losses due to the location
of a signal between FFT bins (averaging 8 per cent), DM trials and
acceleration trials. We estimate these losses for an assumed v =
500 Hz, DM = 100 pc cm™ pulsar, via a Monte Carlo procedure
— generating signals with random offsets from the nearest search
trial and evaluating the S/N losses. The final loss factor to consider
is that due to the angular offset between a pulsar and the centre
of the nearest coherent beam. To evaluate this, for each source
we drew random locations from the 4FGL localization probability
densities and evaluated the sensitivity at that location of the nearest
coherent beam according to the simulated PSF model from Mosaic.
Combining all of these losses provided a Monte Carlo distribution
for B.

For each source we quote three estimated sensitivities: Sy is the
optimum sensitivity, assuming only the constant losses described
above, and therefore estimates a fundamental flux density limit for
our survey; while Ssp and Sos are the flux density limits obtained
using equation (2) using the median and 95th centile values, respec-
tively, of the B values obtained from our Monte Carlo estimates.
Average sensitivities were Sy & 55uly, Sso = 120(90) nly, and
Sos = 150 (110) Wy for the first (second) pass, respectively. The flux
density threshold for the incoherent beam (for pulsars lying outside

2
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the region tiled by coherent beams) is approximately ,/n,, &~ 8 larger
than that for a coherent beam.

4 DISCUSSION

In this paper, we have presented the first MeerKAT survey for new
radio pulsars in unassociated Fermi-LAT sources. While our strategy
of targeting pulsar-like gamma-ray sources is certainly not novel,
the capabilities of this next-generation radio telescope do lead to
significant advantages over previous surveys.

Foremost among these is the extremely high sensitivity of the full
MeerKAT array, surpassed only by the Arecibo (Cromartie et al.
2016) and FAST (Wang et al. 2021) telescopes, but unprecedented
in the Southern hemisphere. In Section 3.4, we estimated typical
95 per cent flux density upper limits of ~100 pJy, which can be
compared to the nominal ~200 pJy sensitivity (not including many of
the loss terms that we consider) that was achieved with typical hour-
long pointings in the similar survey of Fermi-LAT sources performed
at Parkes by Camilo et al. (2015).

Of the newly discovered pulsars, only PSR J1803—6707 is
bright enough that it could perhaps have been discovered in hour-
long Parkes observations, but such a discovery would have been
complicated by jerk effects from its short orbital period and high
acceleration. All of the new pulsars have eventually been detected in
dedicated Parkes observations, but with low S/Ns that would be hard
to detect without prior knowledge of the DM and spin period.

A key factor for our survey, as Cromartie et al. (2016) also
discussed for their survey of Fermi-LAT sources performed with the
Arecibo telescope, is that these competitive flux-density thresholds
are achieved with only short 10-min observations, bringing several
benefits. Firstly, these short observation times allow for more
sources to be observed within a given observing time budget, while
MeerKAT’s rapid (~30s) slew time ensures that costly overheads
are not incurred by doing so. Secondly, short observations enable the
search processing to be performed quickly (the computing cost of
an acceleration search scales with at least T°log () for integration
time 7), allowing storage space to be freed quickly enough that
observation scheduling is not limited by this factor, and allowing us
to search up to high accelerations. Thirdly, short observation times
enable the detection of very short-period binary MSPs. For very
short orbits, the assumptions that go into an acceleration search (that
the orbital motion within the observation can be approximated with
a constant acceleration) break down as higher order ‘jerk’ terms
become significant, with sensitivity to binary MSPs only maintained
for observations lasting less than 10 per cent of an orbit (Johnston
& Kulkarni 1991). Our short 10-min observation strategy mitigates
the worst of the jerk effects, but still means that sensitivity is lost
for binaries with periods shorter than ~100 min. Only three Galactic
field MSPs with shorter orbital periods than this are known, although
all three are gamma-ray MSPs (Pletsch et al. 2012; Stovall et al. 2014,
Nieder et al. 2020b).

Additionally, short observations mean that multiple passes can be
performed to minimize missed discoveries due to the time-varying
effects that can contribute to a pulsar’s detectability in a given
observation. Interstellar scintillation introduces time- and frequency-
dependent variations in the observed spectrum, which can lead to a
pulsar being undetectable over large frequency ranges (Camilo et al.
2015). Indeed PSR J1709—0333 remained undetected in our L-band
confirmation observation, despite a dense beam tiling that covered its
now-known position. Our UHF confirmation observations reveal the
reason for this — in both observations, separated by 70 min, the pulsar
was only detected in ~ 20 per cent (~100 MHz) of the bandwidth,

MNRAS 519, 5590-5606 (2023)
194

indicative of scintillation. Subsequent detections with the Parkes
UWL and the Effelsberg L-band receivers revealed similar behaviour.

MSPs in black-widow and redback binaries can also be unde-
tectable for large fractions of an orbit, usually (but not exclusively)
around the pulsar’s superior conjunction, as a result of diffuse intra-
binary plasma dispersing, scattering and absorbing radio pulsations.
The jerk terms that limit the sensitivity of an acceleration search to
short period binaries also have an orbital phase dependence (Johnston
& Kulkarni 1991), and so sensitivity also depends on the orbital
phase at which observations take place. Our short exposure, two-pass
survey partially mitigates these effects. The case of PSR J1526—2744
further illustrates this: we were unable to detect this pulsar in
dedicated follow-up observations with Parkes and Nangay prior to
obtaining an orbital solution without performing jerk searches, a
computationally expensive technique (Andersen & Ransom 2018)
that has only recently started being employed in radio surveys of
Fermi sources.

One additional time-dependent effect that is specific to this survey
is the fact that the shape of a coherent tied-array beam on the
sky depends on the elevation at which a source is observed, with
beams being more elongated for sources at lower elevations due to
the smaller projected baselines between antennas. The beam tiling
pattern used to cover a given source region therefore depends on the
exact sidereal time and array configuration.

Indeed, four of the nine pulsars discovered here were only detected
in the second observation of their respective Fermi sources. This
was partially due to the improved flexibility of FBFUSE’s tiling
patterns that was developed between the first and second passes,
and our use of a coarser frequency resolution but larger number
of coherent beams, which allowed us to cover a larger solid angle
around each source with a more sensitive tiling pattern. Two of these
pulsars, PSRs J1709—0333 and J1036—4353, lay just outside the
corresponding Fermi-LAT source 95 per cent localization regions
that we aimed to tile with coherent beams in the first pass, but were
detected in the second pass where we targeted a larger nominal
99 per cent confidence region. The other two pulsars that were only
detected in the second pass, PSRs J1623—6936 and J1757—6032,
lay in a less sensitive location in the coherent beam tiling pattern
in their first observation, mid-way between three neighbouring
beams, where sensitivity was ~50 per cent of that at the centre
of a beam, but were at a more favourable location in the second
observation.

One final advantage to our survey, over projects using single-
dish telescopes, is the rapid and precise localization that can be
obtained from a multibeam detection using SeeKAT. This has two
significant scientific benefits: rapid localizations enable immediate
multiwavelength follow-up and catalogue searches; and precise
knowledge of a pulsar’s location greatly assists in obtaining a phase-
connected timing solution to fully exploit the scientific potential of a
new MSP discovery. In the absence of an interferometric localization,
it often takes lengthy timing campaigns to reveal the location of a
pulsar, as astrometric parameters can be highly degenerate with a
pulsar’s spin-down rate (and sometimes orbital parameters) until a
data set spanning several months has been obtained. The SeeKAT
positions for PSRs J1803—6707 and J1036—4353, were precise
enough to unambiguously link these pulsars to their Gaia coun-
terparts, establishing these as redback binary systems, and providing
sub-milliarcsecond astrometric uncertainties that are sufficiently
precise that these parameters no longer needed to be fit for when
building a timing solution. For PSR J1526—2744, the ~2 arcsec
positional uncertainty represents a reduction of a factor of ~10000
in the number of sky positions that had to be searched to detect
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gamma-ray pulsations, greatly decreasing the required computational
effort.

With only two pointings towards our targeted sources there is still
a high chance that some otherwise detectable pulsars among our
targets may have been missed due to scintillation or eclipsing. We
have therefore planned another two observations towards the sources
observed here using the UHF receiver. All 9 pulsars discovered
here were also detected at a higher S/N in our UHF observations,
illustrating the sensitivity gains that can be made by observing at
lower frequencies to exploit typical MSP spectra that decrease with
frequency (Frail et al. 2016; Jankowski et al. 2018), and MeerKAT’s
extremely low RFI environment at UHF (Bailes et al. 2020).

It is important to consider what prospects remain for further
detections among Fermi-LAT sources. To obtain a crude estimate
for the number of pulsars remaining in this sample, we can simply
sum the probabilities of each source being a gamma-ray pulsar that
the Random Forest classifier computed in Section 2.4, obtaining
> P(psr) = 38.4. Subtracting from this sum the 9 new pulsars
discovered here, plus the 3 others mentioned in Section 3 that were
recently discovered by other projects, gives ~26 pulsars remaining
in this sample, and around 190 pulsars in the full 4FGL catalogue.
However, this is certainly an overestimate, as many of these sources
have been searched already with other telescopes, and therefore our
target list represents the remainder from a larger, unbiased sample
from which more easily detected pulsars have already been removed.
There are hints of this effect in our results: five of the nine new
pulsars had fairly low pulsar probabilities P(psr) < 0.25, perhaps
because the more promising sources have already been surveyed
extensively by other telescopes, while the lower probability targets
tend to be fainter, newer sources many of which have not been
searched before. This also suggests that further searches of a larger
number of apparently less promising Fermi-LAT sources below the
P(psr) threshold that we used here may yet bear fruit.

Furthermore, even if this is an accurate estimate of the number
of gamma-ray pulsars in our sample, it does not mean that there
are 26 detectable radio pulsars in this sample. A large fraction of
the young gamma-ray pulsars detected by the Fermi-LAT remain
undetected in radio observations (and indeed the two recently
discovered young gamma-ray pulsars that were covered in our survey
were not detected), presumably due to the viewing angle missing the
radio beam. While we deliberately avoided sources at low Galactic
latitudes in order to reduce the chance of young pulsars entering
our sample, we note that there are 17 sources in our list at lower
Galactic latitudes than 4FGL J0802.1—-5612, one of the two recently
discovered young pulsars in our sample. Although MSPs tend to
have wider radio beams, and hence are less likely to be ‘radio-quiet’,
a handful of gamma-ray MSPs have now been discovered in the
Fermi-LAT data, but have remained undetected in deep radio follow-
up searches (Clark et al. 2018; Nieder et al. 2020b), and similar
objects may exist within our targets.

Nevertheless, it is certain that there are still several detectable
MSPs lurking in our target list, and iterative 4FGL releases (Ballet
et al. 2020; Abdollahi et al. 2022) bring new, albeit fainter, unas-
sociated sources to target. Indeed, since our survey began, likely
MSP binaries have been discovered in optical and X-ray searches of
three of our target sources, 4FGL J0540.0—7552 (Strader et al. 2021),
4FGL J0940.3—7610 (Swihart et al. 2021), and 4FGL J1120.0—2204
(Swihart et al. 2022), while a fourth, 4FGL J1702.7—5655, has
recently been identified through the detection of gamma-ray eclipses
(Corbet et al. 2022). 4FGL J1120.0—2204 in particular appears to
have a white dwarf companion in a fairly long (15h) orbit, but
has remained undetected in many previous long radio observations,
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as well as in our 10-min pointings. Its non-detection is therefore
unlikely to be explained by orbital or eclipsing effects, suggesting
that deeper searches, in addition to our continuing ‘shallow’ survey,
may be necessary to uncover the nature of many of the remaining
unidentified but pulsar-like Fermi-LAT sources.

5 CONCLUSIONS AND FUTURE WORK

We have presented the first results from TRAPUM’s survey for new
pulsars in unassociated Fermi-LAT sources using the MeerKAT radio
telescope, discovering nine new MSPs, of which eight are in binary
systems. Our results continue the trend of short-period binaries
being discovered at a far higher rate within Fermi-LAT sources
than in untargeted surveys, with the discovery of two new redback
binaries (PSRs J1036—4353 and J1803—6707) with optically bright
companion stars and radio eclipses, and a third (PSR J1526—2744)
that is possibly the most compact known MSP-WD binary system
in the Galactic field. Two other MSPs have preliminary orbital
solutions that mark their companions as outliers among the known
MSP-binary population, PSR J1757—6032 appears to have a less
typical CO-WD companion, while PSR J1906—1754 has a much
longer orbital period than any known black widow, but a minimum
companion mass that is far lighter than that of a typical WD
companion.

We obtained phase-connected timing solutions for two of the
new MSPs, PSRs J1526—2744 and J1803—6707, using timing
observations at Parkes and Nangay, that enabled us to detect gamma-
ray pulsations in the Fermi-LAT data. Orbital period variations in
PSR J1803—6707 precluded further extrapolation of the timing
solution, but for PSR J1526—2744, gamma-ray timing provides a
full 14-yr timing solution. This in turn enabled us to search for
continuous gravitational waves from this pulsar in the Advanced
LIGO Ol1, 02, and O3 data, although none were detected and
the strain upper limit remains well above the pulsar’s spin-down
luminosity budget. A dedicated timing campaign is underway at
MeerKAT to obtain phase-connected timing solutions, and after-
wards gamma-ray pulsations, from the remaining seven discoveries
(Burgay et al., in preparation), as are optical follow-up observations
and modelling of the new redback binaries (Phosrisom et al.,
in preparation).

Our results also emphasize the promise of continued radio surveys
of Fermi-LAT sources: several high-confidence pulsar candidates
still remain within our target list but have eluded detection in
ours and earlier surveys, perhaps due to scintillation, eclipses, or
simple intrinsic faintness. Indeed, our TRAPUM survey continues
to make discoveries beyond the first results presented here. Two
further passes of the sources surveyed here are currently underway
using MeerKAT’s UHF receiver, from which we have discovered 8
additional MSPs already.'> We have also performed several hour-
long observations of a group of high confidence redback candidates
that were previously identified in optical observations, detecting a
further three new MSPs that will be presented in a dedicated paper
(Thongmeearkom et al., in preparation). We will continue our initial
survey strategy of observing a large number of sources with short (10-
min) observations, expanding our target list to include more sources
from the most recent 4FGL DR3 catalogue, but deeper observations
may be required to fully explore the most promising gamma-ray
sources.

2http://trapum.org/discoveries/
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Abstract

We report the discovery of 1.97 ms period gamma-ray pulsations from the 75 minute orbital-period binary pulsar
now named PSR J1653—0158. The associated Fermi Large Area Telescope gamma-ray source 4FGL J1653.6
—0158 has long been expected to harbor a binary millisecond pulsar. Despite the pulsar-like gamma-ray spectrum
and candidate optical/X-ray associations—whose periodic brightness modulations suggested an orbit—no radio
pulsations had been found in many searches. The pulsar was discovered by directly searching the gamma-ray data
using the GPU-accelerated Einstein@Home distributed volunteer computing system. The multidimensional
parameter space was bounded by positional and orbital constraints obtained from the optical counterpart. More
sensitive analyses of archival and new radio data using knowledge of the pulsar timing solution yield very stringent
upper limits on radio emission. Any radio emission is thus either exceptionally weak, or eclipsed for a large
fraction of the time. The pulsar has one of the three lowest inferred surface magnetic-field strengths of any known
pulsar with Byt ~ 4 x 107 G. The resulting mass function, combined with models of the companion star’s optical
light curve and spectra, suggests a pulsar mass 22 M.,. The companion is lightweight with mass ~0.01 M, and
the orbital period is the shortest known for any rotation-powered binary pulsar. This discovery demonstrates the
Fermi Large Area Telescope’s potential to discover extreme pulsars that would otherwise remain undetected.

Unified Astronomy Thesaurus concepts: Gamma-ray sources (633); Millisecond pulsars (1062); Neutron stars
(1108); Binary pulsars (153)

Supporting material: data behind figure
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1. Introduction

The Fermi Large Area Telescope (LAT) source
4FGL J1653.6—0158 is a bright gamma-ray source, and the
brightest remaining unassociated source (Saz Parkinson et al.
2016). It was first seen by the Energetic Gamma Ray
Experiment Telescope (EGRET; Hartman et al. 1999), and
was also listed in the LAT Bright Gamma-ray source list (Abdo
et al. 2009) more than a decade ago. While pulsars were
discovered in several other sources from this list (see, e.g.,
Ransom et al. 2011), the origin of 4FGLJ1653.6—0158
remained unidentified. The detection of a variable X-ray and
optical candidate counterpart with 75 minute period consistent
with the gamma-ray position of 4FGL J1653.6—0158 provided
strong evidence of it being a binary gamma-ray pulsar (Kong
et al. 2014; Romani et al. 2014).

To identify the neutron star in 4FGL J1653.6—0158, we
carried out a binary-pulsar search of the gamma-rays, using the
powerful GPU-accelerated distributed volunteer computing
system Einstein@Home. Such searches are very computation-
ally demanding, and would take decades to centuries on a
single computer while still taking weeks or months on
Einstein@Home. Thus, the search methods are specifically
designed to ensure efficiency (Nieder et al. 2020). One key
element is the use of constraints derived from optical
observations. The companion’s pulsar-facing side is heated
by the pulsar wind, leading to a periodically varying optical
light curve. This permits the orbital period P,y and other
orbital parameters to be tightly constrained (for a feasible
search the uncertainty AP,y needs to be less than a few
milliseconds). In addition, because the sky position of the
optical source is typically known to high precision (sub-
milliarcsecond level), a search over position parameters is not
needed.

Here we present the discovery and analysis of gamma-ray
pulsations from PSR J1653—0158 in 4FGL J1653.6—0158.
The pulsar is spinning very rapidly, at a rotational frequency of
508 Hz. The inferred surface magnetic-field strength is one of
the lowest of all known pulsars. The discovery also confirms
the 75 minute orbital period. This very short orbital period
raises interesting questions about the evolutionary path which
created the system.

This Letter is organized as follows. In Section 2, we describe
the gamma-ray search, detection, and analysis within LAT data.
The optical analysis of the pulsar’s companion, radio pulsation
searches, and a continuous gravitational-wave follow-up search
are presented in Section 3. We discuss the results and conclude
in Section 4.

2. Gamma-Ray Pulsations
2.1. Data Preparation

We searched for gamma-ray pulsations in the arrival times of
photons observed by the Fermi-LAT (Atwood et al. 2009)
between 2008 August 3 and 2018 April 16 (MJDs 54,681 and
58,224). We included SOURCE-class photons according to the
P8R2_SOURCE_V6 (Atwood et al. 2012) instrument response
functions (IRFs),28 with reconstructed incidence angles within
a 5° region of interest (Rol) around the putative pulsar position,
energies above 100 MeV, and zenith angles below 90°. Here,
we used the presumptive companion’s position as reported in

2 See https:/ /fermi.gsfc.nasa.gov /ssc/data/analysis /LAT_essentials.html.
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the Gaia DR2 Catalog (hereafter Gaia catalog; Gaia Collabora-
tion et al. 2018). The celestial parameters (J2000.0) are
a=16"5338%05381(5) and 6= —01°58'36"8930(5), with
1o uncertainties on the last digits reported in parentheses.

Using the photon incidence angles and energies, we
constructed a probability or weight for each photon, w; € [0,
1], where j labels the photon: w; is the probability that the jth
photon originated from the posited source, as opposed to a fore-
or background source. These weights were computed by
gtsrcprob, using the preliminary Fermi-LAT 8 yr source
catalog® as a model for the flux within the Rol without
performing a full spectral fit. Weighting the contribution of
each photon to a detection statistic in this way greatly increases
the search sensitivity (Kerr 2011), and the distribution of
weights can be used to predict expected signal-to-noise ratios
(Nieder et al. 2020).

The data set used here consisted of N = 354,009 photons,
collected over a period of 3542 days. The properties of the
detection statistics (semicoherent power Sy, coherent power Py,
and H statistic) depend upon the lowest moments of the
weights, which are

N N N
> ow A 10266, > wi a2 2464, and > w &~ 931
j=1

J=1 j=1

These moments determine the ultimate sensitivity to a particular
pulse profile and pulsed fraction, as given in Equation (11) in
Nieder et al. (2020).

Following the pulsar discovery, we extended this data set to
2020 February 23 (MJD 58,902), using the latest PSR3_SOUR-
CE_V2 IRFs (Bruel et al. 2018), a larger maximum zenith angle
of 105°, and using the Fermi-LAT Fourth Source Catalog
(hereafter 4FGL; Abdollahi et al. 2020) as the Rol model for the
photon probability weight computations.

2.2. Search

The binary-pulsar search methods are described by Nieder
et al. (2020), which are a generalization and extension of the
isolated-pulsar search methods from Pletsch & Clark (2014).

The searched ranges are guided by the known millisecond
pulsar (MSP) population in the Australia Telescope National
Facility (ATNF) Pulsar Cataloguc-:30 (Manchester et al. 2005).
For the spin frequency, we searched f€ [0, 1500] Hz.>' The
spin-frequency derivative was expected to be in the range
f e [—10"13, 0] Hzs .

The sky position of the candidate optical counterpart is
constrained to high precision in the Gaia catalog, so no
astrometric search is required. The proper motion measured by
Gaia for the optical counterpart was ignored for the search.

2.2.1. Orbital Constraints from Optical Observations

The orbital-period estimate of Romani et al. (2014) was
derived from Southern Astrophysical Research (SOAR), WIYN,
and Catalina Sky Survey (CSS) observations. These were
augmented by new 350s SOAR Goodman High Throughput

2 https:/ /fermi.gsfc.nasa.gov /ssc/data/access /lat/fi8y /

30 http:/ /www.atnf.csiro.au /research /pulsar /psrcat

31 The upper limit has been chosen to be sensitive to pulsars spinning at up to

750 Hz, which have two-peaked pulse profiles where the peaks are half a
rotation apart (see also Pletsch & Clark 2014). Note that the current record spin
frequency is 716 Hz (Hessels et al. 2006).
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Spectrograph (GHTS) g/, ¥/, i’ exposures (63 g’, 75 ¥, 42 i) from
MID 56,514.074-56,516.184, and with the 300s g/, #/, and ¢
exposures obtained by Kong et al. (2014) using the Wide Field
camera (WFC) on the 2.5 m Isaac Newton Telescope (INT) on La
Palma. For these two data sets, the scatter about the light-curve
trends was appreciably larger than the very small statistical errors;
we thus add 0.03 mag in quadrature to account for unmodeled fast
variability and/or photometry systematics. To further refine the
orbital-period uncertainty, we obtained additional observations in
u', g, and i’ using the high-speed multiband imager ULTRA-
CAM (Dnhillon et al. 2007) on the 4.2m William Herschel
Telescope (WHT) on two nights (MJDs 57,170 and 57,195),
covering six and three orbits of the binary system, respectively,
with a series of 20 s exposures. Conditions were very poor on the
first night with seeing >5", particularly at the beginning of the
observation. We therefore only used the second night’s data for
the optical light-curve modeling in Section 3.1, adding the latter
half of the first night’s observations for orbital-period estimation.
Finally, we obtained further INT+WFC exposures (23 g/, 151 ¥/,
45 i) on MID 57,988-57,991. The ¢/, ¥/, i’ filter fluxes were
referenced to in-field PanSTARRS catalog sources, and then
converted to the Sloan Digital Sky Survey (SDSS) scale. The v/
photometry was calibrated against an SDSS standard star
observed on MJD 57,170. We estimate ~0.05 mag systematic
uncertainties in g’, ¥, and i/, with uncertainties as large as
~0.1 mag in u'.

We constrained the orbital period using the multiband
Lomb-Scargle periodogram method (VanderPlas & Ivezi¢
2015, excluding the ' ULTRACAM data, as the modulation
has very low signal-to-noise ratio in this band). To infer
reasonable statistical uncertainties, we fit for and removed
constant magnitude offsets, consistent with our estimated
calibration uncertainties, between each night’s observations in
each band, and additionally rescaled the magnitude uncertain-
ties to obtain a reduced chi-square of unity. This constrained
the orbital period to P, = 0.0519447518 £ 6.0 x 10~° days,
where the quoted uncertainty is the 1o statistical uncertainty.
For the pulsation search, we chose to search the 3¢ range
around this value.

In Romani et al. (2014), the time of the pulsar’s ascending
node, T,s, was estimated from the photometric light curve.
However, the optical maximum is distinctly asymmetric (see
Section 3.1), which can bias orbital phase estimates. We
therefore used the spectroscopic radial-velocity measurements
from Romani et al. (2014), folded at the orbital period obtained
above, and fit the phase of a sinusoidal radial-velocity curve,
finding Toe = MID 56,513.47981 + 2.1 x 10~*. However, as
radial velocities may still be slightly biased by asymmetric
heating, we elected to search a wide range around this value,
corresponding to +80.

For the projected semimajor-axis parameter x = a sini/c,
we decided to start searching x € [0, 0.1] s, with the intention
to go to larger values in the case of no detection. For a pulsar
mass of 1.6 M, this would cover the companion mass range up
to 0.2 M, and would include companion masses of all known
“black-widow” systems as well as some of the lower-mass
“redback” systems (Roberts 2013; Strader et al. 2019). Here, a;
is the pulsar’s semimajor axis, i denotes the inclination angle,
and c is the speed of light. As described in Nieder et al. (2020),
we expected x € [0, 0.2] s based on the companion’s velocity
amplitude reported by Romani et al. (2014) and the masses

Nieder et al.

expected for “spider” companions, i.e., black-widow or
redback companions.

2.2.2. Search Grids

To cover the relevant orbital-parameter space in {x, P,
Tasc}, we use optimized grids (Fehrmann & Pletsch 2014).
These grids use as few points as possible still ensuring that a
signal within the relevant space should be detected. Further-
more, they are able to cover the orbital-parameter space
efficiently even though the required density depends on one of
the orbital parameters, x.

Key to building an optimized grid is to know how the signal-
to-noise ratio drops due to offsets from the true pulsar
parameters. This is estimated using a distance metric on the
orbital-parameter space (Nieder et al. 2020). In our case, the
three-dimensional grid was designed to have a worst-case
mismatch m = 0.2, i.e., not more than 20% of the (semi-
coherent or coherent) signal power should be lost due to
orbital-parameter offsets. Of most relevance is that 99% of
randomly injected orbital-parameter points have a mismatch
below m = 0.04 to the closest grid point.

Due to the f-dependency of the required grid-point density,
we search f in steps, and build the corresponding orbital grids
prior to the start of the search on the computing cluster ATLAS
in Hannover (Aulbert & Fehrmann 2008).

2.2.3. Einstein@Home

Searching the five-dimensional parameter space {f,f, x,
Pow, Tasc} 1s a huge computational task with over 10" trials.
Thus, the first (computing-intensive) search stages were
performed on Einstein@Home, a distributed volunteer comput-
ing system (Allen et al. 2013). As done for radio pulsar
searches previously, the search code utilizes the approximately
10,000 GPUs active on Einstein@Home for a computing
speedup of ~10, comparing the runtimes on CPUs and GPUs.

The parameter space is divided into more than one million
regions. Searching one of these is called a “work unit.” These
work units are sent to computers participating in Einstein@-
Home, and are searched when the computer is otherwise idle.
Depending on the system, searching a work unit takes between
half an hour and up to a few hours of computational time. In
total, the search would have taken more than 50 years on a
single computer, but using Einstein@Home it took less than 2
weeks.

2.2.4. Gamma-Ray Detection

The search process involves multiple stages in which
semicoherent statistics are constructed, and the most significant
candidates are passed on to fully coherent follow-up stages (for
full details of the search pipeline and signal-to-noise ratio
definitions, see Nieder et al. 2020). In the last semicoherent
stage, a candidate found at a frequency of 1016 Hz had signal-
to-noise ratio S; = 8.6, which we now associate with
PSR J1653—0158. This was not the strongest candidate or far
above the background of noise, but was among the 10 most
significant candidates in its work unit, and therefore passed on
to the coherent stage. In the coherent stage, it was very
significant, with a signal-to-noise ratio P;/2 = 94.

The search follow-ups confirmed significant pulsations with
period P ~ 1.97 ms (or f = 508 Hz), while the actual search
revealed an alias at twice the pulsar frequency. This may be
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Table 1

Timing Solution for PSR J1653—0158
Parameter Value
Range of observational data (MJD) 54682-58902
Reference epoch (MID) 56100.0

Celestial Parameters from Gaia Catalog
R.A., a (J2000.0) 16"53™M38505381(5)
Decl., 6 (J2000.0) —01°58'36"8930(5)
Positional epoch (MJD) 57205.875
Proper motion in R.A., y, cosé (mas yrh —19.62 + 1.86
Proper motion in decl., jz5 (mas yr ') —3.74 £ 1.12
Parallax®, w (mas) 1.88 + 1.01

Timing Parameters

Spin frequency, f (Hz) 508.21219457426(6)

—6.204(8) x 1076
1.9676820247057(2)
2.402(3) x 1072

Spin-frequency derivative, f (Hzs™")
Spin period, P (ms)
Spin-period derivative, P (s s~")

Proj. semimajor axis, x (s) 0.01071(1)
Orbital period, Py, (days) 0.0519447575(4)
Epoch of ascending node, 7. (MJD) 56513.479171(8)

Derived Parameters for Distance d = 840 pc

Shklovskii spin-down, Pspy (ss~") 1.6 x 1072
Galactic acceleration spin-down, Poa (s s’]) —48 x 1073
Spin-down power, E (erg s™') 44 x 10*
Surface B-field, By (G) 4.1 x 107
Light-cylinder B-field, By ¢ (G) 5.0 x 10*
Characteristic age, 7. (Gyr) 37
Gamma-ray luminosityb, L, (erg ) 2.9 x 10%
Gamma-ray efficiency, n, = L, /E 0.66

Notes. The JPL DE405 solar system ephemeris has been used, and times refer
to TDB.

# Corresponds to a model-independent distance d = 533792 pc, but for the
derived parameters the consistent distance d = 840749 pc derived from optical
modeling is used (see Table 2).

® Taken from 4FGL Source Catalog (Abdollahi et al. 2020).

because the signal has significant power in the second
harmonic.

Note that the signal was found outside the 30 range in T
from the constraints reported in this work, and outside the
30 range given by Romani et al. (2014). This can be caused by
asymmetric heating (see Section 2.2.1).

2.3. Timing

The parameters used in the phase model to describe the
pulsar’s rotation are measured in a timing analysis. We use the
timing methods as explained in Clark et al. (2017), which are
an extension of the methods by Kerr et al. (2015). The basic
principle is that the parameter space around the discovery
parameters is explored using a Monte Carlo sampling algorithm
with a template pulse profile.

To marginalize over the pulse-profile template, we vary the
template parameters as described in Nieder et al. (2019). In the
case of PSR J1653—0158, we used a template consisting of two
symmetrical, wrapped Gaussian peaks. We used constraints on
the peaks” FWHM, such that the peaks must be broader than
5% of a rotation, and narrower than half a rotation.
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Figure 1. Integrated pulse-profile and phase-time diagram of PSR J1653
—0158, showing two identical rotations. Top: the histogram shows the
weighted counts for 50 bins. The orange curve indicates the pulse-profile
template with the highest signal power, and the transparent black curves
represent 100 templates randomly selected from the Monte Carlo samples after
the chain stabilized, to indicate the uncertainty on the profile. The dashed blue
line denotes the source background. Bottom: each point represents the pulsar’s
rotational phase at emission of a photon, with the intensity indicating the
photon’s probability weight. Note that PSR J1653—0158 received more
exposure between MIDs 56,600 and 57,000 when the LAT pointed more
often toward the Galactic center.

Our timing solution over 11 yr of LAT data is shown in
Table 1. The folded gamma-ray data and the pulse profile are
portrayed in Figure 1.

The observed spin-down P is one of the lowest of all known
pulsars. To estimate the intrinsic P we account for the
Shklovskii effect (Shklovskii 1970), and the Galactic accelera-
tion (see, e.g., Damour & Taylor 1991). The results are
summarized in Table 1. The observed contribution due to the
difference in Galactic acceleration of the Sun and the pulsar is
computed with Rg,, = 8.21 kpc, zsun, = 14 pc, and the Galactic
potential model PdM17_best.Tpot (McMillan 2017), as
implemented in their code.*” For PSR J1653—0158, we used
Ry1653 =7.48kpc, and zj1653 =367 pc, assuming d = 840 pc
(see Table 2). The contributions parallel and perpendicular to
the Galactic disk nearly cancel each other, so that the choice of
the potential and its relevant parameters have a seemingly large
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Table 2

Light-curve Fit Results for PSR J1653—0158
Parameters Veiled Veiled+HS
Inclination, i (deg) 79.4%37 723139
Filling factor, f. 0.97+392 0.88"003
Heating luminosity, Lp (10> erg s™") 3.33503%) 3.1559%
Night-side temperature, Ty (K) 3250124 32954227
V-band extinction, Ay 1.06f8_‘?§ 1.06f8:8;
Distance, d (pc) 830*39 84049
Veiling flux norm, £y (uJy) 101.7+114 99.9*117
Veiling flux index, p 0.5010% 0.4915%3
Spot azimuth, 6, (deg) . 286.873%
Spot co-latitude, ¢, (deg) —50.5133
Gaussian spot width, o, (deg) 25.23:8
Spot temperature increase, A. 0.66f8j§,1
Neutron star mass, Mys (M) 1.99f8_‘$§ 2.17f8_‘%§
Companion mass, M, (M) 0.013f8j88f OA014f8j88]1
x?/DoF 1.72 1.38

Note. Parameters from the best-fit light-curve /radial-velocity models, with and
without a surface hot spot, including MCMC errors.

effect on the actual small value of Pg,, and can even change the
sign. However, the overall kinematic contribution to the
observed P is dominated by the Shklovskii term, and its
uncertainty by the uncertainty in the distance estimate. The
estimated intrinsic spin-down is Py = 8.5 x 1072 557! for
distance d = 840 pc.

3. Multiwavelength and Multimessenger
3.1. Optical Light-curve Modeling and System Masses

By modeling the optical light curves and radial velocities we
can constrain the binary mass and distance and the system
viewing angle. Comparing the individual filters between nights
suggest small ém ~ 0.05 shifts in zero-points, consistent with
the systematic estimates above. Correcting to match the
individual filters, we then rebinned the light curve, placing
the photometry on a regular grid with points spaced by
6¢ = 0.004, using the Python package Lightkurve; after
excision of a few obviously discrepant points, we retain 248 i/,
239 g/, 220 /, and 245 i points for light-curve fitting
(Figure 2). This fitting is done with a version of the ITcarus
code of Breton et al. (2013) modified to include the effect of
hot spots on the companion surface, likely generated by
precipitation of particles from the intrabinary shock (IBS) to
companion magnetic poles (Sanchez & Romani 2017). All
parameter values and errors are determined by Markov Chain
Monte Carlo (MCMC) modeling.

The very shallow modulation of these light curves might
normally be interpreted as indicating a small inclination i.
However given the large companion radial-velocity amplitude
K = 666.9 + 7.5kms ', implying a mass function f(M) =
1.60 £ 0.05 M., measured by Romani et al. (2014), a small
inclination would give an unphysical, large neutron star mass.
As noted in that paper, the light curves and spectra show that a
strong blue nonthermal veiling flux dominates at orbital
minimum. With increasingly shallow modulation for the bluer
colors, this is also evident in the present photometry. Thus, the
minimal model for this pulsar must include a nonthermal
veiling flux. Although this is likely associated with the IBS, we
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Figure 2. ', g', ¥/, and i’ light curves for PSR J1653—0158, with the best-fit
model curves. Note the flat minima and decreasing modulation for bluer colors,
a consequence of the hard spectrum veiling flux. Two identical cycles are
shown for clarity.

model it here as a simple power law with form f, = fj
(v/10" Hz) ™. This flux is nearly constant through the orbit,
although there are hints of phase structure, e.g., in # and i’ at
¢p = 0.72 (see Figure 2). Any model without such a power-
law component is completely unacceptable. These fits prefer an
Ay slightly higher than, but consistent with, the maximum in
this direction (obtained by ~300 pc; Green et al. 2019).*

In Figure 2, one notices that the orbital maximum is slightly
delayed from ¢p = 0.75, especially in the bluer colors. Such
asymmetric heating is most easily modeled adding a polar hot
spot with location (6., ¢.) and local temperature increase A, in
a Gaussian pattern of width o.; when we include such a
component, the fit improves greatly, with Ay? /DoF = —0.34.
The Akaike information criterion comparison of the two
models indicates that the model with a hot spot is preferred at
the 108 level, despite the extra degrees of freedom. We give
the fit parameters for both models in Table 2. Note that with the
fine structure near maximum, the model is not yet fully
acceptable (x>/DoF ~ 1.4). More detailed models, including
direct emission from the IBS or possibly the effects of
companion global winds (Kandel & Romani 2020), may be
needed to fully model the light curves. Such modeling would
be greatly helped by light curves over an even broader spectral
range, with IBS effects increasingly dominant in the UV, and
low-temperature companion emission better constrained in the
IR. With many cycles we could also assess the reality (and
stability) of the apparent fine structure and test for hot-spot
motion.

Our fit distance may be cross-checked with two other quantities.
(1) With the 4FGL energy flux f, = 3.5 x 10" ergem 25!
between 100 MeV and 100 GeV, our fit distance gives an isotropic
gamma-ray luminosity L, = 3 X 10* ergs™', in good agreement
with the L, ~ (10% erg s~'E)!/2 heuristic luminosity law (Abdo
et al. 2013), as a function of the spin-down power E. This
luminosity is consistent with the model for direct radiative heating
of the companion. (2) Our fit distance is also consistent with the
model-independent, but lower-accuracy, distance from the Gaia

33 hups://doi.org/10.7910/DVN/2EI9TX
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Table 3
Summary of Radio Searches for PSR J1653—0158
Telescope Frequency (MHz) Data Start (UTC) Data Span (s) Orbital Phase Limit (pJy) Reference/Survey
Effelsberg 1210-1510 2010 May 26, 21:33 1920 0.88-1.31 63 Barr et al. (2013)
Effelsberg 1210-1510 2014 Aug 26, 20:27 4600 0.15-1.17 41
Effelsberg 4608-5108 2014 Aug 29, 18:52 4600 0.62-1.65 33
Effelsberg 4608-5108 2020 Jun 18, 22:09 11820 0.85-3.48 20
FAST 1050-1450 2020 Jun 04, 16:30 2036 0.80-1.25 8 Li et al. (2018)
GBT 720-920 2009 Sep 20, 00:49 3200 0.93-1.65 51
GBT 720-920 2010 Dec 13, 21:04 1300 0.91-1.20 80
GBT 720-920 2011 Dec 22, 12:11 2400 0.74-1.27 59 Sanpa-arsa (2016)
GBT 305-395 2012 Feb 22, 14:31 1700 0.27-0.65 301
GBT 1700-2300 2014 Nov 18, 14:28 1200 0.36-0.63 43
GBT 1700-2300 2014 Nov 20, 13:56 2400 0.44-0.98 30
GBT 1700-2300 2014 Nov 21, 22:38 1800 0.66-1.07 35
GBT 720-920 2017 Jan 28, 13:20 1200 0.97-1.24 83
GMRT 591-623 2011 Feb 02, 02:32 1800 0.94-1.34 730 Bhattacharyya et al.
GMRT 306-338 2012 May 15, 22:31 1800 0.54-1.06 990 (2013, 2020, in preparation)
GMRT 306-338 2012 Jun 11, 17:49 1800 0.55-0.95 990 ”
GMRT 591-623 2014 Aug 19, 13:44 1800 0.00-0.54 270 ”
GMRT 591-623 2014 Aug 30, 11:17 1800 0.80-1.38 270 ”
GMRT 591-623 2015 Dec 28, 03:55 1800 0.73-1.13 270 ”
LOFAR 110-180 2017 Mar 15, 04:18 15 x 320 Full orbit 6,200 Bassa et al. (2017)
LOFAR 110-180 2017 Apr 15, 02:20 15 x 320 Full orbit 6,200 ”
Lovell 1332-1732 2019 Mar 15, 01:34 5400 0.57-1.77 82
Lovell 1332-1732 2019 Mar 16, 02:53 5400 0.87-2.08 82
Lovell 1332-1732 2019 Mar 17, 01:47 5400 0.25-1.45 82
Nancgay 1230-1742 2014 Aug 20, 18:33 1850 0.12-0.53 77 Desvignes et al. (2013)
Parkes 1241-1497 2016 Nov 05, 06:17 3586 0.26-1.06 178 Camilo et al. (2016)

Note. The columns show the telescope used, the observed frequency range, the start time and data span, the range of orbital phases covered, the resulting limit on a
pulsed component, and a reference with relevant details. The orbital phase is given in orbits, and ranges >1 indicate that more than one orbit has been observed. The
considered maximum dispersion measure varies with the observing frequency from DM = 80 pc cm ™ at the lowest frequencies to DM = 350 pc cm ™ at the highest
frequencies. To estimate the limit on the pulsed component, we used Equation (6) from Ray et al. (2011) assuming a pulse width of 0.25 P, and a threshold signal-to-

noise ratio S/Npi, = 7.

parallax. Thus, the 840pc distance seems reliable, although
systematic effects probably dominate over the rather small ~50 pc
statistical errors.

Armed with the fits, we can estimate the companion masses,
correcting the observed radial-velocity amplitude (fit with a
K-star template) for the temperature-dependent weighting of
the absorption lines across the companion face as in Kandel &
Romani (2020). The results indicate substantial mass accretion,
as expected for these ultrashort-period systems. With the
preferred Veiled+HS model the mass significantly exceeds
2.0 M., adding to the growing list of spider binaries in this
mass range. Note that the inclination i uncertainty dominates
the error in this mass determination. Broader range photometric
studies, with better constraint on the heating pattern, can reduce
the i uncertainty.

3.2. Radio Pulsation Searches

The pulsar position has been observed in radio multiple
times. Several searches were performed before the gamma-ray
pulsation discovery, and a few very sensitive follow-up
searches afterward. Despite the more than 20 observations
with eight of the most sensitive radio telescopes, no radio
pulsations have been found.

The results of the radio searches are given in Table 3.
Observations are spread over 11 yr, with observing frequencies
ranging from 100 MHz up to 5 GHz. All orbital phases have
been covered by most of the telescopes. Since there was no
detection, the table also gives upper limits derived from the
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observations. For all but LOFAR, the data (both archival and
recent) were folded with the gamma-ray-derived ephemeris,
and searched only over dispersion measure.

The strictest upper limits on pulsed radio emission are 8 uJy
at 1.4 GHz, and 20 pJy at 4.9 GHz. This is fainter than the
threshold of 30 uJy that Abdo et al. (2013) use to define a
pulsar to be “radio-quiet.” Note, that for the calculation of the
limits we included the parts of the orbit where eclipses might be
expected for spider pulsars. Thus, the limit constrains the
maximum emission of the system, and not the maximum
emission from the pulsar alone.

3.3. Continuous Gravitational Waves

We search for nearly monochromatic, continuous gravita-
tional waves (GWs) from PSR J1653—0158, using data from
the first>* and second® observing runs of the Advanced LIGO
detectors (The LIGO Scientific Collaboration et al. 2019). We
assume that GWs are emitted at the first and second harmonic
of the neutron star’s rotational frequency, as would occur if the
spin axis is misaligned with the principal axes of the moment of
inertia tensor (Jones 2010, 2015).

We employ two different analysis procedures, which yield
consistent results. The first is frequentist, based on the multi-
detector maximum-likelihood F -statistic introduced by Cutler &
Schutz (2005). The second is the Bayesian time-domain method

3 hitps://doi.org/10.7935 /K57P§WID
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(Dupuis & Woan 2005) as detailed by Pitkin et al. (2017), with
triaxial nonaligned priors (Pitkin et al. 2015). Both methods
coherently combine data from the two detectors, taking into
account their antenna patterns and the GW polarization. The
F-statistic search excludes data taken during times when the
relevant frequency bands are excessively noisy.

The results are consistent with no GW emission. At twice the
rotation frequency, the F-statistic 95% confidence upper limit
on the intrinsic GW amplitude kg is 4.4 x 10°°. The 95%
credible interval upper limit from the Bayesian analysis on
ho = 2Cs is 3.0 x 10725, At the rotation frequency (only
checked with the Bayesian method) the 95% confidence upper
limit on the amplitude C», is 6.6 x 1072°.

Since the dominant GW frequency might be mismatched
from twice the rotation frequency (Abbott et al. 2019a), we
performed an F-statistic search in a ££1 Hz band around this,
with an extended f-range. This yields larger upper limits on g,
with a mean value of 1.3 x 10~2° in 10 mHz-wide bands. Full
details are given in the supplementary materials.

Our upper limits on h, at twice the rotation frequency
may also be expressed as upper limits on the ellipticity e of
the pulsar (Abbott et al. 2019b). This is € = 3.9 x 1078 x
(ho/5 x 1072 x (10* gem?/I,) x (840 pc/d), where I is
the moment of inertia about the spin axis, and d is the distance.

As is the case for most known pulsars, it is unlikely that our
searches would have detected a GW signal. In fact, suppose
that all of the rotational kinetic-energy losses associated with
the intrinsic spin-down are via GW emission. Then assuming
the canonical I,, = 10* g cm?, this would imply a “spin-down”
ellipticity € = 4.7 x 107'°, which is a factor ~80 below our
upper limit.

4. Discussion and Conclusions

PSR J1653—0158 is the second binary pulsar (Pletsch et al.
2012) and the fourth MSP (Clark et al. 2018) to be discovered
through periodicity searches of gamma-rays. This pulsar is
remarkable in many ways. It is only the second rotationally
powered MSP from which no radio pulsations have been
detected. It is among the fastest-rotating known pulsars with
spin frequency f = 508 Hz. The 75 minute orbital period is
shorter than for any other known rotation-powered pulsar, with
the previous record being PSR J1311—3430 with a 93 minute
orbit (Pletsch et al. 2012). The inferred surface magnetic field is
possibly the weakest, depending on the Shklovskii correction.

The discovery was enabled by constraints on the sky position
and orbital parameters from optical observations, together with
efficient search techniques and the large computing power of
the distributed volunteer computing system Einstein@Home.
The detection proves that the optically variable candidate
counterpart (Kong et al. 2014; Romani et al. 2014) is indeed the
black-widow-type binary companion to PSR J1653—0158, and
it conclusively resolves the nature of the brightest remaining
unidentified gamma-ray source, first found more than 2 decades
ago (Hartman et al. 1999).

The distance to PSRJ1653—0158 and its proper motion
are well constrained. Gaia measurements of the parallax,
w = 1.88 & 1.01 mas, imply a distance d = 5307300 pc. A
consistent, but tighter constraint is given by our optical
modeling with d = 840140 pc. The proper motion (see
Table 1) is also measured with good precision (Gaia and our
timing are in agreement).
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Figure 3. Newly detected PSR J1653—0158 on a PP diagram of the known
pulsar population outside of globular clusters. The MSP population is shown
magnified in the inset. LAT pulsars are marked in green (isolated by a cross and
binary by a circle). Non-LAT pulsars in the ATNF are marked in gray (isolated
by a plus and binary by a square). The lines show constant surface magnetic-
field strength (dashed—dotted), characteristic age (dotted), and spin-down
power (dashed). The spin period and intrinsic spin-period derivative of
PSR J1653—0158 are marked by the orange star. The transparent stars indicate
the (distance-dependent) maximum and minimum intrinsic spin-period
derivatives according to the distance estimated from our optical models.

PSR J1653—0158 has one of the lowest observed spin-period
derivatives of all known pulsars (P = 2.4 x 1072'ss™!). The
intrinsic P = 8.5 x 10722 s 5! (accounting for Galactic accel-
eration and Shklovskii effects) is even smaller. In Figure 3,
PSR J1653—0158 is shown in a P-P diagram, alongside the
known radio and gamma-ray pulsar population outside of globular
clusters.

The intrinsic P can be used to estimate the pulsar’s spin-down
power E, surface magnetic-field strength By, magnetic-field
strength at the light cylinder By ¢, and characteristic age 7.. These
are given in Table 1 for d = 840 pc. Constant lines of E, Bour, and
7. are displayed in Figure 3 to show the distance-dependent ranges.

Spider pulsars in very-short-period orbits are difficult to
discover with traditional radio searches. Even though we can
now fold the radio data with the exact parameters, PSR J1653
—0158 is still not visible. There are two simple explanations for
the nondetection of radio pulsations. (1) Radio emission is
blocked by material produced by the pulsar evaporating its
companion. Eclipses for large fractions of the orbit would be
expected, since they have been seen for many spider pulsars (see,
e.g., Fruchter et al. 1988; Archibald et al. 2009; Polzin et al.
2020). This is further supported by the observed extremely
compact orbit and the strong IBS. Radio imaging observations
could be used to check whether there is any continuum radio flux
at the sky position of PSR J1653—0158, but previous experience
is not encouraging. The eclipses of a few other spider systems
have been imaged at low frequencies, showing that, during the
eclipse, the continuum flux from the pulsar disappears in tandem
with the pulsed flux (Broderick et al. 2016; Polzin et al. 2018).
(2) PSR J1653—0158 is intrinsically radio-quiet, in that its radio
beam does not cross the line of sight, or it has a very low
luminosity. There is one other radio-quiet MSP known (Clark
et al. 2018).
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The minimum average density of the companion 64 g cm ™ is
very high, assuming a filled Roche lobe (Eggleton 1983). Using
the filling factor from optical modeling, the average companion
density 73gem ™ is even higher. The high density and the
compact orbit suggest that the companion may be a helium white-
dwarf remnant, and that the system may have evolved from an
ultracompact X-ray binary (Sengar et al. 2017; Kaplan et al.
2018). In addition, simulations predict evolved ultracompact
X-ray binaries to have orbital periods of around 70-80 minutes
(van Haaften et al. 2012), consistent with the 75 minute orbital
period from PSR J1653—0158. Future analysis of optical spectro-
scopic data may give additional insight into the evolution and
composition of the companion.

The discovery of PSRJ1653—0158 is the result of a
multiwavelength campaign. The pulsar-like gamma-ray spectrum,
and the nondetection of radio pulsations, motivated the search for
a visible companion. This was subsequently discovered in optical
and X-ray observations. Further optical observations provided
constraints on the orbital parameters that were precise enough to
enable a successful gamma-ray pulsation search.
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Walt et al. 2011), GalPot (McMillan 2017), Lightkurve
(Lightkurve Collaboration et al. 2018), PRESTO (Ransom et al.
2002), LALSuite (LIGO Scientific Collaboration 2018).

Appendix
Continuous Gravitational Waves

Acknowledging the possibility of mismatches between the
pulsar rotation frequency and the gravitational-wave frequency,
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Figure 4. 95% confidence upper limits on the gravitational-wave amplitude in 10 mHz bands around twice the rotation frequency of PSR J1653—0158, which is
indicated by the gray dashed line. The bars indicate a conservative estimate of the uncertainty on the upper limit values. The “spike” does not indicate a detection: it is
due to a disturbance in L1 around ~1016.32 Hz. The upper limit values are available as data behind the figure.

(The data used to create this figure are available.)

we perform an JF -statistic search in a ~2 Hz band around twice
the rotation frequency, a factor of 10~> of the gravitational-
wave frequency, similarly to what was done in Abbott et al.
(2019a) and also extend the spin-down search to the range
2f € (—1.260, —1.2216) x 10" Hzs~!. Overall, we use
2.4 x 10° templates resulting in an average mismatch of 1%.
We examine the results in 10 mHz-wide bands. The most
significant 2F values from each band are consistent with the
noise-only expectation, apart from six outliers that can be
ascribed to a disturbance in L1 around ~1016.32 Hz. We set
upper limits in each band. The values are plotted in Figure 4
and are provided as data behind the figure. The mean value is
1.3 x 107> and it is higher than the targeted search upper
limit, consistently with the larger volume of searched wave
shapes.
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