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Abstract

Pulsar astronomy was born in 1967 with the first pulsar being discovered in radio
waves. In the last decades more than 2,800 pulsars were found, most of them in
radio. Only with the launch of the Large Area Telescope (LAT) onboard the Fermi
Gamma-ray Space Telescope in 2008 did a large number of pulsars become detectable
in gamma rays. To date, more than 250 gamma-ray pulsars are known, a quarter
of them were first found in gamma rays, and some of them remained undetected in
radio despite extensive follow-up searches. Computationally intensive gamma-ray
searches with only the rough position of the targeted gamma-ray source known, also
called partially informed searches, have been very successful in finding many new
isolated pulsars and one binary pulsar.

This thesis concerns the development of sensitive and efficient methods to search
for binary gamma-ray pulsars, as well as the methods’ applications and the results
of their execution.

The novel methods to search for binary pulsars were developed by building upon
the search framework for isolated pulsars with the goal of scouring the pulsar param-
eter space with efficient test statistics using optimized search grids. To construct
these grids, a metric was derived that allows one to build cost-efficient grids which
ensure no signal is lost.

Within this thesis, the methods have been applied to two different kinds of pulsar
searches. Firstly, two of the exotic “spider” pulsars have been discovered in partially
informed searches using the volunteer computing project Einstein@Home. Secondly,
for two recently found radio pulsars, the detection of their gamma-ray pulsations in
follow-up searches enabled the precise measurement of their system parameters.

All four pulsars are remarkable and in some ways unusual compared to the rest
of the known pulsar population. One pulsar is the fastest spinning pulsar for which
its intrinsic spin-down rate is reliably constrained, revealing that it has one of the
weakest inferred surface magnetic field strengths. Another pulsar is in a binary with
a record-low 75 min orbital period, with the pulsar potentially having a mass & 2M�.
The next pulsar is the first “redback” millisecond pulsar ever to be discovered via its
gamma-ray pulsations despite strong orbital-period variability, which may be linked
to quadrupole changes in the companion star. The fourth pulsar shows variability in
the spin frequency, which is either extraordinarily large, or indicates that the binary
system is orbited by another planetary-mass companion.

Keywords: neutron stars, gamma rays, binary pulsars, search methods
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Kurzfassung

Die Pulsar-Astronomie nahm 1967 mit der Entdeckung des ersten Pulsars in Ra-
diowellen ihren Anfang. In den letzten Jahrzehnten wurden mehr als 2800 Pulsare
gefunden, die meisten im Radiobereich. Erst mit dem Start des Large Area Tele-
scope (LAT) an Bord des Fermi Gamma-ray Space Telescope im Jahr 2008 wurde
eine große Zahl Pulsare im Gammabereich beobachtbar. Bislang sind über 250
Gammapulsare bekannt, ein Viertel davon wurde zuerst im Gammabereich entdeckt
und einige von ihnen sind trotz ausgedehnter Suchen im Radiobereich nicht gefun-
den worden. Rechenintensive Gamma-Suchen, bei denen nur die ungefähre Position
der anvisierten Gammaquelle bekannt ist, waren sehr erfolgreich darin, viele neue
isolierte Pulsare und einen Binär-Pulsar zu finden.

Diese Doktorarbeit behandelt die Entwicklung sensitiver und effizienter Metho-
den, um nach Binär-Gammapulsaren zu suchen. Außerdem werden die Anwendung
der Methoden und die Ergebnisse ihrer Umsetzung beschrieben.

Die neuartigen Suchmethoden für Binär-Pulsare wurden auf Basis der Such-
strukturen für isolierte Pulsare mit dem Ziel entwickelt, den Pulsar-Parameterraum
mittels effizienter Teststatistiken und optimierter Suchgitter zu durchkämmen. Um
solche Gitter zu konstruieren, wurde eine Metrik hergeleitet, die es erlaubt, kosten-
effiziente Gitter zu designen, die sicherstellen, dass kein Signal verloren geht.

Innerhalb dieser Doktorarbeit wurden die Methoden bei zwei Arten von Pulsar-
suchen angewendet. Zum einen wurden zwei der exotischen “Spinnenpulsare” in
teilinformierten Suchen mit dem freiwilligen Rechenprojekt Einstein@Home ent-
deckt. Zum anderen ermöglichte die Folgeentdeckung von Gammapulsen zweier
kürzlich gefundener Radiopulsare, dass deren Systemparameter präzise vermessen
werden konnten.

Die vier Pulsare zeigen jeweils außergewöhnliche Eigenschaften im Vergleich
zu der restlichen bekannten Pulsar-Population. Der eine ist der am schnellsten
rotierende Pulsar, für den das intrinsische Abbremsen der Rotationsrate belastbar
eingegrenzt ist. Dadurch konnte eine der schwächsten Oberflächenmagnetfeldstärken
abgeleitet werden. Bei einem anderen Pulsar ist die Orbitalperiode mit 75 min die
Kürzeste. Die Masse des Pulsars ist möglicherweise & 2M�. Der nächste Pulsar
ist der erste “Redback” Millisekundenpulsar, der jemals trotz starker Variationen
der Orbitalperiode durch seine Gammapulse entdeckt wurde. Diese Variationen
könnten mit Quadrupoländerungen des Begleitsterns zusammenhängen. Der vierte
Pulsar weist eine Variabilität der Rotationsrate auf, die entweder außergewöhnlich
groß ist oder darauf hinweist, dass das System von einem weiteren Begleiter mit der
Masse eines Planeten umkreist wird.

Schlagworte: Neutronensterne, Gamma-Strahlen, Binär-Pulsare, Suchmethoden
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CHAPTER 1

Introduction

The goals of this thesis are to develop methods to enable partially informed searches
for gamma-ray pulsars in binary systems, to perform such searches within gamma-
ray data taken with the Fermi Gamma-ray Space Telescope using powerful comput-
ing clusters like the volunteer computing project Einstein@Home, and hopefully to
discover such pulsars using those methods.

In this chapter, the background to this thesis is briefly presented. Pulsars and
some of their properties are described in Section 1.1. Gamma-ray pulsars are intro-
duced in Section 1.2. Routes to discover the exotic “spider pulsars” are outlined in
Section 1.3. Section 1.4 explains how the properties of these spider pulsars can be
measured using gamma-ray data.

The following six chapters are reproductions of papers that are published in,
accepted for publication in, or soon to be submitted to scientific journals. Chapter 2
is published as Nieder et al. [1]. Chapter 3 is published as Nieder et al. [2]. Chapter 4
is accepted for publication in ApJ and on the arXiv as Nieder et al. [3]. Chapter 5 is
accepted for publication in MNRAS and on the arXiv as Clark et al. [4]. Chapter 6
is the author’s contribution to a paper, P. S. Ray et al., that will be submitted to
ApJ soon. Chapter 7 will be submitted to ApJL as a companion paper, L. Nieder et
al., to the aforementioned paper. These chapters are nearly identical to the original
papers with only minor changes to correct typos or for formatting reasons. To all
of these papers the author of this thesis made substantial contributions which are
described in more detail in Section 1.5.

Finally, in Chapter 8, a brief summary of the thesis results is presented, and an
outlook into current as well as future projects is attempted.

1.1 Pulsars

A neutron star is born when the core of a massive star collapses under its own gravity
at the end of its stellar life, and the outer shells are expelled. This supernova birth
was already proposed in 1934 by Baade and Zwicky [5].

More than three decades later, in 1967, a pulsating source of radio was discovered
by Jocelyn Bell-Burnell and Antony Hewish, which was speculated to be associated

11



12 1.2. Gamma-ray Pulsars

either with a white dwarf or a neutron star [6]. Within a couple of months three
more pulsating sources were found, but the source of the radio emission remained
unclear [7].

Just before the publication of the pulsating radio source, Pacini [8] independently
suggested that a neutron star with a strong magnetic dipole field not aligned with
the rotation axis might dissipate energy via particle acceleration and subsequently
electromagnetic radiation. In 1968, Gold [9] proposed a very similar picture clearly
drawing the connection between neutron stars and pulsars, establishing the idea of
pulsars being cosmic beacons, and even correctly predicting the spin-down process
due to the energy loss via electromagnetic radiation.

It is observed that most pulsars evolve with time towards longer spin periods.
Their loss in kinetic energy is typically called spin-down luminosity, and is thought
to mostly power the beamed pulsar emission (“rotation-powered”), especially at
high energies [10, 11].

In 1982, the first millisecond pulsar (MSP) PSR B1937+21, a pulsar rotating 642
times per second, was discovered [12]. Even though over a hundred other MSPs were
found in the next decades, PSR B1937+21 kept the record for the fastest spinning
pulsar until, in 2006, the 716 Hz pulsar PSR J1748−2446ad, located in the globular
cluster Terzan 5, was detected [13]. Since then, only two more pulsars have surpassed
the rapid rotation rate of the original MSP [14, 15].

The existence of millisecond pulsars is typically explained by old pulsars being
recycled or spun up by accreting matter from a companion star [16, 17]. In fact,
some neutron stars have been observed to spin up during accretion from a companion
star, causing pulsed X-ray emission (“accretion-powered”) [11]. This is explained
by the accreted matter following the magnetic field lines creating hot spots on the
neutron star surface [18]. The pulsar-recycling theory was further backed up when
“transitional MSPs” were discovered, which have been observed to switch back and
forth between rotation-powered MSP state and accretion-powered low-mass X-ray
binary (LMXB) state [19–22]. These pulsars all belong to the “redback” class (see
Section 1.3).

1.2 Gamma-ray Pulsars

Gamma-ray pulsar astronomy has evolved dramatically over the last decades [23].
It started slowly in 1974 with the identification of gamma-ray pulsations from the
Crab pulsar [24] taken with the gamma-ray telescope onboard the Small Astronomy
Satellite 2 (SAS-2) [25]. Following up the X-ray discovery of Geminga [26] with data
from the COS-B satellite [27], the first radio-quiet1 gamma-ray pulsar was discovered
[29]. The following gamma-ray telescopes EGRET [30] and later AGILE [31] were
more sensitive than the ones from the previous generation, but the launch of the
Fermi Gamma-ray Space Telescope [32] has taken gamma-ray pulsar astronomy to
the next level.

The Fermi Gamma-ray Space Telescope carries two main instruments: the LAT
[32] and the Gamma-ray Burst Monitor (GBM) [33]. The LAT is a pair-conversion

1Here, “radio-quiet” means that the pulsar is not discovered in radio. Abdo et al. [28] proposed
a pulsed-radio-emission threshold of 30µJy at a radio observing frequency of 1.4 GHz below which
a pulsar may be called radio-quiet.

Definition: millisecond pulsar
Definition: millisecond pulsar
Definition: millisecond pulsar
Definition: millisecond pulsar
Definition: millisecond pulsar
Definition: Large Area Telescope
Definition: Large Area Telescope
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Figure 1.1: Schematic cutaway depiction of the Large Area Telescope, showing a
simplistic representation of the operating principle – an incoming gamma-ray photon
hits one of the high-Z foils, undergoes pair conversion into an electron and a positron,
whose paths are observed by the precision tracker to reconstruct the direction from
which the photon came, and whose energies are measured in the calorimeter to infer
the photon’s energy. Image credit: Atwood et al. [32].

gamma-ray telescope with the basic composition shown in Figure 1.1. It consists of
precision trackers, calorimeters, and an anticoincedence detector. A tracker module
has a stack of high-Z planes (tungsten) interleaved with position-sensitive detectors.
The high-Z planes convert incoming gamma rays into electron-positron pairs, and
the position-sensitive detectors track the particles to infer the direction of the inci-
dent gamma-ray photon. The calorimeter modules deduce the gamma-ray photon’s
energy from the electromagnetic particle shower produced by the electron-positron
pair. The shower development profile, also measured by the calorimeter, and the
anticoincedence detector are used to suppress background, e.g. from cosmic rays.

The LAT is a remarkable gamma-ray telescope. With its wide field-of-view and
its all-sky survey mode, the exposure is almost uniform after two orbits of the Fermi
satellite around Earth (∼ 3 hours) [32]. The detector has a low deadtime and the
photon timing accuracy is < 10µs. The energy range spans 20 MeV− 300 GeV.

Since its first bright gamma-ray source list (also called 0FGL catalog) [34], the
Fermi -LAT collaboration released four more catalogs of gamma-ray sources [35–38].
The newest of these is the Fermi -LAT Fourth Source Catalog (4FGL catalog) [38]
which lists 5,064 sources with 1,336 of them being unassociated2.

Along with the number of detected gamma-ray sources, the number of known
gamma-ray pulsars increased rapidly as well. When the Fermi satellite was launched
in 2008, fewer than ten gamma-ray pulsars were known [23]. The first Fermi -LAT
catalog of gamma-ray pulsars already listed 46 pulsars [39] only six months after the
launch. After three years of operation, the second Fermi -LAT catalog of gamma-
ray pulsars contained 117 gamma-ray pulsars. In the year 2020, more than 250

2Here, “unassociated” means that the source has no plausible counterpart belonging to a known
gamma-ray emitting source class [37].

Definition: Large Area Telescope
Definition: Large Area Telescope
Definition: Large Area Telescope
Definition: Large Area Telescope
Definition: Large Area Telescope


14 1.3. Spider Pulsars

gamma-ray pulsars are known thanks to the excellent sensitivity of the LAT3.
The large number of gamma-ray pulsars also enables population studies, and

several discoveries of extraordinary pulsars extended our knowledge about pulsars
in general. For example, there seems to be a minimum spin-down power below
which a pulsar’s gamma radiation turns off [40–42]. The first radio-quiet gamma-
ray millisecond pulsar has been discovered by the LAT [43]. The binary pulsars with
the shortest [44] and the longest orbital period [45] have first been detected in LAT
data.

The high-energy emission mechanism of pulsars is not yet fully understood. The
first models assumed that pulsars have a simple dipole magnetic field and that
the high-energy emission originates from close to the magnetic poles at the pulsar
surface [9]. Fully taking into account the complexity of a pulsar magnetosphere, the
region where this emission is thought to be produced moved further outward with
time, with the latest models even suggesting that the gamma-ray emission originates
outside the light cylinder [46–48].

1.3 Spider Pulsars

In 1988, Fruchter, Stinebring, and Taylor [49] discovered a millisecond pulsar in a
compact binary system, PSR B1957+20. The radio pulsations, observed at 430 MHz
with the Arecibo Observatory, were eclipsed for nearly 10% of the 9.2 hr orbit, which
is the result of plasma being ablated from the companion star by the energetic pulsar
wind [50]. This pulsar is now categorized as a “black widow” pulsar. A black widow
consists of a millisecond pulsar in a close binary (orbital period . 1 day) with a
low-mass companion star (Mc � 0.1M�) that is being evaporated by the pulsar.
The nickname was chosen in analogy to a type of spider where the female kills the
male after mating.

With several “redback” pulsars being detected, another subcategory of “spider”
pulsars was discovered two decades later [51, 52]. Similar to black widow pulsars
redback pulsars are in close binary systems with the companion being irradiated
and evaporated by the pulsar wind. However, the companions have higher masses
(Mc ∼ 0.15 − 0.7M�) [53, 54]. One redback pulsar candidate might even have a
companion with mass Mc & 0.8M� [55].

1.3.1 Radio Searches Guided by Gamma-ray Sources

Radio searches targeting the sky positions of Fermi -LAT unassociated sources have
been very successful in identifying new MSPs and spider pulsars, discovering more
than 40 MSPs, 14 of them being spider pulsars, within the first three years of the
Fermi mission [56].

Most large radio telescopes continued using the strategy of targeting gamma-ray
sources and found many new pulsars. Such radio surveys are undertaken by the
Arecibo telescope [57], the Effelsberg telescope [58], the Five-hundred-meter Aper-
ture Spherical radio Telescope (FAST) [59], the Giant Metrewave Radio Telescope
(GMRT) [60], the Green Bank Telescope (GBT) [61, 62], the Low-Frequency Ar-
ray (LOFAR) telescope [14, 63], the Nançay telescope [64], and the Parkes telescope

3https://tinyurl.com/fermipulsars

Definition: Large Area Telescope
Definition: Large Area Telescope
Definition: Large Area Telescope
Definition: Large Area Telescope
Definition: millisecond pulsar
Definition: millisecond pulsar
Definition: Low-Frequency Array
https://tinyurl.com/fermipulsars
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[65].
For the radio surveys, there are different strategies to select the targets among

the unassociated gamma-ray sources that will be searched. The most promising
pulsar candidates typically show curved spectra well described by an exponentially
cutoff power law and little variability in brightness over time [66, 67].

One example of a spider pulsar being discovered in a search targeting a Fermi -
LAT source is the GBT discovery of the redback pulsar PSR J2339−0533 [68]. In
this case, it was known that this source likely harbors a spider pulsar due to analysis
of optical, X-ray, and gamma-ray data [69, 70]. This pulsar was difficult to detect
in the radio even in follow-up observations, due to ablated ionized gas surround-
ing the system. However, a gamma-ray follow-up search, guided by the parameter
constraints from the radio discovery, revealed gamma-ray pulsations [71].

Two radio surveys targeting gamma-ray source sky locations with LOFAR and
GBT led to the discoveries of PSR J0952−0607 [14] and PSR J1555−2908. Both pul-
sars were discovered subsequently in gamma rays by exploiting the preliminary radio
ephemerides and are the subjects of Chapters 3 and 6 of this thesis, respectively.
They are also shown in red on the gamma-ray sky map in Figure 1.2.

1.3.2 Partially Informed Gamma-ray Searches

Partially informed gamma-ray searches4 have been extremely successful. In the first
ten years of the Fermi mission, 60 pulsars were discovered by directly searching the
LAT data, with most of them remaining undetected in subsequent radio searches
[43, 44, 72–79].

More than half of these pulsars were discovered with search methods [75, 80]
similar to those originally developed to find continuous gravitational waves [81–83].
The first ten pulsars were detected [44, 75] using the ATLAS cluster [84]. To enable
more sensitive, and thus even more computing intensive searches, the search codes
were ported to run on the distributed volunteer computing system Einstein@Home
[85]. Searches with Einstein@Home resulted in 24 more discoveries [43, 76–79].

Einstein@Home, started in 2005 is a citizen science project5, and a powerful
supercomputer designed to search for weak astrophysical periodic signals. The com-
puting work for a search is divided into smaller work units, which would take a few
hours to analyze on an average computer. These work units are then distributed
to volunteers’ computers using the Berkeley Open Infrastructure for Network Com-
puting (BOINC) [86] and are searched when the computer is otherwise idle. More
than one million people have participated already, with ∼ 20,000 active users. The
total floating point speed of Einstein@Home is > 5.5 PFLOP/s.

The only binary or spider pulsar discovered in a partially informed gamma-ray
search, previous to this thesis, is the black widow pulsar PSR J1311−3430 [44]. The
pulsations were detected by the ATLAS computing cluster [84] using a preliminary
version of the search methods described in Chapter 2, exploiting previously published
orbital constraints from optical observations [87]. Optical follow-up analysis suggests
a pulsar mass & 2M�.

Using preliminary optical constraints on the orbital parameters, partially in-
formed gamma-ray searches with Einstein@Home (Chapter 2) led to the discovery

4In previous studies, these searches have been named “blind” searches.
5https://einsteinathome.org
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J1653 0158

J2039 5617

J0952 0607

J1555 2908

Figure 1.2: The sky locations of the four spider gamma-ray pulsars discovered
as part of this thesis, shown on top of a Fermi -LAT all-sky image using eleven
years of gamma-ray data. The red circles denote the pulsars discovered in follow-
up searches of radio pulsars, and the blue circles depict the pulsars discovered in
partially informed gamma-ray searches. The greyscale indicates the gamma-ray
intensity above 1 GeV in logarithmic units.

of two new spider pulsars. The first one to be discovered was the black widow
pulsar PSR J1653−0158 (Chapter 4). The second one was the redback pulsar
PSR J2039−5617 (Chapter 5). Both pulsars are shown in blue on the gamma-ray
sky map in Figure 1.2.

Several spider pulsar candidates have been identified over the last years as
promising targets [88–94] for radio searches (Section 1.3.1) or partially informed
gamma-ray searches. However, for the latter searches, tight constraints on the or-
bital parameters will be required.

1.4 Timing Analysis of Gamma-Ray Pulsars in

Spider Systems

The timing analysis is the procedure, coming after a pulsar detection, in which
properties of the pulsar, e.g. spin frequency or sky location, are precisely measured.
Usually, this requires so-called pulse times of arrival (TOAs) and a rotation phase
model. Since only for the brightest radio pulsars single pulses are visible, these are
usually obtained by “folding” data taken within a certain period of time. Here,
“folding” means cutting the data into segments of the pulsar’s spin-period length,
and adding enough of them up to have a pulse distinguishable from the noise [10].
In the case of radio pulsars this can mean folding seconds to hours of data. The
phase model assigns a pulse time of arrival with the pulsar’s rotational phase at the
time of emission. The goal of the timing analysis is to find the phase model and the
associated pulsar parameters which line up all the pulses at the same phase. This
analysis can for example be done with one of the most widely used pulsar timing
algorithms, TEMPO2 [95, 96].
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With gamma-ray data, pulsars may be timed as well. The TOA timing method,
known from radio, has also been used successfully on LAT data [52, 97]. Building
upon these methods, Clark et al. [79] developed an entirely unbinned timing pro-
cedure, i.e. it does not require TOAs, which can be beneficial for faint gamma-ray
pulsars. The unbinned timing method has also been used throughout this thesis.

Several spider pulsars, black widows and redbacks, have been observed to show
variable orbital periods [19, 71, 98–100], which are proposed to originate from the
companion star’s gravitational quadrupole moment changing with its magnetic ac-
tivity cycles [101, 102]. Recently, a timing model including this has been developed
[103], and has been used to measure the variable quadrupole component for the
companion of the black widow pulsar PSR J2051−0827 [104].

A timing campaign with radio data of spider pulsars, and particularly of redback
pulsars, has two major difficulties, which are both displayed in the timing analysis
of the redback pulsar PSR J1048+2339 [100]. Firstly, tracking the orbital period
variations seen in many spider systems requires observations of the pulsar frequently
without larger gaps in time, while high-cadence observations radio timing campaigns
require large amounts of valuable time on large radio telescopes. Secondly, the
radio pulsations are often blocked by eclipses of varying degrees around the superior
conjunction, sometimes blocking the radio waves for half of the orbit.

Timing spider pulsars with gamma-ray data is in some ways complementary to
the radio case. The sparsity of the LAT data requires long integration times for
any detection. Typical pulsars rotate millions of times between two gamma-ray
photons being detected by the LAT, and might even complete several orbits in their
binary system. However, the gamma-ray photons are unaffected by the plasma
surrounding the binary system, and the ongoing all-sky survey of the Fermi -LAT
provides gamma-ray data for any location in the sky since its launch in 2008 [32].
The latter is especially useful because a pulsar, discovered today, may immediately
be timed over more than 12 years of data if bright enough in gamma rays.

As described in Section 1.3.1, the redback pulsar PSR J2339−0533 is difficult
to see in radio [68]. A radio timing survey of a redback pulsar whose orbital pe-
riod varies over time would require a sensitive radio telescope observing the pulsar
very frequently. The gamma-ray data, unaffected by the ablated plasma within the
system, has been successfully used to precisely track the pulsar’s rotation, and to
measure the variations of the orbital period [71].

Another example for a redback pulsar being timed using gamma-ray data is
PSR J2039−5617, which is described in Chapter 5. In radio the pulsar is not detected
in every observation, and in the cases in which it is detected it is eclipsed for about
half of the orbit [105]. In gamma-ray data, it was possible to detect pulsations, and
measure the orbital period variations over the full Fermi mission since 2008.

The long-term timing analysis of black widow pulsar PSR J1555−2908 in Fermi -
LAT data revealed unexpected changes of the spin frequency over time (Chapter 6),
which could also be modelled by the binary system being orbited by a planetary-
mass object in a wide, multi-year orbit (Chapter 7). The gamma-ray data taken over
the next years of the ongoing Fermi mission will reveal whether PSR J1555−2908 is
intrinsically an unusual MSP or part of a triple system.
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1.5 Clarification of Contributions to Publications

In the following, the paper adaptations presented as chapters of this thesis will be
briefly introduced. Furthermore, it is clarified who wrote which parts of the papers
and who provided which scientific contributions, emphasizing the work of the author
of this thesis.

1.5.1 Chapter 2

Chapter 2 describes methods to efficiently search for binary pulsars within gamma-
ray data, exploiting partial orbital information. The chapter was published as Nieder
et al. [1] and can be seen as an extension of the work by Pletsch and Clark [80], who
developed the search methods for isolated pulsars.

This chapter was written by the author, under the close guidance of the supervi-
sor B. Allen. Parts of this chapter have been derived previously by the author as part
of a master thesis with supervisor H. J. Pletsch. For the paper, the methodology was
significantly extended, a discussion of search method alternatives was added, and it
has been investigated which phase models should be used depending on the expected
specifics of the binary system. C. J. Clark suggested multiple additions, modifica-
tions and corrections, as well as derived the equations in Section 2.5.2. Comments
from B. Allen, C. J. Clark, and H. J. Pletsch were incorporated.

As part of this work, two search pipelines were constructed by the author. One
pipeline is set up for partially informed gamma-ray searches exploiting orbital con-
straints from optical analysis, where the first stages are run on the distributed vol-
unteer computing system Einstein@Home, and the final stage on the ATLAS com-
puting cluster. The search and timing codes initially designed for isolated-pulsar
searches also had preliminary capabilities for binary pulsars – this was rewritten
and extended by the author. This was necessary since some of the assumptions
made in the previous versions of the search and timing codes do not hold for the
heavier redback pulsars in their wider orbits. The porting of the search code from
CPUs to GPUs was mainly done by B. Machenschalk, with help from C. Choquet.
The author performed the tests on the newly written code. The other pipeline is
designed for rapid follow-up searches with ATLAS, using preliminary information
about the pulsar parameters derived after the discovery of radio pulsations.

1.5.2 Chapter 3

Chapter 3 presents the detection of gamma-ray pulsations from the black widow
pulsar PSR J0952−0607, first discovered with the LOFAR radio telescope. The
pulsar is spinning at the remarkable rate of 707 Hz, and its inferred surface magnetic
field strength is among the ten lowest of all pulsars. This chapter describes and
discusses the results of a multiwavelength study of this pulsar, and was originally
published as Nieder et al. [2].

Most parts of this chapter were written by the author. The preparation of the
LAT data set for the search was performed by the author. The preparation for the
timing analysis and the final gamma-ray spectral analysis were carried out by J. Wu.
Using the initial parameter constraints from the LOFAR discovery, the author was
responsible for the design and execution of the search, as well as the timing analysis
after detection. The large distance to the pulsar and the consequential weak energy
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flux required a different treatment of the pulse-template parameters in the timing
analysis. To take the pulse-shape uncertainty into account, the timing code was
extended by C. J. Clark and the author. The radio analysis and text were provided
by C. G. Bassa, J. Y. Donner, and J. P. W. Verbiest. C. J. Clark and C. Bassa
contributed the optical analysis and texts. The gravitational wave search was led
and the text was written by A. Singh, M. A. Papa, and their research group. Most
of the discussion was written by the author. The text snippets concerning the
optical and gravitational-wave search results were contributed by the respective
groups mentioned above.

The chapter was reviewed within the Fermi -LAT collaboration by P. S. Ray.
Further comments were provided by M. Kerr, D. J. Thompson, most co-authors,
and the anonymous referee.

1.5.3 Chapter 4

Chapter 4 describes Einstein@Home’s first binary pulsar discovery. The pulsar
PSR J1653−0158 was detected using the search methods described in Chapter 2,
and is remarkable in multiple ways: its inferred surface magnetic field is possibly the
weakest known for any pulsar, the optical analysis suggests a pulsar mass & 2M�,
and, with 75 min, its orbital period is the shortest known for any rotation-powered
binary pulsar. Additionally, the pulsar remained undetected in radio waves despite
several very sensitive observations. The discovery was published as Nieder et al. [3].

The text of this chapter was mainly written by the author, under the guid-
ance of B. Allen. The gamma-ray data were collected and the photons weighted
by C. J. Clark. Most of the new optical data were taken by R. P. Breton and
V. S. Dhillon. The optical data from August 2017 were taken by C. Bassa and the
author with the Wide Field Camera (WFC) on the 2.5m Isaac Newton Telescope
(INT). The analysis and subsequently the constraints on the orbital parameters
leading to this discovery were provided by C. J. Clark. The search was planned,
started, and the results were analyzed by the author. The timing analysis was per-
formed by the author. The estimation of the intrinsic spin-down parameter was
computed by the author, taking into account valuable comments by M. Kramer.
The optical modelling of the companion light curve after the pulsar discovery was
performed and the associated text provided by D. Kandel and R. W. Romani. Many
radio observations with large telescopes around the world (Effelsberg, FAST, GBT,
GMRT, LOFAR, Lovell, Nançay, Parkes) tried to discover the pulsar in radio as part
of the Pulsar Search Consortium (PSC). The associated groups provided the data
for Table 4.3, which were used by the author to compute the upper limits on the
pulsed radio emission. Text and interpretation of the results were written by the au-
thor. The continuous gravitational wave searches were developed, executed, and the
texts provided by A. Ashok, M. A. Papa, B. Allen, and their research groups. The
discussion of the results presented in this chapter was contributed by the author.

Within the Fermi -LAT collaboration, the chapter was reviewed by M. Razzano.
Additional comments were given by N. Omodei, J. L. Racusin, and many co-authors.
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1.5.4 Chapter 5

Chapter 5 describes the Einstein@Home discovery of PSR J2039−5617, the first
redback pulsar to be detected in a partially informed gamma-ray search. The abil-
ity to find pulsars in redback systems is noteworthy because they typically show a
significant variability of the orbital period. For PSR J2039−5617, these variations
reduced the detectable signal power by 66% in the Einstein@Home search. In this
chapter, the available optical and gamma-ray data are used to measure the sys-
tem parameters, to track the behavior of the binary system, and to understand its
evolution.

Analysis of archival data from the Parkes Radio Telescope led to the discovery
of strongly eclipsed radio pulsations. The study of PSR J2039−5617 in radio waves
is described in a companion paper [105].

This chapter was mostly written by C. J. Clark. The optical constraints on
the orbital parameters, and the photon weights were also provided by C. J. Clark.
The author planned and executed the Einstein@Home gamma-ray search, and con-
tributed the text describing the search and discovery (Section 5.3.1). The initial
timing analysis was performed by the author. This used a newly developed method
to find a Taylor series approximation to track the orbital period variations – the
ansatz used previously for redback pulsars. However, the strong variations (see
Fig. 5.1) could not be well described with a Taylor series expansion anymore, which
led to the development of another novel timing method by C. J. Clark (see Sec-
tion 5.3.3). The optical analysis and discussion were mostly written by C. J. Clark,
with G. Voisin being strongly involved in the work displayed in Section 5.5.4. The
text and analysis describing the prospects for future redback searches (Section 5.5.5)
were contributed by the author.

The review within the Fermi -LAT collaboration for this chapter was done by
D. A. Smith. More comments were provided by D. J. Thompson, S. Digel, M. Kerr,
many co-authors, and the anonymous referee.

1.5.5 Chapter 6

Chapter 6 presents the gamma-ray follow-up discovery of the millisecond black-
widow pulsar PSR J1555−2908, which was first discovered in radio data taken with
the Green Bank Telescope (GBT). PSR J1555−2908 experiences changes of the spin
frequency over the course of the Fermi mission, unusually large for a millisecond
pulsar. These variations require four frequency derivatives to track the pulsar’s
rotational phase.

This chapter is a preliminary report describing the gamma-ray discovery and
timing analysis, and is intended to be included in a paper led by P. Ray – currently
in early draft stage. The paper will also present the radio discovery, and the results
of some optical and X-ray observations.

Most of this chapter was written by the author. The text describing the selection
and weighting of the gamma-ray photons, as well as the weighted photons used in
the follow-up search, were contributed by C. J. Clark. The final photon weights
were provided by P. Bruel. The search was planned, executed and described by the
author, as well as all further analysis and discussion of the results. Comments from
B. Allen and C. J. Clark were incorporated.
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1.5.6 Chapter 7

Chapter 7 presents a hypothetical explanation for the spin-frequency variations of
PSR J1555−2908, described in Chapter 6. With currently available LAT data, the
pulsar’s rotation can be equally accurately described with an additional low-mass
companion being in a multi-year around the inner black-widow system.

This chapter was written by the author, and is a preliminary version of a paper
intended to be submitted as a companion paper to the one in Chapter 6. The
gamma-ray photon data are the same as in Chapter 6. Comments were provided by
B. Allen and C. J. Clark.
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CHAPTER 2

Exploiting Orbital Constraints from Optical Data

to Detect Binary Gamma-ray Pulsars

Published as Nieder, L., Allen, B., Clark, C. J., Pletsch, H. J. 2020, ApJ, 901, 2.
doi: 10.3847/1538-4357/abaf53
c© 2020. The American Astronomical Society.

Abstract

It is difficult to discover pulsars via their gamma-ray emission because current in-
struments typically detect fewer than one photon per million rotations. This creates
a significant computing challenge for isolated pulsars, where the typical parameter
search space spans wide ranges in four dimensions. It is even more demanding when
the pulsar is in a binary system, where the orbital motion introduces several ad-
ditional unknown parameters. Building on earlier work by Pletsch and Clark [80],
we present optimal methods for such searches. These can also incorporate external
constraints on the parameter space to be searched, for example, from optical obser-
vations of a presumed binary companion. The solution has two parts. The first is
the construction of optimal search grids in parameter space via a parameter-space
metric, for initial semicoherent searches and subsequent fully coherent follow-ups.
The second is a method to demodulate and detect the periodic pulsations. These
methods have different sensitivity properties than traditional radio searches for bi-
nary pulsars and might unveil new populations of pulsars.
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2.1 Introduction

The Large Area Telescope [LAT; 32] on the Fermi satellite has helped to increase
the known Galactic population of gamma-ray pulsars to more than 250 pulsars1 [for
a review see, e.g., 23]. However, in the recent Fermi -LAT Fourth Source Catalog
[4FGL; 38] 1,336 out of 5,064 gamma-ray sources remain unassociated. Many of
those are thought to be pulsars, perhaps in binary systems.

Gamma-ray pulsars may be detected in three ways: (a) A known (radio or X-
ray) pulsar position and ephemeris guides a follow-up gamma-ray pulsation search
within a nearby LAT source [e.g., 106–108]. (b) A similar gamma-ray pulsation
search is done for a known pulsar, but without an obvious gamma-ray source being
present [109]. (c) A “partially informed” search2 hunts for gamma-ray pulsations
around a LAT source where no pulsar has yet been identified, and hence several
timing parameters, notably the spin period, are unknown in advance.

Partially informed searches are the focus of this paper. Such searches have dis-
covered more than 50 young pulsars (YPs) [e.g., 73–75, 79], and three MSPs [43,
44]. Many of these pulsars could not have been found via radio or X-ray emis-
sions, which were not detected in extensive follow-up searches. Such systems are of
particular interest because they constrain models of pulsar emission and beaming.
Partially informed searches also have the potential to discover new populations of
pulsar/neutron star objects.

So far, most partially informed gamma-ray searches have targeted isolated pul-
sars. The searches are a substantial computing effort, and have been carried out
in campaigns or surveys that last several years. More recent surveys find new sys-
tems because the ongoing LAT operations provide additional data, which enables
the detection of weaker pulsations [e.g., 79]. However, there is also a downside: the
computing power required also increases quickly with longer observation time spans.

Until now, partially informed gamma-ray searches have only found one binary
MSP, PSR J1311−3430 [44]. This is tantalizing because three quarters of the known
MSPs in the Australia Telescope National Facility (ATNF) Pulsar Catalogue3 [110]
are in binaries. So if search sensitivity were not limited by computing power, it
might be possible to find many more. But even for isolated pulsars it is expensive to
search for high (> 100 Hz) spin frequencies, and adding (at least three) additional
orbital parameters makes it even more costly. By improving the techniques, the
methods presented here are a first step toward finding more of these systems.

Much of our focus is on binary pulsars in so-called “spider” systems, in which
the pulsar companion is being evaporated by an energetic pulsar wind. A typical
example is the first “black widow” pulsar to be discovered, PSR B1957+20 [49].
This was found in radio, where pulsations are eclipsed for a large fraction of the
orbit, presumably by material ablated from the companion. Spider pulsars are
categorized as black widows if the companion mass Mc is very low (Mc � 0.1M�)
or as “redbacks” (another spider species) for larger companion masses (Mc ∼ 0.15−
0.7M�) [e.g., 53, 54], with one redback candidate likely having an even higher
companion mass & 0.8M� [55].

For many of the known MSPs in spider systems, the companions are visible in the

1https://tinyurl.com/fermipulsars
2These searches have been called “blind” searches in previous literature.
3http://www.atnf.csiro.au/research/pulsar/psrcat
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optical. The light originates from nuclear burning, and/or from pulsar wind heating
up the companion. The orbital motion of the companion then leads to a detectable
modulation of the orbital brightness. The source of this modulation is not well
understood. It might be that the side of the companion facing the pulsar is hotter
than the other side and is more visible at the companion’s superior conjunction.
The companion might also be tidally elongated into an ellipsoid, whose projected
cross section onto the line of sight varies over the orbit.

The new search methods presented here are well suited to gamma-ray pulsars
in spider systems, with nearly circular orbits (eccentricity e < 0.05) and for which
optical observations of the pulsar’s companion provide information about the orbital
motion, and thus constrain the gamma-ray pulsation search space.

For concreteness, we present the search designs for two promising gamma-ray
sources: (a) 4FGL J1653.6−0158, a likely MSP in a circular binary [111, 112], and (b)
4FGL J0523.3−2527, a probable MSP in a slightly eccentric binary [55]. These are
ranked among the most likely pulsar candidates [67]. We demonstrate the feasibility
of a search using the computing resources of the distributed volunteer computing
project Einstein@Home [85].

The paper is organized as follows. Section 2.2 reviews partially informed search
methods for isolated gamma-ray pulsars and introduces the concepts required for
such searches. Section 2.3 extends the methods to gamma-ray pulsars in circu-
lar orbit binaries, and Section 2.4 further extends these to eccentric orbit bina-
ries. In Section 2.5 our methods are compared with alternatives used in radio and
gravitational-wave astronomy. Finally, in Section 2.6 we discuss the feasibility of
future partially informed searches for binary gamma-ray pulsars and also consider
some specific sources. This is followed by Appendices 2.7.1, 2.7.2, and 2.7.3 contain-
ing some technical details.

In this paper, c denotes the speed of light and G denotes Newton’s gravitational
constant.

2.2 Partially-informed gamma-ray searches for pul-

sars

Partially informed search methods for isolated gamma-ray pulsars have been studied
in detail by Pletsch and Clark [80]. Here we summarize and extend their framework.
The following sections generalize the search methods to binary pulsars.

The search for gamma-ray pulsations begins with a list of N photons from a
posited source, which we label with the index j = 1, . . . , N . The data available for
these photons are their detector arrival time tj, their direction of origin, and their
energy, spanning an observation interval Tobs.

We are dealing with many sums and products in this paper. Sums and products
over j, k, ` run from 1, . . . , N unless otherwise specified. Furthermore, we adopt the
notation ∑

j 6=k
≡

N∑
j=1

N∑
k=1
j 6=k

(2.1)

for simplicity reasons.
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Not all photons are equally significant. Photons at low energies are less well
localized than those at higher energies and cannot be so readily attributed to a target
source. Photons whose energy is more consistent with a distributed background are
less likely to come from the pulsar. Photons originating from a nearby point source
might contaminate the data set. For such reasons, searches may be improved by
modeling the spatial and energy distribution of the sources.

To quantify the significance, we assign a weight wj ∈ [0, 1] to each photon. This
weight wj represents the probability that the jth photon originated at the nominal
pulsar [113, 114]. The photon weights are determined from an assumed spectral and
spatial model of gamma-ray sources in the region around the target pulsar, which
is obtained using the standard methods for fitting gamma-ray sky maps4.

Each photon’s weight is computed as the predicted fraction that the target pulsar
contributes to the total photon flux at the photon’s energy and arrival direction, after
convolution with the Fermi -LAT’s energy-dependent point-spread function [114,
115]. The weighting process, and hence the resulting wj, is the only place where
the energy and arrival direction of the photons enter our analysis. In practice,
the weights are computed using gtsrcprob from the Fermi Science Tools5, using,
e.g., the 4FGL catalog [38] and associated Galactic and isotropic diffuse emission
templates as the input model. These weights are used for noise suppression and to
reduce computing cost by removing the lowest-weighted photons.

In this paper, we assume that these weights have been determined in advance
for each photon, so the only information available for the jth photon is its arrival
time tj in the detector and the weight wj.

The question that we need to answer is, are the arrival times of these photons
random, or is there an underlying periodicity? To answer this question (in the
statistical sense), we first need a model for the periodicity, which we assume is tied
to the physical rotation of the pulsar.

2.2.1 Pulse profile and photon arrival probability

For now, assume that “in isolation” the pulsar would have a linearly changing an-
gular velocity. Using Φ to denote the rotational phase in radians

Φ(tpsr,λ) = 2πf(tpsr − tref) + πḟ(tpsr − tref)
2 , (2.2)

where tpsr is the time that would be measured by a fictitious observer freely falling
with the center of mass of the pulsar, and tref is a reference time. Note that detector
time ticks at a different rate than tpsr, because the detector is moving around the
Earth and the Sun, and because the pulsar might be orbiting a binary companion,
or accelerating toward the Galaxy. Also note that without loss of generality we have
set the phase at the reference time to zero.

The parameters λ describe the pulsar. Here they are the spin frequency f and its
first time derivative ḟ at reference time tref. This second-order Taylor approximation
holds for many pulsars and most MSPs, but for very young and “glitching” pulsars,
additional higher-order terms may be needed.

The flux of photons can be broken into three parts. The first does not come from
the pulsar: it is a background that is uncorrelated with pulsar rotation. We call

4https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/
5https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
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these unpulsed photons “background”. The second part originates from the pulsar
itself but is also uncorrelated with pulsar rotation. We call these “unpulsed source”
photons. The last part is a periodically time-varying flux from the source, which we
call “pulsed”. We use p to denote the ratio of the number of pulsed photons to the
total number of source photons (pulsed and unpulsed source).

The pulsed photon flux may be described with a periodic function FS(Φ) of
the pulsar’s phase around its rotational axis, Φ ∈ [0, 2π], and is time stable for
most pulsars. The normalized probability that a pulsed photon arrives in the phase
interval [Φ,Φ + dΦ] is FS(Φ) dΦ. The function FS(Φ) has minimum value zero and
encloses unit area in the interval [0, 2π].

We can now give the probability density function for the rotation phase associ-
ated with a given photon. This differs from one photon to the next because photons
with small weight wj are more likely to have a phase-independent probability dis-
tribution. The probability that the jth photon originates from a rotation phase
interval [Φj,Φj + dΦj] is Fj(Φj) dΦj, where

Fj(Φj) =
1− wj

2π
+ wj

[
1− p

2π
+ pFS(Φj)

]
. (2.3)

The first term (with probability 1 − wj) describes the background photons, and
the second and third terms (with probability wj) describe the unpulsed and pulsed
source photons, respectively.

The probability distribution of pulsed photons may be expressed as the Fourier
series

FS(Φ) =
1

2π
+

1

2π

∞∑
n=1

(
γneinΦ + γ∗ne−inΦ

)
. (2.4)

The complex Fourier coefficients are

γn =

∫ 2π

0

FS(Φ)e−inΦ dΦ . (2.5)

Note that the Fourier coefficients γn are constrained because FS has minimum value
zero. Note also that for known gamma-ray pulsars |γn|2 decreases quickly with
increasing index n [80]. In many cases the first five harmonics are sufficient to
describe the pulse profile.

In principle, to detect gamma-ray pulsations, we assume a rotational model
f, ḟ and then compute the rotational phase associated with each photon. “Bin-
ning” these phases (mod 2π) with weights wj provides an estimate of F (Φ) =∑

j wjFj(Φ)/
∑

j wj, from which we can estimate FS(Φ) by shifting the minimum
value to zero and rescaling to unit area. If that function is compatible with zero
(meaning: coefficients γn are small), then no pulsations were detected. Conversely,
if the γn are large for some values of f and ḟ , we have found pulsations.

2.2.2 Relationship of detector time t to tpsr

The situation is slightly more complicated than described in the previous paragraph
because computing tpsr for each photon from its time of arrival at the Fermi satellite
also requires the pulsar’s sky position (right ascension α and declination δ). The
sky position allows for “ barycentric corrections”, e.g., to account for Doppler shifts



28 2.2. Partially-informed gamma-ray searches for pulsars

due to the LAT’s movement around the solar system barycenter (SSB). Thus, the
photon’s emission time tpsr(t, α, δ) is a function of its arrival time t at the LAT and
the putative pulsar’s sky position. The pulsar’s putative phase is a function of t and
the four parameters λ = {f, ḟ , α, δ}.

In partially informed searches the spin parameters are unknown. Although each
photon is tagged with an arrival direction α, δ, these are not sufficiently precise
to detect pulsations, so those location parameters must also be searched. Hence,
the parameter space search volume Λ for isolated pulsars (λ ∈ Λ) is 4-dimensional.
In Sections 2.3 and 2.4, the higher-dimensional search spaces for binary pulsars in
circular and elliptical orbits are discussed.

2.2.3 Searching for pulsations

For realistic searches the parameter space Λ is too large to search by the straight-
forward computational process described above. Instead, Λ is explored with a mul-
tistage search based on several different test statistics [e.g., 116]. This gives the
greatest sensitivity at fixed computational cost [80]. The approach is hierarchical.
In the first stage, a coarse grid covering the parameter space Λ is searched at low
sensitivity using inexpensive test statistics. These are relatively insensitive to mis-
match between tested parameters and pulsar parameters. In the following stages,
smaller regions of Λ around the most promising candidates are searched at higher
sensitivity. These use more expensive test statistics on finer, more closely spaced
grids. Thus, a search is defined by a test statistic/grid hierarchy.

The spacing of the grids in parameter space is governed by the mismatch de-
scribed above. For a given test statistic, we calculate a “metric”, which is the
fractional loss in the expected signal-to-noise ratio (S/N). The details of this are
found later in this section.

The search described in this paper has four stages, which employ detection statis-
tics P1, S1, and H. Here we briefly describe the overall structure. The test statistics
are defined and characterized later in this section.

The first three stages search for significant power in the first harmonic |γ1|2. Each
discards regions of parameter space that contain no signals; what remains is passed
to the following stage. The first stage uses the “semicoherent” test statistic S1 with
a low threshold. The second stage tests S1 on a finer grid, with a higher threshold.
The third stage uses the fully coherent test statistic P1. This searches coherently
for power |γ1|2 over the full observation span Tobs with much greater sensitivity and
a finer grid than before.

The fourth stage employs the expensive H statistic, which combines P1, . . . ,
P5. This coherently integrates over Tobs to identify power in the first five harmonics
|γ1|2, . . . ,|γ5|2. By searching around the surviving candidate points in parameter
space with a still finer grid, this completes the hierarchy.

2.2.4 Coherent power test statistic P

The basis for all of our test statistics is the coherent Fourier power, evaluated over
different periods of time. For the nth harmonic, and including all of the photons,
this is

Pn(λ) =
1

κ2

∣∣∣∑
j

wje
−inΦ(tj ,λ)

∣∣∣2. (2.6)

Definition: Large Area Telescope
Definition: solar system barycenter
Definition: Large Area Telescope
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To simplify notation, from here on we use Φ(tj,λ) to denote Φ(tpsr(tj, α, δ), f, ḟ),
where tj is the photon arrival time measured at the LAT. The normalization con-
stant is

κ2 =
1

2

∑
j

w2
j . (2.7)

How does Pn behave in the absence of pulsations and in the presence of pulsations?
To answer this question, we compute expectation values as shown in

Appendix 2.7.1. The power Pn has an expected value (Eq. 2.104) and variance
(in the absence of a pulsed signal, p = 0)

Ep[Pn] = 2 + κ−2p2|γn|2
∑
j 6=k

w2
jw

2
k (2.8)

Var0[Pn] = κ−4
∑
j 6=k

w2
jw

2
k . (2.9)

The power Pn is a detection statistic because it is sensitive to a nonvanishing
pulse profile. If γn is nonzero, then Pn should be larger than 2. It becomes larger as
the fraction p of pulsed to source photons increases (which we cannot control). It
also becomes larger as the number of photons (or equivalently, the observation time)
grows. But to understand what values of Pn correspond to statistically significant
detections, we need to know about its statistical fluctuations, meaning the variance
in Pn.

Note that the diagonal-free double sum in these expressions can be reexpressed
as (
∑

j w
2
j )

2 −∑j w
4
j . Thus, the variance can be written as

Var0[Pn] = 4− 4

∑
j w

4
j

(
∑

j w
2
j )

2
. (2.10)

If there are many photons from the source and the weights are relatively uniformly
distributed, then it follows that the numerator in Eq. (2.10) is O(N) and the denom-
inator is O(N2). Hence, the variance Var0[Pn]→ 4−O(1/N) approaches 4. In this
limit, and with the statistical assumptions of Appendix 2.7.1, Pn has a noncentral
χ2-distribution with two degrees of freedom [80]. The noncentrality parameter is
the second term appearing in Eq. (2.8).

The expected S/N associated with Pn is

θ2
Pn =

Ep[Pn]− E0[Pn]√
Var0[Pn]

= p2|γn|2
√∑

j 6=k
w2
jw

2
k

= p2|γn|2µTobs .

(2.11)

In the many-photon limit the quantity µ→∑
j w

2
j/Tobs is proportional to the mean

weighted photon arrival rate.

2.2.4.1 Loss of P from parameter mismatch

In a real search, we compute detection statistics at a grid of discrete values of the
signal parameters λ. If there is a signal present, its actual (true) parameters might
be close to one of these discrete values but will not match it exactly. There will

Definition: Large Area Telescope
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always be some offset between the tested parameters and the true parameters. Here
we quantify how much S/N is expected to be lost because of this mismatch.

Assume that the tested parameters λ are close to the true pulsar parameters
λpsr , and introduce the notation

dλa = λa − λapsr (2.12)

for the small parameter offsets. Here and elsewhere in the paper we index the
parameter space dimension with lowercase Latin letters “a” and “b”. These offsets
change the pulsar rotation phase by

∆Φ(t) = Φ(t,λ)− Φ(t,λpsr) ≈ ∂aΦ dλa , (2.13)

where the notation

∂aΦ =
∂Φ

∂λa

∣∣∣∣
λ=λpsr

(2.14)

is introduced and we neglect higher powers in dλ. We also adopt the Einstein
summation convention that repeated parameter space indices are summed over all
the dimensions of the parameter space.

We now compute the fractional loss in expected S/N associated with this pa-
rameter mismatch. For the offset parameters the coherent power is

Pn(λ) = 2 + κ−2
∑
j 6=k

wjwke
in(Φj−Φk)ein(∆Φj−∆Φk) , (2.15)

where Φj = Φ(tj,λpsr) and ∆Φj = ∆Φ(tj). Following Appendix 2.7.1, the expecta-
tion value of this is

Ep[Pn(λ)] = 2 + κ−2p2|γn|2
∑
j 6=k

w2
jw

2
ke
in(∆Φj−∆Φk) . (2.16)

It follows that for the mismatched signal the expected S/N is

θ2
Pn(λ) = p2|γn|2

[∑
j 6=k

w2
jw

2
k

]−1/2∑
j 6=k

w2
jw

2
ke
in
(

∆Φj−∆Φk

)
. (2.17)

The fractional loss in S/N (often called the “mismatch”) is

m(λ,λpsr) =
θ2
Pn

(λpsr)− θ2
Pn

(λ)

θ2
Pn

(λpsr)

=
∑
j 6=k

w2
jw

2
k

[
1− ein(∆Φj−∆Φk)

]/∑
j 6=k

w2
jw

2
k (2.18)

=

(∑
j

w2
j

)2

−
∣∣∣∣∣∑
j

w2
j e
in∆Φj

∣∣∣∣∣
2
/(∑

j

w2
j

)2

−
∑
j

w4
j

 .

We need the mismatch to help set the spacings of the parameter space search grids,
but for that purpose, approximations suffice.

Assume that there are many photons and the weights are uniformly distributed
in time (or at least slowly varying in a way that is not correlated with the pulsar
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rotation phase). The sums over the weights may then be replaced with simple
integrals over time, giving

m(λ,λpsr) ≈ 1−
∣∣∣∣
Tobs

〈
e−in∆Φ(t)

〉
(t0)

∣∣∣∣2 . (2.19)

Here we introduce the “angle bracket” notation for an average over a time interval
of length T centered around an arbitrary time t0. This takes an input function Q(t′)
and outputs a new function of time t defined by

T〈Q(t′)〉(t) ≡ 1

T

∫ t+T/2

t−T/2
Q(t′) dt′ , (2.20)

which is the average of Q around the time t.

2.2.4.2 Parameter space metric gab

Since the sensitivity of these searches is limited by available computing power, we
need to construct a grid that covers the relevant parameter space with the smallest
number of grid points. This means that the parameters λpsr of any possible pulsar
should be close enough to a grid point that we do not lose too much S/N from the
mismatch, but the grid should have as few points as possible.

The distance metric on the search space is a useful tool for such constructions
[117, 118]. It provides an analytical approximation to the mismatch. For example,
the coherent mismatch in Equation (2.19) can be approximated by the “coherent
metric” gab

m(λ,λpsr) = n2gab(λ) dλa dλb +O(dλ3) (2.21)

for small coordinate offsets dλa from the true pulsar parameters.
Expanding the exponential that appears in Eq. (2.19) to first order, one finds

gab = Tobs
〈∂aΦ∂bΦ〉(t0)− Tobs

〈∂aΦ〉(t0) Tobs
〈∂bΦ〉(t0) . (2.22)

To evaluate the metrics, we need to account for the way in which the detected pulsar
rotation phase depends on the different pulsar parameters.

2.2.4.3 Evaluation of gab for isolated pulsars

As seen by an observer freely falling at the center of mass of the pulsar, the rotation
phase just depends on the intrinsic frequency f and its derivative ḟ as given in
Eq. (2.2). But as explained in Sec. 2.2.2, these must be converted to detector time.

For computing the metric, we do not need a conversion that is accurate to mi-
croseconds, but only one that takes into account the largest shifts between detector
and pulsar time, of order ≈ 500 s, arising from the motion of the Earth around
the Sun [80]. We denote the orbital angular frequency by ΩE = 2π/yr, the orbital
light-crossing time by rE = 1 AU/c, and the obliquity of the ecliptic by ε = 23.4◦.

If we choose a coordinate axis z along the line of sight to the pulsar, then the
projected motion is

rz,sky(t) = rE [nx cos (ΩEt+ ϕref) + ny sin (ΩEt+ ϕref)] , (2.23)
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where

nx = cosα cos δ , (2.24)

ny = cos ε sinα cos δ + sin ε sin δ , (2.25)

and the sky location is given by the right ascension α, and the declination δ. The
(arbitrary) choice for the origin of the time coordinate determines the constant ϕref,
which is the Earth’s orbital phase at that moment.

Note that this simplified version of the Rømer delay does not account for the
motion of the Fermi satellite around the Earth. It is not accurate enough to use in
a search for pulsations and is only used in the metric calculation.

For the purpose of computing the metric we can model the detected pulsar
rotation phase as the sum of Eq. (2.2) and the additional phase cycles introduced
by the Rømer delay (2.23):

Φ(t,λ) = 2πf(t− tref) + πḟ(t− tref)
2 (2.26)

+ 2πfrE [nx cos (ΩEt+ ϕref) + ny sin (ΩEt+ ϕref)] .

Here the search parameters are λ = {f, ḟ , nx, ny}, and the terms correcting the
arrival times t have been neglected for the ḟ summand.

The metric for the coherent power P1 follows from Eq. (2.22). The formulae are
complicated, but if we keep only the most significant terms, then they simplify. To
determine these, consider the relative size of the different quantities:

Tobs ≈ 10 yr ≈ 3× 108 s ,

|t0 − tref| . Tobs ,

ΩE ≈ 2π/yr ≈ 2× 10−7 s−1 ,

rE ≈ 5× 102 s ,

f ≈ (100− 700) s−1 ,

ḟ ≈ (10−16 − 10−14) s−2 .

(2.27)

Most MSPs have parameters f and ḟ in the given range. With these in mind, one
finds diagonal metric components

gff =
1

3
π2T 2

obs [1 +O(rE/Tobs)] ,

gḟ ḟ =
1

180
π2T 4

obs

[
1 + 60

(t0 − tref)
2

T 2
obs

]
,

gnxnx = 2π2f 2r2
E [1 +O(1/ΩETobs)] ,

gnyny = 2π2f 2r2
E [1 +O(1/ΩETobs)] .

(2.28)

Most of the off-diagonal metric components are negligible.
Determining whether off-diagonal metric components are significant requires

some care because they need to be compared to the corresponding diagonal compo-
nents. This arises here and in several other places in the paper. Here we show in
detail how this significance is determined. The same reasoning is used for the other
cases that arise later but is not elaborated.

Since the fundamental quantity of interest is the mismatch m, for fixed a and b
(no Einstein summation convention), considerm = gaa(dλ

a)2+gbb(dλ
b)2+2gab dλa dλb.

Definition: millisecond pulsar
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Rescale the coordinates {λa, λb} to new coordinates {λa′ = uλa, λb
′
= wλb} such that

the two diagonal components of the metric in the new coordinates are both unity.
(Here u and w denote the rescaling factors.) This implies that gaa(∂λ

a/∂λa
′
)2 =

gaau
−2 = 1 and gbb(∂λ

b/∂λb′)2 = gbbw
−2 = 1. Then, all off-diagonal metric compo-

nents are of O(1/ΩETobs), apart from

gfḟ =
1

3
π2T 3

obs

[
(t0 − tref)

Tobs

+O(rE/Tobs)

]
. (2.29)

Note that all the off-diagonal terms may be neglected in the case that the integration
time Tobs � 1 yr and the reference time tref = t0.

For this case the diagonal “coherent metric” terms reduce to

gff =
1

3
π2T 2

obs ,

gḟ ḟ =
1

180
π2T 4

obs ,

gnxnx = 2π2f 2r2
E ,

gnyny = 2π2f 2r2
E .

(2.30)

2.2.5 Semicoherent power test statistic S

The coherent power Pn in Eq. (2.6) provides a good statistical basis to find pulsations
(meaning γn nonzero) but is inefficient to compute. Hence, the first two stages of
our searches use the “semicoherent” Fourier power Sn. Its definition is similar to
Pn except that photons are only combined if their arrival time difference is smaller
than a coherence time, Tcoh � Tobs. This makes it less expensive to compute (but
also less sensitive). The coherence time in a typical search in the first stage is
Tcoh = 221 s ≈ 24 d, in the second stage it is Tcoh = 222 s ≈ 48 d, and the observation
span Tobs (i.e. the operation time of the LAT) is more than 10 years.

For convenience the statistic Sn differs from Pn in one other way: we omit the
diagonal j = k terms in the sum. This ensures that in the no-signal (p = 0) case
the expected value of Sn vanishes, with

Sn(λ) =
1

κ̄

∑
j 6=k

wjwke
−in[Φ(tj ,λ)−Φ(tk,λ)]ŴTcoh

(τjk) . (2.31)

The rectangular window function restricts the sum to photons in which the arrival
time difference τjk = tj − tk (or “lag”) is not larger than Tcoh:

ŴTcoh
(τ) =

{
1 for |τ | ≤ Tcoh/2 ,

0 otherwise .
(2.32)

The semicoherent normalization constant is chosen to be

κ̄ =

√∑
j 6=k

w2
jw

2
kŴ

2
Tcoh

(τjk) , (2.33)

which ensures that in the no-signal (p = 0) case Sn has unit variance [79].

Definition: Large Area Telescope
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To characterize this detection statistic, we calculate the expectation value and
variance with the calculational framework of Appendix 2.7.1, obtaining

Ep[Sn] =
1

κ̄
p2|γn|2

∑
j 6=k

w2
jw

2
kŴTcoh

(τjk) , (2.34)

Var0[Sn] = 1 . (2.35)

The expectation value is the same as the second term of Pn in Eq. (2.8), except that
the sum is restricted to the lag window. In fact, the formulae above hold for any
choice of window function.

The S/N for the semicoherent Fourier power Sn is simplified by assuming a
rectangular window function (which equals its square). This gives

θ2
Sn =

Ep[Sn]− E0[Sn]√
Var0[Sn]

= p2|γn|2
√∑

j 6=k
w2
jw

2
kŴTcoh

(τjk)

= p2|γn|2µ
√
TcohTobs .

(2.36)

The second line adopts the definition of µ given after Eq. (2.11) and makes the same
assumptions of steady photon flux and large photon number.

In practice, how large are these detection statistics? A typical gamma-ray pulsar
might have a pulsed flux for which |γ1|2 ≈ 0.2 and a 70% fraction of pulsed photons
for which p2 ≈ 0.5. The weighted flux of source photons detected might be

∑
j w

2
j ≈

500 over Tobs = 10 yr, implying a rate µ ≈ 50 yr−1. With Tcoh = 24 d, this leads to
coherent and incoherent S/Ns of order θ2

P1
≈ 50 and θ2

S1
≈ 4, significant at the 50σ

and 4σ levels, respectively.

2.2.5.1 Loss of S from parameter mismatch

We now turn to the metric for the semicoherent statistic. To compute the mismatch
for the semicoherent detection statistic Sn, with the same assumptions as above, we
can replace the sums with integrals, obtaining

m̄(λ,λpsr) = 1− θ2
Sn

(λ)

θ2
Sn

(λpsr)

= 1−
Tobs

〈
e−in∆Φ(t′)

Tcoh

〈
ein∆Φ(t′′)

〉
(t′)

〉
(t0) .

(2.37)

Note that the inner integral in the second line can include times outside the obser-
vation span t′′ ∈ [t0 − Tobs/2, t0 + Tobs/2], going down to t′′ = t0 − Tobs/2 − Tcoh/2
or up to t′′ = t0 + Tobs/2 + Tcoh/2. In such cases the integrand should be set to zero
and normalized so that 〈1〉 = 1.

2.2.5.2 Parameter space metric ḡab

We now evaluate these mismatches to lowest order, obtaining a distance metric on
the parameter space. We evaluate the integrals in Eq. (2.37) naively, without setting
the integrands to zero outside of the “valid data range”. This gives rise to terms
(complex or linear in dλa) that are not present in the exact expression. We assume
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that Tcoh � Tobs (typically Tcoh = 24 d and Tobs > 10 yr). In that case, these terms
are small, and we discard them.

The partial derivatives with respect to λa ∈ {f, ḟ , nx, ny}, under the assumption
that Tcoh � 1 yr� Tobs, can be approximated as

∂aΦ ≈ Tcoh
〈∂aΦ〉(t) , (2.38a)

∂a∂bΦ ≈ Tcoh
〈∂a∂bΦ〉(t) , (2.38b)

as [80] did. (Here and in what follows, for readability, the time dependence of phase
derivatives such as ∂aΦ is not shown explicitly.)

With these assumptions the semicoherent mismatch Eq. (2.37) can be approxi-
mated by the semicoherent metric

m̄(λ,λpsr) ≈ n2ḡab dλa dλb +O(dλ3) , (2.39)

where dλa = λa − λapsr as earlier. Note that Eq. (2.39) has the same form as the
coherent mismatch in Eq. (2.21).

The metric components are

ḡab =
Tobs

〈
Tcoh
〈∂aΦ∂bΦ〉(t′)− Tcoh

〈∂aΦ〉(t′) Tcoh
〈∂bΦ〉(t′)

〉
(t0) ,

=
1

2 Tobs

〈
g̃ab(t

′)
〉

(t0) , (2.40)

where we have introduced

g̃ab(t
′) = Tcoh

〈∂aΦ∂bΦ〉(t′)− Tcoh
〈∂aΦ〉(t′) Tcoh

〈∂bΦ〉(t′) , (2.41)

which is exactly the coherent metric given in Eq. (2.22), but with Tobs replaced by
Tcoh � 1 yr and t0 replaced by t′. Thus, terms of O(1/ΩETcoh), similar to those
appearing in Eq. (2.28), cannot be neglected.

2.2.5.3 Evaluation of ḡab for isolated pulsars

The nonvanishing semicoherent metric components are

ḡff =
1

6
π2T 2

coh [1 +O(rE/Tobs)] ,

ḡfḟ =
1

6
π2T 2

cohTobs

[
(t0 − tref)

Tobs

+O(rE/Tobs)

]
,

ḡḟ ḟ =
1

72
π2T 2

cohT
2
obs

(
1 + 12

(t0 − tref)
2

T 2
obs

+
T 2

coh

5T 2
obs

)
, (2.42)

ḡnxnx =π2f 2r2
E

[
1− 4

Ω2
ET

2
coh

sin2

(
ΩETcoh

2

)
+O(1/ΩETobs)

]
,

ḡnyny =π2f 2r2
E

[
1− 4

Ω2
ET

2
coh

sin2

(
ΩETcoh

2

)
+O(1/ΩETobs)

]
.

The semicoherent metric ḡ is diagonal for t0 = tref, as was the case for the coherent
metric g in Eq. (2.30). Note that gnxnx and gnyny are not equal because the neglected
terms of O(1/ΩETobs) have opposite signs.
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The metric component ḡḟ ḟ differs from that given by Pletsch and Clark [80], but
our results are identical in the limit of a large number of photons N homogeneously
distributed over the observation span. This is the case, since we assumed it in
deriving Eqs. (2.19) and (2.37).

Comparison of Eqs. (2.28) and (2.42) illustrates the benefits of the multistage
search process described in Section 2.2.3. For grids with the same mismatch m = m̄,
the ratio between the density of the coherent grid and the semicoherent grid would
be

coherent grid density

semicoherent grid density
=

√
det g

det ḡ
=

48T 2
obs√

5Ω2
ET

4
coh

. (2.43)

For the timescales Tcoh and Tobs given above, the ratio is ∼ 106. This is why the
semicoherent search stage is beneficial.

2.2.6 Multiple harmonic test statistic H

In the last and most sensitive stage of the multistage search, we adopt the widely
used statistic

H(λ) = max
1≤M≤Mmax

(
4− 4M +

M∑
n=1

Pn(λ)

)
, (2.44)

which incoherently sums the coherent power from up to the first Mmax harmonics
in the pulse profile. The H statistic provides a sensitive test for unknown (generic)
pulse profiles. The original simulations by de Jager, Raubenheimer, and Swanepoel
[119] recommended Mmax = 20, and to assess the false-alarm probability, they car-
ried out a numerical study of the distribution of H in pure noise.

Later results by Kerr [114] show that the single-trial probability ρ of exceeding
a value Hthreshold in pure noise is well modeled by ρ ≈ exp(−0.398Hthreshold) if the
number of harmonics Mmax is very large. Obviously, if Mmax is reduced, then the
single-trial probabilities are smaller than this, so exp(−0.4Hthreshold) is a reliable
upper bound.

To avoid overfitting, we generally use smaller limits Mmax = 3, 4, or 5 on the
number of harmonics. Typical partially informed search gamma-ray pulsar detec-
tions have H values in the hundreds, corresponding to single-trial ρ values that must
lie below 10−30.

Normally, the last search stage is not computationally limited. Hence, we use
a grid fine enough to secure power in the higher harmonics, while overcovering the
search space for power in the lower harmonics. In practice, the grid is built using
the coherent metric presented in Section 2.2.4.2 with n = Mmax.

2.2.7 Searches for isolated pulsars

Partially informed searches for isolated pulsars within gamma-ray data recorded
by the LAT have been very successful [see, e.g., 79]. The key ingredients are the
utilization of the powerful volunteer-distributed computing system Einstein@Home
[85] and searches that use these computing resources as efficiently as possible.

Most of the tools for constructing efficient searches have been presented in the
earlier sections. To discard unpromising regions in parameter space, the multistage
approach is used as described in Section 2.2.3. For the first and computationally
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most crucial search stage, efficient grids covering the parameters ḟ , nx, ny are built
based on the distance metric, and f is searched using fast Fourier transform (FFT)
algorithms [120]. In later search stages, f is also gridded with the metric, but it is
not efficient to use FFTs on the small ranges in f around the few most significant
candidates from the semicoherent search stage.

2.3 Search Method: Circular Binary Orbits

The main problem in partially informed gamma-ray searches for pulsars is that the
phase model from Eq. (2.2) depends on the (photon emission) time at the pulsar,
while a gamma-ray detector records the time of arrival at the telescope. For binary
pulsars the largest corrections to shift between these two times arise from the line-of-
sight motion of the Fermi satellite around Earth and Sun rz,sky(t) and of the pulsar
around its companion rz,cir(tpsr).

The line-of-sight motion of a binary pulsar in a circular orbit can be described
via three parameters, which are usually taken to be the orbital frequency Ωorb, the
projected semimajor axis x in seconds, and the epoch of ascending node tasc. With
these, the two times are related by

tpsr + rz,cir(tpsr) = t+ rz,sky(t) , (2.45)

where the corrections, also called Rømer delays, are expressed in seconds.
The simplest expression of the pulsar’s orbital line-of-sight motion rz,cir depends

on the time measured at the pulsar tpsr. In many cases, this time may be replaced
with the detector time because

rz,cir(tpsr) = rz,cir(t) [1 +O (xΩorb)] , (2.46)

and the quantity xΩorb � 1. In such cases

tpsr ≈ t+ rz,sky(t)− rz,cir(t) . (2.47)

This holds for most black widow and some redback systems with projected semima-
jor axes on the order of a few light-seconds [see, e.g., the ATNF Pulsar Catalogue6

by 110]. In all cases, it is accurate enough to compute the metric, and in many cases
accurate enough for maintaining phase coherence in a search.

The Rømer delay can be expressed in terms of the three orbital parameters as

rz,cir(t) = x sin[Ωorb(t− tasc)] . (2.48)

Here the orbital frequency Ωorb is connected to the orbital period Porb via Porb =
2π/Ωorb.

In gamma-ray searches, in addition to the Rømer delay, we also have to correct for
other effects like the Shapiro and Einstein delays. In contrast to radio observations,
we do not have to account for the frequency-dependent dispersion caused by the
interstellar medium (ISM) because gamma rays are well above the plasma frequency
of the ISM.

All of these effects are described by Lorimer and Kramer [10], and Edwards,
Hobbs, and Manchester [96]. While these corrections must be included in gamma-
ray searches, only the largest effects need to be included in the phase model for the
derivation of a distance metric approximation.

6http://www.atnf.csiro.au/research/pulsar/psrcat
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2.3.1 Parameter space metrics

In order to compute the metric, a simplified phase model can be used that accounts
for the corrections (2.23) and (2.48):

Φ(t,λ) =2πf(t− tref) + πḟ(t− tref)
2

+ 2πfrE [nx cos (ΩEt+ ϕref) + ny sin (ΩEt+ ϕref)]

− 2πfx sin[Ωorb(t− tasc)] . (2.49)

Here the search parameters are λ = {f, ḟ , nx, ny,Ωorb, x, tasc} and the terms correct-
ing the arrival times t have been neglected for the ḟ summand. This phase model is
not sufficient for searches because it would not maintain phase coherence with a true
pulsar signal. However, it is sufficient to describe how varying the signal parameters
leads to loss of S/N.

The dominant components of the coherent metric for the orbital parameters are

gxx = 2π2f 2[1 +O(1/ΩorbTobs)] ,

gΩorbΩorb
=

1

6
π2f 2x2T 2

obs

[
1 + 12

(to − tasc)
2

T 2
obs

+O(1/ΩorbTobs)

]
,

gtasctasc = 2π2f 2x2Ω2
orb[1 +O(1/ΩorbTobs)] , (2.50)

gΩorbtasc = −2π2f 2x2ΩorbTobs

[
(to − tasc)

Tobs

+O(1/ΩorbTobs)

]
,

where we have assumed that the integration time span Tobs is much larger than the
orbital period Porb. Compared to the diagonal terms, as done in the text below
Eq. (2.28), all other components are of O(1/ΩorbTobs).

The off-diagonal component gΩorbtasc is vanishingly small if the epoch of the as-
cending node is close to the middle of the gamma-ray data set, tasc ≈ t0. In principle,
tasc can be shifted forward or backward by an integer number N of orbital periods
Porb to achieve this. However, when tasc is constrained, for example, by optical ob-
servations, this is undesirable because it introduces uncertainties in the shifted value
of tasc that grow linearly with N .

Even if tasc 6≈ t0, our current searches ignore the off-diagonal term in the metric.
The only negative consequence is that the grids are more closely spaced than needed,
which reduces the efficiency of the search.

If we include the additional orbital parameters, the semicoherent mismatch (2.37)
can still be written in metric form,

m̄(λ,λpsr) ≈ n2ḡab dλa dλb +O(dλ3) . (2.51)

However, the assumptions made previously in Eq. (2.38) to calculate this only hold
for the “isolated pulsar” parameter space coordinates λiso = {f, ḟ , nx, ny}. They do
not hold for the additional orbital parameters λorb = {Ωorb, x, tasc}.

If λa ∈ λorb is an orbital parameter and Porb � Tcoh (typical coherence time
Tcoh ≈ 24 d), the approximations

Tcoh
〈∂aΦ〉(t) ≈ 0 , (2.52a)

Tcoh
〈∂a∂bΦ〉(t) ≈ 0 , (2.52b)

Tobs

〈
Tcoh
〈∂aΦ∂bΦ〉(t′)

〉
(t0) ≈ Tobs

〈∂aΦ∂bΦ〉(t0) (2.52c)
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are valid. By this, we mean that the ratio of the resulting metric to the correct
metric is 1 +O(Porb/Tcoh).

With these assumptions the semicoherent metric ḡab is composed of three types
of components. For the first type, the parameters λa, λb ∈ λorb are orbital. For
these components,

ḡab = Tobs
〈∂aΦ∂bΦ〉(t0) = gab , (2.53)

giving the coherent result from Eq. (2.50).
For the second type, the parameters λa, λb ∈ λiso are isolated. For these compo-

nents

ḡab =
1

2 Tobs

〈
Tcoh
〈∂aΦ∂bΦ〉(t′)− Tcoh

〈∂aΦ〉(t′) Tcoh
〈∂bΦ〉(t′)

〉
(t0)

=
1

2 Tobs
〈g̃ab(t′)〉(t0) , (2.54)

which is the semicoherent result found in Eq. (2.42).
For the third type, one of a or b is in λorb and the other is in λiso. One obtains

the same equation as for the second type. This vanishes by virtue of Eq. (2.52) and
because Tcoh

〈∂aΦ∂bΦ〉(t′) is of order O(Porb/Tcoh).
In short, the nonvanishing semicoherent metric components reduce to earlier

results. For the orbital parameters, they are the same as the coherent metric com-
ponents. For the isolated (spin and celestial) parameters, they are the same as the
semicoherent metric components for an isolated pulsar. To reiterate, the nonvanish-
ing semicoherent orbital metric components are

ḡxx = 2π2f 2 ,

ḡΩorbΩorb
=

1

6
π2f 2x2T 2

obs

(
1 + 12

(t0 − tasc)
2

T 2
obs

)
,

ḡtasctasc = 2π2f 2x2Ω2
orb ,

ḡΩorbtasc = −2π2f 2x2Ωorb(t0 − tasc) .

(2.55)

As before, for epoch of ascending node close to the middle of the dataset, i.e. tasc ≈
t0, the semicoherent metric is diagonal.

At the end of Section 2.2.5.3, we discussed the relative densities of the coherent
and semicoherent grids for isolated sources. Now we have added three additional
(orbital) dimensions to the parameter space. Because the metric factors into a prod-
uct of a metric on the orbital parameters and a metric on the isolated parameters,
the grid may also be constructed as a product of the grids on the corresponding
subspaces. For the isolated parameters, the ratio between the density of the coher-
ent grid and the semicoherent grid is the same as for the search for isolated pulsars.
For the orbital parameters, the number of grid points needed is the same as in the
coherent case. Hence, the ratio of grid densities is the same as in Eq. (2.43).

In Figure 2.1 the mismatch and its coherent metric approximation are compared
for small parameter offsets, for a realistic simulated pulsar. The corresponding plot
for the semicoherent mismatch looks very similar but has different f - and ḟ -scales.
The mismatch and its metric approximation agree well for mismatch m ≤ 0.4. This
is a typical value for a search: in Appendix 2.7.2, we show that maximum sensitivity
for a given computing resource is obtained for an average mismatch m̂ = 0.383 (see
Table 2.3).
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∆ḟ [Hz/s]

-6
e-

11
-4

e-
11

-2
e-

11 0

2e
-1

1
4e

-1
1

6e
-1

1

∆Ωorb [Hz]

-0
.0

00
6

-0
.0

00
4

-0
.0

00
2 0

0.
00

02
0.

00
04

0.
00

06
∆x [s]

-4 -2 0 2 4

∆Tasc [s]

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e
M

is
m

at
ch

m

Tobs [yrs] = 9.906
MJD Range = 54682.0 − 58300.0
t0 [MJD] = 56491.0
tref [MJD] = 56500.0
f [Hz] = 500

ḟ [Hz/s] = −1e− 15
Ωorb [Hz] = 0.00139999
x [s] = 0.1
Tasc [MJD] = 56513.480780

Figure 2.1: Comparison of the coherent metric approximation to the ac-
tual mismatch, for parameters of a simulated circular orbit binary pulsar in
4FGL J1653.6−0158. Blue contours show the actual mismatch and red contours
the metric approximation, at m = 0.2 and 0.4. As is generally the case [121], the
metric contours are conservative and lie inside the actual mismatch contours.

The celestial parameters are not shown in Figure 2.1; for spider pulsars they are
usually known to high precision from optical observations [e.g., from the Gaia DR2
Catalog; 122], so no grid is required. For other pulsars where the sky position is less
constrained, a grid may be needed.

The search ranges for the orbital parameters are very large, and without further
knowledge a partially informed search is not possible. On the other hand, some
searches are possible if the pulsar’s companion is visible in optical/X-ray observa-
tions, which constrains the search parameters. In the next section, we discuss a
gamma-ray pulsar search design for 4FGL J1653.6−0158, which is thought to be an
MSP in a circular orbit binary [67, 111].

2.3.2 Search design for circular binary

This section shows how to reduce the binary pulsar search parameter space by
exploiting orbital constraints from the companions.

We use the gamma-ray source 4FGL J1653.6−0158, which is predicted to be
a spider pulsar [111, 112], as an example. In previous LAT source catalogs the
gamma-ray source is named 3FGL J1653.6−0158 and 2FGL J1653.6−0159. It was
ranked second in Saz Parkinson et al.’s list (published 2016, [67]) of the most sig-
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nificant Fermi -LAT Third Source Catalog (3FGL) unassociated sources predicted
to be pulsars. The list also classifies it as a likely MSP. The gamma-ray source
4FGL J1653.6−0158 shows typical pulsar properties: a time-stable photon flux and
a spectrum described by an exponential cutoff power law.

The search ranges in spin frequency f and spin-down parameter ḟ are guided
by the known pulsar population and computational constraints. The search range
is divided into YPs, with lower frequencies (f < 44 Hz), and MSPs, with higher
frequencies (44 Hz < f < 1500 Hz)7. Correspondingly, the spin-down lies between 0
and −10−10 Hz s−1 , for YPs and between 0 and −10−13 Hz s−1 for MSPs.

The constraints for f and ḟ define a region in parameter space that has to
be searched. The frequency dimension can be efficiently scanned using the FFT
algorithm [120] as described by Pletsch and Clark [80], and Clark et al. [78, 79] for
isolated pulsars. The ḟ -dimension can be covered by an uniformly spaced lattice.
Special treatment for these parameters is possible: since their metric components
are independent of the other parameters, so is the spacing.

In practice, the FFTs are computed in frequency intervals of bandwidth fBW =
8 Hz. These have fBWTcoh frequency grid points, with frequency spacing 1/Tcoh. In
the semicoherent stage, for two points separated by half the grid spacing, this gives
a worst-case metric mismatch m = π2/24 ≈ 0.411. (As discussed in Appendix 2.7.2
following Eq. (2.106), this can be reduced by interpolation to a worst-case value of
m = 0.14, at no significant cost.) Thus, for one fBW interval, the computing cost
is the product of the cost of a single FFT multiplied by the number of parameter
space grid points in the other dimensions.

The sky position is tightly constrained because a likely optical and X-ray counter-
part with significant light-curve modulation was found [111, 112, 123] and proposed
to be an irradiated pulsar companion. At the time, the best estimate for the posi-
tion of the likely optical counterpart was from the USNO-B1.0 Catalog [124]. Using
this instead of the 3FGL position makes it possible to search 3σ ranges of the sky
parameters with only one semicoherent sky grid point. At high frequencies extra
sky grid points are needed only in the follow-up stages. The computing costs of
these are negligible compared to the semicoherent stage. The same optical source
can now be identified in the Gaia DR2 Catalog [122]; see Table 2.1. For this, the
uncertainty in sky position is small enough that even at f = 1.5 kHz no extra sky
points are needed.

The orbital parameters Ωorb and tasc are directly constrained by Romani, Filip-
penko, and Cenko [111] using optical observations of the companion. As shown in
Table 2.1, they found a significant modulation at a period of Porb = 0.05194469 ±
1.0× 10−7 d, with epoch of ascending node tasc = MJD 56513.48078± 5.2× 10−4.

Additional observations allow the third orbital parameter, the projected semi-
major axis of the pulsar x = a1 sin i/c (in units of light travel time), to be con-
strained. Here we denote the neutron star with subscript “1” and the companion
with subscript “2”. Measurements of the companion’s velocity amplitude K2 =
666.9 ± 7.5 km s−1, together with the orbital period, imply that the pulsar mass
function has the value

f(M1,M2) =
PorbK

3
2

2πG
=
M1 sin3 i

(1 + q)2
= 1.60± 0.05M� , (2.56)

7The high-frequency limit is around the second harmonic of the fastest known pulsar.
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Table 2.1: Parameters and constraints for 4FGL J1653.6−0158

Parameter Value

Range of observational data (MJD) 54682 – 58300

Reference epoch (MJD) 56500

Initial companion location from USNO-B1.0 catalog

R.A., α (J2000.0) 16h53m38.s07(10)

Decl., δ (J2000.0) −01◦58′36.′′7(2)

Precise companion location from Gaia catalog

R.A., α (J2000.0) 16h53m38.s05381(5)

Decl., δ (J2000.0) −01◦58′36.′′8930(5)

Constraints from probable counterpart [111]

Ascending node epoch, tasc (MJD) 56513.48078± 5.2× 10−4

Companion velocity, K2 (km s−1) 666.9± 7.5

Orbital period, Porb (d) 0.05194469± 1.0× 10−7

equivalent to

Orbital frequency, Ωorb (10−3 Hz) 1.3999901± 2.7× 10−6

Derived search range

Projected semimajor axisa, x (s) 0 – 0.2

Notes. — The JPL DE405 solar system ephemeris has been used, and times refer to TDB.
a Assuming a mass ratio of q < 0.25; see text following Eq. (2.56).

where the mass ratio is q = M2/M1. This implies that the neutron star has mass
M1 > 1.60 ± 0.05M�. Since redback companions often have masses M2 . 0.4M�
[53, 54], and black widow companions are even lighter, we assume q < 0.25. The ex-
tremely short orbital period supports this, since evolutionary models would suggest
a black widow companion [125]. From Eq. (2.56), a mass ratio of q = 0.25 allows
neutron star masses up to 2.5M� for i = 90◦. (This is reassuringly conservative,
since the most massive known neutron star [126] has mass 2.14M�.) Combining the
mass function with Kepler’s third law (a1 + a2)3 = G(M1 + M2)(Porb/2π)2 and the
center-of-mass definition a1M1 = a2M2 gives

x =
qK2Porb

2πc
. (2.57)

The upper limit for q then implies an upper limit x . 0.2 s.
It is challenging to build a search grid that covers the three-dimensional orbital

parameter space with as few points as possible. This is because (as can be seen from
the metric) the orbital parameter space is not flat, so a constant-spacing lattice is
not optimal. A solution to this is presented by Fehrmann and Pletsch [127], starting
with “stochastic search grids” [128, 129]. A stochastic grid is built by placing grid
points with a random distribution that follows the expected distribution of metric
distances, while ensuring a preset minimum distance between them. The resulting
grid is then optimized by nudging grid points toward regions where neighboring grid
points have higher-than-average separation. The resulting search grid is efficient
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and has a well-behaved mismatch distribution, which simplifies the S/N distribution
in the absence of signals.

The minimum number of grid points needed to cover the orbital parameter search
space at mismatch m can be estimated from the proper 3-volume

Norb ≈ m−3/2

∫ √
det ḡ dλorb . (2.58)

Here the integral is over the relevant range of orbital parameter space, g denotes
the orbital metric from Eq. (2.50), and numerical factors of order unity related to
the efficiency (technically “thickness”; see e.g. [157]8) of the grid lattice have been
dropped. To understand how this depends on parameters, note that the integral is
proportional to

Norb ∝ f 3Tobs

(
x3

max − x3
min

)
Ωorb∆Ωorb∆tasc , (2.59)

where the search range for x is [xmin, xmax]. ∆Ωorb and ∆tasc are the search ranges
around the values of Ωorb and tasc estimated from the optical modeling. Furthermore,
we make the assumption that ∆Ωorb � Ωorb. The strong dependency of Norb on
xmax and f means that searches for YPs (smaller f) in tight binary orbits (smaller
xmax) are computationally much cheaper than searches for MSPs in wide orbits. The
latter are only possible if the orbital constraints are very narrow.

If the parameter space is small in a particular direction, this reduces the effective
dimension of the parameter space and changes the formulae above. For example,
denote the range of x by [xmin, xmax]. Now consider the case where ∆x = xmax−xmin

is small enough that gxx∆x
2 � m. Then, only a single grid point is needed in the

x-direction, and Eq. (2.58) must be replaced with a two-dimensional integral, and
the exponent on m must be replaced with −1. Since the orbital metric components
in Eq. (2.55) depend on the parameters, for example, gxx = 2π2f 2, this reduction in
dimension can take place for certain ranges of parameters (here small frequency f)
and not for others.

We can estimate the computing cost of a search for 4FGL J1653.6−0158 by com-
puting the number of grid points in parameter space. We take f ∈ [0, 44] Hz and ḟ ∈
[−10−10, 0] Hz s−1 for the YP search and f ∈ [44, 1500] Hz and ḟ ∈ [−10−13, 0] Hz s−1

for the MSP search from early in this section. The remaining parameter space search
ranges are taken from Table 2.1 (no grid is needed over sky location). The frequency
range is gridded in intervals of bandwidth fBW = 8 Hz as discussed earlier in this
section. The total computing cost is obtained by multiplying the cost of one FFT,
the number of ḟ grid points, and the number of orbital grid points (which depends
on the f interval) and then summing over the f intervals. Since the orbital grid
depends on frequency, a new search grid is constructed for each frequency interval,
using the metric at the maximum frequency of that interval.

A convenient way to express the computing cost is in terms of search duration on
Einstein@Home, where we assume that the project provides 25,000 GPU-hr/week.
This is shown in Figure 2.2 as a function of the maximum frequency searched.
Searching up to f = 1500 Hz requires less than 80 d. Note that the search cost in

8In the published paper, this wrongly points to Appendix 2.7.2 instead, confusing the thickness
with the geometrical factor linking the average to the maximum mismatch. In general, the thickness
is the inverse ratio between the multi-dimensional volume closest to one grid point and the volume
of a sphere centered on the grid point just covering the aforementioned volume.
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Figure 2.2: Predicted days on Einstein@Home needed to search
4FGL J1653.6−0158, assuming a circular orbit. The left green curve shows
the cumulative duration of a YP search from 0 Hz up to maximum frequency f .
The right green curve shows the cumulative duration of an MSP search from 44 Hz
up to maximum frequency f . Their slopes are ∝ f 4 because they are an integral
over the number of orbital templates in Eq. (2.59). The blue curve shows the sum:
the cumulative duration of a combined YP and MSP search.

one frequency step is proportional to the number of orbital grid points. To search
3σ ranges in tasc and Ωorb within a reasonable amount of time, either the maximum
f or x needs to be reduced.

We can also give a general estimate for the MSP search duration. Since the
semimajor axis is typically not well constrained, we assume xmin = 0. We evaluate
Eq. (2.59), using Kepler’s third law to replace xmax with the corresponding maximum
searched mass ratio qmax, obtaining

Norb ∝
TobsGM1

4π2c3
f 3 q3

max

(1 + qmax)2

(
∆Ωorb

Ωorb

)
∆tasc , (2.60)

where M1 is the neutron star mass. As before, we assume ḟ ∈ [−10−13, 0] Hz s−1 for
an MSP search. The search duration up to a maximum frequency fmax is then

A

(
B(qmax)

0.01

)(
fmax

1 kHz

)4(
∆Porb/Porb

10−6

)(
∆tasc

1 min

)
, (2.61)

where the dimensionless parenthetical factors are of order unity for typical systems
of interest, and

B(qmax) =
q3

max

(1 + qmax)2
. (2.62)

For redbacks (typically: q < 0.3) one has B(q) < 0.02, whereas for black widows
(q < 0.08) one has B(q) < 4 × 10−4. The time A depends on the details of the
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search and the available computing resources. A typical Einstein@Home search as
described in this section has A ∼ 10 d.

In summary, this section has shown how the circular orbit binary pulsar search
for 4FGL J1653.6−0158 can be carried out. It is computationally expensive, but by
exploiting the orbital constraints, it is feasible, even for high MSP frequencies. In
practice, a search would start at low frequencies, gradually working up to 1.5 kHz.
To further reduce cost, the search should be stopped if a pulsar is found.

While here we have considered one specific example, these methods are more
broadly applicable. With them, circular orbit binary pulsar searches are practical if
there are good orbital constraints from optically visible companion stars and if the
pulsar’s projected semimajor axis is not too large.

2.4 Search Method: Eccentric Binary Orbits

For pulsars in eccentric binary orbits, the photon arrival times have to be corrected
for the line-of-sight motion rz,ell(t), which is the projection of the eccentric orbit
in the line-of-sight direction. In analogy with Eq. (2.47), we can approximate the
photon emission time at the pulsar as

tpsr ≈ t+ rz,sky(t)− rz,ell(t) (2.63)

up to O(xΩorb). Compared with the circular case, two extra parameters are needed
to describe the projected line-of-sight motion, rz,ell(t). For now, we take these to
be the orbital eccentricity e and the angle ω between the ascending node and the
pericenter.

We note that the approximation to O(xΩorb) is sufficient for the elliptical ex-
ample source considered in this paper. If the value of x were larger, a higher-order
approximation in x would also be required [96].

YPs with main-sequence stars as companions can have very eccentric orbits. For
small orbits the pulsars tidally deform the companion, which dissipates energy. This
tidally locks the companion, so that the same side of the companion faces the pulsar
and over time circularizes the orbit [130]. This explains why old, spun-up MSPs
are usually found in binaries with small or unobservable eccentricity. Only a few
exceptions are known [131].

If the energy loss in a spider system is small for each orbit, the pulsar moves
around a smaller ellipse and the companion around a larger ellipse. The fixed center
of mass is a focus of both ellipses, and the separation vector between pulsar and
companion also traces an ellipse.

The line-of-sight variation due to the elliptical motion, rz,ell(t), was derived by
Blandford and Teukolsky [132] and can be written as

rz,BT(t) = x
[
sinω (cosE − e) +

√
1− e2 cosω sinE

]
. (2.64)

In this formula the label “ell” is replaced by “BT” to denote that this is the Blandford
and Teukolsky model.

The eccentric anomaly E is a parameter along the pulsar path that increases
with time. If ψ is the angular position of the pulsar measured from the center of the
ellipse, then tanψ = (1 − e2)1/2 tanE. Equivalently, project the pulsar’s position

Definition: millisecond pulsar
Definition: young pulsar
Definition: millisecond pulsar


46 2.4. Search Method: Eccentric Binary Orbits

parallel to the semiminor axis, onto a circle whose radius is the semimajor axis, and
whose center is the center of the ellipse. Then, E is the angular position of that
projected point on the circle. E obeys Kepler’s equation

M = E − e sinE , (2.65)

where M is the mean anomaly. This is a linear function

M = Ωorb(t− T0) , (2.66)

where T0 = tasc + ω/Ωorb is the epoch of pericenter passage.
Unfortunately, there are some problems with the BT model and this parame-

terization. Kepler’s equation (2.65) cannot be solved in closed form to find E as a
function of t. Furthermore, in small-eccentricity orbits, the pericenter is not well
defined and the mismatch arising from offsets in T0 and ω does not take the simplest
possible form. For these reasons, we shift to an uncorrelated set of parameters and
Taylor-expand rz,BT as function of e.

A new set of parameters was suggested by Lange et al. [133]. These are the time
of ascending node tasc and two Laplace-Lagrangian parameters ε1 and ε2 defined via

tasc = T0 − ω/Ωorb , (2.67)

ε1 = e sinω , (2.68)

ε2 = e cosω . (2.69)

The parameters {T0, e, ω} are given by

T0 = tasc + Ω−1
orb arctan(ε1/ε2) , (2.70)

e =
(
ε21 + ε22

)1/2
, (2.71)

ω = arctan(ε1/ε2) . (2.72)

With the old parameters, the region of constant mismatch around a grid point is
an ellipsoid whose principal directions are not parallel to the {T0, e, ω} axes. In the
next section, we show that with the new parameters the region of constant mismatch
is a sphere. This simplifies the code used to optimize grid point locations.

The Rømer delay rz,BT for the pulsar’s motion can be expanded to first order
in e. Following convention, we use the label “ELL1” for this linear-in-e model:
rz,BT = rz,ELL1 + O(e2). This can be described using the parameters {T0, e, ω} or
the parameters {tasc, ε1, ε2} as

rz,ELL1(t) = x

[
sin(M + ω) +

e

2
sin(2M + ω)− 3e

2
sinω

]
(2.73)

= x

[
sinφ+

ε2
2

sin 2φ− ε1
2

cos 2φ− 3

2
ε1

]
. (2.74)

We have introduced
φ = Ωorb(t− tasc) , (2.75)

which is similar to M in Eq. (2.66) but shifted from pericenter to ascending node.
(Note that the term −3e sinω/2 = −3ε1/2 is typically dropped, as it is time inde-
pendent.)
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The ELL1 approximation to the BT model can accurately track the pulsar’s
rotational phase for eccentricities e below some threshold value. In Appendix 2.7.3,
we show how this threshold depends on the spin frequency f and semimajor axis x.

Later in the paper, in Section 2.4.2, we design a search for 4FGL J0523.3−2527,
which is a gamma-ray source predicted to harbor a redback pulsar in an eccentric
orbit. For that case, the ELL1 model is insufficient and a third-order-in-e model
is needed. In Appendix 2.7.3, we derive higher-order-in-e approximations to rz,BT,
and demonstrate how they improve the match (decrease the mismatch) to the BT
model.

2.4.1 Parameter space metrics

In this section, we calculate the coherent and semicoherent parameter space metric
for the ELL1 model. Compared to the circular case, the parameter space has two
extra dimensions.

Since the ELL1 model differs at first order in e from the circular model, the
coherent metric also differs at first order. However, for the {f, ḟ , nx, ny,Ωorb, x}
metric components, the first-order terms are of O(1/ΩorbTobs) and can be neglected;
the dominant difference is second order in e. Thus, the coherent metric components
given in Eqs. (2.28) and (2.50) remain valid to first order in e.

For the ELL1 model in Eq. (2.73), the dominant components for the parameters
{T0, e, ω} are

gT0T0 =2π2f 2x2Ω2
orb[1 +O(1/ΩorbTobs)] ,

gee =
1

2
π2f 2x2[1 +O(1/ΩorbTobs)] ,

gωω =2π2f 2x2[1 +O(1/ΩorbTobs)] ,

gT0ω =− 2π2f 2x2Ωorb[1 +O(1/ΩorbTobs)] .

(2.76)

Note that the off-diagonal component gT0ω does not vanish. As described in the
previous section, this complicates the form of the mismatch.

We now change to the parameters {tasc, ε1, ε2}, for which it is convenient to use
Eq. (2.74). For these, the diagonal components are

gtasctasc =2π2f 2x2Ω2
orb[1 +O(1/ΩorbTobs)] ,

gε1ε1 =
1

2
π2f 2x2[1 +O(1/ΩorbTobs)] ,

gε2ε2 =
1

2
π2f 2x2[1 +O(1/ΩorbTobs)] .

(2.77)

These diagonal metric components are of O(e0). The terms that are linear in e are
of O(1/ΩorbTobs), and can be neglected. Thus, the dominant diagonal e-dependent
terms are of O(e2). However, there are off-diagonal terms of O(e1).

For small eccentricities e, the dominant metric components are given above. For
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completeness, we list the O(e1)-corrections, which are all off-diagonal:

gxε1 =
1

2
π2f 2xε1[1 +O(1/ΩorbTobs)] ,

gxε2 =
1

2
π2f 2xε2[1 +O(1/ΩorbTobs)] ,

gΩorbε1 = −π2f 2x2ε2Tobs

[
(t0 − tasc)

Tobs

+O(1/ΩorbTobs)

]
,

gΩorbε2 = π2f 2x2ε1Tobs

[
(t0 − tasc)

Tobs

+O(1/ΩorbTobs)

]
,

gtascε1 = π2f 2x2Ωorbε2[1 +O(1/ΩorbTobs)] ,

gtascε2 = −π2f 2x2Ωorbε1[1 +O(1/ΩorbTobs)] .

(2.78)

The remaining off-diagonal components of the orbital metric are of O(1/ΩorbTobs).
These metric components have been found to be a good approximation even for

higher eccentricities where the ELL1 model is not sufficient to track the rotational
phase in a search and higher-order models need to be used. This might be because
many of the linear-in-e terms vanish from the metric.

The semicoherent metric components are very similar to the coherent ones. The
components associated with the noneccentric parameters {f, ḟ , nx, ny,Ωorb, x}, cal-
culated in the circular case in Eqs. (2.42) and (2.55), remain valid; they have only
second-order corrections in e. For the remaining orbital parameters {tasc, ε1, ε2} the
semicoherent metric components are the same as in the coherent case (this follows
from Eq. (2.53)). Thus, the diagonal components for {tasc, ε1, ε2} are

ḡtasctasc =2π2f 2x2Ω2
orb ,

ḡε1ε1 =
1

2
π2f 2x2 ,

ḡε2ε2 =
1

2
π2f 2x2 ,

(2.79)

where we omit terms of O(1/ΩorbTobs). Thus, the semicoherent metric for the ELL1
model simply adds the components above to the semicoherent metric for the circular
model.

In Figure 2.3, the mismatch and its coherent metric approximation are compared
for small parameter offsets, for a realistic simulated pulsar. Apart from different
f - and ḟ -scales, the corresponding plot for the semicoherent mismatch looks very
similar. The mismatch agrees well with its metric approximation for mismatch
m ≤ 0.5, which is typical: in Appendix 2.7.2, we show that the highest sensitivity
at given computing cost for an elliptical search is obtained with an average mismatch
m̂ = 0.471 (see Table 2.3).

The sky position parameters {nx, ny} are not shown in Figure 2.3 because we
assume that for spider pulsars they are known to high precision from optical obser-
vations.

A partially informed search for binary pulsars in elliptic orbits, without exact
information about the sky position and constraints on the orbital parameters, is com-
putationally impossible. There are too many parameter space dimensions — even
for circular orbits with reasonable parameter ranges, the grid has too many points.
To make a search possible, one needs tight constraints derived from optical/X-ray
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Figure 2.3: Comparison of the coherent metric approximation to the ac-
tual mismatch, for parameters of a simulated eccentric orbit binary pulsar in
4FGL J0523.3−2527. Blue contours show the actual mismatch and red contours
the metric approximation, at m = 0.25 and 0.5.

observations of the pulsar’s companion star. In the next section, we will discuss
constraints and the search design for the probable eccentric orbit binary gamma-ray
pulsar in 4FGL J0523.3−2527 [55, 67].

2.4.2 Search design for low-eccentricity binary

In this section, we discuss how to reduce the search parameter space using or-
bital constraints for the gamma-ray source 4FGL J0523.3−2527, presumed to be
a pulsar in an eccentric binary orbit. The source is named 3FGL J0523.3−2528,
2FGL J0523.3−2530, or 1FGL J0523.5−2529 in previous LAT source catalogs. This
is similar to the circular example of Section 2.3.2.

The gamma-ray source itself was investigated by Saz Parkinson et al. [67] and
ranked ninth highest in a list of most significant 3FGL unassociated sources predicted
to be pulsars. It shows typical pulsar-like properties: the photon flux is stable over
time, and the spectrum is fit by an exponential cutoff power law. The source is not
in the Galactic disk, which increases the odds that it hosts an MSP.

Earlier optical observations identified a likely companion and indicate an orbit
with small, but not negligible, eccentricity of e = 0.04 [55]. In contrast to the
previous paragraph, this suggests that the pulsar is a YP, because binary MSPs
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tend to have rather circular orbits [130].
The frequency and spin-down search ranges are chosen following the logic of the

previous search design (Section 2.3.2). For YPs we search f ∈ [0, 44] Hz and ḟ ∈
[−10−10, 0] Hz/s. For MSPs we search f ∈ [44, 1500] Hz and ḟ ∈ [−10−13, 0] Hz/s.
The f -dimension is efficiently searched using FFTs with bandwidth fBW = 8 Hz,
and the ḟ -dimension is covered by a uniformly spaced lattice.

The sky position search range of the probable pulsar within 4FGL J0523.3−2527
is tightly constrained from the X-ray and optical observations of the likely companion
discussed above [55]. At the time, the best estimate for the optical position was from
the USNO-B1.0 Catalog [124]. It is now also identified in the Gaia DR2 Catalog
[122], whose pointing is so precise (see Table 2.2) that even at f = 1.5 kHz no search
over sky position is required.

The orbital parameter search ranges shown in Table 2.2 come from the [55] anal-
ysis of the photometric and spectroscopic optical data. The orbital period and ec-
centricity parameters are constrained by the periodic optical flux modulation. They
assume that this arises from viewing a tidally locked and deformed (ellipsoidal) com-
panion at different aspect angles. Hence, the orbital period is twice the observed
modulation period. (Another possible explanation for the modulation would be
irradiation, but spectroscopic data do not show the orbital-phase-dependent tem-
perature change that would be expected.) The orbital period is constrained to
Porb = 0.688134± 0.000028 d at epoch of superior conjunction T0.5 = 56577.14636±
0.0037 MJD. The eccentric parameters {e, ω} fall in the ranges e = 0.040 ± 0.006
and ω = 214± 10 deg.

The semimajor axis x is constrained using Eq. (2.57). This is similar to our
previous example in Section 2.3.2, but requires fewer assumptions because the mass
ratio q = M2/M1 is directly bounded from the observations. To do this, [55] estimate
the rotational velocity of the companion’s Roche lobe from high-quality optical
spectra. Combined with the companion’s radial velocity K2 = 190.3 ± 1.1 km s−1,
this constrains the mass ratio q = 0.61 ± 0.06. Returning to Eq. (2.57), this gives
x = 3.66± 0.38.

The parameters {e, ω} can be converted directly to the quantities {ε1, ε2} needed
for our search, using Eqs. (2.68) and (2.69).

For our search, we also need the epoch of ascending node tasc. However, the
results of Strader et al. [55] are given in terms of the epoch of superior conjunction
T0.5. For circular orbits, T0.5 and tasc differ by Porb/4, but for eccentric orbits the
relation is more complicated. To second order in e, it is

tasc = T0.5 + Porb

(
1

4
− ε2
π
− 3ε1ε2

4π
+O(e3)

)
. (2.80)

For 4FGL J0523.3−2527 with e = 0.04, this O(e2) approximation is more accurate
than the uncertainties in the measured quantities on the right-hand side. (Higher-
order approximations in e would be required for pulsars in binary orbits with larger
eccentricities or longer orbital periods.) The resulting tasc is given in Table 2.2.

A search for a pulsar in an eccentric orbit is very similar to one for a pulsar in
a circular orbit. The only differences are that a more general model for the Rømer
delay is required to track the pulsar phase, and the orbital grids need to cover five
orbital dimensions. While the latter is much more complex, it can be done with the
same optimized stochastic search grid construction methods that are used in the
circular case.

Definition: young pulsar
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Table 2.2: Parameters and constraints for 4FGL J0523.3−2527

Parameter Value

Range of observational data (MJD) 54682 – 58300

Reference epoch (MJD) 56500

Initial companion location from USNO-B1.0 catalog

R.A., α (J2000.0) 05h23m16.s925(4)

Decl., δ (J2000.0) −25◦27′36.′′92(6)

Precise companion location from Gaia catalog

R.A., α (J2000.0) 05h23m16.s931203(2)

Decl., δ (J2000.0) −25◦27′37.′′12468(4)

Constraints from probable counterpart [55]

Superior conjunction epoch, T0.5 (MJD) 56577.14636± 0.0037

Companion velocity, K2 (km s−1) 190.3± 1.1

Mass ratio, q = M2/M1 0.61± 0.06

Eccentricity, e 0.040± 0.006

Longitude of pericenter, ω (deg) 214± 10

Orbital period, Porb (d) 0.688134± 0.000028

equivalent to

Orbital frequency, Ωorb (Hz) 0.0001056801± 4.3× 10−9

Derived search parameters and corresponding uncertainties

Projected semimajor axis, x (s) 3.66± 0.38

Ascending node epoch, tasc (MJD) 56577.32553± 0.00567

First Lagrange parameter, ε1 −0.0224± 0.0091

Second Lagrange parameter, ε2 −0.0332± 0.0089

Notes. — The JPL DE405 solar system ephemeris has been used, and times refer to TDB.

To accurately track the rotational phase of the pulsar requires a higher-order-in-e
approximation to rz,BT than the ELL1 model, unless the eccentricity is very small.
Such approximations are computed in Appendix 2.7.3. There, we also determine
which order in e is sufficient.

For the case of 4FGL J0523.3−2527, a model of O(e3) is sufficient. In Figure 2.6,
we show that the rotational phase error is negligible for the constrained parameter
ranges given above.

Analogously to Eq. (2.58), the minimum number of grid points for the orbital
parameter space can be computed from the proper 5-volume

Norb ≈ m−5/2

∫ √
det ḡ dλorb . (2.81)

Here the metric has the five dimensions {x,Ωorb, tasc, ε1, ε2}. This integral is propor-
tional to

Norb ∝ f 5Tobs

(
x5

max − x5
min

)
Ωorb∆Ωorb∆tasc∆ε1∆ε2 , (2.82)

where x ∈ [xmin, xmax]. ∆Ωorb, ∆tasc, ∆ε1, and ∆ε2 are the search ranges for the
corresponding parameters, and we made the assumption that ∆Ωorb � Ωorb. The
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Figure 2.4: Predicted days on Einstein@Home needed to search
4FGL J0523.3−2527, assuming a circular (green/blue) or elliptical (red/orange)
orbit. The left curves show the cumulative duration of a YP search from 0 Hz up to
maximum frequency f . The right curves show the cumulative duration of an MSP
search from 44 Hz up to maximum frequency f . Their slopes are ∝ f 4 and ∝ f 6;
they are integrals over the number of orbital templates. The larger slope for the
elliptical search arises from the two extra dimensions of search parameter space.
The blue and orange curves show the sums: the cumulative duration of a combined
YP and MSP search.

number of orbital grid points and subsequently the computing cost depend even
more strongly on f and x in an eccentric search than in a circular one.

The computing cost of a search for 4FGL J0523.3−2527 is estimated based on
the number of grid points. We assume search ranges in f and ḟ as given earlier
in this section. The remaining parameter space ranges are given in Table 2.2. The
required total computing cost of the search is estimated by multiplying the cost of
one FFT by the number of ḟ -grid points and the f -dependent number of orbital
grid points and then summing over the f intervals.

To exemplify the computing cost of a search for 4FGL J0523.3−2527, we express
it in terms of search duration on Einstein@Home, assuming that the project provides
25,000 GPU-hr per week. This is shown in Figure 2.4 as a function of the maximum
searched frequency. For comparison, we also show the search duration for a circular
binary search, i.e. setting e = 0 and not searching over {ε1, ε2}. An eccentric MSP
search up 1.5 kHz would take more than 100 million years on Einstein@Home, and
even a YP search would take more than 100 years. Circular searches for YPs or
MSPs up to 400 Hz would take a few hundreds days. Note that the search ranges
are still the 1σ ranges, so searches within the 3σ range would be more computing
intensive.

In summary, this section has shown how computing intensive a search for
4FGL J0523.3−2527 would be. An eccentric MSP search even to low frequencies
∼ 100 Hz is not feasible with the current constraints, and a YP search would be
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very expensive. In the optical data, [55] do not see evidence for a “false” eccentricity,
but a circular search would be much less computing intensive than an eccentric one.
With slightly tighter constraints, searches up to 800 Hz could be feasible.

2.5 Comparison with other Methods

Similar and alternative methods are used to search for binary pulsars in data from
radio telescopes and gravitational-wave detectors. In this section, we will review
these, compare them to the methods presented here, and discuss their applicability
to searches for binary gamma-ray pulsars.

In addition to coming from diverse messengers and frequencies, the data have
other key differences. The gamma-ray data are similar to the gravitational-wave
data: the length of the data sets is months to years, and the instruments simultane-
ously detect signals from a substantial fraction of the sky. In contrast, typical radio
surveys collect data in stretches of minutes from tiny fractions of the sky. While
gamma-ray data consist of discrete photon arrival times, radio and gravitational-
wave data are continuous. Therefore, it is not surprising that some pulsation search
methods might work for one kind of data but not for the other.

For these other data sources, many methods have been employed by many indi-
viduals and groups. Here we are guided by reviews from Lorimer and Kramer [10]
for radio search methods and Messenger et al. [134] for gravitational-wave methods.
We exclude methods that require data from two detectors.

2.5.1 Acceleration search

Time-domain “acceleration searches” have been very successful in finding new radio
pulsars in binaries with orbital periods shorter than a day [see, e.g., 135]. Fourier-
domain acceleration searches have also been successfully used to discover binary
radio pulsars [see, e.g., 136, 137]. A similar approach to search for continuous
gravitational waves is the “polynomial search” [138].

These searches do not use a model that describes periodic orbital motion. In-
stead, they assume constant acceleration along a straight line [see also 139]. This
accurately describes an orbiting system only if the data set is much shorter than
one orbital period. Since the LAT data set is more than a decade long, accelera-
tion searches would only find binary gamma-ray pulsars whose orbital periods were
decades or longer.

It is straightforward to quantify the range of orbital periods an acceleration
search is sensitive to. Assume that the data set is less than ∼ 10% of the orbital
period and is near the superior or inferior conjunction, where the velocity is changing
linearly with time [139]. An acceleration a along the line of sight (“los”) toward
Earth contributes an amount

ḟlos =
fa

c
(2.83)

to the observed spin frequency derivative. The maximum acceleration at inferior or
superior conjunction is for a circular orbit a = cxΩ2

orb, and for an eccentric orbit
a = cxΩ2

orb(1 + e)/(1− e). Therefore, searches would be sensitive if the sum of the
intrinsic pulsar spin-down and this line-of-sight contribution to the spin-down were
within the search range. Since the intrinsic spin-down is usually negative, this is

Definition: Large Area Telescope
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most likely if the acceleration toward Earth is positive, i.e. if the pulsar is near the
superior conjunction.

Current partially informed search surveys for isolated gamma-ray pulsars are a
form of acceleration search because they scan over spin-down [79]. For YPs they
search down to ḟ = −10−9 Hz s−1 and for MSPs down to ḟ = −10−13 Hz s−1. In
principle, these searches are sensitive to pulsars like the young (f ≈ 7 Hz) binary
pulsar PSR J2032+4127, which is in a 45−50 yr orbit around its companion [140]. It
was found in an isolated gamma-ray search [73], and only afterward was it discovered
to be in a binary system [45]. The orbit is highly eccentric (e ≈ 0.93 − 0.99) with
x ≈ 7,000− 20,000 s. The maximum spin-down contribution should therefore be of
order |max{ḟlos}| = 10−10 Hz s−1. This is in the search range if the pulsar is near
superior conjunction during the mission time.

Searches that assume linear acceleration, i.e., that search over constant ḟ , are
only sensitive to binary pulsars with Porb & 10Tobs. To become sensitive to shorter
orbital periods, higher-order frequency derivatives must be searched. “Jerk” searches,
which include the second-order frequency derivative f̈ , improve the sensitivity for
pulsars with orbital periods in the range Porb ∈ [7Tobs, 20Tobs] and have been suc-
cessfully used in a radio pulsar search [137]. Alternatively, the full orbital motion
may be taken into account, as in [85].

2.5.2 Stack/slide search

The “stack/slide” method has been used in radio pulsar searches like the Parkes
Multibeam Pulsar survey to account for binary motion [141]. This led to the dis-
covery of the double neutron star system PSR J1756−2251 with an orbital period
of 7.7 hr [142]. (The words “stack/slide” are used in continuous gravitational-wave
searches, not to account for binary pulsar motion but rather to remove the effects
of Earth rotation and motion around the SSB [143, 144]. That is also the case for
the semicoherent searches we describe in this paper to account for the LAT’s motion
around the SSB.)

In a stack/slide search the data set is broken into subsets of length Tcoh, corre-
sponding to frequency bins of width ∆f = 1/Tcoh. Tcoh is chosen to be small enough
that the Doppler modulation induced by motion of the detector around the SSB,
or of the pulsar around the binary center of mass, remains within a single bin. For
circular binary motion, provided that Tcoh is a factor of a few smaller than Porb, this
implies

fxΩ2
orbTcoh < 1/Tcoh . (2.84)

Each of these subsets is then Fourier transformed. The resulting power spectra are
added (stacked) together after the Doppler modulation is compensated by shifting
the frequency (slide) in each of the spectra; sources give rise to peaks in the stacked
spectra. This technique is only sensitive if the subsets are much shorter than the
Doppler modulation period.

This technique is useless for spider gamma-ray pulsars because detection statis-
tics are constructed from the differences of photon arrival times. Spider pulsars have
typical orbital periods of Porb . 1 d, so data subsets would have to be shorter than
a few hours. Most data subsets would contain no photons. A few would contain one
photon. Almost none would contain enough photons to compute the differences of
photon arrival times.
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Stack/slide could be used for gamma-ray pulsars in orbits where Porb is too small
for an acceleration search but is much larger than the Tcoh ≈ 24 d used in this paper.
Using Kepler’s third law, the condition of Eq. (2.84) can be written as

GM1

c3

q3

(1 + q)2
f 3T 6

cohΩ4
orb < 1 , (2.85)

where M1 is the pulsar mass and q = M2/M1 is the mass ratio. (In fact, this applies
provided that Tcoh . Porb.) This shows that with our choice of Tcoh, stack/slide
methods might be able to find gamma-ray pulsars with planetary companions, with
orbital periods longer than ∼ 1 yr and masses up to O(10) Earth masses.

2.5.3 Power spectrum search

The basic assumption of a “power spectrum search” is that the data set can be
broken into subsets short enough that the observed spin frequency is constant in
each one. This is the same assumption as in a stack/slide search. That technique is
based on visual inspection and has been used to discover binary radio pulsars [see,
e.g., 145].

To carry out the search, power spectra are computed for each subset. The spectra
are binned in frequency and plotted with a frequency-versus-time color map. The
colors show the power and make it easy to visually identify peaks in the power spec-
trum. A binary pulsar signal appears as a peak whose frequency varies sinusoidally
with time.

The method “TwoSpect” uses a similar method to perform all-sky searches for
continuous gravitational waves from sources in binary systems. The visual inspection
is replaced by a second Fourier transform [hence the name TwoSpect; 146]. While
no continuous gravitational waves have been detected, this technique has been used
to put upper limits on continuous gravitational-wave emission from the low-mass
X-ray binary Scorpius X-1 [147].

The power spectrum search is not suitable for detecting gamma-ray spider pulsars
for the same reasons as the stack/slide method.

2.5.4 Sideband search

“Sideband searches” have found many binary radio pulsars within globular clusters
[10]. The method has also been adapted to search for continuous gravitational waves
from sources in binary systems [148, 149]. One first carries out a search for isolated
systems, as if there were no binary motion, and then looks for a characteristic
structure in the results of that isolated search.

If a binary is present, orbital motion produces sidebands around a central peak
at the spin frequency of the pulsar [150]. Since the isolated search does not remove
the effects of the binary motion, a pulsar’s power is spread over many Fourier bins
(also called sidebands). This reduces the sensitivity compared to a matched-filter
search.

The method is particularly useful for tight orbit binary pulsars where the orbital
period is much smaller than the observation time span, which is the case of interest
for spider pulsars. After detecting a signal, the binary parameters can be inferred
from the locations and magnitudes of the sidebands and the central peak.
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To see how this works, we compute the S/N of the coherent detection statistic
Pn for an isolated pulsar template, with parameters {ν, ḟ , nx, ny, 0, 0, 0}, arising
from a circular binary pulsar with parameters {f, ḟ , nx, ny, x, forb, tasc}, where forb =
Ωorb/2π. This S/N is given by Eq. (2.17), which depends on the rotational phase
difference due to the parameter mismatch:

∆Φ(t) = 2π(ν − f)(t− tref) + 2πfx sin[2πforb(t− tasc)] . (2.86)

One can think of ν as denoting the pulsar frequency in the isolated search. Our
derivation closely follows [150].

To compute the detection statistic Pn, we evaluate Eq. (2.17) with the phase
mismatch (2.86). We first reexpress ein∆Φ using the Jacobi-Anger expansion

eiz sinϑ =
∞∑

m=−∞
Jm(z)eimϑ , (2.87)

with z = 2πnfx and ϑ = 2πforb(t− tasc), where Jm is a Bessel function of the first
kind. Multiplying this by ei2πn(ν−f)(t−tref) gives

ein∆Φ =
∞∑

m=−∞
Jm(2πnfx)ei2π[n(ν−f)+mforb](t−tasc) , (2.88)

where, without loss of generality, we have set tref = tasc. Since the S/N only depends
on the modulus of ein∆Φ, we may also set tasc = 0. We assume that there are
a large number of photons from the hypothetical pulsar, which have equal weights
and arrive at uniformly spaced intervals in time. The double sum

∑
j 6=k in Eq. (2.17)

may then be replaced by an integral over time, since

∑
j 6=k

ein(∆Φj−∆Φk) ≈
∣∣∣∣∣∑
j

ein∆Φj

∣∣∣∣∣
2

≈
∣∣∣∣∣ NTobs

∞∑
m=−∞

Jm(2πnfx)

Tobs/2∫
−Tobs/2

ei2π[n(ν−f)+mforb]t dt

∣∣∣∣∣
2

.

(2.89)

On the right-hand side we have included the diagonal j = k term, which is absent
on the left-hand side, but is negligible in the limit where the number of photons N
is large. The integral over time is

1

Tobs

Tobs/2∫
−Tobs/2

ei2πFt dt =
sin(πFTobs)

πFTobs

, (2.90)

with F = n(ν − f) + mforb. For observation times that include many orbits, the
right-hand side of Eq. (2.90) is unity for F = 0 and is negligible otherwise. Thus,
the only terms in Eq. (2.89) that survive are those for which ν = f−mforb/n. When
that is satisfied, we have∑

j 6=k
ein
(

∆Φj−∆Φk

)
≈ N2J2

m(2πnfx) , (2.91)
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where m is constrained by F = 0. Thus, the double sum in Eq. (2.89) vanishes at
all frequencies ν except for the “sideband frequencies” ν = νm = f−mforb/n, where
m takes on all integer values.

We now evaluate the S/N θ2
Pn

(ν) from Eq. (2.17) by substituting in Eq. (2.91), as-
suming that the weights wj are constant. For the reasons just given, θ2

Pn
(ν) vanishes

except at the discrete sideband frequencies νm = f −mforb/n. We obtain

θ2
Pn(ν) =

{
J2
m(2πnfx) θ2

Pn
for ν = νm, m ∈ Z ,

0 otherwise .
(2.92)

The quantity θ2
Pn

that appears on the right-hand side is given by Eq. (2.11). It is
the S/N that the pulsar would have in an isolated search if the binary motion were
absent. It is also the S/N that the pulsar would have in a binary pulsar search at
the true signal parameter values.

The structure in frequency space ν is evident from Eq.(2.92). As described by
[150], the S/N is spread over equally spaced sidebands around the pulsar frequency
f , whose spacing is commensurate with the orbital frequency. The sideband width
is ∼ 1/Tobs, as can be seen from Eq. (2.90).

In comparison with a binary pulsar search, the isolated pulsar search has lost
some S/N, since J2

m ≤ 1. To recover some of the lost S/N within the isolated pulsar
search, we introduce a new test statistic that sums over the first morb sidebands
around the central pulsar frequency. This cumulative sideband power may be written
as

Bn(ν) =

morb∑
m=−morb

Pn

(
ν − mforb

n

)
, (2.93)

with the detection statistic Pn(ν) appropriate to an isolated pulsar search with
parameters {ν, ḟ , nx, ny, 0, 0, 0}. (A test statistic weighing the mth sideband in
Eq. (2.93) by J2

m(2πnfx) would be more sensitive, but for simplicity it is not con-
sidered here.)

The S/N for the cumulative sideband power Bn is easily calculated. It is defined
as

θ2
Bn =

Ep[Bn]− E0[Bn]√
E0[B2

n]− E2
0[Bn]

, (2.94)

where p is the pulsed fraction defined in Eq. (2.3). The numerator of Eq. (2.94) can
be found from Eq. (2.92), which implies that Ep[Pn]−E0[Pn] = Var0[Pn]θ2

Pn
J2
m(2πnfx) =

4θ2
Pn
J2
m(2πnfx). Summing this over m gives the numerator:

Ep[Bn]− E0[Bn] = 2θ2
Pn

morb∑
m=−morb

J2
m(2πnfx) . (2.95)

The denominator of Eq. (2.94) is defined in the absence of a signal, with p = 0. It is
easily calculated if the noise at the different frequencies that contribute to the sum
is independent. Since Poisson noise is stationary, these contributing terms will be
independent if they are spaced more than one frequency bin apart, where the bins
have width 1/nTobs. Since the sideband frequencies are separated by forb/n, these
different terms will be independent if there are many orbits in the observation time:
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forbTobs � 1. Each term in the denominator then has variance 4, so the sum yields
E0[B2

n]− E2
0[Bn] = 4(2morb + 1). Thus, the S/N for Bn is

θ2
Bn =

θ2
Pn√

2morb + 1

morb∑
m=−morb

J2
m(2πnfx) . (2.96)

To maximize this S/N, what is the optimal number of sidebands morb to include?
As shown by [150], the optimal number of sidebands to include depends on

Morb = [2πnfx] , (2.97)

where square brackets denote “integer part”. To see this, consider the sum that
appears in Eq. (2.96):

morb∑
m=−morb

J2
m(2πnfx) . (2.98)

For morb < Morb this sum grows (approximately linearly) with increasing morb. But
the addition theorem for Bessel functions ensures that Eq. (2.98) stops growing and
approaches unity as soon as morb exceeds Morb. Since the denominator of the S/N
in Eq. (2.96) has a term that grows like

√
2morb + 1, the S/N is maximized for

morb = Morb. For this number of sidebands, one thus obtains

θ2
Bn ≈

θ2
Pn√

2Morb + 1
(2.99)

for the expected S/N of the cumulative sideband power.
The behavior we have just described, considered alongside the definition (2.94) of

the S/N, shows the main weakness of sideband searches. The numerator grows (ap-
proximately) linearly as we include more sidebands, meaning that we can recover
all of the signal power. But, in the absence of a signal, Bn undergoes a random
walk as sidebands are included, and so the denominator of Eq. (2.94) (the root-
mean-squared of Bn in the absence of a signal) increases as

√
2Morb + 1. Thus, in

comparison with an optimal matched filter, the incoherent summation over side-
bands loses a factor of

√
2Morb + 1 in the S/N. This is explicit in Eq. (2.99) and

makes sideband searches ineffective if there are many sidebands, as is often the case.
For example, consider the potential circular binary pulsar in 4FGL J1653.6−0158
and the potential eccentric binary pulsar in 4FGL J0523.3−2527 discussed earlier in
this paper. Their estimated parameter ranges in f and x give rise to large numbers
of sidebands.

This means that sideband searches work best if only a few sidebands are expected,
meaning that 2πxf , the total rotational phase arising from the orbital modulation,
is small. This is the case for black widow systems, which have very light compan-
ions. The small companion mass means that the pulsar orbits very close to the
center of mass, so the projected semimajor axis x is extremely small. Note that the
modulation can be small even for the high frequencies f typically found for black
widows.

Figure 2.5 illustrates this, for example, for the black widow pulsar
PSR J1311−3430, which would have been a candidate for a sideband search. The fig-
ure shows the expected optimal matched-filter S/N θ2

P1
required to exceed a threshold
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Figure 2.5: Comparison between the expected cumulative sideband S/N θ2
B1

and
the expected optimal matched-filter S/N θ2

P1
. For given frequency f and semi-

major axis x, the black contours show the θ2
P1

required to exceed a threshold
θ2
B1
> 100. The crosses are at the locations of two known pulsars: PSR J1311−3430

and PSR J2339−0533. The red lines show four potential sideband search candi-
dates. For the YP candidates LS 5039 and LS I+61 303, and the spider candidate
4FGL J0523.3−2527, the approximate values for the semimajor axes are known. The
dashed line shows the maximum semimajor axis value for 4FGL J1653.6−0158.

in the expected cumulative sideband S/N θ2
B1
> 100, which is a reasonable threshold

for confident detection. From Eq. (2.99), this requires θ2
P1

to exceed 100
√

2Morb + 1.
Hence, Morb is constant on the contour lines, which therefore denote boundaries of
constant f x. Since the largest observed θ2

P1
values for known pulsars are ∼ 1000,

the region below and to the left of the contour line corresponding to θ2
P1

= 1000
might be considered for sideband searches.

Sideband searches within gamma-ray binaries like LS 5039 and LS I +61 303 would
also be justified. These systems contain a compact object: a black hole or neutron
star. Since both binaries are highly eccentric [0.3 < e < 0.6; 151], the compact
objects could be YPs. These two candidate pulsars are both displayed in Figure 2.5.
This is purely illustrative, since the sideband power Bn defined here is only suitable
for circular binary pulsars. Eccentric pulsars will have additional sidebands [150]
and thus must have an even higher pulsed fraction to be detectable in a sideband
search.

This section has not discussed the implementation of a practical sideband search.
We would need some constraints on the parameters forb and x to hunt for the
sidebands. If those are available from optical observations, then the sky position
will be known precisely. This in turn would make a fully coherent isolated pulsar
search computationally feasible. The resulting test statistics could then be used to
construct the sideband search statistic Bn of Eq. (2.93).

Definition: young pulsar
Definition: young pulsar
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2.5.5 Discussion

The methods discussed in this section have little applicability to searches for gamma-
ray pulsars in spider systems, which are the main focus of this paper. But they are
of interest for other types of binary systems.

Acceleration searches could discover binary pulsars with orbital periods com-
parable to or longer than our observation time Tobs ∼ 10 yr. These binaries have
pulsars whose companions are very low mass stars or planets, in wide orbits. These
pulsars might have been missed by isolated pulsar searches.

Stack/slide and power spectrum methods do not appear suitable for spider
gamma-ray pulsar searches. They might potentially detect systems with orbital peri-
ods longer than our typical coherence time Tcoh ∼ 24 d and shorter than Tobs ∼ 10 yr.
However, these searches are very expensive computationally.

Sideband searches could be used to hunt for binary pulsars with low spin fre-
quencies or in very close orbits. While these are computationally less expensive than
the search methods discussed earlier in this paper, they are also considerably less
sensitive.

All of these methods have a domain of applicability. Given prior knowledge
and constraints on a specific target, one can investigate these different methods
to determine which are feasible and to estimate which one is potentially the most
sensitive.

2.6 Conclusions

This work presents computationally efficient methods to detect circular and eccen-
tric orbit binary gamma-ray pulsars. These generalize techniques that have been
previously developed to search for isolated pulsars [80].

We have presented all of the elements of this generalization. Physically, the
central element is a model that accurately describes the rotational phase of a pulsar
over time as would be observed at the solar system barycenter. In comparison with
the isolated model, this must also account for the Rømer delay caused by the binary
motion. A second key element are semicoherent and coherent test statistics, along
with their expected signal-to-noise ratios. The last key element are the metrics
for these statistics, which measure the “distance” in parameter space between two
different rotational phase models. This metric quantifies the expected fractional loss
in signal-to-noise ratio, and enables the construction of efficient parameter space
grids for a search.

We have shown how these different elements can be used together to search for
gamma-ray pulsars. This is analogous to the isolated pulsar case [80]: the most
computationally efficient approach is a multistage search with several semicoherent
and coherent stages. The computing cost is proportional to the number of points
in the parameter space grid. We compute this from the metric and show how
the computing cost depends on the search parameters. This in turn allows the grid
spacing to be optimized, achieving the highest possible sensitivity at fixed computing
cost. These methods have been very successful in discovering isolated gamma-ray
pulsars [43, 75, 77–79].

Currently, a search for binary pulsars without partial information about the sky
position and constraints on the orbital parameters is computationally impossible.
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Because the parameter space has at least seven of the nine possible dimensions
{f, ḟ , α, δ, x, Porb, tasc, ε1, ε2}, too many grid points are needed to cover it. However,
in some cases, the number of dimensions can be reduced and/or the corresponding
search ranges can be tightly constrained by multiwavelength observations.

This paper considers two illustrative examples of this type, drawn from potential
spider pulsars. Here, analysis of optical observations constrains the orbital param-
eters, and we show that searches of reasonable sensitivity (in some cases limited
to young pulsars) are feasible. This enables partially informed searches for binary
gamma-ray pulsars that were previously not feasible. This is important because
these pulsars might be impossible to detect in other wave bands.

The methods of this paper, particularly the metric in parameter space, have
applications beyond partially informed searches. There are binary pulsars that are
visible in radio, optical, or X-ray, for which gamma-ray pulsations have not yet
been found. For recent discoveries, precise determination of their orbital and other
parameters is often not possible, since it requires observations spanning several
years. The methods here are useful in such cases, to carry out efficient follow-
up searches to discover gamma-ray pulsations. This way, within days or weeks after
radio pulsations are discovered, the pulsar’s parameters can be precisely measured
over the > 10 yr of elapsed LAT mission time. This approach led to the discovery
of gamma-ray pulsations soon after the radio detection of the 707 Hz black widow
pulsar PSR J0952−0607 [14, Chapter 3].

A significant shortcoming of this paper’s methods is that the number of grid
points and hence the required computing resources grow quickly with increasing
frequency f and semimajor axis x. To make searches feasible, it might be neces-
sary to balance a reduced search range (smaller maximum f and/or x) versus a
reduced search sensitivity (wider grid spacing and/or shorter coherence time). Even
with large computing resources like Einstein@Home, millisecond pulsar searches for
binaries with x ∼ seconds are only feasible if the orbital parameters are precisely
constrained.

The second significant shortcoming is that search sensitivity is lost if the pulsar’s
rotational phase does not match our model. This can happen for several types of
pulsars and binary systems. This paper assumes that the intrinsic spin frequency f
varies linearly with time. It does not include the time-dependent variations or the
unpredictable frequency glitches often seen in young pulsars. This means that pul-
sars could be “detected” in the semicoherent stages of a search but are then discarded
after the coherent stage, because they did not match the phase model well enough
to produce a significant detection statistic [see, e.g., 79]. Phase model mismatch can
also arise from time-dependent variations of the orbital period Porb, which seems to
be common in redback systems [see, e.g., 71]. For pulsars in short orbital period
binaries with heavy companions, post-Keplerian gravitational corrections also have
to be taken into account [see, e.g., 96, 152].

Because of these limitations, this paper also evaluates alternative search methods,
which have previously been used in radio and gravitational-wave searches. While
these may be applied to search for binary gamma-ray pulsars, only the sideband
search methods appear to have some chance to detect tight-orbit spider pulsars,
which are the main focus of this paper.

A more detailed study is necessary to make a fair sensitivity comparison between
the sideband search and this paper’s methods. Indeed, while the cumulative side-
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band power loses a lot of signal-to-noise ratio compared to this paper’s methods, it
might be improved. Since the sideband structure follows a known form, one could
obtain a larger S/N by assigning weights to the sidebands before summing them,
rather than using equal weights as done here.

We have implemented the new methods developed in this paper in a mixture of
C and Python codes. These have been tested using simulated pulsar signals, both
with our own code and with the widely used TEMPO2 package [95]. We are confident
that these codes work correctly, in part because they have discovered new spider
pulsars, soon to be published.

We are currently using these codes and methods to hunt for spider pulsars in
the unassociated sources of the Fermi -LAT Fourth Source Catalog. These partially-
informed searches are guided by orbital constraints from optical observations. The
orbital grids are constructed on the computing cluster ATLAS at the Albert Einstein
Institute in Hannover. The first two (semicoherent) stages and the third (coherent)
stage are all done on Einstein@Home, whose volunteers provide a massive comput-
ing pool. The final, less computation-demanding (H statistic) follow-up stage is
done on ATLAS. To increase the computing power available in the initial stages
of the search, we ported the search codes to work on Einstein@Home volunteer’s
GPUs. The ATLAS cluster is also used to carry out follow-up gamma-ray searches
of newly discovered radio pulsars, to refine the parameters as discussed above and
in Chapter 3.

This paper has used the two gamma-ray sources 4FGL J1653.6−0158 and
4FGL J0523.3−2527 as examples, to show how a realistic search might be struc-
tured. Both of these searches are being or have been carried out, and the results
will be discussed in upcoming papers.

The reader might wonder if these methods work in practice. They do, and
they have already detected three spider pulsars. A preliminary version detected
PSR J1311−3430 [44]. The current version successfully detected pulsations within
4FGL J2039.5−5617, by exploiting partial information [153, 154]. This confirmed
that it is a redback and provides an 11 yr phase-connected rotational ephemeris (see
Chapter 5). The search for 4FGL J1653.6−0158, described in Section 2.3.2, also
resulted in a black widow MSP discovery (see Chapter 4).

That these methods work is not surprising: the different parts have been tested
and demonstrated. The metric approximation for the orbital parameters was demon-
strated to be a good fit to the actual mismatch for typical parameters as presented
in Figures 2.1 and 2.3. The metric was used in a successful follow-up search shortly
after the radio discovery of the fastest-spinning pulsar known in the Galactic field
(Chapter 3). The approximate phase model for elliptical orbits was verified on sim-
ulated data with the results up to fifth order in eccentricity shown in Fig. 2.7. The
test statistics and the multistage search approach have already detected more than
30 isolated pulsars [43, 79].

A topic we have not addressed is timing analysis. Following detection, this “pins
down” the parameters as precisely as possible. An interesting and useful feature is
that, regardless of the path to detection, if the pulsar is bright enough in gamma
rays, the Fermi -LAT all-sky data immediately allow one to extend the ephemeris
back to the launch of the Fermi satellite in August 2008 [52, 97]. This determines
many of the pulsar’s parameters with much higher precision than is typical soon after
radio/X-ray discoveries. For those, an additional campaign of timing observations
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is required to infer astrophysical properties.

Gamma-ray timing analyses of LAT-discovered pulsars, which often remain un-
detected in radio, have led to several interesting discoveries [see, e.g., 45, 155, 156].
LAT data were used to resolve the variations in the orbital period of a binary pulsar,
which was difficult to observe in radio owing to large eclipses [71]. The previously
mentioned study of PSR J0952−0607 is another example.

The outlook for future searches is promising. The Gaia Catalog provides sky
locations for the spider companions, which are precise enough so that no search in
{α, δ} is required. In addition, since the Large Area Telescope mission is ongoing,
data sets are getting longer. Current searches use Tobs ∼ 11 yr of data, compared
with initial searches with Tobs ∼ 4 yr. Furthermore, our available computing power
is also increasing with time. This means that current searches employ Tcoh ∼ 24 d
in the first stage, compared with initial searches with Tcoh ∼ 12 d. Since search
sensitivity scales with (TcohTobs)

1/4 [80], our current sensitivity has increased by
more than 50%. We believe that O(10 − 30) of the unassociated sources in the
4FGL Catalog are undiscovered spider pulsars and that we can find some of them.

There are systems that are very likely to be spider gamma-ray pulsars for which
the orbital constraints are not yet good enough to perform searches. These include
the five redback pulsar candidates: 4FGL J0212.1+5321 [88, 89], 4FGL J0744.0−2525
[90], 4FGL J0838.7−2827 [91], 4FGL J0955.3−3949 [92], and the recent
4FGL J2333.1−5527 [93]. We hope that this work helps motivate additional op-
tical observations to improve these constraints and enable new gamma-ray pulsar
discoveries.
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2.7 Appendix to Chapter 2

2.7.1 Expectation values of signal statistics

Here we show how to calculate the expectation values of signal statistics. The
statistics depend on the j = 1, . . . , N modeled pulsar rotation phases at the photon
arrival times tj. To simplify the language and notation, we suppose that the vector
of parameters λ = {f, ḟ , α, δ} is fixed and denote the modeled rotation phases
by Φj = Φ(tj,λ) = Φ(tpsr(tj, α, δ), f, ḟ). Sums and products over j, k, ` run from
1, . . . , N unless otherwise specified. Finally, we write “the phase of the jth photon”,
rather than “the modeled pulsar rotational phase associated with the jth photon”.

Definition: Large Area Telescope
Definition: Large Area Telescope
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Our key assumption is that the phase of each photon is an independent (hence
uncorrelated) random variable. This is justified because the number of photons
detected is much less than one per pulsar revolution. The phase Φj of the jth
photon is drawn from the distribution Fj(Φj) as given in Eq. (2.3). Thus, using
Eq. (2.4), the probability distribution function of Φj is

Fj(Φj) =
1

2π
+
pwj
2π

∞∑
n=−∞

γneinΦj , (2.100)

where the Fourier coefficients γn are defined by Eq. (2.5) for n > 0, by γn = γ∗−n for
n < 0, and by γ0 = 0 for n = 0.

The expectation value of any quantity Q(Φ1, . . . ,ΦN) is now given by

E[Q] =

∫ 2π

0

dΦ1F1(Φ1) · · ·
∫ 2π

0

dΦNFN(ΦN)Q(Φ1, · · · ,ΦN) , (2.101)

where the statistical independence of the rotation phases allows the probability
density to be written as a product. For example, the expected value of exp(−inΦj)
is

E[e−inΦj ] =

∫ 2π

0

dΦjFj(Φj)e
−inΦj

= δn0 +
pwj
2π

∞∑
m=−∞

∫ 2π

0

dΦγmei(m−n)Φ

= δn0 + pwj γn ,

(2.102)

where δnm is the Kronecker delta, giving unity for n = 0.
The expected value of the coherent power signal statistic Eq. (2.6) is

E[Pn] = κ−2
∑
j,k

wjwk
∏
`

∫ 2π

0

dΦ`F`(Φ`)e
in(Φk−Φj). (2.103)

In the product above, only two terms are nontrivial, for which either ` = k or ` = j.
The integrand does not depend on the other N − 2 integration variables, whose
corresponding integrals give unity, since the probability density is normalized. One
obtains

E[Pn] = κ−2
∑
j

w2
j + κ−2p2

∑
j,k
j 6=k

w2
jw

2
k|γn|2

= 2 + 2p2|γn|2
[∑

j

w2
j −

∑
j w

4
j∑

j w
2
j

]
.

(2.104)

On the first line, the first sum comes from terms with j = k and the second sum
from terms where j 6= k, and we have used Eq. 2.102 to simplify both terms.

2.7.2 Maximal Sensitivity at Fixed Computing Cost

The sensitivity of a search can be quantified via the pulsed fraction p defined in
Eq. (2.3). More sensitive searches can detect sources with smaller values of p.

If infinite computing power were available, we would employ the fully coherent
detection statistics H or P1, and the sensitivity of a search would only be limited by
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the data. To determine that ultimate sensitivity, consider the expected S/N θ2
P1

given
in Eq. (2.11). A point in parameter space where θ2

P1
exceeded some threshold θ2

threshold

(established by the desired false-alarm and false-dismissal probabilities) would be
counted as a detection. A reasonable detection threshold might be θ2

threshold = 50,
corresponding to pulsed fraction sensitivity p2 > θ2

threshold/|γ1|2µTobs. For typical
values of µTobs = 500 effective photons and |γ1|2 = 0.8, this gives an ultimate,
data-limited sensitivity of p2 > 0.13.

In practice, with limited computing power, we adopt the multistage hierarchical
approach described in Section 2.2.3. A sensible choice is to use most of the computing
power in the first, semicoherent stage. Roughly speaking, this is because a signal will
only be found if it rises above the detection threshold in the first stage of the search9.
Hence, we will assume that our sensitivity is limited by the first semicoherent search
stage.

The maximum possible sensitivity of the semicoherent stage is determined by
the threshold on the semicoherent S/N, whose expected value is given in Eq. (2.36).
The threshold is lower than before, typically θ2

S1
> θ2

threshold = 10. Using search
parameters from Eq. (2.27) and later in that section gives a minimum detectable
pulsed fraction of p2 > θ2

threshold/|γ1|2µ
√
TobsTcoh = 0.31. As before, this is the

theoretical sensitivity that could be achieved with unlimited computing power, but
employing the semicoherent statistic.

In practice, we must take the computing cost into account. This cost is propor-
tional to the number of grid points in parameter space at which the detection statistic
is calculated. Reducing the number of grid points (corresponding to a larger aver-
age mismatch) loses some S/N but the additional computing power may be used
to increase the coherence time Tcoh, which increases the S/N. What compromise
maximizes the search sensitivity for a given computing cost?

To find the optimal balance between the worst-case grid mismatch m and the
coherent integration time Tcoh, we maximize the sensitivity with the constraint that
the computing power is fixed, as described in [157] and [80]. What is important is
the rate at which the number of grid points grows with increasing Tcoh, which in
turn depends on the dimension of the parameter space.

The number of dimensions d in the search parameter space is determined by
our prior knowledge. To quantify that, we use norb (possible values 3 or 5) for
the number of orbital parameters searched and nsky (possible values 0 or 2) for the
number of sky dimensions searched, so d = 2+norb +nsky. In the case of an eccentric
binary with poorly known position, we have the full parameter space discussed in
the main text, {f, ḟ , nx, ny,Ωorb, x, tasc, ε1, ε2}, so norb = 5, nsky = 2, and d = 9.
For an eccentric binary whose position is precisely known (for example, from optical
observations), {nx, ny} are omitted from the search, norb = 5, nsky = 0, and d = 7.
For a circular binary whose position is precisely known, {ε1, ε2} are also omitted, so
norb = 3, nsky = 0, and d = 5.

The smallest detectable pulsed fraction (averaged over signal location in param-
eter space) may be written as

p2
S1

=
θ2

threshold

(1− m̂)|γ1|2µ
√
TobsTcoh

. (2.105)

9Of course, this depends on the choice of threshold and the region of parameter space around
a candidate that is searched in the subsequent stages. If the full parameter space is searched for
each candidate, then the statement is false!
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Here m̂ represents the average (over parameter space) mismatch of the grid [157].
The construction of our parameter space grid is described following Eq. (2.55);

its average mismatch may be estimated as follows. Within a given 8 Hz frequency
interval, the grid is the direct product of an equally spaced grid in the frequency
direction, an equally spaced grid in the ḟ direction, a two-dimensional hexagonal
lattice in sky position {nx, ny}, and an optimized stochastic grid in the orbital
parameters. Below, we call these “subgrids”. To determine the computing cost,
we need to count the number of grid points in these subgrids and multiply them
together.

Because the metric has no off-diagonal terms that couple the different subgrids,
the average parameter space mismatch m̂ can be written as

m̂ = m̂f + m̂ḟ + m̂sky + m̂orb , (2.106)

where m̂f is the average mismatch in the frequency dimension (if all other parameters
are exactly matched to the signal) and m̂ḟ , m̂sky, m̂orb are the corresponding average

mismatches in the ḟ , sky, and orbital subgrids (if all other parameters are exactly
matched to the signal).

The frequency dimension is searched with an FFT whose frequency spacing df =
1/Tcoh. For the worst case, which is two points separated by df/2, the quadratic
metric approximation predicts a mismatch ḡff/(2Tcoh)2 = π2/24 = 0.411, and hence
an average mismatch m̂f = 0.14. As is often the case, the quadratic approximation
slightly overestimates the mismatch; the spherical ansatz of [121] predicts a worst-
case m = sin2(

√
π2/24) ≈ 0.36 which agrees well with the numerically measured

value given in Section 5.2 of [80]. In fact, as described before Eq. (42) of that paper,
we can reduce the average mismatch to m̂f = 0.075 at almost no extra computational
cost, by interpolating the frequency spectrum.

The ḟ subgrid has uniform spacing dḟ , and is an example of a regular lattice.
For regular lattices, the average mismatch m̂ is related to the worst-case mismatch
m via m̂ = ξm, where ξ ∈ [0, 1] is a lattice-dependent dimensionless geometrical
factor10. Here we have a (one-dimensional) hypercubic grid, for which ξ = 1/3, so
the average mismatch m̂ḟ = mḟ/3, where mḟ = ḡḟ ḟ (dḟ/2)2 = π2T 2

cohT
2
obs dḟ 2/288

is the maximal mismatch in the ḟ dimension. (Since the differences are small, for
simplicity we do not employ the spherical ansatz further.)

The sky subgrid is a hexagonal lattice with ξ = 5/12 ≈ 0.416. Hence, m̂sky =
0.416msky, where msky is the worst-case sky mismatch.

The orbital parameter grid has an average mismatch that is well estimated during
the process of its construction and can be easily controlled via the parameter that
determines when new points are added to the stochastic bank.

The computing cost is the product of the number of grid points in the nonfre-
quency dimensions with the cost of a single FFT. The number of grid points can
be estimated using arguments like those given in deriving Eq. (2.58). In each of
the different subgrids, the number of grid points is proportional to m̂−D/2, where
m̂ is the average mismatch in that subgrid and D is the dimension of that subgrid.
Hence, the number of grid points in the ḟ subgrid is proportional to Tcohm̂

−1/2

ḟ
,

and the number of grid points in the sky subgrid is proportional to T
nsky

coh m̂
−nsky/2

sky .

The number of grid points in the orbital subgrid is proportional to m̂
−norb/2
orb and is

10In the published paper, this has been confused with the “thickness” [see, e.g., 157].

Definition: fast Fourier transform
Definition: fast Fourier transform
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Table 2.3: Comparison of computationally unlimited and optimal computationally
limited semicoherent searches, showing mismatches and sensitivity

Search m̂ m̂ḟ m̂sky m̂orb mḟ msky p2
S1

Infinite computing cost (zero mismatch) grid 0 0 0 0 0 0 0.307

All parameters unknown (nsky = 2, norb = 5) 0.383 0.039 0.077 0.193 0.116 0.093 0.497

Elliptical, known position (nsky = 0, norb = 5) 0.471 0.066 0 0.330 0.198 0.159 0.580

Circular, known position (nsky = 0, norb = 3) 0.383 0.077 0 0.231 0.231 0.185 0.497

Isolated (nsky = 2, norb = 0) 0.221 0.049 0.097 0 0.146 0.117 0.394

Notes. — The columns show the average template bank mismatch m̂, and the average mismatches

in the ḟ , sky and orbital subgrids. (Note that the average per-dimension mismatch is constant.)

Then the corresponding maximum ḟ and sky mismatch are listed with the (square of the) minimum

detectable pulsed fraction p. The first row shows the ideal semicoherent case where the grid points

are infinitesimally spaced and the computing cost is infinite. The next three rows illustrate smaller

and smaller binary system parameter spaces. The final row is for an isolated pulsar with unknown

sky position.

independent of Tcoh. Since the cost of an FFT is proportional to Tcoh log Tcoh, this
gives a total computing cost C,

C = C0 m̂
−1/2

ḟ
m̂
−nsky/2

sky m̂
−norb/2
orb T

2+nsky

coh . (2.107)

Here C0 is a constant, and following Pletsch and Clark [80], we have omitted the
slowly varying logarithmic factor from the cost of the FFT.

The method of Lagrange multipliers can be used to maximize sensitivity p−2
S1

at
fixed computing cost11. The quantity we extremize is

L = p−2
S1

+ λC (2.108)

= c1(1− m̂)T
1/2
coh + λc2m̂

−1/2

ḟ
m̂
−nsky/2

sky m̂
−norb/2
orb T scoh ,

where λ is the Lagrange multiplier, s = 2 + nsky, and c1 and c2 are constants
(independent of the average mismatches and Tcoh). Extremizing L with respect to
the coherence time and the three different average mismatches gives

∂L
∂Tcoh

=
c1

2
(1− m̂)T

−1/2
coh + sλc2m̂

−1/2

ḟ
m̂
−nsky/2

sky m̂
−norb/2
orb T s−1

coh = 0

∂L
∂m̂ḟ

= −c1T
1/2
coh − 1

2
λc2m̂

−3/2

ḟ
m̂
−nsky/2

sky m̂
−norb/2
orb T scoh = 0

∂L
∂m̂sky

= −c1T
1/2
coh −

nsky

2
λc2m̂

−1/2

ḟ
m̂
−nsky/2−1

sky m̂
−norb/2
orb T scoh = 0

∂L
∂m̂orb

= −c1T
1/2
coh − norb

2
λc2m̂

−1/2

ḟ
m̂
−nsky/2

sky m̂
−norb/2−1
orb T scoh = 0 ,

where we have made use of Eq. (2.106) to evaluate the derivatives of m̂.
To find the average mismatches that maximize the sensitivity at fixed computing

cost, combine the first equation in turn with the second or third or fourth: Tcoh drops

11One obtains the same result by maximizing any negative power of pS1
.

Definition: fast Fourier transform
Definition: fast Fourier transform
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out, and one obtains a closed form for the corresponding average mismatch. The
independence from coherence time Tcoh in the binary pulsar case was previously
shown for the isolated pulsar case by [80]. For example, to solve for m̂ḟ , multiply

the first equation by T
1/2
coh , multiply the second equation by 2sm̂ḟT

−1/2
coh , and add

them. One obtains (1 − m̂)/2 − 2sm̂ḟ = 0, whose solution is m̂ḟ = (1 − m̂)/4s.
Doing this for all three combinations yields

m̂ḟ =
1− m̂

4(2 + nsky)
,

m̂orb =
1− m̂

4(2 + nsky)
norb , and (2.109)

m̂sky =
1− m̂

4(2 + nsky)
nsky .

Note that the optimal solution has equal average “per-dimension” mismatch in the
non-frequency subgrids. From Eq. (2.106) it follows that m̂ − m̂f is the sum of
the three terms above, and since d − 1 = 1 + norb + nsky, we have m̂ − m̂f =
(1− m̂)(d− 1)/4(2 + nsky). The solution is

m̂ =
1 + norb + nsky + 4(2 + nsky)m̂f

9 + norb + 5nsky

. (2.110)

Thus we have

m̂ḟ =
1− m̂f

9 + norb + 5nsky

,

m̂orb =
1− m̂f

9 + norb + 5nsky

norb , and (2.111)

m̂sky =
1− m̂f

9 + norb + 5nsky

nsky ,

which in turn allows us to determine the average and maximum mismatch in each of
the subgrids, and the corresponding search sensitivity compared with an extremely
finely spaced (but computationally very expensive) semicoherent search.

In practice, after setting the mismatch as given by this optimal point, one adjusts
the coherence time Tcoh to be as long as allowed by the available computing resources.
What does this imply about the sensitivity? Above, we showed that with reasonable
assumptions a semicoherent search can detect a pulsed fraction p2 > 0.31 if there
are infinite computing resources. With finite computing resources, this is increased
by a factor of 1/(1 − m̂) = (9 + norb + 5nsky)/4(2 + nsky)(1 − m̂f ), as can be seen
from Eq. (2.105). The corresponding loss of sensitivity is shown in Table 2.3. The
achievable pulsed fraction sensitivity is not far from the ideal case.

This analysis extends previous work [80], which assumed a grid with fixed geo-
metrical factor ξ = 1/3 in all dimensions. However, this is not the case for current
searches. Here we have considered a grid that is a product of subgrids, each of
which can have different geometrical properties, as used in existing searches. If we
assume a fixed geometrical factor ξ, then our results and in particular the final line
of Table 2.3 agree with Eq. (H2) from [80].
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2.7.3 High-order phase model for elliptical binaries

The main text uses a linear-in-e “ELL1” approximation to the correct “BT” line-of-
sight motion in eccentric orbits. Here we consider higher orders in the eccentricity
e. The BT model is given in Eq. (2.64):

rz,BT(t) = x
[
sinω(cosE − e) + cosω

√
1− e2 sinE

]
, (2.112)

E − e sinE = M , (2.113)

M = Ωorb(t− T0) . (2.114)

We express this as

rz,BT(t) = x

[
sinω

∞∑
n=0

αn(e) cos(nM) + cosω
∞∑
n=1

βn(e) sin(nM)

]
, (2.115)

where αn(e) and βn(e) are power series in e. The goal here is to find these functions,
and to determine the appropriate order needed for our searches. ([158] gives an
expansion of sinE and cosE in powers of e, but does not give a similar expansion
for the line-of-sight motion.)

For the derivation of the power series we introduce the Bessel functions and some
of their properties. For positive integers n the Bessel function can be expressed as
the power series

Jn(x) =
∞∑
m=0

(−1)m
(
x
2

)2m+n

m!(n+m)!
(2.116)

or in integral form as

Jn(x) =
1

2π

∫ 2π

0

cos(nθ − x sin θ) dθ . (2.117)

The relation

Jn−1(x) + Jn+1(x) =
2n

x
Jn(x) (2.118)

is also needed.
Following [158], we start with the Fourier expansion of cosE:

cosE =
α̂0

2
+
∞∑
n=1

α̂n cos(nM) . (2.119)

It has Fourier coefficients

α̂n =
1

π

∫ 2π

0

cosE cos(nM) dM . (2.120)

Using Kepler’s equation (2.113) to write M and dM as functions of E, along with
the integral form above, one obtains

α̂n =
2

n

dJn(n e)

d(n e)
. (2.121)
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Using the power series above, this may be written as

α̂n(e) =


∞∑
m=0

(−1)m (2m+n)
nm! (m+n)!

(
n
2

)2m+n−1
e2m+n−1 , n ≥ 1

−1
2
e , n = 0 .

(2.122)

The analogous calculation for sinE gives

sinE =
∞∑
n=1

β̂n sin(nM) (2.123)

with coefficients

β̂n =
1

π

∫ 2π

0

sinE sin(nM) dM , (2.124)

where

β̂n =
2

n e
Jn(n e)

=
∞∑
m=0

(−1)m
(
n e
2

)2m+n−1

m! (n+m)!
e2m+n−1

(2.125)

is obtained using the recursion relation above.

To obtain β from
√

1− e2β̂, we first express

√
1− e2 =

∞∑
k=0

e2k

(
2k∑
l=0

(−1)l
(

1/2

l

)(
1/2

2k − l

))
, (2.126)

where we have introduced the generalized binomial coefficient

(
r

k

)
=
r · (r − 1) · · · (r − (k − 1))

k!
. (2.127)

The Cauchy product of
√

1− e2 and β̂ gives

βn(e) =
∞∑
m=0

e2m+n−1

m∑
k=0

(
n
2

)(2m−2k+n−1)

(m− k)!(n+m− k)!

×
2k∑
l=0

(−1)m−k+l

(
1/2

l

)(
1/2

2k − l

)
.

(2.128)

The αn follow directly from α̂n, and differ only for n = 0.

We list the results to 11th order. (A similar calculation [159] gives the coefficients
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Figure 2.6: Mismatch between the BT model and models truncated at orders
e0, e1, e2, and e3, for the source 4FGL J0523.3−2527 with e = 0.04. This is
computed on a grid of 100 × 100 simulated pulsar signals, with equally spaced
log10 f/Hz ∈ [0, 3], and log10 x/s ∈ [−2, 1]. The gray dashed line indicates the semi-
major axis x = 3.66 of the likely pulsar in 4FGL J0523.3−2527. The slopes of the
constant-mismatch contours are the same for different models because e is fixed.
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Figure 2.7: Same as Figure 2.6, but varying the eccentricity e with fixed frequency
f = 1 kHz, and going up to e5. The mismatch is computed on a grid of 100 ×
100 simulated pulsar signals, with equally spaced log10 e ∈ [−3, 0], and log10 x/s ∈
[−2, 1].
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to seventh order, but without a general formula.) The α values are given by

α0 =− 3

2
e , (2.129a)

α1 =1− 3

8
e2 +

5

192
e4 − 7

9216
e6 +

1

81920
e8 − 11

88473600
e10 (2.129b)

α2 =
1

2
e− 1

3
e3 +

1

16
e5 − 1

180
e7 +

1

3456
e9 , (2.129c)

α3 =
3

8
e2 − 45

128
e4 +

576

5120
e6 − 729

40960
e8 +

8019

4587520
e10 (2.129d)

α4 =
1

3
e3 − 2

5
e5 +

8

45
e7 − 8

189
e9 , (2.129e)

α5 =
125

384
e4 − 4375

9216
e6 +

15625

57344
e8 − 4296875

49545216
e10 , (2.129f)

α6 =
27

80
e5 − 81

140
e7 +

729

1792
e9 , (2.129g)

α7 =
16807

46080
e6 − 117649

163840
e8 +

63412811

106168320
e10 , (2.129h)

α8 =
128

315
e7 − 512

567
e9 , (2.129i)

α9 =
531441

1146880
e8 − 52612659

45875200
e10 , (2.129j)

α10 =
78125

145152
e9 , (2.129k)

α11 =
2357947691

3715891200
e10 . (2.129l)

The β values are given by

β1 =1− 5

8
e2 − 11

192
e4 − 457

9216
e6 − 23479

737280
e8 − 2014861

88473600
e10 (2.130a)

β2 =
1

2
e− 5

12
e3 +

1

24
e5 − 1

45
e7 − 379

34560
e9 , (2.130b)

β3 =
3

8
e2 − 51

128
e4 +

543

5120
e6 − 219

8192
e8 − 18141

4587520
e10 (2.130c)

β4 =
1

3
e3 − 13

30
e5 +

13

72
e7 − 739

15120
e9 , (2.130d)

β5 =
125

384
e4 − 4625

9216
e6 +

144625

516096
e8 − 4611125

49545216
e10 , (2.130e)

β6 =
27

80
e5 − 135

224
e7 +

3753

8960
e9 , (2.130f)

β7 =
16807

46080
e6 − 218491

294912
e8 +

65160739

106168320
e10 , (2.130g)

β8 =
128

315
e7 − 2624

2835
e9 , (2.130h)

β9 =
531441

1146880
e8 − 53675541

45875200
e10 , (2.130i)

β10 =
78125

145152
e9 , (2.130j)

β11 =
2357947691

3715891200
e10 . (2.130k)
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A line-of-sight model accurate to O(ek) requires retaining terms up to and including
αk+1 and βk+1. Depending on the search parameters {f, x, e}, different orders of
these Taylor series will be required.

Consider the source 4FGL J0523.3−2527. The expected eccentricity is e ∼ 0.04.
To find the appropriate order in e, we simulated 10,000 realizations of a pulsar
in 4FGL J0523.3−2527, with different spin frequencies f and semimajor axes x.
Figure 2.6 shows the mismatches that arise from using approximations of different
orders in e, compared to the full BT model. For high frequencies the mismatch m is
significant, m ∼ 0.3 (S/N loss of up to 30%), for the O(e2)-model. A sensible choice
is the O(e3)-model, for which the mismatch is below 1% for frequencies f < 1 kHz.

For systems with different eccentricities, we can also provide guidance. Since
most of the known spider pulsars are MSPs, we simulated 10,000 realizations of a
1 kHz pulsar with different semimajor axes x and eccentricities e. Figure 2.7 shows
the mismatches that arise up to sixth order in e.
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Detection and Timing of Gamma-ray Pulsations
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Abstract

The Low-Frequency Array radio telescope discovered the 707 Hz binary millisec-
ond pulsar (MSP) J0952−0607 in a targeted radio pulsation search of an uniden-
tified Fermi gamma-ray source. This source shows a weak energy flux of Fγ =
2.6 × 10−12 erg cm−2 s−1 in the energy range between 100 MeV and 100 GeV. Here
we report the detection of pulsed gamma-ray emission from PSR J0952−0607 in a
very sensitive gamma-ray pulsation search. The pulsar’s rotational, binary, and as-
trometric properties are measured over seven years of Fermi -Large Area Telescope
data. For this we take into account the uncertainty on the shape of the gamma-ray
pulse profile. We present an updated radio-timing solution now spanning more than
two years and show results from optical modeling of the black-widow-type compan-
ion based on new multi-band photometric data taken with HiPERCAM on the Gran
Telescopio Canarias on La Palma and ULTRACAM on the New Technology Tele-
scope at ESO La Silla1. PSR J0952−0607 is now the fastest-spinning pulsar for which
the intrinsic spin-down rate has been reliably constrained (Ṗint . 4.6× 10−21 s s−1).
The inferred surface magnetic field strength of Bsurf . 8.2× 107 G is among the ten
lowest of all known pulsars. This discovery is another example of an extremely fast
spinning black-widow pulsar hiding within an unidentified Fermi gamma-ray source.
In the future such systems might help to pin down the maximum spin frequency and
the minimum surface magnetic field strength of MSPs.

1Based on observations collected at the European Southern Observatory,
Chile; programme 0101.D-0925, PI: Clark, C. J. .
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3.1 Introduction

The LAT on board the Fermi Gamma-ray Space Telescope [32] has proven itself to
be a powerful instrument in gamma-ray pulsar astronomy. Since its 2008 launch the
LAT has been operating in an all-sky survey mode. LAT data are used to identify
promising pulsar candidates for deep, targeted radio searches and find gamma-ray
pulsations in blind or follow-up searches [for a review see, e.g., 23]. The 10 year
time span of the all-sky LAT data is also useful for establishing precise pulsar-timing
ephemerides of new discoveries.

Radio pulsar searches targeting the sky positions of LAT sources have been very
successful in finding isolated and binary millisecond pulsars [MSPs; e.g., 56]. The
targeted sources are typically chosen to have three properties: (a) They are “unas-
sociated”, which means that the source has no plausible counterpart belonging to
a known gamma-ray-emitting source class [e.g., 37]. (b) They have curved spectra.
This is parametrized in the Fermi -LAT source catalogs by the curvature significance,
determined by the difference in log-likelihood between spectral models with curved
spectra (e.g. a log parabola or exponentially cutoff power law) versus power-law
spectra [36]. For most gamma-ray pulsars, curved spectra are preferred with > 95%
confidence [e.g., 28]. (c) They show only little variability in brightness over time,
which is indicated in the Fermi LAT source catalogs by the variability index, the
chi-squared of the monthly flux with respect to the average flux. In the Fermi -LAT
Third Source Catalog [3FGL; 37], only 2 out of 136 pulsars had variability indices
corresponding to significant variability above the 99% confidence level. Combined,
the last two properties are good indicators for gamma-ray pulsars. However, we
note that the transitional MSPs [for a review see, e.g., 160] are an important excep-
tion, with significant changes in gamma-ray flux associated with transitions between
accretion- and rotation-powered states [22, 161].

Searches following this approach continue to find pulsars by using radio observing
frequencies ν above 300 MHz. Pulsar surveys around 350 MHz are run by the Green
Bank Telescope [GBT; 62] and the Arecibo telescope [57]. The Giant Metrewave
Radio Telescope searches around 607 MHz [60]. Another survey around 820 MHz is
run by the GBT [61]. Finally Parkes [65], Nançay [64] and Effelsberg [58] search
around 1.4 GHz. Radio observations at higher frequencies suffer less from dispersion
(dispersion delay td ∝ ν−2) and scattering [scattering timescale τs ∝ ν−4.4; 162] but
a pulsar’s radio luminosity falls rapidly with observing frequency [radio flux density
Sν ∝ να with spectral index −3.0 < α < −0.5 for most known pulsars; 163]. At
observing frequencies above 1.4 GHz scattering becomes negligible away from the
Galactic Center and pulsars that are bright above this frequency can be useful for
Pulsar Timing Arrays [e.g., 164, 165].

However, there might be a population of steep-spectrum (α < −2.5) radio pul-
sars that are most easily detectable at frequencies below 300 MHz. Searches by Frail
et al. [166] for steep-spectrum sources within the localization regions of uniden-
tified Fermi -LAT sources in continuum images from the Giant Metrewave Radio
Telescope all-sky survey at 150 MHz led to the discovery of six new MSPs and one
normal pulsar. These detections suggest that many steep-spectrum pulsars may
have been missed by high-frequency radio surveys, which favor pulsars with flat-
ter spectra [167]. Additionally, some emission models suggest that pulsars’ radio
beams are wider at low frequencies [e.g., 168], making pulsars whose radio beams
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miss our line of sight at GHz frequencies potentially detectable at lower frequen-
cies. Low-frequency radio observations of gamma-ray pulsars can therefore provide
an additional test of the viewing-angle explanation for the large number of radio-
quiet pulsars discovered by the LAT [e.g. 73, 169]. Indeed, one emission model for
the recently discovered radio-quiet MSP PSR J1744−7619 [43] suggests that radio
pulsations may only be detectable at low radio frequencies.

Pleunis et al. [63] performed very-low-frequency pulsar searches at 115−155 MHz
with the Low-Frequency Array [LOFAR; 170, 171]. This was possible due to new
semi-coherent de-dispersion techniques that mitigate the smearing due to dispersion
[172]. The searches targeted unassociated sources from the 3FGL catalog [37]. An
isolated MSP, PSR J1552+5437, was detected first in radio and subsequently in
gamma rays [63].

Bassa et al. [14] conducted another LOFAR survey using the same observing
configuration. The 23 targets were unassociated gamma-ray sources selected from a
Fermi -LAT source list constructed from seven years of “Pass 8” LAT data [see 173].

In this survey they discovered PSR J0952−0607, a binary radio MSP with a spin
frequency of 707 Hz [14]. It is in a binary system with a very-low-mass compan-
ion star (Mc ∼ 0.02M�) with an orbital period of 6.42 hr. PSR J0952−0607 is the
fastest-spinning known neutron star outside of a globular cluster: The only pul-
sar spinning faster (716 Hz) is PSR J1748−2446ad, which is located in the globular
cluster Terzan 5 [13]. In contrast to pulsars in globular clusters, which experience
significant but unknown acceleration due to the gravitational potential within the
cluster [174], the intrinsic spin-down rate of PSR J0952−0607 can be measured di-
rectly. From this, pulsar properties like the dipole surface magnetic field strength
and spin-down power can be inferred. These factors are thought to govern the poorly
understood accretion and ablation processes through which binary systems contain-
ing a pulsar evolve [125]. Measurements of the magnetic fields of rapidly spinning
pulsars are important because the origin of the low magnetic field strength of MSPs
is currently unexplained, with one popular theory being that the accreted matter
buries the surface magnetic field. On the other hand recent work questions if this
mechanism is effective enough [175].

To determine the pulsar properties requires precise timing solutions from fre-
quent observations of a pulsar over several years. For some pulsar parameters (e.g.
the spin frequency and spin-frequency derivative) the measurement uncertainty is
directly related to the total span of observations. Furthermore, time spans shorter
than one year cover less than a full cycle of the annual Roemer delay, introducing
degeneracies between the spin frequency, spin-frequency derivative, and sky posi-
tion. The radio-timing solution of PSR J0952−0607 reported by Bassa et al. [14] is
based on observations spanning approximately 100 days, and thus suffers from these
issues.

Radio searches targeting unassociated Fermi -LAT sources have been particularly
successful at discovering “spider pulsars”, a class of extreme binary pulsars with
semi-degenerate companion stars (i.e. not neutron stars or white dwarfs). These
systems are categorized as “black widows” if the companion star has extremely low
mass (Mc � 0.1M�, as is the case for PSR J0952−0607) and as “redbacks” if the
companion star is heavier (Mc ∼ 0.15 − 0.4M�) [53]. Optical light curves of these
systems reveal that the pulsar emission heats the nearly Roche-lobe filling companion
[176]. Observations of orbitally modulated X-ray emission shows that interactions
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between the pulsar and companion star winds produce intra-binary shocks [e.g.,
177].

For many spider pulsars the radio pulsations are completely absorbed by intra-
binary material during parts of their orbit [e.g., 49], indicating that the companion
stars are also ablated by the pulsar. At low radio frequencies these eclipses can cover
a large fraction of the orbit [e.g., 19, 178, 179], complicating radio-timing campaigns.
In contrast, gamma-ray pulsations are essentially unaffected by eclipses.

A unique value of the LAT data is that a pulsar’s discovery in gamma rays often
enables the immediate measurement of the pulsar parameters over the 10-year span
in which the LAT has been operating. LAT data have been used to find precise
timing solutions for many pulsars including radio-quiet and radio-faint pulsars [52,
79, 97]. In the case of PSR J2339−0533, a strongly eclipsing redback pulsar, gamma-
ray timing was essential for building a coherent timing solution, and enabled the
discovery of large variations of the orbital period [71].

In this work we present the discovery and analysis of pulsed gamma-ray emission
from PSR J0952−0607. The pulsar itself is very faint in gamma rays, and required
novel search and timing methods with greater sensitivity. The resulting timing
ephemeris extends the rotational and orbital history of PSR J0952−0607 back seven
years to 2011. This allows us to determine the pulsar’s spin-down power and sur-
face magnetic field strength, making it the fastest known pulsar for which these
measurements can be made.

The paper is organized as follows. In Section 3.2 we describe the pulsation
search and detection within LAT data. The timing analysis and resulting timing
solution for PSR J0952−0607 are presented in Section 5.3.2. New radio and optical
observations as well as a search for continuous gravitational waves are discussed
in Section 3.4. Finally, in Section 7.4 we discuss the implications of the results
presented and we conclude in Section 3.6.

3.2 Gamma-ray Pulsation Discovery

3.2.1 Data Preparation

The gamma-ray source targeted by [14] resulting in the detection of the radio pulsar
PSR J0952−0607 and its optical counterpart (R.A. αJ2000.0 = 09h52m08.s319, Decl.
δJ2000.0 = −06◦07′23.′′49) was discovered using seven years of LAT data, but was too
faint to be included in the 3FGL catalog [i.e. in four years of data; 37]. It is included
in the successive 4FGL catalog based on eight years of data as 4FGL J0952.1−0607
[180].

To search for gamma-ray pulsations from PSR J0952−0607, we used “Pass 8”
[173] LAT data recorded between 2008 August 4 and 2017 January 19, consisting
of SOURCE-class photons above 500 MeV instead of the standard 100 MeV. Since the
LAT’s angular resolution for photons improves with energy (∼ 3.6 times higher an-
gular resolution at 500 MeV compared to 100 MeV), we conservatively used 500 MeV
to avoid potential contamination by other nearby sources not included in the 3FGL
catalog2. The photons were selected using gtselect from the Fermi Science Tools3 if

2https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone LAT IRFs/
IRF PSF.html

3https://fermi.gsfc.nasa.gov/ssc/data/analysis/software
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they were within 10◦ of the celestial position of the optical counterpart to
PSR J0952−0607, with a maximum zenith angle of 90◦. Photons were only used
if the LAT was in nominal science mode and if the rocking angle was below 52◦.
After these cuts 114706 LAT photons remained for further analysis. The analysis
was performed using the P8R2 SOURCE V6 instrument response functions (IRFs).

The sensitivity of a pulsation search can be greatly improved by weighting the
contribution of each photon by its probability of having originated from the can-
didate pulsar [113, 114]. The weights are computed based on the LAT response
function and a spectral model of a point source. They are used in the search and
the timing analysis for background suppression without the need for arbitrary posi-
tion or stronger energy cuts.

To produce the necessary spectral model we performed a binned spectral analysis
with gtlike. We added a putative pulsar source with an exponentially cutoff power
law to represent its spectrum [36] fixed to the position of the pulsar’s optical counter-
part reported by Bassa et al. [14]. We used the templates gll iem v06.fits for the
Galactic diffuse emission [181] and iso P8R2 SOURCE V6 v06.txt4 for the isotropic
diffuse background. The spectral analysis included all 3FGL sources within 15◦ of
the pulsar position and the spectral parameters for point sources within 5◦ of the
target were allowed to vary.

For each photon within 5◦ of the pulsar’s optical position a probability weight
wj was calculated with gtsrcprob. To reduce the computing cost of the search, we
only included photons with wj > 3.1%. This weight cutoff value was chosen such
that only 1% of the expected pulsation S/N would be lost. After applying the cutoff
N = 1354 actual or

∑
wj = 193.7 “effective” photons remain.

Upon the detection of PSR J0952−0607, we performed a dedicated spectral anal-
ysis with an extended dataset in order to enhance the pulsation significance and to
model its spectral characteristics more precisely. We used the same event selection
and IRFs (see above) but accepted photons without cuts on the rocking angle as
this cut was found to be overly conservative5. We extended the dataset to include
photons between 2008 August 4 and 2018 June 21. We lowered the threshold of
photon energies down to 100 MeV to further constrain the spectral characteristics.
We used the Preliminary LAT 8-year Point Source List6 (FL8Y) to construct our
source model. The FL8Y source associated with the pulsar, FL8Y J0952.2−0608,
was replaced by a point source fixed to the position of the detected gamma-ray
pulsar. All FL8Y sources within 15◦ of the pulsar position were included and the
spectral parameters for point sources within 5◦ of the pulsar were allowed to vary.

We computed the residual TS map to search for non-cataloged weak gamma-
ray sources in the vicinity of the pulsar. The test statistic TS = 2(logL(source) −
logL(no source)) quantifies how significant a source emerges from the background,
where the likelihood L of a model with and without a source is compared [36, 37].
Six uncatalogued sources with TS > 10 (∼ 3σ) within 5◦ of the pulsar position
were found and added to the source model. Using this new source model we reran
the analysis. The result of the spectral analysis for PSR J0952−0607 is shown in
Table 3.1. Here, we also give TScut which is computed like TS but comparing an

4https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
5https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone Likelihood/

Exposure.html
6https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
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Table 3.1: Spectral Parameters of PSR J0952−0607.

Parameter Value

Test statistic, TS 147.77

TS of exponential cutoff, TScut 23.9

Photon index, Γ 0.95± 0.40± 0.05

Cutoff energy, Ec (GeV) 1.62± 0.55± 0.01

Photon flux (10−9 cm−2 s−1) 2.25± 0.77± 0.34

Energy flux Fγ (10−12 erg cm−2 s−1) 2.60± 0.38± 0.16

Notes. — Gamma-ray spectrum based on LAT data between MJD 54,682–58,289 over the stan-

dard energy range from 100 MeV to 100 GeV. The first reported uncertainties are statistical, while

the second uncertainties are systematic, determined by re-analyzing the data with bracketing IRFs

and artificially changing the normalization of the Galactic diffuse model by ±6%, as described by

Abdo et al. [28].

exponentially cutoff power-law model and a power-law model without cutoff [28].

In the timing analysis we used all photons with weights wj > 1.5%, which is
chosen as in the search such that 99% of the S/N remains. This leaves N = 4642
actual or

∑
wj = 331.4 effective photons.

3.2.2 Search

For many pulsars, LAT data covering several years of observation time are needed for
significant pulsation detection [e.g. 182]. Searching for pulsations requires assigning
every gamma-ray photon with the pulsar’s rotational phase Φ (defined in rotations
throughout the paper) at the time of emission. To do this a phase model Φ(t,λ)
is used that depends on time t and (for circular-binary pulsars) on a set of at least
seven parameters λ = (f, ḟ , α, δ, Porb, x, tasc). These parameters are needed to: (1)
Correct the photon arrival times for the LAT’s movement with respect to the Solar
System Barycenter (sky position α and δ). (2) In the case of a circular binary,
account for the pulsar’s movement around the center of mass (orbital period Porb,
projected semi-major axis x, and epoch of ascending node tasc). (3) Describe the
pulsar’s rotation over time (spin frequency f and spin-frequency derivative ḟ).

The ephemeris obtained by timing a radio pulsar over a short interval Tobs often
does not determine the parameters precisely enough to coherently fold the multiple
years of LAT data. For Tobs < 1 yr the spin and position parameters of the pulsar
are strongly correlated (i.e., degenerate). Over longer Tobs the uncertainties in the
spin parameters scale with negative powers of Tobs. The uncertainty in the orbital
period scales with T−1

obs if Tobs � Porb.

Searches for binary gamma-ray pulsars are therefore computationally expensive,
as a multi-dimensional parameter space must be searched with a dense grid [44]. The
radio detection and timing are crucial to constrain the relevant parameter space that
has to be searched to find the gamma-ray pulsations.

Using the radio data [14] found that PSR J0952−0607 is in a circular-binary
orbit. Furthermore, they measured α and δ by identifying the companion star
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using optical data taken with the Wide Field Camera (WFC) on the 2.5m Isaac
Newton Telescope on La Palma. Barycentering the radio data according to α and
δ obtained from the optical data resulted in an upper limit on ḟ and determined f
more accurately. Furthermore the radio timing constrained the orbital parameters
Porb, x, and tasc.

The gamma-ray pulsation search exploited preliminary constraints from radio
timing of the pulsar combined with the optical position.

In the gamma-ray pulsation search we used the H statistic [119]. It combines
the Fourier power from several harmonics incoherently by maximizing over the first
M harmonics via

H = max
1≤M≤Mmax

(
4− 4M +

M∑
n=1

Pn
)
, (3.1)

with Mmax = 20 as suggested by [119]. The Fourier power in the nth harmonic is
given by

Pn =
1

κ2

∣∣∣∣∣
N∑
j=1

wje
−2πinΦ(tj)

∣∣∣∣∣
2

, (3.2)

with the normalization constant

κ2 =
1

2

N∑
j=1

w2
j . (3.3)

The construction of a grid for this search was done using a distance “metric”
on the parameter space [117, 118]. This is a second-order Taylor approximation of
the fractional loss in squared S/N due to an offset from the parameters of a given
signal. The metric allows one to compute analytically the density of an optimally
spaced grid. This method was successfully used in the blind search (i.e., a search
for a previously undetected pulsar) for the black widow PSR J1311−3430 [44].

The metric components for the parameters of an isolated pulsar are given by
Pletsch and Clark [80], and the additional components required to search for a
binary pulsar will be described in an upcoming paper (Chapter 2). The grid point
density computed with the metric varies throughout the parameter space. The grid
density in α and δ increases as f increases. This is also the case for the orbital
parameters. In addition, for Porb and tasc the grid point density increases with the
projected semi-major axis, x. The small x typical for black-widow pulsars with their
low-mass companions therefore greatly reduces the required density.

In addition, when performing a harmonic-summing search, any parameter offset
results in a phase offset at the nth harmonic that is a factor of n larger than at
the fundamental. To avoid this, the search grid density must be increased by a
factor of Mmax in each parameter. Fortunately, known gamma-ray pulsars have the
most power in the first few harmonics [80]. We therefore designed the search grid to
lose at most 1% of the Fourier power in the fifth harmonic in each dimension. The
harmonic summing was also truncated at Mmax = 5 to reduce computing cost. The
required number of points in the search grid was reduced this way by a factor of 45

(≈ 1000) compared to a grid built for Mmax = 20. This search grid was designed
to be very dense since the pulsar signal was expected to be weak due to the small
number of photons.
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Based on the distance metric we built a hypercubic grid covering the relevant
parameter space in f , ḟ , α, δ, and Porb. This means that the parameter space is
broken down into smaller cells. The edges of these cells are parallel to the parameter
axes and of equal length in each dimension as computed by the distance metric. We
note that a simple hypercubic grid is sufficient because the metric is nearly diagonal
(off-diagonal terms are small; Chapter 2), and the dimensionality is low. For higher
dimensional parameter spaces hypercubic grids become extremely wasteful. The
projected semi-major axis and the epoch of the ascending node were known precisely
enough from the radio ephemeris that no search over these parameters was necessary.
In summary, we performed a grid-based search over five parameters (f , ḟ , α, δ, and
Porb), while keeping two parameters (x and tasc) fixed to the values from the radio-
timing solution.

The search used 2 × 105 CPU-core hours, meaning that the search would have
taken 24 years to compute on a single core. Therefore, we distributed the work in
chunks over 8000 CPU cores of the ATLAS computing cluster [183], and the search
took only 2 days.

3.2.3 Detection

To ensure that the signal was inside the covered parameter space we searched over
wide ranges in the highly correlated f (4σ), α, and δ (5σ each), where σ is the
parameter uncertainty obtained from preliminary radio and optical observations.
The chosen search range for Porb (3σ) was smaller because the radio-timing-derived
Porb was not degenerate with the other parameters.

Surprisingly, the largest H statistic appeared close to the edge of our search
range in f and with a significant offset in α and δ. The latter was determined to
be due to an error in the initial astrometric calibration of the optical images of the
optical counterpart. After the discovery of this error only the corrected α and δ
values were published by [14]. The offset in f arose from the strong correlation with
α and δ. Therefore we started another search with the same settings starting from
the highest f covered in the first search. The largest H statistic was Hm = 86.7
(without refining the parameters any further) and lay well within the combined
search parameter space.

While this H statistic was far larger than any other found in our search, it
is not easy to estimate the statistical significance (or false-alarm probability) of
the maximum value found in a dense, multi-dimensional H statistic search (see
Appendix 3.7.1). We therefore applied a “bootstrapping” procedure (described in
Appendix 3.7.1) to estimate the detection significance from the search results them-
selves, finding a trials-corrected false-alarm probability of PFA ≈ 3.3×10−3. After ex-
tending our data set to cover the extra year of data as explained in Section 3.2.1, and
without using a weight cut (which is only introduced for computational reasons), we
found that the H statistic value increased to H = 102.9 without further refinement
(i.e., in a single trial). Since no additional trials have been performed in this step,
we can multiply our false-alarm probability estimate by the known single-trial false-
alarm probability [114] for this increase (PFA = exp(−0.3984 ∆Hm) = 1.6 × 10−3),
giving an overall false-alarm probability of PFA ≈ 5.3 × 10−6 in the extended data
set, confirming the detection.
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3.3 Gamma-ray Timing

3.3.1 Methods

We performed a timing analysis to measure precisely the parameters describing the
pulsar’s evolution over the observation time. We also allowed additional parameters
to vary to test for measurable orbital eccentricity and proper motion of the binary.
Instead of using a fixed search grid we use a Monte Carlo sampling algorithm to
explore the parameter space around the signal parameters detected in the search.
The general timing methods are also described by [77, 79], extending the methods
developed by Ray et al. [52] and Kerr et al. [97]. We enhanced these methods
with the option to marginalize over the parameters of the template pulse profile as
described in detail later in this section.

The starting point for the timing procedure is the construction of a template
pulse profile, ĝ(Φ), for which we used a combination of Np symmetrical Gaussian
peaks [28]

ĝ(Φ) =

(
1−

Np∑
i=1

ai

)
+

Np∑
i=1

ai g(Φ, µi, σi) . (3.4)

The term a g(Φ, µ, σ) denotes a wrapped Gaussian peak with amplitude a, peaked
at phase µ with width σ:

g(Φ, µ, σ) =
1

σ
√

2π

∞∑
k=−∞

exp

(
−(Φ + k − µ)2

2σ2

)
. (3.5)

The phase at the first peak µ1 is chosen to be the reference phase for the template.
Phases of any other peak i are measured relative to the first peak as phase offset
µi−µ1 to avoid correlation with the overall phase. The template is fit to the weighted
pulse profile obtained from the phase-folded data by maximizing over the likelihood

L(ĝ,λ) =
N∏
j=1

[wj ĝ(Φ(tj,λ)) + (1− wj)] . (3.6)

The Bayesian Information Criterion (BIC) [184] is used to choose the number of
peaks by minimizing

BIC = −2 log(L(ĝ,λ)) + k log

(
N∑
j=1

wj

)
, (3.7)

where the number of free parameters in the model is denoted by k. Thus, adding a
new parameter is penalized by log(

∑N
j=1wj) to avoid overfitting. The penalty factor

for adding more Gaussian peaks to the template pulse profile scales with k = 3×Np

as each peak is described by three parameters.
As described by Clark et al. [79], this template pulse profile is used to explore

the multi-dimensional likelihood surface by varying the pulsar parameters with the
goal to find the parameter combination that gives the maximum likelihood. We
use our own implementation of the Affine Invariant Monte Carlo method described
by Goodman and Weare [185] to run many Monte Carlo chains in parallel for the
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exploration and the efficient parallelization scheme described by Foreman-Mackey
et al. [186]. The computations are distributed over several CPU cores.

This is repeated iteratively. Whenever a new best combination of parameters is
found the template is updated using the new timing solution’s phase-folded data.
Usually this converges after a few iterations. Additional parameters (e.g., eccentric-
ity) are added one after the other and the described timing procedure is restarted
each time. Here again the BIC is used to decide whether the addition of a new
parameter significantly improves the pulsar ephemeris. For the timing of bright
pulsars [e.g., 79] this iterative approach is sufficient.

For faint pulsars like PSR J0952−0607, the uncertainty in the gamma-ray pulse
profile is not negligible. Using a fixed pulse profile template for weak pulsars could
lead to systematic biases and underestimated uncertainties in the timing parame-
ters. We therefore treated the template parameters in the same way as the pulsar
parameters and let them vary jointly [as also done in 187].

Joint variation of pulsar and template parameters results in larger but more
realistic uncertainties on the pulsar parameters but should be used with a caveat.
Varying pulsar parameters will always line up photons as close as possible to the same
rotational phases to maximize the log-likelihood. The Monte Carlo algorithm finds
combinations of parameters that lead to some photons being closer to the maximum
of a peak and thus to a higher and narrower peak. But if these parameters do not
describe the actual pulsar well, other photons will be shifted to phases outside the
range of the peak, leading to a penalty preventing the acceptance of these parameter
combinations. The joint variation of pulsar and template parameters however raises
the chances of combinations that do not describe the actual pulsar well, as the
peak position shifts to the phase where a combination of pulsar parameters leads
to a narrow peak. This is a problem for a faint pulsar like PSR J0952−0607 as the
penalty factor is weaker due to the smaller amount of photons. Furthermore for a
pulsar like PSR J0952−0607 with two close peaks the penalty factor can be reduced
by having one broader peak and one very narrow peak.

To address this problem we adjusted our priors on the template parameters.
As for the pulsar parameters we used uniform priors for most template parame-
ters. For the width parameters we used log-uniform priors and constrained them to
peaks broader than 5% of a rotation, to disfavor extremely narrow peaks which only
cover few photons, and narrower than half a rotation (full-width at half maximum
FWHMi = 2

√
2 log(2)σi in the range 0.05 < FWHMi < 0.5). This led to a steadier

rise in H statistic over time and a pulse profile similar to what we get when fold-
ing the gamma-ray data with the updated radio-timing solution (see Section 3.4.1)
reported in Table 4.1. In Figure 3.1 we show 100 pulse profile templates randomly
picked from the resulting template parameter distribution.

3.3.2 Solution

Our timing solution is shown in Table 4.1. We did not find clear pulsations in the
beginning of the Fermi mission at MJD 54,682 and therefore our timing solution
starts at MJD 55,750 (see Figure 3.1). We discuss the absence of pulsations prior to
MJD 55,750 below.

The gamma-ray pulse profile is likely double peaked as the double-peaked tem-
plate is favored by the BIC over the single-peaked template. The template param-

Definition: Bayesian Information Criterion
Definition: Bayesian Information Criterion


Gamma-ray Follow-up Detection of PSR J0952–0607 85

0

10

20

W
ei

gh
te

d
co

u
nt

s
/

b
in

0.0 0.5 1.0 1.5 2.0

Pulse phase (rotations)

55000

55500

56000

56500

57000

57500

58000

T
im

e
(M

JD
)

0.0

0.2

0.4

0.6

0.8

1.0

P
h

ot
on

w
ei

gh
t

Figure 3.1: Integrated pulse profile after MJD 55,750 and phase-time diagram of
PSR J0952−0607, showing two identical rotations for clarity. Top: The orange curve
indicates the template with the highest BIC. The transparent black curves illustrate
100 representative templates randomly selected from the Monte Carlo samples after
the chain stabilized. The histogram shows the weighted photon counts with 30 bins
per rotation. The dashed blue line shows the estimated background level. Bottom:
Each point represents the rotational phase of a detected gamma-ray photon and its
gray scale indicates the probability weight. The dashed-dotted green line denotes
the start of our timing solution at MJD 55,750.

eters leading to the highest likelihood are given in Table 4.1.

All of the measured parameters are consistent with the initial published radio
solution. The published values and uncertainties on α and δ from the optical coun-
terpart are consistent and comparable to the ones in the gamma-ray timing solution
[14]. As expected from the much longer timing baseline the uncertainties on f and
Porb are much smaller than in the initial radio-timing solution. Furthermore, it
is possible to measure the spin-frequency derivative, ḟobs = −2.382(8) × 10−15 Hz
s−1. A second spin-frequency derivative, f̈ , is clearly disfavored by the BIC. The
gamma-ray timing solution is consistent with an updated radio ephemeris based on
radio data spanning 796 days, and the parameter uncertainties are comparable or
smaller (see Section 3.4.1 and Table 4.1).
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Table 3.2: Properties of PSR J0952−0607 from gamma-ray and radio timing.

Parameter Gamma-ray Radio

Span of timing data (MJD) 55750a – 58289 57759 – 58555

Reference epoch (MJD) 57980 57980

Timing Parameters

R.A., α (J2000.0) 09h52m08.s322(2) 09h52m08.s32141(5)

Decl., δ (J2000.0) −06◦07′23.′′51(4) −06◦07′23.′′490(2)

Spin frequency, f (Hz) 707.3144458307(7) 707.31444583103(6)

Spin-frequency derivative, ḟobs (Hz s−1) −2.382(8)× 10−15 −2.388(4)× 10−15

Dispersion measure, DM (pc cm−3) 22.411533(11)

Orbital period, Porb (day) 0.267461034(7) 0.2674610347(5)

Projected semi-major axis, x (lt-s) 0.0626670b 0.0626670(9)

Epoch of ascending node, tasc (MJD) 57980.4479516b 57980.4479516(5)

Template Pulse Profile Parameters

Amplitude of first peak, α1 0.65(18)

Phase of first peak, µ1 0.431(39)

Width of first peak, σ1 0.064(23)

Amplitude of second peak, α2 0.35(24)

Phase offset of second to first peak, µ2 − µ1 0.198(27)

Width of second peak, σ2 0.040(52)

Derived Properties (combined results)

Spin period, Pobs (ms) 1.414

Spin-period derivativec, Ṗint (s s−1) 4.6× 10−21

Characteristic aged, τc (Gyr) 4.9

Spin-down powerd, Ė (erg s−1) 6.4× 1034

Surface B-fieldd, Bsurf (G) 8.2× 107

Light-cylinder B-fieldd, BLC (G) 2.7× 105

Galactic longitude, l (◦) 243.65

Galactic latitude, b (◦) +35.38

NE2001 distance, (kpc) 0.97+1.16
−0.53

YMW16 distance, (kpc) 1.74+1.57
−0.82

Optical distance, (kpc) 5.64+0.98
−0.91

Gamma-ray luminositye, Lγ (erg s−1) 3.1× 1032 × (d/1 kpc)2

Notes. — Numbers in parentheses are statistical 1σ uncertainties. The JPL DE405 solar system
ephemeris has been used and times refer to TDB. Phase 0 is defined for a photon emitted at
the pulsar system barycenter and arriving at the Solar System Barycenter at the reference epoch
MJD 57,980.
a Validity range of timing solution when the data starts at MJD 54,682.
b Fixed to values from radio-timing solution.
c Assuming no proper motion, see Section 7.4.
d Properties are derived as described by Abdo et al. [28] on the basis of the estimated intrinsic
spin-period derivative Ṗint.
e Assuming no beaming and distance d = 1 kpc.
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The upper limit on proper motion corresponds to a transverse velocity of vt =
µt d = 120 km s−1×(d/1 kpc). This results in high, but not unrealistic transverse ve-
locities when using the distances inferred from the dispersion measure (d = 0.97 kpc
[188] or d = 1.74 kpc [189]). As 90% of the known MSPs in the ATNF Pulsar Cat-
alogue7 [110] show transverse velocities below 200 km s−1 the proper motion upper
limit is unrealistic for the higher distances predicted by the optical observations
(4.7–6.6 kpc; see Section 7.4).

Unsurprisingly, we were unable to detect a significant timing parallax. The max-
imum parallax time delay for the above-mentioned distance estimates is ∆tπ,max ≈
(500 lt-s)2/(2d) ∼ 1µs. In comparison the resolution with which we can measure
the arrival time of the pulse is ∆µ1/f ≈ 61µs.

A circular orbit is clearly favored over an eccentric orbit by the BIC. The 95%
upper limit on eccentricity is set to e < 0.004.

The missing pulsations before MJD 55,750 seem odd as the tracks are clearly
visible later in the mission (Figure 3.1). As the pulsar is not very bright one expla-
nation might be Poisson variations in the flux leading to the loss of pulsations for
a few hundred days. Possible pulsations before this period might be too weak to
be picked up again as the phase uncertainty grows quickly outside the timing span.
At the start of the mission (MJD 54,682) the phase uncertainty is ∼ 0.6 rotations,
which could be a plausible explanation for loss of coherence.

In order to understand the nature of the non-detection of gamma-ray pulsations
before MJD 55750, we measured the gamma-ray flux of PSR J0952−0607 over time
by sliding a 750-day-long window in steps of 50 days over the LAT data. In each of
these steps we calculated the gamma-ray flux of PSR J0952−0607 over the 750 days
width of the window, which allowed us to measure the spectral parameters with
reasonable precision. We found that the flux of PSR J0952−0607 is lower in the
beginning of the Fermi mission but the lower fluxes agree with the flux uncertainties
from the full time span. The TS values follow the same trend as the gamma-ray
fluxes in the sliding windows.

The gamma-ray source is too faint to test it unambiguously for variability. The
windows need to cover 750 days to keep statistical precision. But that leaves only
five independent time bins to calculate the variability index with Equation (4) from
[35]. The variability index computed with these five bins is 7.18 with 4 degrees of
freedom, which is below the 99% confidence level of 13.277.

We also checked if the smaller 35◦ rocking angle used during the first year of
the Fermi mission decreases the pulsation significance. However, the small rocking
angle is actually favorable as the exposure for PSR J0952−0607 is ∼ 20% higher in
the beginning of the mission.

Variations of the orbital period might be another reasonable explanation for
the loss of clear pulsations. Such orbital-period variations have been measured for
several spider pulsars, e.g. for the original black-widow pulsar PSR B1957+20 [98].
Nevertheless the penalty for adding orbital-period derivatives led to an increase in
the BIC. Similarly, no significant semi-major-axis derivative was found.

7http://www.atnf.csiro.au/research/pulsar/psrcat
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3.4 Multi wavelength

3.4.1 Updated Radio Timing

Observations of PSR J0952−0607 with LOFAR have been ongoing using an iden-
tical observational setup as in [14], namely a single tied-array beam formed from
the high-band antennas (HBAs) of the central 23 LOFAR [171] core stations, us-
ing 78 MHz of bandwidth at a central frequency of 149 MHz. Before 2018 May,
several 5 min integrations were obtained at each observing epoch; after that the
integration times were increased to 20 min. These observations were obtained at a
roughly monthly cadence. As described in [14], these observations were coherently
de-dispersed, folded with dspsr [190], and analyzed using tools in the psrchive
software suite [191] and the TEMPO2 pulsar-timing software [95, 96].

The phase-connected timing solution from Bassa et al. [14] was improved by us-
ing all LOFAR HBA observations that used 78 MHz of bandwidth (hence excluding
the discovery and initial follow-up observations which used half the bandwidth).
Pulse time-of-arrival (TOA) measurements were obtained by referencing pulse pro-
files of eight frequency channels per observation to a single analytic pulse profile
template. This procedure presumes that our data are not sensitive to pulse profile
shape variations with frequency, which was double-checked through inspection of the
difference profiles of the top and bottom parts of the bandpass: no significant struc-
tures were detected. The analytic pulse profile was created using the psrchive [192]
package paas and was constructed from five von Mises functions that were fitted to
the integrated body of observations and fully modeled any detectable pulse shapes.
The resulting timing solution extends the timing baseline to 2.2 years and breaks
the degeneracy between the astrometric and rotational parameters (see Table 4.1).
Upon inspection of the data, a new covariance was detected, namely, between a sig-
nificant (> 4σ) decrease in the dispersion measure of this pulsar (which was found
to be decreasing by 5 × 10−5 pc cm−3 yr−1) and the spin period. Notwithstanding
the significance of this decrease, the strong anticorrelation of this parameter with
the pulse period suggests an underestimate of its measurement significance, which
is commonly found in pulsar-timing analyses [e.g., 193], particularly in non-periodic
parameters such as linear gradients in dispersion measure. Consequently this de-
crease was not included in our present analysis, but future monitoring to allow more
robust disentanglement of the spin period and the dispersion measure variability is
warranted. We find no evidence for radio eclipses in the six LOFAR observations
with orbital phases between 0.15 < φorb < 0.35. Using the TOAs from this orbital
phase range we set a 3σ upper limit on time delays due to additional dispersion of
∆t < 2.3µs, and hence ∆DM < 1.2× 10−5 pc cm−3.

3.4.2 Optical Photometry

Bassa et al. [14] presented an r′-band light curve of the optical companion to
PSR J0952−0607 taken by the WFC on the 2.5m Isaac Newton Telescope on La
Palma. The orbital light curve features a single maximum peaking at r′ ≈ 22 at
the pulsar’s inferior conjunction, interpreted as being due to the pulsar heating the
inside face (the “dayside”) of a tidally locked companion. Bassa et al. [14] modeled
this light curve with the Icarus package [194], finding that PSR J0952−0607 is likely
to have an inclination angle i ∼ 40◦, but the lack of color information precluded a
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Table 3.3: New optical photometry of the companion of PSR J0952−0607.

Night beginning Instrument+Telescope Filters φorb Airmass Seeing Photometric

2018 June 03 ULTRACAM+NTT us, gs, is 0.64–1.09 1.1–2.1 1.0′′–2.0′′ yes

2018 June 04 ULTRACAM+NTT us, gs, is 0.37–0.71 1.1–1.6 1.0′′–3.0′′ no

2019 January 12 HiPERCAM+GTC us, gs, rs, is, zs 0.77–0.92 1.25–2.0 < 1.5′′ yes

2019 January 13a HiPERCAM+GTC us, gs, rs, is, zs 0.37–0.72 1.25–2.0 1.5′′–2.0′′ no

2019 March 02b ULTRACAM+NTT us, gs, is 0.91–1.29 1.1–1.6 0.8′′–1.2′′ no

2019 March 03 ULTRACAM+NTT us, gs, is 0.72–0.88 1.2–1.4 1.2′′–2.4′′ no

1.16–1.72 1.1–1.9

Notes. — Orbital phases are in fractions of an orbit, with φorb = 0 corresponding to the pulsar’s

ascending node. The ULTRACAM data from 2018 were taken as a series of 20 s exposures in gs

and is, and 60 s in us. The 2019 ULTRACAM observations were taken with 10 s exposures in

gs and is, and 30 s in us. The HiPERCAM data cover us, gs, rs, is, and zs simultaneously with

exposure times of 60 s in us, gs, rs, and 30 s in is and zs.
a During an episode around φorb = 0.6 seeing reached over 2.3′′ and 20 exposures had to be re-

moved.
b We removed several frames due to intermittent clouds during the observations when the trans-

mission dropped to nearly zero.

robust estimate of other system parameters (e.g. companion temperature, heating,
companion radius).

To more fully investigate the optical counterpart to PSR J0952−0607, we ob-
tained multi-color photometry using ULTRACAM [195] on the 3.58m New Tech-
nology Telescope (NTT) at ESO La Silla, and HiPERCAM [196, 197] on the 10.4m
Gran Telescopio Canarias (GTC) on La Palma. The observation specifics are given
in Table 3.3.

These data were calibrated and reduced using the ULTRACAM8 and HiPER-
CAM9 software pipelines. Standard CCD calibration procedures were applied using
bias and flat field frames taken during each run.

We extracted instrumental magnitudes using aperture photometry, and per-
formed “ensemble photometry” [198] to correct for airmass effects and varying
transparency. Magnitudes in gs, rs, is, and zs

10 were calibrated using comparison
stars chosen from the Pan-STARRS1 [199] catalog, after fitting for a color term
accounting for differences between our filter sets and the Pan-STARRS1 filters. The
HiPERCAM us observations were flux calibrated using zero-points derived from ob-
servations of two Sloan Digital Sky Survey (SDSS) standard stars [200] taken on
2019 January 11. The resulting HiPERCAM magnitudes for three nearby stars
to PSR J0952−0607 were used to flux calibrate the ULTRACAM us data. Fi-
nally, the airmass- and ensemble-corrected count rates (C) were converted to AB
flux densities according to our measured zero-point counts in each frame (C0) by
SAB = 3631 (C/C0) Jy.

8http://deneb.astro.warwick.ac.uk/phsaap/software/ultracam/html/
9http://deneb.astro.warwick.ac.uk/phsaap/hipercam/docs/html/

10ULTRACAM and HiPERCAM use identical higher-throughput versions of the SDSS filter set,
which we refer to as Super-SDSS filters: us, gs, rs, is, and zs [197].

http://deneb.astro.warwick.ac.uk/phsaap/software/ultracam/html/
http://deneb.astro.warwick.ac.uk/phsaap/hipercam/docs/html/
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3.4.3 Optical Light-Curve Modeling

As in [14], the Icarus software was used to estimate parameters of the binary system.
To do this, we performed a Bayesian parameter estimation using the nested sampling
algorithm MultiNest [201] via the Python package PyMultiNest [202]. Icarus

produces model light curves by computing a grid of surface elements covering the
companion star, and calculating and summing the projected line-of-sight flux from
each element. Here the flux from each surface element was computed by integrating
spectra from the Göttingen Spectral Library models of Husser et al. [203].

In these fits we assumed that the companion star is tidally locked to the pulsar,
and varied the following parameters: the companion star’s “nightside” temperature
(Tn); the “irradiating temperature” (Tirr defined such that the dayside temperature
T 4

d = T 4
irr+T

4
n , under the assumption that the pulsar’s irradiating flux is immediately

thermalized and re-radiated, and therefore simply adds to the companion star’s
intrinsic flux at each point on the surface, as in [176]); the binary inclination angle
(i); the Roche-lobe filling factor (fRL, defined as the ratio between the companion’s
radius towards the pulsar and the inner Lagrange point (L1) radius); the distance
modulus (µ = 5 log10(d) − 5), with distance d in pc; and the mass of the pulsar
(Mpsr). At each point, the companion mass (Mc) and mass ratio (q = Mpsr/Mc)
were derived from the binary mass function according to the timing measurements
of Porb and x presented in Table 4.1. We also marginalize over interstellar extinction
and reddening, parameterized by the E(B−V ) of Green et al. [204], scaled using the
coefficients given therein for Pan-STARRS1 filter bands. We adopted a Gaussian
prior for E(B − V ) (truncated at zero), using the value from Green et al. [204]
for d > 1 kpc in the direction of PSR J0952−0607, E(B − V ) = 0.065 ± 0.02,
found by fitting the line-of-sight dust distribution using the apparent magnitudes
of nearby main-sequence stars in the Pan-STARRS1 catalog. We adopted uniform
priors on the remaining parameters (and uniform in cos i), with Mpsr and fRL limited
to lie within 1.2 < Mpsr < 2.5M�, and 0.1 < fRL < 1. Temperatures Tn and
Td were constrained to lie within the range covered by the atmosphere models,
2300 < T < 12000 K.

At each point in the sampling, Icarus computed model light curves in each
band. To account for remaining systematic uncertainties in the flux calibration,
extinction, and atmosphere models, the model light curve in each band was re-scaled
at each parameter location to maximize the penalized chi-squared log-likelihood.
Overall calibration offsets were allowed for each band, and penalized by a zero-
mean Gaussian prior on the scaling factor in each band with a width of 0.1 mag (a
conservative estimate based on our calibration to the Pan-STARRS1 magnitudes).
We also allowed small offsets between the calibrations for each ULTRACAM run and
the HiPERCAM observations, which we penalized with an additional Gaussian prior
with width 0.05 mag (also a conservative estimate from the differences in magnitudes
of comparison stars in the field of view on each night). In initial fits, our best-fitting
model resulted in a reduced chi-squared greater than unity. We therefore also re-
scaled the uncertainties in each band to maximize the (re-normalized) log-likelihood
at each point in the sampling. We also found that the fit improved substantially
when we fit for a small orbital phase offset. Such orbital phase offsets are often seen
in the optical light curves of black-widow pulsars and have been interpreted as being
due to asymmetric heating from the pulsar, which could be caused by reprocessing
of the pulsar wind by an intra-binary shock [e.g., 205].
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Figure 3.2: Optical light curve of the companion to PSR J0952−0607, phased using
the gamma-ray timing ephemeris. For clarity, the HiPERCAM and ULTRACAM
fluxes have been combined into 180 and 300 s time bins, respectively, via weighted
average. The unbinned data were used for the light-curve model fitting. Dashed
and solid curves show the flux in each band as predicted by the best-fitting Icarus

model before and after allowing for uncertainties in the flux calibrations (see text),
respectively.

The best-fitting light-curve model is shown in Figure 3.2, with posterior distri-
butions for the fit parameters shown in Figure 3.3.

3.4.4 Search for Continuous Gravitational Waves

We carried out a search for near-monochromatic continuous gravitational waves
phase locked at twice the pulsar rotation phase for the source PSR J0952−0607 using
data from the first and second runs (O111 and O212) of the two Advanced LIGO
detectors [206]. The observation period spans 707 days from 2015 September to 2017
August and comprises 183 days (169 days) of data from the Hanford (Livingston)
detector.

We employ the coherent multi-detector detection statistic 2F [207, 208] that we
implemented in the LIGO-Lalsuite library13. 2F is the log-likelihood maximized
over the amplitude parameters h0, cos ι, ψ and Φ0 for a near-monochromatic14 grav-
itational wave signal with given frequency and frequency-derivative values, from a
source in a binary at a given sky position and with given orbital parameters, in
Gaussian noise. h0 is the intrinsic gravitational wave amplitude at the detector, ι
the angle between the total angular momentum of the pulsar and the line of sight
to it from Earth, ψ is the gravitational wave polarization angle and Φ0 the signal
phase at a nominal reference time. In this search we assume the gravitational wave
frequency and frequency derivatives equal to twice the values measured for the pul-
sar rotation frequency and its derivatives. In Gaussian noise the detection statistic
2F follows a χ2-distribution with 4 degrees of freedom and non-centrality parameter

11https://doi.org/10.7935/K57P8W9D
12https://doi.org/10.7935/CA75-FM95
13https://git.ligo.org/lscsoft/lalsuite/
14The signal is not strictly monochromatic because of the measured non-zero spin-frequency

derivative.

https://doi.org/10.7935/K57P8W9D
https://doi.org/10.7935/CA75-FM95
https://git.ligo.org/lscsoft/lalsuite/
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Figure 3.3: Posterior distributions for optical light-curve modeling parameters. The
last three parameters (companion mass Mc, volume-averaged density ρ and heating
efficiency ε) were derived from the values of the other fit parameters and the gamma-
ray timing ephemeris. Dashed vertical lines on histograms indicate the posterior
mean and 95% confidence interval. Where non-uniform priors were assumed, these
are shown by red curves on the one-dimensional histograms. Contour lines indicate
1σ and 2σ confidence regions, with individual samples outside these areas shown as
points weighted by their posterior probability.
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equal to 0: the expected value is µ = 4.0, and the standard deviation is σ = 2
√

2.
If a signal is present, the non-centrality parameter is proportional to the square
of the intrinsic gravitational wave amplitude at the detector, h0, and to the total
observation time.

The search yields the value 2F = 9.9, which is well within the bulk of the
distribution consistent with a null result. Based on the measured value of the de-
tection statistic, we set a frequentist 95% upper limit on the intrinsic gravitational
wave amplitude, h95%

0 , following a now standard procedure first developed by some
of us [209]. h95%

0 is the smallest intrinsic gravitational wave amplitude such that
95% of the population of signals that could be emitted by PSR J0952−060715 would
yield a detection statistic value greater than the measured one, 2F = 9.9. We find
h95%

0 = 6.6 × 10−26. The uncertainty on this upper limit is ∼ ±14%, including
instrument calibration errors [210].

3.5 Discussion

The pulsar’s spin period is defined as P = 1/f and the spin-period derivative is
Ṗ = −ḟ/f 2. The observed spin period for PSR J0952−0607 from gamma-ray and
radio timing is Pobs = 1.414 ms and the observed spin-period derivative is Ṗobs =
4.76× 10−21 s s−1.

The intrinsic spin-period derivative Ṗint can be estimated from the observed value
Ṗobs = Ṗint+ṖGal+ṖShk. ṖGal represents the part of the spin-period derivative caused
by the relative Galactic acceleration [differential Galactic rotation and acceleration
due to the Galactic gravitational potential; e.g., 211, 212], while ṖShk accounts for
the Shklovskii effect due to non-zero proper motion [213]. Both contributions, ṖGal

and ṖShk, depend on the distance d to the pulsar.
The distance to PSR J0952−0607 is uncertain. The measured dispersion mea-

sure (DM) can be used to estimate the distance using Galactic electron-density
models. The NE2001 model predicts 0.97+1.16

−0.53 kpc, while the YMW16 model pre-
dicts 1.74+1.57

−0.82 kpc. The uncertainties represent the 95% confidence regions [189].
The model predictions of the DM as a function of d in the direction of the pulsar’s
sky position are shown in Figure 3.4. The models saturate at DM values that dif-
fer by ∼ 30% indicating the challenge and difficulty modeling the Galactic electron
density. Still the distance predictions are consistent within the large uncertainty.
On the other hand, the distance derived from optical modeling is 5.64+0.98

−0.91 kpc. This
disagrees strongly with both DM distances and suggests that both DM models are
overestimating the electron density in the direction of PSR J0952−0607. The dis-
tance discrepancy is discussed in more detail below.

The estimated Galactic contribution is ṖGal = (1.7, 2.2, 3.6)× 10−22 s s−1 for the
distance estimates d = (0.97, 1.74, 5.64) kpc. For the Shklovskii effect we then find
the 95% confidence region to ṖShk ∈ ([0, 2.1], [0, 3.8]) × 10−21 s s−1 from the proper
motion 95% confidence region (see Section 3.3.2) and for the (NE2001, YMW16)
distances. The resulting 95% confidence region on ṖShk for the optical distance
exceeds past Ṗobs. Thus we only constrain the intrinsic spin-frequency derivative (at
95% confidence) to Ṗint ∈ [2.44, 4.59]× 10−21 s s−1 for the NE2001 model and Ṗint ∈
[0.69, 4.54]× 10−21 s s−1 for the YMW16 model. In the following, we conservatively

15The possible signals span uniformly distributed values of −1 ≤ cos ι ≤ 1 and of 0 ≤ ψ ≤ 2π.
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Figure 3.4: Dispersion measure versus distance from the NE2001 and YMW16 mod-
els at the sky position of PSR J0952−0607. For the measured DM = 22.4 pc cm−3

(black, horizontal line) the NE2001 model (dotted, blue line) and the YMW16 model
(dashed, orange line) predict distances of 0.97 kpc and 1.74 kpc, respectively. The
95% confidence regions around those values are calculated as 120% (NE2001) and
90% (YMW16) “relative” errors on the predicted values [189]. To illustrate the dis-
crepancy with these distance predictions, the 95% confidence region from the optical
modeling is shown. The vertical, dashed-dotted line indicates the distance favored
by the optical modeling.

assume zero proper motion (i.e. ṖShk = 0) and used the fastest possible spin-down
rate, Ṗint = 4.6× 10−21 s s−1.

In Figure 4.3, PSR J0952−0607 is shown in a P -Ṗ diagram with the known pulsar
population outside of globular clusters. The spin parameters of the more than 2000
radio pulsars are taken from the ATNF Pulsar Catalogue2 [110].

Furthermore we estimated the characteristic age τc, the spin-down power Ė, the
surface magnetic field strength Bsurf and the magnetic field strength at the light
cylinder BLC (see Table 4.1). To calculate these values we assumed the pulsar to
be a magnetic dipole with a canonical radius rpsr = 10 km and moment of inertia
Ipsr = 1045 g cm2 [e.g., 28]. The same assumptions were used to plot the contour
lines in Figure 4.3.

Despite spinning so rapidly, the gamma-ray energy flux of PSR J0952−0607 is on
the fainter end of the gamma-ray MSP population. There are several reasons why
gamma-ray pulsars might appear faint, including large distance, high background,
or low luminosity [182]. PSR J0952−0607 is not in a high-background region. The
large distance derived from the optical modeling could be a possible explanation
but disagrees with the distance estimates derived from the dispersion measure, d =
(0.97, 1.74) kpc (NE2001, YMW16). The inferred gamma-ray luminosity is Lγ =
4πd2FγfΩ ≈ 3.1 × 1032 × (d/1 kpc)2 erg s−1. The measured LAT energy flux Fγ is
given in Table 3.1 and we assumed no beaming (i.e., fΩ = 1). The gamma-ray
efficiency is ηγ = Lγ/Ė ≈ 0.5% × (d/1 kpc)2. At the optical distance, ηγ ≈ 16% is
typical of gamma-ray MSPs [28], while at the DM-derived distance, ηγ ∼ 1% would
be unusually low.
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Figure 3.5: Spin period P and spin-period derivative Ṗ of the known pulsar popu-
lation outside of globular clusters. The inset shows a zoomed-in view of the known
MSP population. Isolated radio pulsars (light-gray pluses), binary radio pulsars
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gamma-ray pulsar PSR J0952−0607, is marked by an orange star. The lines denote
constant characteristic age τc (dotted), spin-down power Ė (dashed) and surface
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Due to the non-detection of PSR J0952−0607 in X-rays
[FX < 1.1 × 10−13 erg s−1 cm−2, 14] we can only give a lower limit for the gamma-
ray-to-X-ray flux ratio Fγ/FX > 20. This limit is at the lower end of the observed
distribution but still consistent with the literature [28, 90, 214, 215].

The peak of the observed optical light curve is fairly broad in orbital phase. This
requires either low inclination such that part of the heated face of the companion is
visible over a large range of orbital phases, or for the companion to be close to filling
its Roche lobe, such that the tidal deformation results in an “ellipsoidal” component
peaking at φorb = 0.5 and φorb = 1.0 (with φorb = 0 corresponding to the pulsar’s
ascending node) where the visible surface area of the companion is largest. Our best-
fitting Icarus model favors the latter explanation, with fRL ≈ 88% and i ≈ 61◦.
However, high filling factors imply a larger and hence more luminous companion,
and therefore require greater distance, with our model having d ∼ 4.7–6.6 kpc.

We tried to re-fit the optical light curve with the distance fixed at the YMW16
distance of d = 1.74 kpc, but the resulting model has a significantly worse fit, and
the low filling factor required results in an extremely high volume-averaged density
for the companion (ρ) in excess of 100 g cm−3. For comparison, the densest known
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black-widow companions have densities of around 50 g cm−3 [e.g., PSR J0636+5128,
216], with the record being that of the black-widow candidate 3FGL J1653.6−0158
in a 75-min orbit [111] where ρ & 70 g cm−3. These objects have been proposed to
be the descendants of ultra-compact X-ray binaries, but this origin is unlikely for
PSR J0952−0607 given its much longer orbital period [217]. If the DM distances
are assumed, the required density suggests that the companion star consists mostly
of degenerate matter. A low filling factor may also explain the absence of radio
eclipses seen from PSR J0952−0607. Alternatively, the low-density, large-distance
solution has ρ ∼ 2.75 g cm−3, close to the density of brown dwarfs of similar mass
and temperature given by the model considered in Kaplan et al. [216].

We note that similar discrepancies in model distances were seen by Sanchez and
Romani [205] when using a direct-heating model. Romani and Sanchez [218] and
Sanchez and Romani [205] considered models that additionally include a contribu-
tion from reprocessing of the pulsar wind by an intra-binary shock, which can wrap
around the companion star. This can produce broader light curves for lower filling
factors as some heating flux is re-directed further around the sides of the compan-
ion star, and can also explain the small phase offset required for our direct-heating
model by asymmetry in the shock front. Such a model may improve the fit for lower
distances and filling factors, although an extremely high companion density would
still be required to match the YMW16 distance. A likely explanation therefore could
be that some heating flux is reprocessed by a shock, and the system has a moderate
distance and filling factor, somewhat larger than required by the YMW16 value,
but below those predicted by our direct-heating model. While more complex irra-
diation models [e.g., 218] may be required to address this issue, a full investigation
of alternative models is beyond the scope of this study.

In both the small and large distance cases, we find that the nightside temperature
of the companion is Tn ≈ 3000 ± 250 K at 95% confidence. We also find a well-
constrained irradiating temperature of Tirr = 6100± 350 K, higher than that found
from the single-band fit performed in Bassa et al. [14]. This heating parameter can
be compared to the total energy budget of the pulsar by calculating the “efficiency”,
ε, of conversion between spin-down power (Ė) and heating flux [176]

ε =
4πA2σT 4

irr

Ė
, (3.8)

with ε ∼ 20% being typical for black-widow systems. The efficiency is also shown in
Figure 3.3, calculated from Tirr and from the orbital separation (A = x (1+ q)/ sin i)
at each point. We find that heating represents a larger fraction of the pulsar’s total
energy budget (ε ∼ 22% to 48% with 95% confidence) than the observed gamma-ray
emission ηγ ≈ 0.5% × (d/1kpc)2. This estimate assumes that the pulsar’s heating
flux is emitted isotropically. As pointed out by Draghis and Romani [219], some
models of pulsar gamma-ray emission predict stronger beaming towards the pulsar’s
rotational equator, and an MSP’s rotation should be aligned with the orbital plane as
a result of the spin-up process. The actual gamma-ray luminosity directed towards
the companion may therefore be higher than we observe. Our optical fits suggest
a relatively face-on inclination (further evidenced by the lack of eclipses observed
in radio observations, which often occur far outside the companion’s Roche lobe),
and so the comparative faintness of the pulsar’s observed gamma-ray emission could
be explained by the large viewing angle, and the fact that flux is preferentially
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emitted in the equatorial plane. A full modeling of the pulsar’s phase-aligned radio
and gamma-ray pulse profiles would provide an additional test of this scenario by
estimating the viewing and magnetic inclination angles, and the relative beaming
factors along our line of sight and in the equatorial plane. So far this is inhibited
by the low significance of the gamma-ray light curve but with the continuing LAT
mission this might be possible with more gamma-ray data in the future.

Alternatively, the difference between the heating flux and gamma-ray emission
may suggest that another mechanism, e.g., the pulsar wind or intra-binary shock
heating [218, 220], is responsible for heating the companion. Indeed, there is evi-
dence for this being the case for the transitional PSR J1023−0038 where the opti-
cal heating is apparently unchanged between the MSP and low-mass-X-ray-binary
(LMXB) states [221] despite a 5× increase in the gamma-ray flux [22].

As the optical counterpart to PSR J0952−0607 is faint (peaking at r′ ≈ 22), it
will be difficult to improve upon this picture of the system. While it may be possible
to improve upon the dayside temperature measurement with optical spectroscopy
in the future, the companion is effectively undetectable at minimum (r′ > 25.0),
precluding optical spectroscopic measurements of the companion’s nightside tem-
perature. We are also unable to constrain the mass of PSR J0952−0607 using the
optical data. Constraining the pulsar mass would require a precise measurement of
the binary mass ratio, which can be obtained for black-widow systems by compar-
ing the radial velocities of the pulsar and companion. Unfortunately, the optical
counterpart of PSR J0952−0607 is too faint (r′ ∼ 23 at quadrature when the radial
velocity is highest) for spectroscopic radial velocity measurements to be feasible even
with 10 m class telescopes.

The gamma-ray source shows no significant variability as all flux measurements
are consistent with the mean flux level. The calculated variability index also indi-
cates a non-varying source. Here it is important to note that due to the low flux
of the source the time bins had to be 750 days long to keep statistical precision.
Therefore the variability index was calculated from only five independent time bins.
Variations on shorter timescales can also not be found this way.

The gamma-ray pulse profile of PSR J0952−0607 shows two peaks that are sep-
arated by µ2 − µ1 ≈ 0.2 rotations. This is typical for gamma-ray MSPs. More than
half of them are double peaked with a peak separation of 0.2 – 0.5 rotations [28].
The radio pulse profile also shows two peaks with similar separation, with the radio
pulse slightly leading the gamma-ray pulse (see Figure 3.6). The phase lag between
the gamma-ray and radio pulse profile seems to be ∼ 0.15 [the majority of two-
peaked MSPs show phase lags of 0.1 – 0.3; 28]. Due to a covariance between f and
dispersion measure (see Section 3.4.1) we were not able to measure significant vari-
ations in the dispersion measure. A change in dispersion measure of 10−3 pc cm−3

over the course of the Fermi mission would lead to an error in the phase offset of
13%.

Gamma-ray pulsars are a good way to identify the maximum spin frequency
of neutron stars. Among the ten fastest Galactic field pulsars only one pulsar
has not been detected in gamma rays. Until the discovery of the 707 Hz pulsar
PSR J0952−0607, the first MSP, PSR B1937+21, and the first black-widow pulsar,
PSR B1957+20, were the fastest-spinning gamma-ray pulsars known [108]. Still, the
mass-shedding spin limit for neutron stars is typically placed much higher at around
1200 Hz [222, 223]. One mechanism that could prevent neutron stars from spinning
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Figure 3.6: Aligned integrated gamma-ray and radio pulse profiles of
PSR J0952−0607 over two identical rotations. The black curve shows the weighted
LAT photon counts after MJD 55,750 in a histogram with 30 bins per rotation. The
green error bars show the phase uncertainty of the gamma-ray pulse profile. The
estimated background level is indicated by the dashed blue line. The radio profile
as seen by the LOFAR telescope in a 78 MHz band centered at 149 MHz is drawn
in red. The error bars drawn in dark red indicate the possible phase shift of the
radio pulse profile due to a dispersion measure variation of 10−3 pc cm−3 over the
time span of the Fermi mission.

up to higher frequencies is the emission of gravitational waves [for a recent work on
this subject see, e.g., 224]. Another option could be that the spin-up torque might
be smaller for faster pulsars with lower magnetic field strengths [225, 226].

The estimated intrinsic spin-period derivative implies a very low surface mag-
netic field of 8.2 × 107 G for PSR J0952−0607. Assuming non-zero proper motion
would result in an even lower surface magnetic field estimate. Just nine pulsars,
including the gamma-ray pulsar with the lowest surface magnetic field in the ATNF
Pulsar Catalogue2 [110], PSR J1544+4937 [60], show lower inferred surface magnetic
fields (Figure 3.7). The surface B-field of the other recent LOFAR-detected pulsar,
PSR J1552+5437, is only slightly stronger [63]. This might be a hint that pulsars
with low B-fields also have steeper radio spectra.

The pulsar distribution in Figure 3.7 indicates a lower limit on the magnetic
field strength independent of the spin frequency. The equilibrium spin period as
predicted by [16] is Peq ∝ B

6/7
surfR

18/7
psr M

−5/7
psr Ṁ

−3/7
accr with pulsar radius Rpsr, mass

Mpsr, and accretion rate Ṁaccr, which indicates that the lowest spin periods can be
reached for low magnetic field strengths and high accretion rates. Nevertheless high
accretion rates lead to a rapid decrease of the magnetic field strength and for low

Definition: Large Area Telescope
Definition: Low-Frequency Array
Definition: Low-Frequency Array


Gamma-ray Follow-up Detection of PSR J0952–0607 99

100 200 300 400 500 600 700

Frequency f [Hz]

0

1

2

3

4

5

6

7

8

9

S
u

rf
ac

e
m

ag
n

et
ic

fie
ld
B

su
rf

[1
08

G
]

7.26× 10−11 M�/yr

10−9 M�/yr

1.58× 10−8 M�/yr

Pulsars

Pulsars in binaries

LAT pulsars

LAT pulsars in binaries

PSR J0952−0607

0 10 20

# of pulsars / bin
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magnetic field strengths the angular momentum transfer is slower [226]. In order
to spin up to millisecond periods a limiting magnetic field strength and accretion
rate can be set as a result of the amount of time a neutron star can spend accreting
matter being limited by the age of the universe [227]. For a neutron star with a mass
of 1.4 M�, a radius of 10 km and a minimum accretion rate of 7.26× 10−11 M� yr−1

we get a minimum magnetic field strength of Bsurf & 3.3×107 G, which is consistent
with the observed pulsar population.

No continuous gravitational waves are detected from PSR J0952−0607, which is
to date the fastest-spinning pulsar targeted for gravitational wave emission. The 95%
upper limit on the intrinsic gravitational wave amplitude is set to h95%

0 = 6.6×10−26.
The corresponding upper limit on the ellipticity is
ε95% = 3.1× 10−8 × (d/1 kpc)× (1045 g cm2/I), where I is the principal moment
of inertia of the pulsar. The intrinsic gravitational wave amplitude at the detector
needed to account for all of the spin-down energy lost due to gravitational wave
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emission is hsd
0 = 1.5 × 10−27 × (1 kpc/d) × (I/1045 g cm2)1/2, corresponding to an

ellipticity of εsd = 7.0× 10−10 × (1 kpc/d).
As for many other high-frequency pulsars, the indirect spin-down upper limit on

h0 is smaller and more constraining than our measured gravitational wave upper
limit, in this case by a factor of ≈ 45 at 1 kpc. For a more likely larger distance the
factor would be even greater, so it is not surprising that a signal was not detected
[228]. The quoted spin-down upper limit could be inaccurate if the measured spin
down were affected by radial motions, if the distance were smaller than estimated
or if the moment of inertia of the pulsar were different than the fiducial value of
1045 g cm2. In the case of PSR J0952−0607 it is unlikely that all these effects could
bridge a gap of nearly two orders of magnitude, but in line with the “eyes-wide-
open” spirit of previous searches for gravitational waves from known pulsars (see
[147, 228, 229] and references therein) we all the same perform the search.

3.6 Conclusions

Using a sensitive, fully coherent pulsation search technique, we detected gamma-ray
pulsations from the radio pulsar PSR J0952−0607 in a search around the parameters
reported by [14]. New timing methods were developed to cope with the low signal
strength, allowing us to measure the spin rate, sky position, and orbital period
with high precision, and in agreement with the updated radio-timing ephemeris.
Furthermore thanks to the longer gamma-ray time span we reliably constrained the
intrinsic spin-period derivative Ṗint . 4.6× 10−21 s s−1. This measurement provides
estimates of physical parameters such as the spin-down luminosity (Ė . 6.4 ×
1034 erg s−1), and a surface magnetic field (Bsurf . 8.2 × 107 G) among the lowest
of any detected gamma-ray pulsar. Although the resulting timing solution spans 7
years to the present data, we were unable to extend this to cover data earlier than
MJD 55,750. We investigated several possible reasons. Flux variations could lead
to the loss of pulsations. A time-varying orbital period as seen in several spider
pulsars would cause a loss of phase coherence. With our current data we are not
able to ascertain the true reason. In the absence of orbital-period variations or state
changes, improved timing precision from additional data should help determine the
cause.

We also obtained new multi-band photometry of the pulsar’s optical counter-
part, and modeled the resulting light curve. To explain the observed optical flux,
our models require either a much larger distance (∼ 5 kpc) than the DM-distance
estimates of 0.97 kpc (NE2001) to 1.74 kpc (YMW16), or a small and extremely
dense companion ρ � 100 g cm−3. More complex optical models including intra-
binary shocks might help to solve this discrepancy, but a full investigation of other
models is beyond the scope of this work. We found that the pulsar flux heating
the companion star accounts for a much larger fraction of the pulsar’s spin-down
power (∼ 50%) than is converted to observed gamma-ray emission (0.5% at 1 kpc),
although this difference is reduced if our larger distance estimate is adopted.

Despite the extensive analysis of PSR J0952−0607 and its companion, the study
of this pulsar has not ended as some questions remain unanswered. The LAT and
LOFAR continue to take gamma-ray and radio data on this source, and we plan to
obtain more optical data.

LAT gamma-ray data has helped to find many new MSPs by providing promising
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candidates [56]. Sophisticated methods to identify more pulsar candidates within
LAT sources have been developed [e.g., 66, 67]. For instance, [230] identified 11
promising MSP candidates by checking for steep-spectrum radio sources coincident
with LAT sources. With the approach successfully used in this paper, new binary
MSP candidates can be searched for pulsations and upon detection the pulsar can
be precisely timed within months after its discovery. Identifying more of the rapidly
rotating spider pulsars will be helpful to study further the observed neutron star pa-
rameter limits like the maximum spin frequency and the minimum surface magnetic
field strength.
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3.7 Appendix to Chapter 3

3.7.1 Estimating the false-alarm probability for a multi-
dimensional H statistic search

It is important to estimate the false-alarm probability PFA to know if the gamma-
ray detection is real. As described in Section 3.2.3, there is no known analytical
expression for the false-alarm probability of the maximum value from an H statistic
search over a dense, multi-dimensional parameter grid. Deriving the probability
distribution for the maximum value of a multi-dimensional “random field” is difficult
and approximate solutions are only known for simple cases such as Gaussian or chi-
squared random fields [231]. While the power in a single harmonic does follow a
chi-squared random field in the presence of random noise, the known solutions cannot
be applied in this case due to the maximization over summed harmonics and penalty
factors defining the H statistic, and the fact that the metric density varies between
different summed harmonics. Even for chi-squared random fields, there is no simple
“trials factor” that can be applied to the single-trial false-alarm probability (which
for the H statistic was derived by [114]): the false-alarm probability depends on
the volume, shape, and dimensionality of the search space [231]. A full discussion
of this is beyond the scope of this work. Below, we show empirically that a simple
trials factor approach over-estimates the detection significance, and describe the
“bootstrapping” method that we used to overcome this.

The false-alarm probability for a single H statistic trial is

PFA(Hm | a) = e−aHm , (3.9)

with scaling factor a = 0.3984 [114, 232]. This formula can be used to estimate the
significance of the maximum H statistic value after n independent trials

PFA(Hm | a, n) = 1−
[
1− e−aHm

]n
. (3.10)

We assume at first that our search contained a number of “effective” independent
trials (Neff) that is some unknown fraction of the number of actual trials (i.e. the
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number of grid points at which we evaluated the H statistic). We then estimated
Neff from the results of our search as follows. We divided our parameter space into
nseg = 2 × 17 × 13 = 442 segments in f , ḟ , and Porb respectively. The number of
segments in f and ḟ is determined by the parameter space volumes, which were
searched in parallel, as only the highest H statistic values from each were stored.
To ensure that all segments were independent from the pulsar signal, we removed
all grid points within those segments which were close (according to the parameter
space metric; see Section 3.2.2) to the pulsar parameters.

The highest H statistic of each of the segments is plotted in the normalized
histogram in Figure 3.8. We fit for the effective number of trials [as done by, e.g.,
233] by maximizing the likelihood,

L(n, a|Hm,i) =
∏
i

p(Hm,i|a, n) (3.11)

for our set of H statistic values, according to the probability density function for
Hm after n trials (the derivative of Equation (3.10)),

p(Hm|a, n) = a n
[
1− e−aHm

]n−1
exp(−aHm) . (3.12)

However, as shown in Figure 3.8, the tail of the best fitting distribution is signifi-
cantly under-estimated, leading to over-estimated significances for large H statistic
values. This demonstrates that there is no simple effective trials factor that can be
applied to estimate the overall significance.

To overcome this, we performed a second fit, maximizing over the likelihood for
both n and a. The resulting best-fitting distribution is also shown in Figure 3.8. We
found the best-fitting scaling factor to be â ≈ 0.284, meaning the probability density
function is flatter and gives a more conservative estimate for the significance. We
note that this should not apply in general, and will depend, amongst other factors,
on the dimensionality of the search space and the number of harmonics summed.

Finally, we use â and multiply the best-fitting n (the best-fitting per-segment
trials factor) by nseg, and apply Equation (3.10) to obtain an approximation to
the false-alarm probability for the maximum H statistic value. For the candidate
pulsar signal, this was PFA = 0.33%. For comparison the candidate with the largest
H statistic from a segment of the search not affected by the pulsar signal had
PFA = 56%.
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Figure 3.8: Normalized histogram showing the highest H statistics for 442 subsets
of our search space after excluding results affected by the pulsar signal. The dotted
green and dashed blue curves show normalized probability density functions for the
maximum H statistic obtained after n effective trials. The curves gave maximum
likelihood after varying over n with fixed single-trial scaling factor a = 0.3984 (dotted
green) and after varying a and n jointly (dashed blue). The maximum H statistic
for the pulsar Hm = 86.7 is marked by the vertical orange line. The red line
(dashed-dotted) shows the false-alarm probability depending on Hm computed with
Equation (3.10) with a and n from the joint variation.
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Discovery of a Gamma-ray Black Widow Pulsar

by GPU-accelerated Einstein@Home

Accepted as Nieder, L., Clark, C. J., Kandel, D., et al. 2020, ApJL.
arXiv: 2009.01513

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 multi-
dimensional 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 Bsurf ≈ 4 ×
107 G. The resulting mass function, combined with models of the companion star’s
optical light curve and spectra, suggest a pulsar mass & 2M�. The companion is
light-weight with mass ∼ 0.01M�, 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.
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4.1 Introduction

The FermiLAT source 4FGL J1653.6−0158 is a bright gamma-ray source, and the
brightest remaining unassociated source [67]. It was first seen by the Energetic
Gamma Ray Experiment Telescope [EGRET, 234], and was also listed in the LAT
Bright Gamma-ray source list [34] more than a decade ago. While pulsars were dis-
covered in several other sources from this list [see, e.g., 61], the origin of
4FGL J1653.6−0158 remained unidentified. The detection of a variable X-ray and
optical candidate counterpart with 75 min-period consistent with the gamma-ray po-
sition of 4FGL J1653.6−0158 provided strong evidence of it being a binary gamma-
ray pulsar [111, 112].

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 (Chapter 2). 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 Porb and other orbital parameters to be tightly con-
strained (for a feasible search the uncertainty ∆Porb 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 min or-
bital period. This very short orbital period raises interesting questions about the
evolutionary path which created the system.

The paper is organized as follows. In Section 7.3, 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 4.3. We discuss the results and conclude in
Section 4.4.

4.2 Gamma-ray pulsations

4.2.1 Data preparation

We searched for gamma-ray pulsations in the arrival times of photons observed by
the Fermi LAT [32] between August 3, 2008 and April 16, 2018 (MJDs 54,681 and
58,224). We included SOURCE-class photons according to the P8R2 SOURCE V6 [173]
instrument response functions (IRFs)1, with reconstructed incidence angles within
a 5◦ region-of-interest (RoI) around the putative pulsar position, energies above
100 MeV and zenith angles below 90◦. Here, we used the presumptive companion’s

1See https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_essentials.html

Definition: Large Area Telescope
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position as reported in the Gaia DR2 Catalog [122]; hereafter Gaia catalog. The ce-
lestial parameters (J2000.0) are α = 16h53m38.s05381(5) and δ = −01◦58′36.′′8930(5),
with 1σ uncertainties on the last digits reported in parentheses.

Using the photon incidence angles and energies, we constructed a probability or
weight for each photon, wj ∈ [0, 1], where j labels the photon: wj 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 pre-
liminary Fermi -LAT 8-year source catalog2 as a model for the flux within the RoI
without performing a full spectral fit. Weighting the contribution of each photon
to a detection statistic in this way greatly increases the search sensitivity [114], and
the distribution of weights can be used to predict expected signal-to-noise ratios
(Chapter 2).

The data set used here consisted of N = 354,009 photons, collected over a
period of 3,542 days. The properties of the detection statistics (semicoherent power
S1, coherent power P1, and H statistic) depend upon the lowest moments of the
weights, which are

N∑
j=1

wj ≈ 10266 ,
N∑
j=1

w2
j ≈ 2464 , and

N∑
j=1

w4
j ≈ 931 .

These moments determine the ultimate sensitivity to a particular pulse profile and
pulsed fraction, as given in Eq. (11) in Chapter 2.

Following the pulsar discovery, we extended this dataset to February 23, 2020
(MJD 58,902), using the latest P8R3 SOURCE V2 IRFs [235], a larger maximum zenith
angle of 105◦, and using the Fermi -LAT Fourth Source Catalog [hereafter 4FGL,
38] as the RoI model for the photon probability weight computations.

4.2.2 Search

The binary-pulsar search methods are described in Chapter 2, which are a general-
ization and extension of the isolated-pulsar search methods from Pletsch and Clark
[80].

The searched ranges are guided by the known MSP population in the ATNF
Pulsar Catalogue3 [110]. For the spin frequency, we searched f ∈ [0, 1500] Hz4. The
spin-frequency derivative was expected to be in the range ḟ ∈ [−10−13, 0] Hz s−1.

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.

4.2.2.1 Orbital Constraints from Optical Observations

The orbital period estimate of [111] was derived from Southern Astrophysical Re-
search (SOAR), WIYN and Catalina Sky Survey (CSS) observations. These were
augmented by new 350s SOAR Goodman High Throughput Spectrograph (GHTS)

2https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
3http://www.atnf.csiro.au/research/pulsar/psrcat
4The 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, 80]. Note that
the current record spin frequency is 716 Hz [13].

Definition: millisecond pulsar
Definition: Australia Telescope National Facility
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g′, r′, i′ exposures (63 g′, 75 r′, 42 i′) from MJD 56,514.074 – 56,516.184, and with
the 300 s g′, r′ and i′ exposures obtained by Kong et al. [112] using the Wide Field
camera (WFC) on the 2.5m 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 multi-band imager ULTRACAM [195] 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 arcsec, particularly at the beginning
of the observation. We therefore only used the second night’s data for the optical
light curve modeling in Section 4.3.1, adding the latter half of the first night’s ob-
servations for orbital period estimation. Finally, we obtained further INT+WFC
exposures (23 g′, 151 r′, 45 i′) on MJD 57,988 – 57,991. The g′, r′, i′ filter fluxes
were referenced to in-field PanSTARRS catalog sources, and then converted to the
SDSS scale. The u′ photometry was calibrated against an SDSS standard star ob-
served on MJD 57,170. We estimate ∼ 0.05 mag systematic uncertainties in g′, r′

and i′, with uncertainties as large as ∼ 0.1 mag in u′.

We constrained the orbital period using the multi-band Lomb Scargle peri-
odogram method [236, excluding the u′ ULTRACAM data, as the modulation has
very low signal-to-noise ratio in this band]. To infer reasonable statistical uncertain-
ties, we fit for and removed constant magnitude offsets, consistent with our estimated
calibration uncertainties, between each night’s observations in each band, and ad-
ditionally rescaled the magnitude uncertainties to obtain a reduced chi-square of
unity. This constrained the orbital period to Porb = 0.0519447518± 6.0× 10−9 days,
where the quoted uncertainty is the 1σ statistical uncertainty. For the pulsation
search, we chose to search the 3σ range around this value.

In Romani, Filippenko, and Cenko [111], the time of the pulsar’s ascending node,
Tasc, was estimated from the photometric light curve. However, the optical maximum
is distinctly asymmetric (see Section 4.3.1), which can bias orbital phase estimates.
We therefore used the spectroscopic radial velocity measurements from Romani,
Filippenko, and Cenko [111], folded at the orbital period obtained above, and fit
the phase of a sinusoidal radial velocity curve, finding tasc = MJD 56513.47981 ±
2.1× 10−4. However, as radial velocities may still be slightly biased by asymmetric
heating, we elected to search a wide range around this value, corresponding to ±8σ.

For the projected semimajor-axis parameter x = a1 sin i/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 1.6M�, this would cover the companion mass range
up to 0.2M� and would include companion masses of all known “black-widow”
systems as well as some of the lower mass “redback” systems [53, 54]. Here, a1

is the pulsar’s semimajor axis, i denotes the inclination angle, and c the speed of
light. As described in Chapter 2, we expected x ∈ [0, 0.2] s based on the companion’s
velocity amplitude reported by Romani, Filippenko, and Cenko [111] and the masses
expected for “spider” companions, i.e. black-widow or redback companions.
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4.2.2.2 Search grids

To cover the relevant orbital-parameter space in {x, Porb, tasc}, we use optimized
grids [127]. These grids use as few points as possible still ensuring that a signal
within the relevant space should be detected. Furthermore, 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 (Chapter 2). In our case, the three-
dimensional grid was designed to have a worst-case mismatch m̄ = 0.2, i.e. not
more than 20% of the (semicoherent 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 m̄ = 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 [84].

4.2.2.3 Einstein@Home

Searching the 5-dimensional parameter space {f, ḟ , x, Porb, tasc} is a huge computa-
tional task with over 1017 trials. Thus, the first (computing-intensive) search stages
were performed on Einstein@Home, a distributed volunteer computing system [85].
As done for radio pulsar searches previously, the search code utilizes the approxi-
mately 10,000 GPUs active on Einstein@Home for a computing speed-up 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 partic-
ipating 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@Homeit took less than two
weeks.

4.2.2.4 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 def-
initions, see Chapter 2). In the last semicoherent stage, a candidate found at a
frequency of 1016 Hz had signal-to-noise ratio S1 = 8.6, which we now associate
with PSR J1653−0158. This was not the strongest candidate or far above the back-
ground of noise, but was among the ten most significant candidates in its work unit,
and therefore passed on to the coherent stage. In the coherent stage, it was very
significant, with signal-to-noise ratio P1/2 = 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 fre-
quency. This may be because the signal has significant power in the second harmonic.
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Note that the signal was found outside the 3σ range in tasc from the constraints
reported in this work, and outside the 3σ range given by [111]. This can be caused
by asymmetric heating (see Section 4.2.2.1).

4.2.3 Timing

The parameters used in the phase model to describe the pulsar’s rotation are mea-
sured in a timing analysis. We use the timing methods as explained in [79], which
are an extension of the methods by [97]. 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 Chapter 3. In the case of PSR J1653−0158, we used a template
consisting of two symmetrical, wrapped Gaussian peaks. We used constraints on
the peaks’ full-width at half maximum, such that the peaks must be broader than
5% of a rotation, and narrower than half a rotation.

Our timing solution over 11 years of LAT data is shown in Table 4.1. The folded
gamma-ray data and the pulse profile are portrayed in Fig. 4.1.

The observed spin-down Ṗ is one of the lowest of all known pulsars. To esti-
mate the intrinsic Ṗ we account for the Shklovskii effect [213], and the Galactic
acceleration [see, e.g., 211]. The results are summarized in Table 4.1. The observed
contribution due to the difference in Galactic acceleration of the Sun and the pulsar
is computed with RSun = 8.21 kpc, zSun = 14 pc, and the Galactic potential model
PJM17 best.Tpot [237], as implemented in their code5. For PSR J1653−0158, we
used RJ1653 = 7.48 kpc, and zJ1653 = 367 pc, assuming d = 840 pc (see Table 4.2).
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 seem-
ingly large effect on the actual small value of ṖGal, and can even change the sign.
However, the overall kinematic contribution to the observed Ṗ is dominated by the
Shklovskii term, and its uncertainty by the uncertainty in the distance estimate.
The estimated intrinsic spin-down is Ṗint = 8.5× 10−22 s s−1 for distance d = 840 pc.

4.3 Multiwavelength & Multimessenger

4.3.1 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 δm ≈ 0.05 shifts in zero points, consistent
with the systematic estimates above. Correcting to match the individual filters,
we then re-binned the light curve, placing the photometry on a regular grid with
points spaced by δφ = 0.004, using the Python package Lightkurve; after excision
of a few obviously discrepant points, we retain 248 u′, 239 g′, 220 r′ and 245 i′

points for light curve fitting (Fig. 4.2). This fitting is done with a version of the
Icarus code of Breton et al. [238] modified to include the effect of hot spots on the
companion surface, likely generated by precipitation of particles from the intrabinary

5https://github.com/PaulMcMillan-Astro/GalPot
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https://github.com/PaulMcMillan-Astro/GalPot


Discovery of PSR J1653–0158 through Gamma Rays 111

Table 4.1: Timing solution for PSR J1653−0158.

Parameter Value

Range of observational data (MJD) 54682 – 58902

Reference epoch (MJD) 56100.0

Celestial parameters from Gaia catalog

R.A., α (J2000.0) 16h53m38.s05381(5)

Decl., δ (J2000.0) −01◦58′36.′′8930(5)

Positional epoch (MJD) 57205.875

Proper motion in R.A., µα cos δ (mas yr−1) −19.62± 1.86

Proper motion in Dec., µδ (mas yr−1) −3.74± 1.12

Parallaxa, $ (mas) 1.88± 1.01

Timing parameters

Spin frequency, f (Hz) 508.21219457426(6)

Spin-frequency derivative, ḟ (Hz s−1) −6.204(8)× 10−16

Spin period, P (ms) 1.9676820247057(2)

Spin-period derivative, Ṗ (s s−1) 2.402(3)× 10−21

Proj. semimajor axis, x (s) 0.01071(1)

Orbital period, Porb (days) 0.0519447575(4)

Epoch of ascending node, tasc (MJD) 56513.479171(8)

Derived parameters for distance d = 840 pc

Shklovskii spin down, ṖShk (s s−1) 1.6× 10−21

Galactic acceleration spin down, ṖGal (s s−1) −4.8× 10−23

Spin-down power, Ė (erg s−1) 4.4× 1033

Surface B-field, Bsurf (G) 4.1× 107

Light-cylinder B-field, BLC (G) 5.0× 104

Characteristic age, τc (Gyr) 37

Gamma-ray luminosityb, Lγ (erg s−1) 2.9× 1033

Gamma-ray efficiency, nγ = Lγ/Ė 0.66

Notes. — The JPL DE405 solar system ephemeris has been used, and times refer to TDB.
a Corresponds to a model independent distance d = 533+625

−187 pc, but for the derived parameters

the consistent distance d = 840+40
−40 pc derived from optical modeling is used (see Table 4.2).

b Taken from 4FGL Source Catalog [38].

shock (IBS) to companion magnetic poles [205]. All parameter values and errors are
determined by 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±7.5 km s−1, implying a mass function f(M) = 1.60±0.05M�,
measured by Romani, Filippenko, and Cenko [111], 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 non-thermal 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 non-thermal veiling flux. Although this is likely associated with the IBS,

Definition: intrabinary shock
Definition: intrabinary shock
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Figure 4.1: 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 MJDs 56,600 and 57,000 when the LAT pointed
more often towards the Galactic center.

we model it here as a simple power law with form fν = fA(ν/1014 Hz)−p. This flux
is nearly constant through the orbit, although there are hints of phase structure,
e.g. in r′ and i′ at φB = 0.72 (see Fig. 4.2). Any model without such a power law
component is completely unacceptable. These fits prefer an AV slightly higher than,
but consistent with the maximum in this direction [obtained by ∼ 300 pc; 239]6.

In Fig. 4.2, one notices that the orbital maximum is slightly delayed from φB =
0.75, especially in the bluer colors. Such asymmetric heating is most easily modeled
adding a polar hot spot with location (θc, φc) and local temperature increase Ac in a
Gaussian pattern of width σc; when we include such a component, the fit improves

6https://doi.org/10.7910/DVN/2EJ9TX

Definition: Large Area Telescope
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Figure 4.2: u′, g′, r′, 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.

greatly, with ∆χ2/DoF = −0.34. The Akaike Information Criterion comparison of
the two models indicates that the model with a hot spot is preferred at the 10−18

level, despite the extra degrees of freedom. We give the fit parameters for both
models in Table 4.2. Note that with the fine structure near maximum, the model
is not yet fully acceptable (χ2/DoF ∼ 1.4). More detailed models, including direct
emission from the IBS or possibly the effects of companion global winds [240], 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 fγ = 3.5 × 10−11 erg cm−2 s−1 between 100 MeV and 100 GeV,
our fit distance gives an isotropic gamma-ray luminosity Lγ = 3 × 1033 erg s−1, in
good agreement with the Lγ ≈ (1033 erg s−1Ė)1/2 heuristic luminosity law [28], as a
function of the spin-down power Ė. 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 parallax. Thus,
the 840 pc 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
and Romani [240]. The results indicate substantial mass accretion, as expected for
these ultra-short period systems. With the preferred Veiled+HS model the mass
significantly exceeds 2.0M�, 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.
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Table 4.2: Light curve fit results for PSR J1653−0158.

Parameters Veiled Veiled+HS

Inclination, i (deg) 79.4+5.7
−6.8 72.3+5.0

−4.9
Filling factor, fc 0.97+0.02

−0.02 0.88+0.03
−0.03

Heating luminosity, LP (1033erg s−1) 3.33+0.39
−0.34 3.15+0.26

−0.27
Night-side temperature, TN (K) 3250+243

−331 3295+227
−300

V-band extinction, AV 1.06+0.08
−0.10 1.06+0.07

−0.09
Distance, d (pc) 830+50

−50 840+40
−40

Veiling flux norm, fA (µJy) 101.7+11.4
−11.1 99.9+11.7

−11.4
Veiling flux index, p 0.50+0.05

−0.03 0.49+0.03
−0.03

Spot azimuth, θc (deg) ... 286.8+5.8
−6.9

Spot co-latitude, φc (deg) ... −50.5+9.2
−8.4

Gaussian spot width, σc (deg) ... 25.2+5.0
−4.9

Spot temperature increase, Ac ... 0.66+0.21
−0.21

Neutron-star mass, MNS (M�) 1.99+0.18
−0.08 2.17+0.21

−0.15
Companion mass, Mc (M�) 0.013+0.001

−0.001 0.014+0.001
−0.001

χ2/DoF 1.72 1.38

Notes. — Parameters from the best-fit light curve/radial velocity models, with and without a
surface hot spot, including MCMC errors.

4.3.2 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 afterwards. 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 4.3. Observations are spread
over 11 years, 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 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 8µJy at 1.4 GHz, and
20µJy at 4.9 GHz. This is fainter than the threshold of 30µJy that [28] 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.

4.3.3 Continuous gravitational waves

We search for nearly monochromatic, continuous gravitational waves (GWs) from
PSR J1653−0158, using data from the first7 and second8 observing runs of the Ad-
vanced LIGO detectors [245]. We assume that GWs are emitted at the first and

7https://doi.org/10.7935/K57P8W9D
8https://doi.org/10.7935/CA75-FM95
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Table 4.3: Summary of radio searches for PSR J1653−0158. 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.

Telescope Frequency (MHz) Data start (UTC) Data span (s) Orbital phase Limit (µJy) Reference / Survey

Effelsberg 1210–1510 2010 May 26, 21:33 1920 0.88–1.31 63 Barr et al. [58]

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. [241]

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 [242]

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 ([60], 2020 in prep.)

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× 320 Full orbit 6,200 Bassa et al. [14]

LOFAR 110–180 2017 Apr 15, 02:20 15× 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

Nançay 1230–1742 2014 Aug 20, 18:33 1850 0.12–0.53 77 Desvignes et al. [243]

Parkes 1241–1497 2016 Nov 05, 06:17 3586 0.26–1.06 178 Camilo et al. [244]

Notes. — 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−3 at the lowest frequencies to DM = 350 pc cm−3 at the highest
frequencies. To estimate the limit on the pulsed component, we used Eq. (6) from [52] assuming a
pulse width of 0.25P , and a threshold signal-to-noise ratio S/Nmin = 7.

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 [246,
247].

We employ two different analysis procedures, which yield consistent results. The
first is frequentist, based on the multi-detector maximum-likelihood F -statistic in-
troduced by Cutler and Schutz [208]. The second is the Bayesian time-domain
method [248] as detailed by Pitkin et al. [249], with triaxial non-aligned priors [250].
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 h0 is
4.4 × 10−26. The 95%-credible interval upper limit from the Bayesian analysis on
h0 = 2C22 is 3.0× 10−26. At the rotation frequency (only checked with the Bayesian
method) the 95% confidence upper limit on the amplitude C21 is 6.6× 10−26.

Since the dominant GW frequency might be mismatched from twice the rotation
frequency [251], we performed an F -statistic search in a ±1 Hz band around this,
with an extended ḟ -range. This yields larger upper limits on h0, with mean value
of 1.3 × 10−25 in 10 mHz-wide bands. Full details are given in the supplementary
materials.

Our upper limits on h0 at twice the rotation frequency may also be expressed
as upper limits on the ellipticity ε of the pulsar [252]. This is ε = 3.9 × 10−8 ×
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(h0/5× 10−26) × (1045g cm3/Izz) × (840 pc/d), where Izz 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 is via GW emission. Then
assuming the canonical Izz = 1045g cm3, this would imply a “spin-down” ellipticity
εsd = 4.7× 10−10, which is a factor ∼ 80 below our upper limit.

4.4 Discussion & Conclusions

PSR J1653−0158 is the second binary pulsar [44], and the fourth MSP [43] 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 min orbital period is shorter than for any other
known rotation-powered pulsar, with the previous record being PSR J1311−3430
with a 93 min orbit [44]. 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 parame-
ters 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 [111, 112] is
indeed the black-widow-type binary companion to PSR J1653−0158, and it conclu-
sively resolves the nature of the brightest remaining unidentified gamma-ray source,
first found more than two decades ago [234].

The distance to PSR J1653−0158, and its proper motion are well constrained.
Gaia measurements of the parallax, $ = 1.88 ± 1.01 mas, imply a distance d =
530+470

−200 pc. A consistent, but tighter constraint is given by our optical modeling
with d = 840+40

−40 pc. The proper motion (see Table 4.1) is also measured with good
precision (Gaia and our timing are in agreement).

PSR J1653−0158 has one of the lowest observed spin-period derivatives of all
known pulsars (Ṗ = 2.4× 10−21 s s−1). The intrinsic Ṗ = 8.5× 10−22 s s−1 (account-
ing for Galactic acceleration and Shklovskii effects) is even smaller. In Fig. 4.3,
PSR J1653−0158 is shown in a P -Ṗ diagram, alongside the known radio and gamma-
ray pulsar population outside of globular clusters.

The intrinsic Ṗ can be used to estimate the pulsar’s spin-down power Ė, surface
magnetic-field strength Bsurf , magnetic-field strength at the light cylinder BLC, and
characteristic age τc. These are given in Table 4.1 for d = 840 pc. Constant lines of
Ė, Bsurf , and τc are displayed in Fig. 4.3 to show the distance-dependent ranges.

Spider pulsars in very-short-period orbits are difficult to discover with tradi-
tional 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 non-detection 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., 19, 49, 253]. 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 pre-
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Figure 4.3: Newly detected PSR J1653−0158 on a P -Ṗ 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 derivative according to the distance estimated
from our optical models.

vious experience is not encouraging. The eclipses of a few other spider systems
have been imaged at low frequencies, showing that, during the eclipse, the contin-
uum flux from the pulsar disappears in tandem with the pulsed flux [179, 254]. (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 [43].

The minimum average density of the companion 64 g cm−3 is very high, assuming
a filled Roche lobe [255]. Using the filling factor from optical modeling, the average
companion density 73 g cm−3 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 [216, 256]. In
addition, simulations predict evolved ultracompact X-ray binaries to have orbital
periods of around 70− 80 min [257], consistent with the 75 min orbital period from
PSR J1653−0158. Future analysis of optical spectroscopic data may give additional
insight into the evolution and composition of the companion.

The discovery of PSR J1653−0158 is the result of a multiwavelength campaign.
The pulsar-like gamma-ray spectrum, and the non-detection of radio pulsations,
motivated the search for a visible companion. This was subsequently discovered in
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optical and X-ray observations. Further optical observations provided constraints on
the orbital parameters which were precise enough to enable a successful gamma-ray
pulsation search.
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CHAPTER 5

Einstein@Home Discovery of the Gamma-ray Millisecond Pulsar

PSR J2039–5617 Confirms its Predicted Redback Nature

Accepted as Clark, C. J., Nieder, L., Voisin, G., et al. 2020, MNRAS.
arXiv: 2007.14849

Abstract

The Fermi Large Area Telescope gamma-ray source 3FGL J2039.6−5618 contains
a periodic optical and X-ray source that was predicted to be a “redback” millisec-
ond pulsar (MSP) binary system. However, the conclusive identification required
the detection of pulsations from the putative MSP. To better constrain the orbital
parameters for a directed search for gamma-ray pulsations, we obtained new optical
light curves in 2017 and 2018, which revealed long-term variability from the com-
panion star. The resulting orbital parameter constraints were used to perform a
targeted gamma-ray pulsation search using the Einstein@Home distributed volun-
teer computing system. This search discovered pulsations with a period of 2.65 ms,
confirming the source as a binary MSP now known as PSR J2039−5617. Optical
light curve modelling is complicated and likely biased by asymmetric heating on
the companion star and long-term variability, but we find an inclination i & 60 ◦,
for a low pulsar mass between 1.1M� < Mpsr < 1.6M�, and a companion mass
of 0.15 − 0.22M�, confirming the redback classification. Timing the gamma-ray
pulsations also revealed significant variability in the orbital period, which we find to
be consistent with quadrupole moment variations in the companion star, suggestive
of convective activity. We also find that the pulsed flux is modulated at the orbital
period, potentially due to inverse Compton scattering between high-energy leptons
in the pulsar wind and the companion star’s optical photon field.
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5.1 Introduction

Millisecond pulsars (MSPs) are old neutron stars that have been spun-up to millisec-
ond rotation periods by the accretion of matter from an orbiting companion star [16].
The most compelling evidence for this “recycling” scenario comes from the discov-
ery of three transitional MSPs, which have been seen to switch between rotationally
powered MSP and accretion-powered low-mass X-ray binary (LMXB) states [19–22].
In their rotationally powered states, these transitional systems all belong to a class
of interacting binary MSPs known as “redbacks”, which are systems containing an
MSP in orbit with a low-mass (0.1M� . M . 0.4M�) non-degenerate companion
star [53]. Redbacks, and the closely related “black widows” (which have partially
degenerate companions with M . 0.05M�), are named after species of spiders in
which the heavy females have been observed to consume the smaller males after
mating, reflecting the fact that the lighter companion stars are being destroyed by
the pulsar’s particle wind and/or intense high-energy radiation.

Until recently, only a handful of these “spider” systems had been found in radio
pulsar surveys of the Galactic field. This is most likely due to the ablation phe-
nomenon which gives redbacks and black widows their nicknames: plasma from the
companion can eclipse, scatter and disperse the MSP’s radio pulsations for large
fractions of an orbit [e.g., 100, 258], causing these pulsars to be easily missed in
radio pulsar surveys. In addition, traditional “acceleration” search methods for bi-
nary pulsars [259] are only optimal when the integration time is . 10% of the orbital
period, leading to an additional sensitivity loss to spiders, which often have orbital
periods of just a few hours.

Fortunately, gamma ray emission from an MSP does not suffer from strong prop-
agation effects from intrabinary plasma structures. A new route for binary MSP
discoveries therefore appeared with the launch of the Fermi Gamma-ray Space Tele-
scope in 2008. The on-board Large Area Telescope (LAT) discovered gamma-ray
pulsations from a number of known MSPs shortly after launch [260]. Targeted radio
observations of unidentified, but pulsar-like Fermi -LAT sources have since discov-
ered more than 90 new MSPs, more than a quarter of all known MSPs in the Galactic
field1. A disproportionately large fraction of these are spiders that had been missed
by previous radio surveys [56].

In addition to the large number of radio-detected spiders found in Fermi -LAT
sources, a growing number of candidate spiders have been discovered through searches
for optical and X-ray counterparts to gamma-ray sources [e.g., 55, 90–92, 111]. In
a few cases, the MSP nature of these sources was confirmed by the detection of
radio or gamma-ray pulsations [44, 68], however most of these candidates remain
unconfirmed.

To overcome the difficulties in detecting spider MSPs in radio pulsation searches,
it is possible to directly search for gamma-ray pulsations in the LAT data. In
contrast to searches for isolated MSPs, which can be detected by truly “blind”
gamma-ray pulsation searches [43], gamma-ray pulsation searches for binary MSPs
require tight constraints on the orbital parameters of the candidate binary system to
account for the orbital Doppler shift [44], which would smear out the pulsed signal
if not corrected for. This in turn requires long-term monitoring of the companion
star’s optical light curve to measure the orbital period with sufficient precision, and

1http://astro.phys.wvu.edu/GalacticMSPs/GalacticMSPs.txt
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spectroscopic radial velocity measurements and/or light curve modelling to tie the
photometric light curve to the pulsar’s kinematic orbital phase. Prior to this work,
such searches have been successful only twice [44, Chapter 4], with both MSPs being
extremely compact black widow systems with small orbital Doppler modulations.

Salvetti et al. [154] and Romani [153] discovered a high-confidence candidate
redback system in the bright, pulsar-like gamma-ray source 3FGL J2039.6−5618
[37]. This source is now known as 4FGL J2039.5−5617 in the latest Fermi -LAT
Fourth Source Catalog [38]; hereafter 4FGL. This system (which we refer to hereafter
as J2039) contains a periodic X-ray and optical source with orbital period Porb ≈
5.5 hr. The optical light curve exhibits two “ellipsoidal” peaks, interpreted as a
tidally distorted companion star in an intense gravitational field being viewed from
the side, where its projected surface area is highest. These peaks have unequal
amplitudes, indicating a temperature difference between the leading and trailing
sides of the star. Despite the high likelihood of this source being a redback system,
the pulsar remained undetected in repeated observations attempting to detect its
radio pulsations by Camilo et al. [65].

On 2017 June 18, we took new observations of J2039 with the ULTRACAM [195]
high-speed multi-band imager on the 3.5m New Technology Telescope (NTT) at ESO
La Silla. The goal of these observations was to refine the orbital period uncertainty
by phase-aligning a new orbital light curve with the 2014 GROND observations from
Salvetti et al. [154]. However, we found that the optical light curve had changed
significantly. Further observations obtained on 2018 June 02 also found a light curve
that differed from the first two. This variability, similar to that discovered recently
in other redback pulsars [261, 262], poses challenges for obtaining reliable estimates
of the physical properties such as the binary inclination angle and pulsar mass via
optical light curve modelling [e.g., 194, 263].

Using constraints on the pulsar’s orbital period and epoch of ascending node
from preliminary models fit to the optical data, we performed a gamma-ray pulsation
search using the Einstein@Home distributed volunteer computing system [85, 264],
which finally identified the millisecond pulsar, now named PSR J2039−5617, at the
heart of the system.

In this paper, we present the detection and timing of gamma-ray pulsations from
PSR J2039−5617, and our new optical observations of the system. The paper is or-
ganised as follows: in Section 5.2 we review the literature on recent observations of
the system to update our knowledge of its properties; Section 5.3 presents updated
analysis of Fermi -LAT gamma-ray observations of 4FGL J2039.5−5617, and de-
scribes the gamma-ray pulsation search, discovery and timing of PSR J2039−5617; in
Section 5.4 we describe the newly obtained optical data, and model the optical light
curves to estimate physical properties of the system and investigate the observed
variability; in Section 7.4 we discuss the newly clarified picture of PSR J2039−5617
in the context of recent observations of redback systems; and finally a brief summary
of our results is given in Section 3.6.

Shortly after the discovery of gamma-ray pulsations reported in this paper, the
initial timing ephemeris was used to fold existing radio observations taken by the
CSIRO Parkes radio telescope. The resulting detections of radio pulsations and
orbital eclipses are presented in a companion paper [105], hereafter Paper II.

Definition: millisecond pulsar
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5.2 Summary of previous literature

The periodic optical counterpart to 4FGL J2039.5−5617 was discovered by Sal-
vetti et al. [154] and Romani [153] in photometric observations of the gamma-ray
source region taken over three nights on 2014 June 16–18 with GROND [265] on the
ESO/MPG 2.2m telescope on La Silla. These observations covered SDSS g′, r′, i′,
and z′ optical filters in simultaneous 115 s exposures, and H, J , and K near infrared
filters in simultaneous 10 s exposures. For consistency with the new optical light
curves presented in this paper, we re-reduced the optical observations but chose not
to include the infrared observations, which were not compatible with our reduction
pipeline. These observations revealed a double-peaked light curve typical of red-
back systems, but with the peak corresponding to the companion’s ascending node
brighter and bluer than that of the descending node. This requires the trailing side
of the star to be hotter than the leading side, perhaps due to heating flux being
redirected by an asymmetric intra-binary shock [e.g., 218], or due to the presence of
cold spots on the leading edge [e.g., 261].

Salvetti et al. [154] and Romani [153] also analyzed X-ray observations of J2039
taken by XMM-Newton. These data had insufficient time resolution to test for mil-
lisecond X-ray pulsations, but did reveal a periodic (∼ 5.5 hr) modulation in the
X-ray flux, which the authors identified as likely being due to synchrotron emis-
sion from particles accelerated along an intra-binary shock, commonly seen in black
widow and redback systems. However, without long-term timing to precisely mea-
sure the orbital period the authors were unable to unambiguously phase-align the
optical and X-ray light curves. The Catalina Surveys Southern Periodic Variable
Star Catalogue [266] includes 223 photometric observations of J2039 between 2005
and 2010. While the uncertainties on these unfiltered data are too large for a de-
tailed study of the light curve over these 5 years, the underlying periodicity is clearly
recovered by a 2-harmonic Lomb Scargle periodogram, which reveals a significant
signal with an orbital period of Porb = 0.227980(1) d with no significant aliases.
Folding at this period shows that the X-ray modulation peaks at the putative pul-
sar’s inferior conjunction, indicating that the shock wraps around the pulsar. This
scenario requires the companion’s outflowing wind to overpower the pulsar wind [see
e.g. 218, 220].

Using 9.5 yr of Fermi -LAT data, Ng et al. [267] discovered that the gamma-
ray emission from J2039 contains a component below 3 GeV that is modulated at
the orbital period, peaking around the companion star’s inferior conjunction, i.e.
half an orbit out of phase with the X-ray modulation. This phase offset rules out
synchrotron emission from particles accelerated along the shock front as an origin
for the gamma-ray flux, as such a component would occur at the same orbital phase
as the X-ray modulation. Instead, Ng et al. [267] propose that this component is
produced by inverse Compton scattering between the pulsar’s high-energy particle
wind and the companion star’s optical photon flux. Such a component would be
strongest if our line of sight to the pulsar passes close to the limb of the companion
star, suggesting an intermediate inclination angle i ∼ 80◦.

Strader et al. [54] obtained spectroscopic observations with the Goodman Spec-
trograph [268] on the SOAR telescope. The spectra suggest a mid-G-type companion
star, with temperature T ≈ 5500 K and variations of up to ±200 K across the orbit
attributed to heating from the pulsar. The spectroscopy also revealed a single-line
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radial velocity curve whose semi-amplitude of Kc = 324 ± 5 km s−1 implies an un-
seen primary with a minimum mass M > 0.8M�. Strader et al. [54] modelled the
GROND light curve, incorporating two large cold spots on the outer face of the com-
panion star to account for the light curve asymmetry, and found an inclination angle
i ∼ 55◦, from which they deduce a heavy neutron star primary with M & 1.8M�.

The optical counterpart is also covered in the Second Gaia Data Release [DR2,
122, 269]. Using Equation (2) of Jordi et al. [270], the Gaia DR2 colour GBP−GRP =
1.02 implies an effective temperature of Teff = 5423 ± 249 K, consistent with the
spectroscopic temperature measured by Strader et al. [54]. The Gaia DR2 also
provides a marginal parallax detection ($ = 0.40± 0.23 mas) for a minimum (95%
confidence) distance of d > 1.2 kpc, and a total proper motion of µ = 15.51 ±
0.26 mas yr−1, corresponding to a distance-dependent transverse velocity of v(d) ≈
75 (d/1 kpc) km s−1. The systemic velocity (the radial velocity of the binary center
of mass) measured from optical spectroscopy by Strader et al. [54] is just 6±3 km s−1

indicating that the 3D velocity vector is almost entirely transverse.

5.3 Gamma-ray Observations

To update the gamma-ray analysis of J2039 from previous works [154, 267], we
selected SOURCE-class gamma-ray photons detected by the Fermi LAT between 2008
August 04 and 2019 September 12. Photons were included from within a 15◦ region
of interest (RoI) around J2039, with energies greater than 100 MeV, and with a
maximum zenith angle of 90◦, according to the “Pass 8” P8R3 SOURCE V2 [173, 235]
instrument response functions (IRFs) 2.

We first investigated the gamma-ray spectral properties of 4FGL J2039.5−5617.
We used the 4FGL catalog as an initial model for the RoI, and used the
gll iem v07.fits and iso P8R3 SOURCE V2 v1.txt models to describe the Galac-
tic and isotropic diffuse emission, respectively. We replaced 4FGL J2039.5−5617 in
the RoI model with a point source at the Gaia DR2 position of the optical source. To
model the source spectrum, we used a subexponentially-cutoff power-law spectrum
typical for gamma-ray pulsars (4FGL),

dN

dE
= K

(
E

E0

)−Γ

exp

(
−a
(

E

1 MeV

)b)
, (5.1)

where the parameters E0 = 1 GeV (“pivot energy”) and b = 2/3 (exponential index)
were fixed at their 4FGL values, while the parameters K (normalisation), Γ (low-
energy spectral index) and a (exponential factor) were free to vary during fitting.
We performed a binned likelihood analysis using fermipy [271] version 0.18.0, with
0.05◦ × 0.05◦ bins and 10 logarithmic energy bins per decade. For this analysis
we utilized the “PSF” event types and corresponding IRFs, which partition the
LAT data into quartiles based on the quality of the reconstructed photon arrival
directions. All 4FGL sources within 25◦ of the optical counterpart position were
included in the model. Using the “optimize” function of fermipy, the parameters
of all sources in the region were updated from their 4FGL values one at a time to
find a good starting point. We then performed a full fit for the region surrounding

2See https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_essentials.html
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J2039. The spectral parameters of all sources within 10◦ were free to vary in the
fitting, as were the normalizations of the diffuse models and the spectral index of
the Galactic diffuse model.

The gamma-ray source at the location of the optical counterpart is detected with
test statistic TS = 2167 (the TS is defined as twice the increase in log-likelihood
when the source is added to the model). The spectrum has a photon power-law index
of Γ = 1.4± 0.1 and an exponential factor of a = (7± 1)× 10−3. The total energy
flux above 100 MeV is Gγ = (1.46 ± 0.06) × 10−11 erg cm−2 s−1. At an assumed
distance of 1.7 kpc (from our optical light-curve modelling in Section 5.4.2), this
gives a gamma-ray luminosity of Lγ = (5.0± 0.6)× 1033 erg s−1, assuming isotropic
emission.

In gamma-ray pulsation analyses, photon weights are used to weight the contri-
bution of each photon to a pulsation detection statistic to increase its sensitivity,
and avoid the need for hard cuts on photon energy and incidence angle [114]. A
weight wj represents the probability that the jth photon was emitted by a target
source, as opposed to by a fore/background source, based on the reconstructed pho-
ton energy and arrival direction, and a model for gamma-ray sources within the
RoI. We computed these weights for photons whose arrival directions were within
5◦ of J2039 using gtsrcprob, again making use of the PSF event types. Within this
region, there were 181, 813 photons in total, with

∑
j wj = 3850 “effective” photons.

To speed up our timing analyses (Section 5.3.2) we additionally removed photons
with w < 0.1, leaving 6571 photons which account for 93% of the expected pulsation
signal-to-noise ratio [which is proportional to

∑
j w

2
j , 79].

The data set described above was used for the timing (Section 5.3.2) and orbital
modulation analyses (Section 5.3.3) presented in this paper. For the pulsation search
described in Section 5.3.1, we used an earlier data set which only covered data up
to 2019 January 10 and used spectral parameters from a preliminary version3 of the
4FGL catalog when computing photon weights.

5.3.1 Gamma-ray Pulsation Search

Using the hierarchical search methods described by Pletsch and Clark [80], extended
to provide sensitivity to binary pulsars (Chapter 2), we performed a search for
gamma-ray pulsations in the weighted Fermi -LAT photon arrival times.

For this, it was necessary to search for an unknown spin frequency ν, spin-down
rate ν̇, as well as the orbital period Porb, pulsar’s time of ascending node Tasc, and
pulsar’s projected semimajor axis x = Apsr sin i, where Apsr is the (non-projected)
semimajor axis, and i is the binary inclination angle. We did not search a range of
sky positions as we used the precise Gaia position of the optical counterpart.

This 5-dimensional parameter volume is extremely large, and requires large com-
puting resources and efficient algorithms to cover. To meet the large computational
cost of the searches, we utilized the distributed volunteer computing system, Ein-
stein@Home [85, 264]. Under this system, the parameter space is split into millions
of smaller chunks which can be searched by a typical personal computer within a
few hours. These “work units” are computed while volunteer’s computers are oth-
erwise idle. We also ported our Einstein@Home search code from CPUs to GPUs,
which has previously been done for radio pulsar searches [85]. The approximately

3https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
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10,000 GPUs active on Einstein@Home increase the computing speed by an order
of magnitude.

Despite this large computational resource, major efficiency gains and compro-
mises are required to ensure that the computational effort of the search remains
feasible. Key to improved efficiency is ensuring that the parameter space is covered
by a grid of search locations that is as sparse as possible, yet sufficiently covers the
volume to avoid missing signals. The required density is described by a distance
metric – a function relating parameter space offsets to a corresponding expected
loss in signal strength. This metric is described in Chapter 2.

In the binary pulsar search, the spin parameters are searched in the same way
as they are in isolated pulsar searches [see, e.g., 79]. ν is searched via fast Fourier
transforms (FFTs). The relevant range in ν̇ is covered by a frequency-independent
lattice.

The computational effort to search the orbital parameters depends linearly on
the number of grid points. Searching the orbital parameters in a uniformly-spaced
grid would be inefficient because the required metric spacing depends strongly on
ν and x, i.e. at higher values for ν and x the grid needs to be denser (Chapter 2).
To deal with the ν-dependency, we break down the search into discrete 8 Hz bands
which are searched separately, and in each band the grid over the orbital parameters
is designed to be dense enough for the maximum frequency in the band.

The orbital grid would be optimal if it has the lowest number of grid points such
that each point in the parameter space is “covered”. A location in the parameter
space is covered if the distance to the closest grid point is less than a chosen maxi-
mum. In inhomogeneous parameter spaces, the optimal grid is unknown. However,
the required number of grid points Nopt for such a grid can be estimated using the
distance metric under the assumption that locally the parameter space is sufficiently
flat.

To search the inhomogeneous (x-dependent) orbital-parameter space efficiently,
optimized grids are used [127]. These are built from stochastic grids, which are grids
where grid points are placed stochastically while no two grid points are allowed to
be closer than a minimum distance [129]. We create a stochastic grid with Nopt

grid points and optimize it by nudging the position of each grid point one by one
towards “uncovered space” using a neighboring cell algorithm [127]. After a few
nudging iterations over all grid points the covering is typically sufficient for the
search.

Using preliminary results from our optical modelling (see Section 5.4.2), ob-
tained prior to the publication by Strader et al. [54] of spectroscopic radial ve-
locities which better constrain Tasc, we constrained our orbital search space to
Porb = 0.2279799(3) d and Tasc = MJD 56884.9678(8). The range of expected x
values was not well constrained by this model, and as the computing cost increases
with x3 we chose to initially search up to x = 0.5 lt-s, with the intention of searching
to higher values should the search be unsuccessful.

The search revealed a signal with ν ≈ 377 Hz that was highly significant in both
the initial semi-coherent and fully coherent follow-up search stages. The signal had
x ≈ 0.47 lt-s, which along with the companion’s radial velocity measurements by
Strader et al. [54] gives a mass ratio of q = Mpsr/Mc = KcPorb/2πx ≈ 7.2, and
a minimum companion mass of Mc > 0.15M� assuming i = 90◦. These features
conclusively confirm that the source is indeed a redback millisecond pulsar system,

Definition: fast Fourier transform


128 5.3. Gamma-ray Observations

which can now be named PSR J2039−5617.

5.3.2 Gamma-ray Timing

Following the discovery of gamma-ray pulsations, we used the Fermi -LAT data set
to obtain a rotational ephemeris spanning 11 years. To do so, we followed the
principles described by Kerr et al. [97], in which a template pulse profile F (φ) is
produced, and the parameters λ of a phase model φ(t |λ), are fit to maximize the
Poisson log-likelihood of the unbinned photon phases. Assuming that the weights
derived in Section 5.3 represent the probability that each photon was emitted by the
pulsar, then the contribution to the pulsation log-likelihood from the jth photon,
with weight wj, is a mixture model between a constant (i.e. uniform in phase)
background rate and the template pulse profile, with mixture weights of 1−wj and
wj respectively. Hence, the overall log-likelihood is

logL(λ | tj, wj, F ) =
N∑
j=1

log [wjF (φ (tj |λ)) + (1− wj)] (5.2)

where tj denotes the measured arrival time of the jth detected gamma-ray photon.
Folding the LAT data with the initial discovery ephemeris showed that the signal

was not phase-connected over the entire data span, with the pulse profile drifting
in and out of focus, indicative of a varying orbital period. Such effects are common
among redback pulsars, and are attributed to variations in the quadrupole moment
of the companion star coupling with the orbital angular momentum [e.g., 71, 98,
99]. These effects significantly complicate efforts to time redbacks over more than a
few months [e.g., 100].

In previous works, these effects have been accounted for by adding a Taylor series
expansion of the orbital frequency perturbations to the constant-period orbital phase
model, where the derivatives of the orbital angular frequency become additional
parameters in the timing model. However, this parameterization has a number
of drawbacks. Large correlations between the orbital frequency derivatives greatly
increase the time required for a Markov Chain Monte Carlo (MCMC) sampling
procedure, which suffers from inefficient sampling and exploration during the “burn-
in” phase for highly correlated parameter spaces. The Taylor series model also has
poor predictive power as the orbital phase model “blows up” when extrapolating
beyond the fit interval, making it difficult to extend an existing timing solution
to incorporate new data. An astrophysical interpretation of the resulting timing
solution is also not straightforward, as the measured orbital frequency derivatives
depend on one’s choice of reference epoch (Tasc), and are not representative of long-
term trends in Porb due to e.g. mass loss from the system.

These problems are very similar to those encountered when timing young pulsars
with strong “timing noise”: unpredictable variations in the spin frequency over time.
To address these issues, modern timing analyses treat timing noise as a stationary
noise process, i.e. a random process with a constant correlation function, on top of
the long-term spin-down due to the pulsar’s braking [193].

Kerr et al. [97] used this method to time gamma-ray pulsars using Fermi -LAT
data. To do this, a template pulse profile is constructed and cross correlated with
the photon phases within weeks- or months-long segments to obtain a discrete
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pulse phase measurement, or “time-of-arrival” (TOA), for each segment, and the
stochastic noise process is fit to these phase measurements. Timing parameters can
then be fit analytically to minimize the chi-square log-likelihood of the covariance-
transformed TOA residuals including a Bayesian penalty factor for the required
timing noise process. However, this procedure has the drawback that for faint pul-
sars the segment length required to obtain a significant TOA measurement can
become very long, and phase variations due to timing noise within each segment
can no longer be neglected. Of course, the timing noise within a segment cannot be
accounted for without a description of the noise process, which in turn cannot be
obtained without the TOAs, creating a circular problem.

While this circular problem can be partially overcome by fitting iteratively, we
have developed a new method to fit the noise process using every individual photon,
rather than obtaining and fitting discrete TOAs. To obtain this best-fitting function
and its uncertainty, we apply the sparse online Gaussian process (SOGP) procedure
developed by Csató and Opper [272]. For purely Gaussian likelihoods, the Gaussian
process framework would allow an exact posterior distribution for the noise process
to be computed analytically [273]. In our case, however, the likelihood for each
photon phase in Equation (5.2) is a mixture model of Gaussian peaks describing the
template pulse profile with a constant background level. Seiferth et al. [274] describe
how to apply the SOGP procedure to obtain an optimal Gaussian approximation
to the posterior distribution for a stationary process with Gaussian mixture model
likelihoods, and we use this formulation to derive our timing solution.

For J2039, we require a timing model which accounts for variations in the orbital
phase, which we treat as a stationary random process. The overall goal is therefore
to find the best-fitting continuous function describing the phase deviations from a
constant orbital period model, given a prior covariance function (C0(t1, t2)).

Before fitting, we must choose the form of the prior covariance function, and
hyperparameters controlling its properties. Here we assumed a Matérn covariance
function [273],

C0(t1, t2) =
h2 21−n

Γ(n)

(√
2n

`
|t1 − t2|

)n

Kn

(√
2n

`
|t1 − t2|

)
, (5.3)

where Kn is the modified Bessel function. The hyperparameters are the length
scale, `, controlling the time span over which the orbital period remains correlated,
an amplitude parameter, h, which describes the expected magnitude of the orbital
phase variations, and the degree n, which controls the smoothness of the noise
process. In the limit of n → ∞, this reduces to the simpler squared-exponential
covariance function,

C0(t1, t2) = h2 exp

(
−|t1 − t2|

2

2`2

)
. (5.4)

In the frequency domain, a noise process with the Matérn covariance function of
Eq. (5.3) has a power spectral density,

P (f) ∝ h2
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1 +
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)−(n+1/2)

, (5.5)
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i.e. constant below a “corner frequency” of fc =
√
n/
√

2π`, and breaking smoothly
to a power-law process with index −(2n+ 1) at higher frequencies.

With our chosen covariance function, we obtain a timing solution by varying the
timing parameters λ and hyperparameters (`, h, n) using the emcee Markov-Chain
Monte Carlo (MCMC) algorithm [186]. At each MCMC sample, we use the PINT

software package [275] to phase-fold the gamma-ray data according to the timing
parameters, and then apply the SOGP method to find the best-fitting Gaussian
approximation to the posterior distribution of the continuous function describing
the orbital phase variations. This posterior is marginalized analytically, and the
log marginal likelihood passed to the MCMC algorithm. This allows the MCMC
process to optimize both the timing parameters and the hyperparameters of the
prior covariance function simultaneously.

Using the best-fitting timing solution, we then re-fold the photon arrival times,
and update the template pulse profile. This process is applied iteratively until the
timing parameters and template pulse profile converges. For J2039, this required
three iterations. The results from our timing analyses of J2039 are shown in Fig-
ure 5.1 and the resulting parameter estimates are given in Table 5.1.

We also show the amplitude spectra of the orbital phase variations and our best
fitting covariance model in Figure 5.2. This spectrum was estimated by measur-
ing the orbital phase in discrete segments of data, and performing the Cholesky
least-squares spectral estimation method of Coles et al. [193]. This is only used to
illustrate the later discussion (Section 5.5.4), while statements about the measured
hyperparameter values are from the full unbinned timing procedure described above.

We have extended TEMPO2 [96] with a function that interpolates orbital phase
variations between those specified at user-defined epochs. This allows gamma-ray or
radio data to be phase-folded using the ephemerides that result from our Gaussian
process model for orbital period variations.

5.3.3 Gamma-ray Variability

The subset of transitional redback systems has been seen to transition to and from
long-lasting accretion-powered states, in which their gamma-ray flux is significantly
enhanced [22, 161, 276]. To check for such behavior from J2039, we investigated
potential gamma-ray variability over the course of the Fermi -LAT data span. In
4FGL, J2039 has two-month and one-year variability indices (chi-squared variability
tests applied to the gamma-ray flux measured in discrete time intervals) of 44 with
48 degrees of freedom, and 13 with 7 degrees of freedom, respectively. Although the
one-year variability index is slightly higher than expected for a steady source, we
note that the gamma-ray light curves in Ng et al. [267] indicate that a flare from
a nearby variable blazar candidate, 4FGL J2052.2−5533, may have contaminated
the estimated flux from J2039 around MJD 57,100. The true variability is therefore
likely lower than suggested by the slightly elevated annual variability index, and
indeed the two-month variability index is consistent with a non-variable source.

We also checked for a potential gamma-ray eclipse, which may occur if the binary
inclination angle is high enough that the pulsar passes behind the companion star
around superior conjunction, as has been observed in the transitional MSP candidate
4FGL J0427.8−6704 [277, 278]. For J2039, this would occur for inclinations i & 78◦,
and could last for up to 7% of an orbital period, assuming a Roche-lobe filling
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Table 5.1: Timing solution for PSR J2039−5617.

Parameter Value

Astrometric Parametersa

R.A. (J2000), α 20h39m34.s9681(1)

Decl. (J2000), δ −56◦17′09.′′268(1)

Proper motion in R.A., µα cos δ (mas yr−1) 4.2(3)

Proper motion in Decl., µδ (mas yr−1) −14.9(3)

Parallax, $ (mas) 0.40(23)

Position reference epoch (MJD) 57205.875

Timing Parameters

Solar System Ephemeris DE430

Data span (MJD) 54682–58738

Spin frequency reference epoch, tref (MJD) 56100

Spin frequency, ν (Hz) 377.22936337986(5)

Spin-down rate, ν̇ (Hz s−1) −2.0155(6)× 10−15

Spin period, P (ms) 2.6509071060648(5)

Spin period derivative, Ṗ 1.4164(4)× 10−20

Pulsar’s semimajor axis, x (lt s) 0.47105(1)

Epoch of pulsar’s ascending node, Tasc (MJD) 56884.96698(2)

Orbital period, Porb (d) 0.227979805(3)

Orbital period derivative, Ṗorb 8(5)× 10−12

Amplitude of orbital phase noiseb, h (s) 3.9+2.2
−1.1

Correlation timescaleb, ` (d) 156+127
−41

Matérn function degreec, n > 1.5

Derived propertiesd

Shklovksii spin down, ν̇Shk (Hz s−1) (−0.37± 0.02)× 10−15

Galactic acceleration spin down, ν̇acc (Hz s−1) 1.2× 10−17

Spin-down power, Ė (erg s−1) 2.5× 1034

Surface magnetic field strength, BS (G) 2× 108

Light cylinder magnetic field strength, BLC (G) 8.8× 104

Characteristic age, τc (yr) 4× 109

Gamma-ray luminosity, Lγ (erg s−1) (5.0± 0.6)× 1033

Gamma-ray efficiency, ηγ = Lγ/Ė 0.21

Notes. — Epochs and units are in the Barycentric Dynamical Time (TDB) system. The numeri-
cal values for timing parameters are the mean values of the MCMC samples, with 1σ uncertainties
on the final digits quoted in brackets.
a Astrometric parameters are taken from Gaia Collaboration et al. [122].
b The hyperparameters h and ` have asymmetric posterior distributions, and so we report the
mean value and 95% confidence interval limits in super- and subscripts.
c The Matérn function degree n is poorly constrained by the data; we report only a 95% confidence
lower limit.
d Derived properties are order-of-magnitude estimates calculated using the following expressions
[e.g., 28], which assume a dipolar magnetic field, and canonical values for the neutron-star moment
of inertia, I = 1045 g cm2 and radius, R = 10 km: Ė = −4π2Iνν̇; BS =

√
−1.5Ic3ν̇ν−3/(2πR3);

BLC = 4π2
√
−Iν̇ν3/c3; τc = ν/2ν̇. The corrections to ν̇ due to transverse motion (the Shklovskii

effect) and radial acceleration in the Galactic potential were applied prior to computing other de-
rived properties, assuming d = 1.7 kpc from optical light curve modelling described in Section 5.4.2.



132 5.3. Gamma-ray Observations

Figure 5.1: Results from gamma-ray timing analysis. Left panel: photon phases
after folding with the original discovery ephemeris (with a constant orbital period).
The intensity of each point represents the corresponding probability weight for that
photon. The apparent loss of signal around MJDs 55,500 and 56,800 is due to
the varying orbital period. Although present throughout the entire data set, the
deviations between the true orbital phase and that predicted by the constant-orbital-
period folding model are at their largest at these epochs. Center left panel: offset
in the time of the pulsar’s ascending node from the initial constant orbital period
ephemeris. In the timing procedure we fit for an “average” orbital phase, period
and first frequency derivative, and model the orbital phase variations as a Gaussian
process on top of this base model. Variations requiring a Gaussian process with a
larger amplitude or more complexity suffer a Bayesian penalty factor. Black and
red lines show the best-fitting orbital phase variations and the underlying “average”
orbital model, respectively, for randomly selected samples from the MCMC process.
Green and blue curves show the samples with the highest log marginal likelihood.
The epochs of our optical observations are marked by horizontal dashed lines with
the same color as the corresponding light curves in Section 5.4. Center right panel:
as before but for the orbital period (i.e. derivatives of the curves in the previous
panel). Right panel: photon phases after correcting for the orbital phase variations
using the best-fitting parameter values.

companion. We modelled the eclipse as a simple “top-hat” function, in which the
flux drops to zero within the eclipse, and used the methods described by Kerr [279],
and applied to the eclipse of 4FGL J0427.8−6704 by Kennedy et al. [278], to evaluate
the log-likelihood of this model given the observed photon orbital phases. We find
that an eclipse lasting longer than 0.1% of an orbit is ruled out by the gamma-ray
data with 95% confidence. We interpret this as evidence that the pulsar is not
eclipsed, and will use this to constrain the binary inclination while modelling the
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Figure 5.2: Power spectral density of the orbital phase noise process. The top panel
shows the power spectral densities for the orbital phase variations. The green hori-
zontal dot-dashed line shows the estimated measurement uncertainty level, to which
the power spectrum breaks at high frequencies. The solid blue and red curves show
the best-fitting Matérn covariance function model, and those of random samples
from the MCMC process, respectively. The dashed blue line additionally includes
the measurement noise level. The lower panels show the power spectra of the or-
bital phase residuals after whitening using the Cholesky decomposition of the model
covariance matrix (i.e. accounting for the blue curve in the upper panel). The
horizontal dotted line shows the estimated level which the noise power in 95% of
independent trials should be below. The vertical line in both panels shows the time
span covered by the Fermi -LAT data – noise power close to and below this fre-
quency is suppressed by our inclusion of a single orbital period derivative in the
timing model.

optical light curves in Section 5.4.2.

5.3.3.1 Gamma-ray Orbital Modulation

As noted previously, Ng et al. [267] discovered an orbitally modulated component in
the gamma-ray flux from 4FGL J2039.5−5617. Using the now precisely determined
gamma-ray timing ephemeris (see Section 5.3.2) we computed the orbital Fourier
power of the weighted photon arrival times, finding P = 29.7 for a slightly more
significant single-trial false-alarm probability of pFA = e−P/2 ≈ 4 × 10−7 compared
to that found by Ng et al. [267]. Those authors found the modulation was not
detected after MJD 57,040 and speculated that this could be due to changes in the
relative strengths of the pulsar wind and companion wind/magnetosphere. We do
see a slight leveling-off in the rate of increase of P with time; however it picks up
again after MJD 58,100. Variations in the slope of this function due to statistical

Definition: Large Area Telescope
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Table 5.2: Gamma-ray spectral parameters in two orbital phase regions.

Parameter 0 < Φ ≤ 0.5 0.5 < Φ ≤ 1

Photon index, Γ 1.25± 0.13 1.42± 0.14

Exponential factor, a (10−3) 9.0± 1.3 5.7± 1.2

Photon flux (10−8 cm−2 s−1) 1.8± 0.2 1.3± 0.2

Energy flux, Gγ (10−11 erg cm−2 s−1) 1.7± 0.1 1.3± 0.1

Notes. — Photon and energy fluxes are integrated over photon energies E > 100 MeV. Uncer-
tainties are at the 1σ level.

(Poisson) fluctuations can appear large when the overall detection significance is low
[42], and so we do not consider this to be compelling evidence for long-term flux
variability from the system.

The gamma-ray and X-ray orbital light curves are shown in Figure 5.3. We also
find no power at higher harmonics of the orbital period, indicating an essentially
sinusoidal profile. The gamma-ray flux peaks at orbital phase Φ = 0.25 ± 0.03
(pulsar superior conjunction), almost exactly half an orbit away from the X-ray
peak, and has an energy-averaged pulsed fraction of 24 ± 5% [using the definition
from Equation (14) of 79]. As noted by Ng et al. [267], this phasing might suggest
an inverse Compton scattering (ICS) origin, as opposed to being the high-energy tail
of the population responsible for X-ray synchrotron emission from the intra-binary
shock, for example, which would be phase-aligned with the X-ray modulation.

To further investigate this modulation, we performed a second spectral analysis,
using the same procedure as above, but additionally separating the photons into
“maximum” (0.0 < Φ ≤ 0.5) and “minimum” (0.5 < Φorb ≤ 1.0) orbital phases.
We fit the spectral parameters of J2039 separately in each component, while the
parameters of other nearby sources and of the diffuse background were not allowed
to vary between the two components. The results are given in Table 5.2 and the
resulting spectral energy distributions shown in Figure 5.4. Subtracting the “mini-
mum” spectrum from the “maximum” spectrum, we find an additional component
peaking at around 1 GeV, and decaying quickly above that, whose total energy flux
is around 30% of the flux at the orbital minimum. This model has a significant log-
likelihood increase of ∆ logL = 14 (TS = 28 for a false-alarm probability of 5×10−6

given 3 degrees of freedom) compared to our earlier model where the gamma-ray
flux is constant with orbital phase.

Similar orbital modulation has been observed from a handful of other spider
systems [187, 280–282]. In two of these systems the gamma-ray flux peaks at the
same orbital phase as is seen here from J2039, and importantly, from the redback
PSR J2339−0533 the orbitally modulated component appears to be pulsed in phase
with the “normal” intrinsic gamma-ray pulses.

Using the timing solution from Section 5.3.2, we can now investigate any rota-
tional phase dependence of the orbitally-modulated component. In Figure 5.5 we
show the gamma-ray pulse profile, split into two equal orbital phase regions around
the pulsar superior (0 < Φ ≤ 0.5) and inferior conjunctions (0.5 < Φ ≤ 1). We
find that the estimated background levels, calculated independently in each phase
region from the photon weights as b =

∑
j wj − w2

j [28], are very similar between
the two orbital phase selections, that the pulse profile drops to the background level
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Figure 5.3: Orbital light curves of J2039 from XMM-Newton (lower panel) and
Fermi -LAT (upper panel) observations. Data have been folded using the pulsar tim-
ing ephemeris from Section 5.3.2. The dashed red horizontal line on the gamma-ray
light curve indicates the expected background level computed from the distribution
of photon weights.
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Figure 5.4: Gamma-ray spectral energy distributions (SEDs) for PSR J2039−5617,
measured in two discrete orbital phase ranges around pulsar superior (0.0 < Φ ≤ 0.5)
and inferior (0.5 < Φ ≤ 1.0) conjunctions. Error bars are derived by fitting the
normalization of a power-law spectrum with index 2 to the flux measured in five
discrete logarithmically spaced energy bands per decade. The deviating points at
low energies are likely due to source confusion, as seen in the SEDs of several sources
in 4FGL. The curved lines and shaded regions illustrate the best-fitting spectral
models and one-sigma uncertainties in each phase interval. The blue curve and
shaded regions show the difference between the spectral models measured in the
two phase intervals.

in both, and that the gamma-ray pulse is significantly brighter around the pulsar
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Figure 5.5: The gamma-ray pulse profile of PSR J2039−5617 measured in data
taken in two equally-sized orbital phase regions around the pulsar superior (left)
and inferior (right) conjunctions. The red dashed line indicates the background
level, estimated independently in each orbital phase region using the distribution of
photon probability weights. The gamma-ray pulse profile is clearly enhanced around
superior conjunction, and there is no evidence for an unpulsed component in either
orbital phase region.

superior conjunction. There is therefore no evidence for an unpulsed component to
the gamma-ray flux from J2039, and the extra flux at the companion inferior con-
junction is in fact pulsed and in phase with the pulsar’s intrinsic pulsed gamma-ray
emission.

We consider two possible explanations for this orbitally-modulated excess. In
these models, charged particles are accelerated in an inclined, fan-like current sheet
at the magnetic equator that rotates with the pulsar. The intrinsic pulsed gamma-
ray emission is curvature radiation seen when the current sheet crosses the line
of sight. In the first scenario, the additional component is ICS from relativistic
leptons upscattering the optical photon field surrounding the companion star. In the
second, these leptons emit synchrotron radiation in the companion’s magnetosphere.
These processes cause the normally unseen flux of relativistic leptons that is beamed
towards the observer when the current sheet crosses the line of sight to become
detectable as an additional pulsed gamma-ray flux that is coherent in phase with
the intrinsic emission. We shall defer a full treatment of this additional emission
component to a future work (Voisin, G. et al. 2020, in prep), and instead discuss
some broad implications of the detection.

In the ICS scenario, it appears unlikely that the ICS population and the popula-
tion responsible for the intrinsic (curvature) emission share the same energy. Indeed,
the typical energy of the scattered photons, about Es ∼ 1 GeV, suggests scattering
in the Thomson regime (for leptons) with Es ∼ γ2

sEb, where γs is the typical Lorentz
factor of the scatterer and Eb ∼ 1 eV is the energy of soft photons coming from the
companion star. This implies γs ∼ 3× 104 which fulfills the condition Es � γsmc

2

necessary for Thomson regime scattering. On the other hand, the Lorentz factor
required to produce intrinsic gamma rays at an energy Ei ∼ 2 GeV is about γi ∼ 107

assuming the mechanism is curvature radiation [as is favoured by 283]. We assumed
a curvature radius equal to the light-cylinder radius rLC = 126 km and a magnetic
field intensity equal to BLC = 7 × 104 G in these estimates. Thus, the ICS sce-
nario requires two energetically distinct populations of leptons in order to explain
the orbital enhancement. Under this interpretation, the more relativistic curvature-
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emitting population would also produce an ICS component peaking around 10 TeV,
which may be detectable by future ground-based Cherenkov telescopes.

The synchrotron scenario, on the other hand, allows for the possibility that
the same particle population responsible for intrinsic pulsed gamma-ray (curvature)
emission can produce the orbital flux enhancement, provided the companion mag-
netic field strength is on the order of 103 G [284]. The synchrotron critical frequency
in a 103 G field of the companion magnetosphere is ∼ 1 GeV for a Lorentz factor of
γi = 107, while the cooling timescale is about 10−5− 10−4 s, i.e. leptons cool almost
immediately after crossing the shock, and phase coherence can be maintained. More-
over, the particles are energetic enough to traverse the shock without being greatly
influenced, and would emit in less than a single gyroperiod, so emission would likely
be beamed in the same direction as the intrinsic curvature radiation.

For the pulsed orbital modulation in PSR J2339−0533, An et al. [282] also con-
sider an alternative scenario in which intrinsic pulsed emission is absorbed around
the pulsar’s inferior conjunction. This model explains the softer spectrum around
the maximum, as leptons in the pulsar wind have a higher scattering cross section
for low-energy gamma rays. However, they conclude that the pair density within
the pulsar wind is far too low to provide sufficient optical depth.

5.4 Optical observations and Modelling

5.4.1 New optical observations

We performed optical photometry of J2039 with the high-speed triple-beam CCD
camera ULTRACAM [195] on the NTT on 2017 June 18, 2018 June 02 and 2019
July 07. The first two observations each covered just over one full orbital period,
while the third was affected by intermittent cloud cover throughout before being
interrupted by thick clouds after 70% of an orbit had been observed. We observed
simultaneously in us, gs and is

4, with 13 s exposures (65 s in us) and negligible dead
time between frames. Each image was calibrated using a bias frame taken on the
same night and a flat-field frame taken during the same observing run.

All reduction and calibration was performed using the ULTRACAM software
pipeline5 (GROND images were first converted to the ULTRACAM pipeline’s data
format). Instrumental magnitudes were extracted using aperture photometry, with
each star’s local per-pixel background count rate being estimated from a surrounding
annulus and subtracted from the target aperture.

To calibrate the photometry, we took ULTRACAM observations of two Southern
SDSS standard fields (Smith, J.A., et al. 2007, AJ, submitted)6 on 2018 June 01
and 2018 June 04. The resulting zeropoints were used to calibrate the ULTRACAM
observations of J2039. Zeropoint offsets between 2017, 2018 and 2019 observations
and frame-to-frame transparency variations were corrected via “ensemble photome-
try” [198] using a set of 15 stars that were present in all ULTRACAM and GROND
images of J2039.

4ULTRACAM uses higher-throughput versions of the SDSS filter set, which we refer to as
Super-SDSS filters: us, gs, rs, is, and zs [197].

5http://deneb.astro.warwick.ac.uk/phsaap/software/ultracam/html/
6http://www-star.fnal.gov/

http://deneb.astro.warwick.ac.uk/phsaap/software/ultracam/html/
http://www-star.fnal.gov/
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To calibrate the archival GROND data, we computed average magnitudes for five
comparison stars that were covered in gs and is by the ULTRACAM observations,
and fit for a linear color term between the GROND and ULTRACAM filter sets.
Neither r′ nor z′ were covered by ULTRACAM. In r′ we therefore used magnitudes
of four stars from the APASS catalogue [285]. No catalogs contained calibrated z′

magnitudes for stars within the GROND images. We therefore adopted the reference
GROND zeropoint7 in this band. The g′, r′ and i′ the GROND calibrations agreed
with these reference zeropoints to within 0.07 mag. As a cross-check we derived
alternative zeropoints using a set of stars in the images which have magnitudes
listed in the APASS catalogue. For both GROND and ULTRACAM the APASS-
derived zeropoints agree with the calibrations using the ULTRACAM standard-
derived zeropoints to within 0.06 mag in both gs and is.

The resulting light curves in the gs and is bands (the only two bands covered by
all four observations) are shown in Figure 5.6. The long-term changes in the light
curve are clearly visible, with ∼ 0.2 mag variability in the second maximum (near
the companion star’s descending node) and ∼ 0.1 mag variations in the minimum
at the companion’s inferior conjunction. The apparent variations around the first
maximum (companion’s ascending node), are closer to our systematic uncertainty
in the relative flux calibrations.

To estimate the level of variability that can be attributed to our flux calibra-
tion, we checked the recovered mean magnitudes of the ensemble stars used to
flux-calibrate the data. These all varied by less than 0.05 mag across all sets of
observations.

5.4.2 Light curve modelling

To estimate physical properties of the binary system, we fit a model of the binary
system to the observed light curves using the Icarus binary light curve synthesis
software [194].

Icarus assumes point masses at the location of the pulsar (with mass Mpsr) and
companion star centre-of-masses, and solves for the size and shape of the companion
star’s Roche lobe, according to an assumed binary mass ratio q ≡ Mpsr/Mc, incli-
nation angle i, projected velocity semi-amplitude Kc and orbital period Porb. These
parameters are linked through the binary mass function,

f(Mpsr) =
Mpsr sin3 i

(1 + 1/q)2
=
K3

cPorb

2πG
, (5.6)

and hence only four out of these five values are independent. With the pulsation
detection, we have an extremely precise timing measurement of Porb, and the pulsar’s
projected semimajor axis (x), which further fixes q = KcPorb/2πx. We therefore
chose to fit for i and Kc, and derive q and Mpsr from these. For i, we adopted a
prior that is uniform in cos i (to ensure that the prior distribution for the orbital
angular momentum direction is uniform over the sphere). Since no evidence is seen
for a gamma-ray eclipse (see Section 5.3.3), we assume that the pulsar is not occluded
by the companion star, which provides an upper limit on the inclination of i . 79◦

(the precise limit additionally depends on the size of the star, and was computed
“on-the-fly” by Icarus while fitting). We additionally assumed a conservative lower

7http://www.mpe.mpg.de/~jcg/GROND/calibration.html

http://www.mpe.mpg.de/~jcg/GROND/calibration.html
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Figure 5.6: Folded orbital light curves of J2039 across four observing runs (2014
August 16–18 with GROND, 2017 June 18, 2018 June 02 and 2019 July 07 with
ULTRACAM). For clarity, the ULTRACAM data points have been combined into
250 s integrations. The folded light curves are repeated twice, with uncertainties
shown only in the first cycle. These are mostly smaller than the corresponding
markers. Here, and throughout this paper, orbital phase zero corresponds to the
pulsar’s ascending node. The GROND light curves have been corrected to the
ULTRACAM magnitude system via color corrections computed from the magnitudes
of comparison stars in the field.

limit of i > 40◦, since lower inclinations would require an unrealistically high pulsar
mass (> 4M�).

The size and shape of the star within the Roche lobe is parameterized by the
Roche lobe filling factor fRL, defined as the ratio between the radius from the star’s
center-of-mass in the direction towards the pulsar and the distance between the
star’s center-of-mass and the Lagrange L1 point.

Once the shape of the star has been calculated, the surface temperature of the
companion star is defined by another set of parameters. The temperature model
starts with the “night” side temperature of the star, Tn, which is the base tempera-
ture at the pole of the star prior to irradiation. We assumed a Gaussian prior on Tn

with mean 5423 K and width ±249 K taken from the Gaia color–temperature rela-
tion [270]. To account for gravity darkening, we modify the surface temperature at a
given location for the local effective gravitational acceleration by Tg = Tn(g/gpole)

β,
where gpole is the effective gravitational acceleration at the pole. We used a fixed
value of β = 0.08, which assumes that the companion star has a convective envelope
[286].

We account for the effect of heating from the pulsar by modelling it as an isotrop-
ically emitting point source of heating flux, with luminosity Lirr (although note that
the pulsar’s beam is generally more concentrated towards the equator, see [263]
who account for this when fitting black-widow light curves). In Icarus, heating
is parameterized by the “irradiation temperature” Tirr = Lirr/(4πσA

2), where σ
is the Stefan-Boltzmann constant and A = x(1 + q)/ sin i is the orbital separa-
tion. In the later discussion, we will compare this luminosity with the pulsar’s total
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spin-down power via the heating efficiency, ε = Lirr/Ė [176] which absorbs several
unknown quantities such as the stellar albedo, and the “beaming factor” accounting
for the pulsar’s non-isotropic emission. A location on the stellar surface which is
a distance r from the pulsar, and whose normal vector is at an angle χ from the
vector pointing to the pulsar, receives heating power of σT 4

irr cosχA2/r2 per unit
area. We assume that the star remains in thermal equilibrium, and so this flux is
entirely re-radiated, and hence the surface temperature at this location is raised to
T = (T 4

g +cosχT 4
irrA

2/r2)1/4. To account for the light curve asymmetry and variabil-
ity, we require additional parameters describing deviations from this direct-heating
temperature model; these will be discussed below.

Given this set of parameters, Icarus computes model light curves in each band
by solving for the stellar equipotential surface, generating a grid of elements covering
this surface, calculating the temperature of each element as above, and simulating
the projected flux (including limb darkening) from every surface element at a given
inclination angle and at the required orbital phases. For the flux simulation, we
used the model spectra from the Göttingen Spectral Library8 [203] produced by
the PHOENIX [287] stellar atmosphere code. We integrated these model spectra
over the transmission curves of the observing setups to obtain flux models in the
ULTRACAM and GROND filters.

The flux was rescaled in each band for a distance d and reddening due to in-
terstellar extinction, parameterized by the V-band extinction, AV, for which we
assumed a uniform prior between 0.0 < AV < 0.14, with the (conservative) upper
limit being twice that found by Romani [153] from fits to the X-ray spectrum. Since
the Gaia parallax measurement is marginal, we followed the recommendations of
Luri et al. [288] to derive a probability distribution for the distance by multiplying
the Gaussian likelihood of the parallax measurement, p($|d), by an astrophysically
motivated distance prior for MSPs. For this, we take the density of the Galactic
MSP population along the line of sight to J2039 according to the model of Levin
et al. [289]. This model has a Gaussian profile in radial distance from the Galactic
center (r) with width r0 = 4.5 kpc, and an exponential decay with height z above
the Galactic plane, with scale height z0 = 0.5 kpc. The transverse velocity distri-
bution for binary MSPs in the ATNF Pulsar Catalogue [110] is well approximated
by an exponential distribution with mean v0 = 100 km s−1, which we apply as an
additional distance prior. In total, the distance prior is,

p(d) ∝ p($ | d) d2 exp

[
−v(d)

v0

− z(d)

z0

− 1

2

(
r(d)

r0

)2
]
, (5.7)

where the d2 term arises from integrating the Galactic MSP density model at each
distance over the 2D area defined by the Gaia localization region. Finally, we used
the radio dispersion measure, DM = 24.6 pc cm−3 (see Paper II) as an additional
distance constraint. The Galactic electron density model of Yao, Manchester, and
Wang [189] (hereafter YMW16) gives an estimated distance of d = 1.7 kpc, with
nominal fractional uncertainties of ±45%. We therefore multiplied the distance
prior by a log-normal distribution with this mean value and width. This overall
prior gives a 95% confidence interval of 1.2 kpc < d < 3.0 kpc, with expectation
value d̂ = 1.9 kpc.

8http://phoenix.astro.physik.uni-goettingen.de/

Definition: millisecond pulsar
Definition: millisecond pulsar
Definition: millisecond pulsar
http://phoenix.astro.physik.uni-goettingen.de/
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In our preliminary Icarus models, constructed prior to the spectroscopic obser-
vations by Strader et al. [54] and the pulsation detection presented here, we jointly
fit all three light curves, and additionally fit for Porb and Tasc. For this we used a
Gaussian prior on Porb according to the best-fitting period and uncertainty from the
Catalina Surveys Southern periodic variable star catalogue [266, see Section 5.2],
and refolded the optical observations appropriately. The resulting posterior distri-
butions on Porb, Tasc and on x were used to constrain the parameter space for the
gamma-ray pulsation search in Section 5.3.1.

In these preliminary models, we accounted for the light curve asymmetry and
variability by describing the surface temperature of the star using an empirical spher-
ical harmonic decomposition whose coefficients could vary between the three epochs.
While this model served our initial goal of phase-aligning the light curves to con-
strain the orbital parameters, the spherical harmonic temperature parameterization
suffered from several deficiencies. Firstly, the decomposition had to include at least
the quadrupole (l = 2) order to obtain a satisfactory fit. Several of these coeffi-
cients were highly correlated with one another, and polar terms (m = 0) are poorly
constrained as the system is only viewed from one inclination angle, leading to very
poor sampling efficiency. Secondly, the quadrupole term naturally adds power into
the second harmonic of the light curve, changing the amplitude of the two peaks in
the light curve. In the base model, this amplitude depends only on the inclination
and Roche-lobe filling factor, and so the extra contribution of the quadrupole term
made these parameters highly uncertain.

To try to obtain more realistic parameter estimates, we instead modelled the
asymmetry and variability by adding a cold spot to the surface temperature of the
star. While cool star spots caused by magnetic activity are a plausible explanation
for variability and asymmetry in the optical light curves [261], other mechanisms
such as asymmetric heating from the pulsar [205, 218], or heat re-distribution due
to convective flows on the stellar surface [240, 290], may also explain this. Our
choice to model the light curves using a cool spot came from this being a convenient
parameterization for a temperature variation on the surface of the star, rather than
from assuming that variability is due to magnetic star spot activity.

In our model, this spot subtracts from the gravity-darkened temperature of the
star, with a temperature difference of τ at the center of the spot, which falls off with a
2D Gaussian profile with width parameter ρ in angular distance (∆) from the center
of the spot. The spot location on the surface of the star is parameterized by the polar
coordinates (θ, φ), with θ = 0 aligned with the orbital angular momentum, φ = 0
pointing towards the pulsar and φ = 90◦ aligned with the companion’s direction
of motion. We assumed a sinusoidal prior on θ to ensure our priors covered the
surface of the star approximately uniformly (the approximation would be exact for
a spherical, i.e. non-rotating and non-tidally distorted star). The spot width was
confined to be 5◦ < ρ < 30◦. The lower limit prevents very small and very cold
spots, while the upper limit ensures that the effects of spots do not extend over
much more than one hemisphere.

To prevent over-fitting, we added an extra penalty factor on the total (bolo-
metric) difference in flux that the spot adds to the model. This is, approximately,
proportional to I =

∫∫
S
τ 4e−(∆(θ,φ)2/2ρ2) dS where S is the surface of the star. In

our fits we adopted a Gaussian prior on I, centred on I = 0 with width parameter
σI = 6.25 × 1010 K4 sr, corresponding to a −500K spot covering 1 steradian of the
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star’s surface. Noting from Figure 5.6 that the first peak (at the pulsar’s ascending
node) is always larger than the second, and that the variability seems to be strongest
around the second peak, we assumed in our model that the light curve asymmetry
is due to a variable cold spot (τ < 0 K) on the leading edge of the companion star,
and confined 0◦ < φ < 180◦.

To investigate the light curve variability and understand what effect this has on
our inference of the binary parameters, we chose to fit each light curve separately.
Here we only model the three complete light curves from 2014, 2017 and 2018. The
partial 2019 light curve is missing the first peak, and hence models fit only to the
data around the variable second peak would have very high uncertainties on the fit
parameters, making this of limited use compared to the other three light curves. We
included the ULTRACAM us data in our model fitting, since they were obtained
simultaneously with the is and gs data without requiring additional observing time,
and provide an additional color for temperature estimation. However, as the signal-
to-noise is much lower in this band, we do not expect it to have had a large effect
on the results.

To account for uncertainties in our atmosphere models, extinction, or photo-
metric calibration, we allowed for constant offsets in the magnitudes in each band,
penalizing the chi-squared log-likelihoods using a Gaussian prior on the magnitude
offset with a width of 0.05 mag. As the resulting reduced chi-squared was greater
than unity, we also applied rescaling factors to the uncertainties in each band. Both
the band calibration offsets and uncertainty rescaling factors were computed to max-
imize the penalized log-likelihood.

At each sampled location in the parameter space, Icarus additionally computed
the projected velocity of every surface element, and averaged these weighting by
their r′ flux, to obtain a simulated radial velocity curve. This filter band was chosen
as it covers the sodium absorption line seen in Strader et al. [54]. The simulated
radial velocity curve was compared to the measured radial velocities from Strader et
al. [54], additionally fitting for a constant systemic radial velocity, and the resulting
chi-squared term added to the overall log-likelihood.

The model fits were performed using the pymultinest Python interface [202] to
the Multinest nested sampling algorithm [201]. The best fitting models and light
curves are shown in Figure 5.7, the posterior distributions for our model parameters
are shown in Figures 5.8, 5.9 and 5.10, and numerical results are given in Table 5.3.
While the inferred posterior distributions from each epoch generally overlap with
each other (except for the spot and heating parameters encapsulating variability),
in the following discussion we take the full range covered by the 95% confidence
intervals of the three posterior distributions as estimates for the model uncertainty,
in the hope that biases due to variability are contained within that range.

5.5 Results and Discussion

5.5.1 Binary Inclination and Component Masses

Perhaps one of the more important questions is whether or not we are able to obtain
a reliable measurement of the mass of the neutron star in the system. The maximum
neutron star mass is a crucial unknown quantity which can discriminate between
different nuclear equations-of-state [see 291, and references therein]. Recent works



Discovery of PSR J2039–5617 143

Table 5.3: Icarus fit results.

Parameter 2014 June 16–18 2017 June 18 2018 June 02

(GROND) (ULTRACAM) (ULTRACAM)

χ2 (degrees of freedom) 958.6 (824) 3930.3 (3529) 3699.5 (3330)

Icarus fit parameters

Systemic velocity (km s−1) 6+6.6
−6.5 5.9+6.4

−6.4 6.4+6.7
−6.6

Companion’s projected radial velocity, Kc (km s−1) 327.3+8.9
−8.8 329.6+8.6

−8.7 325.4+9
−8.9

Distance, d (kpc) 1.7+0.16
−0.14 1.69+0.12

−0.11 1.8+0.21
−0.17

V-band extinction, AV 0.072+0.064
−0.069 0.091+0.047

−0.082 0.095+0.043
−0.086

Inclination, i (◦) 74.5+3.7
−5.1 77.1+1.2

−3.8 69+8.8
−8

Roche-lobe filling factor, fRL 0.835+0.021
−0.014 0.821+0.012

−0.008 0.839+0.048
−0.033

Base temperature, Tn (K) 5451+82
−57 5395+87

−74 5471+124
−109

Irradiating temperature, Tirr (K) 3456+96
−72 3807+94

−85 3700+160
−141

Spot central temperature difference, τ (K) −540+170
−150 −620+340

−260 −600+70
−80

Spot Gaussian width parameter, ρ (◦) 23+5.7
−3.9 14.4+10.9

−3.7 28+1.9
−3.9

Spot co-latitude, θ (◦) 42.7+9.1
−7.5 33.1+16.1

−10.5 96.7+13.2
−13.1

Spot longitude, φ (◦) 77.9+3
−4.6 73.6+6.2

−12.4 56.3+3.8
−4.6

Derived parameters

Heating efficiency, ε 0.061+0.011
−0.007 0.089+0.012

−0.01 0.086+0.03
−0.019

Pulsar mass, Mpsr (M�) 1.2+0.14
−0.11 1.18+0.1

−0.09 1.3+0.31
−0.2

Companion mass, Mc (M�) 0.165+0.017
−0.012 0.162+0.011

−0.008 0.18+0.041
−0.026

Mass ratio, q ≡Mpsr/Mc 7.27+0.2
−0.2 7.32+0.19

−0.19 7.22+0.2
−0.2

Volume-averaged companion density (g cm−3) 4.38+0.1
−0.14 4.48+0.07

−0.09 4.35+0.25
−0.27

Spot integral, I (1010 K4 sr) 8.4+8.8
−5.7 6.0+9.4

−5.3 18.1+8.3
−6.5

Notes. — Numerical values are the median of the marginalized posterior distributions output by
Multinest, with the 95% confidence regions shown in sub- and superscript.
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Figure 5.7: Best-fitting optical light curve models for J2039. Each row shows the
best-fitting model for a given epoch. Left panels show the observed light curves and
uncertainties (colored error bars) in each band. The fluxes in each band predicted
by the best-fitting Icarus model are shown as dashed curves. When fitting these
models we allowed for small offsets in the flux calibration of the observed light curves.
The solid curves show the model light curves after applying these calibration offsets.
Right panels show the Icarus model according to the best-fitting parameters at the
pulsar’s ascending (A) and descending (D) nodes, and superior (S) and inferior (I)
conjunctions, marked on the top right panel, with the direction of motion shown
by an arrow. The pulsar’s position at each phase is shown by a black dot. Phase
zero in the light curves corresponds to the pulsar’s ascending node. The axes are in
units of the orbital separation (A). The surface temperature of the companion star
is shown by the color bar.

[292, 293] have found very heavy pulsar masses for spider pulsars, and there are hints
that these systems may in general contain heavier neutron stars than e.g. double
neutron star systems [54].

Combining the radial velocity curve measured via spectroscopy by Strader et al.
[54] with our pulsar timing measurement of the pulsar’s projected semi-major axis
constrains the mass ratio to q = 7.3 ± 0.2. Hence, all parameters in the binary
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Figure 5.8: Posterior distributions for the Icarus model parameters. Red, blue
and orange histograms and contours show the posterior distributions from fits to the
GROND, ULTRACAM (2017) and ULTRACAM (2018) light curves, respectively.
Contour lines are shown at 1σ and 2σ levels. Where a non-uniform prior is assumed,
this is shown as a black curve on the corresponding parameter’s one-dimensional
histogram.

mass function (Equation 5.6) are relatively well measured, with the exception of
the binary inclination angle. Measuring this by modelling the optical light curves
was therefore a key goal for our study of this system. The observed asymmetry and
variability in the light curve are significant complicating factors for this, as estimates
for the inclination angle are determined by the amplitude of the ellipsoidal peaks.
In J2039, these do not have equal amplitudes, and vary over time.

Our optical model fits to all three complete orbital light curves consistently
preferred high inclinations, hitting the upper limit of (i . 79◦) imposed by our as-
sertion that the pulsar is not eclipsed at superior conjunction. The second ULTRA-
CAM light curve results in the widest 95% confidence interval, with 61◦ < i < 78◦.
Marginalizing over the uncertainty in the radial velocity amplitude, the correspond-
ing pulsar mass range is 1.1M� < Mpsr < 1.6M�, with a median of Mpsr ≈ 1.3M�,



146 5.5. Results and Discussion

1.
0

1.
2

1.
4

1.
6

1.
8

M
p
sr

(M
�

)

60 65 70 75

i (◦)

0.
15

0
0.
17

5
0.
20

0
0.
22

5
0.
25

0

M
c

(M
�

)

1.
0

1.
2

1.
4

1.
6

1.
8

Mpsr (M�)
0.
15

0
0.
17

5
0.
20

0
0.
22

5
0.
25

0

Mc (M�)

Figure 5.9: Posterior distributions from Icarus model fitting, as in Figure 5.8, but
for the binary inclination, pulsar and companion masses.
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Figure 5.10: Posterior distributions from Icarus model fitting, as in Figure 5.8,
but for the parameters of the cold spot added to the companion’s surface. These
parameters account for the significant variability observed in the light curves, hence
the rather different values recovered.

but the models for the other two epochs give narrower ranges 1.1M� < Mpsr <
1.35M�. The posterior distributions on these parameters are shown in Figure 5.9.

Inclination angles derived from optical light curve fits are highly dependent on
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the chosen temperature and irradiation models and priors. In particular, we caution
that there is likely to be a large (but unknown) systematic uncertainty underlying
our inclination estimates, caused by our simplifying assumption that the variability
and asymmetry can be modelled by one cold spot on the leading face of the star.
Other models for light curve asymmetry, e.g. intra-binary shock heating models or
models featuring convective winds on the stellar surface [218, 240, 290], may give
different results. Pulsar masses derived from optical light curve modelling should
therefore be treated with caution, as the results can be highly model-dependent.
For instance, if part of the asymmetry is caused by excess heating on the trailing
face of the star rather than a cool spot on the leading face, then the leading peak
of the light curve will be larger than predicted by the direct-heating model, and
the model’s inclination angle will increase to compensate. Nevertheless, our results
suggest that a high inclination and fairly low pulsar mass is compatible with the
observed light curves.

Our resulting mass is rather lower than those inferred from other redback sys-
tems, which Strader et al. [54] found to cluster around 1.8M�, but has a range
similar to that found for PSR J1723−2837 (Mpsr < 1.4M�) by van Staden and An-
toniadis [261]. While some of the redback masses compiled by Strader et al. [54]
do have strict lower limits (i.e. for edge-on orbits) that are above our inferred mass
range, it is possible that unmodelled asymmetries and variability may be systemati-
cally biasing optical-modelling based inclination measurements to lower values, and
hence biasing the redback pulsar mass distribution towards higher values.

By generating and fitting a flux-averaged radial velocity curve, our binary system
model additionally corrects for possible biases in the observed radial velocity curve
due to a difference between the center of mass of the companion star and the position
on the surface where spectral lines contribute most strongly to the observed spectra
[e.g., 293]. For J2039, heating has a fairly small effect on the light curve, and
the resulting correction to the radial velocity curve is small: the epoch with the
largest inferred center-of-mass radial velocity amplitude (2017 June 18) has K2 =
330 ± 5 km s−1, compared to K2 = 324 ± 5 km s−1 that Strader et al. [54] found
from a simple sinusoidal fit. This implies that the required K2-correction is only
∆K2/K2 . 2%, and only increases the inferred pulsar mass by ∆Mpsr/Mpsr . 6%.
While here this additional bias is far lower than that caused by our uncertainty on
the inclination, this is not true in general for other redback systems. Large changes
in the heating of redback companions have been observed [262], and so reliable
center-of-light corrections require photometry observations to be taken as close in
time as possible to spectroscopic radial velocity measurements to mitigate possible
errors due to variations in heating.

Our pulsar mass range is lower than that estimated by Strader et al. [54] (Mpsr >
1.8M�) from similar fits to the GROND light curve. Prior to our pulsation detec-
tion, the binary mass ratio was unconstrained, and so this was an additional free
parameter in their model. The authors used two large cold spots in their model,
which were both found to lie towards the unheated side of the star. These spots will
affect the amplitudes of both ellipsoidal peaks, and therefore will affect the estima-
tion of the inclination angle, filling factor and mass ratio that are constrained by
these amplitudes. Their fits found a much lower mass ratio than is obtained from the
pulsar’s semimajor axis measurement (q < 5.3 vs. q = 7.3± 0.2 here) and a nearly
Roche-lobe filling companion fRL ≈ 95%. Both of these parameter differences will
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increase the amplitude of the ellipsoidal modulations, allowing for a more face-on
inclination and thus a heavier pulsar, explaining our disagreement.

The inferred inclination angle is also (qualitatively) consistent with the observed
gamma-ray pulse profile. Since the pulsar has been spun-up via accretion its spin
axis should be aligned to the orbital axis, and hence the pulsar viewing angle (the
angle between the line-of-sight and the pulsar’s spin axis) will match the orbital
inclination. The gamma-ray pulse profile features one broad main peak, with a
smaller trailing peak. This therefore rules out an equatorial viewing angle to the
pulsar, and hence an edge-on orbital inclination i ∼ 90◦ as in that case the gamma-
ray pulse should exhibit two similar peaks approximately half a rotation apart.
The detection of radio pulsations enables a full investigation of this, fitting both
the gamma-ray pulse profile shape and its phase relative to the radio pulse using
theoretical pulse emission models. This will be described in detail in Paper II, but
we note here that these models suggest a lower viewing angle of i ∼ 67◦, for a pulsar
mass of Mpsr ∼ 1.4M�.

For the companion mass, we find 0.15M� < Mc < 0.22M�. Our Icarus model
fits gave the companion star base temperature Tn ≈ 5400 K and volume-averaged
radius Rc ≈ 0.4R�. These are both significantly larger than would be expected
for a main-sequence star of the same mass. Indeed, this is not surprising, as the
accretion required to recycle the MSP will have stripped the majority of the stellar
envelope, while tidal forces and heating from the pulsar continue to add additional
energy into the companion star [101], causing a further departure from ordinary
stellar evolution.

5.5.2 Distance and Energetics

The Icarus fits to our three light curves all returned consistent distance estimates
around d = 1.7+0.3

−0.1 kpc, consistent with the Gaia parallax and YMW16 DM dis-
tance estimates. Assuming a fiducial distance of d = 1.7 kpc, the Gaia proper
motion measurement implies a transverse velocity of vT ≈ 125 km s−1. This trans-
verse velocity will induce an apparent linear decrease in both the spin and orbital
frequencies due to the increasing radial component of the initially transverse ve-
locity [hereafter referred to as the Shklovskii effect after 213]. This effect accounts
for around 20% of the observed spin-down rate. An additional contribution to the
observed spin-down rate comes from the pulsar’s relative acceleration due to the
Galactic rotation and gravitational potential. Using the formula given by Matthews
et al. [294] and references therein, we estimate this accounts for less than 1% of
the observed spin-down rate. At the fiducial distance the gamma-ray flux corre-
sponds to a luminosity of Lγ = 5 × 1033 erg s−1, or a Shklovskii-corrected gamma-
ray efficiency of ηγ = Lγ/Ė = 21%, which is typical for gamma-ray MSPs [28].
Recently, Kalapotharakos et al. [283] discovered a “fundamental plane” linking pul-
sars’ gamma-ray luminosities to their spin-down powers, magnetic field strengths and
spectral cut-off energies [283]. For J2039, this predicts Lγ,FP = 1.3× 1034 erg s−1, or
0.4 dex above the observed value, consistent with the scatter about the fundamental
plane seen by Kalapotharakos et al. [283].

In our Icarus model, we assume that the inner side of the companion star is
heated directly by flux from the pulsar. For PSR J2039−5617, our optical models
hint that the heating flux reaching the companion star may be variable, and is on
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the order of a few percent of the total spin-down luminosity of the pulsar, with
ε = Lirr/Ė ∼ 0.05 to 0.12. This is a somewhat lower efficiency than is typically
observed in spider systems, where heating normally accounts for around 20% of the
pulsar’s spin-down power [176, 263].

The precise nature of the mechanism by which redback and black-widow pulsars
heat their companions is currently unclear. For J2039, the inferred gamma-ray lumi-
nosity is larger than the heating power, and so we may infer that gamma rays are a
sufficient heating mechanism in this case. For other spiders, this is not always true,
with heating powers found to be much larger than gamma-ray luminosities (e.g.,
Chapter 3). Some discrepancy between the two can be explained by underestimated
distances, or beamed (i.e. non-isotropic) gamma-ray flux that is preferentially emit-
ted in the equatorial plane, although heating efficiencies and gamma-ray efficiencies
remain only loosely correlated even with these corrections [263]. This may indicate
that another mechanism, e.g. high-energy leptons in the pulsar wind, is responsible
for heating the companion star. Note that both ηγ and ε are fractions of Ė, so while
Ė is an order-of-magnitude estimate dependent on the chosen value for the pulsar
moment of inertia, the ratio between ηγ and ε is independent of this.

5.5.3 Optical light curve asymmetry and variability

In the above heating efficiency calculation, we only included direct heating i.e. flux
from the pulsar that is immediately thermalized and re-radiated from the surface of
the companion star at the location on which it impinges. For J2039 the asymmetry
of the light curve, and relative lack of variability on the leading peak may suggest
that some heating is being re-directed toward the trailing face of the companion
star, keeping this side at a more constant temperature. However, with only three
optical light curves covering this orbital phase this is purely speculative, and requires
additional optical monitoring to check for variability in the leading peak.

Nevertheless, similar light curve asymmetry, with the leading peak typically ap-
pearing as the brighter of the two, seems to be common in many types of close
binary systems (e.g. cataclysmic variables (CVs) and W UMa-type eclipsing bi-
naries), where it is often referred to as the O’Connell effect [after 295]. Several
processes have been proposed to explain this in general, and in redbacks in par-
ticular, but so far without consensus. Possible processes include: reprocessing of
the pulsar wind by a swept-back asymmetric intra-binary shock [218]; channeling
of charged particles in the pulsar wind onto the poles of a companion’s misaligned
dipolar magnetic field [205, 284]; or heat redistribution due to fluid motion in the
outer layers of the star [240, 290, 296].

For J2039, the presence of an intra-binary shock wrapping around the pulsar is
required to explain the observed orbital modulation of X-rays. Following the model
of Romani and Sanchez [218], it therefore seems plausible that extra heating flux
could be directed at the trailing face of the companion star, and could at least
partially explain the observed light-curve asymmetry. We are then left to explain
the variability in the light curve. Cho, Halpern, and Bogdanov [262] observe similar
variability in the light curves of three other redback systems, attributing this to
variability in the stellar wind and hence in the intra-binary shock.

An alternative explanation for redback variability is that magnetic activity in the
companion leads to large cool star spots on the stellar surface, which migrate around
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the star and may appear and disappear over time. This star-spot interpretation has
been invoked to explain the similar optical variability seen in long-term monitoring
of the redback system PSR J1723−2837 [261]. A periodogram analysis of these light
curves found a component with a period slightly shorter than the known orbital
period, which the authors interpret as being due to asynchronous (i.e. non-tidally
locked) rotation of the companion star. Alternatively, this could also be due to
differential rotation of the stellar surface, as seen in sun spots, and observed e.g. in
CV secondaries via Roche tomography [e.g., 297]. Given the year-long time intervals
between our ULTRACAM light curves of J2039 we cannot perform the same analysis
to track a single variable component over time to confirm this picture, but this may
be possible in the future with sufficient monitoring. Another interesting question
that may be addressed with additional monitoring is whether or not the optical
variability correlates with the variations in the orbital period, as both may be linked
through magnetic cycles in the stellar interior.

To create our binary system models, we used a toy model for the stellar surface
temperature that included a variable cold spot to account for the asymmetry and
variability. The posterior distributions on the parameters of these spots are shown in
Figure 5.10. This model is certainly an over-simplification of the truth, and so we will
avoid placing much emphasis on the numerical results for these parameters, noting
that our goal was instead to marginalize over the variability to retrieve estimates for
more tangible quantities such as the inclination and filling factor. Our chosen prior,
which aims to minimize the bolometric flux ∝ τ 4σ2 subtracted by the cool spot,
penalizes small but very cold spots over larger and warmer spots. This prevents
our model reaching the very cold spot temperatures (τ ∼ −2000 K) that have been
observed in well-studied main-sequence stars [298]. Instead, our model prefers large
spots (close to our upper limit of ρ = 30◦) with a central temperature difference
between τ ∼ −300 K to τ ∼ −700 K. While such a temperature reduction could be
plausibly explained by magnetic star spot activity, we are hesitant to interpret these
as “true” star spots, but rather consider them to be areas of decreased temperature
due to unknown variable effects, e.g. asymmetric heating from the pulsar, or heat
re-distribution due to convective flows on the stellar surface. Continued photometric
monitoring of J2039 to test the star-spot explanation may reveal evidence that these
cool areas migrate across the surface of the star, as they do in PSR J1723−2837
[261]. We discuss this possibility further below. Furthermore, a dedicated study of
the spectra observed by Strader et al. [54] may be able to detect the presence of
spectral lines associated with cooler temperatures to further investigate the star-spot
hypothesis.

We also note that a better understanding of variability in rotationally powered
redback systems may offer insight into some of the most extreme behavior exhibited
by binary MSP systems: the sudden (dis)appearance of accretion discs in transitional
MSP systems [tMSPs, 19–22]. To provide material to power a tMSP’s accretion
state, the companion star must be overfilling its Roche lobe. However, optical
modelling of PSR J1023+0038 somewhat surprisingly suggests a companion that
significantly underfills its Roche lobe [299, 300]. This therefore requires a significant
change in the radius of the companion star, and the timescale on which this takes
place is currently unknown. For J2039, we also find that the companion star is
significantly smaller than its Roche lobe (fRL ≈ 0.83), and do not find any evidence
for variations in the stellar radius over the three light curves.
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5.5.4 Orbital Period Variability

In Section 5.3.2 we measured the orbital period of J2039, finding significant devia-
tions in the orbital phase from a constant-period model. Such variations are common
among redback systems [e.g., 19, 71, 100]. This phenomenon has been attributed to
the Applegate mechanism [101, 102], originally invoked to explain period variations
in eclipsing Algol-type and CV binaries, in which periodic magnetic activity cycles
in the convective zone of the companion star introduce a varying quadrupole mo-
ment, which couples with the orbital angular moment to manifest as variations in
the orbital period.

Using our new Gaussian process description for the orbital phase variations, we
can hope to quantify the required changes in the quadrupole moment using the
best-fitting values for the hyperparameters of the Gaussian process used to model
the orbital phase variations in Section 5.3.2.

Under the Applegate model, the change in orbital period is directly related to
the change in the companion star’s gravitational quadrupole moment Q [102],

∆Porb

Porb

= −9
∆Q

McA2
, (5.8)

where A = x(1 + q)/ sin i is the orbital separation. For comparison, the total
quadrupole moment induced by the spin of the companion star and the tidal distor-
tion in the pulsar’s gravitational field is [103]

Q

McA2
= −2

9
k2

(
Rc

A

)5

(4q + 1) , (5.9)

where Rc is the radius of the companion star and k2 is the apsidal motion constant,
a parameter describing the deformability of the companion star [301]. For solar-
type stars k2 ∼ 0.035 [302], while if we assume that redback companions are akin
to the companions in CV systems whose outer envelopes have also been stripped
through accretion then we may expect a smaller value k2 ∼ 10−3 [303]. For J2039,
the hyperparameter h = 3.9+2.2

−1.2 s corresponds to the typical fractional amplitude for
the variations in orbital phase. Taking the simpler squared exponential covariance
function of Equation (5.4) corresponding to n → ∞ then the deviations in orbital
period have covariance function,

K∆Porb/Porb
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(5.10)

The typical (fractional) amplitude of the orbital period variations is therefore
∆Porb/Porb ∼ h/` = (3 ± 1) × 10−7, corresponding to ∆Q/Q ∼ 3 × 10−5k−1

2 . The
time-varying component to the gravitational quadrupole moment is therefore re-
quired to be of order a few percent of the total expected quadrupole moment at
most to explain the observed orbital period variations. From this, it seems plausible
that the observed period variations can be powered by quadrupole moment changes,
without requiring that a large fraction of the star be involved in the process. The
required fractional quadrupole moment changes are very similar to those recently
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calculated for the companion to the black widow PSR J2051−0827 by Voisin et al.
[104], despite the large difference in their masses.

For our assumed Matérn covariance function, the parameter n is related to how
smooth the noise process is: random walks in orbital phase, period or period deriva-
tive would manifest as noise processes with n = 1/2, 3/2 or 5/2 respectively [97].
This hyperparameter may therefore encode information about the source of the or-
bital period variation. If the quadrupole moment exhibits random walk behavior
(i.e. the stellar structure switches rapidly between different states), we would expect
to see a random walk in orbital period (n = 3/2). Alternatively, if the system is
affected by a variable torque (e.g. variable mass loss, or magnetic braking) then this
would manifest as a random walk in the orbital period derivative or higher orders
(n & 5/2).

Unfortunately, Figure 5.2 illustrates that we are insensitive to the value of n,
as the variability quickly falls below the measurement uncertainty level for periods
shorter than ` ≈ 130 d, preventing measurement of the power-law slope above the
corner frequency. We find only that a very shallow power-law spectrum n < 1 is
ruled out with 95% confidence, but models with finite n > 1.5 fit the data equally
well as the squared exponential kernel corresponding to n→∞.

We also find marginal evidence for an excess in the noise power at periods longer
than the 11-years of Fermi -LAT data. This is not well accounted for by a longer
correlation timescale ` and shallower spectral index, as this leaves excess power at
intermediate frequencies, and we do find that a break in the spectrum is preferred,
with ` � Tobs. One explanation could be that instead of breaking to a constant
power level at low frequencies, the noise process breaks to a shallower power law.
However, with only a handful of independent frequencies below the corner frequency,
this slope is hard to probe, although this may be worth revisiting as the timing
baseline grows.

Alternatively, this low-frequency excess could be explained by a steadily increas-
ing orbital period, which would introduce a quadratic term in the orbital phase that
would appear as noise power at a period longer than the observation timespan. In
Section 5.3.2, we accounted for this by including a constant orbital period derivative
Ṗorb = (8± 5)× 10−12.

While there are several physical processes which could lead to a long term in-
crease in the orbital period on top of the Applegate-style stochastic variability, the
magnitude of the effect here is hard to reconcile. For example, the Shklovskii-
induced orbital period derivative is Ṗorb,Shk = v2

TPorb/cd = 2 × 10−14, almost three
orders of magnitude smaller than the measured value. Other incompatible explana-
tions for an apparent period derivative include acceleration in the Galactic potential
(Ṗorb,acc = −6 × 10−16), or loss of angular momentum due to gravitational wave
emission, which would decrease the orbital period and hence has the wrong sign
here.

In principle, a long-term increase in the orbital period could be explained by
steady mass loss from the system. Under this model, the inferred mass-loss rate
would be Ṁ = −0.5 (Mc + Mpsr) Ṗorb/Porb = −8 × 10−9M� yr−1. This is an ex-
tremely high rate, and implies that the companion star would be completely ablated
after just 19 Myr, assuming a constant mass-loss rate. If we assume that such a mass
loss is driven by material ablated from the companion star by the pulsar, then the
total power budget available for this process should be similar to the spin-down
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power of the pulsar. Centrifugal effects from the orbital motion reduce the gravita-
tional potential difference which must be overcome for matter to escape the system.
Denoting the potential at the stellar surface, and the maximum potential within
the system as ϕc and ϕesc, respectively, then an estimate for the maximum possible
mass-loss rate due to ablation, assuming 100% efficiency and isotropic emission from
the pulsar, is,

ṀĖ =
Ė R2

c

4A2

1

ϕc − ϕesc

. (5.11)

Calculating ϕc and ϕesc using Icarus, we find for J2039
∣∣∣ṀĖ

∣∣∣ . 1.5×10−8M� yr−1,

and so at first glance it seems that mass-loss through ablation by the pulsar may
be sufficient to explain the observed Ṗorb. However, studies of radio eclipses in
redback and black widow systems, in which radio pulsations are absorbed, dispersed
and scattered by diffuse plasma in an extended region outside the companion star’s
Roche lobe, typically infer mass-loss rates on the order of Ṁ ∼ 10−12M� yr−1 or
lower [e.g., 179, 304]. These mass-loss rates are therefore clearly incompatible with a
mass-loss interpretation for the potential long-term period increase. Radio eclipses
have been observed from J2039, and these will be investigated in Paper II.

Another alternative mechanism that could lead to a significant Ṗorb is that con-
sidered by van Staden and Antoniadis [261], in which asynchronous rotation of the
companion star leads to a tidal force that transfers angular momentum from the
star to the orbit. If the star spins down at a constant rate, Ω̇c, then conserving total
angular momentum gives

Ṗorb = −3Ic Ω̇cMpsrMc

(
2π (Mpsr +Mc)P

2

G2

)1/3

, (5.12)

where Ic is the companion star’s rotational moment of inertia. Following Zahn
[305], if the star rotates with an angular frequency ∆Ωc larger than the synchronous
frequency Ω0 ' Ω, which we can approximate by the orbital frequency Ω due to the
much larger angular momentum of the orbit compared to the spin of the star, then
tidal forces will reduce ∆Ωc to zero over the synchronisation timescale,

tsync = −∆Ωc

Ω̇c

=
Ic

6k2q2McR2
c

(
McR

2
c

Lc

)1/3(
A

Rc

)6

, (5.13)

where Lc is the star’s luminosity. This expression assumes that the star has a large
convective envelope. Rearranging for Ṗorb, we find Ṗorb ∼ 10−8 (k2/10−3) (∆Ωc/Ω).
For the asynchronous rotation of the companion star to the redback PSR J1723−2837,
van Staden and Antoniadis [261] found (∆Ωc/Ω) ≈ 3 × 10−3. Adopting a similar
asynchronicity here results in an expected Ṗorb ∼ 3× 10−11, of similar magnitude to
that observed from J2039.

Unfortunately, we are unable to measure an asynchronicity of this magnitude
with existing data. Assuming ∆Ωc/Ω = 3 × 10−3, the star will undergo one extra
rotation with respect to the co-rotating orbital frame every 75 days, therefore com-
pleting several cycles between each of our light curves. Since the numbers of such
cycles in between our observations are unknown and unmeasurable, we cannot un-
ambiguously measure the asynchronous rotation by comparing the spot longitudes
in each of our light curves. Indeed, we cannot even be sure that the same spot is
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present on each of our observing epochs. The asynchronous rotation also cannot be
measured from the orbital period variations seen in Section 5.3.2, as these effects
are caused by variations in the internal structure, and can occur even in the case of
a tidally-locked companion star.

Thus, a tempting (although highly speculative!) picture emerges, in line with
that proposed by van Staden and Antoniadis [261], where many of the variable
phenomena seen from J2039 are due to magnetic activity and asynchronous rotation
in the companion star. In this picture, the magnetic activity leads to large star spots,
explaining the asymmetry in the optical light curve, and to quadrupole moment
variations in the stellar envelope, explaining the short-term orbital period variations.
Asynchronous rotation of the spotted surface then leads to the observed optical
variability, and introduces a tidal force that is responsible for the putative long-term
increase in the orbital period. A large stellar magnetic field would also be consistent
with the synchrotron explanation for the orbital gamma-ray modulation described
in Section 5.3.3.1. Investigating this picture in the future will require several more
years of timing measurements to confirm or refute the long-term Ṗorb, and high-
cadence (e.g. monthly) optical monitoring to test for evidence for asynchronous
rotation in the form of a periodicity in the optical variability.

5.5.5 Prospects for binary gamma-ray pulsar searches

Over the course of the Fermi -LAT mission, a number of candidate redback systems,
similar to J2039, have been discovered within unidentified LAT sources [e.g., 55, 88–
93]. Our detection of gamma-ray pulsations from J2039 shows that, with sufficiently
precise orbital constraints, gamma-ray pulsation searches are a viable method to
confirm their redback natures.

However, the orbital period variations common in redbacks, and present here
for J2039, will make them more difficult to detect. Indeed, J2039 is the first spider
MSP exhibiting rapid orbital period variations to have been discovered in a gamma-
ray search. Due to the low photon flux from a typical pulsar, multiple years of
LAT gamma-ray data are required for a discovery in a directed search. On such
timescales the pulsar’s ascending node can shift back and forth by more than 15 s
for some redback pulsars [see e.g., 71, 100]. In a pulsation search, we are forced
to assume a constant orbital period. The fact that orbital period variations are
common in redbacks therefore has two major implications, which we illustrate in
Figure 5.11.

Firstly, the recovered signal-to-noise ratio drops significantly. As shown in Fig-
ure 5.11, the maximum signal strength found in the search for J2039 was 66% smaller
than the signal strength obtained after accounting for the orbital period variations
in our timing analysis. The reason for this is visible from the left panel of Figure 5.1,
where it can be seen that the signal becomes clearer as the offset in Tasc decreases,
while at epochs where the offset is largest (∆Tasc ∼ ±10 s), the signal disappears
entirely. Despite this, J2039 was still easily detected above the statistical noise level,
but for fainter pulsars in future searches this could reduce the signal strength below
detectable levels.

Secondly, the signal is spread over a larger parameter volume compared to a
signal from a pulsar with a constant orbital period. This could actually be beneficial
to future searches: assuming the signal is strong enough to remain detectable over

Definition: Large Area Telescope
Definition: millisecond pulsar


Discovery of PSR J2039–5617 155

−10 −8 −6 −4 −2 0 2 4
Offset in Tasc (s)

−2.0

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

O
ff

se
t

in
P

o
rb

(m
s)

15 %
20

%

20 %
25 %

25 %

30
%

30 %

15 %

30 %

60 %

90 %

Figure 5.11: Fraction of maximum signal power recovered as a function of offsets
in Porb and Tasc from the timing solution in Table 5.1. The origin is the point in
parameter space giving the highest signal power for J2039 using a model for orbital
motion with constant period. Red contour lines show the expected fraction of signal
power recovered according to the metric approximation used to construct the search
grid, which assumes that the signal has a constant orbital period. The effect of the
orbital period variations is to reduce the maximum signal power, and to spread it
over a larger region of the parameter space. The black contour lines show the actual
recovered signal power as a function of Porb and Tasc. Blue crosses show parameter
space locations at which a significant signal was detected in our search. Note that
the 90% ellipse was used for the grid generation in the search described in this work.
A search grid designed to take into account the smearing effect of the orbital period
variations could feasibly have been several times sparser in these parameters without
missing the signal.

small portions of the LAT data, the orbital period variations may actually allow
pulsations to be detected over a larger range in Porb and Tasc, as can be seen in
Figure 5.11. This could be exploited to reduce the computing cost of future searches
by using less dense grids over the orbital parameter space. Another option could be
to search the results for a clustering that indicates a wider-than-expected spread of
a signal. We intend to investigate both options.

5.6 Conclusions

Using a directed search for gamma-ray pulsations running on the distributed vol-
unteer computing system Einstein@Home, we have confirmed the redback nature
of the candidate binary system within 4FGL J2039.5−5617. This is the first red-
back pulsar to be discovered through its gamma-ray pulsations, providing hope that
a number of similar redback candidates identified in Fermi -LAT sources might be
confirmed in this way in the near future, even though their orbital periods display
large variability.

Optical observations of variations in the orbital light curve, and gamma-ray
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timing observations of its changing orbital period, add another example to a growing
body of evidence that redback companions have activity on super-orbital timescales.
A better understanding of variable phenomena in redback companions is required
both to ensure that the properties inferred from optical light-curve modelling (e.g.
inclination angles, pulsar and companion mass estimates) are reliable, and to better
understand their evolution.

The origin of the light curve variability remains unclear, but requires temper-
ature variations of a few hundred K over a reasonably large fraction of the visible
surface of the star. We speculate on a few possible origins for these temperature
variations, including reprocessing of the pulsar’s heating flux in a variable intra-
binary shock, variable convective flows on the stellar surface, or magnetic star spot
activity. The latter picture fits well with the interpretation of orbital period varia-
tions being caused by quadrupole moment variations driven by magnetic activity in
the companion star.

To quantify the orbital period variations, we have developed a new gamma-
ray pulsation timing method that treats the orbital phase as a stochastically vary-
ing function, and provides statistical estimates of the amplitude and characteristic
timescale of the variability. We find that the magnitude of the orbital period varia-
tions requires only a small fractional change (a few percent) in the stellar quadrupole
moment, suggesting that this is indeed a plausible scenario. However, due to the
sparsity of optical observations, we are so far unable to probe correlations between
the optical light curve variability and changes in the orbital period. Based on these
phenomena, we are pursuing long-term monitoring of redback companions to reveal
whether or not optical variability is correlated with quadrupole moment variations.
Future light curves, ideally obtained with a denser (e.g. monthly) observing cadence,
may also allow us to track variable light curve components as they evolve over time,
providing a probe for possible asynchronous rotation.

We modelled the optical light curves, using the new timing measurement of the
projected semi-major axis of the pulsar’s orbit to constrain the binary mass func-
tion. Although our modelling is complicated and likely biased by the unexplained
variability and light-curve asymmetry, the gamma-ray data significantly rule out
any substantial eclipse and set a maximum inclination of i . 78◦, and we find that
an inclination of i ∼ 75◦ provides a consistent fit to all light curves with an incli-
nation as low as i ∼ 60◦ being consistent with one single-epoch light curve. This
implies a fairly low pulsar mass 1.1M� < Mpsr < 1.6M�, and companion mass
0.15M� < Mc < 0.22M�. Additional light curves may help to reduce the inclina-
tion and mass uncertainties by “marginalizing out” the variability, although these
will remain highly model-dependent and subject to systematic biases without an
independent method to validate with. The joint radio and gamma-ray pulse profile
modelling described in Paper II is one such method, and broadly agrees with our
results here.

We also find that an orbitally modulated component to the gamma-ray flux is
in fact pulsed emission in phase with the magnetospheric gamma-ray pulses, rather
than being an additional unpulsed component. We speculate that this could be due
to inverse Compton scattering or synchrotron radiation from the high-energy pulsar
wind. This is the second redback from which such an effect has been detected, and
this may prove to be a valuable probe of the pulsars’ high-energy winds in future
studies.
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CHAPTER 6

Gamma-ray Follow-up Detection and Timing of

PSR J1555–2908

This chapter is a contribution to Ray, P. S., Nieder, L., Clark, C. J., et al.
The paper is in draft stage and is intended to be submitted to ApJ soon.

6.1 Introduction

This section gives the context for Section 6.2, which will be the author’s contribution
towards a multiwavelength paper, concerning the discovery and study of the radio
and gamma-ray black widow pulsar PSR J1555−2908.

The pulsar was detected first in radio observations at 820 MHz by the Green
Bank Telescope (GBT). The search was part of a larger survey of the Pulsar Search
Consortium (PSC) [56], targeting pulsar candidates identified by Frail et al. [166].
The discovery revealed a 559 Hz binary millisecond pulsar (MSP) in a 5.6 hr orbit
with an 0.05M� companion. The low mass and the observed radio eclipses suggest a
black-widow system. Subsequently, PSR J1555−2908 was detected in a gamma-ray
follow-up search, enabling a study of this pulsar over the 12 years of Fermi -LAT
data.

In the paper, the pulsar and its companion will be discussed based on multiwave-
length observations. Apart from the radio and gamma-ray analyses, some optical
observations and an X-ray pulsation search will be presented. Furthermore, two
companion papers are planned: one about a dedicated optical analysis of the com-
panion and one about a gamma-ray timing analysis with an alternative phase model
(Chapter 7).

6.2 Gamma-ray Observations

The initial (not phase-connected) radio timing parameters provided the seed neces-
sary to make a computationally-tractable pulsation search in the gamma-ray data,
as we describe here.
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6.2.1 Fermi -LAT Data Preparation

To search for gamma-ray pulsations from PSR J1555−2908, we selected SOURCE-class
gamma-ray photons detected by the Fermi LAT between 2008 August 03 and 2018
April 19. Photons were included from within a 5 deg region of interest (RoI) around
the radio position, with energies greater than 100 MeV, and with a maximum zenith
angle of 90 deg, according to the “Pass 8” P8R2 SOURCE V6 [173] instrument response
functions (IRFs)1.

To increase the sensitivity of the pulsation search, and avoid the need for hard
cuts on photon energies and incidence angles, we weighted the contributions of
each photon to the pulsation detection statistic [114]. The weights represent the
probability of each photon having been emitted by the targeted gamma-ray source,
rather than by a nearby point source, or by the diffuse Galactic or isotropic gamma-
ray components. The weights were computed with gtsrcprob, using the preliminary
“FL8Y” version of the Fermi -LAT Fourth Source Catalog, and corresponding diffuse
and isotropic emission templates, as the input model for the gamma-ray flux within
the RoI.

6.2.2 Gamma-ray Pulsation Search and Detection

We performed a gamma-ray pulsation search around the parameters from a prelimi-
nary radio timing solution based on data spanning 50 days. A search was necessary
as the parameters in the preliminary radio timing solution were not measured pre-
cisely enough to safely extrapolate over multiple years of LAT data, and the pulsar’s
gamma-ray photon flux is too weak to show significant pulsations over such a short
time span. For several parameters (spin frequency, orbital period) the resolution
scales inversely with the length of the data span. At this stage the spin frequency
derivative had not been measured.

Apart from the radio timing solution, the search parameter space was con-
strained by a Gaia DR2 sky position [122, 269] and the distribution of spin frequency
derivatives for known MSPs. It was assumed that a Gaia source with magnitude
G = 20.46 ± 0.36 [122], coincident with the radio pulsar’s sky position, is the pul-
sar’s companion star. The spin frequency derivative was searched in the range
ḟ ∈ [−2× 10−14, 0] Hz s−1 as more than 95% of the known MSPs fall into this range
[ATNF Pulsar Catalogue2; 110]. In the case of a non-detection, this range would
have been extended in steps.

The sensitive H statistic [114, 119] was utilized to search for gamma-ray pul-
sations. This statistic incoherently combines the Fourier power of the lowest M
harmonics. Typically most power is found in the lowest 5 harmonics [80]. Hence for
computational reasons, in the search we truncated the harmonic summing at M = 5
as successfully done before in the follow-up search of PSR J0952−0607 (Chapter 3).

Building an efficient and dense grid covering the parameter space was key to the
detection of gamma-ray pulsations. To build such a grid we exploited the distance
“metric”, which is a second order approximation of the expected fractional loss in
squared signal-to-noise ratio due to offsets in the signal parameters [117, 118]. The
metric components for the binary pulsar parameters are presented in Chapter 2.

1See https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_essentials.html
2http://www.atnf.csiro.au/research/pulsar/psrcat

Definition: Large Area Telescope
Definition: Large Area Telescope
Definition: Large Area Telescope
Definition: Large Area Telescope
Definition: millisecond pulsar
Definition: millisecond pulsar
https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_essentials.html
http://www.atnf.csiro.au/research/pulsar/psrcat


Gamma-ray Follow-up Detection of PSR J1555–2908 161

Denser grids are required for higher harmonics and thus the grid is build for the
highest harmonic, i.e. M = 5.

The search space was split into smaller parts and carried out in parallel on the
ATLAS computing cluster in Hannover [84]. On one single computer the search
would have taken ∼ 70 days. Distributing the work over 7,170 CPU cores the
search only took ∼ 15 minutes.

Significant gamma-ray pulsations were detected over most of the 10-year LAT-
data span in this search. The rotational phases assigned to the detected photons
showed pulse arrival times varying slowly over the observation time span indicating
that additional spin-frequency derivatives might be required to model the pulsar
more accurately. Still, the maximum H statistic detected in the search was Hm =
276.3. Conservatively assuming that all 6× 1011 trials were independent, the false-
alarm probability is PFA = 9.6× 10−37, which confirms the detection of gamma-ray
pulsations.

6.2.3 Gamma-ray Pulsation Timing

Following the detection of gamma-ray pulsations, we extended the observation span
to cover the most recent Fermi -LAT data, up to 2020 August 05, and using the
more recent P8R3 SOURCE V2 IRFs [235]. In the Fermi -LAT Fourth Source Catalog,
the gamma-ray spectrum of 4FGL J1555.7−2908 is modelled with a simple power-
law, rather than the curved sub-exponentially-cutoff power-law spectrum typical
for gamma-ray pulsars. This is because the curved spectrum did not provide a
significantly better fit for the observed gamma-ray flux in 4FGL. This is likely due
to a combination of a low overall photon flux, and high uncertainties in the low-
energy flux due to the contribution from the diffuse Galactic interstellar emission.
Bruel [115] developed a method to obtain optimized photon weights by adjusting
the spectral parameters to maximize the resulting weighted H-test. Adopting this
technique to optimize the photon probability weights, we found a pulsar-like sub-
exponentially-cutoff power-law spectrum that resulted in a much more significant
pulsation detection (H = 860.5) than was obtained using the simple power-law
spectral model. We therefore adopted these weights for the follow-up timing analyses
presented below.

In the timing analysis the pulsar is analyzed precisely using the likelihood, L, and
the Bayesian Information Criterion [BIC; 184]. To measure the pulsar parameters,
L is maximized by fitting a pulse profile to a template pulse profile [see, e.g., 52, 79,
97] by marginalizing over the pulsar parameters and the template parameters jointly
as described in Chapter 3. The template is a sum of Gaussian peaks. For the width,
we used a log-uniform prior and constrained the range to allow only peaks broader
than 1% of a rotation and narrower than half a rotation. All other parameters used a
uniform prior. The analysis is also performed with more parameters than searched,
but these are only accepted if they lead to a decrease of the BIC.

To account for small phase variations over the full data span, additional spin-
frequency derivatives are needed. While only the first derivative was included in the
search, three additional derivatives were favored by the BIC throughout the timing
analysis. Additional higher-order derivatives were disfavored by the BIC.

It was also tested whether it is preferable to fix some parameters to the values
obtained with radio timing. Subsequently, the parameters x, tasc, ε1, and ε2 were
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Table 6.1: Timing solution for PSR J1555−2908.

Parameter Value

Range of observational data (MJD) 54681 – 59066

Reference epoch (MJD) 57800.0

Timing parameters

R.A., α (J2000.0) 15h55m40.s6586(10)

Decl., δ (J2000.0) −29◦08′28.′′426(13)

Spin frequency, f (Hz) 559.44000642613(6)

1st spin-frequency derivative, ḟ (Hz s−1) −1.39430(1)× 10−14

2nd spin-frequency derivative, f̈ (Hz s−2) −1.0(3)× 10−25

3rd spin-frequency derivative,
...
f (Hz s−3) 7(1)× 10−33

4th spin-frequency derivative,
....
f (Hz s−4) 8(1)× 10−41

Proj. semimajor axisa, x (s) 0.1514468(1)

Orbital period, Porb (days) 0.23350026854(11)

Epoch of ascending nodea, tasc (MJD) 57785.53936387(3)

1st Laplace-Lagrange parametera, ε1 2(2)× 10−6

2nd Laplace-Lagrange parametera, ε2 −4(1)× 10−6

Derived parametersb

Spin period, P (ms) 1.788

Spin-period derivative, Ṗ (s s−1) 4.5× 10−20

Spin-down power, Ė (erg s−1) 3.1× 1035

Surface B-field, Bsurf (G) 2.9× 108

Light-cylinder B-field, BLC (G) 4.6× 105

Characteristic age, τc (Gyr) 0.6

Notes. — Numbers in parentheses are statistical 1σ uncertainties on the final digits. The JPL
DE405 solar system ephemeris has been used, and times refer to TDB.
a Parameter fixed to radio timing solution.
a Not corrected for Shklovskii and Galactic acceleration effects due to highly uncertain distance
measurement. The non-detection of proper motion suggests that these estimates should be accurate
to a few percent.

fixed. This is not because the timing would result in a higher likelihood L, which
it does not in this case, but because the BIC prefers it for the lower number of free
parameters.

Our full timing solution is shown in Table 6.1. The gamma-ray pulse profile and
a phase-time diagram are plotted alongside the radio profile in Figure 6.1.

We tested for the presence of additional effects, including proper motion. These
parameters were found to be consistent with zero and disfavored by the BIC. For
those parameters, the timing analysis sets 95% confidence upper limits. The timing
analysis clearly favors zero total proper motion µt =

√
µ2
α cos2 δ + µ2

δ , setting the
upper limit µ95%

t ≤ 6.0 mas yr−1. The 95% confidence interval on a variable orbital
period is −6.5× 10−13 s s−1 < Ṗorb < 6.1× 10−13 s s−1.
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Figure 6.1: Integrated pulse profile and phase-time diagram of PSR J1555−2908,
showing two identical rotations for clarity. Top: The orange curve indicates the
template with the highest BIC. The transparent black curves illustrate 100 repre-
sentative templates randomly selected from the Monte Carlo samples after the chain
stabilized. The histogram shows the weighted photon counts with 50 bins per ro-
tation. The dashed blue line shows the estimated background level. Bottom: Each
point represents the rotational phase of a detected gamma-ray photon and the gray
scale indicates the probability weight.

6.3 Discussion

The measured spin parameters of PSR J1555−2908 are remarkable compared to
other pulsars in the ATNF Pulsar Catalogue3 [110]. Its 559 Hz spin frequency is
one of the fastest, with only twelve pulsars rotating more rapidly. The observed
spin-period derivative, and the inferred spin-down luminosity, are among the ten
largest within the known MSP population.

The observation of higher-order nonzero spin-frequency derivatives is extraordi-
nary. Only a few MSPs have a nonzero second derivative, and even higher orders
are unusual. The timing residuals for excluding f̈ ,

...
f , and

....
f would be larger than

100µs. While this would be attributed to “timing noise” in young pulsars, the timing
noise in MSPs typically has amplitudes of order 1µs [97]. Hence, PSR J1555−2908
is either the first MSP to display timing noise this large, or a different explana-
tion is required. Such a possible explanation is presented in Chapter 7, describing
the available gamma-ray pulsations equally good as the higher-order spin-frequency
model used here.

3http://www.atnf.csiro.au/research/pulsar/psrcat

Definition: Bayesian Information Criterion
Definition: millisecond pulsar
Definition: millisecond pulsar
Definition: millisecond pulsar
Definition: millisecond pulsar
http://www.atnf.csiro.au/research/pulsar/psrcat


164 6.3. Discussion



CHAPTER 7

Does the Black Widow Pulsar PSR J1555–2908 have an

additional Planetary-mass Companion?

This chapter is an adaptation of a paper in draft stage intended to be submitted soon
to ApJL as Nieder, L., Clark, C. J., Ray, P. S., et al.

Abstract

As presented in Chapter 6, the 559 Hz black-widow pulsar PSR J1555−2908, origi-
nally discovered in radio, is also visible in Fermi -Large Area Telescope gamma-ray
data. The pulsar shows long-term variations in its spin frequency via timing anal-
ysis that are much larger than is observed from other millisecond pulsars. This
could be due to intrinsic variability and/or timing noise. Here, we consider an al-
ternative explanation: the variations arise from the presence of a light-weight third
object in a wide multi-year orbit around the neutron star and its low-mass compan-
ion. With current data, and without increasing the number of free parameters, this
hierarchical-triple-system model describes the pulsar’s rotation as accurately as the
timing-noise model. Future observations will show if this alternative explanation is
correct.
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7.1 Introduction

PSR J1555−2908 is a neutron star spinning rapidly at 559 Hz, in a tight-orbit bi-
nary system with a low-mass companion. This millisecond pulsar (MSP) was first
detected in a Green Bank Telescope (GBT) pulsar survey (P. S. Ray et al. 2020,
in prep., hereafter Chapter 6). The searches targeted steep-spectrum radio sources
[166] within the localization region of Fermi -LAT gamma-ray sources. After the ra-
dio detection, the pulsar was found in gamma rays, allowing the timing measurement
of the system parameters over the 12-year Fermi mission time span.

Timing analysis using the multi-year LAT gamma-ray data reveals variations of
the spin frequency that are larger than is typical for MSPs [97]. Such variations are
often seen in young gamma-ray pulsars, where they are labeled as “timing noise”.
However, this is rare in MSPs, for which the intrinsic rotational phase is generally
well described by a quadratic function of time. In contrast, for PSR J1555−2908
three additional terms in the rotational phase model are required (making it a quintic
function of time).

In this paper, we discuss an alternative explanation: that the variations arise
from the presence of a third body in the system. This additional object is in a
wide, multi-year orbit around the closely orbiting neutron star and its low-mass
companion. This would make it similar to the hierarchical-triple-system pulsar
PSR J0337+1715 [306].

With the currently available data, this model describes the pulsar as well as the
timing-noise model, but provides a simple and clear physical explanation for the
frequency variations.

7.2 Rotational phase model

To precisely track the rotational phase, the photon arrival times need to be corrected
for the line-of-sight motion of the pulsar, if it is in a on orbit around one or more
companions. For a simple hierarchical triple system (HTS), we assume that the
gravitational interaction between the two companions can be neglected, and the
third body orbits the center of mass of the pulsar and its close companion. The
photon arrival times at the barycenter of the triple system, ttb, can be expressed as
a function of the photon’s emission time, tem, as

ttb = tem + xp,I∆R,I(Ωb,Item) + xp,O∆R,O(Ωb,Otem) . (7.1)

Here, xp,I and xp,O are the times light needs to travel the radius of the pulsar’s orbit
around the inner (I) and the outer (O) companion projected onto the line of sight.
∆R,I and ∆R,O are dimensionless functions that describe the respective modulations
depending on the orbital phases, Ωb,Item and Ωb,Otem.

As shown in [96], we can make xp,I∆R,I(Ωb,Item) + xp,O∆R,O(Ωb,Otem) a function
of ttb by Taylor expansion. To second order (i.e. including terms of order (xp,IΩb,I)

2,
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(xp,OΩb,O)2, xp,Ixp,OΩ2
b,I, and xp,Ixp,OΩ2

b,O), we find

xp,I∆R,I(Ωb,Item) + xp,O∆R,O(Ωb,Otem) (7.2)

= (xp,I∆R,I(Ωb,Ittb) + xp,O∆R,O(Ωb,Ottb))

×
[
1−

(
xp,IΩb,I∆

′
R,I(Ωb,Ittb) + xp,OΩb,O∆′R,O(Ωb,Ottb)

)
+
(
xp,IΩb,I∆

′
R,I(Ωb,Ittb) + xp,OΩb,O∆′R,O(Ωb,Ottb)

)2

+
1

2

(
xp,IΩ

2
b,I∆

′′
R,I(Ωb,Ittb) + xp,OΩ2

b,O∆′′R,O(Ωb,Ottb)
)

× (xp,I∆R,I(Ωb,Ittb) + xp,O∆R,O(Ωb,Ottb))

]
,

where ∆′R and ∆′′R denote the first and second derivative of ∆R with respect to Ωbt.
In the case of a circular orbit, ∆R takes the simple form of a sinusoid, ∆R(t) =

sin(Ωb(t − Tasc)). Hence, ∆′R = cos(Ωb(t − Tasc)) and ∆′′R = − sin(Ωb(t − Tasc)). In
Section 7.3, we show that PSR J1555−2908 can be well described as an HTS with
both orbits being circular. However, Eq. (7.2) can also be applied to the widely
used small-eccentricity-orbit “ELL1 model” [133], or the larger-eccentricity models
presented in Chapter 2.

For a timing analysis, it is helpful to have a good starting point in the multi-
dimensional parameter space. The parameters describing the potential outer orbit
can be roughly estimated from the timing solution presented in Chapter 6, which
requires four frequency derivatives (“FX model”).

First, we need to derive how the observed frequency changes in the case of an
outer orbit. Assuming only a non-zero spin frequency f and a non-zero first time-
derivative ḟ , the additional evolution of the spin frequency over time can be written
in two ways:

f(t)− f ∗ − ḟ ∗(t− t0)

=
1

2
f̈ ∗(t− t0)2 +

1

6

...
f
∗
(t− t0)3 +

1

24

....
f
∗
(t− t0)4 (7.3)

= ∆f ∗ + ∆ḟ ∗(t− t0)− (f ∗ + ∆f ∗)xp,OΩb,O cos (Ωb,O(t− Tasc,O)) . (7.4)

Here, we denote the frequency parameters measured with the FX model with an
asterisk.

Second, since all parameters in Eq. (7.3) are measured, we fit Eq. (7.4) to
Eq. (7.3) over the valid time span of the pulsar timing solution. To do this, we
used curve fit from scipy. This gives initial values for the five free parameters
{∆f ∗,∆ḟ ∗, xp,O,Ωb,O, Tasc,O} from Eq. (7.4).

Encouragingly, the fitted values are of reasonable sizes. The pulsar’s potential
movement would have a radius of a few tens of kilometers with a orbital period of
∼ 10 yr, indicating a low-mass companion in a wide orbit. The changes in f would
be very small, and ḟ would change by ∼ 20%.

7.3 Gamma-ray timing analysis

In the timing analysis here, we use the LAT data prepared for the timing in Sec-
tion 6.2.3 of Chapter 6. These data included SOURCE-class photons detected by LAT
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Table 7.1: Timing solutions for PSR J1555−2908 with FX and HTS models.

Parameter FX model HTS model

Range of observational data (MJD) 54681 – 59066

Reference epoch (MJD) 57800.0

Timing parameters

R.A., α (J2000.0) 15h55m40.s6586(10) 15h55m40.s6587(10)

Decl., δ (J2000.0) −29◦08′28.′′424(13) −29◦08′28.′′421(12)

Spin frequency, f (Hz) 559.44000642611(5) 559.44000642603(12)

1st spin-frequency derivative, ḟ (Hz s−1) −1.39431(12)× 10−14 −1.39194(7)× 10−14

2nd spin-frequency derivative, f̈ (Hz s−2) −1.0(3)× 10−25

3rd spin-frequency derivative,
...
f (Hz s−3) 7(1)× 10−33

4th spin-frequency derivative,
....
f (Hz s−4) 8(2)× 10−41

Inner-orbit binary parameters

Proj. semimajor axis, xp,I (s) 0.151445(3) 0.151446(3)

Orbital period, Pb,I (days) 0.23350026826(13) 0.23350026823(13)

Epoch of ascending node, Tasc,I (MJD) 57785.5393614(9) 57785.5393608(9)

Outer-orbit binary parameters

Proj. semimajor axis, xp,O (s) 0.000124(19)

Orbital period, Pb,O (days) 3.9(3)× 103

Epoch of ascending node, Tasc,O (MJD) 54860(170)

Notes. — Numbers in parentheses are statistical 1σ uncertainties on the final digits. The JPL
DE405 solar system ephemeris has been used, and times refer to TDB.

between 2008 August 03 and 2020 August 05 within a 5 deg region of interest (RoI)
around the pulsar position, with energies greater than 100 MeV, and with a max-
imum zenith angle of 90 deg, according to the recent P8R3 SOURCE V2 instrument
response functions (IRFs)1 [235].

The timing analysis is done twice, very similarly to that in Chapter 6. Firstly,
we redid the timing analysis with the FX model, varying over all parameters (i.e.
not fixing some parameters to the radio solution). Secondly, we amended the timing
code with the HTS model given in Equations (7.1) and (7.2). To judge the timing
results, we used the H statistic [114, 119], the likelihood L [79], and the Bayesian
Information Criterion (BIC) [184].

The highest test statistics, H and L, found with both models are nearly identi-
cal, only marginally favoring the HTS model. Since both models require the same
number of parameters, three additional spin-frequency derivatives for the FX model
and three additional orbital parameters for the HTS model, the BIC can also not
discriminate. Our final timing solutions over 12 years of LAT data using the FX
model and the HTS model are shown in Table 7.1.

7.4 Discussion

The PSR J1555−2908 displays spin-frequency variations (Chapter 6) that would be
unusually large in amplitude for timing noise of an MSP [97]. Here, we have pre-

1See https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_essentials.html
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Figure 7.1: Mass-mass plot showing the potential outer companion mass for different
inclination angles (measured with respect to line-of-sight to Earth) and total masses
of the inner binary system. For comparison, the masses of Moon, Mercury, and
Mars are indicated by the dashed lines.

sented an alternative explanation, assuming another companion orbiting the inner
binary system. To account for the additional body in the system, we have developed
a simple, but sufficient rotational phase model. In a timing analysis with current
data, the results with both models are indistinguishable. Within the timing range
the cumulative phase offset between both models is < 1% of one rotation.

It is predictable that the two models would not differ much. The variations are
measurable with the LAT data, but the amplitude of the cumulative phase offset is
still only 14% of one rotation over the course of 5.5 yr. Furthermore, the potential
outer companion would have completed roughly one orbit during the Fermi mission
which can be well approximated with the five spin parameters.

The binary mass function may be used to estimate the mass of the outer com-
panion (see Fig. 7.1). For common pulsar masses 1.4M� < Mp < 2.0M�, a inner
companion mass Mc,I = 0.05M� (Chapter 6), and inclination angles 20◦− 90◦, the
outer companion would have roughly a Mercury-like mass ∼ (0.5− 2.5)× 10−7M�.

Other HTSs which include a pulsar are known. PSR J0337+1715 is in an orbit
with two white dwarf companions [306]. Carefully studying this system led to one
of the most stringent tests of General Relativity’s predicted universality of free fall
[307]. A binary system consisting of the MSP PSR B1620−20 and a white dwarf is
orbited by a planetary companion of ∼ 2.5MJupiter (= 2.4× 10−3M�) [308, 309].

Apart from the two tested explanations, more are possible. For example, the
timing variations of the MSP PSR B1937+21 could be explained with an asteroid
belt surrounding the pulsar [310].

With current data, both investigated models track the pulsar’s rotation equally
well. However, the ongoing Fermi mission will continue to collect data, and even-
tually the nature of this system will be resolved. Only to emphasize the power of
pulsar timing with LAT data, we want to note that if PSR J1555−2908 has an ad-
ditional planetary-mass companion, then it was discovered because over the course

Definition: Large Area Telescope
Definition: millisecond pulsar
Definition: millisecond pulsar
Definition: Large Area Telescope


170 7.4. Discussion

of 100 billion pulsar rotations, 14% of one single rotation are missing.
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CHAPTER 8

Conclusion and Outlook

The launch of the Fermi Gamma-ray Space Telescope in 2008 has led to a large
increase in the numbers of known MSPs [see, e.g., 23, 43] and spider pulsars [see,
e.g., 53, 56]. Most of these were discovered by radio telescopes pointing at Fermi -
Large Area Telescope (LAT) gamma-ray sources with pulsar-like properties1.

Observing spider pulsars in gamma rays has two major advantages. Firstly, the
gamma rays are essentially unaffected by the material ablated from the pulsar’s
companion. In comparison, radio observations are often eclipsed or scattered for
large fractions of the binary orbit in such systems [see, e.g., 19, 49, 100, 178, 179,
258]. Secondly, the ongoing all-sky survey of the Fermi -LAT has been providing
gamma-ray data since its launch in 2008 for any point in the sky. This allows
measurement of the variations of the orbital period over time that are often seen
in spider systems, especially those containing redback pulsars [4, 71]. On the other
hand, a spider pulsar discovered in radio would need to be observed for several years
with high cadence to track these variations [98, 100].

However, there is one downside: The gamma-ray data are very sparse. For most
pulsars the LAT detects fewer than one photon per million rotations. To significantly
detect gamma-ray pulsations, months and years of data need to by analyzed, which
results in computationally extremely demanding searches if the pulsar parameters
are not known in advance (e.g. from radio). Prior to this thesis, only the spider
pulsar PSR J1311−3430 was discovered by directly searching the gamma-ray data
[44].

Within this thesis, new search methods for binary gamma-ray pulsars were de-
veloped. Using these, new spider gamma-ray pulsars were discovered in computa-
tionally demanding, partially informed searches and in follow-up searches of radio
pulsars with only preliminary ephemerides.

The binary search methods presented in Chapter 2 can be seen as an extension
and generalization of previous thesis concerning isolated pulsar searches by Pletsch
and Clark [80]. For the application of partially informed searches, a pipeline has
been set up running the most computing intensive stages on the volunteer computing
project Einstein@Home, and the last, most sensitive stage on the ATLAS computing

1https://tinyurl.com/fermipulsars
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cluster at AEI Hannover [84]. For the application of a radio follow-up search, a
pipeline was set up that can quickly perform a search, exploiting the parameter
constraints from preliminary radio ephemerides.

The detection of gamma-ray pulsations from the black widow PSR J1653−0158
by Einstein@Home finally presents the long expected solution to an unidentified
source that has been known for more than two decades. In Chapter 4, the dis-
covery and gamma-ray timing are presented along with an optical analysis of the
companion, as well as searches for radio pulsations and continuous gravitational
waves. The pulsar shows one of the lowest spin-period derivatives and inferred sur-
face magnetic field strengths. Its mass possibly exceeds 2M�, and despite numerous
sensitive searches at various observing frequencies the pulsar remains undetected in
radio. The companion has a high average density of 73 g cm−3, and might be a he-
lium white dwarf remnant. This suggests an even denser, degenerate interior with
density decreasing with radial distance.

The discovery of the redback pulsar PSR J2039−5617 via a partially informed
gamma-ray search is a significant step forward. This is presented in Chapter 5
and shows that redbacks can be discovered through their gamma-ray pulsations
despite their often large variabilities of the orbital period. In Section 5.5.5, we
found that these orbital-period variations lower the signal-to-noise ratio, while the
signal is smeared out over a larger volume in parameter space. In Chapter 5,
PSR J2039−5617 and its companion are studied in detail using optical and gamma-
ray observations, while the subsequent detection of radio pulsations is presented in
a companion paper [105].

PSR J0952−0607 rotates extremely rapidly at 707 Hz, has first been discovered
through low-frequency radio observations with the Low-Frequency Array (LOFAR),
and its gamma-ray pulsations were revealed in a follow-up search on ATLAS. The
long-term gamma-ray observations with the Fermi -LAT allowed measuring the pul-
sar parameters precisely and inferring one of lowest surface magnetic field strengths
ever seen for a pulsar. The gamma-ray and optical study, a radio update, and a con-
tinuous gravitational wave search are presented in Chapter 3. Due to its faintness,
some puzzles about this source remain. The distances inferred from the dispersion
measure and the optical-modelling distance are incompatible, which either suggests
an extremely dense companion or an overestimated electron density in the direction
of PSR J0952−0607. The non-detection of gamma-ray pulsations before MJD 57,500
has been investigated, but remains unsolved. Additional data in the future might
help to find the cause.

Another follow-up discovery of a gamma-ray pulsar is the black widow pulsar
PSR J1555−2908, first discovered in a radio search with the Green Bank Telescope
(GBT). The gamma-ray search and discovery of the narrow gamma-ray pulse profile
are described in Chapter 6. The gamma-ray timing analysis measured four signifi-
cant spin-frequency derivatives, which is quite unusual since timing noise is expected
to be smaller with MSPs. A different physical explanation is given in Chapter 7.
Here, the black-widow system is orbited by a planetary-mass companion in a multi-
year orbit. With current data, this model shows as strong a signal as the model
with four spin-frequency derivatives requiring the same number of parameters. For-
tunately, with the ongoing Fermi mission, this riddle should be resolved within the
next few years.

Of the over 5,000 gamma-ray sources listed in the Fermi -LAT Fourth Source
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Catalog more than a quarter are still unassociated. A few of them are suspected to
be spider pulsars detectable in partially informed searches (see, e.g., the overview
in Chapter 2). Currently, a circular-binary search for a redback pulsar within
4FGL J0523.3−2527 is running on Einstein@Home, as described in Chapter 2. More
searches for other spider systems will be started when tighter constraints are avail-
able.

So far, gamma-ray pulsations have only been seen from one young binary pulsar.
The eccentric-orbit gamma-ray binary LS 5039 is predicted to host a compact ob-
ject, potentially a neutron star. Using the parameter space metric from Chapter 2,
H. Fehrmann recently developed a new code to build the five-dimensional stochastic
grids needed to efficiently search the orbital parameter space for a young, binary
gamma-ray pulsar within LS 5039. A search with Einstein@Home is planned in the
near future.

Apart from finding new pulsars, the all-sky LAT data spanning 11 years can
also be used to measure the pulsar system parameters more precisely, and track
time-varying parameters like the spin-frequency changes in many younger pulsars or
the orbital period changes in many spider pulsars. In Chapter 5 a new way to track
orbital period variations is presented. A systematic study of the known handful of
gamma-ray spider pulsars which experience these variations is planned using this
tool.

This thesis presented novel gamma-ray pulsar search methods and the discoveries
of four highly interesting spider pulsars. Hopefully the pulsars that have been and
will be discovered with the new methods will lead to a better understanding of the
nature and evolution of binary pulsars.
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[291] Feryal Özel and Paulo Freire. “Masses, Radii, and the Equation of State of
Neutron Stars”. In: ARA&A 54 (2016), pp. 401–440. doi: 10.1146/annurev-
astro-081915-023322. arXiv: 1603.02698 [astro-ph.HE].

[292] M. H. van Kerkwijk, R. P. Breton, and S. R. Kulkarni. “Evidence for a
Massive Neutron Star from a Radial-velocity Study of the Companion to the
Black-widow Pulsar PSR B1957+20”. In: ApJ 728.2, 95 (2011), p. 95. doi:
10.1088/0004-637X/728/2/95. arXiv: 1009.5427 [astro-ph.HE].

[293] M. Linares, T. Shahbaz, and J. Casares. “Peering into the Dark Side: Mag-
nesium Lines Establish a Massive Neutron Star in PSR J2215+5135”. In:
ApJ 859.1, 54 (2018), p. 54. doi: 10 . 3847 / 1538 - 4357 / aabde6. arXiv:
1805.08799 [astro-ph.HE].

[294] Allison M. Matthews et al. “The NANOGrav Nine-year Data Set: Astro-
metric Measurements of 37 Millisecond Pulsars”. In: ApJ 818.1, 92 (Feb.
2016), p. 92. doi: 10.3847/0004- 637X/818/1/92. arXiv: 1509.08982

[astro-ph.GA].

[295] D. J. K. O’Connell. “The so-called periastron effect in close eclipsing binaries
; New variable stars (fifth list)”. In: Publications of the Riverview College
Observatory 2 (Aug. 1951), pp. 85–100.

[296] T. J. Martin and S. C. Davey. “Application of smoothed particle hydrody-
namics to atmospheric motions in interacting binary systems”. In: MNRAS
275.1 (1995), pp. 31–42. doi: 10.1093/mnras/275.1.31.

[297] C. A. Hill et al. “Roche tomography of cataclysmic variables - VI. Differ-
ential rotation of AE Aqr - not tidally locked!” In: MNRAS 444.1 (Oct.
2014), pp. 192–207. doi: 10 . 1093 / mnras / stu1460. arXiv: 1407 . 6148

[astro-ph.SR].

[298] Svetlana V. Berdyugina. “Starspots: A Key to the Stellar Dynamo”. In: Liv-
ing Reviews in Solar Physics 2.1, 8 (2005), p. 8. doi: 10.12942/lrsp-2005-
8.

http://dx.doi.org/10.1086/306745
http://arxiv.org/abs/astro-ph/9807286
http://dx.doi.org/10.1051/0004-6361/201832964
http://arxiv.org/abs/1804.09376
http://arxiv.org/abs/1804.09376
http://dx.doi.org/10.1093/mnras/stt1103
http://arxiv.org/abs/1306.4190
http://arxiv.org/abs/2006.06552
http://dx.doi.org/10.1146/annurev-astro-081915-023322
http://dx.doi.org/10.1146/annurev-astro-081915-023322
http://arxiv.org/abs/1603.02698
http://dx.doi.org/10.1088/0004-637X/728/2/95
http://arxiv.org/abs/1009.5427
http://dx.doi.org/10.3847/1538-4357/aabde6
http://arxiv.org/abs/1805.08799
http://dx.doi.org/10.3847/0004-637X/818/1/92
http://arxiv.org/abs/1509.08982
http://arxiv.org/abs/1509.08982
http://dx.doi.org/10.1093/mnras/275.1.31
http://dx.doi.org/10.1093/mnras/stu1460
http://arxiv.org/abs/1407.6148
http://arxiv.org/abs/1407.6148
http://dx.doi.org/10.12942/lrsp-2005-8
http://dx.doi.org/10.12942/lrsp-2005-8


Bibliography 197

[299] O. McConnell et al. “Roche lobe underfilling of the secondary star in PSR
J102347.6+003841?” In: MNRAS 451.4 (2015), pp. 3468–3472. doi: 10 .

1093/mnras/stv1197. arXiv: 1507.07710 [astro-ph.HE].

[300] T. Shahbaz et al. “The binary millisecond pulsar PSR J1023+0038 - II. Op-
tical spectroscopy”. In: MNRAS 488.1 (2019), pp. 198–212. doi: 10.1093/
mnras/stz1652. arXiv: 1906.04524 [astro-ph.SR].

[301] T. E. Sterne. “Apsidal motion in binary stars”. In: MNRAS 99 (1939),
pp. 451–462. doi: 10.1093/mnras/99.5.451.

[302] Gordon I. Ogilvie. “Tidal Dissipation in Stars and Giant Planets”. In: ARA&A
52 (2014), pp. 171–210. doi: 10.1146/annurev-astro-081913-035941.
arXiv: 1406.2207 [astro-ph.SR].

[303] J. U. Cisneros-Parra. “Apsidal motion in close binaries with and without
mass exchange.” In: A&A 8 (1970), p. 141.

[304] E. J. Polzin et al. “Long-term variability of a black widow’s eclipses - A
decade of PSR J2051-0827”. In: MNRAS 490.1 (Nov. 2019), pp. 889–908.
doi: 10.1093/mnras/stz2579. arXiv: 1909.06130 [astro-ph.HE].

[305] J. P. Zahn. “Reprint of 1977A&amp;A....57..383Z. Tidal friction in close bi-
nary stars.” In: A&A 500 (1977), pp. 121–132.

[306] S. M. Ransom et al. “A millisecond pulsar in a stellar triple system”. In: Na-
ture 505.7484 (Jan. 2014), pp. 520–524. doi: 10.1038/nature12917. arXiv:
1401.0535 [astro-ph.SR].

[307] Anne M. Archibald et al. “Universality of free fall from the orbital motion of
a pulsar in a stellar triple system”. In: Nature 559.7712 (July 2018), pp. 73–
76. doi: 10.1038/s41586-018-0265-1. arXiv: 1807.02059 [astro-ph.HE].

[308] S. E. Thorsett, Z. Arzoumanian, and J. H. Taylor. “PSR B1620-26: A Binary
Radio Pulsar with a Planetary Companion?” In: ApJ 412 (July 1993), p. L33.
doi: 10.1086/186933.

[309] Steinn Sigurdsson et al. “A Young White Dwarf Companion to Pulsar B1620-
26: Evidence for Early Planet Formation”. In: Science 301.5630 (July 2003),
pp. 193–196. doi: 10.1126/science.1086326. arXiv: astro-ph/0307339
[astro-ph].

[310] R. M. Shannon et al. “An Asteroid Belt Interpretation for the Timing Vari-
ations of the Millisecond Pulsar B1937+21”. In: ApJ 766.1, 5 (Mar. 2013),
p. 5. doi: 10.1088/0004-637X/766/1/5. arXiv: 1301.6429 [astro-ph.SR].

http://dx.doi.org/10.1093/mnras/stv1197
http://dx.doi.org/10.1093/mnras/stv1197
http://arxiv.org/abs/1507.07710
http://dx.doi.org/10.1093/mnras/stz1652
http://dx.doi.org/10.1093/mnras/stz1652
http://arxiv.org/abs/1906.04524
http://dx.doi.org/10.1093/mnras/99.5.451
http://dx.doi.org/10.1146/annurev-astro-081913-035941
http://arxiv.org/abs/1406.2207
http://dx.doi.org/10.1093/mnras/stz2579
http://arxiv.org/abs/1909.06130
http://dx.doi.org/10.1038/nature12917
http://arxiv.org/abs/1401.0535
http://dx.doi.org/10.1038/s41586-018-0265-1
http://arxiv.org/abs/1807.02059
http://dx.doi.org/10.1086/186933
http://dx.doi.org/10.1126/science.1086326
http://arxiv.org/abs/astro-ph/0307339
http://arxiv.org/abs/astro-ph/0307339
http://dx.doi.org/10.1088/0004-637X/766/1/5
http://arxiv.org/abs/1301.6429


198 Bibliography



Acknowledgments

I would like to thank a lot of people for their help, support, and advice throughout
the time of this thesis. It has been exciting to work on this project and I am looking
forward to continuing the research with these people.

I am very grateful to Bruce Allen for being my advisor, for leading such a great
institute and group, and for being so excited about science. I enjoyed the long dis-
cussions about photon weights and test statistics, and I think that these discussions
really improved the thesis. I would also like to thank Holger Pletsch for being my
supervisor for the first half year of this thesis.

I would also like to thank Colin Clark. He introduced me to the gamma-ray
pulsar group after supervising a seminar talk of mine. During my master thesis
we was the person to answer all of my questions, and that continued throughout
the PhD thesis, especially for the first two years when we shared the office. After
moving to Manchester, Colin worked on optical analyses of spider companions and
provided the orbital constraints leading to the two Einstein@Home discoveries. I
am really looking forward to our study of some nasty redback pulsars.

I would like to thank the Einstein@Home and ATLAS staff for keeping these two
amazing supercomputers running. Especially, I would like to thank Bernd, Carsten,
Henning, and Oliver for their help whenever a problem occurred and the discussions
about new projects.

I am grateful to the people in the Fermi -LAT collaboration for being so nice
and curious towards new members. While there are many more people to mention
within the collaboration, I would like to especially thank a few close collaborators:
David, Elizabeth, Jason, Lucas, Matthew, Paul, and Pablo. I would also like to
thank the many collaborators who contributed to the papers – I am very grateful
for your contributions!

It has been a pleasure to work on a PhD thesis at this institute in part because
the people are all open, kind and in a good way crazy. It has been fun with all
of you to go on lecture weeks, christmas parties, defenses, and to play the football
faculty cup!

Finally, I would like to thank my friends and family for their love, support, and
encouragement throughout the years.

199

Definition: Large Area Telescope


200 Acknowledgments



Curriculum Vitae

Personal Information

Name: Lars Nieder
Date of Birth: 15.12.1989
Place of Birth: Hannover (Germany)

Education

2015−2020 PhD studies in Physics, Leibniz Universität Hannover
- Doctoral thesis at the Max Planck Institute for Gravitational Physics,

supervisor Prof. Dr. Allen: “Binary Gamma-ray Pulsars”

- Affiliated member of the Fermi-LAT collaboration (since 2016)

- PhD student representative (2016−2019)

- Supervisor of student lab “Data Analysis” (2017−2018)

- Correction of student exercises and exams (2016−2017)

2013−2015 Master studies in Physics, Leibniz Universität Hannover
- Master thesis at the Max Planck Institute for Gravitational Physics,

supervisor Dr. Pletsch: “Method Development and Search for an unknown

Gamma-ray Pulsar in an Eccentric Binary Orbit”

2013−2013 Exchange semester, Chalmers University of Technology,
Gothenburg

2009−2013 Bachelor studies in Physics, Leibniz Universität Hannover
- Bachelor thesis at the Institute for Theoretical Physics, supervisor Prof. Dr. Giulini:

“Estimates on the Influence of the Solar Corona on Light Propagation in view of

proposed Shapiro Time-Delay Experiments”

2002−2009 Abitur, Humboldtschule, Hannover

Lars Nieder

201



202 Curriculum Vitae



Publication List

• Nieder, L., Clark, C. J., Kandel, D., et al., 2020, Discovery of a Gamma-
ray Black Widow Pulsar by GPU-accelerated Einstein@Home, accepted for
publication in The Astrophysical Journal Letters.

• Corongiu, A., Mignani, R. P., Seyffert, A. S., et al., 2020, Radio Pulsa-
tions from the Gamma-ray Millisecond Pulsar PSR J2039–5617, submitted to
Monthly Notices of the Royal Astronomical Society.

• Clark, C. J., Nieder, L., Voisin, G., et al., 2020, Einstein@Home Discovery
of the Gamma-ray Millisecond Pulsar PSR J2039–5617 Confirms its Predicted
Redback Nature, accepted for publication in Monthly Notices of the Royal
Astronomical Society.

• Nieder, L., Allen, B., Clark, C. J., Pletsch, H. J., 2020, Exploiting Orbital
Constraints from Optical Data to Detect Binary Gamma-ray Pulsars, The As-
trophysical Journal, 901, 2.

• Nieder, L., Clark, C. J., Bassa, C. G., et al., 2019, Detection and Timing of
Gamma-ray Pulsations from the 707 Hz Pulsar J0952–0607, The Astrophysical
Journal, 883, 42.

• Clark, C. J., Pletsch, H. J., Wu, J., et al., 2018, Einstein@Home Discovers a
Radio-quiet Gamma-ray Millisecond Pulsar, Science Advances, 4, eaao7228.

• Bassa, C. G., Pleunis, Z., Hessels, J. W. T., et al., 2017, LOFAR Discovery of
the Fastest-spinning Millisecond Pulsar in the Galactic Field, The Astrophys-
ical Journal Letters, 846, L20.

• Clark, C. J., Wu, J., Pletsch, H. J., et al., 2017, The Einstein@Home Gamma-
ray Pulsar Survey. I. Search Methods, Sensitivity, and Discovery of New
Young Gamma-ray Pulsars, The Astrophysical Journal, 834, 106.

• Clark, C. J., Pletsch, H. J., Wu, J., et al., 2016, The Braking Index of a
Radio-quiet Gamma-ray Pulsar, The Astrophysical Journal Letters, 832, L15.

203


	Abstract
	Kurzfassung
	Table of Contents
	Introduction
	Pulsars
	Gamma-ray Pulsars
	Spider Pulsars
	Radio Searches Guided by Gamma-ray Sources
	Partially Informed Gamma-ray Searches

	Timing Analysis of Gamma-Ray Pulsars in Spider Systems
	Clarification of Contributions to Publications
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7


	Exploiting Orbital Constraints from Optical Data to Detect Binary Gamma-ray Pulsars
	Introduction
	Partially-informed gamma-ray searches for pulsars
	Pulse profile and photon arrival probability
	Relationship of detector time t to tpsr
	Searching for pulsations
	Coherent power test statistic P
	Semicoherent power test statistic S
	Multiple harmonic test statistic H
	Searches for isolated pulsars

	Search Method: Circular Binary Orbits
	Parameter space metrics
	Search design for circular binary

	Search Method: Eccentric Binary Orbits
	Parameter space metrics
	Search design for low-eccentricity binary

	Comparison with other Methods
	Acceleration search
	Stack/slide search
	Power spectrum search
	Sideband search
	Discussion

	Conclusions
	Appendix to Chapter 2
	Expectation values of signal statistics
	Maximal Sensitivity at Fixed Computing Cost
	High-order phase model for elliptical binaries


	Detection and Timing of Gamma-ray Pulsations from the 707Hz Pulsar J0952–0607
	Introduction
	Gamma-ray Pulsation Discovery
	Data Preparation
	Search
	Detection

	Gamma-ray Timing
	Methods
	Solution

	Multi wavelength
	Updated Radio Timing
	Optical Photometry
	Optical Light-Curve Modeling
	Search for Continuous Gravitational Waves

	Discussion
	Conclusions
	Appendix to Chapter 3
	Estimating the false-alarm probability for a multi-dimensional H statistic search


	Discovery of a Gamma-ray Black Widow Pulsar by GPU-accelerated Einstein@Home
	Introduction
	Gamma-ray pulsations
	Data preparation
	Search
	Timing

	Multiwavelength & Multimessenger
	Optical Light Curve Modeling and System Masses
	Radio pulsation searches
	Continuous gravitational waves

	Discussion & Conclusions

	Einstein@Home Discovery of the Gamma-ray Millisecond Pulsar PSRJ2039–5617 Confirms its Predicted Redback Nature
	Introduction
	Summary of previous literature
	Gamma-ray Observations
	Gamma-ray Pulsation Search
	Gamma-ray Timing
	Gamma-ray Variability

	Optical observations and Modelling
	New optical observations
	Light curve modelling

	Results and Discussion
	Binary Inclination and Component Masses
	Distance and Energetics
	Optical light curve asymmetry and variability
	Orbital Period Variability
	Prospects for binary gamma-ray pulsar searches

	Conclusions

	Gamma-ray Follow-up Detection and Timing of PSRJ1555–2908
	Introduction
	Gamma-ray Observations
	Fermi-LAT Data Preparation
	Gamma-ray Pulsation Search and Detection
	Gamma-ray Pulsation Timing

	Discussion

	Does the Black Widow Pulsar PSRJ1555–2908 have an additional Planetary-mass Companion?
	Introduction
	Rotational phase model
	Gamma-ray timing analysis
	Discussion

	Conclusion and Outlook
	Bibliography
	Acknowledgments
	Curriculum Vitae
	Publication List

