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Abstract

In this thesis, we present a catalog of compact binary millisecond pulsars (CBMSPs), also known
as “spiders”. We start with an introduction to neutron stars (NSs) in general and CBMSPs in
particular: their formation, structure, and evolution. We use existing NS and multi-wavelength
catalogs to compile and complement our own catalog: SpiderCat. We include all known spiders in
the Galactic disk, confirmed or candidate (currently 76). From an initial updated list of CBMSPs,
we searched several existing databases to obtain information regarding the timing, astrometric and
photometric properties of each system. We also search and analyze the main properties of the
interstellar medium in each line of sight.

First, we inspect the timing properties such as the NS spin period, its time derivative, the orbital
period and other orbital properties. These data are collected from the pulsar catalog maintained by
the Australia Telescope National Facility, using a self-developed script in Python. In Chapter 3, we
turn to the interstellar medium and, in particular, to how dust, gas, and free electrons impact the
observations of spiders through reddening, absorption, and pulse dispersion, respectively. Chapter
4 presents the astrometric properties of our systems. Using two optical surveys, we find optical
counterparts for more than half of the spiders in our sample. We also tabulate and plot the
parallaxes and proper motions of these systems. Chapter 5 presents the photometric properties in
the optical and X-ray bands. This includes optical magnitudes, color indices and X-ray fluxes.

The main findings of this thesis are i) the confirmation of the fact that spiders host the fastest-
spinning NSs, ii) the finding that redbacks display a higher proper motion than black widows and
iii) the confirmation of an extreme companion temperature for PSR J1816+4510. To conclude, we
provide an overview of the catalog and discuss future improvements.
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Chapter 1

Introduction

1.1 Neutron stars

The first neutron star (NS) ever detected was discovered in the 1960s. Using the Mullard Radio
Observatory, Hewish et al. [1] detected a periodic pulsation. The scientists who made the discovery
were initially surprised by such a stable periodic signal. Consequently, they named the source LGM-
1, which stands for Little Green Men 1, because they jokingly discussed the possibility that the
signal was alien in origin. Later, it was concluded that LGM-1 was the first observation of a NS

.

NS have small radii (8-20 km) yet large masses in the range 1-3 Mg, making them one of the
densest objects in the universe. The name neutron stars comes from being prevented from collapse
because of the neutron degeneracy pressure and are incredibly neutron-rich.

1.1.1 Formation of neutron stars

The evolution of a star is primarily determined by its mass. As seen in Figure 1.1, there are several
stages of the evolution of a star. NSs are the final evolutionary state for stars with an initial mass
in the range 9.5-25 Mg [2]. Stars with these masses will fuse the lighter elements up to iron, where
there is no longer an energy release from fusion because iron is the element with the tightest bound
core. Given that the heavier elements are formed in the star’s center, an iron core will ultimately
develop. When the iron core reaches the Chandrasekhar limit of around 1.4 Mg, the electron
degeneracy pressure supporting the core from collapse is no longer strong enough to support the
total mass of the iron core [2]. Consequently, the core collapses into a proto-NS. A supernova will
shed the star’s outer layers in the explosion, leaving only the core and a supernova remnant. The
core will collapse until electrons and protons overcome the energy threshold to produce a neutron
and a neutrino. The collapsed core then has one of two fates, a black hole or a NS. The fate of the
collapsed core is determined by the remaining mass. If the collapsed core’s mass is less than 3Mg,
it will become a NS [3].

1.1.2 Neutron star structure

A NS can be divided into the following layers: the atmosphere, the outer crust, the inner crust,
the outer core, and the inner core. The structure of a NS is visualized in Figure 1.2, where we
can see the distinctions between the different layers of the NS. The atmosphere represents a thin
plasma layer where the spectrum of a NS thermal electromagnetic radiation is generated [4]. The
thickness of the atmosphere is dependent on the NS temperature but ranges from 0.1 cm to 10 cm.

The outer crust just below the atmosphere extends down a few hundred meters. In the outer crust,
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Figure 1.1: A diagram showing some of the different evolutions of stars, including NS. The figure
includes main sequence stars, red giants, proto-stars, white dwarfs and black holes and gives a
simplefied evolutionary path for these stars. Credit: NASA Goddard Flight Space Center.

the density is around 10% g cm 3. The crust is mainly composed of ionized atoms, and the density
is so high that the electrons behave like a degenerate gas. The density is so high at the bottom
of the outer crust that electrons undergo reverse 8 decay, creating a free neutron gas. This is the
neutron drip line and marks the separation between the outer and inner crust [4].

The inner crust has a thickness of about 10*cm, and the density reaches half of the nuclear matter
saturation density (ps = 2.7 * 1014 g cm™3; [5]). The inner crust contains a lot of neutron-heavy
atomic nuclei as well as free neutrons. At the separation of crust and core, nuclei and free neutrons
disappear in a superfluid state. [4]

The equation of state is not known specifically in the core of a NS. Still, it is believed that the
remaining free electrons are forced together with the protons producing neutrons and muons,
making the core incredibly neutron-rich. The density in the core is in the range 3.5 % 10'* g cm =3
to 1.4 % 10*® g ecm™3 [4], higher than the density of atomic nuclei.

In the inner core, the density becomes even higher. The inner core has a radius of several kilo-
meters. There are multiple hypotheses regarding the composition of the inner core. These include
hyperonization of matter, pion condensation, kaon condensation and a phase transition to quark
matter [4].

1.2 Millisecond pulsars

Some NSs are emitting electromagnetic radiation from their magnetic poles. We call these NSs
pulsars. Pulsars are spinning around their rotational axis, which usually is different from their
magnetic axis. From Earth’s perspective, pulsars appear as pulsating light sources as their radiation
beams sweep across our line of sight. Millisecond pulsars (MSPs) have a rotational period of P <
30ms, making them the fastest spinning NS. Due to the extreme properties of a MSP, they become
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Figure 1.2: Schematic displaying the structure of a NS. This structure is divisible into outer
envelopes, inner core, outer core and inner core. The figure also shows a typical scale and the
density borders between the different layers. Credit: Haensel 2007 [4]

unique laboratories with densities and magnetic fields impossible to create on Earth.

The first MSP was discovered in 1982 by Becker et al. ( B1937+20 with a spin period (P) of 1.6ms
[6]). This was an unexpected discovery as all other discovered pulsars had significantly longer P up
to that point, thus challenging the models for NS formation and especially the evolution of MSPs.

The P— P diagram, shown in Figurel.3, is a pivotal tool in pulsar astronomy, mapping P against the
spin period derivative (P) for a population of pulsars. The pulsar period, P, is on the horizontal
axis in seconds. P is defined as the time the pulsar uses to complete one rotation around its
rotational axis. The vertical axis represents the dimensionless P, often quoted in seconds per
second (s s71). P = %, quantifies the the stability of the rotation. Pulsars occupy distinct
regions on this diagram, with younger, more energetic pulsars exhibiting longer periods and higher
period derivatives, while older, recycled MSPs gather in the region of short periods and lower
period derivatives. In this bottom-left corner of the P — P diagram, we find MSPs in general and,

in particular, spiders.
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Figure 1.3: A P — P diagram displaying the pulsars in ATNF as of 22.05.24. The beige-shaded
section shows the pulsar graveyard. The diagram also features lines of equal magnetic field strength
and characteristic age of pulsars. The diagram separates binary pulsars and those found in super-
nova remmnants.

1.3 Spiders

Spiders are a subset of MSPs. Their scientific name is compact binary millisecond pulsars (CBM-
SPs). They are also known within the astrophysical community as spiders, named after two
arachnid species because of their tendency to consume their companions. These are redbacks and
black widows, two arachnid species in which the females consume their partner after mating. The
difference between redback and black widows is explained below.

Even though the first pulsar was discovered in 1962 and the first CBMP B1957+4-20 was discovered
in 1988, the population of spiders remained small until 2009. As Figure 1.4 shows, after the launch
of Fermi in 2008 [7], there is an immediate increase in the number of discoveries per year. The
increased known population of spiders has led to a booming field of research in astrophysics. The
research conducted on CBMSPs would not have been as prominent without the observations from
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Figure 1.4: A histogram displaying the discovery rate of redbacks and all spiders, including candid-
ate discoveries. Since redbacks and black widows make up all the spiders, the difference between
all spider discoveries and redback discoveries is the discoveries of black widows. Note the increase
after Fermi launched in 2008 [7]. Data collected from galMSP [8].

Spiders are highly interactive systems due to their compact orbits. The pulsar’s winds and high-
energy radiation can strongly influence the radii and surface properties of the companion stars.
The term “state of a spider” refers to the classification system used to describe the various physical
states that a spider can occupy. One state is the pulsar state. In this state, the pulsar rotates
with a stable period and emits beams of radiation, mainly in the radio band. Another state is
the disk state. In this state, the interaction with the companion is more significant. The disk
state is characterized by the transfer of matter from the companion into a disk orbiting the pulsar.
This accretion disk leads to higher energy fluxes in the X-ray and «-bands. The outburst state
is another state. This state occurs when the mass accretion rate onto the NS is high; then the
pulsar can become an X-ray transient, and the X-ray luminosity can increase by several orders of
magnitude. The outburst state has only been observed in one redback in a globular cluster outside
of the Galactic disk so far, so it is not included in our catalog.

Redbacks are characterized by their irregular eclipsing phenomena and the presence of a non-
degenerate companion star, typically a main sequence star. The typical companion in a Redback
system is a low-mass star, often with a mass of about 10% of the pulsar itself, which typically fills
its Roche lobe. Due to the interactions with their companion, both redbacks and black widows
display radio eclipses [9].

Black widow systems feature extremely low-mass companions (Mg ~ 0.01M,,), typically only a
few percent of the pulsar’s mass, which are subjected to intense radiation and relativistic particle
wind from the pulsar. This relentless bombardment can lead to the eventual evaporation of the
companion star, potentially leaving behind an isolated MSP. This is the process by which we believe
all isolated MSPs have been formed [10].




1.4 Neutron star catalogs

In this work, we have made extensive use of 2 previously compiled and frequently updated pulsar
catalogs: The Australia Telescope National Facility catalog (ATNF) [11] and Galactic millisecond
pulsars (gal MSP) [8]. Not all spiders are contained in the disk of our Galaxy, and some spiders
reside in globular clusters. A globular cluster is a group of stars with a high number density of
stars outside of the Galactic disk. In this thesis, we do not include these systems, and we focus
on CBMSPs in the field of our Galactic disk. For completeness and to compare with the spider
population in globular clusters, we also summarize here the catalog of pulsars in globular clusters.

1.4.1 ATNF

The ATNF database is the most comprehensive of the existing pulsar catalogs. It contains 3534
pulsars [11]. Established in the 1990s, the database has been instrumental in consolidating pulsar
data from observations around the world. The list of parameters in the ATNF database is long,
but some of the main ones of interest are the timing parameters, including P and P. The ATNF
database is updated on average every three months with pulsar discoveries. The ATNF database is
accessible within Python using the PSRQPY package [11]. For these reasons, this work will collect
timing properties from the ATNF database for the CBMSPs. For more information about the
ATNF database, see Section 2.3.

1.4.2 Galactic millisecond pulsars

The Galactic Millisecond Pulsars (galMSP) database was initially compiled by Duncan Lorimer
and contains 552 MSPs. The galMSP database is now maintained by Elisabeth Ferrara from the
University of Maryland. The database includes name, P, dispersion measure (DM), orbital period,
Galactic coordinates, projected semi-major axis, and the date and reference for discovery [8]. The
galMSP database was used in this thesis to collect the discovery year and method of discovery. It
also serves as the source for Figure 1.4. The current version (as per 22.05.2024) of the galMSP
catalog contains all of the confirmed black widows but none of the four candidates. The galMSP
also includes all the currently confirmed redbacks, except for J02124-5320, which was confirmed
in 2023 by Perez et al. [12]. In addition, ten redback candidates do not appear in the galMSP
database.

1.4.3 Pulsars in globular clusters

The globular cluster pulsars database contains 314 pulsars located in 41 different globular clusters
[13]. As the name suggests, the catalog is divided based on which globular cluster the pulsar
resides in. The number of known pulsars in the different clusters varies from 49 pulsars in the
cluster Terzan 5 to several clusters with only one pulsar known. The database contains the name,
P, P, angular distance from the cluster, DM, orbital period, projected semi major axis, eccentricity,
companion mass, notes and references. This is in addition to properties related to the cluster in
which each pulsar resides. The catalog is a product of Paolo Freire’s work and is regularly updated.
It is limited to globular clusters, so pulsars that exist outside of these known globular clusters are
not included in the catalog. The catalog contains 17 redbacks from 10 different globular clusters.
Freire has also identified 36 black widows from 15 globular clusters [13]. These are spiders that
are not in SpiderCat due to the fact they reside in globular clusters and not in the Galactic disk.

1.5 This work

The purpose of the Spider Catalog (SpiderCat) is to have a centralized database for all spiders in
the Galactic disk, containing relevant properties that are available. This includes timing properties,




interstellar medium (ISM) properties, astrometry data and photometry data. The SpiderCat is
meant to be a regenerative database, meaning it is semi-autonomously updated. By adding the
pulsar name and position whenever a new spider is discovered and running the specified Python
scripts, the SpiderCat will rebuild itself with the latest discoveries.

The script requires some manual input and literature searches. When this is needed, it is specified
in the READ.ME file that will accompany the script for the SpiderCat. This thesis serves as a data
mining endeavor aiming to collect and compare all the relevant observations on the population of
CBMSPs in the Galactic field.

The SpiderCat now contains 76 spiders, 40 of which are black widows and 36 redbacks. This
includes four black widow candidates without detected of pulsations and 14 redback candidates.
During the making of this thesis, there have been four redbacks and one black widow have either
been confirmed or discovered as a candidate.

The fundamental basis of the SpiderCat is the ‘base file’. From this, the catalog is extended to
its entirety. This base file includes only the most basic information about the spider. The name,
position, discovery year, discovery note, if the spider is confirmed or just a candidate and state.
From this starting point, the catalog is formed using various methods, which will be discussed in
upcoming chapters. The credit for making the .BASE FILE goes to Prof. Manuel Linares, who has
compiled and updated (since 2013) a catalog of spiders in the Galactic field.




Chapter 2

Timing Properties

2.1 Measured timing properties

When a new pulsar is discovered, the first measured property is P. In some cases, the presence
of a MSP can be inferred indirectly from the optical properties of the companion star and/or the
X-ray emission from the inter-binary shock. These systems are called “spider candidates”, and the
spin properties of the MSP remain unknown until pulsations are discovered. P is used in many of
the derived properties, so an unknown P will also lead to some unknown derived properties (see
Section 2.2). P has been defined in Chapter 1.

DM is not a timing property in itself but rather an ISM property. However, it affects timing
measurements by broadening an otherwise sharp pulse when adding multiple frequency channels,
which are dispersed by different amounts. In actual physical terms, the DM is an integral number
density along the line of sight of free electrons [14]. For more on this, see Section 3.3.

Py, is the orbital period of the pulsar in the binary system. Given that the NS is far more massive
than the companion, the center of mass of the binary system is much closer to the NS, so its orbital
velocity is significantly less than that of the companion. Py is the time it takes for the spider and
the companion to complete one revolution around the center of mass. For spiders this quantity is
often given in units of days, implying that the orbit is compact and the distance between the two
stars is small.

The time of the ascending node (T, s.) marks a specific moment in the orbital motion of an object
when it passes through the ascending node, moving from below the plane of reference to above it,
as seen in Figure 2.1. This plane of reference is usually perpendicular to the line of sight from the
observer, known as the plane of the sky for astronomical observations. T,s. is the moment when
the object has the highest radial velocity (positive receding). The radial velocity of the pulsar is
determined by measuring the Doppler shift of the emitted pulses.
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Figure 2.1: An illustration of the T,s. and the orbital inclination (i). In this illustration, the line
of sight is The z-axis for all four figures. The top row of elliptical orbits shows the xy-plane (as
seen from Earth), while the bottom row displays the same orbits from a sideways view. Credit:
[15].

The projected semi-major axis (A1) describes the apparent projected size of the orbit. The semi-
major axis is the longest radius of an ellipse, representing half the longest diameter. The inclination
of the orbit can be estimated through optical modeling. The inclination of the orbit is the angle
between the plane of the sky and the plane of the orbit, as seen in Figure 2.1.

2.2 Derived timing properties

In addition to the measured NS spin properties, if we know or assume the moment of inertia I of
the NS, we can calculate the spin-down luminosity of the pulsar. The moment of inertia is assumed
to be that of a homogeneous sphere and is given by 2M R? /5. The radius and mass of the observed
pulsars are, in general, unknown quantities. For our derived properties, we assume that all pulsars
have a mass M, = 1.4Mg and a radius of 11 km [16]. The Rotational energy [17]

Tuw? - o2m21
2 p?
where w is the angular frequency, is the energy associated with the rotation of the NS. We often use
the first time derivative of the rotational energy. This quantity is called the spin-down luminosity

dE  4m?IP
dt P37
and sets the total power budget of the pulsar. When the pulsar rotates, so does its magnetic
field. To estimate the magnetic field strength at the NS surface, we must know P, P and the angle

between the magnetic and rotational axes, a. The magnetic field strength can then be expressed
as [17]:

E= (2.1)

E=— (2.2)

3¢ IPP
B? = 672 (2.3)
812 Rb sin” o
If we want to estimate the magnetic field strength at the surface, we set « to 90° so that the surface
field becomes;




33 IPP e

_— 2.4
82RO (2:4)

Bsurf,min = (
Kepler’s laws of planetary motion impose constraints on the masses of the pulsar, and the com-

panion, M¢. These constraints come from measurement of A; and P, and are expressed by[17]:

(Mcsini)®  4m?A3
(Mc + M,)? N ToP? "

(2.5)

Here, Ty is a constant equal to GMy/c3. On the right-hand side of the equation are all the
measured properties. Given that there are three unknown variables on the left-hand side, we are
forced to make assumptions on two of the variables. In this case, we assume that the NS mass
is 1.4Mg, a common assumption in pulsar astronomy. The second assumption is that the orbital
inclination 7 is 90°. These assumptions give a lower limit on the companion mass. The constraint
on the Mc min,

M3 min 4 2A3
<. -l =, (2.6)
(Mc min + 1.4Mg)? To Py

has now been reduced to one equation with one unknown. Knowing the minimum value for the
companion mass, Mc min, gives us insight into the system’s dynamics and is the major factor in
classifying the system as a redback or black widow (see Chapter 1).

2.3 ATNF

To access the data in ATNF through Python, we use the PSRQPY package [18], designed to query
the ATNF pulsar catalog. The package provides an efficient and convenient way to access the data
contained in the database.

As a part of the PSRQPY package is the class QUERYATNEF. This class has integrated query
capabilities and allows for adjustable inputs and outputs. It also allows for some limits to be set
on the query, so the output only returns systems that meet the criteria set in the query. This
includes limiting the parameters that are outputted.

We also used the integrated PSRQPY P — P diagram. Given the importance of the diagram in
pulsar astronomy, the developers [11] integrated an option to plot a selection of pulsars in the
diagram. This was used explicitly for Figure 1.3, which includes the entire pulsar population in
ATNF with a listed P and P. Along with the timing properties, the diagram also shows whether
the pulsar is isolated in a binary system or in a supernova remnant.

We list in Tables 2.1 and 2.2 the following properties from the ATNF catalog: P, P, T, P, and
Ay, with their errors. In addition to the timing properties, we obtained position, DM, type, name,
date of discovery, binary model, and associated names from the ATNF database. Some of these
parameters will be discussed in later Chapters.

The spiders in the ATNF database were searched using pre-compiled sky coordinates. We used a
search radius of 1 arcminute. We did not find multiple matches within this radius; if we did, the
one with the closest angular distance to the center was selected. The search radius can be justified
as follows. Considering a sphere with 4000 randomly distributed points (ATNF currently lists
3534 pulsars), we can find the average angular separation between them. This gives an average
angular separation of 217 arcminutes. So with a search radius of 1 arcminute, the probability of
one independent spurious match is 0.0085%.
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2.4 Results

Figure 2.2 shows the P — P diagram of the entire pulsar population, shows the confirmed redbacks
and black widows from SpiderCat. We can see how spiders occupy the leftmost region of this
diagram, showing shorter P values than the average other MSPs. Figure 2.3 shows this as well.
With a noticeable shift for the spiders towards shorter spin periods. This confirms that spiders
contain the fastest spinning NSs known to date. Indeed, Tables 2.1 and 2.2 show that 8 black
widows (out of 33) and 3 redbacks (out of 17) have extremely short spin periods P < 2 ms. This
is likely due to a more efficient or longer “spin-up” phase than other recycled MSPs (with white
dwarf companions).

Figure 2.4 shows the relation between the estimated magnetic field strength at the surface and
the spin-down luminosity. This indicates that the spiders with the lowest magnetic field strength
are black widows, as the nine spiders with the lowest magnetic field strength are all black widows.
The lowest value for the magnetic field strength is for pulsar J2055+3829, with a value of 9.27
107 Gauss. This is likely due to the evolutionary differences and accretion history between these
types of systems. Black widow pulsars often have undergone more significant mass transfer, which
can lead to magnetic field burial or decay as material is accreted from the companion star. As
material from the companion star is accreted onto the surface of the NS, it can compress and
spread the star’s magnetic field lines over a larger area. This spreading dilutes the magnetic field’s
strength at any given point on the surface of the NS, effectively lowering the observable magnetic
field strength.

In Figure 2.5, we show the defining differentiating properties of redbacks and black widows’ min-
imum companion mass against the orbital period. The figure shows us that redback companions
have a mass about one order of magnitude bigger than those of black widows. Apparent from Fig-
ure 2.5 there is a redback with orbital period > 1 day, which has been classified as a “huntsman”.
The idea for the huntsman spider is that they are wide compact object binaries with a helium
white dwarf (instead of a main sequence-looking companion). Given the distinctive companions
for black widows and redbacks there is discussion about whether they originate from the same
initial population [19] of binary stars or come from different initial binaries [20].

Table 2.1 displays the values of the black widows that appear in the ATNF database. There are
33 black widows listed in Table 2.1 out of the 40 listed in SpiderCat. Table 2.2 presents the
redbacks in ATNF. 17 redbacks are listed in the table, which is less than half of the population of
redbacks in SpiderCat. This is partly because there are more redback candidates, which excludes
10 candidates, which leaves a set of 9 confirmed redbacks that are not in ATNF.

11
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Figure 2.2: The P— P diagram of the timing properties of the spiders found in the ATNF database.
This the same diagram as Figure 1.3, but here are black widows are highlighted in black and
redbacks are highlighted in red. Data collected from [21].
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Figure 2.3: A histogram of P for the total MSP population with the as the black widows shaded
black and redbacks shaded red. As there is significant difference in the population of these three
groups we used different size bins for the histogram. Where the Total MSPs were divided into 50
bins the spiders were divided into 15 bins.
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Table 2.3:

Name E Bgurf M¢ min  Distance (YMW)  Distance (NE)
- erg/s Gauss Mg kpc kpc
B19574-20 2.85e+35  3.34e+08 0.021 1.7 2.5
J0610-2100 1.51e+34 4.43e+08 0.021 3.3 3.5
J2051-0827 9.77e+33  4.86e4-08 0.027 1.5 1
J0023+0923  2.83e+34  3.79e4-08 0.016 1.2 0.69
J0251+2606  3.24e+34  2.81e408 0.024 1.2 0.82
J0636+5128  1.03e+34  2.02e+-08 0.0069 0.21 0.49
J0952-0607 1.19e+35 1.67e408 0.019 1.7 0.97
J1124-3653 3.02e434  2.44e+4-08 0.027 0.99 1.7
J1221-0633 5.12e4+34  2.05e+4-08 0.013 1.3 0.75
J1301+0833 1.18e+35 2.83e408 0.024 1.2 0.67
J1311-3430 8.78e+4-34 4.7e4-08 0.0082 2.4 1.4
J1317-0157 1.57e4+34  2.57e+08 0.018 25 2.8
J1446-4701 6.52e4+34  2.98e+4-08 0.019 1.6 1.5
J1513-2550 1.6e+35 4.34e+08 0.016 4 2
J1544+4937 1.95e+34  1.58e+-08 0.017 3 1.2
J1555-2908 5.48¢4+35  5.72e4-08 0.051 7.6 2.7
J1630+3550 4.36e+34  5.27e408 0.0098 1.6 1.1
J16414+8049 7.62e+434  2.73e+408 0.04 3 1.7
J1653-0159 2.22e+34  1.39e4-08 0.0097 - -
J1731-1847 1.39e+35  4.95e4-08 0.033 4.8 2.6
J1745+1017 1.03e+34 1.73e4-08 0.014 1.2 1.3
J1805+0615 1.66e+35 4.47e+08 0.023 3.9 2.5
J1810+1744  7.07e4+34  1.77e4-08 0.043 2.4 2
J1928+1245  4.28e+34  4.57e+408 0.009 6.1 6.1
J1946-5403 - - - - -
J2017-1614 1.39e+34  1.53e+08 0.026 1.4 1.1
J2047+1053  1.86e+34  6.06e4-08 0.035 2.8 2
J2052+1219  6.02e+34  2.34e4-08 0.033 3.9 2.4
J2055+3829  7.7le+33  9.27e+407 0.022 4.6 4.4
J2115+5448  2.99e4+35  8.96e4-08 0.022 3.1 3.4
J2214+3000 3.41e+34  4.35e+408 0.013 1.7 1.5
J2234+0944  2.96e+34  5.48e4-08 0.015 1.6 1
J2241-5236 4.64e+34  2.49e+4-08 0.012 0.96 0.51
J2256-1024 6.6le4+34  3.27e4-08 0.03 1.3 0.65

Tabulated values for

the derived properties of black widows.

This table includes

spin.down luminosity, magnetic field strength, minimum companion mass and two distance es-
timates. These distance estimates (based on the DM from ATNF) are discussed in greater detail
in Chapter 4.

Name E Bsurys Mc¢ min  Distance (YMW)  Distance (NE)
- erg/s Gauss Mg kpc kpc
J1023+0038 1.0le+35 2.19e+408 0.13 1.1 0.62
J1036-4353 - - - - -
J1048+2339  2.08e+34 7.6e+08 0.3 2 0.7
J1227-4853 1.63e+35  2.77e+08 0.21 1.2 1.4
J1302-3258 8.58e+33  3.19e+08 0.15 1.4 1
J1306-4035 - - - - -
J1417-4402 - - - - -
J1431-4715 1.22e+35  3.42e+08 0.12 1.8 1.6
J1622-0315 1.41e+34  4.25e+08 0.097 1.1 1.1
J1628-3205 2.54e+34  3.98e+08 0.16 1.2 1.3
J1723-2837 8.3e+34 2.4e+08 0.24 0.72 0.74
J1803-6707 1.34e+35 4.03e+408 0.29 1.4 1.2
J1816+4510 9.31e434  7.53e+408 0.16 4.4 2.4
J1908+2105 5.77e+34  3.82e+408 0.054 2.6 3.2
J1957+2516 3.1e+34 6.69e+08 0.097 2.7 3.1
J2039-5617 5.35e+34  3.93e+408 0.17 1.7 0.94
J2129-0429 - - - - -
J221545135 1.32e+435  5.99e+4-08 0.21 2.8 3
J2339-0533 4.13e+34  4.09e+08 0.26 0.75 0.45

Table 2.4: Tabulated values for the derived properties of redbacks. This table includes spin.down
luminosity, magnetic field strength, minimum companion mass and two distance estimates. These
distance estimates (based on the DM from ATNF) are discussed in greater detail in Chapter 4.
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Chapter 3

Interstellar Medium

The ISM affects all astrophysical observations. Consequently, extensive work has been done to
map the distribution of gas and dust in the ISM of our Galaxy [22, 23, 24]. With the help of
the resulting databases that map the various properties of the ISM, we can correct results and
infer the intrinsic fluxes of spiders. Some of these distributions are compiled as 3-dimensional
maps. However, for the purposes of SpiderCat, a two-dimensional column density is sufficient.
This assumption is made because spiders are typically distant stars with a distance of more than
1-2 kpc, where the column density in most lines of sight has flattened out. For this reason, we use
the total column densities in the line of sight.

3.1 Dust

Dust presents a significant challenge to astronomical observations, acting as both a concealer and
a modifier of celestial light. Interstellar dust composed of tiny solid particles scatters light. Red-
dening is the phenomenon where the light from a celestial object is scattered and absorbed by
interstellar dust, causing the object to appear redder and dimmer than it intrinsically is. This pro-
cess occurs because dust particles preferentially scatter shorter-wavelength (blue) light, allowing
longer-wavelength (red) light to pass through with greater ease. This wavelength-dependent scat-
tering results in an apparent change in the observed color of celestial objects towards the red part
of the spectrum. Quantitatively, reddening can be expressed through the color excess, E(B — V),
which measures the difference in magnitude between the blue (B) and visual (V) bands due to
dust. This parameter is a crucial indicator of the amount of interstellar dust along a line of sight
and its effect on the light. The extinction [23],

AV) AWV)
AV)—A(B) E(B-V)

has from previous measurements values between 2.6 to 5.5 with a mean value of 3.1 [25]. This
is also the value used as the theoretical extinction value in our catalog (see Figure 3.2). As a
consequence of reddening, the light emerging from the dust is redder than the light emitted from
the companion. Astronomically, it complicates the accurate determination of luminosity, distances,
and the intrinsic colors of stars. For pulsars and other distant sources, the light that finally reaches
observers is dimmed and reddened, requiring careful correction to infer their intrinsic fluxes.

Ry =

(3.1)

Astronomers have developed sophisticated dust maps to account for and mitigate the effects of
interstellar reddening. One of the most widely used resources in this regard is the map by Schlegel,
Finkbeiner, and Davis (1998), referred to as the SFD map [23]. This comprehensive work utilizes
infrared observations to estimate the dust distribution across the sky, providing a valuable tool
for correcting reddening in astronomical data. A more recent study gave rise to the Bayestar
dust maps by Green et al. [24], is an outcome of the Pan-STARRS survey [26] representing a
significant leap forward in our understanding of dust distribution. Since Bayestar is dependent
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on Pan-STARRS it shares it limitations, notably that it only covers north of DEC -30°, more on
this in Chapter 5. Bayestar is leveraging optical and infrared data to produce a three-dimensional
map of Galactic dust. These two databases for dust reddening are accessed and used in this thesis
within Python using the package DuSTMAPS. The data are accessed by a position-based search,
and the dust reddening in that line of sight is stored.

3.2 Gas

The ISM also contain a lot of gas, particularly hydrogen gas, which is the most abundant. Hydrogen
gas is so abundant in the Galaxy that “no single sight line exists through the Milky Way where
it could not be detected after only a few seconds” [22]. Hydrogen gas is another concealer and
modifier of the light from the pulsar to the observer. So, we must account for the absorption effect
that occurs.

Just above the ionization energy of hydrogen, 13.6 eV, in the ultraviolet, the ISM is highly opaque
because the probability that a photon will ionize a hydrogen atom is very high [27]. This funda-
mental interaction exemplifies the principle of absorption, where a photon’s energy is consumed to
liberate an electron from its atomic bound state, consequently elevating it to a continuum state.
The quantum mechanical description underlying this interaction involves an electron’s absorp-
tion of a photon, leading to an instantaneous jump in energy states. Photons that are absorbed,
primarily in discrete spectral lines and continua, effectively imprint signatures in absorption lines,
which are instrumental in the spectroscopic analysis of astrophysical objects. The distribution of
hydrogen gas in the ISM is not random. Like most other objects in the Galaxy, a much higher
concentration is close to the Galactic disk, see Figure 3.1. The distribution of hydrogen gas in the
Galaxy is highly structured, with dense regions concentrated in spiral arms and the galactic plane,
and more diffuse components filling the interstellar medium.

HI4PI collaboration: HI4PIL: A full-sky H1 survey based on EBHIS and GASS

=
3

Figure 3.1: A full-sky map over the distribution of hydrogen in the Milky Way using Galactic
coordinates. This shows EBHIS and GASS data as integrated over the full velocity range. The
map is in Galactic coordinates using Mollweide projection. Taken from [22].

We collected the hydrogen column density data using the HI4PI database [22]. The database is
a full-sky survey of the distribution of hydrogen gas. The database has been downloaded and
is available on the local computers at NTNU as a part of the HEASOFT package (version 6.32.1)
[28]. The HI4PI survey is based on data from the first coverage of the Effelsberg—Bonn HI Survey
(EBHIS) and the third revision of the Galactic All-Sky Survey (GASS). EBHIS and GASS share
similar angular resolutions and sensitivity [22]. The GASS observations were conducted from
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January 2005 to November 2006, primarily at night, to avoid Solar interference, scanning each sky
area twice. The EBHIS survey used the Effelsberg 100-m from late 2008 to early 2013 to cover
100 MHz of bandwidth with 16,384 spectral channels, enabling simultaneous observation of both
Galactic and extra-galactic skies [22]. The query is based on position, and because HI4PI is a full-
sky survey, it provides a value for every system in SpiderCat, whether the system is a candidate
or a confirmed spider.

3.3 Free electrons

The DM is defined as [17]
d
DM = / ne dl, (3.2)
0

where n, is the electron number density, d is the distance to the pulsar. DM is usually expressed
in units of pc ecm™3. Thus, DM is the total (integrated) column density along the line of sight from
the observer to the star. The origin of DM comes from the interaction between electromagnetic
radiation and charged particles in space. Low energy radiation, such as radio waves, is more subject
to this effect since higher energy radiation goes through the ISM without being affected much. All
charged particles contribute to the impact of the DM. Still, since electrons have a far smaller mass
than the proton, they are more affected by the electromagnetic radiation passing by, contributing
to the delay in the pulse. Therefore, only the free electron column density is considered as the
cause of this effect [14]. The presence of free electrons in the ISM causes dispersion of the radio
pulses from pulsars because the free electrons’ refractive index varies with frequency. This leads
to a frequency-dependent delay, where higher frequency waves travel faster than lower frequency
waves.

The effect of the DM can be seen in a delay of frequencies where f; and f, are both in the MHz
range. The time delay between the two frequencies is expressed as:

At~ D *10° (f;% — f5?) * DM, (3.3)
where D is the dispersion constant set as [17]

e2

i — (4.148808 + —0.000003) 10> M H 2*pc~ em?s. (3.4)
e

Here e and m, are the charge and mass of the electron, respectively, and the uncertainty in D is
the result of the uncertainty in those values.

Since DM is an integrated (column) density, it can be used to estimate distances to the pulsar
[14]. The accuracy of this distance is highly dependent on the model of the distribution of free
electrons in the ISM. For this thesis we used the models YMW [29] and NE2001 [30] for distance
estimates to the pulsar. These values are tabulated in Tables 2.3 and 2.4, it is also discussed and
presented in Chapter 4. The ATNF database collects the measurement of DM, along with the
timing properties of pulsars.

3.4 Results

The correlation of dust and gas along the line of sight is thought to be linear [33]. By comparing
E(B-V) and Ny, we see that they are indeed correlated for our sample for spiders in SpiderCat.
The theoretical correlation has been reported by Predehl and Schmidt [31] and Foight et al. [32].
This correlation implies that the dust and gas volume densities in the Galaxy are correlated. We
can see a slight deviation from the linear correlation at higher values.

Figure 3.3 shows the difference between the two dust maps included in SpiderCat. We can see
that they agree on the lower values. Where they differ is at the higher values of extinction. At the
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Name E(B-V) SFD E(g-r) Bayestar Ny DM

- mag mag 1/em pc/em
B1957+20 0.454 0.38 2.87e+21 29.11
J0610-2100 0.073 0.06 8.08e+20  60.67
J2051-0827 0.086 0.11 6.23e+20 20.73
J0023+0923 0.116 0.15 5.01e+4-20 14.32
J0251+2606 0.131 0.16 9.61e+20  20.22
J0636+5128 0.102 0.09 9.51e+20 11.11
J0952-0607 0.063 0.05 4.38e+20 2241
J1124-3653 0.108 - 7.77e+20  44.86
J1221-0633 0.026 0.03 2.54e+4-20 16.43
J1301+0833 0.026 0.01 1.84e+-20 13.2
J1311-3430 0.063 - 4.77e+20 37.8
J1317-0157 0.027 0.01 1.73e+20 29.4
J1446-4701 0.153 - 9.7e+20 55.83
J1513-2550 0.124 0.13 7.47e4+20  46.88
J1544+4937 0.018 - 1.58e+20  23.22
J1555-2908 0.139 0.13 8.3e+420 75.91
J1627+3219 0.024 0.04 1.52e+20 -
J16304-3550 0.018 0.06 1.19e4-20 17.45
J1641+8049 0.043 0.09 3.77e+20 31.09
J1653-0159 0.228 0.25 8.57e+20 -
J1720-0534 0.633 0.58 1.3e+21 -
J1731-1847 0.639 0.72 1.99e+21 106.5
J1745+1017 0.17 0.2 9.89e+20  23.97
J1805+0615 0.241 0.26 1.22e+21 64.88
J1810+4-1744 0.134 0.13 9.34e+20 39.7
J1928+1245 1.487 1.11 6.09e+21 179.2
J1946-5403 0.05 - 3.51e4+20  23.73
J2017-1614 0.074 0.12 4.25e+20  25.44
J2047+1053 0.086 0.1 6.66e+20 34.6
J2052+1219 0.099 0.13 8.76e+20  41.96
J2055+3829 0.698 0.56 4.12e+21 91.83
J21154-5448 1.729 1.05 7.86e+4-21 77.41
J2214+3000 0.078 0.09 6.12e+20 22.54
J2234+0944 0.116 0.12 7.26e+4-20 17.83
J2241-5236 0.015 - 1.13e+20 11.41
J2256-1024 0.045 0.01 3.3e+20 13.78
J0336.0+7505 0.243 0.23 1.47e+21 -
J1406+1222 0.026 - 1.9e+20 -
J1408.6-2917 0.055 0.04 3.41e+20 -
J1838.2+4-3223 0.091 0.11 8.26e+4-20 -

Table 3.1: The extinction in the optical bands due to dust, the DM due to the free electrons and
the column density of hydrogen gas for the black widows in SpiderCat.

higher values, the SFD dust map [23] tells us that there is significantly more extinction along that
particular line of sight than the Green et al. dust map [24].

Figures 3.5 and 3.4 show the relation between DM and dust and gas in the Galaxy. What is
apparent in both figures is that every system is confined to the upper-left part of the diagrams.
In principle, the correlation should be linear, but it does not appear so because of different as-
sumptions in the models of line of sight properties. In common for both gas and dust is that their
measurements are pulsar independent, meaning that they are precompiled values of the different
coordinates in the sky. DM however, has an explicit dependency on the pulsar, as it is derived from
the broadening of the pulse in the radio band. This means that the dust and gas measurement is
for a total column value for the entire line of sight, while DM only describes the number of free
electrons up to the pulsar but not beyond. For closer pulsars, we expect to see a lower DM than is
expected from the dust and gas values for that particular line of sight. This expectation is present
in Figures 3.5 and 3.4 which gives plausibility to this intrinsic correlation.
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Name E(B-V) SFD  E(g-r) Bayestar Ny DM

- mag mag 1/ecm pe/em
J0212+5320 0.188 0.14 1.5e+21 -
J0838-2827 0.166 0.11 1.52e4-21 -
J0955-3947 0.207 - 1.25e+21 -
J1023+0038 0.045 0.01 4.06e+20 14.32
J1036-4353 0.141 - 9.99e+4-20 61.1
J10484-2339 0.043 0.02 2.5e4-20 16.65
J1227-4853 0.138 - 1.07e+21 43.42
J1242-4712 0.097 - 8.58e-+20 -
J1302-3258 0.074 - 5.55e+20 26.19
J1306-4035 0.091 - 7.1e4+20 35
J1417-4402 0.118 - 7.16e4-20 55
J1431-4715 0.167 - 1.11e+21 59.35
J1622-0315 0.245 0.25 9.57e+420 21.41
J1628-3205 0.392 - 1.61e+21 42.15
J1723-2837 1.262 1.45 3.72e+21 19.69
J1803-6707 0.066 - 5.75e4+20 38.38
J1816+4510 0.04 0.05 3.72e+4-20 38.89
J1908+2105 0.839 0.71 3.2e421 61.91
J1910-5320 0.07 - 5.22e4-20 -
J195742516 2.03 1.24 7.11le+21 44.14
J2039-5617 0.058 - 5.57e+20 24.57
J2055+4-1545 0.086 0.08 6.63e+20 -
J2129-0429 0.039 0.01 3.24e+20 16.88
J2215+5135 0.351 0.24 2.79e+4-21 69.2
J2333-5526 0.014 - 1.07e4-20 -
J2339-0533 0.033 0.01 2.95e4-20 8.717
J0407.7-5702 0.015 - 1.08e4-20 -
J0427.9-6704 0.044 - 3.51e+4-20 -
J0523-2529 0.027 0.04 1.48e+20 -
J0935.34-0901 0.04 0.06 3.55e+4-20 -
J0940.3-7610 0.286 - 9.54e+4-20 -
J1544-1128 0.218 0.19 1.25e+21 -
J1646.5-4406 7.908 - 1.41e+22 -
J1702.7-5655 0.184 - 1.26e4-21 -
J2054.24-6904 0.453 0.42 1.94e+21 -
J0846.04-2820 0.056 0.06 4.54e+4-20 -

Table 3.2: The extinction in the optical bands due to dust, the DM due to the free electrons and
the column density of hydrogen gas for the redbacks in SpiderCat.
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Figure 3.2: Np vs E(b-v). The linear line by Predehl is expressed by the formula Ny = 1.8 %
102 E(B — V)R, [31] Here we use the value 3.1 for R, [25]. The line by Foight follows Ny =
2.87* 102 E(B — V)R, [32].
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Figure 3.3: A comparison of the two dust maps Bayestar [24] and SFD [23]. If the two different
models agree we would expect them to follow the line x=y.

25



R RB °
[e0] BW °
(e °
E °
" 10° -
— E o
—l [ )
& °
E,; [ )
Q. °
© [ ]
; : .
>
a y o
& ... .o.. . [ ]
~ 10714 PR
= ] ... °
m ° 4
= °
Ll °
> L
= °
g oo °
©
CC'IC) o 0

°

25 50 75 100 125 150 175

Dispersion measure (DM) from ATNF (pc/cm3)

Figure 3.4: DM [11] from the free electrons against the reddening from dust particles using the
SFD [23] dustmap. E(B-V) is plotted in a logarithmic scale.
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Chapter 4

Astrometry

Astrometry is the branch of astronomy devoted to determining the exact positions and movements
of stars and celestial objects. As part of SpiderCat, we review astrometric concepts and measurable
quantities and compile a list of spiders’ astrometric properties.

4.1 Parallax

Trigonometric parallax (or ‘parallax’ hereafter) is the apparent movement of a star on the plane
of the sky due to the orbit of the Earth around the Sun. Looking at a closer star, we can see an
apparent movement with respect to the background objects throughout the year. Parallax is the
star’s maximum angular movement through the year on the sky’s plane due to the Earth’s orbit.

Parallax is also tightly bound with distance. If we know both the parallax and the distance between
the Sun and the Earth, the distance to the star can be derived using fundamental trigonometry.
Figure 4.1 shows both the trigonometry of the system and the view from an observer on Earth.
The distance is expressed as d = 1AU/tan(p,), where 1 AU ~ 1.510® km is the mean distance
between the Earth and the Sun. The methodology of using parallax to infer the distance of stars is
so standard that it gave birth to a new unit of distance in astronomy: one parsec (pc) is defined as
the distance to a star with a parallax of 1 arcsec. Using the units of parsec and approximating for
small parallaxes (in radians) tan(p;) = p., the relation is simplified to d = 1/p,. In this relation,
d is in units of parsec, and p, is in arcseconds.
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Line of sight Parallax
in January

Figure 4.1: An illustration of parallax. Credit: ESA.

This method has limitations, as it becomes less accurate for more distant stars because the frac-
tional uncertainty becomes large. The distance and the parallax are inversely related, so there will
be significant uncertainties for more distant stars. It is also a slow way to do a measurement. By
its nature, you need to make measurements of the same star through a whole year to measure the
parallax.

4.2 Proper motion

Proper motion is the motion of a celestial object on the plane of the sky. Stars are not stationary
objects and move around in the Galaxy. This movement on the plane of the sky is slow but
noticeable. The way to measure proper motion is based on determining the precise position of
a star, monitoring its change in position, and removing the annual parallax. Proper motion was
suspected by the early Greek astronomers in 400 BC. In 1718, the astronomer Edmund Halley
noticed that Sirius was half a degree away from the positions charted by the ancient Greeks [34].
The further a star is, the faster it will have to travel through space in order to have an equal proper
motion to that of a closer star. The highest proper motion star is Bernard’s star, with a proper
motion of 10.3 arcseconds in a year [34]. At this rate, it would take 180 years to travel the moon’s
diameter, which covers half a degree of the night sky.

When dealing with proper motion in the coordinates of Right Ascension (RA) and Declination
(DEC), a specific correction is made due to the spherical geometry of the plane of the sky. To
understand this correction, one must consider the RA and DEC coordinate system. RA is analogous
to longitude but measured in time units (hours, minutes, and seconds), where 24 hours completes
a full circle of 360 degrees. It measures the east-west position of objects on the celestial sphere.
DEC is analogous to latitude and is measured in degrees north or south of the celestial equator.
The celestial sphere’s lines of RA converge at the poles, similar to the meridians of longitude on
Earth. This means that a constant angular speed in RA does not correspond to a constant linear
speed across the sky. To correct this, the proper motion in RA must be multiplied by the cosine
of the DEC. This factor accounts for the convergence of the lines of RA at the poles. The actual
formula for the corrected proper motion in RA, denoted as g4, is:

HRA = HRA,Taiv * COS(DEC), (41)

where firA rqw is the raw measurement of the proper motion in RA.
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4.3 Gaia DR3

The Gaia mission, launched by the European Space Agency, is the state of the art in astronomy.
The mission for Gaia is to map one billion stars, approximately 1% of the total population in
our Galaxy. Gaia, orbiting the second Lagrange point (L2), creates a precise and comprehensive
three-dimensional map of the Galaxy [35]. With data releases, such as the early third data release
(EDR3) and the complete third release (DR3), Gaia facilitated a more advanced understanding of
the astronomic and photometric (in the optical band) properties of our Galaxy[36, 37]. Moreover,
Gaia’s mission extends beyond the mapping of stars. It provides significant insights into the
physical properties of thousands of exoplanets, asteroids within our Solar system, and numerous
distant galaxies. Additionally, Gaia’s data contribute to the testing of General Relativity and
other theories of gravity. By offering this wealth of information, Gaia is a cornerstone mission for
astrophysics [36].

Gaia is an optical telescope that measures and maps all the light sources in the optical band.
Given that pulsars emit pulses in the radio band, Gaia has not detected these. However, when
knowing the position of a pulsar or a candidate, we can look for what is known as a counterpart in
the optical band. A counterpart is a source detected in another band in the same position as the
system we are interested in. In the case of spiders, the light from the companion stars dominates
in the optical band.

We can calculate the source density per unit angular area as in Section 2.3, but now we have a
significantly larger population of stars to account for. There are 1 billion optical sources, and this
results in an average separation of 26.1 arcseconds. To confidently conclude that the counterpart
is for the same system, we must use a smaller radius for the search. Or to be more precise a
search width. The positional search in Gaia is based on an uncertainty in both the RA and the
DEC. Consequently, the search area becomes a square with a selected width. The chosen width
was 4 arcseconds. This is well below the average separation of sources given 1 billion sources on a
celestial sphere. This leads to a chance of a spurious match being 12%.

The vast data in the EDR3 and the complete GDR3 is made accessible through the Python
package ASTROQUERY. ASTROQUERY.CAIA is a powerful Python module designed as part of the
ASTROQUERY library, which provides tools to query astronomical web forms and databases. The
Gaia submodule specifically facilitates access to the data released by the European Space Agency’s
Gaia mission, which includes extensive astrometric and photometric data. Through simple Python
commands, we retrieved data about positions, radial velocities, magnitudes, and parallaxes directly
from the Gaia archive.

4.4 Distances

Stellar distances are a fundamental part of astrophysics. There are several techniques for determ-
ining a stellar distance. As discussed in Section 4.1, parallax is one such way, but it works poorly
for distant and faint stars with a high fractional parallax uncertainty. Other techniques include
Doppler shift, standard candles, extinction, DM and other ISM estimates. Most of these tech-
niques rely on assumptions, making them educated guesses. After the EDR3, Bailer-Jones et al.
[38] looked at the 1.47 billion parallaxes and estimated distances. For the more distant stars, they
made two models for the distances. The first was a geometric model including the parallax and
the position. The position was included in the model to account for the stellar distribution in the
Galaxy. In this model, stars close to the Galactic disk are, with a higher probability, farther away
than those above or below the Galactic disk. The second model included photometric properties.
In this model, they also accounted for a star’s color and magnitude. With previous knowledge of
the color and intrinsic luminosity of many types of stars, Bailer-Jones used the change in color
due to extinction and the apparent luminosity as a secondary distance measurement and got even
more accurate estimates. The two models from Bailer-Jones indicates the complexity of the prob-
lem. Highlighting that making more assumptions and accounting for more factors we get better
estimates.
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Name RA err DEC err Px err PmRA err PmDEC err

- deg as deg as mas mas mas/yr mas/yr mas/yr mas/yr
B19574-20 299.903 0.38  20.8044 0.38 0.7 0.53 -1.82 0.5 -5.01 0.53
J1311-3430 197.941 1.1 -34.5084  0.63 1.93 097 -6.13 1.6 -5.14 0.68
J1555-2908 238.919 1 -29.1412  0.57 - - - - - -
J1653-0159 253.409 0.63 -1.97692 0.35 177 0.78 -17.3 0.95 -3.24 0.72
J1731-1847 262.823 0.63 -18.7925 0.44 - - 0.707 0.72 -3.18 0.93
J1810+1744 272.655 0.38 17.7437 0.44 0.648 0.54 7.54 0.45 -4.19 0.51
J1928+4-1245 292.189 0.11 12.7648  0.13 - - 0.148 0.17 -0.35 0.16
J2055+3829 313.793 1.8 38.4915 2.6 - - - - - -
J0336.0+7505  54.0424 1.8 75.0548 1 - - -0.852 1.6 -0.746 2.1

J1406+4-1222 211.734 44 12.3787 3.4 - - - - - -
J1408.6-2917 212.112 2.4 -29.3726 1 - - - - - -
J1838.2+3223 279.57 1.6 32.4032 1.1 - - 1.61 1.6 -4.89 2

Table 4.1: The astrometric properties of the black widows with an optical counterpart in Gaia
DRS3.

Two other papers that also have done extensive distance estimates, YMW16 [29] and NE2001
[30], are both accessible through the python package PYGEDM [39]. These distance estimates are
estimates based on the DM from the pulsars. Consequently, both methods rely on a model of
free electron distribution in the Galaxy. The YMW16 model, named after the authors: Yao,
Manchester and Wang, assumes a thick disk Galactic model (scale height 1.6 kpc) with a non-
homogeneous electron number density model, with the exceptions of “Fermi bubbles” [29]. The
model has 96 parameters, with 64 fixed and 32 fitted. They compared their results to those of 189
pulsars with independently determined distances to validate their model. What separates YMW16
from NE2001 includes the 15 years in publication, in which discoveries and updated models have
been discovered. Quantitatively, YMW16 claims that “the YMW16 mid-plane density is about
one-third the NE2001 value and the scale height is about 70% larger than the NE2001 value [29].”
To determine the distance they utilize the models and integrate the free electron number density in
their model until it fits with the measured DM, how distance is correlated to distance is explained
in Section 3.3. PYGEDM is a tool developed to access distance estimated based on the two models
NE2001 and YMW16. The package allows for easy calculation of both distance and scattering
measures based on user-supplied Galactic coordinates and DM.

4.5 Results

The proper motion measurements of the spiders cataloged in the SpiderCat dataset predominantly
fall within a range of -20 to 20 milliarcseconds per year (mas/year) in both RA and DEC. This
observed range encompasses the expected values for such celestial objects, indicating a relatively
consistent pattern among most cataloged spiders.

Within these ranges, a marginal disparity between black widows and redbacks emerges. Notably,
redback pulsars exhibit higher proper motions than the black widows. In Figure 4.2, all six black
widows show a significantly lower proper motion in DEC than the redbacks. In total, the redbacks
seem to be more scattered in both RA and DEC (except black widow J1653-0159). This discrepancy
is also apparent in Figure 4.3, where the total proper motion is plotted against the parallax. We
see that the spiders with the highest angular movement are redbacks. This could be explained by
the evolutionary process of the pulsar binary.

In Figure 4.4, we observe the distance estimates derived from the DM plotted against the DM
values. If the YMW model’s distance estimates were solely dependent on DM, we would anticipate
a clear functional relationship and strong correlation between these two variables. However, as
outlined in the YMW model documentation [29] and evident in Figure 4.4, this is not the case.
Despite this, Figure 4.4 reveals a somewhat scattered yet linear relationship between DM and
distance. The non isotropic distribution of free electrons in our Galaxy accounts for deviations from
the expected distance-DM relationship for certain lines of sight. The figure ultimately supports
the reasonable conclusion that more distant spiders exhibit larger dispersion measures. This is an
expected result as the ISM is present throughout our entire Galaxy: the further away from Earth
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Figure 4.2: Proper motions in RA and DEC as found in GDR3 [37].

a spider is, the higher is the integrated electron density in the line of sight.
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Chapter 5

Photometry

5.1 Magnitudes and color index

Photometry is the study of the brightness and intensity of astrophysical sources, specifically looking
at the number of photons and the energy they carry. Using a CCD detector, we can determine the
number of photons and their energy. In addition to a CCD detector, a bandpass filter is used to
isolate a specific part of the EM spectrum.

The brightness of celestial objects is measured using an inverted magnitude scale. Lower magnitude
values signify brighter objects, and higher values denote dimmer ones. Magnitude is a dimension-
less value and is specified for each bandpass. Magnitudes originated in ancient Greece, where
astronomers categorized stars into six magnitudes. The first magnitude was placed on the first
stars to appear at dusk, and the sixth magnitude was for stars just visible to the naked eye. Based
on these two reference points with the brightest and dimmest stars in the night sky we have with
modern observations, determined that the flux ratio between magnitude 6 and 1 is approximately
1% [27]. Thus,

my —mg =5 = —alogio(F1/F3) = —xlog10(100) = —2x. (5.1)

The negative sign is added to ensure the brighter source has a lower numerical value. Expanding
this to find the magnitude of any source means introducing a reference source and comparing the
flux from this source. So the apparent magnitude as seen from Earth for an object is given by

my — Myef = —2.5[0910(F1/Fref). (52)

The absolute magnitude is how bright the object would appear if the source was ten pc away from
the observer. Most stars’ apparent magnitude is higher than their absolute magnitude because
they are excede this 10 pc distance.

Once the magnitudes of an astronomical object have been measured across various bands, one can
calculate its color index. The color index is a quantitative measure that reflects the object’s spectral
energy distribution. It is derived by subtracting the magnitude measured in one band from another.
The color index serves as a valuable indicator of the object’s color, as well as its temperature and
spectral type. Hotter stars have lower color indices and appear bluer, whereas colder stars appear
more red. This correlation between color index and temperature follows the principles of blackbody
radiation, where hotter bodies emit more radiation at shorter, bluer wavelengths. Additionally,
the color index aids in identifying a star’s spectral type. Flux is the amount of energy originating
from a luminous source that arrives at the observer per area and time. Flux is used to quantify
the intensity of the light arriving.
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5.2 Optical

Pulsars are very weak optical sources. Even after we suspected there to be a pulsar in the Crab
Nebula, it took some time before Cocke et al. [40] found pulsations in the optical band in 1969,
and subsequently, it took almost a decade for the second pulsar to be discovered in the optical
band by Wallace [41].

The optical light observed in spider systems predominantly originates from the companion star
as blackbody radiation. This radiation can be affected by the NS if it heats the companion star,
typically causing the side of the companion facing the NS to become warmer, while the opposite
side remains cooler. However, efficient heat distribution through convection within the companion
can mitigate this effect. Additionally, the presence of an inter-binary shock boundary that curves
around the companion might lead to heating from synchrotron radiation on multiple sides.

The Panoramic Survey Telescope and Rapid Response System (Pan-STARRS)[26] is a telescope
project primarily designed for observing the sky in wide-field imaging. Located at Haleakala Obser-
vatory in Hawaii, it was built to survey the sky for asteroids that could potentially threaten Earth
and to observe transient phenomena like supernovae. Pan-STARRS uses a 1.8-meter telescope
equipped with a 1.4 Gigapixel camera. The Pan-STARRS maps the sky north of DEC -30°. The
detection limit for the apparent magnitude is 24 across the optical bands [42]. Saturation of the
CCD happens around 12-14 mag depending on filter and band and imposes a limit on magnitude.
The Pan-STARRS'’s field of view is 7 square degrees, using g, r, i, z and y filters.

The mean wavelength for the different bands utilized in Pan-STARRS is 4866A, 6215A, 75454,
8679A and 9633A for the green (g), red (r), near-infrared (i), z and y bandpasses respectfully [43].
As we see in Figure 5.1, these have different widths, and in combination, they cover the entire
optical and some infrared range [44].

We searched for counterparts in Pan-STARRS using a radius of 10 arcseconds. In addition to the
query for optical counterparts in Pan-STARRS, we have searched for optical counterparts in the
Gaia DR3 (see Chapter 4).

5.3 X-ray

The X-ray radiation from a spider system is mainly produced by the interaction between the NS
and the companion. In spiders, an inter-binary shock can occur when the pulsar wind from the NS
and stellar wind from the companion collide, creating a shock. At this boundary, the magnetic field
intensifies, potentially accelerating particles like electrons to relativistic speeds. These electrons
may emit synchrotron radiation, observable in the X-ray or v-ray bands, depending on the magnetic
field strength [46]. The emission is not isotropic, often resulting in a double-peaked flux pattern
across the binary’s orbit due to the alignment of the shock boundary with the line of sight. There is
also a base level for the flux in these cases when the border for the inter-binary shock is misaligned
with the line of sight. When the binary orbit is compact, we will observe a stronger interaction
between the companions and thus an increase in the X-ray radiation from the intra-binary shock
[46]. X-ray emissions may also arise from heating the NS’s polar caps. Strong magnetic fields
channel charged particles to these caps, heating them to millions of degrees and causing them to
emit blackbody radiation in the X-ray band.

The NASA Swift mission [47], launched in November 2004, is designed to detect and study
gamma-ray bursts (GRBs), the universe’s most luminous and energetic phenomena. Swift’s multi-
wavelength observational capabilities, integrating a Burst Alert Telescope, an X-ray telescope
(XRT), and an Ultraviolet/Optical Telescope, allow for immediate and comprehensive follow-up
observations of GRBs and their afterglows [47].

The XRT on the Swift mission is a crucial instrument for investigating the afterglow phase of GRBs
and other astronomical phenomena. Equipped with a grazing incidence Wolter I telescope design,
the XRT operates in the 0.2 to 10 keV energy range, providing both imaging and spectroscopic
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Figure 5.1: Figure from Tonry et al. 2012 [45]: The Pan-STARRS capture cross-section in
m? /e/photon to produce a detected e for an incident photon for the six Pan-STARRS bandpasses,
grizy for a standard airmass of 1.2. The overlapping band is wp; [45].

data. The Swift XRT point source (2SXPS) catalog is a point source catalog built from all Swift
XRT photon counting mode data of at least 50 s in duration gathered between January 1st, 2005,
and August 1st, 2018. It contains position, fluxes, spectral details, variability information, count
rate, and a flag indicating the reliability of the detection for 206335 objects [48]. One of the
measurements obtained from the X-ray counterparts was the count rate. The count rate is, in
this case, divided into four different bands. The first one, labeled CRO, is the total count rate
from 0.3 to 10 keV. CR1 is the soft band of 0.3-1keV. Medium CR2 is in the band from 1-2 keV.
The hard band is from 2-10keV. In addition, there was also an addition of 1 sigma uncertainty in
both positive and negative directions. The 1 ¢ uncertainties were labeled with a capital E for the
positive and a small e for the negative. For our uncertainty estimates we used the average of the
positive and negative 1 ¢ uncertainty. The source detection of the count rate was done in each of
these bands independently, and the results were combined in the 2SXPS catalog.

5.4 Results

Figure 5.2 shows the photometric results from the Gaia DR3, as discussed in Chapter 4.2. The
color-magnitude diagram (CMD) shows that redbacks are, on average, brighter than black widows
in the g band because their companions are typically larger and hotter than those of black widows.
We also find an outlier, J1816+4510. J1816 appears so blue because its companion is unusually
hot at 16000K, a suspected proto-white dwarf [49].
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Figure 5.2: A color-magnitude diagram (CMD) where the BP-RP color is plotted against mag-
nitude in the G band. From the optical counterparts found in Gaia DR3.

Also, in the Pan-STARRS CMD, Figure 5.3, we see the presence of J1816 as the leftmost point,
reaffirming its significance. A second observation is that the black widows are dimmer in the
optical band. There are also fewer black widow optical counterparts. This is coherent with the
lower magnitude limit at 21 magnitudes for GDR3. We conclude that most optical counterparts for
black widows are not detected in Pan-STARRS or Gaia because they are fainter than the detection
limit.

Another point to note is that these values are fixed for the optical surveys by Gaia and Pan-
STARRS, especially for black widows. This is problematic because the black widows typically
have a high variability in their optical magnitude. This magnitude fluctuation is due to the orbital
rotation of the companion. The black widow companion is much smaller and less hot than the
redback companion, so they have a much higher ratio between their irradiated hot side and the
cold side. The side facing the pulsar is heated by the pulsar winds. When this side is facing the
observer, we observe blackbody radiation from a much hotter companion. This will in turn result
in a brighter companion and a lower numerical magnitude.

When looking at Figure 5.4, we can see that there are three redbacks that have the highest
unabsorbed fluxes. These are J1023, J1227, and J1544, all of which are classified as transitional
MSPs. Given their high X-ray fluxes, it is likely that Swift observed them during their luminous
disk state. Transitional MSPs are a special subclass of MSPs that switch between two different
states: a radio pulsar state and a low-mass X-ray binary (LMXB) state. In the radio pulsar state,
the MSP emits predominantly in the radio wavelengths and is powered by the rotation of the
NS. However, in the LMXB state, the MSP accretes matter from its companion star, forming an
accretion disk that emits strongly in X-rays. The high X-ray fluxes observed in these transitional
MSPs are indicative of the LMXB state. During this state, the accretion of material from the
companion star onto the NS releases a significant amount of energy, which is converted into X-
rays. This process involves the formation of an accretion disk around the NS, where matter spirals
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Figure 5.3: Color magnitude diagram, where the r-i color i plotted against magnitude in the g
band. These results are based on the Pan-STARRS in the optical band.

inwards and heats up to temperatures of millions of degrees, emitting X-rays in the process. The
transition between these states can be triggered by changes in the mass transfer rate from the
companion star or alterations in the magnetic field configuration of the MSP.

Name d CRO err CR3 err Fyo/10~12 10~ 2err UFLO/err
- as (c/s) (c/s) (c¢/s) (c¢/s) erg/s/cm?  erg/s/cm?  UFLO/err
J0212+4-5320 0.48  0.0247 0.00279 0.0127 0.00199 1.7 0.1924 8.8
J1023+0038 0.33 0.307 0.00123 0.0977 0.000705 13.3 0.05346 248.8
J1048+-2339 1.23  0.00205 0.000684 0.0014 0.000534 0.0909 0.03039 3.0
J1227-4853 1.89 0.149 0.00155 0.0597 0.00097 8.18 0.08507 96.2
J1306-40 2.2 0.0214 0.00138 0.00797  0.000748 1.19 0.07674 15.5
J1628-3205 7.18  0.0014  0.000515 0.000794  0.000337 0.104 0.03816 2.7
J1723-2837 1.81 0.0338 0.00113 0.018 0.000806 2.55 0.08506 30.0
J2039-5618 1.36 0.00193 0.000224 0.000565 0.000124 0.0902 0.01047 8.6
J2129-0429 1.67 0.00549 0.000612 0.00244  0.000404 0.336 0.0375 9.0
J2215+5135 4.61  0.00272 0.00044 0.00132 0.000296 0.211 0.03415 6.2
J2339-0533 0.89  0.00532 0.000463  0.00178  0.000264 0.259 0.02254 11.5
J0427.9-6704 0.24 0.0163 0.00154 0.0135 0.00138 2.22 0.2097 10.6
J0523-2529 1.77 0.00637  0.000661 0.00188  0.000365 0.294 0.03057 9.6
J0838.8-2829 3.04 0.0007 0.000441 0.000341 0.000291 0.0389 0.02452 1.6
J0935.34-0901 2.8 0.00614  0.00173  0.000622  0.000632 0.307 0.08633 3.6
J0940.3-7610 1.3 0.0068 0.00212 0.00379 0.00153 0.51 0.1592 3.2
J0954.8-3948 0.49 0.00449 0.000916 0.00246 0.000657 0.345 0.07049 4.9
J1544-1128 2.11 0.0888 0.00113 0.0343 0.000711 4.84 0.06147 78.7
J2054.24-6904 1.35 0.00229  0.000445 0.00147 0.000347 0.144 0.02804 5.1
J2333.1-5527 6.07  0.00115 0.000637  0.000554  0.000415 0.0718 0.03962 1.8
J1417.5-4402 1.93  0.0188 0.00126 0.00676  0.000739 1.07 0.07157 15.0

Table 5.1: Swift results for Redbacks in table format.

40



10711 4 ° RB

10—12 4 }_#ﬂ

10_13 B I T =1

Unabsorbed flux (erg/s/cm?)
o

0.0 0.2 0.4 0.6 0.8 1.0
Hardness(CR3/CRO)

Figure 5.4: A Hardness flux diagram with errors from the result in the Swift results. CR3 is the
count rate in the band 2-10 keV and CRO is the total band from 0.3-10 keV. The fluxes from Swift
are in the band total band 0.3-10 keV.

Name d CRO err CR3 err Fuo/10712 10~ 2err UFLO/err
- as (c¢/s) (c/s) (c/s) (c/s) erg/s/cm?  erg/s/cm?  UFLO/err
J1124-3653 5.94 0.00221  0.000748  0.000634 0.00042 0.113 0.0383 3.0
J130140833 4.15 0.00151  0.000565  0.000376 0.000294 0.0735 0.02741 2.7
J1311-3430 1.85 0.00364 0.000321 0.00134 0.000188 0.208 0.01828 11.4
J1653-0159 0.55 0.00312 0.000616  0.00148 0.000384 0.168 0.03308 5.1
J2241-5236 3.19 0.00288  0.00118 0.000511  0.0005265 0.172 0.07014 2.5

Table 5.2: Swift results for black widows in table format.
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Name gmag rmag imag zmag ymag

B1957+20 20.9713  20.2651  19.8499  19.5979  19.6588
J0610-2100 - - 21.5107  20.941 20.5393
J2051-0827 21.5732  20.4193 19.3906 18.8927  18.6408
J0636+5128 21.7412 21.7172  21.6289  20.8393 -
J0952-0607 22.1384 - 21.6377 - -
J1221-0633 - 21.4909  20.1235 19.5292  19.1625
J1301+0833 - - 21.5378  21.5348 -
J1317-0157 22.0652 21.8018  21.7883 - -
J1555-2908 20.7155  20.4069 20.4143 18.5122 -
J1653-0159 20.8787  20.5009  20.0984 20.0302 19.7166
J1720-0534 - 21.5894  21.2807  20.8177  20.3719
J1731-1847 20.526 19.2972  18.6138 18.257 18.0398
J18054-0615 21.937 21.669

J1810+1744 20.101 20.2284  20.3329 20.4779  19.9431
J1928+1245 19.3589 18.319 17.8051  17.5087  17.2859

J2017-1614 - 22.0528  21.5359 - -
J2047+1053 224241  22.0033  21.9032 - -
J2052+1219 21.8554  22.3183 - 21.509 -
J2055+-3829 - 21.1617  20.5616 20.102 19.6907
J2115+5448 - - 21.8971  21.0558 -
J2214+3000 - - 21.8726 - 20.1724
J2256-1024 21.8956  21.3172  20.9897  21.0346 -

J0336.0+7505 21.236 20.5934  20.6895  20.1496 -
J1406+1222 19.9162 19.951 19.3756 19.053 18.9262
J1408.6-2917 21.1343  21.1829  20.8663 20.263 -
J1838.2+4-3223 20.736 20.4663  20.4305  20.4655 -

Table 5.3: Pan-STARRS magnitudes for black widows in SpiderCat.

Name gmag rmag imag zmag ymag
J0212+5320 14.7931 14.3882 14.1792 14.0563 14.1139
J0838-2827 20.6076  19.8339  19.2809 19.318 18.9204

J1023+0038 18.0534  16.6437  16.3047  17.0889  17.0898
J1048+2339 20.1084  19.2057 19.0691  18.8041 18.64

J1302-3258 - - 20.8484 - -
J1622-0315 19.6466  19.1631  18.9544  18.9544 18.876
J1628-3205 20.8019 - - - -
J1723-2837 16.3427  15.5195 15.0823 14.8701 14.6654

J1816+4510 18.0731 18.3683 18.6033 18.8074 18.8736
J1908+2105 22.0652  20.931 20.2094 19.8519 19.6316
J1957+2516 18.9292 179174 17.3925 17.1181  16.8972
J2055+1545 21.0134  20.3931  20.2933  20.2725 19.9973

J2129-0429 17.4672  16.7174  16.4837  16.3609 16.239
J2215+5135 20.4088 19.6891 19.0514 18.8162 19.1906
J2339-0533 18.2508  19.5165  18.4974 17.8173 17.8751
J0523-2529 17.1861  16.5129  16.2069 16.0245 16.0222
J0935.3+0901 21.201 20.4939  20.4082 20.4113  20.0398
J1544-1128 19.2631  18.4562  18.2286  18.1941  18.0775

J2054.24-6904  20.8201  20.1174 19.7138 19.5555  19.3675
J0846.04-2820  16.2923  15.6699  15.3727  15.2393  15.0905

Table 5.4: Pan-STARRS magnitudes for redbacks in SpiderCat.
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Chapter 6

Discussion

6.1 Overview Catalog

The SpiderCat catalog contains a total of 76 spider pulsars. Some of the systems in SpiderCat
are not found in some of the databases that were queried. In Table 6.1, we see a summary of how
many systems from SpiderCat appeared in each database.

The first note is that both SFD and HI4PI are full-sky surveys of the dust and gas in the Galaxy
(see Chapter 3). As a consequence, all systems have a corresponding value as the entire sky has
been mapped in these databases. For Bayestar, we see that some systems do not appear. This
is because it is based on the Pan-STARRS survey which only covers north of DEC -30°. ATNF
only contains spiders that have shown pulsations in the radio band, and this is not the case for
the spider candidates. Therefore, none of the spider candidates are found in our ATNF search
(Chapter 2). We can see a much higher number of exclusions for both Swift, Pan-STARRS and
Gaia (Chapter 4 and 5 for details). These exclusions are due to a combination of magnitude or
flux limits and sky coverage of each survey or catalog.

Database black widows redbacks total
Basefile 40 36 76
ATNF 34 19 53
Gaia 12 31 43
Swift 5 21 26
Pan-STARRS 26 20 46
HI4PI 40 36 76
SFD 40 36 76
Bayestar19 35 18 53

Table 6.1: Summary of the number of spiders found in the different databases searched (as per
06.05.2024).

6.2 Highlights: the main results found in SpiderCat

As discussed in Section 2.4, from the timing properties collected in SpiderCat we have seen that
spiders are among the fastest spinning NSs, with a P even shorter than that of other MSPs. This
effect is highlighted in Figure 2.3, showing a histogram of the P for black widows, redbacks, and
all MSPs. This is probably due to a longer or more efficient “spin-up” phase compared to other
recycled MSPs. The “spin-up” phase in the life of a pulsar refers to a period during which the pulsar
increases its rotational speed. In binary systems, a pulsar can accrete matter from its companion
star. This happens when the companion star expands during its evolution and starts overflowing
its Roche lobe. As material from the companion star accretes onto the pulsar, it brings angular
momentum to the pulsar. This material generally forms an accretion disk as it spirals toward the
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NS. The material in the accretion disk gradually spirals closer to the NS and eventually falls onto
its surface. The angular momentum of the accreting material is transferred to the pulsar, causing
it to spin faster.

As seen in Figure 3.2, we can clearly see a linear correlation between the reddening and the
absorption along the different lines of sight for the spiders. This was a reaffirming discovery as
both Foight et al. [32] and Predehl et al. [31] had made similar discoveries for the reddening
and absorption, independent of the spiders that are in SpiderCat. The physical interpretation of
this result is that the presence of larger dust particles and clouds also includes the presence of
hydrogen gas clouds to a similar scale. This tells us that a particular concealer in the ISM does
not exist alone. Another reason for this correlation is that the same assumptions were made for
both properties. We used the total integrated density along the entire line of sight.

From Section 5.4, we showed two optical CMDs, and in both, we found a significant outlier in
J1816, which showed a much bluer color than the other spiders. The bluer color comes from the
companion temperature at 16000K [49]. This is a highly unusual companion for a redback, and the
companion is suspected to be a proto-white dwarf. This elevation in the companion’s temperature
adequately explains the bluer color in the CMD, because most of the optical light emitted from a
spider system is the blackbody radiation of the companion. And the blackbody radiation of higher
temperature objects is shifted towards bluer wavelengths.

In Chapter 4 the main result was the proper motion discrepancy between the black widows and
the redbacks. As both Figures 4.3 and 4.2 show, we can observe a higher total proper motion for
the redbacks. For the redbacks, this does not seem to have a particular preference towards RA
or DEC, which, of course, is reasonable as it is an Earthly coordinate system. The high proper
motion for the redbacks could speak to a more violent supernova formation, leading to the redback
systems having a higher tangential velocity through space as opposed to black widows.

The final highlight was from the X-ray counterparts identified by Swift. In Figure 5.4, we observe
considerable uncertainties for all but three redbacks in both hardness and unabsorbed flux. It is
also these three redbacks that we have identified as J1023+0038 [50, 51, 52, 53], J1227-4853 [53,
54] and J1544-1128 [55], in common for them all is that they are transitional MSPs. The redbacks
have been observed in three different states. Given the high X-ray fluxes measured by Swift, we
suspect that they occupied the more luminous disk state at the time.

6.3 Future work

Future updates for SpiderCat can be divided into two categories: maintenance and improvement.

From a maintenance perspective, the most important thing to do to improve the SpiderCat is to
follow discoveries of spider systems. This also involves rerunning all scripts when a new system is
discovered. If the system is not found in the different queries, the next step is to do an intensive
literature search of the new system to see if other papers have made discoveries about it that are
not yet included in the databases that the SpiderCat queries.

This thesis has focused primarily on data collection, verification and interpretation. The next
natural step would be to present all these data to the community. For this, we have already
begun developing a website that will interactively display the data I collected in SpiderCat (credit:
Bogdan Voaidas).

There are also improvements to the data that could be collected. The first possible extension is the
Shklovksii correction. This correction is due to the effect that proper motion has on the observed
P. The Shklovskii effect [56] can be described by,

. . Pu2d

Pobs = Pintr + — (61)

With the Shklovskii correction, we could also include the intrinsic E.

The second improvement that could be made are distance estimates. The distance estimates
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collected in SpiderCat are based on the YMW16 and NE2001 models. So, an improvement could be
to make this estimation ourselves specifically for the spider population. In addition to the distance,
one could then calculate the spider’s luminosity. Collecting properties of the companion star could
further improve the understanding of the interaction in the binary system. Data regarding the
companion’s base temperature, irradiated temperature and irradiating luminosity could give us a
better understanding of the interaction in the binary system. In SpiderCat we have not quantified
the time variability of fluxes in different bands. Introducing a time dependency to the fluxes or
magnitudes would give a more complete view of spiders.

Finally, SpiderCat could be improved by querying several other sky maps or catalogs in several
bands. Firstly, this would be the y-band, as this is not included in the current version of SpiderCat.
Databases that could also be queried are eROSITA in X-rays [57], 4FGL [58], 3PC [59] in gamma-
rays, SDSS in optical [60] and WISE in the infrarred [61].
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