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ABSTRACT

Pulsars as Calibration Tools
and X-Ray Observations of Spider Pulsars

Peter Anthony Gentile

We present the polarization pulse profiles for 29 pulsars observed with the
Arecibo Observatory by the North American Nanohertz Observatory for Gravita-
tional Waves (NANOGrav) timing project at 2.1 GHz, 1.4 GHz, and 430 MHz.
These profiles represent the most sensitive polarimetric millisecond pulsar profiles
to date, revealing the existence of microcomponents (that is, pulse components with
peak intensities much lower than the total pulse peak intensity). Although micro-
components have been detected in some pulsars previously, we are able to detect
new microcomponents for PSRs B1937+21, J1713+0747, and J2234+0944. We also
present rotation measures for 28 of these pulsars, determined independently at dif-
ferent observation frequencies and epochs, and find the Galactic magnetic fields
derived from these rotation measures to be consistent with current models. These
polarization profiles were made using measurement equation template matching,
which allows us to generate the polarimetric response of the Arecibo Observatory
on an epoch-by-epoch basis. We use this method to describe its time variability,
and find that the polarimetric responses of the Arecibo Observatorys 1.4 and 2.1
GHz receivers varies significantly with time.

We then describe the first X-ray observations of five short orbital period (Pp <
1 day), y-ray emitting, binary millisecond pulsars. Four of these— PSRs J0023+0923,
J1124—-3653, J18104-1744, and J2256—1024— are “black-widow” pulsars, with de-
generate companions of mass < 0.1M,, three of which exhibit radio eclipses. The
fiftth source, PSR J2215+5135, is an eclipsing “redback” with a near Roche-lobe
filling 0.2 Mg non-degenerate companion. Data were taken using the Chandra
X-Ray Observatory and covered a full binary orbit for each pulsar. Two pulsars,
PSRs J2215+5135 and J2256—1024, show significant orbital variability while PSR
J1124—3653 shows marginal orbital variability. The lightcurves for these three pul-
sars have X-ray flux minima coinciding with the phases of the radio eclipses. This
phenomenon is consistent with an intrabinary shock emission interpretation for the
X-rays. The other two pulsars, PSRs J00234+0923 and J1810+1744, are fainter
and do not demonstrate variability at a level we can detect in these data. All five
spectra are fit with three separate models: a power-law model, a blackbody model,
and a combined model with both power-law and blackbody components. The pre-
ferred spectral fits yield power-law indices that range from 1.3 to 3.2 and blackbody
temperatures in the hundreds of eV. The spectrum for PSR J2215+5135 shows a
significant hard X-ray component, with a large number of counts above 2 keV, which



is additional evidence for the presence of intrabinary shock emission. This is similar
to what has been detected in the low-mass X-ray binary to MSP transition object
PSR J10234-0038.

We also describe X-Ray observations of three “redback” pulsars taken with the
XMM — Newton X-Ray telescope, and cover at least one orbit for each source. We
had previously analyzed data for one of these sources, PSR J2215+5135, taken with
the Chandra X-Ray Observatory. These new observations also show orbital vari-
ability in PSR J2215+5135’s X-Ray lightcurve, including an X-Ray minimum near
superior conjunction, and the increased sensitivity allows us to see two clear features
away from superior conjunction. For the other two sources, PSRs J1622—0315 and
J19084-2105, we do not detect enough counts to constrain the X-Ray orbital variabil-
ity. The spectra for each of these sources showed significant hard X-Ray emission,
and were therefore not well described by thermal models. We report power-law
indices from these fits in the range of 1.28 to 2.0. These spectral properties are
consistent with intrabinary shock emission.
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Chapter 1
Introduction

1.1 The History of Pulsars

In 1967, a graduate student named Jocelyn Bell was working at the Univer-
sity of Cambridge, studying how the solar wind affected the apparent brightness of
bright, compact radio sources called quasars. Just as scintillation due to the atmo-
spheric turbulence makes stars appear to twinkle to terrestrial stargazers, so does
turbulent, ionized plasma make radio sources appear to fluctuate in intensity.

To study this phenomenon, she, along with her supervisor, Dr. Anthony
Hewish, used an early radio telescope! attached to a pen chart recorder to map
the entire sky once every four days. She had no idea at the time, but she was
helping to perform the very first pulsar survey.

Every day, this experiment generated 96 feet of pen chart data, and as this
was analog data, they needed to be analyzed by hand. In keeping with tradition,
this work was performed by the graduate student, which meant that Bell spent
night after night poring over it. In that process, she discovered a signal she did not
understand.

This in and of itself was not completely unexpected. Terrestrial radio frequency

interference (RFI) can be very insidious and is a fact of life for radio astronomers

! Just wires connected to posts in the ground, really.



(past and present), so it was not really a surprise when Dr. Hewish put it forward
as a possible explanation for the signal. Still, Bell kept seeing the source night after
night, and it always appeared to be coming from the same position on the sky. This
was particularly problematic to the RFI theory, since the time a given position in
the sky is overhead changes day by day, which meant that either this was a source
of RFI that was perfectly masquerading as an astronomical source, or, more simply,
this was an astronomical source.

High time-resolution follow-up observations showed the source to be emitting
0.016 s-wide pulses at a period of 1.33 seconds. Observations of this source from
another telescope ruled out the possibility of an instrumental effect causing the sig-
nal, and frequency-dependent delays of the pulses proved the source to be outside
our solar system. Having convincingly determined the source to be real and astro-
physical, the phenomenon was published in Hewish et al. (1968), however the origin
of the emission proved to be elusive, and the strangeness of its regularity was com-
pounded by the physical implication of the short duration of each pulse: light travel
time constrains the emission of a 0.016 s-wide pulse to be coming from a source less
than 4,800 km across. For a short time, the source was nicknamed LGM-1, “LGM”
standing for “Little Green Men”, as one possible theory was that the source may be
an extraterrestrial beacon.

At this point, it is worth taking a step back. When considering the discovery
story of pulsars, we often view it through the lens of hindsight, which tends to lend
undue clarity to the story. We know what these signals are, so we may think of

the name LGM-1 as a cute, perhaps silly, moniker for pulsars, thereby ascribing an



attractive quaintness to the line of thought that led to it. A more illuminating vision
of the name LGM-1, though, is as a barometer for the magnitude of the discovery.
It was so momentous, so wonderfully unique, that the idea that it was the first
evidence for intelligent, extraterrestrial life was not dismissed out of hand.

Thus, pulsar astronomy was born. Soon after, the Crab Pulsar was discovered
(Staelin & Reifenstein, 1968; Comella et al., 1969), discrediting the extraterrestrial
beacon theory, and providing evidence that these objects were rotating beams of
light emanating from dense stars called “neutron stars”, thereby commencing the
endeavor to explain the various characteristic of these pulsars and the environments
they inhabit. We now turn to a small representation of the progress made in that
endeavor. No current description of pulsars is complete, therefore what follows is an

excitingly incomplete review of pulsar fundamentals as we understand them now.

1.2 Emission Mechanisms

A complete characterization of the pulsar magnetosphere (and thereby emis-
sion mechanism) has proven to be a notoriously difficult problem. As yet, no model
exists to describe the rich nature of pulsar emission as seen from radio light to
gamma ray light. Although there are characteristics it does not describe well, a
simple model of the pulsar magnetosphere can provide explanations for a number of
the characteristics of pulsar emission surprisingly well. This simple model, described
by Goldreich & Julian (1969), is that of a rotating dipolar magnetic field extending

from a conducting sphere.



Although even such a simple model includes much more complex character-
istics, interesting deductions can be made from even from this simple foundation.
For example, the model includes a time-varying magnetic field and will therefore
produce electromagnetic radiation. This radiation will be emitted at the pulsar’s
spin frequency (< 1 kHz), and will therefore not be detectable through terrestrial
observations, although it will produce other observable effects.

These effects stem from the fact that the production of electromagnetic radi-
ation by the rotating dipole will serve to carry energy away from the system. The

energy produced by a rotating dipole is
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where ¢ is the speed of light, m is the magnetic dipole moment, €2 is the rota-

tional angular frequency, and « is the angle between the magnetic moment and spin

axis. This energy is produced because the dipole’s axis is offset from the spin axis.

Therefore, the energy carried away by the radiation will be taken from the pulsar’s

rotational kinetic energy. Thus, the change in the pulsar’s rotational kinetic energy
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where [ is the moment of inertia of the pulsar. Since the rotational angular frequency

is related to the pulsar spin period P by
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the spin down luminosity is

By = 47?IPP3. (1.4)

Assuming the loss of rotational kinetic energy is due entirely to the magnetic dipole

radiation, we can write
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Taking all terms other than P and P and grouping them together in a constant C,

we can write equation 1.6 as

PP =C

PdP = Cat. (1.7)

Integrating both sides gives
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where Py is the birth period of the pulsar, t,,,, is the current epoch, ty is the epoch
of the pulsar’s birth, and 7, is the characteristic age of the pulsar (that is, the age
of the pulsar given this simple model). Finally, since we know the pulsar will be
spinning down throughout its life, which serves to increase the pulsar’s spin period,

we can ignore the (%)2 term? and solve for 7. to get

P
= 1.9
P (1.9)

Further, if we note that |m| ~ Br?, then we can rewrite equation 1.1 as
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Bs = DV PP, (1.10)

where, taking sin(a) = 1, 7 = 10 km, and I = 10% g cm?, we find:

Bs = 3.2 x 10V PP C. (1.11)

Taking a step back, we have already gained an incredible amount of insight

into pulsars from a simple model. Even with such a model, we are able to grasp

2Note that this is not true in general, as exceptions exist (see, for example, the sources discussed
in Section 1.3.2). However, this exercise is not meant to be a rigorous determination of a pulsar’s
age, but rather rather a way to get a rough estimate, so we therefore proceed knowing that the
utility of this estimate may vary from pulsar to pulsar.



the pulsar’s spin down behavior, and take guesses as to the pulsar’s age and surface
magnetic field strength. Still, since we are unable to see this dipolar radiation, we
have not yet touched upon one of the most fundamental and enigmatic questions
surrounding pulsars: what is producing the light that we detect with our telescopes?

To begin talking about that, we must add a layer of complexity to our model.

1.2.1 The Pulsar Magnetosphere

One aspect of the model posited at the beginning of this section that we
have yet to discuss is the superconductivity of the pulsar itself. This property is
important because moving electromagnetic fields will induce additional fields, and
this will have an effect on the charges within the pulsar.

Inside the neutron star, the rotation of the magnetic field will create an induced

electric field
Eiq = (2 xr) x B. (1.12)
This surface charge density will induce a potential outside the neutron star of
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where Bg is the magnitude of the magnetic field at the surface of the neutron star,
R is the radius of the neutron star, and r and 6 are polar coordinates centered on
the neutron star’s center. We then find the component of the electric field at the

surface of the neutron star parallel to the magnetic field to be
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This electric field induces an electric force that is enormous and far exceeds the
gravitational force acting to bind the charged particles to the neutron star. These
charges then flow out from the neutron star and into the magnetosphere and continue
to do so until the electric field due to the magentospheric charge density negates
the electric field responsible for filling the magnetosphere with charged particles,
making the magnetosphere a force-free region. The resulting charge distribution is

BsQR?
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This charge distribution is pictured in Figure 1.1, from which (or alternatively
from Equation 1.15) a number of characteristics may be gleaned. First, we see
that the highest charge density occurs at the poles, at the surface of the neutron
star. The number density here is called the “Goldreich-Julian” density, and from

Equation 1.15 we can see that it is
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Conversely, we also note that there are regions of the magnetosphere that have a

charge density of zero. These regions occur when (3 cos? — 1) = 0. That is, when

0 = cos H(1A/3).

The charged particles that fill the magnetosphere will stream out from the
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Figure 1.1: The normalized charge distribution in the pulsar magnetosphere, as
given by Equation 1.15. Indicated angle represents the angle with respect to the
aligned spin and magnetic field axes. Note the existence of the “null line” at 6 =
cos ' (1A/3), where the charge density drops to 0.



surface of the neutron star along its magnetic field lines. As there is a component
of the electric field perpendicular to the magnetic field, these charged particles will

gain a drift velocity

ExB
BQ

(1.17)
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which causes them to co-rotate with the neutron star. We note, however, that
charged particles co-rotating above the neutron star can only maintain that co-
rotation up to a certain distance from the neutron star. The surface beyond which
co-rotation would require superluminal velocities is called the light cylinder, the
radius of which depends only on the neutron star’s spin period P:

cP

Note that for the fastest-spinning pulsars, this can be <100 km!

Clearly, then, magnetic field lines (and charged particles moving along them)
that do not cross the light cylinder can maintain co-rotation whereas magnetic field
lines that do cross the light cylinder cannot. Therefore, this allows us to describe the
neutron star’s magnetosphere as being comprised of regions where the magnetic field
lines do not cross the light cylinder and regions where the magnetic field lines do cross
the light cylinder. The former are called closed field line regions while the latter are
called open field line regions. As is shown in Figure 1.2, the open field line regions
are centered on the two magnetic poles while the closed field line region resides

above the magnetic equator. The eventual fate of the charged particles leaving the
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Figure 1.2: Model of a pulsar magnetosphere. A dipole magnetic field centered on
the magnetic axis (shown in red) is offset from the neutron star spin axis (shown
in blue). Shown in green is the light cylinder, or the surface past which co-rotation
with the pulsar requires superluminal velocities and therefore cannot be maintained.
Field lines which lie wholly inside this surface are called “closed field lines”, while
field lines which cross this surface are called “closed field lines”. The closed field
line region defines the extent of the acceleration gaps which produce most of the
observed emission from the pulsar. (Image courtesy of Lorimer & Kramer, 2005)
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neutron star surface depends greatly upon which region of the magnetosphere they
enter upon leaving the neutron star surface.

Charges that enter the closed field line region flow from the neutron star and fill
the magnetosphere until the resulting charge density reaches the density required for
the region to become a force-free region (shown in Figure 1.1). Once this is achieved,
the charges are only subject to the drift velocity that allows them to co-rotate with
the neutron star (given in Equation 1.17).

Charged particles that enter open field line regions, however, do not undergo as
simple a process as their closed field line region counterparts. As with those charged
particles, the charged particles that enter open field line regions flow from the neu-
tron star along magnetic field lines into the magnetosphere, and as before, they
co-rotate with the neutron star. Eventually, though, these charged particles reach
the light cylinder, are unable to maintain co-rotation, and leave the magnetosphere.

The fact that these charged particles can flow out from the magnetosphere
means that the charge density in this part of the magnetosphere drops below the
charge density required to maintain a force-free state (see Equation 1.17). The
charged particles in this region, therefore, are subject not only to the drift velocity
allowing them to co-rotate with the neutron star, but also to the force caused by
the component of the electric field parallel to the magnetic field given in Equation
1.14. These regions of depleted charge density are areas wherein charged particles
are accelerated, either from the neutron star surface into the plasma that makes up
the bulk of the magnetosphere in the open field line region, or along the boundary
of the open field line region and out of the magnetosphere though the light cylinder.
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Figure 1.3: Location of the acceleration gaps responsible for most of the pulsar’s
observed emission. The outermost curved lines show the extent of the open field line
region, while the pair formation front is the region inside of which pair formation
cancels the charge depletion which causes the acceleration of charged particles in
the gap, forming a force free region containing a pair plasma. (Image courtesy of
Lyne & Graham-Smith, 2012)

These gaps are called the “outer slot gap” and the “polar slot gap” (or simply the
“outer gap” and “polar gap”), are shown in Figure 1.3, and are thought to be the

seat of much of a pulsar’s electromagnetic emission.
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1.2.2  Acceleration Gaps

1.2.2.1 Polar Gap

As the charged particles are flowing out from the surface of the neutron star
into the magnetosphere, there will be a region where the charge density of the
magnetosphere falls below the density required to maintain a force-free condition
close to the surface of the neutron star and bounded by the last open magnetic
field lines that defines the open field line regions. This region is known as the polar
gap, and it is especially important in part because it is located in the area of the
magnetosphere where the magnetic field strength is the highest.

In addition to one of the strongest magnetic fields we know of, the particles
emanating from the neutron star also are accelerated by an enormous electric field.
An expression for this electric field at the surface of the neutron star (i.e. at r = R is
shown in Equation 1.14, however these charges are not only subject to this electric
field at the surface of the stellar surface, but rather along the entirety of their
trajectory into the force-free region of the magnetosphere. As a function of the
height above the polar cap, z, the strength of this electric field is

2QBg(hgap — 2)

Ey(z) = . : (1.19)

where hgq), is the height of the polar gap.
We can find the potential V' due to this electric field, and determine the total

potential drop across the gap to be
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QBgh?
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C

Particles traveling through this electric field easily gain relativistic energies, as for
typical pulsar parameters (Q = 27/P = 27 rad/s, Bs = 10'? G, and hy,, = 10

cm), the total energy gained, eAV ~ 10 eV. This corresponds to a Lorentz factor

of

Eparticle =eAV

2
g eQBshgap
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Tmax = m C3g L. (121)

Again inputting typical pulsar parameters means that a charged particle crossing
the whole of the polar gap will reach a speed of Ve ~ 10713
The magnetic field lines along which these particles travel will have some
curvature described by a radius of curvature R., and will therefore emit curvature
radiation. The frequency of this radiation will be
~ 37°he

Eop = hw = 1.22
CR 2Rc ( )

If the energy of this photon exceeds the rest mass energy of an electron-positron

pair (E., = 2m.c ~ 1 MeV), it can produce such a pair. For a typical curvature

3This corresponds to a speed of 0.999999999999995¢!
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radius R, = 10% c¢m, photons produced by the charged particles originating from
the neutron star have energies of Ecr ~ 800 MeV, thus Ecr > FEp, and therefore
electron-positron pairs are produced.

These pairs, called “secondary particles” (as opposed to “primary particles”,
which are the charged particles originating from the neutron star itself) are produced
in the polar gap and are therefore accelerated by the same electric field as the
primary particles. Thus, these particles can emit their own curvature radiation,
which can in turn create further electron-positron pairs. This process is called a
“pair cascade”, and serves to significantly increase the particle density in the open
field line region of the magnetosphere.

These secondary particles do not traverse the entire polar gap, and are there-
fore not accelerated to energies comparable to the primary particles, but will rather
reach more modest speeds of v & 800. This is intriguing, as (given a curvature ra-
dius of R. = 10% cm) charged particles traveling at these speeds will emit curvature
radiation with a frequency of ~ 1 GHz, and is therefore a source of radio emission.

This, however, cannot entirely explain the radio emission of pulsars, as the
high brightness temperatures seen in pulsars is inconsistent with the inefficiency of
single-particle curvature radiation (Ruderman & Sutherland (1975) estimated the
fraction of the total energy radiated by a particle as it travels along a curved path
to be ~ 10713). These particles must therefore emit coherently, though a physical
model to explain how these particles gain coherence does not yet exist. Thus, a
complete explanation of pulsar radio emission remains, for the time being, out of

reach.
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1.2.2.2  Outer Gap

Away from the magnetic pole, the strength of the electric field that is re-
sponsible both for extracting primary particles from the neutron star surface and
for accelerating those particles to high velocities is greatly reduced (see Equation
1.14), meaning primary particles will be able to travel farther into the magneto-
sphere before they are able to emit photons with energies high enough to undergo
pair production. As a result, when sufficiently high energy photons are emitted
from primary particles traveling along open magnetic field lines away from the pole,
they will then be emitted in a region of the magnetosphere in which the magnetic
field strength is also dramatically smaller than that which would be found in the
polar gap (as both the angle with respect to the magnetic pole and height above
the neutron star surface will both be non-negligible in this region). Since the pair
production mean free path of an energetic photon depends strongly on the strength
of the magnetic field in the region through which it propagates, the curvature ra-
diation produced from primary particles in the outer edges of the open field line
regions is much more likely to be able to leave the magnetosphere and therefore be
detected by observers. Indeed, this phenomenology is reflected in multi-frequency
analyses of pulsars, where pulsar y-ray profiles are typically much broader than their
radio counterparts, consistent with an emission region located farther away from the
magnetic axis than the radio emission region.

Still, curvature radiation will be emitted across the outer gap, including in

the region close to the neutron star surface. There is therefore a higher probability
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that pair production will occur in this region. Because this region is farther from
the magnetic axis, however, the curvature radiation photons (which are originally
emitted tangent to the magnetic field lines) can obtain non-negligible pitch angles
with respect to the magnetic field lines. Therefore, when pairs are produced from
this emission, they spiral around their local magnetic field lines, producing softer
high-energy emission.

Observations of pulsars spanning a wide range of energies show evidence for the
existence of multiple high-energy emission mechanisms. For example, observations of
the Crab pulsar from keV to GeV energy ranges (Figure 1.4) show a clear distinction
between hard and soft high-energy emission, consistent with the two-phenomena
model outlined above.

Despite the simplicity of this model of the high-energy emission in pulsars,
it explains the observed emission surprisingly well in that not only does it explain
the wider pulsar profile seen at high energies, but also curvature radiation is bright
enough on its own to explain the brightness of the emission we see at high energies,
meaning we do not need to find some amplification mechanism, as we do for the

radio emission.

1.3 Pulsar Types

Perhaps the most essential property of pulsars is the stability of their rotation.
This stability allows us to predict when we will detect the next pulse from a pulsar

and to model any discrepancy between our prediction and the reality of when we
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Figure 1.4: High-energy emission from the Crab pulsar. A clear break in the emission

at energies of ~ 2 x 10* keV motivates a two-component model of the high-energy
emission. Figure from Kuiper et al. (2003)
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observe the pulses. In practice, a myriad of effects can change the time of arrival
of a pulse. Consider a pulsar in a binary system, for example. The Doppler effect
will cause the observed pulse period to shift, depending on where the pulsar is in its
orbit at the time of observation.

What may seem like an annoyance is in fact an enormous advantage, as model-
ing these discrepancies provides insight into the effects causing them. Keeping with
the previous example, a simpler modeling of the orbit provides constraints on the
binary system’s orbital period, eccentricity, projected semi-major axis (which are
products of the orbital radius and inclination angle), minimum companion mass,
and epoch of periastron. This is but one of many examples of the power of the
process called “pulsar timing”.

As rich a subject as pulsar timing is, we can gain a considerable amount of un-
derstanding from a simple consideration of the most basic parameters to come from
pulsar timing: the spin period and period derivative. The fact that characteristic
values for fundamental pulsar parameters can be calculated from only the pulsar’s
spin period and spin period derivative (see Section 1.2, especially Equations 1.4, 1.9,
and 1.11) is evidence of these parameters’ importance, yet the efficacy of the P — P
diagram (Figure 1.5) in providing a snapshot of the pulsar population is nonetheless
remarkable, and the dependence of these fundamental characteristic values on P
and P allows us to view at a glance how the pulsar population is distributed with
respect to them. Further, since one of these parameters is the characteristic age 7.
(see Equation 1.9) of a pulsar, we can compare old pulsars to young pulsars, giving
us insight into how pulsars evolve with time.
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Figure 1.5: Spin period P vs period derivative P for the current pulsar popula-
tion. Lines of constant spindown luminosity, characteristic age, and magnetic field
strength are plotted using Equations 1.4, 1.9, and 1.11 (respectively) and assuming
typical pulsar parameters. Also plotted is the theoretical “death line”, given by
Equation 1.23. Note the clear distinction between pulsars with longer spin periods
and higher period derivatives (canonical pulsars) and those with shorter spin periods
and lower period derivatives (millisecond pulsars).
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Indeed, we see that the youngest pulsars (with 7, ~ 10* y), many of which
are associated with supernova remnants, are born with relatively short spin peri-
ods (P < 0.1 s), high period derivatives (P > 107'3), and correspondingly high
spin down luminosities (F > 10% ergs/s). As these pulsars continue to emit elec-
tromagnetic radiation via magnetic dipole radiation (see Equation 1.1), their spin
periods increase, their spin period derivatives decrease, and they travel along lines
of constant magnetic field strength and increasing 7.

Pulsars continue this evolution until they reach a point whereby radio emis-
sion is no longer possible. This point is not well understood, but it is thought that
this happens when the mean free path of a curvature radiation photon in a mag-
netic field exceeds some critical value, reducing the efficiency of the pair cascade
process described in Section 1.2.2.1 and making radio emission effectively impossi-
ble. A comprehensive model describing this process is elusive, as an accurate model
would be dependent on parameters that are extremely difficult to probe (such as
the magnetic field structure near the surface of the pulsar in the polar gap, where
higher-order moments of the magnetic field are thought to play a more significant
role, see Chen & Ruderman, 1993; Ruderman & Sutherland, 1975). Still, a reason-

able estimate of this death line is

P>29x10%P (1.23)

(see Bhattacharya et al., 1992). The existence of pulsars across this “death line”

highlights the fact that this line is an approximation, and that a complete theory of

22



the pulsar death line is yet to be formulated.

Another way in which the efficiency of pair production can be greatly reduced
(therefore effectively quenching a pulsar’s radio emission) is if the magnetic fields
through which the curvature radiation photons are traveling are too strong. In this
regime, the photons can undergo magnetic photon splitting, whereby the photon
splits into two lower-energy photons. In strong enough magnetic fields, this process
can be extremely effective at keeping photons below the energy threshold required
for pair creation. The magnetic field strength at which this process is believed to

dominate is (Baring & Harding, 1997; Baring & Harding, 1998):

B

p

s =4.4x 10" G. (1.24)

Taking a more static view of the P — P diagram, we see that pulsars generally
fall into one of two “clumps” on the P — P diagram: those with spin periods P ~ 1 s
and spin period derivatives P ~ 1071 (called “normal” or “canonical” pulsars), and

those with spin periods P < 0.03 s and spin period derivatives P ~ 1072Y (called

“millisecond” pulsars). We now turn our attention to these groups.

1.3.1 Canonical Pulsars

Canonical pulsars make up the bulk of the pulsar population. As of this
writing, ~ 86% (2261 out of 2613)* of the pulsars currently discovered have spin

periods P > 0.03 s. Of these, 47 (just 2%) are in binary systems, and 59 are

4Numbers from the ATNF pulsar database. See http://www.atnf.csiro.au/research/pulsar/psrcat/
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associated with supernova remnants, with these associations being biased towards
young (i.e., relatively low P, high P, and therefore low 7.) pulsars, as the supernova
remnant dissipates with time. Canonical pulsars have high (~ 10'? G) magnetic
field strengths, and are much more likely to be found near the Galactic plane.
Since the radio emission is thought to originate above the polar cap (see Section
1.2.2.1) and since size of the polar cap is determined by the light cylinder radius
(see Equation 1.18), we expect canonical pulsars, with their longer spin periods, to
have much smaller polar cap regions and correspondingly narrower pulse profiles.
Indeed, measured pulse widths are seen to decrease with increasing spin periods
Lyne & Manchester (1988), with the average fraction of the pulse profile where the

pulsar is “on” being 6 ~ 0.06 for canonical pulsars (Lorimer et al., 2006).

1.3.2 Millisecond Pulsars

The fast-spinning cousins to canonical pulsars are millisecond pulsars (MSPs),
which make up the remaining 347 known pulsars. In addition to the small spin
periods that give MSPs their namesake, MSPs also have very small spindown rates,
and as a result, the characteristic ages for MSPs can approach a Hubble time. This
suggests that not only are MSPs distinct from canonical pulsars in a more funda-
mental way than only having different physical properties than canonical pulsars
(such as magnetic field strengths and space velocities). Rather, this suggests that
MSPs differ in the process of their formation.

One clue as the the difference in the formation scenario of MSPs with respect
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to canonical pulsars is the high fraction of MSPs in binary systems. We saw in
the previous section that ~ 2% of canonical pulsars are in binary systems, whereas
~ 65% of MSPs (225 of 347) are found in binary systems. This suggests that a
binary companion may play an integral role in the formation of MSPs, and is the
primary motivation of the “recycling” formation scenario of MSPs (Alpar et al.,
1982).

This scenario starts with a stellar binary system where the more massive star
evolves, goes supernova, and forms a canonical pulsar. Assuming the binary sys-
tem survives the explosion, the pulsar and the companion star continue to evolve
normally, with the pulsar losing energy due to magnetic dipole radiation, spinning
down, and perhaps even crossing the death line. The companion star, meanwhile,
continues to burn its stellar fuel until it evolves into a red giant, at which point its
outer layers expand to fill (and eventually overfill) its Roche lobe.

The matter that expands outside of the companion’s Roche lobe is then able
to be accreted by the pulsar and begins to inspiral onto the pulsar’s surface, where
it transfers its angular momentum to the pulsar, decreasing the pulsar’s spin pe-
riod (i.e., “spinning up” the pulsar) and weakening the pulsar’s magnetic field
(Bisnovatyi-Kogan & Komberg, 1974; Shibazaki et al., 1989). Since this process
can revive a canonical pulsar that has crossed the death line, it is referred to as re-
cycling, and can last as long as the companion star remains a giant. For larger mass
companions, this can be a relatively small amount of time, leaving an MSP with a
(relatively) long spin period. In this instance, since the companion is a high mass
star, the companion itself may undergo a supernova explosion, either disrupting the
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system (leading to long period, isolated MSPs), or transforming it into a double
neutron star system.

For smaller mass companions, this recycling stage can be much more lengthy.
In this circumstance, the pulsar has the opportunity to accrete more matter, spin-
ning up to the smallest spin periods known (P < 1.4 ms). The companion star,
meanwhile continues to evolve normally, leaving behind a neutron star-white dwarf

system.

1.3.3 Black Widow and Redback Pulsars

There remains a major unanswered question regarding the previous MSP for-
mation scenario: how are isolated, fast-spinning MSPs formed? The very fact that
they are MSPs indicates that they started out in binary systems, and the fact that
they have been spun up to such extremely low spin periods indicates that their
companion must be a long-lived (i.e. low-mass) star, which precludes a supernova
disrupting the binary system. Barring a gravitational interaction with another ob-
ject, there is no other obvious mechanism to disrupt the binary, and yet we see a
number of fast-spinning MSPs that do not have binary companions.

An intriguing possibility was realized with the discovery of PSR B19574-20
(Fruchter et al., 1988b), a fast-spinning (P = 1.6 ms) MSP in a tight (projected
semi-major axis of ~ 0.09 1t s), nearly circular (orbital eccentricity < 4 x 1075,
(Arzoumanian et al., 1994)) orbit, with a very low mass (M, ~ 0.02 M) companion.

This system showed radio eclipses when the pulsar was at superior conjunction (i.e.,
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on the far side of the companion) that lasted ~ 10% of the duration of the orbit.
The length of this eclipse shows that it is not due to simple occultation by the
companion star itself, and the fact that pulse delays are observed just before and
after the eclipse implies that it is likely due to an abundance of ionized gas in the
binary system.

Further observations of the companion star at optical wavelengths showed
significant variation of the total intensity of the companion at the orbital period of
the system (Fruchter et al., 1988a), that the side of the companion facing the pulsar
was 2-3 times hotter than the side facing away from the companion, and that the
companion was nearly filling its Roche lobe (Reynolds et al., 2007).

The obvious next step was X-ray observations. Pulsars are X-ray sources if
for no other reason than they are hot enough to emit significant blackbody emission
in the X-rays. Yet their X-ray emission can be much more rich: heated polar caps
can cause pulsed thermal emission, and synchrotron emission from the outer gap
can cause pulsed magnetospheric emission (see Section 1.2.2.2). X-ray observations
of PSR B1957+20 (Stappers et al., 2003), however, found that its X-ray spectrum
included a hard, non-thermal component that was modulated at the orbital period
of the system. This modulation included an X-ray eclipse occurring when the pulsar
was at superior conjunction (therefore coinciding with the radio eclipse).

The totality of these characteristics suggests that the companion star is being
shocked and heated by the pulsar. Since the companion star is nearly filling its
Roche lobe, the material interacting with the pulsar wind (i.e. the outer layers
of the companion) are relatively weakly gravitationally bound to the companion,
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making it possible for the pulsar’s energetic wind to ablate the companion, leaving
a highly recycled, isolated MSP. For this reason, they are called “black widow”
pulsars, after the spiders that cannibalize their mates.

Since the discovery of PSR B19574-20, many more systems with similar char-
acteristics (highly recycled MSPs in tight, circular orbits around very low mass
companions) have been discovered. These systems tend to possess similar orbital
characteristics to the original black widow pulsar, and have therefore proven to be
an important probe into MSP evolution, although it is still unclear whether the mass
loss rate from these systems is sufficient for the companion stars to be completely
ablated in a reasonable amount of time.

Another important piece of the MSP evolutionary timeline comes in the form
of systems that are similar to, yet distinct from their black widow cousins. These
systems are named “redbacks”, after the Australian cousin to the black widow spider,
and like black widows, these systems exhibit radio eclipses and are found in tight
binary systems. Unlike black widows, however, their companions are considerably
more massive (M, = 0.2 — 0.4 M), and tend to be non-degenerate (Roberts et al.,
2014). As with black widow companions, redback companions also tend to be nearly
Roche lobe filling, although the fact that redback companions are larger means that
they have a larger cross-section with which to be shocked by the pulsar’s wind,
meaning the shock luminosities of redback systems tend to be higher than those
seen in black widow systems.

These systems, therefore, are thought to represent MSPs in the stages im-
mediately following their accretion, before the pulsar has had the opportunity to
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ablate the companion to any considerable degree. This idea is not without support.
For example, PSR J1740—5340 is in an orbit around a nearly Roche lobe filling
M. = 0.22 — 0.32 M, companion (Sabbi et al., 2003) showing radio eclipses during
around 40% of the orbit (D’Amico et al., 2001) and a reduction of X-ray flux near
superior conjunction (Grindlay et al., 2002), making it a typical redback system.
Further optical analysis (Mucciarelli et al., 2013), however, showed that the com-
panion contained levels of carbon and nitrogen that are incompatible with the local
main sequence population, and therefore is likely an evolved, more massive main
sequence star whose outer layers have been peeled by accretion, leaving exposed the
inner, more metal-rich layers of the star.

Another interesting system is the system first discovered as FIRST
J102347.64-003841. This system showed variability in the intensity of its optical
emission coupled with Hydrogen and Helium emission lines, causing it to first be
classified as a cataclysmic variable (Bond et al., 2002). Subsequent observations,
however, showed that these emission lines disappeared completely, and the remain-
ing emission was more characteristic of a G-type star (Thorstensen & Armstrong,
2005). Further analysis revealed that this system was a ~ 4.8 hour binary system,
and radial velocity measurements implied that the more massive star was a neu-
tron star orbiting a companion with M, ~ 0.2 M. All of this pointed to FIRST
J102347.64-003841 being a low-mass X-ray binary, that is, a neutron star in the
process of accreting matter from its companion. This scenario was confirmed when
Archibald et al. (2009) detected pulsed radio emission with a period of P ~ 1.69 ms.

This emission showed frequency-dependent orbital eclipses and X-ray studies of the
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system (Archibald et al., 2010) showed orbitally modulated X-ray emission with a
hard, non-thermal component. Evidently, PSR J1023+0038 was the first pulsar ever
to be detected transitioning from an accretion stage to a redback stage, giving cre-
dence to the idea that redbacks represent MSPs in the stages immediately following

their accretion.

1.4 Thesis Outline

Pulsar polarization and the precise calibration thereof is an important com-
ponent in many facets of radio pulsar astronomy. A pulsar’s polarimetric charac-
teristics can tell us about the structure of its magnetic field and the location of the
emission regions within the pulsar magnetosphere. In some cases, it is also possible
to determine the spin geometry of the pulsar using its polarimetric characteristics.
The polarimetric calibration of radio telescopes, then, is incredibly important, not
only to facilitate the aforementioned analyses, but also because the lack of precise
polarimetric calibration can artificially change the shape of the pulse profiles, the
accurate determination of which lies at the heart of pulsar timing.

In light of its importance to pulsar astronomy, I present an overview of the
basics of radio polarimetry in Chapter 2. I start with a toy receiver, describe how
it would detect different orientations of incoming light, and use those examples to
describe the Stokes Parameters. I then introduce the Poincaré sphere, and describe
its utility as a visualization tool for radio polarimetry. Next, I describe in detail the

Mueller Matrix, discussing the possible origins and effects of its components. This
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leads to a discussion of the different methods of polarimetric calibration, including
the Ideal Feed Assumption and the determination of the full Mueller Matrix. Lastly,
I describe some of the uses for radio polarimetry, namely, the Rotating Vector Model
and Faraday Rotation.

Chapter 3 uses this background in radio polarimetry to describe the polarimet-
ric dataset of the North American Nanohertz Observatory for Gravitations waves
(NANOGrav) as taken with the Arecibo Observatory. The product of this work is
the most sensitive polarimetric dataset to date. The sensitivity of the dataset allows
for the first detection of “microcomponents”, or pulse profile components that have
intensities hundreds of times lower than the main pulse peak. I also determine Fara-
day rotation measures and use them to describe the magnetic field of the Galaxy.
I also describe the implementation of a new scheme to calibrate the data. This
scheme allows the polarimetric response of Arecibo’s receivers to be characterized
using short pulsar observations, which makes it possible to characterize the receiver
on an epoch-by-epoch basis. I then analyze these polarimetric responses and find
evidence that the receiver responses are changing with time.

Next, I move on to analyses of spider pulsars, which are recently recycled
pulsars believed to be ablating their companions. These systems are thought to
be the evolutionary link between canonical pulsars and isolated millisecond pulsars.
The ablation process is likely to be caused by the pulsar wind interacting with the
companion star, an interaction which is expected to generate X-ray emission which
is distinct from the pulsar’s blackbody emission. Characterizing this emission is
essential to understanding the pulsar-companion star interaction, and thereby the
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process through which MSPs become isolated.

The first of these analyses are presented in Chapter 4, where I describe the first
X-ray observations of five spider pulsars with the Chandra X-Ray Observatory. 1
analyze spectral data from these observations to search for a non-thermal component
to the X-ray spectra, and present the X-ray emission versus orbital phase for these
sources to search for orbital modulation characteristic of an intrabinary shock.

Chapter 5 discusses the X-Ray observations of three spider pulsars, this time
taken with XMM-Newton. Two of these sources are new, while the other was the
most promising candidate for intrabinary shock emission from the work in Chapter
4. T present spectral fits for these sources, including fits using different models of the
neutron star blackbody emission. I also analyzed the X-ray emission versus orbital
phase for these sources, and for one source am able to fit Gaussian components to

the X-ray emission.
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Chapter 2

Pulsar Polarimetry

The progress that has been made thus far, and progress to be made in the
future, towards understanding the fundamental nature of pulsars will certainly be
contingent upon the ability to observe them with a high degree of precision. Such
precision makes polarimetric calibration necessary. We therefore turn our attention
to calibration, and start the discussion with an overview of the basics of radio

polarimetry.

2.1 Radio Polarimetry

2.1.1 Toy Receiver and Stokes Parameters

Let us assume that we would like to observe some radio source with unknown
polarization properties. A simple line feed would allow us to sample the electric
field emitted from the source, since an electric field incident on such a feed would
induce a current (and therefore a voltage) in the feed. The problem arises, though,
if we imagine the light emitted from our source to be completely polarized and
perpendicular to our line feed. Since our simple detector will only be sensitive to
the component of the electric field that is aligned with the feed, we would not be
able to detect light from this source at all. The simplest solution to this problem

is to include another line feed that is orthogonal to the first (see Figure 2.1). Such
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a setup would allow us to completely sample the incoming electric field, since any
component of the polarized light that is perpendicular to (and therefore undetectable
to) one of the feeds would be aligned with (and therefore completely detected by)
the other. Further, since the incoming electric field (and consequently the measured
voltages) is complex, we also retain the phase information of the incoming light.

This setup is sensitive to all incoming light. Unsurprisingly, then, modern
radio telescope receivers contain two orthogonal arms that sample the electric field
in orthogonal directions (see Carl Heiles’ description (Heiles, 2002) for more detail).
These are able to detect all of the light at frequencies which they are sensitive
to, and from the electric fields measured by the telescope, we can determine the
polarization properties of that light. These properties are described by the four
Stokes Parameters, which we can use the toy receiver to define.

If we define the two orthogonal directions over which the telescope samples
the electric field as X and Y, and the time-averaged field being detected in those
directions as Ex and Ey with their complex conjugates denoted as E% and Ej

respectively, the Stokes Parameters are:

I = ExE% + EyE:
Q) = ExEY — EyEy

(2.1)
U= ExEy, + EXxEy

In principle, these parameters completely describe the incoming light. Com-

pletely polarized, completely unpolarized, or somewhere in between, it accounts for
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Figure 2.1: Toy radio receiver. As described in Section 2.1.1, this receiver, which
has two orthogonal feeds (X and Y), is sensitive to all incoming light, regardless of
the angle of polarization, W.
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all incoming light as well as characteristics such as the direction of linear and circular
polarization.

Though mathematically convenient, the Stokes Parameters may seem overly
cumbersome in that they seem to transform something that is relatively easy to
visualize (an oscillating electric field traveling through space) into something that
is nearly impossible to visualize (sums and differences of complex auto- and cross-
correlations). Indeed, the considerable advantages of the Stokes Parameters (their
completeness, the ability to build receiver components that automatically generate
them, their use in polarimetric calibration) do come at the cost of familiarity.

Still, the advantages are considerable, so it is worth taking the time to try
to gain some familiarity with the Stokes Parameters. In that spirit, let us consider
some examples:

First, recall our toy receiver: two orthogonal line feeds, one oriented in the
X-direction, and one in the Y-direction. Next, consider how our receiver would
behave if an monochromatic radio wave were incident on the receiver such that the
electric field was perfectly aligned with our X receiver arm: we would detect the
electric field in the X feed (i.e. Ex = E) and would detect nothing in the Y feed
(i.e. By =0). From Equation 2.1, it is easy to see that in this example, U = V = 0,
while I = @ = 2FE% = |E|*>. Note that if we had decided that the incident electric
field was aligned with the Y feed rather than the X feed, we would still see that
U=V =0, but now I = Q = —2E% = —|E|?. This seems to imply a general rule:
Stokes Q describes the light polarized in a direction that is aligned with the receiver
feeds, and the sign of Stokes Q describes which feed the polarized light is aligned
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with.

It is important not to get carried away, however. It is tempting to then think
of Stokes Q as describing the linearly polarized light incident on the receiver, when
this is not the case, as we see from our next example.

Consider how our receiver would behave if an monochromatic radio wave were
incident on the receiver such that the electric field was perfectly misaligned with
both the X feed and the Y feed (that is, the electric field is oriented at a 45° angle
with respect to both feeds). In this example, we would detect the electric field
equally in both feeds. Therefore, By = Ex = |E|/v/2. Since By = Ex, we see from
Eq 2.1 that @ = 0. By the same equation, though, we see that (since Ey and Ex
are in phase for linearly polarized light), U = 2Ex Ey = |E|?. Note that this is the
same as Stokes QQ in our first example, as the two examples are equivalent up to a
rotation of the receiver.

It is then apparent that total linear polarization is neither Stokes Q nor Stokes

U, but rather the sum of the two. That is, the total linear polarization

L=\Q+U2 (2.2)

Further, we are usually interested in the direction of the linear polarization.
Since the magnitude of Stokes Q and U changed in our examples as the orientation
of the incoming light changed with respect to the receiver feeds, we expect the

orientation of the incoming light to be dependent on Stokes Q and U, and indeed,
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U
¥ = 0.5tan* 0 (2.3)

where W is the position angle (PA) of the linearly polarized emission, which describes
the orientation of the linear polarization. Here, the PA is actually the angle with
respect to some nominal position, conventionally with respect to celestial north.
Finally, let us consider an electric field whose X component lags its Y com-
ponent by 90° in phase. In this instance, Ex = —E% = |E|/v/2, while By = E} =
|E|/v/2. Again, using Eq 2.1, we see that Q = U = 0, whereas [ = V = 2F% = |E|?.
Note that we could have stipulated that the y component lags its z, and if this were
the case, we would have Ex = E% = |E|/V2, while By = —Ef = |E|/v/2. We
would then again find that Q@ = U = 0, whereas now I = —V = 2F% = |E|*.
Clearly then, the magnitude of Stokes V describes the magnitude of the circular
polarization, while its sign describes the handedness of the circular polarization?.
Having described both the linear and circular polarizations in terms of the

Stokes Parameters, we can then describe the total polarization

P=vVL*+V?=\Q*+U?+ V2, (2.4)

and the degree of polarization

P+ UP+V?
I I

'We are intentionally ambiguous here regarding what one calls “right-handed” and what one
calls “left-handed” of the circular polarization since these labels do not have any bearing on the
fundamental understanding of the Stokes Parameters. For a description of the convention used in
the analyses presented in this work, see Chapter 3.

(2.5)
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A useful way of representing the polarization state is by way of a column

vector. That is,

V

Normalizing this vector by the total intensity I would allow us to view the
fractional polarization P as a vector in 3-dimensional space. Then the polarized
emission from a source can be described as a point on the so-called Poincaré sphere.

The Poincaré sphere is a useful visualization tool for a few reasons: firstly, it
can make the sometimes challenging problem of visualizing the polarization state of
light resulting from the superposition of two polarized waves more readily graspable.
This situation may arise when observing sources of non-negligible depth whose po-
larization properties change with respect to the line of sight, or when dealing with
effects like Faraday depolarization (see Section 2.3). For examples like these, one
can find the polarization state of the composite light by simply summing the po-
larization vectors of the components being superimposed. Note that this is not
fundamentally different from simply summing the Stokes vectors of the superim-
posed light, however it provides a more natural framework for understanding the
results.

Another reason that the Poincaré sphere is a useful visualization tool comes

from the realm of polarimetric calibration. There are a number of ways to character-
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Ny
Figure 2.2: The Poincaré sphere: a visualization of the polarized light from a source.
Three stokes parameters, @), U, and V' (labeled here as Sy, Ss, and Ss, respectively,

are plotted on orthogonal axes. Also shown are the total polarized intensity (labeled
here as I,)), polarized position angle ¥ (see Equation 2.3), and polarization ellipticity

X-

ize the ways that a telescope will change incoming radiation, but some of the most
useful (both in terms of talking about polarimetric calibration itself and as it relates
to other pulsar observation considerations) stem from talking about polarimetric
calibration as it relates to the Poincaré sphere. Indeed, the effects of polarimetric
miscalibration can be thought of as spurious boosts and rotations along and about
the three axes of the Poincaré sphere.

To illustrate this, we discussed earlier how linearly polarized light that was
aligned and misaligned would each be described by the Stokes parameters (the for-

mer with Stokes Q and the latter with Stokes U). We then mentioned that this
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example was performed in the guise of a fixed receiver viewing two differently ori-
ented polarizations of light, however we could equivalently view this example as a
receiver that was rotated with respect to some fixed source of polarized light. Ev-
idently, if we were to make some error in calibration whereby the absolute angle
of the receiver were mistakenly calculated, it would serve to turn inherent Stokes
Q into Stokes U (and back to Stokes Q, if the miscalculation were large enough).
This specific miscalibration could then be described as a rotation of the Poincaré
polarization vector about the Stokes V axis.

Another example can be gleaned from considering the effects of uncorrected
differential gain (whereby one of the receiver feeds has a larger gain with respect to
the other). A receiver suffering this particular affliction will tend to add Stokes Q to
whatever it detects. This translates to a boost of the Poincaré polarization vector
along the Stokes Q) axis.

Note an inherent difference in these types of miscalibration: one (the rotation
about the Stokes V axis) does not change the length of the Poincaré polarization
vector, whereas the other (the boost along the Stokes ) axis) does change the length
of the Poincaré polarization vector. This is important, as radio pulsar astronomers
may find themselves in a situation where they are only concerned with the total
intensity (Stokes I) from their observations, yet would still like to quantify the effect
of insufficient polarimetric calibration on those observations. These astronomers
will then be most interested in spurious receiver effects that will tend to boost the

polarization vector.
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2.1.2 Mueller Matrices

Although we have spent some time talking about the Poincaré sphere and the
polarization vector that lies within it, the more crucial quantity is certainly the
Stokes vector, since, again, it provides a complete characterization of the light seen
by the telescope. We are, of course, unconcerned with the light seen by the telescope,
and are only concerned with the light emitted by the source. This distinction may
seem pedantic, but in reality, those two quantities may be drastically different. We
therefore turn our attention to polarimetric calibration.

The mathematical framework of polarimetric calibration is simplified by the
Stokes vector, as the effects the telescope visits upon the incoming light can be
represented as a 4x4 matrix M (called the Mueller Matrix) acting upon the intrinsic

Stokes vector emitted by the source. That is,

Smeas = MSznt (27)

Generally, the Mueller Matrix takes the form,

m;r Mmgr Myr Myg
mrqQ Mg Mug MvQ
My Mgou Muyu Myu

mry Mgy Myy Myy

where each element myj, represents the coupling the of the j Stokes parameter to

the k" Stokes parameter.
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In order to gain a more intuitive understanding of the Mueller Matrix, and
to explain the parameters that might be found in a typical parameterization of the
Mueller Matrix, we now take some examples. It is important to say at the onset,
though, that because we have been talking about light incident on a toy receiver, it
is natural to continue with this model when talking about polarimetric calibration
and in the process, we will refer to various physical imperfections to understand
how they will affect the Mueller Matrix and thereby the detected light. We stress
at this point, though, that the physical imperfections discussed here are sufficient,
but not necessary, explanations of any terms present in the Mueller Matrix. In fact,
we usually consider the telescope receiver to be largely a black box, eschewing any
specific physical interpretation of the telescope’s effect on incoming light.

With that in mind, let us call to mind an example we have already talked
about: that of the receiver being rotated with respect to the incoming light. In the
previous section, we saw that the result of this effect is to transform Stokes Q) to
Stokes U (and vice versa). We also saw that because of the way Stokes Q and U are
defined, we need only to rotate the receiver by 45° in order to completely convert
incoming Stokes @Q to Stokes U. It should therefore be unsurprising that the matrix

that describes this is a rotation matrix:

0 cos(2PA) sin(2PA) 0
Mpo = : (2.9)

0 —sin(2PA) cos(2PA) 0

0 0 0 1
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and this this matrix, when applied to the Stokes vector, will indeed transform Stokes
Q to Stokes U (and vice versa). Here, we use the subscript “FO” to emphasize that
this matrix describes a “Feed Orientation”-like transformation of the Stokes vector.
Further, since the angle through which the feed rotates with respect to the source is
called the “parallactic angle”, we denote this angle as “PA” in the Mueller Matrix.
In the previous section, we mentioned that although such a rotation changes the
Stokes vector, it does not change the total intensity detected by the telescope. What
we discussed in the context of the Poincaré sphere we can now see in the context
of matrices: Mpo will have no effect on the total intensity (i.e., Stokes I) of the
incident light.

The other example we discussed involved an effect called differential gain,
which can describe a situation in which one receiver feed has a higher gain with
respect to the other. Since Stokes Q is detected from the difference of the powers
in the telescope feeds (see Equation 2.1), the existence of nonzero differential gain

means the telescope will erroneously detect Stokes Q. This translates to:

1200
2100
Mpg = . (2.10)
00 10
0001

Here, we have used the subscript DG to denote the matrix corresponding to the
differential gain. This clearly serves to couple Stokes I to Stokes Q, and, as discussed

previously, serves to change the total intensity of the detected light and is therefore
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an important consideration even if the observer is not particularly concerned with
the polarimetric properties of the source they are observing.

As the incoming signals travel through the amplifier chains typically present
in telescope receivers, it is possible for the signal from one of the feeds to be delayed
with respect to the other. Although it is possible to cause such a delay in a multitude
of ways, the most basic example would be a difference in the physical path length
through which the signals must travel?. Such an effect would cause intrinsic Stokes
U (i.e., light detected by both feeds in phase with each other) to be detected as
Stokes V (i.e., light detected by both feeds 90° out of phase with each other). If the

signal is delayed by a phase of W, the corresponding matrix will look like:

Mpp = , (2.11)
0 0 cos(V) —sin(¥)

0 0 sin(¥) cos(¥)
where the subscript DP is to signify that the matrix corresponds to the differential
phase. This matrix is a simple rotation matrix that, as expected, rotates Stokes U
into Stokes V (and vice versa).

Since Equations 2.10 and 2.11 both deal with the amplifier chain, they’re

typically written together as:

2Caused for example by using cables of different length. We mention this to stress the sensitivity
of the receiver to various effects, and therefore the appeal of the “black box” view of the receiver.
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My = . (2.12)
0 0 cos(¥) —sin(¥)

0 0 sin(V) cos(¥)

So far, the effects we have been considering have been those in which the
telescope feeds have been sampling the correct component of the incident electric
field, however, components in the receiver changed the signal so that the correctly
detected emission was either delayed or amplified by some factor. The last effect
we discuss is called cross-coupling, and it describes the situation where one feed
spuriously detects emission that should only be detected in the other.

To illustrate a circumstance that could lead to such a situation, consider again
our toy receiver, with the incident light oriented such that the electric field aligns
perfectly with one of the orthogonal feeds (the X feed, for example). We know that
with this setup, our toy receiver would detect only Stokes Q and will not detect any
Stokes U because the electric field projected onto the Y receiver is zero. Now imagine
that the receiver is defective such that the feeds are not perfectly orthogonal, and
therefore the Y feed is at some nonzero angle to a line orthogonal to the X feed. If
this were the case, the component of the electric field projected on to the Y receiver
would no longer be zero. As a result, the receiver would still detect the Stokes Q,
but would now also detect Stokes U.

An added layer of complexity is necessary to describe cross-coupling, because

we have also been assuming that the toy receiver is flat in the direction of the electric
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field’s propagation (the Z direction). If this were not true, it would also introduce
a delay to the spurious, coupled emission detected in the Y receiver®, and, whereas
before the receiver would detect spurious Stokes U, the phase delay would make the
receiver detect spurious Stokes V instead.

This means that in order to account for this cross-coupling, we need to know
both the magnitude and phase at which the cross-coupled emission is detected. The

matrix describing cross-coupling is:

1 0 A B
0 1 C D
Moo = , (2.13)
A —C 1 1
B -D 0 0

where

A = € cos(by) + €2 cos(62)

B = ¢ sin(6y) + €2 sin(62)
(2.14)

C' = €1 cos(fy) — €3 cos(6s)

D= €1 sin(@l) — €9 sin(92)
Now that we've described the ways in which the receiver can change the in-
coming light, we need to make sure we combine these effects in the right way. Since

we're dealing with matrices and matrix multiplication is not commutative, we must

be careful about the order in which we combine the matrices defined above, and

3Note that this is different from the phase delay we described earlier where the correctly detected
emission was delayed by some phase!
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the order in which the incoming light encounters these effects defines the order in
which they are to be combined. First, the light encounters a rotated feed, then im-
perfections in the feed itself will cross-couple the emission, then this cross-coupled
emission is sent through the amplifier chain. Therefore, we have:

For completeness, we show the full Mueller Matrix here:

— 1 EH — J(A+ EC) JE+HA+EC) B+ ED-

y E H— J(A+ EC) J+HA+EC) D+EB
) AF —-GB H(GD-FC)—JF J(GD-FC)+HF -G
AG+ BF —-H(GC+FD)—-JG —J(GC+FD)+ HG F

(2.15)

where A, B, C, and D are as defined in equation 2.14 and

FE =

R

F = cos(9)
G = sin(¢) (2.16)
H =cos2PA
J =sin2PA.
It is easy to see why we chose to present the underlying components of the
Mueller Matrix first!
Now that we are well-versed in the mathematics of polarimetric calibration,

we are ready to discuss actual procedures used to calibrate data.
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2.1.3 Ideal Feed Assumption

For reasons that will become clear in the next section, the polarimetric cal-
ibration process can be greatly simplified by assuming our feed is perfect. Under
this assumption, called the Ideal Feed Assumption (IFA), we can then ignore all
the terms in equation 2.13. We note at this point that cross-coupling introduces
spurious emission to the observation, so even if one is uninterested in the polarimet-
ric properties of their source, the IFA should only be used if 1) the telescope has
been fully calibrated before, and the cross-coupling of the feed has been found to
be negligible and stable over time, or 2) the observer does not care about collecting
precision data.

Calibrating under the IFA makes use of a signal injected into the receiver with
a device called a noise diode. This ideally injects a pulsed square wave into both
feeds equally and simultaneously. The output from such a signal should be only
Stokes U, thus any detected Stokes Q or V can be used to determine the differential
gain and phase of the amplifier chain. Also, as the noise diode ideally injects the
signal at the same strength over the entire usable bandwidth of the receiver, the
bandpass (i.e., total gain versus observing frequency) can be determined. Omnce
these parameters have been determined, they can be used to calibrate a subsequent
observation.

Inspecting the raw noise diode observation shown in Figure 2.3, we are able
to see what the effects described above look like in real data. Bearing in mind

that the injected signal is pure Stokes U, we see that we detect Stokes QQ across the
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Figure 2.3: Pulse phase vs frequency for a noise diode as seen by the Arecibo
Observatory’s L-wide receiver. Plotted from top to bottom are the observed Stokes
@, U, and V from a 90-second integration of the noise diode signal. Lighter colors
correspond to positive intensities, and vice versa. Notice the rotation of the stokes
vector about the () axis on the Poincaré sphere, shown in the Stokes U and V'
images.
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+ Taken from "Handbook of Pulsar Astronomy" by Lorimer & Kramer
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Figure 2.4: The Stokes vectors resulting from observing a polarized source over a
wide range of parallactic angles. This data can then be fit to obtain a full Mueller
Matrix (see Equation 2.15 and Section 2.1.4).
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band, showing that this receiver (Arecibo’s L-Wide receiver) has nonzero differential
gain across the band. Further, a side-by-side comparison of the Stokes U and V
parameters shows the Stokes U being converted to Stokes V and back. This is
indicative of a time delay between the two feeds, as a constant time delay translates
to a phase delay that varies with frequency. Also important to note is that Stokes U
and V oscillate back and forth between positive and negative values. Consequently, if
one were to sum the signal over a frequency range that is non-negligible with respect
to the bandwidth over which the Stokes Parameters oscillate, the summation will
result in a signal that has less polarized emission than was actually emitted.

This effect is known as “bandwidth depolarization”, and is a concern not
only for perfectly calibrated observations of any source that has intrinsic frequency
evolution of its Stokes Parameters, but also for the calibration process itself. The
latter is especially true since uncalibrated Stokes Parameters can vary wildly over a

given frequency range (as can be seen in Figure 2.3).

2.1.4 Full Calibration

To create a receiver solution (that is, a Mueller Matrix that fully describes the
receiver), we note that we cannot simply observe a polarized source, determine the
measured Stokes Parameters, and solve for the parameters in the Mueller matrix,
as combining Equations 2.7 and 2.15 will yield four equations with which we would
need to solve for six parameters. We do see, however, that it is possible to track a

source for a long time (and therefore over a wide range of parallactic angles, which
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can be precisely determined), and therefore to solve for all parameters in the Mueller
matrix.

An example is shown in Figure 2.4, which shows the Stokes Parameters re-
sulting from observing a source over a wide range of parallactic angles, as well as
the Stokes Parameters predicted by the best fit receiver parameters. Importantly,
since the signals can be affected by the aforementioned bandwidth depolarization,
and since the parameters that constitute the Mueller Matrix change with observing
frequency (for an example, see the top plot of Figure 2.3, and recall that Stokes
Q is indicative of differential gain, ), it is important to retain as much frequency

resolution as is practicable.

2.2 Rotating Vector Model

Now that we have discussed what the Stokes Parameters are and how to accu-
rately measure them by accounting for the spurious effects the receiver causes, we
would now like to know what we can actually do with the polarized light we have
detected.

One of the most interesting uses for pulsar polarization measurements comes
from the source of radio emission outlined in Section 1.2.2.1: namely, that the radio
emission is produced by charged particles that originate from the polar cap and flow
out from the pulsar along its open magnetic field lines. The curvature radiation
produced by this process is emitted tangent to the magnetic field line and polarized

parallel to the magnetic field line. The position angle of the linear polarization (see
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Figure 2.5: Left: Pulsar beam geometry and the pictoral definition of the angles
found in Equation 2.17. Right: Variation of the angles of the magnetic field lines
(and therefore the angle of polarization due to the curvature radiation produced by
them) as the line of sight sweeps through the pulsar’s beam. This produces the
characteristic “S-shaped” curve to the polarization position angle ¥, and is what is
fit by the Rotating Vector Model.

Equation 2.3) is then the same as the angle of the magnetic field lines in the region
from which the emission originates.

Therefore, just as the pulse profile represents the pulsar’s emission in the
part of the magnetosphere being intersected by the line of sight for a given pulse
longitude, the “position angle sweep” (that is, the variation of polarization position
angle over pulse longitude) represents the direction of the magnetic field intersected
by the line of sight for a given pulse longitude. Assuming a perfect dipole, this sweep
will vary for different pulsar orientations (see Figure 2.5), allowing an analysis of
the position angle sweep to probe the geometry of the pulsar.

This model is known as the Rotating Vector Model (RVM, see Radhakrishnan
& Cooke (1969)) and the equation relating this sweep to the geometrical properties

of the pulsar was first proposed by Komesaroff (1970) to be:
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sin a sin(¢ — ¢p)
sin(a + ) cos a + cos(a + ) sina cos(¢p — ¢g)’

—tan(V — ¥y) = (2.17)

where, just as in Equation 2.3, ¥ is the polarization position angle, « is the angle
between the rotation and magnetic axes, § is the angle between the magnetic axis
and the line of sight, and ¥, and ¢y are the PA and pulse phase of the inflection
point of the PA swing, respectively (see Figure 2.5, left).

While this model proves to be useful in many circumstances, its utility has
its limits. First, for pulsars with narrow pulses (such as canonical pulsars), the
magnetic field direction is only sampled near the fiducial pulse longitude ¢, yet a
and [ are most easily constrained by determining the magnetic field direction away
from ¢g. In these circumstances, it can be very difficult (or impossible, practically
speaking), to precisely determine o and f.

Further, some position angle sweeps simply do not follow the phenomenology of
the RVM. In some cases, a sudden 90° jump can be seen in the position angle sweep
(see Manchester et al., 1975). This is thought to be due to orthogonally polarized
modes present in the emission, and when the dominant mode of emission changes, it
produces a sudden jump in the position angle of the linear polarization (see Backer
et al., 1975; McKinnon & Stinebring, 2000). In other cases, non-orthogonal jumps
in the position angle sweeps are observed. In still other cases, the position angle
sweeps simply do not have shapes that can be fit by the RVM (see PSR B1946+35

in Mitra & Rankin (2017) or many sources in Johnston & Weisberg (2006)).
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2.3 Faraday Rotation

Setting aside the complexities of the pulsar emission mechanism for a moment,
polarimetric observations of pulsars can be used to probe phenomena that are wholly
divorced from the pulsar itself. Perhaps the most interesting example of this is
through the phenomenon called Faraday rotation.

Before we can detect the polarized light from a pulsar, it must first travel
through both the ionized plasma in the interstellar medium, and the Galaxy’s mag-
netic field. To see what effect this will have, let us consider an individual electron
as the electromagnetic wave travels past it. First, let us assume the electric field of
the pulsar’s emission has a typical time dependence of E(t) oc e and travels in
the Z direction. Further, assume the magnetic field is oriented in the same direction.
That is, § = B,z. Then, from the Lorentz force

dv

me— - = —o(E+7 x B). (2.18)

Since E(t) oc e™™ v(t) oc e7™, s0

Mewv, = mew?s, = —e(E, — iwB,s,)
(2.19)
Mewvy = mew?s, = —e(Ey, + iwB,s;).
where s, and s, represent displacements in the x and y directions, respectively.

Anticipating the desire to talk about right and left circularly polarized waves, we

define the electric fields and displacements
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S+ = S, k1S, (2.20)

Es=E, +iE,.

Solving Equation 2.19 for s, and s, and substituting into Equation 2.20, we find

eE’i

e £ )

S = (2.21)

We note the cyclotron frequency Q2 = eB,/m., and will henceforth use 2.
The effect of the light passing through an ionized plasma with a magnetic field
in the direction of propagation therefore has the effect of displacing the plasma,

creating a total induced dipole moment

Py = nepy = neesy,

SO

nee’E
P, — _ 2.22
T me(w? £ w)’ (222)
which means the index of refraction
Py 4mn.e?
= /1 4+4dr— =4/l - — . 2.23
e \/ * WEi \/ mew? £ w2 ( )

Evidently, the right and left circularly polarized waves have different indices

of refraction (and therefore different group velocities) as they travel through the

n4+w
c

plasma. Since the wave number ki =

o7



E. = Eoe(%niz—wt)

We can then use Euler’s formula to split these expressions into their real and imagi-
nary components, and combine this with Equation 2.20 to ascribe these components
to the contributions of each of these to the x and y components of the total E field.

The algebra is left as an exercise for the reader, however we find

E, = 2E,cos(5(ny +n_)z — wt) cos(5(ny —n_)z)

(2.24)
E, = 2E, cos(5(ny +n_)z — wt)sin(5=(ny —n_)z).
Therefore, the electric field is oriented at an angle
[ E, w
B =tan"* (E) = 2—c(mr —n_)z. (2.25)

In reality, the implicit assumption of a constant magnetic field and electron
density along the line of sight are not true, however, we can consider them to be
functions of z and perform the same analysis for an infinitesimally small distance
dz, for which we will find the electric field to be rotated by an angle dj.

Assuming the cyclotron frequency is small compared to the frequency of the
emitted light (a reasonable assumption since radio observations are typically per-
formed above 100 MHz, while the cyclotron frequency of an electron in a 10 uG
magnetic field is < 100 Hz), we find that
 Amnee*Q)

ny—n_ = 3
meCW
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thus,

df = ——5—ne(2)B)(2)dz, (2.26)

m2ciw? ¢
where we use B) to stress that the magnetic field is parallel to the line of sight.
2mc

Using w = =I¢ and integrating, we finally see that

e3\?
/6 —

2mm2ct

/ne(z)B(z)dz. (2.27)

Often times, Equation 2.27 is written in terms of the “Rotation Measure”

3

RM = m / ne(2)B)(2)dz, (2.28)
SO
B = RMM. (2.29)

Faraday rotation is especially important for pulsars, because basic observations
allow for the independent determination of the free electron density along the line
of sight, which is called the “dispersion measure”

DM = /nedz. (2.30)

Therefore, if one assumes the magnetic field along the line of sight is constant, it

can be pulled out of the integral in Equation 2.28, leaving,
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63
R,M = B|m/ne(2)dz

Plugging in values for constants, and using Equation 2.30, we find that a reasonable
estimate of the average magnetic field strength along the line of sight to a pulsar is

given by

RM

All that remains is to measure the RM of a given source! The most apparent
way would be to measure the angle of the linear polarization of a pulsar across as
wide a range of observing frequencies as possible, and in so doing, measure 3 with
respect to A. This would then allow a simple fit to be performed to Equation 2.29.

Another method exists to take advantage of bandwidth depolarization. As
discussed in Section 2.1.3, if two Stokes vectors are added together, they will par-
tially cancel each other out unless they point in the same direction on the Poincaré
sphere. Since uncorrected Faraday rotation will cause such a situation, uncorrected
(or miscorrected!) Faraday rotation will serve to reduce the total polarized inten-
sity of a pulsar signal when summed over the observing bandwidth. This effect
(bandwidth depolarization due to Faraday rotation) is referred to as “Faraday de-
polarization”. The correct rotation measure, then is that which maximizes the total

polarized light when summed over the observing band.
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Chapter 3
The NANOGrav Nine-Year Data Set and Beyond: Polarimetry and

Pulse Microcomponents

Submitted to ApJ with co-authors Maura A. McLaughlin, Paul B. Demorest,
Ingrid H. Stairs, Zaven Arzoumanian, Kathryn Crowter, Timothy Dolch, Megan
E. DeCesar, Justin A. FEllis, Robert D. Ferdman, Elizabeth C. Ferrara, Emmanuel
Fonseca, Marjorie E. Gonzalez, Glenn Jones, Megan L. Jones, Michael T. Lam,
Lina Levin, Duncan R. Lorimer, Ryan S. Lynch, Cherry Ng, David J. Nice, Timothy
T. Pennucct, Scott M. Ransom, Paul S. Ray, Ren’ee Spiewak, Kevin Stovall, Joseph
K. Swiggum, and Weiwei Zhu

In this chapter, we present the polarization profiles of the pulsars observed
at the Arecibo Observatory (AO) as part of NANOGrav’s pulsar timing campaign.
We also present the implementation of a calibration technique described in van
Straten (2013), whereby PRs are created quickly, allowing them to be made on an

epoch-by-epoch basis. In section 3.2 and 3.2.1, we describe this technique.

3.1 Observations

The NANOGrav Collaboration et al. (2015) describes the full details of NANOGrav’s
data collection process, and we summarize the relevant parts of that process here.

Note that we only used data collected at the Arecibo Observatory with the wideband
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PUPPI! instrument.

Sources were observed spanning MJDs 56989 to 56874, with a quasi-monthly
cadence with AO’s S-Wide (center frequency 2.1 GHz), L-Wide (center frequency
1.4 GHz) and 430 MHz receivers (or some combination of the three that was chosen
to most efficiently capitalize on each individual pulsar’s multi-frequency character-
istics). The typical integration time of a single observation was approximately 20
minutes. At 2.1 and 1.4 GHz (both dual linear feeds), the available bandwidth is 800
MHz, which is split into 512 frequency channels, while at 430 MHz (a dual circular
feed), the available bandwidth is 100 MHz and is split into 64 channels.

At all observing frequencies, the data were folded and coherently dedispersed in
real time. Then, frequency channels affected by RFI were excised and flux calibrator
observations were used to convert telescope intensity into flux. Reported fluxes were

determined by averaging fluxes over all epochs.

3.2 Data Reduction

3.2.1 Polarimetric Calibration

3.2.1.1 Measurement Equation Modeling

To estimate the absolute gain, differential gain, and the phase offset of the
receiver feeds, a broadband, pulsed signal was injected at 45° to both receiver feeds.
This signal was observed before each observation for ~90 seconds and RFI was then

excised from these observations as well. This procedure is part of the standard

!Puerto Rican Ultimate Pulsar Processing Instrument
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NANOGrav data reduction process.

To estimate the magnitude of the cross-coupling between the receiver feeds,
observations of PSR J0528+4-2200 (PSR B0525+21), a bright, strongly polarized
source, were taken over a wide range of parallactic angles. To maximize the efficiency
of the observing time, the observing frequency was switched between 430 MHz, 1.4
GHz, and 2.1 GHz. Each time the observing frequency was changed, we injected a
pulsed noise signal. This process yielded polarimetric data for each of the observing
frequencies for which we have corresponding NANOGrav pulsar data, allowing us to
extract three full polarimetric responses (PRs) (as described in van Straten, 2004)
with one observation.

These responses were then used to correct for the cross-coupling of the receiver
feeds. After using these responses to calibrate our data, we then compared the
resulting profiles of PSR B1937+21 and PSR J171340474 to previously published
profiles. These sources were chosen for comparison because they had a high signal-
to-noise ratio (SNR) and many consistent published polarization profiles.

Since the polarization profiles generated by this method were not consistent
epoch-to-epoch, we used PSRs J171340747 and B1937+21 as “standard sources”
in the Measurement Equation Template Matching (METM) method, described in
sections 3.1 and 5 of van Straten (2013) by choosing profiles for these sources that
appeared to be consistent with previously published profiles. This allowed us to use
subsequent observations of these sources to generate a new PR. In reality, since the
observations being used to generate the METM PRs had already been calibrated

with the MEM-generated PR, the METM-generated PRs should be thought of as
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Table 1: Total Observation Lengths and Derived Rotation Measures®

PSR Observation Time 2.1 GHzRM 1.4 GHzRM  RM-Derived
B
2.1 GHz 1.4 GHz 430 MHz
hours rad m—2 uG
J0023+0923 0.0 2.5 3.2 - —4+3 —0.3+0.2
J0030+0451 0.0 6.2 1.5 - 0.5 £+ 2 0.2 £ 0.6
J1022+1001 0.0 0.0 0.2 - - -
J1453+41902 0.5 0.8 0.8 13.38f 13.4 £ 0.9 1.2 +0.1
J1640+2224 0.0 5.2 3.0 - 29 £ 8 2+05
J1709+2313 0.0 0.6 0.0 - 44.20% 2.15
J17134+0747 6.5 8.2 0.0 15 +1 13+ 2 1+0.1
J1738+0333 6.8 5.0 0.0 367 36 £9 1.3+ 0.3
J1741+1351 0.5 5.5 3.5 63F 63 £ 4 3.2+0.2
J1853+1303 0.0 3.9 2.2 - 82+ 7 3.3+0.3
B1855+09 0.2 7.2 6.1 37t 20 £ 4 1.8+ 0.4
J1903+0327 6.5 5.0 0.0 120 + 80 —4+4 —0.01 + 0.01
J1910+1256 5.5 4.9 0.0 46 + 16 58 £ 4 1.9+ 0.1
J1911+1347 0.4 1.1 0.8 0.63% —3.4+0.6 —0.14 + 0.03
J1923+2515 0.0 3.7 1.9 - T+£9 0.5 £+ 0.6
B1937+21 4.6 3.7 0.0 9+2 10+ 1 0.17 £+ 0.02
J1944+0907 0.2 5.6 34 —30f —30 + 10 —-1.7+ 0.5
J1949+3106 4.1 6.3 0.0 212t 212 £ 7 1.59 + 0.05
B1953+4-29 0.0 5.0 2.6 - 8+ 2 0.10 £+ 0.03
J1955+2527 0.0 1.5 0.0 - —120 £ 60 —0.7+ 0.3
J2017+0603 6.4 9.7 2.0 —41 £ 8 —56 £ 5 —2.9+0.3
J2019+2425 0.0 0.6 0.7 - —71+4 —5.1+0.3
J2033+1734 0.0 1.2 0.8 - —69.4 + 0.3 —3.41 £ 0.02
J2043+1711 0.0 10.9 6.5 - —69 £ 4 —4.1+ 0.2
J2214+3000 4.5 4.5 0.0 —60 + 13 —43 +£5 —244+0.3
J2229+2643 0.0 1.4 1.1 - —58 + 2 -31+0.1
J2234+0611 0.0 2.0 0.0 - —-2+1 —-0.2 +£0.1
J2234+0944 0.8 1.3 1.0 —6 £ 42 -8 +4 —0.5+0.3
J2317+1439 0.0 6.8 7.7 - —-9+4 —0.5 £ 0.2

eErrors on RM represent the standard epoch to epoch deviation of RM. Values with a T have no
error because the data were too low SNR, so the average 1.4 GHz RM was used. Values with a
have no reported error because there was only one observation at this frequency.
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per-epoch corrections to the MEM-generated PR.

Next, having already calibrated all of the observations in NANOGrav’s AO
data set with the MEM-generated PR, we were able to apply these corrections to
these observations by selecting the PR correction whose epoch is closest to the epoch

of the observation that is to be calibrated.

3.2.2 Faraday Rotation Correction

As described above, one of the consequences of the propagation of polarized
light through the interstellar medium is the rotation of the angle of the linearly
polarized emission, known as Faraday rotation. To correct for this effect, we follow
Han et al. (2006) and others and find the RM at which the total observed linear
polarization is maximized.

We found that we could reliably fit an RM value to data from most 1.4 GHz
observations and some 2.1 GHz observations. For data in which RM could not be
fit (430 MHz observations and some 2.1 GHz observations), we used the RM from

1.4 GHz to correct for Faraday rotation.

3.3 Results

Here, we present the profiles resulting from the calibration scheme described
in Section 3.2. For each source at each observing frequency, we describe the time
and frequency-averaged polarization profile and compare it to both our own results

at other frequencies and to previously published results, if any exist. Profiles are
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Table 2: Total Intensity Emission Parameters

PSR Flux Density Duty Cycle Spectral
Index
2.1 GHz 1.4 GHz 430 MHz 2.1 GHz 1.4 GHz 430 MHz
mJy mJy mJy
J0023+0923 - 0.4 6.0 - 0.30 0.30 —2.2
J0030+-0451 — 1.2 15.0 - 0.54 0.60 —2.1
J1022+1001 - - 11.0 - - 0.17 -
J1453+1902 0.05 0.1 1.8 0.15 0.29 0.50 -2.1
J1640+2224 - 0.7 18.9 - 0.25 0.28 —2.8
J1709+2313 - 0.1 - - 0.34 - -
J1713+0747 6.2 11.6 - 0.77 0.89 - —1.2
J1738+0333 0.6 0.7 - 0.36 0.37 - -0.3
J1741+1351 0.03 0.5 4.3 0.04 0.38 0.41 —-2.7
J1853+1303 - 0.5 7.3 - 0.55 0.38 —2.2
B18554-09 3.5 3.8 18.4 0.38 0.75 0.71 -1.0
J1903+0327 0.7 0.8 - 0.22 0.63 - -0.1
J1910+1256 0.3 0.5 - 0.18 0.31 - -1.0
J1911+4-1347 1.0 1.0 2.2 0.54 0.53 0.46 —0.5
J1923+2515 - 0.3 4.2 — 0.59 0.32 —24
B1937+21 7.1 13.4 - 0.82 0.84 - —1.2
J1944+0907 0.7 2.8 33.0 0.59 0.75 0.74 —-2.3
J1949+3106 0.07 0.1 - 0.07 0.10 - —1.2
B1953+29 - 0.9 27.2 - 0.78 0.50 —-2.9
J1955+2527 — 0.4 - - 0.26 - -
J2017+0603 0.3 0.4 2.2 0.35 0.62 0.54 —1.2
J2019+2425 - 0.3 6.3 - 0.48 0.35 —2.6
J2033+1734 - 0.4 2.9 - 0.45 0.45 -1.6
J2043+1711 — 0.2 4.4 - 0.82 0.41 —2.6
J2214+3000 0.9 0.6 - 0.47 0.60 - 0.6
J2229+2643 - 0.7 5.7 - 0.27 0.28 -1.8
J2234+0611 - 1.3 - - 0.55 - -
J2234+40944 1.2 2.1 34 0.50 0.82 0.45 —0.6
J2317+1439 - 0.8 46.4 - 0.45 0.23 -3.5
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shown in Appendix A. We note that epoch to epoch DM variations will introduce
some dispersive smearing, for all sources, the timescale for this smearing is < 1% of
the pulsar’s spin period given the level of variation shown in Jones et al. (2017), and
is therefore negligible. The parameters describing the observations themselves (such
as observation times and frequencies) and derived RMs are summarized in Table 3.1.
Parameters describing the total intensity emission from each of the sources in this
data set are shown in Table 3.2, where we have defined “duty cycle” as the ratio
of bins where the total intensity emission was above the baseline (as determined
by eye) to the total number of bins, rather than the definition found in Lorimer &
Kramer (2005), and the spectral index was found by averaging the total flux over all
epochs for each frequency band. Polarization emission fractions for each source in
this data set are shown in Table 3.3 where angle brackets denote a phase-averaged
quantity, and bars denote an absolute value.

Also, we note the presence of instrumental effects in the data. For example,
the linearly polarized emission for some sources exceeds the total intensity emission
in some phase bins. In some instances, this is caused by the linear polarization noise
being biased by virtue of it being a quantity derived from a quadrature sum, while in
other cases, it is due to baselining effects. In these latter cases, the linearly polarized
emission in said phase bins should be viewed as an aberration. Additionally, for
certain bright sources, sampling effects cause the pulsar signal to be aliased back
into the band. Therefore, some of the low-intensity emission seen in the profiles
presented here is not intrinsic, but rather due to instrumental effects (see Pennucci,

2015, for more details on this issue). We stress, though, that while this effect
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accounts for some of the low-intensity emission, we do see additional low-intensity

emission that is not due to this effect and is therefore intrinsic to the source itself.

3.3.1 PSR J0023+0923

3.3.1.1 1.4 GHz

Not much polarization data have been published for PSR J0023+0923, however
what has been published (Craig, 2014), shows many similarities to our results in
that the total intensity profile shows a leading component that has a relatively low
intensity followed by two relatively high intensity components. The linear intensity
profile also shows three components as well as evidence for a bridge of linearly
polarized emission connecting them all. Although the leading component again has a
lower intensity than the trailing two components, the disparity is not as pronounced
as in the total intensity profile. Also of note is that the final component in the
linear polarization profile is noticeably narrower than the component immediately
preceding it, whereas the widths of their total intensity counterparts are not as
disparate.

For all the similarities our results show, there are some differences. First,
the circular polarization profile shows a left circularly polarized (LCP) peak that
coincides with the final total intensity component, as well as evidence for a right
circularly polarized (RCP) peak immediately preceding it. There is also evidence
for an LCP peak coinciding roughly with the middle total intensity component, and

a RCP peak coinciding with the leading total intensity component. It appears as
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though this would be consistent with Craig (2014) if they had also shown negative
circular polarization intensities, modulo an overall negative sign. This suggests that
they are using the TAU convention for circular polarization, although the circular
polarization sign convention used in the paper is not stated. In addition, the total
intensity profile they present shows that the final component has a significantly
higher intensity than the component immediately preceding it. As the relative
intensity of these components changes substantially with frequency, it is likely that
the pulsar was detected much more strongly in the lower part of the observing
bandwidth (where the final component is strongest) during the observations taken

for the analysis presented in Craig (2014).

3.3.1.2 430 MHz

No polarization profiles have been published for PSR J0023+0923 at 430 MHz,
however Bangale et al. (in prep) presents the total intensity profile as seen by the
350 MHz receiver on the Green Bank Telescope, whose frequency range overlaps with
the AO 430 MHz receiver. Both profiles show a very narrow pulse, however what
appears to be a single component profile in the published Green Bank Telescope
profile is shown to be a multi-component main pulse consisting of an extremely
bright component preceded by a low-intensity peak and followed by a moderate-
intensity ridge. This main pulse is preceded by a low-intensity pulse that does not

appear to be connected to the main pulse and is aligned with the precursor seen at

1.4 GHz.
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The profile is not strongly polarized, with the only significant features being
a peak in both the linear polarization and the right-circular polarization coincident

with the total intensity peak.

3.3.2 PSR J0030+0451

3.3.2.1 1.4 GHz

PSR J0030+0451 has a complex profile at 1.4 GHz, drawing interest even
upon discovery (Lommen et al., 2000). Their analysis found a total intensity profile
consisting of at least six components. Our results largely agree with this analysis,
however the significant increase in signal-to-noise provided by this work reveals
that the interpulse may be more complex than the two component model described
in Lommen et al. (2000). We also do not see the “bump” situated between the
main pulse and the interpulse (corresponding to a rotational phase of ~ 0.8 in our
analysis), although both components appear to be wider than originally reported.

The linear polarization profile of PSR J00304-0451 is similar in shape to that
of the total intensity profile, although the main pulse shows two low-intensity linear
polarization peaks at the leading edge of the main pulse and another low-intensity
linear polarization peak on the trailing edge of the main pulse. The interpulse shows
three distinct components that coincide with three components of the total intensity
profile.

The circular polarization profile shows a strong LCP peak coinciding with the

total intensity peak, along with lower-intensity peaks in RCP and LCP following it,
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The interpulse shows almost no circular polarization, although there is evidence for

a wide, RCP pulse spanning almost the entire interpulse width.

3.3.2.2 430 MHz

The polarization profile for PSR J0030+0451 at 430 MHz is in good agreement
with that presented in Lommen et al. (2000), however there are small differences.
As previously reported, the linear polarization profile of the main pulse has many
components, with the overall peak coinciding with the total intensity peak, how-
ever our data do not show the linear polarization intensity dropping off as steeply
afterwards. The circular polarization profile is also largely in agreement with that
shown in Lommen et al. (2000), with the only significant difference being the RCP

peak presented in this work is more significant.

3.3.3 PSR J1022+1001

3.3.3.1 430 MHz

PSR J1022+1001 profile has proven to be variable, most notably with the
respective intensities of the two components that make up the total intensity pro-
file. In this work, we see the leading component have a higher intensity than the
trailing component, consistent with some later observations (Stairs et al. (1999), for
example), but not with its discovery Camilo et al. (1996a). The linearly polarized
emission also shows two primary components, the first of which slightly precedes

its total intensity counterpart, while the other is aligned with its total intensity
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counterpart. The circularly polarized emission is entirely LCP and also shows two
components, although unlike the linearly polarized emission, these components are

aligned with their total intensity counterparts.

3.3.4 PSR J1453+1902

3.3.4.1 2.1 GHz

The SNR of the 2.1 GHz profile for PSR J1453+1902 is not very high, but one
component is clearly detected. That component shows moderate linear polarization,
which also consists of one component, the center of which precedes the main total

intensity component. We do not detect any circularly polarized emission.

3.34.2 1.4 GHz

Much of PSR J14534-1902’s total intensity profile at 1.4 GHz resembles its 2.1
GHz counterpart, as the main part of the profile consists of one bright component.
However, the higher SNR at 1.4 GHz reveals an additional component leading the
brightest component. As with the 2.1 GHz profile, there is a bright linearly polarized
peak of emission that slightly precedes the total intensity peak, although it appears
as though there is another, very weak component trailing that. The new total
intensity component is 100% polarized. As with the 2.1 GHz profile, we do not

detect significant circular polarization.
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3.3.4.3 430 MHz

The only published profile for PSR J14534+1902 is a 430 MHz total intensity
profile that agrees well with our 430 MHz profile (Lorimer et al., 2007), showing a
leading, low intensity component, followed by much stronger component that has
a faint, trailing pulse attached to it. The flux density of the total intensity profile
is also in agreement with the analysis done in Lorimer et al. (2007). The linear
polarization profile has changed markedly from the 2.4 and 1.4 GHz linear intensity
profiles, showing one, low intensity component that appears to be aligned with
the total intensity peak. The circularly polarized profile is also very different at 430
MHz, where there is a clear LCP peak aligned with the total intensity peak, whereas

at higher frequencies, there is no detectable circular polarization.

3.3.5 PSR J1640+2224

3.3.5.1 1.4 GHz

PSR J1640+2224’s pulse profile at 1.4 GHz is a single pulse comprised of at
least three components (Kramer et al., 1998). The linear polarization profile shows
four distinct components, the brightest of which coincides with the total intensity
peak. PSR J1640+2224 also shows a strong LCP peak (with a higher intensity than
the linear polarization peak) coincident with the total intensity peak, and flanked

by low-intensity RCP emission.
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3.3.5.2 430 MHz

PSR J1640+4-2224’s pulse profile at 430 MHz is similar to the profile at 1.4 GHz,
as the components on the 1.4 GHz profile are all still present and the total profile
widths are very similar (Foster et al., 1995). The linear polarization profile shows
two main components that coincide with two components of the total intensity
profile, and a trailing linear polarization tail. The circular polarization is wholly
RCP and is nearly identical to the linear polarization profile, although slightly of

slightly lower intensity.

3.3.6 PSR J1709+2313

3.3.6.1 1.4 GHz

The 1.4 GHz profile of PSR J1709+2313 presented here is in agreement with
the previously published profile (Lewandowski et al., 2004), and includes a main
pulse with at least 3 components in addition to an interpulse. The interpulse is
almost entirely linearly polarized, as is the leading component of the main pulse.

There is no detectable circular polarization.

3.3.7 PSR J1713+0747

3.3.7.1 2.1 GHz

The pulse profile for PSR J17134-0747 at 2.1 GHz has been studied before (Dai

et al., 2015), and our observations confirm that analysis, however, the increased sen-
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sitivity of our data set allows us to report previously undetected microcomponents,
as we are able to detect small components preceding and trailing the previously pub-
lished components. These microcomponents are 50 to 100 times less intense than
the total intensity peak, respectively, yet almost doubles the width of the pulse.
The leading component shows slight linear polarization, yet because of its relatively
low total intensity, this mall level of polarization means that the leading component
is significantly polarized. The trailing component, however, does not show much

polarization.

3.3.7.2 1.4 GHz

PSR J1713+0747 has been studied extensively at 1.4 GHz, and in terms of the
most intense components, we again find agreement with the existing literature (see,
for example Dai et al. (2015); Ord et al. (2004); Yan et al. (2011), and more). Yet
as with the 2.1 GHz data, we find substantial structure with intensities ~100 times
smaller than the peak total intensity. Indeed, we see the same microcomponents
that were evident in the 2.1 GHz emission, although they are much higher SNR at
1.4 GHz. Also, what appeared to be a short tail preceding the first total intensity
microcomponent appears here to be a much longer tail, spanning nearly the entire

rotation of the pulsar.
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3.3.8 PSR J1738+0333

3.3.8.1 2.1 GHz

The 2.1 GHz total intensity profile for PSR J1738+0333 consists of one main
pulse made up of two strong components preceded by two low-intensity components.
The linear polarization profile shows many similarities to the total intensity profile,
having 3 distinct components that correspond to components of the total intensity
profile. The circular polarization profile has one strong component, and one weakly
detected component. Both of these components are RCP and correspond to the

strong total intensity components.

3.3.8.2 1.4 GHz

The 1.4 GHz profile for PSR J17384-0333 presented in this work looks very
similar not only to previously published profiles (Jacoby, 2005; Freire et al., 2012),
but also to its 2.1 GHz profile. The linear polarization profile has 3 distinct com-
ponents that have corresponding components in the total intensity profile and the
circular polarization profile consists of two components of all RCP emission that
coincide to the strongest components of the total intensity profile. Indeed, the only
new feature that was not seen in the 2.1 GHz data is a very weak component on the

trailing edge of the main pulse.
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3.3.9 PSR J1741+1351

3.3.9.1 2.1 GHz

The 2.1 GHz profile for PSR J174141351 is relatively simple: one bright,
single-component pulse. There does seem to be another component preceding the
main pulse by 0.3 rotations, but this component is very weak, and therefore cannot
be characterized further. The polarization profile for PSR J17414-1351 at 2.1 GHz

contains no detectable polarized emission.

3.3.9.2 1.4 GHz

The 1.4 GHz profile for PSR J1741+1351 shows the low-intensity component
seen in the 2.1 GHz in much greater detail. In addition, the bright, single-component
pulse seen at 2.1 GHz is not seen to consist of one bright component preceded by
a low-intensity “bump” and followed by a long, low-intensity tail. This tail was
not reported in previously published studies (Jacoby et al., 2007; Espinoza et al.,
2013), The linearly polarized intensity profile shows that the leading part of the
profile’s linearly polarized emission also has two components that coincide with the
two components of the total intensity emission. The trailing part of the linearly
polarized intensity profile has three clear components, two of which coincide with
components of the total intensity profile. There is no detectable linear polarization
that coincides with the low-intensity tail seen in the total intensity profile. The
circular polarization profile shows a LCP pulse corresponding to the leading part of

the total intensity profile, followed by a multi-component section with many changes

7



in senses of circular polarization.
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Table 3: Polarized Intensity Parameters

PSR (P)/1 (L)1 (V)1 (VI
2.1 GHz 1.4 GHz 430 MHz 2.1 GHz 1.4 GHz 430 MHz 2.1 GHz 1.4 GHz 430 MHz 2.1 GHz 1.4 GHz 430 MHz
Percent

J0023+0923 — 0.30 0.34 - 0.29 0.27 - 0.04 —0.05 - 0.06 0.17
J0030+0451 — 0.33 0.25 - 0.33 0.22 - 0.01 —0.04 - 0.04 0.08
J1022+1001 — - 0.47 - - 0.35 - - 0.22 - - 0.26
J14534+1902 1.12 0.81 0.74 0.94 0.72 0.55 0.04 —0.04 0.24 0.49 0.26 0.40
J1640+2224 — 0.15 0.23 - 0.13 0.19 - 0.02 —0.10 - 0.08 0.11
J1709+2313 — 0.57 - - 0.49 - - 0.03 - - 0.23 -
J171340747 0.32 0.33 - 0.31 0.32 - —0.02 —0.01 - 0.03 0.03 -
J173840333 0.29 0.22 - 0.25 0.22 - —0.05 —0.02 - 0.12 0.04 -
J174141351 0.55 0.22 0.22 0.47 0.21 0.15 —0.06 0.01 —0.06 0.23 0.05 0.13
J1853+1303 — 0.33 0.33 - 0.24 0.25 - 0.03 —0.10 - 0.18 0.18
B1855+09 0.22 0.15 0.16 0.19 0.13 0.13 —0.03 —0.01 —0.03 0.09 0.05 0.08
J1903+4-0327 0.22 0.21 - 0.16 0.18 - —0.08 —0.06 - 0.13 0.08 -
J1910+1256 0.26 0.24 - 0.20 0.19 - 0.02 —0.00 - 0.15 0.14 -
J1911+1347 0.52 0.43 0.80 0.42 0.34 0.62 0.14 0.18 —0.02 0.26 0.23 0.41
J1923+2515 — 0.33 0.29 - 0.29 0.21 - —0.03 —0.13 - 0.11 0.18
B1937+21 0.30 0.32 - 0.29 0.31 - —0.01 0.00 - 0.04 0.02 -
J19444-0907 1.29 0.16 0.20 1.04 0.12 0.11 0.02 0.07 —0.12 0.61 0.08 0.14
J1949+3106 0.30 0.17 - 0.26 0.15 - —0.02 0.01 - 0.12 0.06 -
B1953+29 - 0.34 0.19 - 0.23 0.15 - —0.08 —0.03 - 0.23 0.10
J19554-2527 — 0.15 - - 0.10 - - —0.07 - - 0.10 -
J201740603 0.59 0.38 0.69 0.49 0.37 0.54 0.00 —0.02 —0.03 0.25 0.06 0.35
J2019+2425 — 0.49 0.39 - 0.43 0.29 - 0.00 0.09 - 0.17 0.22
J2033+1734 — 0.42 0.38 - 0.37 0.28 - —0.02 —0.06 - 0.14 0.21
J2043+1711 — 0.61 0.46 - 0.57 0.30 - 0.03 —0.22 - 0.12 0.31
J2214+4-3000 0.36 0.38 - 0.32 0.38 - —0.02 0.00 - 0.11 0.03 -
J2229+2643 — 0.24 0.40 - 0.22 0.30 - 0.03 0.09 - 0.07 0.21
J2234+0611 — 0.32 - - 0.31 - - 0.03 - - 0.05 -
J223440944 0.24 0.20 0.71 0.19 0.17 0.57 0.07 0.07 —0.01 0.13 0.08 0.34
J2317+1439 — 0.29 0.14 - 0.26 0.10 - 0.06 —0.04 - 0.07 0.08



3.3.9.3 430 MHz

As expected (Espinoza et al., 2013), PSR J1741+1351’s 430 MHz total inten-
sity profile profile looks similar to the 1.4 GHz profile, however, the components
immediately leading and following the strongest component are different. The for-
mer is much stronger relative to the total intensity peak, whereas the latter (seen
at 1.4 GHz as a long tail) is seen as two distinct components. The linear polariza-
tion profile has changed significantly. Indeed, there is almost no detectable linearly
polarized emission, save a small peak of emission coinciding with the total intensity
peak. The circular polarization profile shows two RCP components, one coinciding
with the total intensity peak, and one coinciding with the total intensity component

preceding it.

3.3.10 PSR J1853+41303

3.3.10.1 1.4 GHz

The overall shape of PSR J1853+1303 is quite complex, and spans more than
half of the rotation of the pulsar (Gonzalez et al., 2011; Stairs et al., 2005). This work
shows a clear bridge of emission spanning the two major components of the profile.
In light of this complexity, it is no surprise that the linear polarization profile shows
significant complexity as well, containing six distinct components. Interestingly,
only two of them seem to coincide with components found in the total intensity
profile. Further, the two components that do have corresponding components of

the total intensity profile are of relatively low intensity. The circular polarization
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profile, on the other hand, contains a strong LCP peak flanked by two strong RCP

peaks, and they all appear to coincide with total intensity components.

3.3.10.2 430 MHz

The 430 MHz profile for PSR J185341303 shows similar complexity to the
1.4 GHz profile, however some differences are apparent. For example, the relative
brightnesses of the three brightest components have changed, and the bridge of
emission connecting the two main parts of the pulse profile is no longer detectable
above the noise. For as much as the total intensity profile has changed, though, the
linear polarization profile has changed wholly. One broad pulse spans the first part
of the profile, and there is no detectable linear intensity emission coincident with
the second park of the pulse profile. The circular polarization profile has undergone
a similar transformation: the strong LCP pulse seen at 1.4 GHz has turned into
a strong RCP pulse, and the RCP pulse following it has turned into a weak LCP
pulse. In addition, some weak circularly polarized emission is coincident with the

trailing part of the profile.

3.3.11 PSR B1855+409

3.3.11.1 1.4 GHz

The 1.4 GHz pulse profile has been well studied (Kramer et al. (1998), Yan
et al. (2011), Dai et al. (2015), and many more) and shows a total intensity profile

that is consistent with our work, however, we clearly detect a bridge of emission
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connecting the two pulses that make up the profile. This is evidence that PSR
B1855+409 is an aligned rotator, a question which has generated much discussion
and disagreement (see, for example, Segelstein et al. (1986), Thorsett & Stinebring
(1990), and Rankin (1990)).

The linearly polarized emission presented here is in agreement with previously
published profiles (see Yan et al. (2011) and Dai et al. (2015)), which shows rela-
tively low levels of linear polarization with components that coincide with all of the
components in the total intensity profile, however, we are able to resolve multiple
additional components. The circularly polarized emission we present is also largely
in agreement with published profiles, although we note that we detect slightly less

circularly polarized intensity.

3.3.11.2 430 MHz

Just as at 1.4 GHz, the total intensity profile for PSR B1855+09 at 430 MHz
(Thorsett & Stinebring, 1990) also shows two main pulses. With the improved
sensitivity of this data set, we are able to detect every component in the 1.4 GHz
total intensity profile at 430 MHz, with the exception of the bridge of emission. The
polarized emission, on the other hand, looks very different, as there’s much less of
it in general. The linearly polarized emission does seem to share some of the same
properties as the 1.4 GHz emission, as there are some distinguishable components
that have corresponding total intensity components, but the circularly polarized

emission looks very different. The only detectable phenomenology is weak RCP
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emission over much of both pulses.

3.3.12 PSR J1903+4-0327

3.3.12.1 2.1 GHz

PSR J1903+4-0327’s 2.1 GHz total intensity profile shows three components: a
bright main component flanked by two weaker components. The linearly polarized
emission shows that the weak, leading component is almost fully polarized, while
the main component is coincident with the strongest linearly polarized component.
There is also a moderate, RCP component coincident with the main pulse peak,

which is the only detectable circularly polarized emission.

3.3.12.2 1.4 GHz

PSR J19034-0327’s 1.4 GHz total intensity profile is very similar to the 2.1
GHz total intensity profile, showing the same three components. The linearly po-
larized emission is not strikingly different either, although at 1.4 GHz, the leading
component shows a very low polarization fraction. Also, the brightest linearly po-
larized component, while still coincident with the total intensity peak, appears to
be much wider that at 2.1 GHz. The circularly polarized emission appears to be
nearly identical at 1.4 GHz, showing a RCP component coincident with the total

intensity peak.
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3.3.13 PSR J1910+41256

3.3.13.1 2.1 GHz

The 2.1 GHz profile for PSR J19104-1256 consists of one pulse with one bright,
primary component preceded by a low-intensity tail and followed by a small bump
leading into another long tail. The longer, trailing tail is almost completely po-
larized, while the leading trail does not show evidence for polarized emission. The
remainder of the linear intensity profile consists of two components that are roughly,
though not exactly, coincident with the bright, primary total intensity component.
The circularly polarized profile contains one bright LCP peak that is coincident
with the brightest linear polarization peak, followed by a reversal in the sense of

circularly polarized emission, leading to a RCP peak which trails off into a long tail.

3.3.13.2 1.4 GHz

PSR J1910+1256’s 1.4 GHz profile (Stairs et al., 2005; Lorimer et al., 2006;
Gonzalez et al., 2011) looks very similar to its 2.1 GHz profile in that there is still
a one bright, primary component preceded by a low-intensity tail and followed by a
small bump leading into another long tail, and indeed both the linear and circular
polarization profiles share many of the same overall characteristics of the 2.1 GHz
polarized emission. For example, the linearly polarized emission still shows two
main components roughly, yet not exactly coinciding with the brightest total inten-
sity component and emission that extends into the trailing tail, and the circularly

polarized emission still contains one bright LCP peak that is coincident with the
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brightest linear polarization peak, followed by a reversal in the sense of circularly po-
larized emission, leading to a RCP peak which trails of into a long tail, yet there are
some small, yet nonetheless interesting differences. For example, the linear intensity
profile now shows a very small component preceding the two main components, and
the long linearly polarized tail of the 2.1 GHz emission is seen at 1.4 GHz to be
two components, the first of which roughly aligns with the bump seen in the total
intensity profile. Also of note is that the ratio of peak linearly polarized intensity to
peak circularly polarized intensity has reversed: at 2.1 GHz, the circularly polarized
peak was more intense than the linearly polarized peak, whereas the opposite is true

at 1.4 GHz.

3.3.14 PSR J1911+4-1347

3.3.14.1 2.1 GHz

The 2.1 GHz total intensity profile of PSR J1911+41347 consists of a very bright
pulse neighbored on either side by lower intensity components. Inspection of these
lower-intensity components reveals that the final component of the total intensity
profile appears to be connected to the rest of the profile. The linear polarization
profile shows that this component is nearly 100% polarized, and that there is a
strong linearly polarized component coincident with the total intensity peak. Also
coincident with the total intensity peak is a strong LCP peak, followed by a sense
reversal and a very weak RCP component. There also appears to be another, very

weak RCP peak coincident with the final total intensity component.
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3.3.14.2 1.4 GHz

PSR J1911+1347’s 1.4 GHz total intensity profile (Lorimer et al., 2006) is
strikingly similar to its 2.1 GHz counterpart, and we show that bridge of emission
seen connecting the final component to the rest of the total intensity profile seen at
2.1 GHz is even more evident at 1.4 GHz. The linear intensity profile at 1.4 GHz is
nearly identical to the 2.1 GHz linear intensity profile, save the preceding compo-
nents that lead the linearly polarized peak. Unsurprisingly, the circularly polarized
emission has also remained largely unchanged, with the weak RCP components

being even more evident.

3.3.14.3 430 MHz

PSR J1911+1347’s 430 MHz profile does not look wholly unlike its 1.4 GHz
profile as the primary component appears to be mostly unchanged, however what
was seen as a long precursor tail appears as two separate components at 430 MHz.
We do not detect linear polarization, but we do detect circular polarization, which
shows a LCP peak coinciding with the main pulse and is followed by a possible sense

reversal and RCP peak, although these features are extremely weak.

3.3.15 PSR J192342515

3.3.15.1 1.4 GHz

The 1.4 GHz profile for PSR J1923+-2515 that was reported upon its discov-

ery (Lynch et al., 2013) showed a fairly simple, two-component pulse, however the
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detection of an additional component preceding the 2.1 GHz total intensity peak
by ~ 0.35 rotations coupled with the detection of that same additional component
at 820 MHz suggests that there may be more to PSR J1923+2515’s 1.4 GHz emis-
sion than was originally reported. The improved sensitivity afforded by AO reveals
that and other lower-intensity components. In fact, there is evidence for another
component preceding the aforementioned feature, as well as yet another component
following the aforementioned feature (the latter of which is also seen in the 2.1 GHz
profile).

The linear polarization profile shows many components that correspond to
components in the total intensity profile, including three major components that
roughly align with the two major components of the total intensity profile. These
components are connected with a bridge of linearly polarized emission. PSR J1923+2515
does not show very much circularly polarized emission, however, there are two RCP

components that align with two corresponding linearly polarized components.

3.3.15.2 430 MHz

The 430 MHz profile for PSR J1923+2515 shows a similar morphology to
the 1.4 GHz profile in that there are two main components preceded by a weak
component (the same component seen at 2.1 and 820 MHz in Lynch et al. (2013)),
meaning that this component is seen consistently from 430 MHz to 2.1 GHz. At
2.1 GHz, the first of the two main components is much brighter than the trailing

component, and as the frequency of observation decreases, so does the intensity
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of the first main component with respect to the second. We show that this trend
continues at 430 MHz.

The linear polarization profile shows one component with a long, leading tail
and a peak that corresponds to the trailing component of the total intensity profile.
The circular polarization profile appears to mirror the linear polarization profile,
although in place of a leading tail, there are three RCP components whose intensities

increase with pulse phase.

3.3.16 PSR B1937+21

3.3.16.1 2.1 GHz

The most sensitive 2.1 GHz polarization profile for PSR B1937+421 was pre-
sented in Dai et al. (2015), however, the profiles were significantly affected by dis-
persive smearing, an issue which is not shared by the profiles presented here. For
example, we see the component following the total intensity peak that is commonly
seen in coherently dedispersed PSR B1937+21 profiles at multiple frequencies. We
also see the very complex microcomponents in the total intensity profiles, except we
show another, very faint component after the main pulse that does not appear in
previously published profiles. We also see that the microcomponent preceding the
total intensity peak by ~0.75—0.8 is in fact two components, and are able to resolve
the microcomponent centered at a pulse phase of ~0.25 enough to see that it is in
fact three components.

The linearly polarized emission at 2.1 GHz shows that the main pulse is com-
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prised of three components which, like the corresponding total intensity pulse, is
preceded by a long tail. The lower-intensity pulse has two linearly polarized compo-
nents, however the second of those components is extremely weak. The microcompo-
nents show significant polarization fractions, especially the microcomponents span-
ning pulse phases of ~0.2—0.4. The microcomponents do not show any detectable
circularly polarized emission, while the lower-intensity pulse has a coincident RCP
peak, and the main pulse has a RCP peak, followed by a reversal in the sense of

circular polarization coincident with the total intensity peak, then a LCP peak.

3.3.16.2 1.4 GHz

The polarization profile of PSR B1937+421 has been studied extensively at 1.4
GHz (see, for example Dai et al. (2015); Ord et al. (2004); Yan et al. (2011), and
more), and our results are broadly in good agreement with that consensus, although
we are able to resolve the rich microcomponents with coherently dedispersed data
for the first time. We see the same microcomponents detected at 1.4 GHz, although
with much higher SNR. In fact, we see that the microcomponent occurring at a
pulse phase of ~0.4 appears to be two components. The increased SNR at 1.4 GHz
compared to 2.1 GHz allows us to more readily see the widths of these microcom-
ponents, which reveals that PSR B1937+21 is “on” for at least a large majority of
its rotation, a conclusion that would be contrary to that drawn from data that is
not sensitive enough to resolve these microcomponents.

The polarization properties of our observations again reflect those previously
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published. The linearly polarized emission shows the same basic structure as at 2.1
GHz, however we can much more clearly see just how linearly polarized many of the
microcomponents are. In contrast, none of the microcomponents show any circular

polarization.

3.3.17 PSR J19444-0907

3.3.17.1 2.1 GHz

The 2.1 GHz PSR J1944+0907 data have comparatively low SNR, making us
unable to report a detailed description of its 2.1 GHz pulse profile. Still, we can see
that the 2.1 GHz pulse profile is relatively broad, and includes two components of
roughly equal peak intensities. We cannot report any significant detection of linear

or circular polarization.

3.3.17.2 1.4 GHz

PSR J1944+0907’s 1.4 GHz profile is incredibly complex, showing at least
eight distinguishable components, including a low-intensity trailing component. The
width of the 1.4 GHz total intensity profile is similar to that of the 2.1 GHz profile,
however the leading pulse component is seen to be significantly brighter than any
other component in the profile.

The linear polarization profile is similarly complex; perhaps more so. Indeed,
there are eleven distinct components. Although many of the components are appar-

ently coincident with corresponding components in the total intensity profile, the
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density of profile components makes it difficult to ascribe one component to another
(or rather, makes it difficult not to), which would call into question the physical
relevance of any such ascription.

Unsurprisingly, the circular polarization profile is also very complex, with at
least three reversals in the sense of circularly polarized emission. The two brightest
components are LCP peaks, although there are many other lower-intensity LCP and

RCP components.

3.3.17.3 430 MHz

Champion et al. (2005) shows that PSR J1944+0907’s 430 MHz total intensity
profile consists of two main components that, together, form a profile that looks very
similar to the 1.4 GHz profile, albeit with far less complexity. Our data agrees with
this, however, we are able to barely detect a tail on the trailing edge of the profile.

As with the 1.4 GHz data, PSR J19444-0907 shows linearly polarized emission
throughout virtually the entire total intensity pulse at 430 MHz, although again
there is far less structure apparent to the linear polarization profile. We see at least
3 components, one of which aligns with the brightest total intensity component.

The circularly polarization profile looks very different at 430 MHz than it does
at 1.4 GHz in that the emission is almost entirely RCP with one change in the sense

of circularly polarized emission.
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3.3.18 PSR J1949+4-3106

3.3.18.1 2.1 GHz

Multi-frequency polarimetry for PSR J1949+4-3106 was taken upon its discov-
ery (Deneva et al., 2012), and what was found was that PSR J1949+-3106 does not
show much polarization at all at both 820 MHz and 1.4 GHz. This is also true
for PSR J1949+3106 at 2.1 GHz, although there is some linearly polarized emis-
sion spanning the duration of the total intensity emission. There is no detectable
circularly polarized emission.

Deneva et al. (2012) reported a total intensity profile with two bright peaks,
and that the first component has a steeper spectral index than the last. They report
that these characteristics are consistent over both observation frequencies (820 MHz
and 1.4 GHz), and we find that these characteristics are consistent with the 2.1 GHz

emission.

3.3.18.2 1.4 GHz

Our 1.4 GHz data are consistent with the profile reported in Deneva et al.
(2012), although the improved sensitivity shows that the linear polarization profile
consists of at least 3 components, the brightest on the leading edge and another
bright component on the trailing edge. The circularly polarized emission is weak,
but shows a RCP peak coinciding with the trailing total intensity peak followed by
a reversal of the sense of circular polarization, then a LCP peak coinciding with the

trailing linear polarization peak.
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3.3.19 PSR B1953+29

3.3.19.1 1.4 GHz

The 1.4 GHz profile for PSR B19534-29 has been well studied (Boriakoff et al.
(1983), Kramer et al. (1998), and Gonzalez et al. (2011)), and includes a bright,
multi-component pulse preceded by a low-intensity component. The linear polar-
ization profile shares much of the same shape as the total intensity profile as every
total intensity component has a corresponding linearly polarized component. The
same can be said of the circularly polarized emission, with the exception of the first
two total intensity components. The circular polarization profile starts as LCP, then
reverses sense and finished the profile as RCP. Interesting to note is the fact that
even though the linearly and circularly polarized emission share very similar shapes,

their components appear to be slightly offset from each other.

3.3.20 PSR J19554-2527

3.3.20.1 1.4 GHz

As with PSR J1949+-3106, polarimetry data for PSR J1955+2527 was taken
upon its discovery (Deneva et al., 2012), although the data did not have a high
enough SNR to detect any linear or circular polarization. Our data are sensitive
enough to detect polarized emission, and it is indeed at a low enough level to be
consistent with no detection at a lower SNR. Both the linear and circular polariza-

tion profiles show one broad pulse spanning nearly the entire duration of the total
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intensity pulse. As for the total intensity profile, it is relatively simple, though there
does appear to be a bump on the leading edge. This is interesting because Deneva
et al. (2012) proffered the possibility of an “unresolved bump on the leading edge
of the main pulse and/or a slight bump at the very top of the pulse” as a possible

explanation for non-gaussian characteristics of the pulse profile.

3.3.21 PSR J201740603

3.3.21.1 2.1 GHz

The 2.1 GHz total intensity profile for PSR J2017+0603 is broadly comprised
of two parts, both consisting of multiple components themselves. The first of these
two parts is preceded by a tail of emission and is followed by a bridge of emission that
connects the two major parts of the total intensity emission. The linear polarization
profile is similar in many ways to the total intensity profile, as the components of the
linear polarization profile appear to be able to be mapped to components of the total
intensity profile bijectively. The relative intensities of these components, however,
are not related to the relative intensities of their total intensity counterparts in
general. The circular polarization profile is considerably simpler and weaker than the
total intensity and linear polarization profiles, as there are only two resolvable RCP
components, each coincident with brightest two components of the total intensity

profile.
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3.3.21.2 1.4 GHz

The 1.4 GHz total intensity profile looks very similar to the 2.1 GHz total
intensity profile: we see two main parts, connected by a bridge of emission and
preceded by a tail of emission. The exceptional SNR of PSR J2017+0603’s 1.4 GHz
profile reveals that as complex as the 2.1 GHz emission is, the 1.4 GHz emission
shows even more complexity. The linearly polarized emission varies from almost
perfectly tracing out the total intensity profile with 100% of the emission being
linearly polarized, to straying significantly from the total intensity profile, showing
almost no polarized emission. There appears to be no detectable circularly polar-
ized emission, save for two very weak RCP pulses aligning with the most intense

components of each of the main parts of the total intensity profile.

3.3.21.3 430 MHz

As with the 2.1 and 1.4 GHz emission, we again see two parts to the total
intensity emission at 430 MHz, however (perhaps due to the low SNR), we see
neither a leading tail nor a bridge of emission. Moreover, and again perhaps due
in part to the low SNR, the total intensity profile shows significantly less structure
at 430 MHz than at higher frequencies. Further differences between the 430 MHz
profile and the higher frequency profiles, and ones that are not due to a low SNR, are
seen in the linear polarization profile. Linearly polarized emission, which at times
constituted nearly 100% of the total 2.1 and 1.4 GHz emission, is not significantly

detected in any part of the pulse profile. We do, however, detect a RCP component
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of emission that spans much of the latter part of the total intensity profile.

3.3.22 PSR J2019+4-2425

3.3.22.1 1.4 GHz

The 1.4 GHz profile for PSR J2019+4-2425 consists of 3 parts: a main, dual-
component part flanked by two lower-intensity components (Nice et al., 2001). The
two flanking components, which are very similar in total intensity, yet are polar
opposites in linear polarization. The component preceding the main pulse shows
no detectable linear polarization, whereas the component following the main pulse
appears to be 100% linearly polarized. This morphology persists at low frequencies
(Nice et al., 1993). The main pulse itself shows two linear polarization components,
one on the leading edge of the pulse, and one on the trailing edge of the pulse.
Interestingly, the local minimum of the linear intensity profile between these two
components is coincident with one of the peaks of total intensity emission. There is
only one weak LCP component to the circularly polarized emission. This component

is coincident with the aforementioned linear polarization local minimum.

3.3.23 PSR J2033+1734

3.3.23.1 1.4 GHz

PSR J2033+1734 was discovered with the AO at 430 MHz, and its profile was

reported to be a bright pulse followed by a long tail (Ray et al., 1996). This phe-
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nomenology also accurately describes PSR J2033+1734’s 1.4 GHz profile, although
the “tail” appears to be more accurately described as a flat, shelf-like feature, fol-
lowed by a more conventional, gaussian component. The profile shows significant
linear polarization, which mostly occurs on the leading edge of the pulse, leaving
the trailing components unpolarized. There is a moderate LCP leak, followed by a
sense reversal coinciding with the total intensity peak, leading to a more intense RCP
peak. As with the linear polarization, there is no detectable circular polarization

associated with the trailing components of the total intensity emission.

3.3.23.2 430 MHz

As described above, PSR J2033+41734 was reported upon its discovered with
the AO at 430 MHz to have a profile that consists of a bright pulse followed by a long
tail (Ray et al., 1996). We report this same general structure, but our coherently
dedispersed data show the pulse is much narrower than initially reported, and that
the long tail is inherent to the pulsar’s emission, rather than being caused by external
processes caused by things such as propagation through the interstellar medium.
The linear polarization profile is simple, showing one component roughly aligning
with, yet slightly preceding the total intensity main pulse. The circular polarization
profile is similarly simple, as there is again only one detectable component: a RCP

pulse roughly aligned with, yet slightly following the main pulse.
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3.3.24 PSR J2043+1711

3.3.24.1 1.4 GHz

Upon its discovery, PSR J2043+1711’s 1.4 GHz profile was reported to be
“complex, with several pulsed components” (Guillemot et al., 2012a). Improved
sensitivity shows a profile that, to say the least, confirms that statement. What
appeared to be the brightest single component is revealed to be two components, and
the trailing component is shown not only to have a steep drop in the emission that
was previously unresolved, but also to not, in fact, be the trailing component after
all, as a very weak pulse is detected following it. The linear polarization profile shows
similar complexity, with the brightest components being almost 100% polarized,
while other components in the total intensity profile show no corresponding linear
polarization at all. For as intense and complex as the linear polarization profile
appears to be, the circular polarization profile is much more simple: one RCP
component aligned with the brightest total intensity component and two weak LCP

components aligning with other total intensity components.

3.3.24.2 430 MHz

PSR J20434-1711’s profile looks very different at 430 MHz than it does at 1.4
GHz. Where at higher frequencies, there was a trailing component connected to the
main pulse profile by a weak bridge of emission, both the bridge and the trailing
component are seen at all at 430 MHz. Instead, we see 5 relatively sharp components.

The linear polarization profile resembles the total intensity profile, with every total
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intensity component except the last one showing a corresponding linearly polarized
component. The circular polarization profile almost perfectly mirrors the linearly

polarized emission in RCP, although it is slightly less intense.

3.3.25 PSR J22144-3000

3.3.25.1 2.1 GHz

PSR J22144-3000’s 2.1 GHz profile consists primarily of two pulses, the peaks
of which are separated by almost exactly half a rotation. The brightest of these
is made up of one bright component preceded by a much dimmer component. The
other pulse is comprised of three components. Following the brighter pulse, however,
we are able to detect another, very weak feature. This feature is very narrow and
approximately as bright as the component leading the brightest component in the
total intensity profile. The linear polarization profile shows a similar structure to the
total intensity profile. The leading component of the brightest pulse is nearly 100%
polarized, whereas the following component is much less polarized. The dimmer
of the two main pulses in the total intensity profile also shows significant linear
polarization, although we are unable to detect linear polarization from its trailing

component. There is no detectable circular polarization throughout the pulse profile.

3.3.25.2 1.4 GHz

PSR J2214+3000’s 1.4 GHz profile looks very similar to the 2.1 GHz profile

(unsurprising, as this general shape appears to persist down to frequencies as low
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as 820 MHz (Ransom et al., 2011)). Again, we see two bright pulses separated by
about half a rotation, and again, we are able to detect a very faint pulse trailing
the brightest of the total intensity pulses. At 1.4 GHz, however, we are also able to
detect a tail leading this very faint pulse. The linear polarization profile still shows
a similar structure to the total intensity profile, and the leading components of both
pulses are very highly polarized, however at 1.4 GHz we find that the brightest
component in the total intensity profile is much more highly polarized. We also
find that the trailing component in the dimmer total intensity pulse does have
corresponding linear polarization. We are also able to see that the faint, solitary
pulse is very highly polarized. There is not much circular polarization to speak of,
although there does seem to be a broad RCP pulse and LCP pulse coincident with

the brighter and dimmer total intensity pulses, respectively.

3.3.26 PSR J2229+4-2643

3.3.26.1 1.4 GHz

The first published profiles of PSR J2229+42643 at 1.4 GHz (Camilo et al.,
1996b) had significantly lower SNR than the profile published in this work, however,
since PSR J2229+2643’s 1.4 GHz profile is relatively smooth and broad, the increase
in sensitivity serves more of a confirmation of previously published profiles than
a revelation of previously hidden details. The linear polarization profile contains
two components: one relatively sharp component aligned with the total intensity

peak, and one smaller component on the leading edge of the profile. The circular
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polarization profile shows a RCP peak, followed by a sense reversal, a LCP peak,
another sense reversal, and an final RCP peak. The LCP peak appears to be aligned

with the total intensity peak.

3.3.26.2 430 MHz

Since the 1.4 GHz profile was relatively smooth and broad, and therefore
served as more as a confirmation of previously published profiles, it is perhaps not a
surprise that the same is true at 430 MHz. Indeed, the total intensity profile shows
the same general shape at 430 MHz as it did at 1.4 GHz, a phenomenology that has
already been established (Camilo et al., 1996b). For as little as the total intensity
profile changes from 1.4 GHz to 430 MHz, the polarization profiles at 430 MHz are
starkly different. We detect no linear polarization, and the only circular polarization

we detect is a weak LCP peak that slightly trails the total intensity peak.

3.3.27 PSR J22344-0611

3.3.27.1 1.4 GHz

PSR J2234+0611’s 1.4 GHz profile appears to be relatively narrow, however
closer inspection reveals that it radiates over a substantial fraction of its rotation.
The profile shows many components, however most of the components have peak
fluxes that are an order of magnitude or two lower than the peak flux of the profile as
a whole. These low-intensity components show a high degree of linear polarization

in general, although the trailing component appears to be unpolarized. The circular

101



polarization is weak, and shows two LCP peaks that are coincident with the two

strongest peaks in the linear polarization profile.

3.3.28 PSR J22344-0944

3.3.28.1 2.1 GHz

The total intensity profile for PSR J2234+0944 at 2.1 GHz appears to be made
up primarily of to two separate pulses, however, the high SNR of the data show that
the pulses that comprise the profile are in fact connected by a bridge of emission.
Interestingly, a tail of emission leads into this bridge from both sides. The profile
shows moderate linear polarization, with a dual-component pulse coincident with
the larger of the total intensity pulses and a very low-intensity component coincident
with the smaller of the total intensity pulses. The circularly polarized emission is
simple, with two components aligning roughly with the total intensity pulses. These
pulses are both LCP, and therefore PSR J2234+4-0944 does not display a detectable

reversal in the sense of circularly polarized emission at 2.1 GHz.

3.3.28.2 1.4 GHz

The total intensity profile for PSR J22344-0944 at 1.4 GHz is very similar to
its 2.1 GHz counterpart in that it also appears to be made up primarily of to two
separate pulses that are connected by a bridge of emission, however, we are able
to detect microcomponents preceding the total intensity peak. The first of these

microcomponents does not appear to be polarized, while the second appears to be
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100% linearly polarized. The polarized emission coincident with the high-intensity
pulses in the total intensity profile are also largely similar to the corresponding 2.1
GHz components, however we note that a tail emission precedes the final linearly
polarized emission, and the higher SNR of the 1.4 GHz profile reveals a reversal in

the sense of circularly polarized emission.

3.3.28.3 430 MHz

Although the 430 MHz profile for PSR J2234+0944 resembles the high-frequency
profiles in that it is broadly made up of two pulses, we show that the trailing pulse is
stronger at 430 MHz whereas the preceding pulse was stronger at higher frequencies,
indicating that the spectrum of the trailing pulse is steeper than the leading pulse.
We detect a linearly polarized component coincident with the first total intensity
peak as well as very weak RCP and LCP pulses corresponding to the two respective

total intensity pulses, with a sense reversal in between.

3.3.29 PSR J2317+41439

3.3.29.1 1.4 GHz

PSR J2317+1439’s 1.4 GHz profile shows a bright, extremely complex main
pulse and a low-intensity postcursor. Kramer et al. (1998) reported that PSR
J2317+1439’s total intensity pulse consisted of 4 components (not counting the
postcursor), but we show that is considerably more complex. They also report the

presence of a precursor preceding the main pulse by about 0.4 rotations. This pre-
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cursor was reported to be about half as bright as the postcursor. As the postcursor
is easily detectable in our data, we would expect such a precursor to also be eas-
ily detectable. As we do not detect it, we conclude that the precursor reported in
Kramer et al. (1998) cannot be attributed to the pulsar’s intrinsic emission.

The linear polarization profile also shows significant complexity, with the lead-
ing components being much more polarized than the trailing components, with the
exception of the postcursor (which is nearly totally polarized). The circular polar-
ization profile shows many components, but interestingly, they are all LCP, meaning
that despite the complexity, there is no detectable change in the sense of circular

polarization.

3.3.29.2 430 MHz

Our total intensity profile for PSR J2317+41439 agrees well with previously
reported 430 MHz profiles (Camilo et al., 1993). The linear polarization profile is
significantly simpler at 430 MHz than at 1.4 GHz, as there are only two compo-
nents: one broad component aligned with the first bright total intensity component,
followed by a much weaker, much narrower component. The circular polarization
profile, on the other hand, is much more complex at 430 MHz. While there was not

one detectable reversal of sense of circular polarization at 1.4 GHz, there are many

at 430 MHz.
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3.3.30 Resulting Polarimetric Responses

Recalling that the METM method was performed on profiles that had already
been calibrated with the nominal PR created through the MEM procedure, the PRs
shown in Figures 3.1 and 3.2 can be viewed as “residual PRs” (that is, corrections to
the nominal, MEM-generated PR). Since new PRs were produced spanning a range
of epochs, we can use them to describe the stability of the PR of AO’s 1.4 and 2.1
GHz receivers.

First, though, it is important to be clear about the limitations of the analysis
presented in this chapter. The ideal standard profiles to use would be ones that were
produced using the MEM procedure. As such profiles were not available to us in this
data set, we chose profiles that were consistent with previously published profiles.
Inevitably, the standard profiles we chose will not be in perfect agreement with the
true profiles of the sources we used to make the PRs. Any difference between the
two will cause corresponding deviations that will propagate through the PRs made
with the imperfect standard profiles, and since these imperfections will be caused by
errors in the PRs?, we expect the errors introduced by using the METM procedure
to be frequency-dependent.

Crucially, though, it is important to recall that using only the PR produced
by the MEM procedure yielded profiles for PSRs J1713+0747 and B1937+21 that
were not consistent epoch to epoch, whereas using the PRs created by the METM

procedure produce profiles that are consistent with a profile that varies slightly from

2We assert this due to the stability that PSRs J17134-0747 and B1937+21’s polarization profiles
display in a number of published analyses over a wide range of epochs.
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the ideal standard profile. As the latter is undoubtedly preferable to the former,
and as the (albeit slightly incorrect) standard profile does indeed appear to agree
with published profiles, we can assume that errors caused by these considerations
are small, especially compared to the errors that would have arisen if the METM
procedure had not been implemented.

With these considerations in mind, we turn to the residual PRs themselves. In
light of the previous discussion, and becuase the METM procedure treats the entire
receiver chain as a black box, we do not aim to determine what specific components
of the telescope receiver could provide an explanation for any behavior shown in the
residual PRs. We also note that any errors in the residual PRs brought about by
possible standard profile errors will be visited upon the PRs equally. Therefore, while
those errors will affect the residual PRs in an absolute sense, the time-variability of
the PRs will be largely unaffected.

We quantify the variability of the parameters that make up the residual PRs in
two ways. First, for each parameter, we calculate the reduced y? for that parameter
across all frequency channels on a given epoch. Assuming the standard profile errors
are small, this describes how much the given parameter from the residual PR on
that epoch varies from the nominal parameter from the residual PR produced by
the MEM procedure. Second, for each parameter, we calculate the reduced x? for
that parameter across all epochs in a given frequency channel. This describes how
much the given parameter varies in that frequency channel on an epoch-by-epoch
basis. Again, this variability will be largely unaffected by standard profile errors.

We find that the resulting reduced x? values, both while considering the varia-
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tion of parameters on a specific epoch, as well as in a specific frequency channel, are
extremely large. While high reduced x? can be interpreted as an indication that the
errors on parameters are underestimated, it also can serve as quantitative evidence
for what can readily be seen by eye: the residual PR (and thereforethe PR) of AO
is highly variable. We find this description of AO’s PR to be consistent with both

the 1.4 GHz PRs and the 2.1 GHz PRs.

3.4 Discussion

The profiles presented are the most sensitive pulsar polarization profiles to
date, and this sensitivity reveals that the profiles of many millisecond pulsars have
much more structure than may appear without careful inspection. That profile
components can be hidden by insufficient SNR is not a new revelation, however, the
detection of microcomponents in pulse profiles, particularly the microcomponents
detected in PSRs B1937+21, J1713+0747, and J2234+0944 detected for the first
time, challenges the very notion of “sufficient” SNR.

These microcomponents also complicate processes that aim to rigorously define
“on-pulse” and “off-pulse” regions, as many such routines implicitly or explicitly
assume that profile bins that have intensities which are “small” compared to the
brightest components in the profile must be noise, an assumption which is refuted
by the existence of microcomponents. This has implications for any process which
requires the specification of “on-pulse” and “off-pulse” regions. Observers who would

like to flux calibrate their observations by calculating radiometer noise, for example,
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may derive a substantially overestimated value for the radiometer noise present in an
observation if an “off-pulse region” is not selected with great care with regard to the
possible presence of microcomponents. It should be noted that since NANOGrav
does not use the radiometer equation to calibrate their fluxes (Demorest et al., 2013),
the reported fluxes of the NANOGrav pulsars are not affected by this effect.

This also reduces the utility of using the pulse width taken at some fraction
of the total intensity peak as a proxy for pulsar beam width, especially when it is
used in the context of a discussion about a pulsar’s geometry, as the existence of
microcomponents would have no effect on such a metric, and yet can have significant
implications regarding a pulsar’s geometry (as seen with PSR B1855+09).

We also present RM measurements for all sources at both 1.4 and 2.1 GHz
(where applicable) derived independently for each epoch. We note that for the
sources where a RM could be determined independently from the 1.4 GHz obser-
vations, the RM values are largely in agreement with each other. The source with
the largest RM discrepancy versus receiver is PSR J1903+4-0327, whose RMs at 2.1
and at 1.4 GHz differ by 1.5 0. While this discrepancy may be caused by statistical
fluctuation, it is interesting to note that PSR J19034-0327 has the highest DM of
any pulsar in the data set, and by far the highest DM of any pulsar for which we are
able to measure RMs for 1.4 and 2.1 GHz independently, which means that there is
more interstellar material between Earth and the pulsar. As interstellar scattering
is a frequency-dependent phenomenon, the radio waves scattered by the ISM will
sample a different region of the ISM at different observing frequencies (Cordes et al.,
2016). It is possible that the region sampled at 1.4 GHz includes interstellar compo-
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nents and magnetic fields not sampled at 2.1 GHz, thereby changing the properties
that govern Faraday rotation, and thus, the observed RM. We stress, though, that
we put forth this explanation as another possibility rather than an assertion that
it is indeed the cause of the variation in PSR J19034+0327’s RM with respect to
observing frequency. More observations would be necessary to determine the cause
of any such variation.

Using equation 7?7, we can calculate the component of the Galactic magnetic
field parallel to the line of sight to the source and use it to probe the structure of the
Galaxy’s magnetic field. We see that the magnetic field strengths are antisymmetric
about the Galactic plane, with nearly all the magnetic field strengths above the plane
being positive (towards Earth), and nearly all the magnetic field strengths below
the plane being negative (away from Earth, see Figure 3.3). This structure suggests
that the magnetic field in the Galactic halo is broadly dipolar, a phenomenology

consistent with previous studies (Han et al., 1997; Xu & Han, 2014).

109



PUPPI S-wide ~ Evolution

PUPPI S-wide ¢ Evolution
5 10 —_——
= === = .‘r‘-/':' s = = 40
2300} .-_‘i 4 2300} — = 30
= i3 . 6
P - = 5
o 2200 s 4 5 2200f = 0
T AR T 10
g - ‘e 2 g
= N ke o =
gawor = ==2 .-,;...: o g 2100 = - o
g o g -
g 2000 -2 g 2000} -10
i I
—a -20
1900 - 6 1900
= — -~, —= = —— TEN -30
== — — P E == — &
= R -8 = — —— yes
1800 |- = = L 1800} — = = ——— ‘*iu. -40
5 — t s —10 8 t o
—~al 2o 246 ~ 2 4 6 8
Z3t 10g10(x?) Z 6 10g15(x2)
=50 =
&1f g4
0 L L L L L L L L 2 L 1 L L L L L L
56100 56200 56300 56400 56500 56600 56700 56800 56100 56200 56300 56400 56500 56600 56700 56800
MJD MjD
PUPPI S-wide 6, Evolution PUPPI S-wide 6, Evolution
60 60
45 45
30 30
¥ g
] 15 B 15
= IS
2 0 2 0
g ]
g -15 g -15
i I
-30 -30
g;‘ —45 ‘;';,' -5
N 0 3t
S i 2482 -60 7 LA -60
L ) 246 8 ~ 6t 4 6 8
6F logie(x?) Z sk . 10g1s(x?)
5p > 3
4t 4 o 4 .
56100 56200 56300 56400 56500 56600 56700 56800 56100 56200 56300 56400 56500 56600 56700 56800
MJD M/D
PUPPI S-wide ¢, Evolution PUPPI S-wide ¢, Evol
——— T T ———— T 20 = ——tT— 20
= = vy EE =
= = = — = e = = E =
- L 16 = 16
23001 e 2300 | _——
E ol = 12
o 2200 = “';5-'- 8 S 22000 = ==_= 8
z RS I =
= . 4 = - 4
3 2100 fa 3 2100 =
g7 .. 0 T EE e =< 0
(7] ‘a5 ) — — Se— =
2 -4 s -4
9 2000 9 2000 L
i I
-8 -8
1900 _ 1900 _
2 12 x 12
. -16 PO -16
1800 *:. 1 AR
~ ' 246 8 2 - 32 46 820
M logie(x?) Z5¢ logyy(x?)
E] = =gl
83 . 83f -
2 L . L L L L L L 2 L " i L L L L L
56100 56200 56300 56400 56500 56600 56700 56800 56100 56200 56300 56400 56500 56600 56700 56800

Figure 3.1: PRs of the S-wide receiver for both standard sources. For each color
plot, the x-axis is MJD and the y-axis is observing frequency. To further highlight
the differences, the color scales have been restricted. The lowest subplot of each plot
shows the logarithm of the reduced x? of the given receiver parameter holding MJD
constant, while the right-post subplot of each plot shows the logarithm of the reduced
x? of the given receiver parameter in a specific frequency channel. Recall that the
PRs are derived from observations that have already been calibrated with the MEM
solution, and therefore the above plots do not show the absolute numerical values
for each parameter versus frequency and MJD, but rather the difference between
each parameter and its nominal MEM value over frequency and MJD. All angles
are expressed in degrees.
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Figure 3.2: PRs of the L-wide receiver for both standard sources. For each color
plot, the x-axis is MJD and the y-axis is observing frequency. To further highlight
the differences, the color scales have been restricted. The lowest subplot of each plot
shows the logarithm of the reduced x? of the given receiver parameter holding MJD
constant, while the right-post subplot of each plot shows the logarithm of the reduced
x? of the given receiver parameter in a specific frequency channel. Recall that the
PRs are derived from observations that have already been calibrated with the MEM
solution, and therefore the above plots do not show the absolute numerical values
for each parameter versus frequency and MJD, but rather the difference between
each parameter and its nominal MEM value over frequency and MJD. All angles
are expressed in degrees.
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Figure 3.3: RM-derived values for the Galactic magnetic field parallel to the line
of sight for each source as it appears on the sky in Galactic coordinates. Black
curved lines show AQ’s visibility. Positive values denote a magnetic field pointing
towards the Earth whereas negative values denote a magnetic field pointing away
from the Earth. The asymmetry about a Galactic latitude of 0° agrees with Galactic
magnetic field models.
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Chapter 4

X-Ray Observations of Black Widow Pulsars
Published in ApJ as Gentile et al. 2014, ApdJd, 783, 69 with co-authors
Roberts, M. S. E., McLaughlin, M. A., Camilo, F., Hessels, J. W. T., Kerr, M.,

Ransom, S. M., Ray, P. S., and Stairs, I. H.

4.1 Introduction

Of the roughly 2000 radio pulsars known, about 10% are millisecond pulsars
(MSPs) (Manchester et al., 2005)!, old neutron stars which have been spun-up, or
‘recycled’, through accretion of material from a companion (Alpar et al., 1982).
Many details of this recycling process remain unknown, but it is clear that most
known MSPs have degenerate white dwarf companions with masses between 0.2
and 1 M. However, ~1/6 of the known MSPs in the Galactic field are isolated?.
The process through which these MSPs were formed is unclear. One potentially im-
portant method is the ablation of the pulsar companion after the end of the recycling
process by energetic particles and/or v-rays produced in the pulsar magnetosphere
(Ruderman et al., 1989).

The identification of MSPs as strong «-ray sources (Abdo et al., 2010; Kuiper

et al., 2000) motivates searches for radio pulsations in unidentified Fermi sources

thttp://www.atnf.csiro.au/research /pulsar/psrcat
2See http://astro.phys.wvu.edu/GalacticMSPs/
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with spectral and temporal properties matching those of known ~-ray MSPs. Ban-
gale et al. (2013) observed 49 sources at 350 MHz with the Green Bank Telescope
(GBT) and detected 17 MSPs, 10 of which were new discoveries and 16 of which
are in binary systems, with seven of them having short orbital periods (P, < 1
day). Three of these pulsars (PSRs J0023+0923, J1124—3653, J1810+1744) and
one (PSR J2256—1024) found in a 350-MHz GBT drift-scan survey (Boyles et al.
(2013); Stairs et al., in prep) and re-detected in the Bangale et al. survey have very

small companion masses (M¢

¢ in < 0.1Mg) and three have pronounced radio eclipses,
classifying them as black-widow pulsars (Stappers et al., 2003). One other pulsar
discovered in this survey (PSR J2215+5135) has a short orbital period and eclipses,

but a larger companion mass (M¢

¢ in = 0.208My) (Table 1). Optical observations of
the companion suggest it is non-degenerate and nearly Roche-lobe filling and hence
may be in an only temporary non-accreting, radio-emitting phase (Breton et al.,
2013).

The first pulsar showing evidence for the ablation process was the original
black-widow pulsar PSR B19574-20, which shows radio eclipses due to absorption in
the wind of the companion and dramatic pulse delays around the time of eclipse due
to propagation through the wind (Fruchter et al., 1990). XMM-Newton (Huang &
Becker, 2007) and Chandra observations (Stappers et al., 2003; Huang et al., 2012)
revealed unresolved synchrotron emission that is variable throughout the orbit. On
average, the orbital modulation is broadly sinusoidal, peaking near superior conjunc-
tion when the companion is between the pulsar and observer, but with a narrow

dip over ~0.1 of the orbit at superior conjunction. This emission is interpreted as
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coming from an intrabinary shock of the pulsar’s wind close to the nearly Roche-lobe
filling companion’s surface (van Kerkwijk et al., 2011). In addition, the Chandra
observations resolved an extended tail of X-ray emission arising from the pulsar
outflow shocking the interstellar medium, the first demonstration that millisecond
pulsars can produce pulsar wind nebulae. Furthermore, magnetospheric pulsations
in y-rays and X-rays have been detected from the point source (Guillemot et al.,
2012b).

An important link in the MSP formation scenario was made with the discovery
of a radio pulsar (PSR J1023+0038) that showed evidence for having an accretion
disk in the recent past (Archibald et al., 2009). This very fast (Psp;, = 1.69 ms)
eclipsing radio pulsar is in a 4.8-hr orbit around a nearly Roche-lobe filling, non-
degenerate companion, and is the prototype of the ‘redback’ class of binary MSPs
(Roberts, 2011). XMM-Newton (Archibald et al., 2010) and Chandra (Bogdanov
et al., 2011) observations of this system revealed significant orbital variability over
multiple consecutive orbits, with a pronounced dip in the X-ray flux at superior con-
junction (orbital phases of ~0.1 to 0.4), when the pulsar is behind the companion
and the intrabinary shock produced through the interaction of stellar outflows is
obscured (Bogdanov et al., 2011). Because the angular extent of the pulsar as seen
from the companion star is small, the width of this dip suggests that the X-ray emis-
sion region is much closer to the companion star than to the MSP. This evidence is
strengthened further when considering the inclination of the binary system (i ~46°,
constrained through optical radial velocity measurements (Archibald et al., 2009)).

The X-ray spectrum consists of a dominant non-thermal component from the shock
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and at least one thermal component, likely originating from the heated pulsar polar
caps. X-ray pulsations were also observed in the XMM-Newton data, indicating
that some of the non-thermal point source emission is magnetospheric. For this
source, no evidence for extended X-ray emission has been seen in the Chandra data
(Bogdanov et al., 2011).

In general, the shock X-ray luminosity for a binary pulsar system will depend
on the fraction of the wind intercepted by the companion, the spin-down energy loss
rate (E) of the pulsar, and both the post-shock magnetic field strength and the ratio
of electromagnetic flux to kinetic energy flux, o (Arons & Tavani, 1993; Kennel &
Coroniti, 1984). For PSR B1957+20, measurements of the X-ray orbital variability
show that the efficiency of X-ray production at the shock is similar to that of pulsar
wind nebulae around young pulsars, but it is not clear if this is true in all cases.

The body of knowledge regarding black-widow pulsars is still lacking. For
example, intrabinary shocks can produce significant mass loss from black-widow
companions by accelerating shocked particles out of the companion’s Roche-lobe
(Bogdanov et al., 2005), yet it remains to be shown whether this mass loss can be
produced only from companions which are nearly filling their Roche-lobe. It also is
not clear whether or not the winds from these pulsars are dominated by kinetic or
magnetic energy.

Until very recently, studies were limited by the rarity of these systems. In
the last few years however, many nearby systems have been discovered, more than
tripling the known population (Ray et al., 2012). In Section 4.2, we summarize the

observations and analysis procedures. In Section 4.3, we present the results of the
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spectral and light curve analyses. In Section 4.4, we offer conclusions. For each
of these sources, we compare the X-ray properties to those of PSR B1957+20 and

PSR J10234-0038, currently the two best-studied systems.

4.2 Observations and Analysis

We observed PSRs J0023+0923 (OBSID 14363), J1124—3653 (OBSID 13722),
J1810+1744 (OBSID 12465), J2215+5135 (OBSID 12466), and J2256—1024 (OB-
SID 12467) for 15 ks, 22 ks, 22 ks, 19 ks, and 22 ks respectively, i.e., at least a
full orbit in each case. The data were taken using Chandra’s ACIS-S detector and
analyzed using Chandra’s data analysis suite, CIAO (version 4.2). Source regions
were selected by first determining the locations of each source using radio timing
positions. Background regions were chosen so that the regions were located on the
same chip as the source and did not enclose any point sources.

Once source and background regions were selected, point-spread functions
(PSFs) were then created for each source using CIAO’s mkpsf function. Since the
CIAO PSF library has PSFs for five discrete energies, we evaluated the PSF at
energies which approximately correspond to where the count rate is a maximum.
The energies chosen for PSRs J0023+0923, J1124—3653, J18104-1744, J2215+5135,
and J2256—1024 were 0.75, 1.25, 1.5, 0.8, and 1 keV, respectively. Once energies
were chosen, the mkpsf tool linearly interpolates a PSFE' from the five PSF's in the
library. We then used these to compare the intensity of the source and PSF in two

orthogonal directions.
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Table 4.1: Timing and X-ray Properties

Name Pypin log1oF DM nH D Pory MS,, Tobs MJIDgs  Cts

PSR (ms) (ergs™!) (pcem™3) 10 em™2 (kpc) (hr) (Mg) (ks)
J0023+0923  3.05 34.2 14.3 4.4 0.7 3.3 0016 15 55893 43
J1124—-3653 2.41 33.6 44.9 15.7 1.7 5.5  0.027 22 56118 138
J1810+1744  1.66 34.6 39.7 12.2 1.9 3.6 0.035 22 55740 55
J22154-5135 2.61 34.7 69.2 214 3.0 4.2 0.22 19 55697 133
J2256—-1024  2.29 34.6 13.8 4.3 0.6 5.1 0.030 22 55788 141
J1023+0038  1.68 34.6 14.8 18.0 1.3 4.8 0.2 83 55281 3270
B1957+20 1.60 35.2 29.1 < 1.0 2.5 9.1  0.020 43 52081 370

Note. — Timing and X-ray properties of the five Fermi-associated radio MSPs, including the
pulsar spin period (Pgpr), the logarithm of the spin-down energy loss rate (log1oE), dispersion
measure (DM), neutral Hydrogen column density along the line of sight to the source (nH), distance
to the pulsar (D), orbital period of the binary system (P,yp), minimum companion mass (M¢,,,.),
total observation duration (Toeps), MJD of observation (MJD,s), and total background-subtracted
counts (Cts). Due to the low number of background-subtracted counts, nH is estimated from
DM (see text) and held fixed for each source. PSRs J10234+0038 and B1957+20 are shown for
comparison. Timing properties are from 350-MHz observations with the GBT (see Bangale et al.
2013 and Hessels et al., in prep). Distances are estimated from the DM using the Cordes & Lazio
(2002) model for the Galactic electron density, except for PSR J10234-0038 which is from parallax

measurements (Deller et al., 2012).
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Table 4.2: Spectral Fit Parameters

Name kT T F, log10 L € Blackbody Flux Power-Law Flux X2 / DOF
PSR (eV) (107" erg s~ em™2)  (ergs™!) (107%) (107" ergs !t em™2) (107 ergs™! cm—2)
Power-law Fit
J0023+0923 32798 3.0557 30.2 10 1.0/7
J1124-3653 21103 6.371% 31.3 550 123 /7
J1810+1744 2.1704 25708 31.0 30 2.1/ 7
J22154-5135 14102 9.7+30 32.0 210 1.8 /7
J2256-1024 ... 27102 5.3+0-0 30.4 6 51/ 7
Blackbody Fit
J0023+0923  18075) 14753 30.0 5 36 /7
J1124-3653 4407 0° 3.1153 31.0 270 275 /7
J1810+1744 4307130 1.2172-8 30.7 10 49/ 7
J2215+45135 7007150 53770 31.8 110 134 /7
J2256-1024 200759 3.2128 30.1 4 6.4 /7
Combined Fit
J00234+0923 150 1.5 1.970% 30.0 7 15702 1.0 2.7 /7
J1124-3653 150  1.3%57 54152 31.3 470 2.3119 54127 93/6
J181041744 150 1.5 2.0102 30.9 20 0.715:3 2.0105 2.4 /7
J221545135 150 12704 81753 31.9 170 12459 9.2156 15/6
J2256-1024 150  1.8%57 46722 30.3 5 2.4%59 3.2128 2.0 /6
Note. — Spectral properties of the five Fermi-associated radio MSPs, including the temperature

(kT), power-law index (I'), the measured absorbed flux (F), the logarithm of the 0.3-8 keV lumi-
nosity (logipLy), the 0.3-8 keV efficiency (¢), and the ratio of the x? value to the degrees of freedom
(DOF) for each fit. The very low x? values obtained suggest the fits to be overdetermined. Also
included for the combined fit are the contributions to the unabsorbed flux from each component.
All fits were performed using Chandra’s fitting package, Sherpa. All five sources were fitted with
three separate models: a power-law model, a blackbody model, and a combined model with both
power-law and blackbody components. The results of all three fits are shown. For the combined
fits, values without errors were held constant, as was the temperature for each source (150 eV).



Lightcurves were then determined for each source using counts in the 0.3 to
8 keV range, as Chandra has very little effective area outside of that range. The
number of background-subtracted counts detected for each source ranged from 43
to 141 (Table 4.1). Each lightcurve was binned such that each bin represents one
tenth of the observation, so that all bins have equal exposure. For these lightcurves,
an orbital phase of 0.25 corresponds to the superior conjunction of the system.
These lightcurves were then compared to uniform distributions using the x? test
and Kolmogorov-Smirnov (K-S) test (Press et al., 1989) to determine their orbital
variability. We have left these lightcurves unfolded to show the consistency of the
shape from orbit-to-orbit.

Spectra were then analyzed using Chandra’s spectral fitting platform, Sherpa.
The data were binned with 5 bins between 0.3 and 2 keV and 4 bins between 2 and 8
keV. Bins in the 0.3 to 2 keV energy range are of equal width (0.34 keV), as are bins
in the 2 to 8 keV energy range (1.5 keV). This binning scheme was used in order
to differentiate thermal emission (which we expect below 2 keV) and non-thermal
emission (which we expect above 2 keV), which requires multiple bins above 2 keV.
The data were then fitted over energies between 0.3 and 8 keV. Due to the small
number of background-subtracted counts, we fixed nH, the neutral Hydrogen column
density along the line of sight to the source at a constant value set by the dispersion
measure, assuming 10 free electrons per neutral Hydrogen atom as is motivated by
He et al. (2013). The resulting column densities are listed in Table 4.1.

Comparing the values to the total Galactic nH as estimated using the HEASARC

nH tool (based on the maps of Kalberla et al. (2005); Dickey & Lockman (1990)), we
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found these values to be consistent. We fit each source with three separate models:
a power-law model, a blackbody model, and a combined model with both power-
law and blackbody components. Due to the low number of background-subtracted
counts for PSRs J0023+0923 and J1810+1744, temperature and power-law index
(I') were held constant at 150 eV and 1.5, respectively, for their combined fits. These
values are consistent with X-ray blackbody temperatures typically seen for millisec-
ond pulsars (Bogdanov, 2008; Bogdanov et al., 2007; Zhang & Cheng, 2003) and
power-law indices typically seen for non-thermal neutron star emission Bogdanov
et al. (2005, 2011).3 Since PSRs J1124—3653, J2215+5135, and J2256—1024 all had
higher count rates, we kept their temperatures fixed at 150 eV, but let I' vary. Also
due to the low number of counts, all fits were done using cstat, which is Sherpa’s

equivalent to XSPEC’s Cash statistic.

4.3 Results

PSR J0023+4-0923

The lightcurve appears uniform (within 1o errors), and, according to the K-S
test, has a probability of 0.99 of being drawn from a uniform distribution. This
is consistent with this pulsar showing no radio eclipse, even at the relatively low
observing frequency of 350MHz. A two-dimensional K-S test yields the probability of
being a point source of 0.99 in the x-direction and 0.31 in the y-direction. Therefore,

we conclude that there is no evidence for extended emission. There is no detected

3Also see http://astro.phys.wvu.edu/XrayMSPs for a list of millisecond pulsars observed in
X-Rays and their fit parameters.
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Figure 4.1: Count rate versus orbital phase and spectral fits for PSR J00234-0923.
Where applicable, radio eclipse start and stop times are shown as dotted lines and
upper limits on the count rates of empty bins are shown as arrows. All error bars
correspond to lo errors. Fit parameters are summarized in Table 4.2.
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emission above 2.5 keV, and so we effectively had only 6 bins (4 DOF) with which
to fit, the very low x? values obtained suggest the fits to be overdetermined. While
formally the power-law fit is slightly better than the blackbody fit, the lack of high
energy counts and the steep power-law index (I' ~3) of the power-law fit, and the
reasonable temperature obtained from the blackbody fit all suggest the emission is

predominantly thermal.

PSR J1124—-3653

The lightcurve shows marginal orbital variability as evidenced by the K-S test,
which yields a probability of 0.10 of being drawn from a uniform distribution. Al-
though the lowest count rate occurs at an orbital phase of 0, there is a local minimum
near an orbital phase of 0.25 (superior conjunction), which coincides with the radio
eclipse phase (shown in Figure 4.2). Aside from these minima, the lightcurve is con-
stant within the 1o error bars. A two-dimensional K-S test yields the probability of
being a point source of 0.10 in the x-direction and 0.65 in the y-direction. Although
the probability of the source being drawn from the same distribution as the PSF in
the x-direction appears low, we note that the source is actually narrower than the
PSF in the x-direction (consistent with Poisson variations) and therefore conclude
that there is no evidence for extended emission for PSR J1124-3653. The spectrum
is well fit by a simple power law while a blackbody fit is formally unacceptable and
results in a very high temperature.

Since the count rate is higher than for PSR J0023+0923, we fix temperature
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Figure 4.2: Same as Figure 4.1 for PSR J1124—3653.
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but let I' vary for the combined fit. Most of the flux from the combined fit is assigned

to the power-law component.

PSR J1810+1744

The lightcurve does not look obviously uniform and the K-S test gives this
lightcurve a probability of 0.43 of being drawn from a uniform distribution. The
variation in the lightcurve is very broad, covering most of the orbit, making it
unlikely that the orbital variation can be attributed to eclipsing of the intrabinary
shock emission by the companion. The soft lightcurve (0.3 — 2 keV) by itself does not
show strong evidence for orbital variability. The two-dimensional K-S test yields the
probability of being a point source of 0.23 in both directions. Therefore, we conclude
that there is no clear evidence for extended emission. We again fix temperature and
I' for the combined fit, with most of the flux from the combined fit coming from the

power-law component.

PSR J2215+5135

The single redback in our sample has a lightcurve which is clearly not uniform
and the K-S test confirms this by yielding a probability of 0.04 of being drawn from
a uniform distribution. Both the hard and soft lightcurves include clear minima
at the same orbital phase as the radio eclipse. A two-dimensional K-S test yields
the probability of being a point source of 0.19 in the x-direction and 0.27 in the

y-direction. Therefore, we conclude that there is no strong evidence for extended
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Figure 4.3: Same as Figure 4.1 for PSR J1810+1744.
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Figure 4.4: Same as Figure 4.1 for PSR J2215+5135.
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emission.

The spectrum is very hard, with a clear power-law tail. The blackbody fit
resulted in a much higher x? value and an unacceptably high temperature. We fix
temperature, but let I vary for the combined fit. The flux from the combined fit is

again dominated by the power-law component.

PSR J2256—-1024

The lightcurve has clear minima near orbital phases of 0.25 and 1.25 and the
K-S test gives this lightcurve a probability of 8.8 x 1073 of being drawn from a
uniform distribution. Although the dip around 0.25 is pronounced, we only have a
single coverage of the minimum. Although we do not see the same dip in the soft
lightcurve, the hard lightcurve does seem to have dips at the same orbital phases
that the general lightcurve has. The dips coincide with the measured radio eclipses.
A two-dimensional K-S test yields the probability of being a point source of 0.96 in
the x-direction and 0.60 in the y-direction. Therefore, we conclude that there is no
evidence for extended emission.

Both the power-law and blackbody fits are acceptable, with a reasonable tem-
perature and a somewhat steep spectral index. However, around 5% of the photons
are above 4 keV, which, along with the orbital variability, suggests a significant
power-law spectral component. We fix temperature, but let I" vary for the combined
fit. The F-test prefers the combined fit over the power-law fit with a significance

of 0.95, and the flux from the combined fit is fairly evenly split between blackbody
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Figure 4.5: Same as Figure 4.1 for PSR J2256—1024.
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and power-law components.

4.4 Discussion and Conclusions

X-ray emission has been detected from roughly 50 MSPs?. The emission can
be described by either blackbody or power-law models and can originate from the
neutron star surface (in the case of a blackbody model) or from the magnetosphere
or an intrabinary shock (in the case of a power-law model).

We expect emission from the neutron star’s surface and magnetosphere to be
steady on timescales longer than the pulse period, and expect orbital modulation
in the case of emission from an intrabinary shock. This modulation can be due to
Doppler boosting of the flow within the shock, synchrotron beaming, or obscuration
by the companion. In the first two cases, we would expect enhanced emission when
the flow is coming towards us. Since there is only a weak outflow from the compan-
ion, we would expect a Mach cone pointed away from the pulsar with its head near
the point on the companion star closest to the pulsar. For a nearly Roche-lobe filling
companion, this would be near the L1 point. We might therefore expect a minimum
near inferior conjunction (orbital phase 0.75), and, depending on inclination, a broad
peak roughly centered around superior conjunction (orbital phase 0.25). However,
the orbital motion would cause the Mach cone to be swept back, in which case a

broad enhancement after superior conjunction may result. The companion could

4See http://astro.phys.wvu.edu/XrayMSPs for a full list of sources and for parameters used to
calculate the luminosities in Figure 4.6.
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Figure 4.6: Luminosity versus spin-down energy loss rate E for 24 X-ray detected
MSPs. PSRs J0023+0923, J1124—3653, J1810+1744, J2215+5135, and J2256—1024
are shown as filled circles. Open circles represent all other Galactic MSPs from which
X-ray emission has been detected. Spin-down energy loss rates were calculated using
period derivatives that have been corrected for proper motion, and luminosities
were calculated using distances derived from parallax measurements, where possible.
PSRs J1023+0038 and B1957+20 are shown as stars for comparison. Luminosities
of all sources were converted to equivalent luminosities in the 0.3 — 8.0 keV range
using WebPIMMS. The line represents 0.1% efficiency.
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also obscure part of the shock near superior conjunction, causing an X-ray dip. The
duration and depth of the dip would depend on the ratio of the companion radius
to the intrabinary separation, as well as the inclination angle of the system. With
any of the above mechanisms, we would expect little if any change in the observed
spectrum of the shock. Extended X-ray emission due to the pulsar wind shocking
the interstellar medium has been detected from some MSP binary systems, and this
would also be expected to be steady.

For emission arising from an intrabinary shock, the angle subtended on the
pulsar’s sky by the companion determines the fraction of the wind involved in the
shock as well as affecting the X-ray light curve. If the companion is Roche-lobe
filling, this fraction depends only on the masses of the binary components, which
can be inferred from the timing modulo the inclination angle of the system. Modeling
of the optical lightcurve of the companion can constrain both the inclination angle
and the Roche-lobe filling factor of the companion. Breton et al. (2013) have made
optical studies of all of our sources except for PSR J1124—3653, and compare them
to PSR J10234-0038 and PSR B1957+4-20. All except PSR J00234-0923 and possibly
PSR J2256—1024 seem to be nearly filling their Roche-lobes. The radius of the
companion to PSR J0023+0923 may well be less than 2/3 its Roche-lobe radius, and
the diameter subtends only ~8°. PSR J2256—1024 subtends ~11°, PSR J1810+1744
~15°, and PSR J2215+5135 ~26°. All are viewed at moderate inclination angles
1 ~45° — 70°. Although we do not have optical information on PSR J1124—3653, if
it is nearly Roche-lobe filling as well, it would subtend ~15°.

We detect X-ray emission from all five observed MSP binary systems (PSRs
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J0023+0923, J1124—3653, J1810+1744, J2215+5135, and J2256—1024). None of
the pulsars show strong evidence for extended emission. In most cases, there is
strong evidence for non-thermal emission, with power-law indices ~1 — 2 consistent
with intrabinary shock emission, similar to what is seen in the modulated emission
from PSR B1957+20 and PSR J1023+0038 (Bogdanov et al. (2005), Bogdanov
et al. (2011)). While not well constrained given our low statistics, the ratio of
non-thermal to thermal flux from our sample seems to roughly scale with the solid
angle subtended by the companion. We also note that the X-ray luminosities for
our sources are comparable to other pulsars with similar spin-down energy loss rates
(see Figure 4.6 and Pavlov et al. 2007).

Two of the five pulsars show strong evidence for orbital modulation. PSR
J22154-5135 shows an X-ray dip for roughly a quarter of the orbit around the radio
eclipse. This is seen in both hard and soft lightcurves. Given the large angle
the companion subtends on the pulsar sky, we should expect comparatively more
intrabinary shock emission and a broader X-ray dip than the other sources, as well as
even longer radio eclipses, even at high frequencies. Observations at 2 GHz with the
Green Bank Telescope show it to be eclipsed for roughly 1/3 of the orbit . Similarly,
we see a dip in the X-ray lightcurve around the radio eclipse for PSR J2256—1024.
This dip is more pronounced in the hard lightcurve. We therefore conclude that the
power-law spectral components for these two pulsars are primarily due to intrabinary
shock emission. Another two of the five pulsars show marginal evidence for orbital
variability, with broadly sinusoidal lightcurves. For PSR J1124—3653, the emission
appears to peak around half an orbit after the radio eclipse, but comparing the
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beginning of the observation to the end also hints at orbit-to-orbit variability. This
could be due to intrabinary shock emission, though a longer observation is necessary
to further probe this. PSR J1810+1744 shows broad orbital variability around the
orbit, with possible orbit-to-orbit variations. Given the often chaotic nature of wind
shocks, this is only to be expected, as has been observed in both PSR B19574-20
and PSR J1023+40038.

The lightcurve of PSR J00234-0923 is nearly uniform, although due to the
small number of counts, it is hard to make any concrete conclusion about vari-
ability. However, it also shows no evidence for radio eclipses and no evidence for
emission above 2.5 keV. Given the companion’s small angular extent and apparent
under-filling of its Roche-lobe, meaning the surface material is much more strongly
gravitationally bound than for the Roche-lobe filling systems, any contribution from
shock emission is expected to be small.

We conclude that the emission from both PSRs J1124—3653 and J2256—1024
is likely due to a combination of thermal emission from the neutron star and power-
law emission from an intrabinary shock. The orbital modulation and high ratio
of power-law flux to blackbody flux seen in PSR J2215+5135’s X-ray emission is
consistent with being due primarily to an intrabinary shock. The temperatures and
power-law indices derived are consistent with previous fits to neutron star spectra.
For all three of these pulsars, a small magnetospheric contribution is also possible.
Further X-ray observations with better timing resolution are necessary to determine
this. Given the small number of counts for PSRs J0023+0923 and J1810+41744, it is

difficult to make conclusions on the origin of the X-ray emission. However, given the
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emission from PSR J0023+4-0923 seems likely to be predominantly thermal, it is likely
we are only seeing emission from the pulsar itself, with essentially no contribution
from a shock.

The small number of photons detected from all of these sources prohibits a
more detailed study or detailed geometrical modeling. However, in all cases the
emission is dominated by an unresolved source, and likely comes from within the
system with little or no contribution from an extended wind nebula. Therefore,
future studies covering multiple orbits with any of the current imaging X-ray tele-

scopes are highly desirable.
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Chapter 5

X-Ray Observations of Redback Pulsars
To be submitted to ApJ with co-authors Torres, R., Roberts, M. S. E., and

MecLaughlin, M. A.

5.1 Introduction

Of all the ways that pulsars can be characterized, perhaps the most useful,
and certainly the most ubiquitous, is to characterize them by their spin period.
This natually splits the pulsar population into two groups: “normal” or canonical
pulsars, which have spin periods 2 0.03 seconds, and millisecond pulsars (MSPs),
which have spin periods < 0.03 seconds (Lorimer & Kramer, 2005). The endeavor to
understand how these two groups of pulsars are phenomenologically connected has
resulted in the “recycling” theory of MSP formation, whereby the pulsar accretes
material from its companion and in the process gains angular momentum, which
serves to “spin up” the pulsar (Alpar et al., 1982).

This formation scenario assumes the existence of a companion, however, of the
347 MSPs currently known, 122 (or ~ 35%) do not have companions (Manchester
et al., 2005)'. This means that either these isolated MSPs were subjected to a dif-

ferent formation scenario (an assertion which does not have strong evidence behind

thttp://www.atnf.csiro.au/research /pulsar/psrcat
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it), or they have somehow lost their compnions by some process. One possible expla-
nation is that the millisecond pulsar lost its companion through stellar interactions.
Although this may be a viable explanation for a number of globular cluster pulsars
(Verbunt & Freire, 2014), it does not reasonably explain the 39 Galactic isolated
MSPs?.

The most promising explanation for these pulsars is that after the recycling
stage, the wind of the resulting MSP interacts with the companion star, ablating it
(Alpar et al., 1982; Ruderman et al., 1989). Evidence for the veracity of this scenario
includes the existence of binary pulsars in tight orbits around low-mass companions
(M¢min < 0.1Mg) that display radio eclipses (indicative of excess intrabinary ma-
terial). These pulsars, called “black widow” pulsars, are believed to be pulsars that
are currently in the process of ablating their companions, their small companion
masses suggesting they are relatively far along in the ablation process.

The first of these black widow pulsars, PSR B1957+20, showed the aforemen-
tioned phenomenology, along with significant pulse delays surrounding the radio
eclipse, further evidence of an abundance of intrabinary material (Fruchter et al.,
1990). These seminal radio observations led to follow-up observations in X-rays,
both with XMM-Newton (Huang & Becker, 2007) and Chandra (Stappers et al.,
2003; Huang et al., 2012). These observations showed not only a synchrotron source
coincident with PSR B1957+20’s position, but further analysis showed that this
source displayed peculiar spatial and temporal characteristics. First, the emission

proved to be quasi-sinusoidally modulated at the orbital period of the binary sys-

2See http://astro.phys.wvu.edu/GalacticMSPs/
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tem. Further, the emission showed a narrow local minimum at the pulsar’s superior
conjunction. These characteristics are not well described by occultation of X-rays
emitted by the pulsar itself, but they rather suggest a much broader emission region
closer to the companion star. This emission was therefore interpreted as resulting
from the pulsar wind shocking the surface of the nearly Roche-lobe filling companion
star (van Kerkwijk et al., 2011).

Another important piece of the MSP evolutionary timeline was uncovered with
the discovery of PSR J10234-0038, a system comprised of a MSP in orbit around
a companion with a mass of M., ~ 0.2M (Archibald et al., 2009, 2010). This
relatively large companion mass is incompatible with the description of black widow
pusars, though PSR J1023+0038 has many other characteristics that do fit the black
widow description. For example, in addition to its radio emission showing complete
eclipses coincident with the pulsar’s superior conjunction, its X-ray emission also
shows a decrease in flux coincident with superior conjunction. Additionally, its X-
ray spectrum is not well described by a purely thermal model, necessitating the
addition of a power law component which dominates the X-ray flux. Further, the
flux from the power law component is reduced both in general and with respect
to the thermal component at superior conjunction (Bogdanov et al., 2011). As the
inclination of the system is not particularly high (7 ~46°, see Archibald et al., 2009),
it follows that the bulk of the X-ray emission is not coming from the pulsar itself.
Rather, the emission region must be much closer to the companion star.

It is highly unlikely that the similarities this system shares with black widow
pulsars is a coincidence, although the orders-of-magnitude higher companion mass
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do indicate that PSR J10234-0038 is a distinct type of object. The most likely
explanation is that PSR J10234-0038 (and other sources like it) are closely related to
black widows, but have not progressed nearly as far in their evolution. An attractive
possibility is that these sources, called “redbacks”, are pulsars that have just recently
finished (or are in the process of finishing) their “recycling” phase, during which they
accrete material from their companion and spin-up. This possibility is exceptionally
well-evidenced by the fact that PSR J10234-0038 was, previous to its discovery as
a pulsar binary system, believed to contain an accretion disk (Bond et al., 2002;
Szkody et al., 2003).

We present the results from X-ray observations taken with XMM-Newton for
three of these “redback” systems: PSR J2215+5135, which has shown evidence for
orbitally modulated X-ray emission (Gentile et al., 2014), and PSRs J1622—0315

and J1908+2105.

5.2  Observations and Analysis

We observed PSRs J1622—0315, J19084-2105, and J2215+4-5135 for 20, 20, and
54 ks respectively, which represent 1.4, 1.6, and 3.6 orbits for each respective redback
system. The data were taken using the “Full Frame” mode for both the MOS and
PN detectors, which have time resolutions of 2.6 s and 73.4 ms respectively in this
mode. The data were then reduced using XMM-Newton’s Science Analysis System

(SAS)? in conjunction with the most recent Calibration files.

3See https://www.cosmos.esa.int/web/xmm-newton/what-is-sas for more details regarding the

SAS.
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In order to filter the data to exclude times that were affected by a flaring
particle background, we first created a region consisting of the entire chip containing
our source, excluding any point sources and chip edges. We then analyzed the
lightcurve for this region, and defined good time intervals to be those times in
which the emission from this region did not exceed the typical background emission.
This was done for each detector for each source.

Radio timing measurements put tight constraints on each of the sources’ posi-
tions, and each source showed a point source coincident with its corresponding radio
timing position, thus circular source regions were chosen to be centered on the radio
timing position with radii of 20”4. Background regions were then chosen to be an
annular region extending an additional 20” from the edge of the source region. In
some cases, the source was close enough to the edge of the chip so that the back-
ground region included part of an adjacent chip. In these instances, any part of the
background region that included another chip or a chip edge was excluded.

These source and background regions were then used in conjunction with
the filtered datasets to make lightcurves and spectra. In order to generate the
lightcurves, events between 0.2 and 10 keV in the source and background regions
were selected and barycentered, thereby generating raw source and background
lightcurves. These lightcurves were then corrected for a number of instrumental
effects with XMM-Newton’s epiclccorr command, which also performed the back-

ground subtraction. The background-subtracted lightcurves from all three detectors

4This was chosen to reflect XMM-Newton’s point spread function. For details, see
https://heasarc.nasa.gov/docs/xmm/uhb/onaxisxraypsf.html.
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Figure 5.1: Count rate versus orbital phase and spectral fit for PSR J1622—0315.
Black, red, and green spectral data points are taken from XMM-Newton’s MOSI,
MOS2, and PN detectors respectively, and the best fit model is overlaid in similarly
colored lines. Error bars on both plots represent 1-o errors. Fit parameters are
summarized in Table 5.2.

were then combined and folded with HEASARC’s efold command. As in other
analyses, an orbital phase of 0.25 corresponds to the superior conjunction of the
system.

To generate spectra, we similarly used the source and background regions
described above not only to select events from which to generate raw source and
background spectra, but also to quantify areas for these regions that are corrected

for bad pixels and chip gaps. These source and background spectra were then used
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to generate redistribution matrix files and ancillary response files.

These spectra could then be fit with xspec, however it was first necessary
to determine a reasonable estimate of the neutral Hydrogen (nH) column density
along the line of sight to each source. Giiver & Ozel (2009) find that the nH column
density can be estimated given a measurement of the optical extinction Ay along a

given line of sight using the following expression:

nH = 2.21 x 10** Ay, (5.1)

2

where nH is in cm™, and Ay is in magnitudes. The optical extinction can be

determined from the B—V color excess, Fp_y, using the relation (Schultz & Wiemer,

1975)

Ay = 3.14F5 v (5.2)

Using the Milky Way dust model found in Green et al. (2015)°, we were able to
determine Ep_y values (and therefore initial nH values) for all of our sources. As
the spectral fits were not able to tightly constrain the nH values, we held them fixed
in all spectral fits.

We then fit each source with four spectral models: a power-law model, a black-
body model, a neutron star atmosphere (NSA) thermal emission model (described
in Zavlin et al., 1996), and a combined blackbody/power-law model. A surface

magnetic field strength of either 0, 10'2, or 10'® G must be fixed to perform spec-

®This model can be queried for specific lines of sight using http://argonaut.skymaps.info/query
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Figure 5.2: Same as Figure 5.1, but for PSR J1908+2105.

tral fits with the NSA model, and as MSPs typically have surface magnetic field
strengths of ~ 10® G, we chose to perform the NSA spectral fits with a magnetic
field strength of 0 G. Further, we fixed the neutron star mass and radius at 1.4 M
and 10 km respectively. For the combined model, it was not always possible to fit for
blackbody temperature or power-law index. We therefore fixed these values at 150
eV and 1.5 respectively where necessary (see Table 5.2 for details.) Additionally,
since the unabsorbed fluxes from the fits performed with the combined model were
dominated by the power-law component, it was not always possible to constrain the

unabsorbed flux from the blackbody component. In these cases, we do not report a
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blackbody flux. In the cases where spectra could be fit with multiple models which
each yielded physically reasonable best fit parameters, we determined the preferred
model using the F-test, which is a model comparison test to determine which of two

competing models best characterizes a data set (Press et al., 1989).

Table 5.1: Timing and X-ray Properties

Name P logioE DM nH D Pory  Mcemin Tobs MJIDps
PSR (ms) (ergs™!) (pcem™3) 1020 cm=2  (kpc) (hr) (Mp) (ks)
J1622—0315 3.85 33.9 21.4 15.0 1.1 3.9 0.10 20.9 57817
J1908+4-2105  2.56 34.5 61.9 51.0 3.2 3.5 0.06 20.9 58017
J22154+-5135  2.61 34.7 69.2 21.4 3.0 4.2 0.22 53.8  57921-57922

Note. — Timing and X-ray properties of the three redbacks included in this analysis, including
the pulsar spin period (P), the logarithm of the spin-down energy loss rate (log1oE), dispersion
measure (DM), neutral Hydrogen column density along the line of sight to the source (nH), distance
to the pulsar (D), orbital period of the binary system (P,;), minimum companion mass (M¢ . ),
total X-ray observation duration (Typs), and MJID of the observation (MJD,ps). Due to the low
background-subtracted count rates, nH is estimated from optical extinction (see Section 5.2) and
held fixed for each source. Distances are estimated from the DM using the Cordes & Lazio (2002)
model for the Galactic electron density.
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Table 5.2: Spectral Fit Parameters

Name kT r log10F% log1o L. € Blackbody Flux Power-Law Flux x?/ DOF
PSR (eV) (ergs™t em™2)  (ergs™!)  (107°%) (107 ergs ' em™2) (107 ergs™! cm—2)
Power-law Fit
J1622—-0315 2.0+0.3 —13.55+0.07 30.61 +£0.07 20 10.8/16
J1908+2105 1.3+0.5 —13.54+0.1 31.54 £+ 0.09 110 8.0/16
J2215+5135 1.28+0.07 —12.97+0.02 32.06 4+ 0.02 230 34.0/49
Blackbody Fit
J1622—-0315 360 % 60 —13.90 £ 0.07  30.26 + 0.06 20 11.2/16
J1908+2105 1200 % 300 —13.7£0.1 31.35+0.09 80 9.5/16
J2215+5135 780+ 30 —13.25+0.02 31.78 £ 0.02 120 138.9/49
NSA Fit
J1622—0315 290 + 70 —13.86 £ 0.07  30.30 + 0.06 20 10.7/16
J1908+2105 900 £ 600 —13.7+£0.1 31.41 +0.09 70 9.5/16
J2215+5135 760 + 50 —13.194+0.02 31.85+0.02 140 111.9/49
Combined Fit
J1622—0315 150 2.0+£0.7 —13.55+0.07 30.61 +£0.07 50 —13.55 +£0.07 10.8/16
J1908+2105 150 1.5 —13.5+0.1 31.55 £+ 0.09 110 —13.6 + 0.1 8.2/16
J2215+5135 260 + 50 1.0+0.2 —12.94+0.02 32.09 £+ 0.02 250 —14.044+0.7 —12.98 £0.2 30.7/47
Note. — Spectral properties of the three redbacks included in this analysis, including the

temperature (kT), power-law index (T'), the unabsorbed flux (F,,), the logarithm of the 0.2-10 keV
luminosity (logipLy), the 0.2-10 keV efficiency (¢), and the ratio of the x? value to the degrees of
freedom (DOF) for each fit. The very low x? values obtained suggest the fits to be overdetermined.
Where possible, we also quote the contributions to the unabsorbed flux from each component of
the combined blackbody/power-law fit. All fits were performed using XSPEC. All sources were
fit with four separate models: a power-law model, a blackbody model, a neutron star atmosphere
(NSA) model, and a combined model with both power-law and blackbody components. The results
of all four fits are shown. For the combined fits, values without errors were held constant.



5.3 Results

5.3.1 PSR J1622—-0315

Although the lowest count rate in the lightcurve of PSR J1622—0315 does
occur near superior conjunction, it does not show clear orbital variation overall. We
note that the bin in the lightcurve with the lowest count rate has a negative value,
which points to background subtraction issues, and therefore further observations
with better data quality may more clearly establish the presence or absence of orbital
variability.

PSR J1622—0315’s spectrum shows hard X-ray emission that is not described
well by thermal models with typical neutron star temperatures. We therefore reject
the blackbody and NSA models. Because remaining models (the power-law model
and the combined blackbody and power-law model) provide similar fits, and since
the combined fit assumes a neutron star temperature of 150 eV, we prefer the power-
law fit, as it makes fewer assumptions. This preference is further given credence by
the fact that the combined fit indicates that almost all of the X-ray flux comes from

the power-law component of the model.

5.3.2 PSR J1908+2105

The lightcurve of PSR J19084-2105 is incomplete, as excluding times affected
by background flares meant that certain parts of the orbit were entirely removed
from the analysis. From the remaining data, there does appear to be broad or-
bital variation, although we do not see a minimum near superior conjunction as
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Figure 5.3: Same as Figure 5.1, but for PSR J2215+5135. The blue curve plotted
on the lightcurve is the best fit model. See text for details.

may be expected from such a system. Further, we again note the existence of or-
bital phase bins with negative count rates, which, as with PSR J1622—0315, is
indicative of background subtraction issues. Therefore, further observations would
be needed to definitively characterize any orbital variability of PSR J19084-2105’s
X-ray lightcurve.

As with PSR J1622—0315, PSR J1908+-2105’s spectrum contains significant
hard X-ray emission, and is consequently poorly described by a purely thermal
model, as both the blackbody and NSA fits yield temperatures far higher than

expected for neutron stars. We also note that even though we were not able to
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constrain temperature or power-law index in the combined fit, we were able to char-
acterize the ratio of blackbody flux to power-law flux, the latter of which comprises
nearly all of PSR J1908+4-2105’s X-ray flux. We therefore prefer the power-law model

for PSR J1908+2105’s spectrum.

5.3.3 PSR J2215+5135

PSR J2215+45135’s lightcurve is clearly non-uniform, and displays many char-
acteristics consistent with X-ray observations of black widows and redbacks: a mini-
mum near superior conjunction, and enhanced emission features away from superior
conjunction. In the case of PSR J2215+45135, we see two clear peaks of emission,
and a deep minimum in between. To further quantify these characteristics, we fit the
lightcurve to a model consisting of two gaussians. From these fits, we see that the
two components that make up the lightcurve are indeed well-described as gaussian.
These components have comparable heights and are separated in phase by ~ 0.42
rotations. One stark difference between these components is their widths, with the
wider of the components being ~ 3 times wider than the narrower component. It is
also interesting to view this lightcurve model as the line of sight cuts through the
orbital plane (see Figure 5.4). From this, it is easy to see the apparent asymmetry
in the lightcurve.

As with the other sources we observed, PSR J2215+5135’s spectrum is not
fit well by a purely thermal model as the resultant fits return high y? values and

unreasonably high temperatures. The combined fit returns a relatively high tem-
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perature, yet still yields a nonthermal flux that is more than an order of magnitude
greater than the thermal flux. Though this fit appears to be reasonable, the F-test

does not prefer it to the pure power-law fit.

Table 5.3: PSR J2215+5135 X-Ray Lightcurve Model Parameters

Component Height Center FWHM
(Cts/s) (Phase) (Phase)

1 1.50£ 0.05 0.5504 0.008 0.46+ 0.02

2 1.614+ 0.09 0.972+ 0.004 0.15% 0.01

Note. — Parameters resulting from fitting the X-Ray lightcurve of PSR J22154-5135 to a two
Gaussian component model (See Figure 5.3).

5.4  Discussion

We have presented the X-ray detection (or re-detection) of three redback pul-
sars. Such detections in these kinds of systems are not unexpected. Indeed, pulsars
possess temperatures high enough to produce blackbody emission in the X-rays,
and the pulsar magnetosphere’s outer gap (see Chapter 1) is expected to produce
X-ray emission via synchrotron radiation. The former may be unmodulated or, in
the presence of a heated polar cap, modulated, while the latter would similarly be
modulated. These potential sources of modulated emission, however, both origi-
nate from regions that co-rotate with the pulsar, and therefore are expected to be
modulated at the spin period of the pulsar®.

We have presented X-ray emission that is modulated on a much longer timescale:

SFurther, the maximum time resolution available in the mode with which the data were taken
(as described in Section 5.2) is much longer than our sources’ spin periods, thus we would not be
sensitive to these modulations in any case.
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at the period of the orbit of the binary system. This would indicate emission that
is caused by an orbital interaction, and the characteristics of the orbit (an object
with a powerful wind closely orbiting its companion) suggest the pulsar wind is
interacting with the companion in an intrabinary shock.

The geometry of this shock is difficult to determine, although modeling the
lightcurve of PSR, J2215+4-5135 provides some insight. If the modulation of the X-ray
emission was due to obscuration by the companion alone, we would expect an X-ray
minimum near superior conjunction. While we do see such a minimum, we also note
the existence of a second minimum near inferior conjunction.

We therefore conclude that the emission itself is inherently non-uniform. Char-
acterizing that non-uniformity, though, would require a clearer description of the
companion star (for example, optical measurements would be able to constrain how
much of its Roche lobe it is filling and how efficient the pulsar wind/companion
interaction is via companion star surface temperature fluctuation measurements),
and deeper X-ray observations to more precisely characterize the X-ray lightcurves,

especially for PSRs J1622—0315 and J1908+-2105.
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Figure 5.4: PSR J2215+5135’s best fit model lightcurve plotted in polar coordinates.
In this figure, the black dot represents the neutron star, the yellow star represents
the companion star, the angle represents the orbital phase at which the observer
would observe the system in a given configuration, and the blue curve represents
the X-ray intensity the observer would detect according the model where the line
being farther from the origin represents a stronger intensity. For example, superior
conjunction occurs at an orbital phase of 0.25 when the companion star is between
the neutron star and the observer, and we see the model predicts a low X-ray
intensity, as reflected by the observed lightcurve shown in Figure 5.3.

151



Chapter 5
Conclusions

5.1 Pulsar Polarization and Receiver Modeling

In Chapter 3, we described the implementation of a new method of polarimetric
calibration, where short (~ 30 minute) observations of “standard sources” could be
used to generate a full receiver solution. To implement this method, we used two
of the brightest and most well-studied pulsars (PSRs J171340747 and B1937+21)
as “standard sources”, which allowed us to calibrate the full NANOGrav dataset
observed with the Arecibo telescope.

One result from this analysis was the polarization profiles themselves, a dataset
which is the most sensitive to date. For many sources, this dataset included polar-
ization profiles taken at multiple observing frequencies, providing insight as to the
frequency evolution of the pulsar emission and therefore the mechanisms underlying
it.

The sensitivity of this dataset also enabled the detection of faint profile features
such as bridges of emission and profile components with intensities ~ 100 times
smaller than the total intensity peak (called “microcomponents”). These detections
can place tight constraints on the spin and emission geometries of the pulsars for
which they have been detected. Further, the fact that these features were detected

in the brightest sources raises the exciting possibility that they are not as rare
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as they may initially seem, and the advance of radio telescope sensitivities and
pulsar observation techniques may bring with them the emergence of more previously
undetectably faint profile features. The corollary to this is that we may eventually
be able to detect MSPs using only their microcomponents, enabling the detection
of all MSPs which have them. This therefore would make the development of radio
telescopes the limiting factor to MSP detections, rather than characteristics inherent
to the MSP, such as duty cycle.

We also were able to use the considerable bandwidth of Arecibo’s L-wide and
S-wide receivers to measure RMs via Faraday rotation. For the sources which were
observed with both receivers, we were able to independently measure the RMs at
each observing frequency and found such measurements to be broadly consistent.
As the DMs of all these sources have been precisely determined, we were also able to
use these measurements to determine the average Galactic magnetic field strength
along the line of sight for each source. We found these values to be consistent with
other, more detailed studies of the Galactic magnetic field.

Finally, since the calibration procedure employed in this work made it possi-
ble to generate a polarimetric response for Arecibo’s L-wide and S-wide receivers
at each epoch for which PSRs J17134+0747 and B1937+421 were observed, we were
then able to determine that the polarimetric responses of these two receivers vary
with time. This challenges the implicit assumption underlying conventional calibra-
tion strategies of a static polarimetric response and therefore indicates that such
calibration strategies may not be adequate.

This analysis is far from complete, as it possesses a number of limitations both
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intrinsically and extrinsically. For example, the procedure assumes the profiles of
the standard sources are perfectly calibrated. This is almost certainly not correct
for our dataset, as the polarimetric responses that were used to initially calibrate
the standard sources were made using data collected a number of days prior to the
standard source data to be calibrated. Since the polarimetric response of the receiver
changes with time, this will undoubtedly introduce some error into the process!.

Further, this work does not take into account the possibility that the param-
eters that govern the polarimetric response of a telescope change with respect to
the parallactic angle on the sky. Since this has not been well-studied, its potential
effects are unknown, however, if such a consideration is important, one might expect
it to be especially so with a telescope such as Arecibo, where a different region of
the dish is illuminated with respect to position on the sky.

Some of these limitations, such as the imperfect calibration of our standard
sources, can be mitigated. Others, such as the possible variation of the parameters
that govern the polarimetric response with parallactic angle, are shared by more
conventional calibration strategies. As a result, using pulsars as standard sources
may become the preferred method for polarimetric calibration for all astronomers
observing sources at frequencies at which pulsars are bright.

This would have benefits for observers using the telescope, as it would allow
a faster method for calibration, allowing observers who are unwilling or unable to

spend observing time generating a polarimetric response using conventional meth-

'Though, as in Chapter 3, we stress the unlikeliness that these errors would be comparable
to the errors that would be present if we did not use this procedure and instead assumed the
polarimetric response of the receiver to be stable over time.
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ods to calibrate their data nonetheless. Additionally, with the adoption of using
pulsars as standard sources would come the ability to characterize the behavior of
the polarimetric response with time. Depending on this characterization, it may
be possible to interpolate a new polarimetric response from ones that have been
measured, enabling observers who could not observe a standard source? to calibrate
their data nevertheless.

It would also have benefits for the pulsar timing community, as it would mean
that observers who may not have an interest in observing pulsars would now be
helping to generate a potentially large amount of data on some of the brightest
MSPs available. This would aid not only in the search for gravitational waves, but

also in the investigation of the timing noise, DM variations, and flux variations.

5.2 Spider Pulsars

In Chapters 4 and 5, we presented X-ray detections of black widow and redback
pulsars: fast-spinning MSPs thought to be ablating their companions, likely though
the interaction of the pulsar wind with the companion. In addition to mass loss of
the companion, this interaction is also able to produce intrabinary shock emission.

For a significant fraction of these sources, we detected hard, non-thermal X-
rays. Though this could be explained through normal pulsar emission (that is, syn-
chrotron emission emanating from the magnetospheric outer gap), the modulation
of this emission with orbital phase proves this emission to be both non-thermal and

non-magnetospheric. Thus, the likely explanation is the aforementioned intrabinary

2Tf, for example, the source had set.
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shock emission.

Interestingly, we first detected one source (PSR J2215+5135) with a relatively
short observation with the Chandra X-Ray Observatory. These observations showed
the most promising potential for deeper observations to provide more insight into
the modulated X-ray emission. Those deeper observations were then performed with
XMM-Newton, where it was observed for over three full orbits of the binary system.

These deeper observations provided the desired increased sensitivity and with
it, the anticipated orbital phenomenology. This phenomenology provided insight
into the geometry of the modulated X-ray emission, which is inconsistent with a
uniformly emitting region being occulted by the companion star.

X-ray observations of these exotic systems are exciting in their own right, but
a motivation for them is to be able to characterize the mass loss of the system
and in doing so, the process by which fast-spinning MSPs are formed. An essential
component of this process is of course the companion star, therefore, this endeavor
is aided by a deeper characterization of the companion star. While the future of our
understanding of spider pulsars likely lies primarily with the discovery of more of
them?, the systems presented here can provide more insight into the phenomenology
of spider pulsar systems through characterization of their companions.

Additional radio observations of these systems could help us describe the in-
trabinary environment. Long-term timing campaigns could reveal changes in the
companion’s mass, although such a measurement would be difficult, as measuring

companion mass is a difficult endeavor through normal pulsar timing, and the com-

3Which is excitingly non-hypothetical!
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plex nature of these systems makes them even more difficult to accurately time. A
more straightforward analysis would be to measure the orbital dependence of the
pulsar’s dispersion measure, providing a measurement of the material in the bi-
nary system. Precise polarimetric calibration would also facilitate the measurement
of RM variations with orbital phase, and thereby probe the magnetic field of the
companion star.

An optical characterization of black widow and redback companions would
be fruitful, as it would allow us to characterize the shock region in a different way:
orbital variations of the optical properties of the companions would let us character-
ize the phenomenology of the companion star, and temperature differences between
the day side (i.e., the side of the companion facing the pulsar) and the night side
(i.e., the side of the companion facing away from the pulsar) would provide insight
into the interaction between the pulsar wind and its companion, as this interaction
would be responsible for such a difference.

In this thesis, I have described the implementation of a new calibration tech-
nique, the detection of pulse microcomponents, and the phenomenology of sider
pulsar systems at X-ray energies. The next ten years are likely to see the implemen-
tation of this calibration scheme, or one like it, at many observatories performing
radio pulsar observations. In that time, searches for pulsars are likely to uncover
many more of these spider systems, the study of which will help characterize the
mechanisms of their mass loss, including the overall companion mass loss rate. This
will allow us to constrain the binary MSP to isolated MSP evolution timescale and

can even help to constrain the upper limit on the pulsar recycling process. Further,
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as radio telescope technology improves, the existence of pulse microcomponents
means pulsar searches will be able to detect MSPs even if their brightest emission
beams do not cross our line of sight. Thus newly discovered MSPs will not neces-
sarily be found farther away in the galaxy but may instead be discovered relatively
nearby, creating the possibility of detecting nearby exotic systems like spider pulsar

systems
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Appendix A

Polarization Profiles of the NANOGrav Arecibo Dataset
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J0023+0923 1.4 GHz Eulse Profile
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Figure A.1: Polarization profile of PSR J00234-0923 at 1.4 GHz. The top panel
shows Position Angle (P.A.) in degrees, which is plotted twice for clarity. The
middle panel shows the full polarization profile, that is, intensity versus pulsar spin
phase. The profile is roughly aligned with the center of the on-pulse region. Total
intensity is plotted in black, linear polarization in red and circular polarization in
blue. The bottom panel is the same as the middle panel, except zoomed vertically
to show any possible microcomponents in more detail. All panels are phase-aligned.
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J‘0023+0923 430 MHz Eulse Profilg
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Figure A.2: Same as Figure A.1, for PSR J0023+0923 at 430 MHz.
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jOO30+Q45} 1.4 GHZ Rulse Profilg
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Figure A.3: Same as Figure A.1, for PSR J0030+0451 at 1.4 GHz.
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J‘0030+Q45‘1 430 MHz Eulse Profilg
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Figure A.4: Same as Figure A.1, for PSR J0030+0451 at 430 MHz.
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J‘1022+100‘1 430 MHz Eulse Profilg
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Figure A.5: Same as Figure A.1, for PSR J1022+1001 at 430 MHz.
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jl453+1902 2.1 GHz Rulge Prgfilg
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Figure A.6: Same as Figure A.1, for PSR J1453+1902 at 2.1 GHz.
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jl453+1'902 1.4 GHZ Ffulse Profilg
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Figure A.7: Same as Figure A.1, for PSR J1453+1902 at 1.4 GHz.
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J‘1453+190‘2 430 MHz Eulse Profilg
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Figure A.8: Same as Figure A.1, for PSR J1453+1902 at 430 MHz.
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]1640+2224 1.4 GHz Ru!se Profilg '
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Figure A.9: Same as Figure A.1, for PSR J1640+2224 at 1.4 GHz.
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‘J‘16.40+2224 430 MHz Eulse Profilg
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Figure A.10: Same as Figure A.1, for PSR J1640+2224 at 430 MHz.
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jl709+2313 1.4 GHz Rulse Profilg
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Figure A.11: Same as Figure A.1, for PSR J1709+4-2313 at 1.4 GHz.
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jl713+0747 2.1 GHz Rulse Profilg
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Figure A.12: Same as Figure A.1, for PSR J17134-0747 at 2.1 GHz.
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J1713+0747 1.4 GHz Pulse Profile
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Figure A.13: Same as Figure A.1, for PSR J171340747 at 1.4 GHz.
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Figure A.14: Same as Figure A.1, for PSR J17384-0333 at 2.1 GHz.
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11738-!-0333 1.4 GHz Rulse Profilg .
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Figure A.15: Same as Figure A.1, for PSR J17384-0333 at 1.4 GHz.
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J1741+1351 2.1 GHz Pulse Profile
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Figure A.16: Same as Figure A.1, for PSR J174141351 at 2.1 GHz.
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. jl741+1351 1.4 GHz.FfuIse Profile ‘
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Figure A.17: Same as Figure A.1, for PSR J174141351 at 1.4 GHz.
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J1853+1303 1.4 GHz Pulse Profile
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Figure A.19: Same as Figure A.1, for PSR J1853+4-1303 at 1.4 GHz.
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J‘1853+1.303 430 MHz Eulse Profilg
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Figure A.20: Same as Figure A.1, for PSR J1853+41303 at 430 MHz.

179



B1855+09 1.4 GHz Pulse Profile.
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Figure A.21: Same as Figure A.1, for PSR B18554-09 at 1.4 GHz.

180



‘81855+09"430 MHz Pylse Profile‘ ]
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Figure A.22: Same as Figure A.1, for PSR B1855+409 at 430 MHz.
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] jl903+0327 2.1 GHz Rulse Profilem
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Figure A.23: Same as Figure A.1, for PSR J19034-0327 at 2.1 GHz.
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j;903+032] 1.4 GHz Rulse Profilg
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Figure A.24: Same as Figure A.1, for PSR J19034-0327 at 1.4 GHz.
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Figure A.25: Same as Figure A.1, for PSR J191041256 at 2.1 GHz.
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Figure A.26: Same as Figure A.1, for PSR J191041256 at 1.4 GHz.
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Figure A.27: Same as Figure A.1, for PSR J1911+41347 at 2.1 GHz.
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J1911+1347 1 4 GHz Pulse Profile
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Figure A.28: Same as Figure A.1, for PSR J1911+41347 at 1.4 GHz.
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Figure A.29: Same as Figure A.1, for PSR J1911+1347 at 430 MHz.
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Figure A.30: Same as Figure A.1, for PSR J1923+4-2515 at 1.4 GHz.
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J‘1923+2515 430 MHz Eulse Profilg
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Figure A.31: Same as Figure A.1, for PSR J1923+2515 at 430 MHz.
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Figure A.32: Same as Figure A.1, for PSR B1937+421 at 2.1 GHz.
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B1937+21 1.4 GHz Pulse Profile
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Figure A.33: Same as Figure A.1, for PSR B1937+421 at 1.4 GHz.
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jl944+0907 2.1 GHz Ffulse. Profilg
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Figure A.34: Same as Figure A.1, for PSR J19444-0907 at 2.1 GHz.
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J1944+0907 1.4 GHz Pulse Profile
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Figure A.35: Same as Figure A.1, for PSR J19444-0907 at 1.4 GHz.
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J‘1944+090‘7 430 MHz Eulse Profilg
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Figure A.36: Same as Figure A.1, for PSR J1944+0907 at 430 MHz.
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Figure A.37: Same as Figure A.1, for PSR J1949+4-3106 at 2.1 GHz.
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Figure A.38: Same as Figure A.1, for PSR J1949+4-3106 at 1.4 GHz.
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Figure A.39: Same as Figure A.1, for PSR B19534-29 at 1.4 GHz.
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Figure A.40: Same as Figure A.1, for PSR J1955+4-2527 at 1.4 GHz.
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Figure A.41: Same as Figure A.1, for PSR J20174-0603 at 2.1 GHz.
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12017+Q§03 1.4 GHz Rulse Profilg
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Figure A.42: Same as Figure A.1, for PSR J20174-0603 at 1.4 GHz.

201



J‘2'017+0603 430 MHz Eulse. Profilg i

“ .. . . ..
250’. L . * . * ° e . e ot
. . . . o .. . *
. .
o ° . . . - % e’ .
200F . L., .
o® . . % o .
. PR . & . . * o .
] * . ° L4 o °
. . . -
“~—~ 150}« . . ® . 00.‘ . i
0 T o
O . S . ce ® .0.‘ . o
— . . . . 3 .
O 100 * A ‘et . & o® ’.' . .
9] S . . e
o . * . L 4
N— 50 . .. * .
= -
< r .
a . o M
) * ¢ . * o .
. . .
O R . . . o ° ‘
. 3 L ° F) . -
.o . . o, . .
. . ., e . .
—50’. . .o . & .°’ ° ce ® .0“‘. . L4
. . . o o o« e - .
A Y . , e .
£y
—_
>
B
N
X
=)
L
—_~
>
B
~
X
=
[T

Figure A.43: Same as Figure A.1, for PSR J2017+0603 at 430 MHz.
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Figure A.44: Same as Figure A.1, for PSR J2019+4-2425 at 1.4 GHz.
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J‘2033+.173‘4 1.4 GHz Rulse Profilg
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Figure A.45: Same as Figure A.1, for PSR J2033+41734 at 1.4 GHz.
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Figure A.46: Same as Figure A.1, for PSR J2033+1734 at 430 MHz.
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Figure A.47: Same as Figure A.1, for PSR J2043+41711 at 1.4 GHz.
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Figure A.48: Same as Figure A.1, for PSR J2043+1711 at 430 MHz.
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J2214+3000 2. 1 GHz Pulse Proflle

Figure A.49: Same as Figure A.1, for PSR J22144-3000 at 2.1 GHz.
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j2214+30QO 1.4 GHz Rulse Profilg
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Figure A.50: Same as Figure A.1, for PSR J22144-3000 at 1.4 GHz.
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_ 12229+2643 1.4 GHz Rulse Profilg
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Figure A.51: Same as Figure A.1, for PSR J2229+4-2643 at 1.4 GHz.
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Figure A.52: Same as Figure A.1, for PSR J2229+2643 at 430 MHz.
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' 12234+061; 1.4 GHz Rulse Profilg
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Figure A.53: Same as Figure A.1, for PSR J22344-0611 at 1.4 GHz.
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j2234+094f1 2.1 ‘GH‘Z Pglse Profilg
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Figure A.54: Same as Figure A.1, for PSR J2234+4-0944 at 2.1 GHz.
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j2234+0944 1.4 GHz Rulse Profilg
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Figure A.55: Same as Figure A.1, for PSR J2234+4-0944 at 1.4 GHz.
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J2234+0944 430 MHz Pulse Profile
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Figure A.56: Same as Figure A.1, for PSR J2234+0944 at 430 MHz.
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. j2317ﬂ-1439 1.4 GHz Rulse Profilg
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Figure A.57: Same as Figure A.1, for PSR J2317+41439 at 1.4 GHz.
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Figure A.58: Same as Figure A.1, for PSR J2317+1439 at 430 MHz.
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