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Abstract

The dynamic radio sky is full of fast radio transients that produce emission on
timescales ranging from nanoseconds to seconds. The two classes of fast radio
transients studied in this thesis are pulsars and fast radio bursts (FRBs). Pulsars
are highly magnetized, rotating neutron stars that produce pulses of electromagnetic
radiation as a result of charged particles being accelerated along magnetic field lines.
FRBs are short-duration, transient radio pulses with extragalactic origins, but the
nature of their progenitors still remains a mystery. The extremely high brightness
temperatures of pulsars and FRBs indicate that their emission is produced by co-
herent radiation mechanisms. Bright radio bursts from an extragalactic population
of active magnetars (neutron stars with extraordinarily large magnetic fields) may
account for at least some fraction of the observed cosmological FRBs. This is
supported by the recent detection of a bright, millisecond-duration radio burst, with
a fluence of ~1.5 MJy ms, from the Galactic magnetar SGR 1935+2154 [59, 523].

Although the focus of this thesis is centered around pulsars and FRBs, I cover
a broad range of topics, including (1) the emission behavior of radio magnetars,
rotation-powered radio pulsars, and repeating FRBs, (2) the development of novel,
state-of-the-art algorithms for pulsar searching, (3) a new, sensitive search for pulsars
toward the Galactic Center (GC), and (4) the X-ray behavior of wind-accreting
high-mass X-ray binaries (HMXBs) displaying superorbital modulation. In this
thesis, I explore the emission properties of several radio magnetars in the radio and
X-ray bands using the NASA Deep Space Network (DSN) radio telescopes and the
NICER X-ray telescope. I also study the emission behavior of two repeating FRBs,
FRB 121102 and FRB 180916.J0158+65 (also referred to as FRB 20121102A
and FRB 20180916B, respectively), at high radio frequencies using the DSN’s
70 m radio telescopes. In particular, I show that there is a phenomenological link
between the radio pulses observed from radio magnetars and repeating FRB sources.
I also describe two novel pulsar search algorithms that have been developed to
coherently search for accelerated pulsars in Keplerian orbits. In addition, I describe
a new, ongoing survey of the GC region that is being carried out at high radio
frequencies to search for GC pulsars using the 70 m DSN radio telescope (DSS-43)
in Tidbinbilla, Australia. Lastly, I present the results of a pulsar timing analysis of the
wind-accreting HMXB, IGR J16493-4348, which displays a 20.06 day superorbital

period of unknown origin.
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In Chapter 1, I review some of the essential concepts in radio astronomy and sum-
marize the important properties of pulsars, magnetars, and FRBs that are relevant
for this thesis. An overview of the DSN’s radio telescopes and the data analysis
pipelines used to analyze the radio observations from the DSN is provided in Chap-
ter 2. In Chapter 2, I also describe a novel time-domain based infinite impulse
response (IIR) filtering algorithm that I independently developed to remove peri-
odic radio frequency interference (RFI). This algorithm is capable of recovering an
underlying astrophysical signal when other strong, undesired periodic signals are
present in the data, without significantly impacting the quality of the astrophysical
signal of interest. I demonstrate the effectiveness of this IIR filtering algorithm
using simulated data and real pulsar data from the DSN. I also describe its potential

usefulness in other areas of time-domain astronomy.

Chapters 3-5 describe the results from several magnetar-related studies performed
using the DSN radio telescopes and the NICER X-ray telescope. In Chapter 3,
I present an analysis of simultaneous high frequency radio observations of the
transitional magnetar candidate, PSR J1119-6127, at 2.3 and 8.4 GHz with the 70 m
DSN radio telescope, DSS-43, following an X-ray outburst in 2016 when the pulsar
displayed unusual magnetar-like behavior. PSR J1119-6127 is a high magnetic field
(Bourf = 4.1 x 103 G) radio pulsar, with a rotational period of Py, =0.41's, which
had previously only shown behavior similar to other normal radio pulsars. These
radio observations of PSR J1119-6127 with DSS-43 demonstrate that there is a
smooth transition between the behavior observed from normal radio pulsars and
magnetars. Moreover, these observations also help to bridge the gap between these

different classes of neutron stars.

In Chapter 4, 1 present results from an analysis of radio single pulses from the
GC magnetar, PSR J1745-2900, which has a projected distance of 0.1 pc from
Sgr A*. 1 found that many of PSR J1745-2900’s single pulse emission compo-
nents display significant frequency structure over bandwidths of ~100 MHz, which
is the first observation of such behavior from a radio magnetar. Similar behavior
has been observed in the radio spectra of bursts from repeating FRB sources, such
as FRB 121102. While the luminosities of radio bursts from FRB 121102 are a
factor of ~1019 larger than the burst luminosities observed from PSR J1745-2900,
the spectral properties of the emission from these two classes of objects are re-
markably similar. These observations also show that the pulse broadening observed

from PSR J1745-2900 is highly variable between different single pulse emission
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components. This behavior cannot be explained by a thin scattering screen at dis-
tances > 1 kpc. At 8.4 GHz, we measure a characteristic single pulse broadening
timescale of (77) =6.9 £ 0.2 ms, which is more than an order of magnitude larger
than previously reported values. This suggests that the temporal broadening ob-

served along the line of sight may substantially change with time.

Chapter 5 describes results from simultaneous radio and X-ray observations of
the radio magnetar XTE J1810-197, using the DSN’s 34 m radio telescopes in
Canberra, Australia and the NICER X-ray telescope, after the magnetar’s radio
reactivation in 2018. Bright, persistent individual X-ray pulses were discovered
from XTE J1810-197, and these X-ray pulses were detected during virtually every
rotation of the neutron star. Similar behavior has only been previously observed from
a magnetar during short time periods following a giant flare. However, these X-ray
pulses were detected outside of a flaring state. They are less energetic and display
temporal structure that differs from the impulsive X-ray events previously observed
from the magnetar class, such as giant flares. These simultaneous radio and X-ray
observations also demonstrate that the relative alignment between the magnetar’s
X-ray and radio pulses varies on rotational timescales. The magnetar’s 8.3 GHz
radio pulses also display frequency structure, which was not observed in the pulses
detected simultaneously at 31.9 GHz. Many of the magnetar’s radio pulses were
also not detected simultaneously at both of these radio frequencies. This indicates
that the underlying emission mechanism producing these pulses is not broadband.
The radio bursts detected from XTE J1810-197 display similar spectral properties
to radio bursts observed from repeating FRB sources, making it the second Galactic

radio magnetar to exhibit such behavior.

Chapters 6 and 7 describe results from long-term multiwavelength radio monitoring
observations of two repeating FRB sources, FRB 121102 and

FRB 180916.J0158+65, with the DSN’s 70 m radio telescopes. In Chapter 6, I
present the detection of 6 bursts from FRB 121102 during a 5.7 hr continuous obser-
vation with DSS-43 on 2019 September 6, where data were recorded simultaneously
at 2.25 and 8.36 GHz. All of these bursts were detected in the 2.25 GHz frequency
band, but no radio emission was observed in the 8.36 GHz band, despite the larger
bandwidth and greater sensitivity in the higher radio frequency band. This behav-
ior can not be explained by Galactic scintillation. These detections, together with
previous multiband experiments, demonstrate that the apparent burst activity of

FRB 121102 depends strongly on the radio frequency band that is being observed.



Chapter 7 describes an analysis of multiwavelength radio observations of
FRB 121102 and FRB 180916.J0158+65 using the DSN’s 70 m radio telescopes
(DSS-63 and DSS-14), located in Madrid, Spain and Goldstone, California. The
observations of FRB 121102 were performed simultaneously at 2.3 and 8.4 GHz
and spanned a total of 27.3 hr between 2019 September 19 and 2020 February 11.
A total of 2 radio bursts were detected from FRB 121102 in the 2.3 GHz frequency
band, but no evidence of radio emission was found at 8.4 GHz during any of the
observations. In addition, the arrival times of the radio bursts detected at 2.3 GHz
from FRB 121102 occurred near the predicted peak of the activity cycle, assuming
an underlying periodicity of ~160days [139, 453]. FRB 180916.J0158+65 was
also observed simultaneously at 2.3 and 8.4 GHz, and separately in the 1.5 GHz fre-
quency band, for a total of 101.8 hr between 2019 September 19 and 2020 May 14.
The observations of FRB 180916.J0158+65 spanned multiple activity cycles during
which the source was known to be active and covered a wide range of activity phases.
Several of our observations occurred during times when bursts were detected from
the source between 400-800 MHz with the Canadian Hydrogen Intensity Mapping
Experiment (CHIME) radio telescope. However, no radio bursts were detected
from FRB 180916.J0158+65 at any of the frequencies used during our observations
with the DSN radio telescopes. This demonstrates that FRB 180916.J0158+65’s
apparent activity is strongly frequency-dependent due to the narrowband nature
of its radio bursts, which have less spectral occupancy at high radio frequen-
cies (=2GHz). These results also demonstrate that fewer or fainter bursts are
emitted from FRB 180916.J0158+65 at high radio frequencies.

In Chapter 8, I present two novel, state-of-the-art pulsar search algorithms that are
being used to coherently search for accelerated pulsars in Keplerian orbits. The first
algorithm is a time-domain based, top-down implementation of the Fast Folding
Algorithm (FFA). Our top-down implementation differs dramatically from bottom-
up implementations commonly used in the field of pulsar astronomy and utilizes
dynamic programming techniques so that any polynomial-based acceleration search
can be performed efficiently. In this thesis, I demonstrate convergence of the dynamic
programming algorithm when it is used to carry out an acceleration search. Using
radio data from the Parkes radio telescope and the Green Bank Telescope (GBT), I
show blind detections of the double pulsar and an assortment of the known pulsars
in the globular cluster Terzan 5 when an acceleration search is performed using the
dynamic programming algorithm. The second algorithm is a new pruning algorithm,

which is capable of efficiently detecting weak pulsations, with respect to the noise,
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when they are modulated by an arbitrary Keplerian orbit. Together, these algorithms
will be a game-changer in the field of pulsar searching, and they are expected to
discover many new pulsars that would otherwise be challenging or impossible to

detect using existing methods.

Chapter 9 focuses on a new, deep 17-27 GHz pulsar survey that we are currently
carrying out to search for new pulsars toward the GC using a recently commissioned
ultra-wideband pulsar backend outfitted on DSS-43. This survey will have sufficient
sensitivity to detect millisecond pulsars (MSPs) for the first time in regions of strong
scattering. I describe why the paucity of known pulsars at the GC represents an
unsolved enigma in the field of pulsar astronomy and how the detection of MSPs
at the GC will provide new insights into the origin of the excess y-ray emission
observed toward the GC by the Large Area Telescope (LAT) on board NASA’s
Fermi Gamma-ray Space Telescope. In addition, I explain how GC pulsars could be
used to study the stellar and magneto-ionic environment around Sgr A* and perform

a wealth of experiments that would probe new fundamental physics.

Lastly, in Chapter 10, I present results from a pulsar timing analysis of the eclipsing
supergiant HMXB IGR J16493-4348. In this system, material is accreted onto the
neutron star by the stellar wind of the early B-type companion. Using X-ray data from
the Rossi X-ray Timing Explorer (RXTE) and Swift Burst Alert Telescope (BAT),
I analyze the system’s X-ray variability and periodic modulation. I perform an
observed minus calculated (O—C) analysis of the mid-eclipse times to obtain an
improved measurement of the system’s orbital period. I also provide a refined
measurement of the system’s superorbital orbital period. A pulsar timing analysis is
carried out to precisely measure the neutron star’s rotational period and the system’s
Keplerian binary orbital parameters. 1 also derive constraints on the mass and
radius of the donor, which are used to determine the spectral type of the companion.
Since the origin of the superorbital modulation in this wind-accreting system has
not been conclusively identified, I discuss potential radiation mechanisms that may

be responsible for the observed modulation.
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during an observation with the Parkes radio telescope. The DM of
the pulsar is 293.736 pccm™. Since the dispersion delay across the
observing band is so large, the pulses are wrapped around in pulse
phase. The integrated pulse profile shown at the bottom is produced
by summing the pulses detected at each frequency, after correcting
for dispersion. Image credit: Adapted from Figure 1.8 in [328].
Schematic diagram of emission from a pulsar propagating through
a thin screen with density irregularities. The spatially coherent
radiation from the pulsar is randomly distorted by the turbulent
plasma screen and deflected by an angle 6y, which leads to a scatter-
broadened image with an angular radius of 4. The distorted signals
will also produce an interference pattern at the location of a distant
observer. If there is relative motion in the system, this results in
intensity fluctuations of the signal and a scintillation pattern. Image
credit: Adapted from Figure 4.2in [328]. . . .. .. ... ... ...
Pulse profiles observed from the 687 ms pulsar PSR B1831-03 using
the Lovell radio telescope and the Giant Metre Wave Radio Tele-
scope (GMRT) at five different radio frequencies (1408, 610, 408,
325, and 243 MHz). These observations show that the effects of
scatter broadening increase toward lower frequencies. The solid
lines correspond to exponential model fits to the data. Image credit:
Adapted from Figure 1.11in [328]. . . . ... ... ... ... ...
Pulse broadening timescale at 1 GHz for radio pulsars and FRBs ver-
sus DM. The solid brown curve corresponds to a mean scattering
model of 7;(DM) =2.98 x 1077 ms x DM'4(1 + 3.55 x 107> DM>1),
obtained from a maximum likelihood fit [130]. The dashed brown
curves show the model uncertainty, which is given by
dex[log 7;,(DM) + 0.76]. On average, FRBs display a lower amount
of temporal broadening compared to Galactic pulsars with similar
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compact objects (CCOs), rotating radio transients (RRATSs), X-ray
isolated neutron stars (XINs), and magnetars are labeled using gray
circles, purple diamonds, blue squares, teal triangles, orange pen-
tagons, and red circles, respectively. RPPs have values of Ly that are
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netars, XINs, and COOs appear above the Ly = Ly line. The filled
boxes indicate the decaying X-ray luminosity of the source, and the
red arrows indicate the quiescent X-ray luminosity level of the source,
below which the source was not detectable during X-ray monitoring.
Image credit: Adapted from Figure 12in [173]. . . . . . .. .. ...
Magnitude of RM versus DM of Galactic pulsars, magnetars, and
FRBs known as of January 2019. Radio pulsars are indicated using
blue circles. Radio magnetars (red squares and red stars), Galactic
Center (GC) pulsars (black diamonds), and FRBs (green pluses) are
labeled explicitly. Image credit: Adapted from Figure 2 in [424]. . . .
DMs of Galactic radio pulsars, Galactic RRATs (green diamonds),
radio pulsars in the SMC (purple pluses) and LMC (magneta pluses),
radio pulsars in supernova remnants (SNRs, yellow stars), and FRBs
(blue triangles) relative to the maximum Galactic DM along the line of
sight predicted by the YMW 16 electron density model [577]. Magne-
tars (red squares) and binary pulsars (orange circles) are also labeled
on this diagram. Objects with DM/DMpax ymwie > 1 are believed
to be located at extragalactic distances since their observed DMs in-
clude additional contributions from the intergalactic medium (IGM)
and their host galaxies. All of the known objects in the ATNF pul-
sar catalogb [365], WVU RRATalogd, WVU MSP catalog®, CHIME
Galactic source catalog’, and FAST pulsar catalog® are included in
this figure. The DMs of the FRBs shown here were obtained from
FRBCAT?" [435] and the CHIME repeating FRB catalog'. . . . . . .
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DMs of Galactic radio pulsars, Galactic RRATs (green diamonds),
radio pulsars in the SMC (purple pluses) and LMC (magenta pluses),
radio pulsars in supernova remnants (SNRs, yellow stars), and FRBs
(blue triangles) as a function of Galactic latitude (b). Magnetars
(red squares) and binary pulsars (orange circles) are also labeled on
this diagram. FRBs are distinguishable from pulsars by their larger
DMs at most Galactic latitudes. The DM envelope of the Milky
Way is clearly visible. All of the known objects in the ATNF pulsar
catalog” [365], WVU RRATalog!, WVU MSP catalog®, CHIME
Galactic source catalog’, and FAST pulsar catalog® are included in
this figure. The DMs of the FRBs shown here were obtained from

FRBCAT?" [435] and the CHIME repeating FRB catalog'. . . . . . .

Pulse broadening timescale (74) at 1 GHz of radio pulsars and FRBs
versus Galactic latitude (b). Magnetars (red squares) and binary
pulsars (orange circles) are explicitly labeled on this diagram, along
with pulsars in supernova remnants (SNRs, yellow stars), Galactic
Center (GC) pulsars (black circles with a white star), the GC magnetar
(PSR J1745-2900, red square with a white star), PSR B0540-69 in

the LMC (magenta plus), and FRBs (blue triangles). . . . . .. . ..

Waterfall plot of FRB 010724 (also referred to as the Lorimer Burst).
The burst sweep across the observing band is due to the dispersive
delay from the intervening ionized medium between the source and
the observer. The dispersion delay is outlined using white lines.
The strong, narrow-band horizontal lines (e.g., at ~1.34 GHz) are a
result of RFI. The inset panel shows the burst profile after correcting

for dispersion and summing the intensity at each frequency. Image

credit: Adapted from Figure 2in [329]. . . . . ... ... ... ...

Sky positions of FRBs discovered by the GBT and the Parkes, UT-
MOST, ASKAP, Arecibo, and CHIME radio telescopes. The distri-
bution of Galactic pulsars is also overlaid on this figure. A map of the
Galactic electron density from the YMW 16 model [577] is shown in

the background. Image credit: Adapted from Figure 2 in [74]. . . . .
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Activity level of repeating FRBs in the 400-800 MHz band, as ob-
served using the CHIME/FRB radio telescope. Each circle corre-
sponds to the arrival time of an individual radio burst. The size of
the circles show the signal-to-noise ratio (S/N) of the bursts, and the
color bar indicates the DM of the bursts. . . . . . . . . ... ... ..
Observed burst fluences of Galactic neutron stars and extragalactic
FRBs at radio frequencies from 300 MHz to 1.5 GHz, plotted with
their estimated distances. The fluence ranges include the uncertainties
in the fluence measurements, along with the variability in the burst
fluences measured from repeating FRBs and pulsars. The colors
for each FRB indicate the detection telescope: CHIME/FRB (pur-
ple), Australian Square Kilometre Array Pathfinder (ASKAP; red),
the Deep Synoptic Array (DSA-10; green, FRB 190523), and the
Arecibo and Parkes radio telescopes (orange). Galactic sources are
plotted in blue. For SGR 1935+2154, the blue rectange indicates the
nominal range of 400-800 MHz fluences measured for the two bursts
detected by CHIME/FRB. The light blue region incorporates the pos-
sible systemic uncertainty in the CHIME/FRB fluence measurement.
The STARE2 lower limit on the fluence at 1.4 GHz is also labeled.
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burst energy, assuming a fiducial bandwidth of 500 MHz. FRB dis-
tances are estimated from their estimated extragalactic dispersion
measure (DM) contribution, including the simulated variance [445],
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1.23 Radio transient phase space diagram. Astrophysical transients are
shown in the vW versus Le.x phase space. Various transient phe-
nomena, such as solar bursts, flare stars, active galactic nuclei (AGN),
FRBs, RRATSs, Jupiter decametric emission (DAM), and giant radio
pulses (GRPs), are plotted on this diagram. Lines of constant bright-
ness temperature are shown as diagonal dashed lines. Sources below
the Compton catastrophic limit of 7, = 10'?> K produce radio emission
through synchrotron incoherent processes (blue shaded region) while
others, above the boundary, arise from coherent emission processes.
The dashed box indicates the luminosity distribution of radio bursts
detected from SGR 1935+2154, where B1 and B2 are the two bursts
reported in Kirsten et al. [277]. For illustrative purposes, sensitivity
curves for Galactic distances (0.1, 1, and 10 kpc) and various cosmo-
logical redshift values (z =0.1, 1, 2, 3, and 4) are shown and derived
based on the sensitivity of MeerKAT. Image credit: Adapted from
Figure 1in [270]. . . . . . . . . . . .
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Radio Bursts (FRBs), Pulsars, and Other Radio Transients
2.1 Catalog of known radio sources in the United States, up to a frequency
of 300 GHz. Image credit: United States Department of Commerce,
National Telecommunications and Information Administration'. . . . 55
2.2 Example of a spectral mask produced by the rfifind algorithm,
available in the PRESTO pulsar search software package™, using data
from a 2.3 GHz observation of the Crab pulsar (PSR B0531+21)
recorded with the 70 m DSN radio telescope, DSS-63. The colored
lines indicate the sections of the data that have been masked by the
RFI filtering algorithm. . . . . . . . . .. ... ... ... ... ... 56
2.3 Schematic diagram of the effect of the zero-DM filter on a narrow, lin-
early dispersed pulse in the frequency—time domain. The dispersive
delay of the pulse (B dt/df) over the full bandwidth (B) of the re-
ceiver is shown in panel (a). After the mean value across the receiver
bandwidth is subtracted at each time, 7;, according to Equation (2.1),
the non-pulse area (shaded in gray) becomes negative. In panel (b),
I show the result after dedispersing the data at the correct DM of
the pulse, and panel (c) shows the pulse shape after adding all of the
frequency channels at each time sample. Image credit: Adapted from
Figure 1in [168]. . . . . . . . . . . . . . 58
2.4 Application of the zero-DM filter on simulated data. Panel (a): Sim-
ulated data of a 130 ms burst of broadband RFI with DM = 0 pc cm™,
followed by a 20 ms dispersed pulse with DM = 150 pccm™ across
288 MHz of bandwidth at a center frequency of 1374 MHz. Panel (b):
The same data shown in panel (a) after applying the zero-DM filter.
The broadband RFI is removed, and the non-pulse area underneath
the dispersed pulse becomes negative after performing the subtrac-
tion in Equation (2.1). Panel (c): The pulse shape after adding all of

the frequency channels at each time sample. Image credit: Adapted

from Figure 4in [168]. . . . . . . . . .. .. . oo 59
2.5 Block diagram representation of a generic FIR filter. . . . . . . . .. 61
2.6 Block diagram representation of the direct form I structure of an

IR filter. . . . . . . . . 65
2.7 Block diagram representation of the direct form II structure of an

NORAfilter. . . . ... . . 66



2.8

29

2.10

Block diagram representation of the direct form II transpose structure
ofanIR filter. . . . . . .. .. ... ...
Example application of an infinite impulse response (IIR) response
filter, implemented using the direct form II transposed structure, on
simulated data. Panel (a): Simulated data, spanning a total of 1s,
containing a combination of 3 sinusoidal signals with frequencies
of 8, 12, and 60 Hz, along with Gaussian N (u = 0,0 = 0.2) noise.
Panel (b): The normalized power spectrum of the simulated data,
which was obtained by calculating a discrete Fourier transform (DFT)
of the data shown in panel (a). Panel (c): The frequency response
of a first-order Butterworth band-stop filter, which was used to filter
out the undesired, periodic signals at 8 and 60 Hz. This Butterworth
filter provides > 100dB of attenuation at 8 and 60 Hz. Panel (d):
The normalized power spectrum of the filtered data after applying
the Butterworth filter in panel (c) to the data in panel (a). After
filtering, the 8 and 60 Hz signals have been attenuated below the
noise. Panel (e): The filtered time series showing the recovery of
the 12 Hz sinusoidal signal and the Gaussian noise. The red curve
corresponds to the simulated 12 Hz signal, and it is not a fit to the
filtered data plotted in black. The residuals, calculated by subtracting
the simulated 12 Hz signal from the filtered data, are shown in gray. .
Application of a first-order Butterworth digital filter to mitigate RFI
with a fundamental frequency of 10 Hz using radio pulsar data from
an observation of PSR J1119-6127 recorded at S-band (2.3 GHz)
with the 70 m Deep Space Network (DSN) radio telescope, DSS-
43. The RFI at 10 Hz (and harmonics at higher frequencies) have
been mitigated using the fb_iirfilter.py software package. The
figures in panels (a) and (b) show the results before and after applying
the filtering algorithm described in Section 2.4.3.4, respectively. The
periodic RFI is clearly mitigated by this filtering algorithm, as shown
by the figures in panel (b), which allows the emission properties of

the pulsar tobe recovered. . . . . . ... ... L L.
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Chapter III: Post-outburst Radio Observations of the High Magnetic Field Pulsar
PSR J1119-6127

3.1 Pulse profiles of PSR J1119-6127 during epoch 3 (top row) and
epoch 4 (bottom row) at S-band (left column) and X-band (right
column). The top panels show the integrated pulse profiles in units
of signal-to-noise ratio (S/N), and the grayscale bottom panels show
the strength of the pulsations as a function of phase and time, where
darker bins correspond to stronger pulsed emission. The number of
phase bins is 256/64 in the S/X-band profiles. . . . . . . . ... ... 81

3.2 Distribution of S-band single pulses in pulse phase during epoch 3
(top row) and epoch 4 (bottom row). The top panels of each figure
show the number of single pulses detected in each region of the pulse
profile, and the bottom panels show the population of single pulses
throughout the observation. We show S-band single pulses with S/Ns
above 4.0 in (a) and (c), and single pulses with S/Ns above 4.5 are
shownin()and(d). . . . . ... ... ... . ... . . 83
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Chapter I'V: Pulse Morphology of the Galactic Center Magnetar PSR J1745-2900

4.1 Average pulse profiles of PSR J1745-2900 at (top row) X-band and

(bottom row) S-band during epochs 1-4 after combining data from

both circular polarizations in quadrature. The data were folded on

the barycentric period measurements given in Table 4.2. The top

panels show the integrated pulse profiles using 64/128 phase bins at

S/X-band, and the bottom panels show the strength of the pulsations

as a function of phase and time, where darker bins correspond to

stronger pulsed emission. . . . . . ... ... ..., 94
4.2 Rotation-resolved pulse profiles of PSR J1745-2900 at X-band dur-

ing (a) epoch 1, (b) epoch 2, (c) epoch 3, and (d) epoch 4 after folding

the data on the barycentric period measurements given in Table 4.2

and combining data from both circular polarizations in quadrature.

The data are shown with a time resolution of 512 us. The integrated

profiles are displayed in the top panels, and the bottom panels show

the distribution and relative strength of the single pulses as a func-

tion of pulse phase for each individual pulsar rotation, with darker

bins signifying stronger emission. Pulse numbers are referenced with

respect to the start of each observation. . . . .. ... ... ..... 97
4.3 Examples of bright X-band single pulse events displaying multiple

emission components during pulse cycles (top row) n =239, (mid-

dle row) n =334, and (bottom row) n =391 of epoch 3. The plots in

the left and right columns show detections of the single pulses in the

left circular polarization (LCP) and right circular polarization (RCP)

channels, respectively. We show the (a) integrated single pulse pro-

files and (b) dynamic spectra dedispersed using a DM of 1778 pc cm™

from both polarizations with a time resolutionof 2ms. . . . . . . .. 101
4.4 Number of X-band single pulse emission components detected during

epoch 3 in the (blue) left circular polarization (LCP) and (red) right

circular polarization (RCP) channels. . . . . ... ... ... .... 103
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4.5

4.6

4.7

Examples of frequency structure in the secondary emission compo-
nents of the X-band single pulse event during pulse cycle n =391
of epoch 3. The frequency structure in the (a) left circular polariza-
tion (LCP) and (b) right circular polarization (RCP) channels corre-
spond to the secondary components labeled by the dashed vertical
lines in the bottom row of Figure 4.3. The frequency response of the
components is smoothed using a one-dimensional Gaussian kernel
with o =25 MHz, and thus neighboring points are correlated. The
blue shaded regions indicate the standard errors on the data points.
The secondary component in the LCP data shows a frequency gap
centered at ~8.4 GHz spanning ~100 MHz. The frequency structure

of the secondary component from the RCP data is more complex and

showsagapnear ~8.3GHz. . .. ... ... ... .. ........

Distribution of peak flux densities from the single pulse emission
components detected at X-band during epoch 3. The flux densi-
ties are normalized by Singpeak =0.16Jy, the peak flux density from
the integrated rotation-resolved profile in Figure 4.2(c). The best-fit
log-normal distribution is overlaid in red. A high flux tail is ob-

served in the distribution due to bright emission components with

Speak =15 Sint,peak- ...........................

Pulse phase distribution of the X-band single pulse emission com-
ponents detected during epoch 3 in the (a) left circular polariza-
tion (LCP) and (b) right circular polarization (RCP) channels. His-
tograms of the number of events detected at each pulse phase are
shown in the top panels, and the bottom panels show the phase distri-
butions of the components from folding their times of arrival (ToAs)
modulo the barycentric period in Table 4.2. A bright single pulse,

indicated with a cross, was detected earlier in pulse phase (near

phase ~0.4) relative to the otherevents. . . . . ... ... ......
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4.8

4.9

4.10

Brightest X-band single pulse emission component detected during
each pulsar rotation in Figure 4.7. Events exceeding the threshold
criteria defined in Section 4.3.4.1 in the (a) left circular polariza-
tion (LCP) and (b) right circular polarization (RCP) channels are
shown in blue and red, respectively. The top panels show histograms
of the number of events at each pulse phase. Phase distributions of
the components, determined from folding the times of arrival (ToAs)
modulo the barycentric period in Table 4.2, are shown in the bottom
panels, where larger and darker circles correspond to events with
larger peak flux densities. We excise the single pulse event near pulse
phase ~0.4 from both polarization channels to show the distributions
over a narrower phaserange. . . . . . . .. ... ... .
Time delays between the X-band single pulse emission components
detected in the (blue) left circular polarization (LCP) and (red) right
circular polarization (RCP) channels during epoch 3. The emission
component detected earliest in pulse phase during a given pulsar
rotation is denoted by “1”” and emission components with later times
of arrival (ToAs) during the same pulse cycle are labeled sequentially.
We show the time delays between emission components (a) “1” and
“2” and (b) “2” and “3.” Histograms of the time delays between the
emission components are shown in the top panels, and the bottom
panels show the distribution of the time delays measured from each
polarization channel. Pulse numbers are referenced with respect to
the start of the observation. . . . . . . .. .. ... ...
Bright X-band single pulse event displaying significant pulse broad-
ening during pulse cycle n =237 of epoch 3. The left and right plots
show the detection of the single pulse in the left circular polariza-
tion (LCP) and right circular polarization (RCP) channels, respec-
tively. We show the (a) integrated single pulse profiles and (b) dy-
namic spectra dedispersed using a DM of 1778 pccm™ from both
polarizations with a time resolution of 2 ms. The best-fit scattering
model, obtained by individually fitting the LCP and RCP data with
Equation (4.15), is overlaid in red. The pulse broadening timescales

measured for this event in each of these two polarization channels are

TLCP

7 =7.1£0.2ms and T[]}CP =6.7+0.3 ms, respectively. . . . . . ..
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4.11

4.12

4.13

4.14

Corner plots showing the marginalized posterior distributions ob-
tained by independently fitting the integrated single pulse profiles
from the left circular polarization (LCP) and right circular polariza-
tion (RCP) channels in Figure 4.10(a) with the scattering model in
Equation (4.15). The posterior distributions shown on the left and
right are derived from fitting the LCP and RCP data, respectively.
Single parameter projections of the posterior probability distributions
and best-fit values are shown along the diagonal, and the oft-diagonal
plots are the marginalized two-dimensional posterior distributions.
Covariances between the model parameters are indicated by a tilted
error ellipse. The red lines correspond to the best-fit values for the
model parameters derived from the median of the single parameter

posterior distributions, and the dashed blue lines indicate 10- Bayesian

credibleintervals. . . . . . . . . ...

Examples of bright X-band single pulse events displaying exotic pulse
broadening behavior during pulse cycles (top row) n =12 and (bot-
tom row) n =321 of epoch 3. The plots in the left and right columns
show detections of the single pulses in the left circular polariza-
tion (LCP) and right circular polarization (RCP) channels, respec-
tively. We show the (a) integrated single pulse profiles and (b) dy-
namic spectra dedispersed using a DM of 1778 pccm™ from both
polarizations with a time resolution of 2 ms. The pulse shapes of the
dominant emission components from pulse cycles n =12 and n =321
resemble a reverse exponential tail. The secondary emission compo-
nent detected during pulse cycle n =321 has a traditional scattering
tail shape, which is not observed in the other emission components.

Total gain of a one-dimensional Gaussian plasma lens, summed over
all rays that reach an observer, versus frequency (normalized by
the focal frequency, vf) and transverse location, u’. The plasma

lens considered here has DM, =1 pc ecm>, a=1au, dy =1 Gpc, and

dg = 1 kpc. Image credit: Adapted from Figure 3 in [131]. . . . . . .

Spatial slices of the gain, G, through the lens plane for a few frequen-
cies (normalized by the focal frequency, v¢). The plasma lens consid-

ered here has DM, =1 pc cm>,a=1au, de =1 Gpc, and dg = 1 kpc.

Image credit: Adapted from Figure 4 in [131]. . . . ... ... ...
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4.15

4.16

Total gain versus frequency of a one-dimensional Gaussian plasma
lens with a transverse position of u'~ 1.8, DM~ 10pc cm™,
a=5300km, dy, =8.3kpc, and dg=1.8x 10° km. The properties

of this plasma lens were chosen so that the lensing behavior is quali-
tatively similar to the frequency structure observed in the radio single
pulses from the Galactic Center magnetar, PSR J1745-2900. . . . . . 128
Total gain versus frequency of a one-dimensional Gaussian plasma

lens with a transverse position of u’ = 2.0, DM, = 10 pc cm>, a=60au,

dso =1 Gpc, and d = 1 kpc. The properties of this plasma lens were
chosen so that the lensing behavior is qualitatively similar to the

emission properties observed from the repeating FRB 121102. . . . . 129
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Chapter V: Bright X-Ray and Radio Pulses from the Recently Reactivated Magnetar
XTE J1810-197

5.1 X-ray pulse profiles of XTE J1810-197 in the (a) 0.5-5, (b) 1-2,
(c) 2-3, (d) 34, (e) 4-5, and (f) 5-10keV energy bands. The pulse
profiles are derived by combining all of the data from the NICER
observations listed in Table 5.1. Each pulse profile is folded with
50 phase bins using an ephemeris derived from radio pulsar tim-
ing measurements between MJDs 58521 and 58540, where phase 0
corresponds to MJD 58530.761334907 (TDB). Best-fit sinusoids to
the pulse profiles are overlaid in gray. The dynamic folded energy-
resolved pulse profile is shown in panel (g) with an energy resolution
of 0.05 keV. The relative amplitude of the pulse profiles as a func-
tion of energy is plotted in panel (h), which shows both the source
properties and the detector response. . . . . . . . . . ... ... ... 136

5.2 Simultaneous radio and X-ray pulses detected from XTE J1810-
197 on MJD 58530. In panel (a), we show a series of (brown)
radio pulses from DSN observations of the magnetar at 8.3 GHz
using 512 us time bins, along with (black) 1-4keV X-ray pulses
simultaneously acquired with NICER in panel (b) using 0.5s time
bins. The smoothed, average X-ray pulse profile is overlaid in red in
panel (b), after normalizing the pulse profile so that the area under the
NICER time series and the smoothed profile are equal. The vertical
gray lines in panels (a)—(c) indicate the peak time of each radio pulse
during each rotation. The beige shaded regions in panels (b) and
(c) denote the X-ray pulses identified by the zero-crossing algorithm
described in Section 5.2.4.1. The left edge, right edge, and width
of the shaded regions correspond to the rising time, falling time,
and duration of each X-ray pulse, respectively, as determined by the
algorithm. We show the residuals, obtained by subtracting the (red)
smoothed X-ray pulse profile from the (black) NICER time series, in
blue in panel (c). The dynamic spectrum of the X-ray pulses is shown

in panel (d) with an energy resolution of 0.05keV. . . . .. ... .. 138
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53

54

5.5

5.6

Temporal widths and fluences of the X-ray pulses detected by the
zero-crossing algorithm as a function of XTE J1810-197’s rotational
phase. These measurements were derived using NICER observations
between MJDs 58520 and 58540 in the 1-4keV energy band. The

color and size of each data point both represent the fluence of each

Xraypulse. . . . . ..o

Folded X-ray and radio pulse profiles derived from simultaneous X-
ray and radio observations of XTE J1810-197 on MJDs (a) 58530
and (b) 58539. The blue and red curves correspond to the average 8.3
and 31.9 GHz radio pulse profiles of the magnetar, respectively. The
black curves show the NICER 1-4keV pulse profiles, folded with
20 phase bins using a phase-connected radio ephemeris spanning
each X-ray observation. Phase O in panels (a) and (b) correspond
to MJDs 58530.761334907 (TDB) and 58539.774091226 (TDB), re-

spectively. . . . . . . L e

Pulse-energy distributions of the radio and X-ray pulses emitted by
XTE J1810-197. In panels (a) and (b), we show the distribution
of (a) 8.3 and (b) 31.9 GHz radio pulses detected with the DSN
on MJD 58530 above a S/N threshold of 7.0. Best-fit log-normal
distributions are overlaid in red in both of these subpanels. The
energy distribution of bright 1-4 keV X-ray pulses detected by NICER
between MJDs 58520 and 58540 is shown in panel (c). The light
green histogram corresponds to the total X-ray pulse distribution,
and the dark green histogram shows the distribution derived from
including only the brightest X-ray pulse during each rotation. The
best-fit Gaussian distribution to the distribution of brightest X-ray
pulses with fluences of E/(E) > 0.6 is given by the red curve in

panel (c). The error bars shown in all of these panels are derived

from Poisson statistics. . . . . . . . . .. ...

Distribution of X-ray pulse widths determined by the zero-crossing
algorithm from NICER observations between MJDs 58520 and 58540
in the 1-4keV energy band. The observed pulse width distribution

is shown in blue, and the simulated distribution derived from Monte

Carlo realizations of the X-ray pulses is overlaidinred. . . . . . . ..
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5.7

5.8

Distribution of X-ray and radio pulses as a function of time and
XTE J1810-197’s rotational phase. In panel (a), we show the distri-
bution of X-ray pulses detected in the 1-4 keV energy band between
MIJDs 58520 and 58540 with NICER. The distribution of 8.3 and
31.9 GHz radio pulses detected with S/N > 7.0 on MJD 58530 using
the DSN are shown in panels (b) and (c), respectively. The color and
size of each data point in the bottom panels both indicate the fluence
of each pulse. Histograms of the number of pulses as a function of
pulse phase are provided in the top panels, and the bottom panels
show their time-phase distribution. The folded pulse profiles are
overlaid in gray in the top panels. The NICER data shown in panel
(a) are not continuous, unlike the radio observations, and gaps along
the time axis in the bottom panel indicate times when NICER was not
observingthesource. . . . . . . . ... ... oL
Example of bright radio pulses detected simultaneously at (a) 8.3
and (b) 31.9 GHz from XTE J1810-197 on MJD 58539 during the
same rotation of the neutron star. The top panels show the Stokes I
integrated single pulse profiles, and the Stokes I dedispersed dynamic
spectra are displayed in the bottom panels. . . . .. ... ... ...
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Chapter VI: A Dual-band Radio Observation of FRB 121102 with the Deep Space
Network and the Detection of Multiple Bursts

6.1 S-band bursts detected from FRB 121102 with DSS-43, ordered by
increasing arrival time. The flux calibrated, frequency-averaged burst
profiles are shown in the top panels, and the dynamic spectrum as-
sociated with each burst is displayed in the bottom panels. The flux
calibrated, time-averaged spectra are shown in the right panels. Each
burst has been dedispersed using a DM of 563.6 pc cm™, which cor-
responds to the structure-optimized DM for the brightest burst (B6).
Each burst was fitted with a Gaussian function to determine the full-
width at half-maximum (FWHM) burst duration, which is indicated
with a cyan bar at the bottom of the top panels. The lighter cyan
bar corresponds to a 20~ confidence interval. The red ticks in the dy-
namic spectrum indicate frequency channels that have been masked
as a result of RFI. The data have been downsampled to the frequency
and time resolutions specified in the top right corner of the top panels
in order to enhance the visualizations of the bursts. . . . . . . .. .. 169

6.2 Dynamic spectrum of the brightest S-band burst (B6) detected from
FRB 121102 and the peak flux densities of all of the radio bursts
as a function of time. Left panels: Composite dynamic spectrum
of the brightest S-band burst (B6), which shows the detection at
S-band and the simultaneous non-detection at X-band. The time
and frequency resolution plotted here are ~64.5 us and ~0.98 MHz,
respectively. The structure-optimized DM (563.6 pc cm™) was used
for dedispersion and to calculate the dispersive time delay between
the S-band and X-band data. The black band indicates the frequency
gap between the top of the S-band data and bottom of the X -band data.
The red ticks indicate frequency channels that have been masked due
to RFL. In the top-left panel, we show the S-band frequency-averaged
burst profile in black and the X-band frequency-averaged profile in
gray. Right panel: Peak flux densities of the six detected S-band
bursts as a function of time during our observation. The cyan line
corresponds to the 70 detection threshold at X-band, and the orange
line indicates the 70 detection threshold at S-band, both determined

assuming a burst widthof Ims. . . . . . . ... ... ... ..... 170
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6.3 Autocorrelation functions (ACFs) of the spectra associated with the
two brightest S-band bursts, shown with frequency lags up to 8 MHz.
The ACFs are shown in orange for B1 in the top panel and for B6
in the bottom panel. The zero lag noise spike has been removed.
Lorentzian fits to the central bump in the ACFs are shown in green
using frequency lags up to 0.84 MHz. The black dashed lines indi-
cate the scintillation bandwidths, defined as the half-width at half-
maximum (HWHM) of the Lorentzian fits, and are labeled in the
top-left corner of each panel. The ACFs of the off-burst data are
shown in blue to aid in distinguishing between frequency structure
due to scintillation and instrumental effects. The black arrow in the
bottom panel highlights a feature in the ACF of the spectrum of B6
ata frequency lagof ~1.7MHz. . . . . ... ... ... .. ..... 171
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Chapter VII: Multiwavelength Radio Observations of Two Repeating Fast Radio
Burst Sources: FRB 121102 and FRB 180916.J0158+65
7.1 S-band radio bursts (B1 and B2) detected from FRB 121102 on
(left) 2019 September 28 (MJD 58754 ) and (right) 2019 September 29
(MJD 58755) using DSS-63. The frequency-averaged burst profiles
are shown in panel (a), and the dedispersed dynamic spectra are
displayed in panel (b). The data are shown with a time and frequency
resolution of 2.2 ms and 0.464 MHz, respectively. The color bar on
the right shows the relative amplitude of the burst’s spectral-temporal
features. The solid white lines and red markers in panel (b) indicate
frequency channels that have been masked due to the presence of radio
frequency interference (RFI). The flux-calibrated burst spectra are
shown in panel (c). The teal shaded region in panel (a) corresponds to
the interval used for extraction of the on-pulse spectrum in panel (c).
Both bursts have been dedispersed using a dispersion measure (DM)
of 563.0 pc cm~, which corresponds to the average DM near the time
of each burst (A. D. Seymour, private communication). The DM—
time images of each burst are displayed in panel (d) and show the

signal-to-noise ratio (S/N) of each burst after dedispersion. . . . . . . 188
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7.2 Radio observations and bursts detected from FRB 180916.J0158+65.
Top panel: Radio observations of FRB 180916.J0158+65 between
2019 September 19 (MJD 58745) and 2020 May 14 (MJD 58983).
The barycentric time at the middle of the simultaneous 8.4 and
2.3 GHz observations with DSS-63 are labeled using red and blue
crosses (X), respectively. The barycentric mid-time of the 1.5 GHz
observations with DSS-14 are indicated by orange crosses. The
barycentric times of the observations with DSS-63 and DSS-14
were determined by removing the time delay from dispersion us-
ing a dispersion measure (DM) of 348.82pccm™ and correcting
to infinite frequency using the position (aj2000 = 01P58™00%.75017,
012000 = 65°43’00”.3152) in Marcote et al. [368]. The duration of
each of the DSN observations (see Tables 7.2 and 7.3) is shown using
horizontal error bars, which are smaller than the symbol size. The
barycentric times of bursts detected from FRB 180916.J0158+65 with
the Very Large Array (VLA)/realfast at 1.4 GHz [9], CHIME/FRB ra-
dio telescope between 400-800 MHz [522]*, upgraded Giant Metre-
wave Radio Telescope (uUGMRT) between 550-750 and 300-500 MHz
[373, 471], Robert C. Byrd Green Bank Telescope (GBT) between
300400 MHz [96], and the Sardinia Radio Telescope (SRT) at
328 MHz [440] are labeled using black, green, cyan, pink, pur-
ple, and magneta pluses (+), respectively. In total, 8 of the radio
bursts detected by CHIME/FRB occurred during times when DSS-
63/DSS-14 was also observing FRB 180916.J0158+65, and these
bursts are labeled using green arrows and listed in Table 7.5. The
gray shaded regions correspond to a +2.7 d window around the peak
of FRB 180916.J0158+65’s activity phase, assuming an activity pe-
riodof 16.35d [522]. . . . . . . . ..
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7.3 Simultaneous X-band (top) and S-band (middle) observations of
FRB 180916.J0158+65 with DSS-63 during the time of a bright
burst (C5, see Table 7.5) detected by CHIME/FRB on
MJD 58883.04307123, shown in the bottom panels. The data in
each frequency band have been dedispersed using a dispersion mea-
sure (DM) of 348.82pccm™, which corresponds to the average
structure-optimizing DM derived from four bursts detected with
the CHIME/FRB baseband system [522]. The frequency-averaged
Stokes I profiles are shown in panel (a), and the dedispersed Stokes I
dynamic spectra are displayed in panel (b). The X-band and S-band
data are shown with a time and frequency resolution of 2.2 ms and
0.464 MHz, respectively. . . . . . . . . .. ... ...

xliv



Chapter VIII: Novel Algorithms for Detecting Ultracompact Binary Radio Pulsars
8.1 Recursive tree generated by Algorithm 1 when calculating fib(5). . . 210
8.2 Trellis diagram of a one-dimensional Markov chain. . . . . . .. .. 216
8.3 Trellis diagram of a hidden Markov model (HMM). . . . . . . . . .. 216
8.4 A schematic diagram of the FFA. In this example, I show a repre-

sentative illustration of a time series with N =12 samples, folded
using the FFA with a base period of Py =3 samples. The data are
divided into N /Py =4 segments, which are indexed by j on the left.
The solid black arrows indicate which segments are added together at
each step, where the number at each vertex denotes the relative shift
applied between the segments before they are added. The FFA pro-
duces N /Py =4 folded profiles associated with the range of periods
Py < P; < Py + 1, which are enumerated by index i on the right. A
total of n =2 addition steps are required to form each of the folded
profiles, where N/Py = 2". The dashed, color arrows show the sam-
ples used to calculate the value in the first bin (k = 0) of each folded
profile, which are indicated by the dashed, colored circles. Image
adapted from [75,328,502]. . . . . . ... ..o 223
8.5 Schematic diagram of a top-down implementation of the FFA. At it-
eration |log,(N/Py)] — 1, i.e., the second to last iteration, folded
profiles are computed separately using the first half and second
half of the data. Assuming N samples in each half, folded pro-
files corresponding to periods between Py and Py + 1, inclusive,
are computed with a period resolution of AP. Hence, a total of
Nprofiles, hatf = N/ Py folded profiles are generated in each half. In the
final iteration, i.e. at iteration |log,(N/Py)], there are 2N samples,
and Nprofiles, final = 2Nprofiles, hait = 2N / Pp folded profiles are generated
with a period resolution of AP/2 for trial periods between Py and
Py + 1, inclusive. The folded profiles corresponding to each trial
period in the final iteration are obtained by adding the folded profiles
from the two data halves in the previous iteration, after shifting the
profiles appropriately so that a resolved profile, which is equivalent

to folding the entire data modulo the trial period, is obtained. . . . . . 227
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8.6 Top-down schematic diagram of an acceleration search for pulsars,
implemented using the dynamic programming algorithm. Atiteration
N — 1, the folded data in both data segments are combined in the
subsequent iteration N by shifting and adding the folded profiles,
such that the desired trial period is obtained after accounting for
acceleration at the mid-time of the combined data segment. The
acceleration and period at the mid-time of each data segment are
calculated using a basis of Chebyshev polynomials. Thus, the folded
profile at iteration N is computed using the folded profiles from the

data segments in the previous iteration. . . . . . .. ... ... ...
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8.7 Convergence of the acceleration search capability of the dynamic
programming algorithm using simulated pulsar data. The observa-
tion duration of the simulated data is Tops = 15 min, and the data are
sampled at a time resolution of Ar =32 us. The data contain Gaussian
pulses, derived from a normal distribution with a standard deviation
of opsr =0.025, which have been spaced periodically in time to give
a rotational period of Py, =12.35ms and a projected acceleration
along the line of sight of +2000 m/s2. Panels (a) and (b) show the re-
sults when a low amount of Gaussian noise, N (u = 0, 0 = 0.00001),
was added to the data, and panels (c) and (d) show the results when a
modest amount of Gaussian noise, N (u = 0,0 = 0.025), was added.
The black curves in panels (a) and (c) show the folded pulse profiles
when the data are folded using the true period and acceleration of
the pulsar. The brown, purple, green, blue, teal, magenta, orange,
and red curves in panels (a) and (c) show the folded pulses that yield
the highest S/N when the tolerance parameter, &, is set to values of
1, 2,4, 8, 16, 32, 64, and 100, respectively. The folded pulse pro-
files for each value of ¢ were obtained by matched filtering all of the
folded pulses produced for trial periods and trial accelerations in the
specified search range. Panels (b) and (d) show the computational
complexity (runtime in seconds) of the dynamic programming algo-
rithm when a low and modest amount of Gaussian noise was added
to the simulated data, respectively. When smaller values are used for
the tolerance parameter, &, the “best” folded pulse profiles become
increasingly narrower and approach the result obtained from folding
the data with the pulsar’s known rotational period and acceleration.
However, for ¢ < 10, the runtime of the algorithm starts to increase

asfistosettoasmallervalue. . . .. ... ... .. ........
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8.8

8.9

Detection of the double pulsar, PSR J0737-3039A, during a blind
acceleration search using the dynamic programming algorithm. The
top panel shows the folded pulse profile obtained during the last
iteration of the algorithm, and the middle panel shows the change
in the pulsar’s measured rotational period due to Doppler shifts as
the pulsar orbits its companion during the 2.6 hr observation with
the Parkes radio telescope at 1.5 GHz, which covers a full orbital
period. In the middle panel, I have excluded measurements from data
segments where the measured rotational period significantly deviated
from the overall trend, which are indicated by gaps. The bottom
panels show the integrated and time-resolved folded pulse profiles
after folding the Parkes data on the measured system parameters. . .
Detection of PSR J1748-2446A (Terzan 5A) during a blind acceler-
ation search for pulsars in Terzan 5 using the dynamic programming
algorithm. The top panel shows the folded pulse profile obtained
during the last iteration of the algorithm, and the middle panel shows
the change in the pulsar’s measured rotational period due to Doppler
shifts as the pulsar orbits its companion during the 7.1 hr observation
with the GBT radio telescope at 2 GHz, which covers ~4 orbital pe-
riods. In the middle panel, I have excluded measurements from data
segments where the rotational period significantly deviated from the
overall trend, which are indicated by gaps. PSR J1748-2446A is an
eclipsing redback pulsar with a rotational period of Py, = 11.56 ms,
which resides in a binary system with a projected semi-major axis
of x =a, sini =0.121t-s. The bottom panels show the integrated and

time-resolved folded pulse profiles after folding the GBT data on the

measured system parameters. . . . . ... ... ... ..
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8.10

8.11

8.12

Detection of PSR J1748-2446C (Terzan 5C) during a blind acceler-
ation search for pulsars in Terzan 5 using the dynamic programming
algorithm. The top panel shows the folded pulse profile obtained dur-
ing the last iteration of the algorithm, and the middle panel shows that
there was no significant change in the pulsar’s measured rotational
period during the 7.1 hr observation with the GBT radio telescope
at 2GHz. PSR J1748-2446C is an isolated MSP in Terzan 5 with
a rotational period of Py, =8.44ms. The bottom panels show the

integrated and time-resolved folded pulse profiles after folding the

GBT data on the measured system parameters. . . . . .. ... ...

Detection of PSR J1748-2446D (Terzan 5D) during a blind acceler-
ation search for pulsars in Terzan 5 using the dynamic programming
algorithm. The top panel shows the folded pulse profile obtained dur-
ing the last iteration of the algorithm, and the middle panel shows that
there was no significant change in the pulsar’s measured rotational
period during the 7.1 hr observation with the GBT radio telescope
at 2GHz. PSR J1748-2446D is an isolated MSP in Terzan 5 with
a rotational period of Py, =4.71 ms. The bottom panels show the

integrated and time-resolved folded pulse profiles after folding the

GBT data on the measured system parameters. . . . . .. ... ...

Detection of PSR J1748-2446G (Terzan 5G) during a blind acceler-
ation search for pulsars in Terzan 5 using the dynamic programming
algorithm. The top panel shows the folded pulse profile obtained dur-
ing the last iteration of the algorithm, and the middle panel shows that
there was no significant change in the pulsar’s measured rotational
period during the 7.1 hr observation with the GBT radio telescope
at 2GHz. PSR J1748-2446G is an isolated pulsar in Terzan 5 with
a rotational period of Pgyi, =21.67 ms. The bottom panels show the

integrated and time-resolved folded pulse profiles after folding the

GBT data on the measured system parameters. . . . . .. ... ...
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8.13

8.14

8.15

Detection of PSR J1748-2446L (Terzan 5L) during a blind acceler-
ation search for pulsars in Terzan 5 using the dynamic programming
algorithm. The top panel shows the folded pulse profile obtained dur-
ing the last iteration of the algorithm, and the middle panel shows that
there was no significant change in the pulsar’s measured rotational
period during the 7.1 hr observation with the GBT radio telescope
at 2 GHz. PSR J1748-2446L is an isolated MSP in Terzan 5 with
a rotational period of Py, =2.24 ms. The bottom panels show the

integrated and time-resolved folded pulse profiles after folding the

GBT data on the measured system parameters. . . . . .. ... ...

Detection of PSR J1748-2446N (Terzan 5N) during a blind accel-
eration search for pulsars in Terzan 5 using the dynamic program-
ming algorithm. The top panel shows the folded pulse profile ob-
tained during the last iteration of the algorithm, and the middle
panel shows the change in the pulsar’s measured rotational period
due to Doppler shifts as the pulsar orbits its companion during the
7.1 hr observation with the GBT radio telescope at 2 GHz. In the
middle panel, I have removed data chunks where the measured ro-
tational period significantly deviated from the overall trend, which
are indicated by gaps. PSR J1748-2446N is a binary MSP with
an orbital period of 9.3 hr. The projected semi-major axis of the
binary orbit is x = a, sini = 1.62 1t-s, and the pulsar’s rotational pe-
riod is Pgpip =8.67 ms. The bottom panels show the integrated and

time-resolved folded pulse profiles after folding the GBT data on the

measured system parameters. . . . . ... .. ... e

Schematic diagram of the pruning algorithm. Viable sets of pulsar
parameters at each iteration of the pruning algorithm are indicated by
blue circles without a red X overlaid. At each iteration, if a particular
set of pulsar parameters do not yield a folded pulse profile with a
S/N exceeding a specified threshold, it is eliminated from the tree
and not used in future iterations. Additional parameters are added to
the model, as needed, as the integration time of the data segments
becomes larger during successive iterations. After all of the data are

combined, pulsar parameters that produce a folded pulse profile with

S/N > 12 are saved in the final candidate list. . . . . . ... ... ..



8.16 Gaussian probability density functions (PDFs) illustrating the statis-
tical decision theory for determining whether a pulsar is present in a
given data chunk during a single iteration of the pruning algorithm.
Here, we assume that a Gaussian PDF, N(u = 0,0 = 1), repre-
sents the probability distribution of the data, given that there is no
detectable pulsar present, P(S | No PSR), where S denotes the data.
We also assume that a Gaussian PDF, N (u = 1,0 = 1), represents
the probability distribution of the data, given that there is a detectable
pulsar present, P(S | PSR). The Type I error and false alarm proba-
bility is given by Pra = P(PSR | No PSR). The Type Il error is given
by P(No PSR | PSR). The detection threshold at each iteration is
set by maximizing the probability of detection, Pp = P(PSR | PSR),
subject to the constraint Ppa = P(PSR | No PSR) = . This is the

Neyman-Pearson (NP) approach to signal detection. . . . . ... ..
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Chapter IX: Searches for Radio Pulsars Toward the Center of the Milky Way Galaxy

9.1 Positions of detected radio pulsars within the central 0.5° of the GC.

The five GC pulsars that are believed to be foreground objects are

labeled using white stars, and the GC magnetar is indicated by a

blue star. The GC pulsars are overlaid on a 10.55 GHz continuum

map from observations with the Effelsberg radio telescope [485].

The DMs and radio telescopes used to discover each GC pulsar are

indicated. Assuming a distance of 8.3 kpc to the GC, 0.5° corresponds

to a projected distance of ~70 pc. Image adapted from [167].. . . . . 257
9.2 Radio of the image of the Galactic Center region obtained using

the MeerKAT array. The MeerKAT array is comprised of 64 radio

antennas, which are each 13.5m in diameter. They are located on

baselines (distances between antenna pairs) of up to 8 km. Image

credit: MeerKAT and SARAO. . . . ... ... ... ... ..... 258
9.3 Excess y-ray emission observed by the Large Area Telescope (LAT)

on board NASA’s Fermi Gamma-ray Space Telescope. A smooth

distribution of high-energy photons is expected to be produced by

dark matter annihilation, whereas a clumpy photon distribution is

expected for point sources, such as MSPs [310]. Image credit: Fermi

LAT Collaboration. . . . . . . . ... ... ... ... ... ..... 261
9.4 Schematic view of the matter content of the GC. Young stars (e.g.,

S0-2) are known to approach as close as 0.1” (1000 AU) to Sgr A*.

The combination of young, hot stars in the GC and mass segregation

suggests that there are likely to be compact stellar remnants (neutron

stars and BHs) at least within 1000 AU and potentially much closer.

Image and caption adapted from [167]. . . . . ... ... ... ... 263
9.5 Depth of the gravitational potential (GM /ac?) probed by an orbit of

semi-major axis a as a function of the mass of the binary system,

M. The regions probed by solar system tests and known pulsars in

binary system are indicated, with the double neutron star systems

PSR B1913+16 and PSR J0737-3039 shown explicitly. The vertical

cyan line indicates the mass of Sgr A*. The red line segment shows

the region probed by the S stars in the GC. This figure shows that

substantially deeper gravitational potentials (larger GM /ac?) remain

to be probed, which could be studied using pulsars and BHs. Image

credit and caption adapted from [167,289]. . . . . . ... ... ... 264
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9.6

9.7

9.8

DM and pulse broadening timescale along line of sights toward the
inner Galaxy. Left panel: Expected DM versus distance for several
lines of sights toward the inner region of the Galaxy, based on the
NE2001 Galactic electron density model [124]. The inset panel
shows the expected DM versus distance for lines of sights to five of
the known pulsars within 1° of Sgr A*. Objects located near Sgr A*
have expected DMs 2 1500 pc cm™. Right panel: Pulse broadening
timescale versus distance for several lines of sight toward the inner
Galaxy. The vertical scale on the left shows the pulse broadening
timescale for an observing frequency of v =1 GHz, and the vertical
scale on the right corresponds to the values for v = 10 GHz, assuming
a 74 0c v~ scaling law. In both the left and right panels, the vertical
part of the curves, for a line of sight toward Sgr A*, is produced by
dense scattering around the GC. Images adapted from [122, 152].
Schematic diagram of the architecture of the K-band digital spec-
trometer outfitted on DSS-43. Image credit: Adapted from Figure 1
in[545]. . . .
Images of several components comprising the K-band pulsar ma-
chine at DSS-43. Panel (a): The exterior of the DSS-43 radio
telescope, photographed during a visit to Tidbinbilla, Australia in
September 2019 when we upgraded the pulsar backend. Panel (b):
The wideband 17-27 GHz down converter. Panel (c): The patch
panel used to split the 16 different 1 GHz IFs into the four CASPER
ROACH-2 boards. Panel (d): The top four rackmount boxes store
the four ROACH-2 boards. The middle rackmount box contains the
pulsar timing hardware, and the black rackmount box at the bottom
is a switch used to remotely change the observing configuration from
K-band to being able to record data simultaneously at S-band and
X-band. Panel (e): The RAID array of hard disks where the data are
initially stored, and the server used to interface with the ROACH-2
boards and the RAID array. . . . .. ... ... ... ... .....
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9.9 Detection of the Vela pulsar, PSR B0833—45, between 19-23 GHz
during a 10 min observation with the K-band system outfitted on
the 70m DSN radio telescope, DSS-43, in Tidbinbilla, Australia.
These observations were carried out on 2016 August 27 (MJD 57627)
during a time period when the K-band pulsar backend was being
commissioned. The folded pulse profiles shown here are derived
from data recorded using only one of the two polarization channels.
These results were obtained using ~2.5 GHz of the total recording
bandwidth in a single polarization channel. . . . . . . ... ... .. 269

9.10 Detection of the bright Galactic MSP, PSR J0437-4715, between
20-24 GHz during a 1.1 hr observation with the K-band system out-
fitted on the 70m DSN radio telescope, DSS-43, in Tidbinbilla,
Australia. These observations were carried out on 2019 April 12
(MJD 58585) during a time period when the K-band pulsar backend
was being commissioned. The folded pulse profiles shown here are
derived from data recorded using only one of the two circular polar-
ization channels. These results were obtained using ~3 GHz of the
total recording bandwidth. To my knowledge, this detection presently
represents the highest radio frequency detection of a MSP. . . . . . . 270

9.11 Tiled pointings of the Galactic Center with the K-band system on
DSS-43. The colored circles correspond to the beam size of DSS-43
at 22GHz. The position of the Galactic Center magnetar,
PSR J1745-2900, is overlaid for reference. We are performing deep
exposures of the field containing Sgr A* and PSR J1745-2900, along

with additional observations at the other pointing positions. . . . . . 271
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9.12

9.13

Detectability of pulsars toward the GC. The blue and red circles show
the 1.4 GHz pseudo-luminosities of the known normal and millisec-
ond pulsars in the ATNF pulsar catalog® [365], respectively, if they
were located at a distance of Dgc = 8.3 kpc in the GC. The 1.4 GHz
pseudo-luminosities have been scaled using an average spectral index
of (@) =-1.8 [372]. The brown dashed and solid curves show the
100 sensitivity limits for a 20 and 200 hr pulsar survey using the
K-band system outfitted on DSS-43. The solid black curve shows
the corresponding sensitivity limit obtained from the 27.5 hr pul-
sar survey carried out with the GBT at Ku-band by Macquart et al.
[349], which was previously the most sensitive pulsar survey of the
GC region. The brown and black curves rise at short periods due
to significant scattering at shorter periods, which scales as v (see
Equation (9.5)). If the scattering observed toward the GC magnetar,
PSR J1745-2900, is typical of the GC environment, then the sensi-
tivity curves remain flat at shorter periods. The black and brown
sensitivity limits demonstrate that previous searches for GC pulsars
would not have been sensitive to detecting MSPs in regions of strong
scattering. The brightest known MSP, PSR J0437-47135, is indicated
using a red star and would be easily detectable using the K-band sys-

tem on DSS-43 if it were located at the GC behind a strong scattering

N (S 1

Maximum acceleration of neutron star binaries, assuming a circu-
lar orbit and an edge-on configuration, with an inclination angle of
i =90°. Top panel: Maximum acceleration of a 1.4 M neutron star
in a circular orbit with a 4 x 10® My, SMBH, such as Sgr A*, with
orbital periods of 0-200 hr. Bottom panel: Maximum acceleration
of a 1.4 M neutron star in a circular orbit with a 1000 My BH (black
curve), 10 My BH (blue curve), 1.4 My NS (red curve), 1 Mo WD

(green curve), and 0.1 My WD (orange curve), with orbital periods

of O—10hr. . . . . . . .
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9.14 Maximum orbital acceleration for circular binary NS-BH, NS-NS,
and NS-WD systems as a function of orbital period. The black
errorbars show the line-of-sight acceleration ranges for a selected
set of binary pulsars with Py, < 12hr and |amax| > Ims2. The

labeled binary pulsars have |amax| >20m s2.

The colored regions
correspond to different parameter spaces probed by previous surveys,
such as the High Time Resolution Universe (HTRU) Pulsar Survey,
by dividing individual observations into shorter segments [75, 403].

Image and caption adapted from [75,403]. . .. ... .. ... ...
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Chapter X: The Orbital Parameters of the Eclipsing High-mass X-Ray Binary Pulsar
IGR J16493—-4348 from Pulsar Timing

10.1 Background-subtracted pointed RXTE PCA (2.5-25keV) light curve
of IGR J16493-4348 using all available PCUs with 16 s time resolu-
tion. Orbital phase O corresponds to 75> from circular solution 1 in
Table 10.6. Data plotted in red were excluded from the pulsar timing
analysis since pulsations were not strongly detected. . . . .. . . .. 287

10.2  X-ray light curves of IGR J16493-4348. (a) RXTE PCA scan (2-10keV)
weighted average light curve of IGR J16493-4348 using 30 day bin
widths. (b) Swift BAT 70-month snapshot (14-195 keV) and (c) Swift
BAT transient monitor (15-50keV) weighted average light curves of
IGR J16493-4348 using bin widths equal to twice the 6.7828 day or-
bital period. The horizontal uncertainties in Figures 10.2(a)—(c) cor-
respond to the half bin widths in the light curves, and the vertical un-
certainties are obtained from the standard error. The pointed PCA ob-
servation times are indicated by the blue shaded regions (smaller than
the symbol size) in Figures 10.2(a)—(c). (d) Background-subtracted
pointed RXTE PCA (2-10keV) light curve of IGR J16493—-4348 us-
ing all operational PCUs with 128 s time resolution. The red shaded
regions correspond to observation times with weak pulsed emission,
and nearly simultaneous RXTE PCA scan (2-10keV) observations
are overlaid as blue squares. Orbital phase O corresponds to Ty/2
from circular solution 1 in Table 10.6. . . . . . .. . ... ... ... 289

10.3 Semi-weighted power spectra of IGR J16493-4348 using the (a) RXTE
PCA scan (2-10keV), (b) Swift BAT 70-month snapshot (14-195 keV),
and (c¢) Swift BAT transient monitor (15-50keV) light curves. The
horizontal dashed lines indicate 95% (shown in green), 99% (shown
in blue), and 99.9% (shown in red) significance levels. The grey
vertical dashed line corresponds to the 20.067 day superorbital pe-
riod from the semi-weighted DFT of the BAT transient monitor data.
The 6.7821 day orbital period from the semi-weighted DFT of the
BAT transient monitor light curve is indicated by the grey vertical
dot-dashed line. Significant harmonics of the orbital period are la-

beled in each power spectrum. . . . . . .. ... ... 291
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10.4

10.5

10.6

Folded superorbital profiles of IGR J16493-4348. (a) RXTE PCA
scan (2-10keV), (b) Swift BAT 70-month snapshot (14-195keV),
and (c) Swift BAT transient monitor (15-50keV) light curves of
IGR J16493-4348 folded using 15 bins on the 20.067 day superorbital
period measurement from the semi-weighted DFT of the BAT tran-
sient monitor data. Superorbital phase 0 corresponds to the time of
maximum flux in the BAT transient monitor data (MJD 55329.65647),

which was determined from a sine wave fit to the light curve. . . . . .

Schematic diagram of the asymmetric step and ramp function in
Equation (10.3). This model was used to characterize the eclipses in
the folded RXTE PCA scan (2-10keV), Swift BAT 70-month snap-
shot (14-195keV), and Swift BAT transient monitor (15-50keV)

lightcurves.. . . . . . . . . .. L

Mid-eclipse times of IGR J16493-4348. Top panels: Observed
mid-eclipse times of IGR J16493-4348 obtained from an O—C anal-
ysis using the RXTE PCA scan (2-10keV) and Swift BAT transient
monitor (15-50keV) light curves and (a) asymmetric and (b) sym-
metric eclipse models. The solid red line corresponds to the best-fit
orbital change function using Equation (10.7). Each mid-eclipse time
was weighted by its maximum asymmetric error in Table 10.2 during
the fitting procedure. Bottom panels: Residuals determined by sub-
tracting the best fit from the mid-eclipse times. Mid-eclipse times
derived from the BAT transient monitor and PCA scan light curves
are represented by black open circles and black open squares, respec-

tively. The mid-eclipse time measurement reported by Cusumano

et al. [140] is indicated with blue open triangles. . . . ... ... ..
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10.7

10.8

Folded orbital eclipse profiles and Doppler delay times of
IGR J16493-4348. (a) RXTE PCA scan (2-10keV), (b) Swift BAT
70-month snapshot (14-195 keV), and (c) Swift BAT transient mon-
itor (15-50keV) light curves of IGR J16493-4348 folded on the
refined 6.7828 day orbital period from the O—C analysis in Sec-
tion 10.3.2.1. The BAT light curves were folded using 200 bins.
The PCA scan light curve was not binned to prevent cycle-to-cycle
source brightness variations from affecting the folded orbital profile.
We overlay the asymmetric (shown in green) and symmetric (shown
in red) step and ramp eclipse models from Tables 10.3 and 10.4.
Discontinuities in the asymmetric eclipse model are included at half
orbital cycles from the mid-eclipse times. (d) Orbital Doppler de-
lay times measured during the final iteration of the pulsar timing
analysis using the pointed RXTE PCA (2.5-25keV) light curve of
IGR J16493-4348. The uncertainties on the ToAs correspond to the
statistical errors obtained from Monte Carlo simulations and do not
include the additional 3.1 s systematic uncertainty from circular so-
lution 2 in Table 10.6. The horizontal error bars indicate the duration
of the light curve segments used to derive the ToAs. The red curve
shows the predicted delay times using the fit from circular solution 1
in Table 10.6, which assumes a constant neutron star rotational pe-
riod. Orbital phase 0 corresponds to 7,2 from circular solution 1 in
Table 10.6. . . . . . . . ...
Power spectra of pointed RXTE PCA (2.5-25keV) observations of

IGR J16493-4348. (a) Unweighted power spectrum of IGR J16493-4348

using the pointed RXTE PCA (2.5-25keV) light curve without low
frequency noise subtracted from the continuum. (b) Linear (shown in
green), quadratic (shown in blue), and cubic (shown in red) fits to the
logarithm of the power spectrum. The cubic fit was used to estimate
and remove the continuum noise. (c) Corrected power spectrum after
subtracting the cubic continuum noise model. The horizontal dashed
lines indicate the 95% (shown in green), 99% (shown in blue), and
99.9% (shown in red) significance levels. The vertical dot-dashed line
corresponds to the 1093 s pulse period. The statistically significant
peaks near ~5800 s are attributed to the orbital period of RXTE.
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10.9

10.10

10.11

Final pulse template of IGR J16493-4348 obtained during the last
iteration of the pulsar timing analysis using the pointed RXTE PCA
(2.5-25keV) light curve. The count rates in each bin were derived by
averaging the count rates in the measured profiles. The uncertainties
were calculated by summing the errors on the count rates in each bin
of the measured profiles in quadrature and then normalizing by the

total number of profiles. Phase O corresponds to 7> from circular

solution 1 in Table 10.6. . . . . . . . . . . . . . . . . ... ... ..

Pulse profiles of IGR J16493-4348 derived from pointed RXTE PCA
observations in the (a) 2.5-5, (b) 5-10, (c¢) 10-25, and (d) 2.5-25 keV
energy bands. The profiles were obtained by folding the light curves
on the refined 1093 s pulse period measurement from the final itera-
tion of the pulsar timing analysis after correcting for orbital Doppler

delays. Phase O corresponds to 7> from circular solution 1 in Ta-

ble 10.6. . . . . . .

Predicted eclipse half-angle of IGR J16493-4348 as a function of in-
clination angle, assuming neutron star masses of 1.4 M in (a) and (c)
and 1.9 M, in (b) and (d). These constraints are obtained using the
orbital parameters from (left) circular solution 1 and (right) eccentric
solution 1 in Table 10.6, together with the asymmetric eclipse model
parameters in Table 10.3 from fitting the Swift BAT transient mon-
itor (15-50keV) orbital profile. The solid blue curves are derived
using supergiant mass and radius values corresponding to where the
donor fills its Roche lobe, and the solid black curves are obtained
using supergiant mass and radius values derived for an edge-on or-
bit. The solid red lines indicate the measured eclipse half-angle in
Table 10.3 from fitting the BAT transient monitor orbital profile.
The dashed curves correspond to 1o uncertainties on the eclipse

half-angles. The grey shaded regions show the allowed parameter
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10.12 Log-log plots of stellar mass as a function of stellar radius for
IGR J16493-4348’s supergiant companion using the orbital param-
eters from (left) circular solution 1 and (right) eccentric solution 1 in
Table 10.6. We assume neutron star masses of 1.4 M in (a) and (c)
and 1.9 M, in (b) and (d). The left and right solid black curves show
constraints corresponding to an edge-on orbit and where the super-
giant fills its Roche lobe, respectively. The solid red curves show
constraints obtained using the orbital parameters in Table 10.6 and
the asymmetric eclipse model parameters in Table 10.3 from fitting
the Swift BAT transient monitor (15-50keV) orbital profile. The
dashed curves indicate 10~ uncertainties on these constraints. The
grey shaded regions correspond to the allowed parameter space for
inclination angles between Roche lobe overflow and an edge-on or-
bit, and the red shaded areas indicate the joint-allowed region also
satisfying constraints from the asymmetric eclipse and timing mod-
els. The green circles, orange triangles, blue stars, and magenta
crosses correspond to supergiant spectral types from Carroll and
Ostlie [86], Cox [133], Searle et al. [484], and Lefever et al. [311],
respectively. The B0.5 Ia® and B0.5 Ia® labels are used to distin-
guish between the two B0.5 Ia Galactic B supergiants with different
masses and radii in Table 3 of Searle et al. [484]. We favor a spectral
type of B0.5 Ia for the supergiant donor since this is the only spectral
type that lies in the joint-allowed regions derived using the orbital
parameters from circular solution 1. . . . . . . ... ... ... .. 318

10.13 L1 Lagrange point separation from IGR J16493-4348’s supergiant
companion as a function of orbital phase. The solid curves indicate
the separation for different eccentricities between 0 and 0.25, and the
horizontal dashed lines correspond to a supergiant radius of 27 Rg
for the favored B0.5 Ia spectral type from Searle et al. [484]. For
eccentric orbits with e > 0.20, Roche lobe overflow will be induced
during orbital phases where the L1 Lagrange point separation is inside

the supergiant. . . . . . . .. .. ... 321
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Glossary of Selected Acronyms

Acronym Definition Acronym Definition
ACF Autocorrelation Function ADC Analog-to-digital Converter
ATNF Australia Telescope National Facility AXP Anomalous X-ray Pulsar
BH Black Hole CTFT  Continuous-time Fourier Transform
DAG Directed Acyclic Graph DEC Declination
DFT Discrete Fourier Transform DISS Diffractive Interstellar Scintillation
DM Dispersion Measure DNS Double Neutron Star
DOF Degrees of Freedom DSN Deep Space Network
DSP Digital Signal Processing DTFT Discrete-time Fourier Transform
EM Estimation-maximization EoS Equation of State
FAP False Alarm Probability FDMT  Fast Dispersion Measure Transform
FFA Fast Folding Algorithm FFT Fast Fourier Transform
FIR Finite Impulse Response FoV Field of View
FPGA Field-programmable Gate Array FRB Fast Radio Burst
FWHM Full-width at Half-maximum GBT Green Bank Telescope
GC Galactic Center GO Geometrical Optics
GRB Gamma-ray Burst GW Gravitational-wave
HMM Hidden Markov Model HMXB High-mass X-ray Binary
HWHM Half-width at Half-maximum IGM Intergalactic Medium
IIR Infinite Impulse Response IPS Interplanetary Scintillation
ISM Interstellar Medium ISS Interstellar Scintillation
KDI Kirchhoft Diffraction Integral KS Kolmogorov—Smirnov
LAN Local Area Network LMC Large Magellanic Cloud
LMXB Low-mass X-ray Binary LOS Line of Sight
LTI Linear Time-invariant MAP Maximum A Posteriori
MLE Maximum Likelihood Estimate MS Main Sequence
MSP Millisecond Pulsar NS Neutron Star
0-C Observed Minus Calculated PBF Pulse Broadening Function
PDF Probability Density Function PPA Polarization Position Angle
QPO Quasi-periodic Oscillation RA Right Ascension
RFI Radio Frequency Interference RISS Refractive Interstellar Scintillation
RM Rotation Measure RMS Root Mean Square
RRAT Rotating Radio Transient S/N Signal-to-noise Ratio
SGHMXB Supergiant High-Mass X-ray Binary SGR Soft Gamma Repeater
SMBH Supermassive Black Hole SMC Small Magellanic Cloud
SNR Supernova Remnant TOA Time of Arrival
TOV Tolman-Oppenheimer-Volkoff ULX Ultraluminous X-ray Source
WD White Dwarf XTI X-ray Timing Instrument

Table I: Glossary of selected acronyms.
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Table of Selected Variable Definitions

Symbol Definition
c Speed of Light
kp Boltzmann Constant
D Dispersion Constant
A, Effective Area
Dgc Distance to the Galactic Center
AGc Distance of the Scattering Screen from the Galactic Center
e Electron Charge
Me Mass of the Electron
fe Electron Number Density
Mg Earth Mass
Mns Neutron Star Mass
Nchans Number of Frequency Channels
Veenter Center Frequency
Vp Plasma Frequency
n(v) Frequency-Dependent Refractive Index
k(v) Wavenumber
Vg Group Velocity
Rns Neutron Star Radius
T4 Pulse Broadening Timescale
Viss Transverse Velocity Relative to the Plane of the Observer

Table II: Table of selected variable definitions.
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Part I: Pulsars, Fast Radio Bursts, and the Deep
Space Network

Exploration is in our nature. We began as wanderers, and we are wanderers still.
We have lingered long enough on the shores of the cosmic ocean. We are ready at

last to set sail for the stars.

— Carl