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MACALESTER COLLEGE

Abstract
Department of Physics and Astronomy

by Susie Paine

Fast radio bursts (FRBs) are short-duration radio pulses of cosmological origin.

Among the most common sources predicted to explain this phenomenon are bright

pulses from a class of extremely highly magnetized neutron stars known as mag-

netars. In 2020, a Galactic magnetar produced an FRB-like burst, allowing re-

searchers to constrain the Galactic magnetar burst rate. We assume that the

magnetar burst rate scales with star formation rate and test an important predic-

tion for similar bursts in nearby galaxies. Messier 82 (M82) has a star formation

rate 40 times that of the Milky Way, implying that the magnetar burst rate would

be quite high. We observed M82 with the 20 meter telescope at the Green Bank

Observatory for 28.2 days. We found 291 candidate bursts, but none of those can-

didates had a signal-to-noise ratio greater than 10. An S/N of 10 is required for

a candidate burst to be considered an FRB. Additionally, none of the repeating

dispersion measures (DMs) we found had enough bursts to constitute a confidence

level of 5σ. Using these constraints, we determined an upper bound for M82’s

magnetar burst rate to be 0.035 day−1. Based on this result, we determined that

star formation rate cannot scale with magnetar burst rate in the case of M82.
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CHAPTER 1: Introduction

Astronomical phenomena can be split into two categories: transient and non-

transient objects. Non-transient objects like galaxies and stars persist far beyond

a human lifetime. Astronomers study changes in these objects by observing large

populations and modelling how one object might go through different life stages.

Transient objects, like gamma ray bursts and supernovae, change on timescales

that are readily observable by humans. Many of these events take place over

fractions of a second. Transient events are difficult to detect because a telescope

has to be looking at just the right point in the sky at just the right time.

The history of radio transients is filled with fortuitous discoveries. The major

category of transient objects in radio astronomy is pulsars. Their characteristic

repeating pulses were discovered by Jocelyn Bell Burnell in 1967 (Hewish et al.

1968). Pulsars have become a large field in the past decades, with thousands known

and surveys to discover them at every major radio telescope. In a pulsar survey

targeting the Magellanic Clouds in 2001, an unusual radio pulse was recorded by

the Parkes Radio Telescope. In 2007, an undergraduate student at West Virginia

University was reviewing archival data and discovered this burst (Lorimer et al.

2007). Now, it is known as the Lorimer Burst, the first fast radio burst (FRB),

pictured in Figure 1.1.

Since the Lorimer Burst, FRBs have been detected by 14 radio telescopes, in-

cluding the Arecibo Observatory, Robert C. Byrd Green Bank Telescope (GBT),

Karl G. Jansky Very Large Array (VLA), and the Canadian Hydrogen Inten-

sity Mapping Experiment (CHIME). Over 790 separate bursts have been detected

(Spanakis-Misirlis 2021). Though detection rates were slow in the first few years

after discovery, FRBs have been detected in much greater numbers in recent years.

Much of this uptick in discovery is due to CHIME’s large instantaneous sky cov-

erage and total time on sky, leading to a high discovery rate.

1
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2

Figure 1.1: The Lorimer Burst was found in 2007 by an undergraduate at
West Virginia University. The dispersed burst is pictured in the waterfall plot
above, showing radio frequency versus time. The dedispersed pulse shape is

shown in the inset graph in the upper right corner. (Lorimer et al. 2007)

1.1 Overview of Fast Radio Bursts

Fast radio bursts are best summed up by their name. They are millisecond pulses

of radio emission. Some are as brief as 0.24 ms, while others are much longer,

up to 5,000 ms (Spanakis-Misirlis 2021). Searches for FRBs occur over a wide

range of frequencies. Most FRB searches have large bandwidths, which typically

contain 1420 MHz. Fast radio bursts only have a few observable properties: sky

position, flux density, pulse width, and dispersion measure (Petroff et al. 2019).

Sky position simply means the position of the burst on the sky. For most bursts,

this is not a precise location, but a possible area. Single dish telescopes, like the

GBT, cannot determine a location more precise than their beam size, leading to

position uncertainties in most FRB detections. Interferometers, like the VLA and
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3

CHIME, provide more precise location data, but beam sizes still pose a problem for

precise localizations. Precise positional data is necessary to determine an FRB’s

native galaxy. I discuss FRBs with host galaxy localizations in Section 1.1.1 below.

The next observable property of fast radio bursts is the flux density. This quantity

is a measure of brightness and the burst’s total energy, modulated by distance.

However, FRBs are detected at particular frequencies, so most FRB fluxes are

quoted as flux densities, referring to the flux at a particular frequency. Most flux

densities are listed as the highest value for any frequency observed for a particular

burst. The pulse width, the third observable property of FRBs, is the temporal

length of the burst. Most bursts only last for milliseconds, but those lengths are

still measurable, in many cases. Figure 1.2 shows the flux densities versus pulse

widths for known FRBs. Generally, FRBs have a pulse width of 1-10 ms and a

flux density of about 1-10 Jy.

100 101 102

Pulse Width (ms)

10 2

10 1

100

101

102

Fl
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 D
en

sit
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(Jy
)

Figure 1.2: The relationship between the flux densities and pulse widths of
known FRBs are shown above. The flux densities, on the y-axis, span about
five orders of magnitude. The pulse widths, on the x-axis, span about four
orders of magnitude. The banded structures in the figure are due to rounding
effects in different FRB catalogs. The data in this figure was accessed from

Spanakis-Misirlis (2021).
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4

Fast radio bursts are dispersed into a characteristic exponential decay. This disper-

sion is due to the differential interactions with intervening material. As a photon

travels between an FRB progenitor and the Earth, it passes through gases, both

neutral and ionized. Free electrons in the burst’s path disperse the photons, and

therefore delays their arrival times. Photons with lower frequencies are dispersed

more than those with higher frequencies, meaning that higher frequencies reach

the telescope before lower frequencies. This dispersion generally leads to a some-

what quadratic curve in frequency vs time space, as seen in Figure 1.1. The total

time delay between the highest and lowest frequencies,

∆t = 4150 s (ν−2
lo − ν

−2
hi ) DM, (1.1)

where νlo and νhi represent the high and low frequencies of a particular observation

in units of MHz (Lorimer & Kramer 2004). Dispersion measure (DM) in this

formula corresponds to the level of dispersion in units of cm−3 pc. The DM is

dependent on the amount of material the burst has passed through, and is defined

physically as,

DM =

∫ d

0

ne(l) dl, (1.2)

where d is the distance to the FRB progenitor, ne is the electron number density,

and l is a path length through the electron density (Petroff et al. 2019). When

the electron density is relatively constant across space, Equation 1.2 reduces to a

simple product of electron density and distance.

In general, more distant bursts will have a higher DM than closer bursts. However,

DM is also dependent on the material around the burst and the material of the

Milky Way. If an FRB progenitor is located in an area of particularly dense gas, the

DM will be larger than a progenitor in a less dense area, even if the two objects are

the same distance from Earth. Thus, DM can only be used as a rough estimate

of distance rather than a specific measure. If the DM contribution of the host

galaxy and the Milky Way can be determined, DM can be used as a much more

sophisticated distance estimate. Based only on these rough estimates, astronomers

theorized that FRBs come from extragalactic sources. More recently, FRBs were

localized to specific galaxies, confirming their extragalactic status. Generally, the

DM of the Milky Way is on the order of 30-50 cm−3 pc in the halo and an order of
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5

magnitude higher in the disk. The DMs of known FRBs are shown in a histogram

in Figure 1.3. The histogram peaks at about 300 cm−3 pc, comfortably outside of

Galactic range in the halo. Generally, FRBs are located outside of the Galactic

plane so the DM contribution from the Milky Way is on the low end.

0 500 1000 1500 2000 2500 3000
DM (pc/cm3)

0

10

20

30

40

50

60

70

80

Nu
m

be
r D

en
sit

y

Figure 1.3: This figure shows the distribution of dispersion measures in the
known FRB population. Most FRB DMs are centered at about 300 cm−3 pc.
FRBs are extragalactic, so they do not populate the lowest end of the DM
spectrum. Galactic pulsars would fill the lowest end of DM space. There is a

tail at higher DMs because more distant objects are harder to detect.

In Figure 1.4, the DMs of known FRBs are plotted against their flux densities.

If all FRBs had the same luminosity, we would expect a trend that lower DMs

correspond to higher flux densities. From the figure, this is not the case, due both

to differing luminosities and the fact that DM is not equal to distance.

Initially, astronomers thought that FRBs were created in cataclysmic processes,

or processes that result in the destruction of their hosts. However, in 2016, on

routine follow-up observations of FRB 121102, repeating pulses were found (Spitler

et al. 2016). Astronomers had been periodically observing in the direction of all

FRBs, hoping to find further evidence of the events that led to the burst. On
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Figure 1.4: The relationship between flux density and dispersion measure
for the known FRB population. The banded structures within the plot are
due to rounding effects in different FRB catalogs. This plot does not show the
faintest FRBs to better illustrate the relationship between flux density and DM.

Generally, FRBs with lower DMs have higher flux densities.

this particular observation, Spitler et al. (2016) discovered 10 bursts within a

short time frame, conclusively proving that FRB 121102, at least, had not been

caused by a destructive event. By early 2022, over 20 bursts have been found from

FRB 121102 (Spanakis-Misirlis 2021). Since the surprise discovery of FRB 121102,

23 other repeating FRBs have been found. Repeating FRBs have produced over

100 bursts in total.

However, the vast majority of FRBs are non-repeating. There are two possible

explanations for the low numbers of repeating FRBs. Either all FRBs repeat, but

repeated bursts are harder to detect for some sources, or there are two distinct

FRB populations. It is possible that many FRBs are repeating, though more

bursts have not been detected. There is a lot of variation between different bursts

of repeating FRBs. There are differences of two orders of magnitude in flux from

different bursts from FRB 121102 (Petroff et al. 2019). However, the DM and

location are consistent, confirming that the bursts arise from the same source. It
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is certainly possible that many, or most, non-repeating FRBs simply do not have

repeated bursts detected.

Recent work suggests, however, that repeating FRBs and non-repeating FRBs are

morphologically distinct. After the release of the first CHIME FRB catalog in the

summer of 2021 (Masui & Chime/Frb Collaboration 2021), researchers could begin

to run statistical analyses of large numbers of FRBs. These analyses indicate that

there are two populations of FRBs (Lorimer 2021). It might even be possible to

determine whether an FRB will repeat from a single burst (Lorimer 2021).

Repeating FRBs typically have longer pulses than non-repeating bursts (Zhong

et al. 2022). Repeating bursts also have smaller emission bandwidths, generally

about 100-200 MHz, while non-repeating bursts often fill the entire CHIME band-

width (400-800 MHz) (Zhong et al. 2022). In addition to smaller bandwidths, re-

peaters have higher peak frequencies than their non-repeating counterparts. Zhong

et al. (2022) examine if the differences between those populations cannot be due

to beaming effects. Beaming effects, in short, are changes in a pulse’s appearance

based on the geometry of the beam relative to Earth. If a beam is pointed directly

at Earth, a telescope sees a different beam shape than a beam that is pointed

glancingly at Earth. The differences between the two populations are not just

limited to the geometry of the burst; burst length and peak frequency are also

different between the populations. Beaming effects cannot explain all these differ-

ences, leading Zhong et al. (2022) to conclude that repeating and non-repeating

FRBs must be produced in different ways.

1.1.1 Localizations of Fast Radio Bursts

FRBs have been discovered across the sky, as shown in Figure 1.5. All known

FRBs have been plotted in Galactic coordinates. There seems to be a position

dependence in the distribution. This positional dependence is likely a survey effect.

Theoretically, FRBs should be equally distributed across the sky. However, radio

telescopes are not evenly distributed over the surface of the Earth. CHIME, the

current best FRB detector, is located in the Northern hemisphere, leading to an

overdensity of detections above the Galactic Equator and an underdensity below
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it. Additionally, CHIME is most sensitive to bursts in the center of its beam.

Due to CHIME’s position, this means that it is most sensitive to FRBs with a

declination around +50 degrees. With a CHIME-like telescope in the Southern

hemisphere, FRBs’ apparent positional dependence should disappear.

CHIME is a particularly good FRB detector because of its large beam size. A

larger beam means that the telescope can see more of the sky at once, raising the

likelihood of a detection. The downside of such a large beam is a greater positional

uncertainty. A telescope with a smaller beam, such as an interferometer like

ALMA, while it has greater positional accuracy, is less likely to make a detection.
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Figure 1.5: This figure shows a map of all known FRBs on the sky plotted in
Galactic coordinates, as of April 2022. At that date, 796 FRBs had been found.
The overdensity on the left side of the plot represents a line of about +50
degrees in declination, the location where CHIME is most sensitive to FRBs.
The underdensity on the right is due to the relative lack of FRB detecting

telescopes in the Southern hemisphere.

Given the high dispersion measures of known fast radio bursts, astronomers were

eager to determine precise localizations for FRBs. Those localizations would point

to whether FRBs were galactic or extragalactic, based on what objects are in the
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line of sight. FRB 121102 was the first FRB to have a precise localization. Much

of this fact is simply due to the larger amount of data on FRB 121102. With

high time-resolution data, FRB 121102 was localized to a precision of about 100

milliarcseconds (Chatterjee et al. 2017). This localization was precise enough to

determine that FRB 121102 is coincident with a dwarf galaxy with a redshift of

z = 0.193, which corresponds to a distance of about 1 Gpc. FRB 121102 was de-

termined as definitively extragalactic, with a low-metallicity, low-mass dwarf host

galaxy (Tendulkar et al. 2017). Since FRB 121102, about 19 FRBs have been local-

ized, including some non-repeating bursts (Petroff et al. 2021). These FRBs have

a wide variety of host galaxies, slightly confounding theorists trying to determine

the FRB progenitor. Most of these localizations were achieved by the Australian

Square Kilometer Array Pathfinder (ASKAP), a powerful interferometer.

1.2 Motivation for this Thesis

In 2020, an FRB-like burst was detected from a Galactic magnetar (Bochenek et al.

2020; CHIME/FRB Collaboration et al. 2020). The magnetar in question, SGR

1935+2154, was in a period of unusually high X-ray activity at the time. The radio

burst had a similar profile to known FRBs. There is some debate about whether

this Galactic burst can be classified as an FRB, since it is much dimmer than any

known extragalactic FRB, as shown in Figure 1.8. However, this FRB-like burst

creates an important link between magnetars and FRBs.

We expect that the magnetar burst rate from a particular galaxy will scale roughly

with star formation rate. Our target is Messier 82, or M82, a nearby starburst

galaxy, which should have a higher number of magnetars than other galaxy types.

Further discussion of M82 is given in Section 1.2.3. If FRBs do arise from magne-

tars, there should be a higher FRB rate from M82 than other galaxies. Starburst

galaxies generally have a star formation rate about 40 times higher than the Milky

Way, meaning that the rate of magnetar formation is also roughly 40 times higher.

Additionally, a burst from M82 with a similar flux as SGR 1935+2154 would be
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clearly observable with a relatively modest telescope. Using results from Boch-

enek et al. (2020), Hawkins & Lorimer (2021) predicted the likely number of bursts

found from M82 over time.

Bochenek et al. (2020) gives an all-sky FRB rate of about 3.6 bursts/sky/year

for bursts within the Milky Way. Figure 1.6 shows the probability density using

Poissonian analysis around Bochenek et al. (2020)’s value. The probability density

of the rate is defined as,

P (R) = RTe−RT , (1.3)

where T is the total time observed by Bochenek et al. (2020), 0.468 years. The

most likely burst rate in this probability density is ∼2.5 bursts/sky/year in the

Milky Way, or slightly lower than the value quoted in Bochenek et al. (2020).

Figure 1.6: An estimate of the burst rate from Galactic magnetars similar to
SGR 1935+2154. A burst rate of about 2.5 bursts/year from Galactic magnetars

is most likely (Hawkins & Lorimer 2021).

Taking the 95% confidence interval from the probability density in Figure 1.6,

we then multiply by a factor of 40 to find the magnetar burst rate in M82, in

accordance with our hypothesis that magnetar burst rate scales with star formation

rate. We then take those bounds and plot the number of FRBs we expect to find
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after a length of time in Figure 1.7. The red shaded region represents the possible

range of FRBs found by that time. We anticipate an FRB detection using the

20 m telescope within the first ∼25 days of observation.

Figure 1.7: The likely number of bursts from M82 plotted against time. At a
given number of days, the number of FRBs from M82 is anticipated to lie within
the shaded region (Hawkins & Lorimer 2021). The shaded region represents the

95% confidence interval for M82 burst rate.

1.2.1 History of Magnetar Bursts

Magnetars are young neutron stars with strong magnetic field strengths. Magne-

tars must be young neutron stars because their magnetic fields are supported by

high levels of rotational energy (Kaspi & Beloborodov 2017). In general, younger

neutron stars rotate faster, emitting energy more quickly. As a neutron star’s total

energy is diminished, the speed of its rotation decreases. Magnetars generally emit

radiation over a span of a few thousand years. After that time, the magnetar no

longer has enough energy to produce bursts. Because magnetars spin so quickly,

they have incredibly strong magnetic fields, up to or exceeding 1015 G (Kaspi
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& Beloborodov 2017). These magnetic fields provide magnetars with enormous

reserves of energy.

Magnetars have a history of producing bursts across the electromagnetic spec-

trum. In fact, magnetars regularly produce both gamma and x-rays under the

names soft-gamma repeaters (SGRs) and anomalous X-ray pulsars (AXPs), re-

spectively (Kaspi & Beloborodov 2017). These bursts vary in luminosity across

the electromagnetic spectrum, as well as across time. Bursts in the X-ray band

span at least five orders of magnitude. This range of observed luminosities be-

lies the factor of approximately 10 in period and 100 in magnetic field strength

observed.

Observers have long suspected that magnetars may produce radio emission. Ra-

dio pulsars have been observed to produce magnetar-like activity (Kashiyama &

Murase 2017), leading many to theorize that such a relationship may also extend

in the other direction.

1.2.2 Galactic Burst

In April 2020, CHIME detected a radio wavelength burst from a Galactic mag-

netar, SGR 1935+2154 (CHIME/FRB Collaboration et al. 2020). This burst had

two sub-burst components, of about 0.585 and 0.335 ms width, respectively. These

two components were separated by about 29 ms. The DM of the entire burst is

332.7206 cm−3 pc, firmly within the Milky Way. The maximum DM for the Milky

Way along the line of sight to the burst is on the order of 500-700 cm−3 pc, much

larger than the DM of the burst itself (CHIME/FRB Collaboration et al. 2020).

The radio pulse from SGR 1935+2154 was temporally coincident with a hard X-

ray/soft γ-ray burst from the source. The X-ray and radio detections are within

3 ms of each other, indicating that they were likely emitted in the course of the

same event (CHIME/FRB Collaboration et al. 2020). The detection of X-ray

emission coincident with this FRB-like pulse leads many to wonder why FRBs do

not generally correspond to sources detected with other multi-wavelength obser-

vations.
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At the time of this detection, SGR 1935+2154 was in a particularly active phase

(CHIME/FRB Collaboration et al. 2020). Hundreds of high-energy bursts were

reported during this active phase. However, no other bursts had a radio counter-

part. The radio detection corresponds with a brighter high-energy pulse, possibly

indicating a minimum energy threshold to emit radio pulses.

Due to the unknown geometry of the source, Bochenek et al. (2020)’s value for the

luminosity of SGR 1935+2154 is quoted as a lower limit. The energy released in

SGR 1935+2154’s radio pulse was 4 × 103 times greater than the most energetic

pulse from the Crab Pulsar (previously the brightest Galactic radio burst) (Boch-

enek et al. 2020). The pulse was also only 30 times less energetic than the weakest

extragalactic FRB. This energetic pulse has been deemed FRB 200428, included

in the ranks of FRBs, now both Galactic and extragalactic.

1.2.3 M82

Messier 82, or M82, was not found by Charles Messier, but it was included in his

famous catalog. M82 is a nearby starburst galaxy, about 12 million light years

away. It is the closest starburst galaxy to Earth. M82 has a distinctive elongated

shape with a central, dusty bulge, as seen in Figure 1.9. Though spiral arms are

not visible in the image, M82 is classified as a spiral galaxy, due to its morphology

in near-infrared (Barker et al. 2008). M82 is a member of the M81 Group, meaning

that M81 is the gravitational mass that is most influential to M82’s motion (Barker

et al. 2008).

Starburst galaxies are galaxies that have recently undergone an intense period of

star formation. Star formation rate is determined both by spectral analysis of

a galaxy and examination of hot star-forming regions. Barker et al. (2008) has

determined the star formation rate of M82 largely by determining the number

of protostars within a few star-forming regions in M82. Those star forming are

packed with very young stars (Kennicutt & De Los Reyes 2021), as well as stellar

remnants. These stellar remnants are expected to include magnetars. M82’s large

population of magnetars make it a particularly good target for FRB study, since
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Figure 1.8: An overview of transient astronomy. The x-axis represents ν×W ,
or the frequency in GHz multiplied by the timescale of the transient. The
y-axis shows luminosity. The choice of these axes allows for (dotted) lines of
constant blackbody temperature, as indicated. If the energy of a transient event
were produced by a blackbody, the temperature contour gives that temperature.
FRBs are in the upper left, but SGR 1935+2194 is lower in luminosity than any
confirmed FRB, as seen in the upper left. However, SGR 1935+2154 is much
brighter than the brightest pulsar. The SGR 1935+2154 detection represents a
lower limit on the radio luminosity due to the unknown geometry of the source.
It seems likely that SGR 1935+2154 is part of a large population of FRBs that

are undetectable due to their greater distances. (Hurley-Walker et al. 2022)

the magnetar hypothesis leads us to expect a higher rate of FRBs from M82 than

other galaxies.

1.3 An Overview of this Thesis

In this thesis, I will describe a search for fast radio bursts from the starburst

galaxy Messier 82. M82 has a high proportion of magnetars, meaning that it is

more likely to emit FRBs, if magnetars are indeed FRB progenitors. If the rate of
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Figure 1.9: M82 was catalogued by Charles Messier in the 1780s. It is the
closest starburst galaxy. Image Credit: NASA

FRBs from M82 is high, that is a good indication that all the relevant assumptions

are correct: magnetars are FRB progenitors and M82 contains many magnetars.

If the rate of FRBs from M82 is low, that is an indication that at least one of

these assumptions is incorrect.

In Chapter 2, I present a review of possible FRB progenitors, with a particular

focus on magnetars as progenitors. I begin with cataclysmic progenitors before

turning to repeating progenitors.

In Chapter 3, I discuss our data acquisition process: both the measurements and

the processing. First, I discuss the telescope used for measurement. Next, I explain

the data processing pipeline, with special attention on HEIMDALL and FETCH,

two programs used to detect and sort pulses. Finally, I explain the different

portions of the data products output by FETCH.
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In Chapter 4, I present our results. First, I discuss the candidate population as a

whole. Then, I discuss notable bursts and repeating bursts. Finally, I constrain

the magnetar burst rate of M82 and discuss our initial assumptions.

In Chapter 5, I present our conclusions. I also discuss future work to be done on

the project, including new directions for FRB searches in M82.
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CHAPTER 2: FRB Progenitor Theories

Since the discovery of FRBs, astronomers have been formulating theories for their

origins. These theories run the gamut from the familiar to the strange to exotic

and even alien. At the time of writing, there are over 50 theories in the FRB

Theory Wiki1, a compilation of progenitor theories that have been published in

astronomical journals. These theories can be separated into two main categories:

cataclysmic and non-cataclysmic progenitors. Simply put, a cataclysmic progeni-

tor destroys itself, meaning that cataclysmic progenitors cannot possibly explain

all FRBs. Repeating FRBs require non-cataclysmic progenitors.

The two populations of FRBs lead to more questions: do these two populations

arrive from separate progenitors? Are the differences between the two FRB pop-

ulations due to different conditions in the same category of objects? Do repeating

and non-repeating FRBs arise from multiple categories of objects altogether?

While astronomers have considered the possibility that the different populations

arise from different progenitors, it is far more likely that the two types come

from different conditions in the same kind of progenitor. Because of the similar

burst appearances, it is far more likely that repeating and non-repeating FRBs

are closely related rather than coincidentally similar. A complete review of the

theories for FRB progenitors is outside the scope of this thesis, but some discussion

is warranted. In the following sections, I discuss the most popular progenitors

of the cataclysmic and non-cataclysmic varieties, focusing on different magnetar

progenitors.

2.1 Cataclysmic Progenitors

The first FRB was found in 2007, but the first repeating source was not found until

2016 (Spitler et al. 2016). Because of this nine year time lag, initial theories of

FRB progenitors were based primarily on cataclysmic events. After all, there are

1https://frbtheorycat.org/index.php/Main Page
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plenty of single burst astrophysical phenomena that arise from destructive events

(e.g., supernovae, gamma-ray bursts, etc). Initially, it seemed that FRBs would

be added to this list, but evidence has since come to light suggesting that they are

more similar to pulsars.

Cataclysmic progenitors come down to two basic scenarios: collisions/mergers or

collapses. Most of these involve neutron stars or other compact objects because

of their high energy levels. One theory, advanced by Totani (2013), suggests that

FRBs are created in binary neutron star mergers. FRBs would be created in

the final moments of the neutron stars’ inspiral, when their magnetospheres are

aligned enough to produce coherent emission (Totani 2013). Earlier in the inspiral,

emission would be incoherent, and thus too weak to be detectable. Those final

moments, however, should produce a strong radio signal that could be detected

as an FRB (Totani 2013). This theory clearly predicts a one-time event. Two

neutron stars cannot collide, un-collide, and collide again. In order for this pro-

genitor theory to be valid for all FRBs, they must only originate from galaxies

that host neutron stars. Current localizations of FRBs put them in a variety of

galaxy types, leading to the downfall of the binary neutron star merger theory’s

relevance. Though they could still explain some non-repeating sources, they can-

not accommodate the whole FRB population. Since most FRBs have not been

localized to a particular galaxy, it is difficult to determine the true feasibility of

different progenitor theories.

In addition to the merger of binary neutron stars, theorists have proposed neutron

star-black hole mergers (Mingarelli et al. 2015), neutron star-white dwarf mergers

(Liu 2018), and white dwarf-black hole mergers (Li et al. 2018) as FRB progenitors,

as well as several others. However, binary pairs of these types are certainly rarer

than current rates of FRBs require, though the rates of such binaries are quite

poorly known (Boco et al. 2019).

Many collapse theories of FRB production are also quite popular. A few groups

have focused on the collapse of rotating supramassive neutron stars to black holes.

Falcke & Rezzolla (2014), Punsly & Bini (2016), and Fuller & Ott (2015) all deal

with such scenarios. If a neutron star is rotating rapidly enough, its mass can

exceed the maximum mass for a non-rotating neutron star (Falcke & Rezzolla
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2014). Such a neutron star can maintain that state as long as the rotation is

fast enough to keep collapse at bay. Inevitably, however, a rotating neutron star

must lose its rotation due to friction with the surrounding environment (Falcke &

Rezzolla 2014). Eventually, the supramassive neutron star will collapse in a very

brief time span. A magnetic shock wave would emanate from the collapse and

produce radio emission (Falcke & Rezzolla 2014). Fuller & Ott (2015) suggests

that this collapse could be induced by dark matter buildup in the core rather than

spin down. If a neutron star captures enough dark matter, however it that occurs,

Either way, such a collapse would produce a very large energy signature.

There are many other cataclysmic progenitor theories, with a wide range of objects

at their focus. Raby (2016) considers axion star-neutron star interactions. Axion

stars are stars made of axions, a type of hypothetical exotic matter. Meanwhile,

Keane et al. (2012) investigate the evaporation of mini-black holes. Brandenberger

et al. (2017) discuss the evaporation of cosmic string cusps as a progenitor theory.

Cosmic strings are theoretical objects that were formed in the early universe and

stretched to great distances today. Cosmic string cusps are loops of a cosmic

string, which can be twisted into ever more complicated formations, trapping

energy. Barrau et al. (2014), on the other hand, attribute FRBs to white holes,

theoretical exotic objects that are the opposite of black holes: matter and energy

come out, but nothing can get in.

2.1.1 Magnetars

Magnetars are young neutron stars with exceptionally large magnetic fields (for a

more complete discussion, see Section 1.2.1). Magnetars are currently the most

popular theory for FRB progenitors because they are already known to create

radio emission, though debate still abounds on the particulars of magnetars as

FRB progenitors. One of the first theories for FRB progenitors was a theory

involving magnetars.

As early as 2010, astrophysicists proposed magnetar wind shocks as the phenomena

that give rise to FRBs (Popov & Postnov 2010). Others built upon this model

in following years (see, e.g., Lyubarsky 2014; Murase et al. 2016). In this model,
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a magnetar is surrounded by a wind nebula, a shell of gas that had been blown

off the neutron star. This material was either ejected in the initial supernova or

through subsequent material loss. Any energy that the magnetar releases must

collide with the nebula, heating the gas. The heated nebula radiates radio photons

to cool down. An FRB would be created when a magnetar hyperflare runs into the

surrounding nebula. A magnetar hyperflare is a more intense, and rarer, energy

burst from the magnetar. Such a burst arises from instabilities in the magnetic

field. As the burst hits the wind nebula, the highly energetic photons (X-rays or

γ-rays) are absorbed by the wind particles, eventually leading to the gas radiating

radio waves. That radio pulse could be quite energetic, leading to FRBs. The

problem with such a model is that it cannot answer the question of all repeaters.

Such energy could not be produced by a magnetar at the timescales of many

repeaters (often multiple bursts in an hour) (Murase et al. 2016).

2.2 Repeating Progenitors

After Spitler et al. (2016) confirmed FRB 121102 was a repeating source, theo-

rists suddenly had to account for high energy bursts without destruction of the

source. Models that encompassed all FRBs must be non-cataclysmic, though some

groups continued working on cataclysmic models, in case FRBs arise from differ-

ent sources. Mergers and collisions are necessarily cataclysmic, but neutron stars

continue to dominate the landscape of repeating FRB progenitors.

Ghisellini (2017) suggest that FRBs are created in synchrotron masers around

neutron stars. A synchrotron maser is a particular mechanism that focuses energy

into a more coherent structure, resulting in stronger and more easily detectable

radiation. Synchrotron emission takes place in highly magnetized environments.

Neutron stars are highly magnetized, even if they aren’t magnetars. Particles

released from the surface of the magnetic field are accelerated in spirals along

those magnetic field lines, they produce radio emission in the form of an FRB.

If the particles being accelerated are electrons, the magnetic field can be quite

small (10-100 G) (Ghisellini 2017). However, in order for such a maser to produce

a visible burst with electrons, it must be quite close. Since FRBs are confirmed
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extragalactic sources, the accelerated particles must be protons instead, requiring

a much larger magnetic field (104-105 G) (Ghisellini 2017). These magnetic fields

are much lower than those of most magnetars, however. Many magnetars have

magnetic fields in the range of 1012-1014 G (Kaspi & Beloborodov 2017). Metzger

et al. (2019) continued work on this theory, explaining how repeated bursts in

close succession would drift downward in frequency, as discussed in Petroff et al.

(2021).

While most neutron star theories focus on magnetars, Kashiyama & Murase (2017)

consider the possibility that FRBs are rotation powered, so the neutron star need

not have a particularly high magnetic field. In such a model, a neutron star rotates

quickly enough to accelerate particles off its surface at sufficient speed. Neutron

stars need to be quite young to have the requisite energy to accelerate particles.

Only neutron stars in the first stages of their lifetimes have enough energy. As

they age, neutron stars lose energy due to friction with surrounding particles and

the loss of energy through radiation. After a neutron star’s period has lengthened

too far, the rotation can no longer power FRBs.

There are many other repeating progenitor theories, ranging from familiar to more

exotic ideas. On the most pedestrian side, Geng & Huang (2015) discuss asteroids

and other small bodies falling onto neutron stars. Dai et al. (2016) also theorize

that FRBs are created in collisions between neutron stars and asteroids. Some

neutron stars may collide with a stellar system with an asteroid belt. As those

asteroids happen to collide with the surface of the neutron star, energetic bursts are

produced: FRBs. Cordes & Wasserman (2016) theorize that FRBs are particularly

interesting giant pulses from young pulsars. Katz (2017) considers the possibility

that FRBs arise from pulsar lightning, or the release of electrostatic energy in

pulsars. Other groups keep their theories within the realm of neutron stars. Gu

et al. (2016) develop a model of FRBs coming from neutron star-white dwarf

accretion. In a binary pair, the white dwarf may eject material that falls onto the

neutron star. As this process takes place, complicated interactions between the two

objects’ magnetic fields cause reconnection, leading to a burst of radiation. On the

most exotic end of the spectrum, Lingam & Loeb (2017) suggests that FRBs could

be attributed to beams powering alien light sails. Light sails power spacecraft by

absorbing the momentum of beamed photons to travel in that direction, similar
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to the way that wind propels a sailing ship. While alien light sails are a somewhat

ridiculous solution to the FRB progenitor problem, they are still fun to ponder.

2.2.1 Magnetars

Like cataclysmic progenitors, the repeating FRB progenitor landscape is domi-

nated by magnetars. After all, neutron stars are relatively abundant. It stands

to reason that some fraction of them would have large magnetic fields, thus clas-

sified as magnetars. There are many different theories for how exactly magnetars

produce FRBs.

Metzger et al. (2017) theorize that FRBs are connected with magnetar births.

Magnetars form after a massive star (between 10 and 25 M�) has undergone a

core-collapse supernova. Such stars must also have high magnetic fields. After the

magnetar has reached a stable state, it is rotating more slowly than before, but still

with a maximum period of only a few seconds. Magnetars must initially have mil-

lisecond rotation periods to produce strong magnetic fields (Metzger et al. 2017).

A magnetar with a fast period will be magnetically braked as it ages, lengthen-

ing the period and strengthening the magnetic field. As a magnetar continues

to evolve, its period gets longer. When a magnetar is quite young, however, it is

spinning rapidly, creating a lot of energy. The magnetar also has a store of residual

energy from its collapse. The excess energy can be released in a rapid series of

pulses, as observed in many repeating FRBs. Such magnetars must be in the first

decades of their lives.

Beloborodov (2017) considers FRBs arising from a synchrotron maser at the ter-

mination shock of a magnetar wind nebula. A magnetar wind nebula is a spherical

shell of gas that has been ejected from the magnetar. This material surrounds the

magnetar and is hit by any energy leaving the magnetar’s surface. The termina-

tion shock of such a nebula is the edge of the nebula where gas absorbs outgoing

energy. This gas is ionized and begins to radiate energy to lower its overall energy

state and temperature. There must be a huge amount of power to create FRBs in

such a manner (Beloborodov 2017). If the energy is less intense, the Doppler shift

of the emission would be larger than that observed in FRBs. However, energies
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cannot be so high that they “exhaust” the termination shock (Beloborodov 2017).

If the gas has not sufficiently cooled, it cannot produce another burst of energy

as magnetar emission hits the shock line. Gas needs to be heated quickly in order

to produce energy in a maser, so it must cool below a certain threshold to absorb

enough energy to produce this effect. Repeating bursts of FRBs occur in quick

succession, so the energy must be low enough to allow for cooling. Such repeating

FRBs may be quite rare due to the stringent constraints on such a system, though

they would have the ability to produce a large number of bursts in a relatively

short time (Beloborodov 2017).

Katz (2016) postulates that FRBs are created by arches of magnetospheric current,

like the arches of a star’s corona. Those arches could have long lifetimes, on the

order of thousands of years at the longest (Katz 2016). Currents moving along

those arches could carry large energies which would then be released by plasma

instabilities within the arches themselves. Alternatively, energy could be released

by the movement of arches according to shifts in the magnetar crust. As pieces of

the neutron crust move, different portions of the magnetar’s interior are exposed,

leading to changing magnetic field profiles. When a current is displaced by the

movement of magnetic field lines, an FRB is produced (Katz 2016). On the other

hand, FRBs could be produced by curvature radiation caused by the clumping of

charged particles on the magnetic arches. Curvature radiation is produced when

charged particles move at relativistic speeds along a curved path of a magnetic

field. One problem with curvature radiation is that such signatures would be more

likely to occur at higher frequencies than those of FRBs.
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CHAPTER 3: Data Sources & Processing

Our data was gathered by the 20 meter telescope at Green Bank Observatory.

Over a period of slightly over a year, from October 2020 to January 2022, we

scheduled observations of a maximum of ten hours. At the end of the project,

we have a total of 28.2 days of on-source time on M82. All of that data was

sent through automated processing pipelines, HEIMDALL (Barsdell et al. 2012)

and FETCH (Agarwal et al. 2020), where bursts were located and then sorted

into source and interference. In Section 3.3, I show an example data output and

explain the different portions of the image.

3.1 Data Sources

The Green Bank Observatory (GBO) is an excellent place to gather radio data

because it is located in the radio quiet zone in West Virginia. The radio quiet zone

includes portions of West Virginia, Virginia, and Maryland, where radio transmis-

sions are heavily restricted. These restrictions allow GBO to collect observations

with a much lower level of human-made radio interference.

The 20 meter telescope at GBO was built by the US Naval Observatory in 19941.

The telescope is shown in Figure 3.1. The Navy gave the telescope to GBO

in 2000. Since 2008, this telescope has been used by students and other small

projects. Researchers can apply for telescope time using the Skynet Robotic Tele-

scope Network. The list of our observing times is shown in Appendix A. In our

project, we used the L-band receiver, which has a bandwidth of 125 MHz centered

at 1.4 GHz. The L-band contains the rest frequency of the neutral hydrogen spin

flip and is a commonly used radio waveband. While this specific transition does

not occur in FRBs, the frequency coverage of the L-band is a good window onto

radio phenomena of all kinds.

1https://greenbankobservatory.org/science/telescopes/20m
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Figure 3.1: The 20 meter telescope at Green Bank Observatory. Image Credit:
Green Bank Observatory

The specific 125 MHz window was chosen to minimize noise and interference while

maximizing signal. Outside of this frequency range, interference becomes a larger

problem. The 125 MHz window is split into 256 channels. In order for the al-

gorithms described further in this chapter to function, the number of channels

must be a power of two. The best signal-to-noise ratio occurs in an even smaller

window, the 80 MHz between ∼1360-1440. This window is considered the ‘usable

bandwidth’ with the greatest concentration of signal. These bandwidths and other

important system values are given in Table 3.1.

After the L-band receiver registers signal, that signal is amplified and filtered. The

filters impose the bandpass on the data. Any data that does not fit the bandpass

are removed by the filters. The data is then sent through an analog to digital

converter, which changes the analog signals of the telescope to digital signals that

can be processed by a computer. From there, data are configured to their final form

and saved on a local disk. Those files are then sent to HEIMDALL and FETCH,

the programs we used to find and sort candidate pulses, discussed in detail in

Sections 3.2.1 and 3.2.2. The pipeline is shown schematically in Figure 3.2.
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ADC

ADC

FPGA Local Disk Heimdall FETCH

Human Inspection

ADC: Analog to 
Digital Conversion

FPGA: Field 
Programmable 
Gate Array

Amplifiers Filters

Figure 3.2: Schematic of the data acquisition and analysis pipeline, from the
receiver to the final data outputs.

Parameter Value Units
Telescope gain, G 0.086 K Jy−1

Total bandwidth, ∆ν 125 MHz
Usable bandwidth, ∆ν 80 MHz
Number of channels, n 256

Channel bandwidth, ∆νchan 0.488 MHz
System temperature, Tsys 40 K

Center frequency, ν0 1.4 MHz
Sampling interval, tsamp 131.07 µs

Table 3.1: System values for the 20 m telescope at Green Bank Observatory.
The usable bandwidth represents the portion of the total bandwidth that has

the best signal-to-noise ratio.

3.2 Data Processing

Astronomical surveys generate huge amounts of data, given their hundreds of

hours of observing time. It is impossible for a single person, or even a team, to

process such a huge amount of data in a timely manner. Transient searches in

particular generally result in at least 104 candidates per hour, which is far too

many to be reviewed by eye (Barsdell et al. 2012). And those candidates have

already been passed through intense data processing. In short, it is not possible
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for researchers to process and sort data by hand, so they must rely on computer

processes and algorithms. In this project, we used two algorithms to process

our data. HEIMDALL handles initial dedispersion over frequency and time and

carries out detection of individual pulses in the data, while FETCH uses artificial

intelligence to select the best pulses.

Figure 3.3: This figure shows the difference between an astrophysical pulse,
on the left, and radio frequency interference (RFI), on the right. RFI has a line
through the DM panel rather than a single peak and a smaller frequency range
than that of an astrophysical burst. Specific discussion of the panels is given in

Section 3.3.

FETCH is able to sort out good pulses from the bad. A major issue in radio

astronomy is the presence of radio frequency interference (RFI) in data sets. RFI

can be caused by any human source of radio waves: microwaves, cell phones, cam-

eras, airplanes, radar, etc. While the Green Bank Observatory (GBO) engineers

have done as much as they can to lower RFI, there are still sources sneaking in

every day. RFI often takes a similar shape to astronomical pulses, so FETCH’s

ability to identify RFI is critical. Figure 3.3 shows a sample source pulse and RFI

pulse to show the differences between the two, as well as their similarities.
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3.2.1 HEIMDALL

The HEIMDALL2 algorithm was developed by Barsdell et al. (2012). HEIMDALL

is a dedispersion algorithm with GPU acceleration. It requires data with both

high time and high frequency resolution. Because FRBs have been dispersed by

their travel through intergalactic and interstellar space, that dispersion needs to

be corrected in order to find bursts. HEIMDALL dedisperses possible signals by

correcting for frequency dependent time delay, given in Equation 1.1.

HEIMDALL chooses a value of DM and a value of ν1 and uses Equation 1.1 to

determine the time delay for each frequency. The algorithm can then sum the

power across these frequencies. If an excess of power, with a signal-to-noise ratio

of at least 10, is found in one combination of DM and time sample, an astrophysical

pulse was emitted. HEIMDALL repeats this process for many different values of

DM and different sized time bins.

HEIMDALL takes the thousands of time series it has created and searches them for

bursts. The burst detection process begins by convolving a given time series with

a box-car of some width (Barsdell et al. 2012). The first layer of convolution has

a fairly large kernel, intended to capture broader pulse widths. HEIMDALL then

uses progressively smaller kernels to detect signals and fine tune possible structure.

Only the bursts with a S/N greater than 6 are considered viable candidates and

sent onward. The S/N ratio is determined by the relative strength of the burst

detection and the general noise level. After HEIMDALL has finalized its burst

determinations, those bursts are sent to a small secondary program to produce

images that FETCH can analyze.

3.2.2 FETCH

After HEIMDALL has found bursts, FETCH must categorize those bursts. There

could be thousands of burst candidates found in an hour, and a computer is

necessary to sort through such a high number of candidates. FETCH is a neural

network with a process shown in Figure 3.4. A neural network is a computer

2https://sourceforge.net/projects/heimdall-astro
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program that recognizes connections underlying large sets of data. The input

layer represents the user’s inputs, in this case the outputs of HEIMDALL (Agarwal

et al. 2020). Then, there are convolution layers, where the network compares new

images with an understood catalog. FETCH uses many image convolution layers.

In the dense layer, different features of a particular burst are assigned likelihoods

of belonging to different catergories (e.g. RFI, pulsar, or FRB) (Agarwal et al.

2020). The candidates labelled as pulsars or FRBs are sent to an output layer,

where they can be saved in a folder for a researcher to look over. Those outputs

are shown in Section 3.3.

Input
Layer

Conv.
Layer

Conv.
Layer

Dense
Layer

Output
Layer

Figure 3.4: The FETCH algorithmic process, as described in this section,
is represented in this image. The different layers have different functions that

combine to form a cohesive set of results. (Agarwal et al. 2020)

FETCH has been tested extensively. In test sets, it identified all pulsars and

FRBs correctly, and only misidentified a few RFI pulses (Agarwal et al. 2020).

There are several versions of FETCH, each with different parameters for kernels,
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convolution layers, and sorting criteria. Each version of FETCH has an accuracy of

over 99%, with the lowest accuracy at 99.66%. Most of the inaccuracies come from

misidentification of RFI. FETCH is crucial to the research because of its ability

to find and sort pulses much faster than any human can. The candidates that

FETCH deems real signal are collected and must then be checked by researchers.

3.3 Example Outputs

HEIMDALL outputs images like those in Figure 3.5 below. All the images that

are considered scientifically useful have been sorted into a science category by

FETCH. These figures show the dedispersed pulse (top), dedispersed frequency

versus time (middle), and the search for the pulse in DM space. The typical time

range shown in these figure is on the order of tens of milliseconds, while the bursts

themselves are generally a few milliseconds long.

The burst shown below is from the Crab Pulsar, a young pulsar with a period of 33

ms in the Crab Nebula (Comella et al. 1969). It is an extraordinarily bright pulsar

close to Earth. The Crab’s pulses can be easily detected (Staelin & Reifenstein

1968) (and indeed the Crab was originally discovered through its bright individual

pulses), and they have very high signal to noise ratios. Crab pulses are the ideal

testing ground for radio burst detection. The ideal features of a radio pulse are

very easy to see in an image from the Crab Pulsar.

The top panel of Figure 3.5 shows intensity versus dedispersed flux and time.

The zero point on the time axis indicates the time of the burst, as determined by

HEIMDALL. The time axis then shows time before and after the burst in millisec-

onds. The flux in the top panel has been dedispersed to allow for burst detection.

Because of the time spread of a dispersed burst, it is much more difficult to detect

a burst that has not been corrected for dispersion. HEIMDALL’s algorithm dedis-

perses bursts before it begins the detection process. The top panel shows that

dedispersed burst, which towers above the noise level of the image. The candidate

pulses from M82 reported in this work are much closer to the noise level than this

Crab pulse.
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Figure 3.5: A sample pulse from the Crab Pulsar. The top panel shows dedis-
persed flux versus time, the middle panel shows intensity versus dedispersed
frequency and time, and the bottom panel shows DM versus time. This partic-

ular burst has a DM of 57.17 cm−3 pc and a signal-to-noise ratio of 25.21.

The middle panel of Figure 3.5 shows the dedispersed frequency versus time.

HEIMDALL has determined a usable frequency band of about 80 MHz, from

1360-1440. This band includes 1420 MHz, the frequency of the hydrogen spin-flip

transition for neutral hydrogen. The dedispersed frequency should be a vertical

line at the zero mark of the time axis. When HEIMDALL dedisperses a time

series, all the flux of a particular burst should be visible at one point in time.
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The intensity of the frequency detection is shown by the color of the pixels. Yel-

low indicates more power at that location in phase space, while dark blue is the

lowest power. Most astrophysical bursts have a vertical line through the whole

bandwidth centered at 0 ms. If a burst only has flux at a single frequency, that

indicates probable RFI.

The bottom panel of Figure 3.5 shows the dispersion measure (DM) versus time.

The DM panel indicates the best DM for a particular burst. There should be a

peak in the DM panel, indicating the dispersion measure for that particular burst.

This DM represents the value that HEIMDALL has determined best fits the data.

There is a small range of DM values that could fit the data to varying degrees

of success. The most successful DM at the time of the burst is brightest green,

while other values decrease into the blue. This Crab pulse has a DM of about 57

cm−3 pc, represented by the bright green peak on the dark blue background.
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CHAPTER 4: Results

After visually inspecting each of the 291 output files FETCH determined as viable,

I selected 27 of the best candidates from ∼75 good candidates. These candidates

were determined based on the sharpness of the peak in DM-space, the clarity of

the line in the dedispersed frequency panel, and the dominance of the peak in

the dedispersed flux. Ideally bursts would look like the example Crab pulse (Fig-

ure 3.5). However, none of these candidates are that clear. Good candidates are

defined as those with visible features. The best candidates are listed in Table 4.1

and shown in Appendix B.

In Table 4.1, the first column is the Modified Julian Date (MJD) of the observation.

The MJD represents the time of the observation given in the number of days since

midnight on November 17, 1858. The second column gives the DM in units of

cm−3 pc. Next comes pulse width in units of ms and flux density in units of Jy.

Finally, the S/N is given. The S/N is determined by HEIMDALL.

None of the bursts have a particularly high signal-to-noise ratio: the highest is 7.5.

Unfortunately, the S/N threshold to be certain of a detection as an FRB is about

10, meaning that none of these bursts are quite bright enough to be definitive.

Since HEIMDALL runs tens of thousands of trials per burst, a higher S/N ratio is

needed to represent a statistically significant detection. The threshold of 10 is high

enough that any bursts with that S/N are sure to be genuine astrophysical signals.

Nonetheless, these bursts remain compelling, particularly those with high DMs.

Higher DMs are more likely to be extragalactic, as bursts must travel further, and

thus through more free electrons. Extragalactic DMs include the contribution from

the Milky Way, as well as the contributions from intergalactic space and their host

galactic medium. All of the 27 selected bursts have DMs that are larger than the

DM values expected from the Milky Way along this line of sight (∼ 30 cm−3 pc)

Cordes & Lazio (2002).

Though none of the candidate bursts from M82 have a high enough S/N to be

considered an FRB, I have plotted their flux densities, pulse widths, and dispersion

measures against those of confirmed FRBs. These candidates have fairly average
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Observation MJD DM (cm−3 pc) Pulse Width (ms) Flux Density (Jy) S/N
59135.77 337.56 2.09 4.92 6.13
59140.26 1177.59 4.19 3.65 6.44
59150.63 210.43 1.05 6.95 6.12
59168.67 1549.58 8.39 2.52 6.27
59168.67 144.42 1.05 7.24 6.38
59176.03 79.74 0.26 15.69 6.91
59176.03 108.55 1.05 7.03 6.19
59184.21 4044.03 8.39 2.61 6.50
59192.48 92.84 0.52 10.14 6.31
59193.17 2712.07 8.39 2.98 7.42
59235.03 815.98 4.19 3.68 6.48
59240.67 1446.85 4.19 3.91 6.88
59307.81 113.52 0.52 9.72 6.06
59307.81 3040.06 16.78 1.88 6.62
59330.54 496.83 2.10 5.95 7.41
59485.58 98.97 0.52 10.16 6.33
59485.58 727.37 2.10 5.43 6.76
59488.06 158.65 0.52 10.22 6.36
59489.00 183.10 0.52 10.36 6.45
59496.39 1305.33 4.19 3.80 6.70
59507.00 110.19 0.52 10.37 6.45
59507.00 127.46 1.04 6.94 6.11
59514.62 275.54 1.04 8.52 7.50
59515.16 384.31 2.10 5.30 6.60
59517.17 169.43 1.04 7.62 6.71
59521.61 362.35 2.10 4.95 6.17
59536.52 663.37 2.10 5.32 6.63

Table 4.1: Best FRB Candidate Observations

pulse widths (seen in Figure 4.1) compared to those of confirmed FRBs. Some

of the pulse widths are short compared to most FRBs, but the majority of the

candidates have a pulse width that falls in the main body of known FRBs’ pulse

widths. The candidates’ pulse widths follow a periodic pattern because FETCH

calculates the pulse width by determining a number of time bins in which a pulse is

visible. These bins are set by a sampling time (1.3×10−4 s), meaning that FETCH

can only determine pulse widths that are multiples of this sampling time. This

sampling time is linked to inherent systematic limitations of the 20m telescope

and is therefore a limitation of this work.

The candidate bursts also have flux densities that are slightly higher than the
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majority of FRBs, but nothing too high. The 20 meter telescope is not nearly as

sensitive as a telescope like CHIME, due to its smaller size. However, we are able

to detect pulses with a flux density on a similar scale to those of known FRBs.

We determine flux density using the radiometer equation,

S =
(S/N) T

G
√

2BW
, (4.1)

where S is the flux density, S/N is the signal-to-noise ratio, T is the system

temperature, G is the telescope gain, B is the bandwidth, and W is the pulse

width. For this particular system, T = 40K, G = 0.086 K/Jy, and B = 80 MHz.

W is determined by multiplied the sampling time by the number of time bins in

which source is detectable.

The relationship between pulse width and flux density in Figure 4.1 is very close

to linear. The linearity of the line likely indicates that these pulses are noise. In

a set of real pulses, there would be greater spread in the S/N, leading to a more

complicated relationship between pulse width and flux density.

The candidate bursts’ DMs span a range slightly greater than that of known FRBs

(as shown in Figure 4.2). A couple of the bursts have very low DMs, around 50

cm−3 pc. If real, these bursts may be within the halo of Milky Way in this line

of sight, given their low DMs. The highest DMs from this candidate group are

a bit higher than known FRBs. The highest DM is about 4,000 cm−3 pc (see

Table 4.1). While this value is higher than the highest DM of a known FRB,

3037.7 cm−3 pc for FRB180906B (Spanakis-Misirlis 2021), it is within the same

order of magnitude, certainly a possible value for DM. The DM within M82 is still

unknown, but it is unlikely that it would be so high, especially compared to the

DMs of the other candidates. The DM values for M82 are relatively unknown, but

reasonable values lie somewhat around the range of 75-500 cm−3 pc, consistent

with what is known from pulsars in our galaxy.

In the following sections, I will discuss specific candidate bursts, as well as repeat-

ing DM values throughout the data set. I will finish with a calculation of the FRB

rate from M82 and the ensuing implications.
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Figure 4.1: The pulse width plotted against the flux density for both known
FRBs and the candidate pulses from M82. Known FRBs are in blue and M82
candidate pulses are in purple. The linear structure is an indication that these
candidates are likely noise. If they were real pulses, there would be greater

spread in the flux density.

4.1 A Few Representative Bursts

Four bursts from the list of the best candidates are discussed in this section. They

are shown in Figures 4.3, 4.4, 4.5, and 4.6. These candidates are emblematic of the

entire sample set. They are much fainter than the Crab pulse shown in Section 3.3,

but the same features are present. Each of these candidates has a clear peak in

dedispersed flux, centered at zero. They also have a vertical line through the entire

dedispersed frequency range. Finally, they have a peak in DM-space, indicating

that this data is only well matched by one DM. Radio frequency interference (RFI)

will often fit with many values of DM, due to the differing nature of the sources,

as shown in the bottom panel of Figure 3.3. Many human sources of radio waves

broadcast at multiple frequencies simultaneously, which means that multiple DMs

can fit the same set of data. When there is a single peak in the search for DM, that

is an excellent indicator that the source is probably astrophysical in nature. Each
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Figure 4.2: The flux density plotted against the dispersion measure for both
known FRBs and the candidate pulses from M82. Known FRBs are in blue and

M82 candidate pulses are in purple.

candidate is given a candidate number and an observation number from FETCH.

The observation number is the Modified Julian Date (MJD) for the beginning of

the observation. The candidate number represents the amount of time that has

elapsed since the beginning of the observation, in seconds. For example, Candidate

59168.67 15033.1 was found 15033.1 seconds after the beginning of the observation

at 59168.67.

The first candidate to discuss is Candidate 59168.67 15033.1, shown in Figure 4.3.

Candidate 59168.67 15033.1 has a S/N of 6.38, but the pulse still jumps out in the

dedispersed flux panel. There is a vertical line down the center of the dedispersed

frequency panel, indicating that the burst took place at multiple frequencies si-

multaneously. Finally, the DM panel shows a peak in the center, indicating that

there is a particular DM that best matches the data. The DM itself is 144.42

cm−3 pc, consistent with an origin in M82. The pulse width is only 1.05 ms, which

is quite short for an FRB. The flux density is 7.24 Jy, a normal value for an FRB.

The next candidate is Candidate 59330.54 6537.1, shown in Figure 4.4. It has a
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S/N of 7.41, which is on the higher end of this data set. This S/N is still too

low to be a definitive detection, though. Despite the higher S/N, the peak of

the dedispersed flux panel is visually less distinctive than the peak of Candidate

59168.67 15033.1. Candidate 59330.54 6537.1 also has a fainter dedispersed fre-

quency line. The DM is still visible and somewhat strong, with a value of 496.83

cm−3 pc. The pulse width is 2.1 ms, twice as long as the width of Candidate

59168.67 15033.1 and an average width for known FRBs. The flux density is only

5.95 Jy, which is somewhat low.

The next burst is Candidate 59496.39 2560.0, shown in Figure 4.5, with a S/N of

6.7. The peak in the dedispersed flux panel is distinctive, and the vertical line in

the frequency panel is more visible than that of Candidate 59330.54 6537.1. The

peak in the DM panel is also quite distinctive, with a value of 1305.33 cm−3 pc,

considerably higher than expected from M82. Such a DM value would higly depend

on a large component from M82 itself, perhaps larger than reasonable. The pulse

width is 4.19 ms, which puts it in the average length of the FRB population. The

flux density is only 3.8 Jy, making it a bit dimmer than the previous example

bursts.

Finally, Candidate 59536.52 7801.27, shown in Figure 4.6, has a S/N of 6.63.

The peak in the dedispersed flux panel looks wider than the peaks of previous

candidates, and there are slightly higher peaks in the noise. Nevertheless, the

vertical line in the dedispersed frequency panel is clear, and the peak in the DM

panel is also clear. The DM value is 663.37 cm−3 pc, putting the candidate in the

extragalactic range. Candidate 59536.52 7801.27 has a pulse width of 2.1 ms, like

Candidate 59330.54 6537.1. It also has a similar flux density of 5.32 Jy.

4.1.1 Repeating DMs

Due to the prevalence of repeating FRBs, it is vital to check the collection of

candidates from M82 for repeating DMs. I determined that there are two DMs

that have an unusual number of repetitions: four. Many of the DMs are repeated

two or three times, but only two DM values have four bursts each. These DMs

are 719.052 cm−3 pc and 215.746 cm−3 pc.
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The bursts with 719.052 cm−3 pc (shown in Figure 4.7) are less clear than the

bursts sorted into the best category in the previous section. Despite this, three

of the four bursts are quite clear, though the other is closer to the noise level. In

Figure 4.7, this burst is the second from the left. These four bursts are Candidates

59142.61 16874.6, 59147.00 7096.96, 59173.77 16727.8, and 59207.85 5467.62. The

physical characteristics of any of these single bursts are not remarkable, due to

their similarity to the other candidates. Each pulse has a peak in flux as well as

a dim line in frequency space and a faint peak in DM space. The shared DM is

more interesting than the individual characteristics of these bursts.

The bursts with 215.746 cm−3 pc (shown in Figure 4.8) are clearer than those with

719.052 cm−3 pc. All four of these bursts have a vertical line in dedispersed fre-

quency space, as well as peaks in DM space. The candidates are 59144.11 15684.3,

59165.08 9778.94, 59486.00 4326.89, and 59516.17 4014.06. These four bursts are

all similar to the other candidates found in the search. While none of them are

bright enough to be confirmed as FRBs, the data are still quite good. Following

Hawkins & Lorimer (2021), we can determine the significance level of finding n

bursts within a single DM trial as

C =
n−1∑
i=0

(N/T )i exp(−N/T )

i!
, (4.2)

where N is the total number of bursts, and T is the number of trial DM used by

HEIMDALL. For n = 4 bursts from a sample of N = 291 pulses with T = 462

DM trials, we find C = 99.6%.

While the above confidence level is marginally significant, unfortunately, we would

need a higher number of bursts in a single DM. In order to achieve a confidence

level of 5σ, the gold standard for scientific discoveries, we would need to find

at least 8 bursts with the same DM. A confidence level of 5σ results in a C of

99.99994%. Neither of the repeating DMs have a large enough number of bursts

to be considered a 5σ detection.
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4.2 Constraining the Magnetar Burst Rate of

M82

Since none of the candidate bursts can be officially classified as an FRB, the initial

hypothesis of this study is invalid. By day 28, we expected to have found at least

one FRB (see Figure 1.7). Without a detected burst, we must reexamine our

assumptions to draw new conclusions.

The rate of FRBs from M82 must be less than 1/28.2 day−1 = 0.035 day−1. If

the rate were any greater, an FRB would have been detected by now. We can

use this rate to find a relative star formation rate for M82, based on the data

from Bochenek et al. (2020) where the rate of magnetar bursts was found to be

RSTARE2. We can express this condition as

SFRM82

SFRMW

=
RFRBM82

RSTARE2

, (4.3)

where SFRM82 is the star formation rate of M82, SFRMW is the star formation

rate of the Milky Way, and RFRBM82 is the FRB rate of M82. The lower limit of

RSTARE2 is 3.6 yr−1, which I’ll use in this calculation, since our FRB rate is below

the lower end of our distribution. With this rate and SFRM82

SFRMW
= 40, the FRB rate

of M82 is less than 3.6, further meaning that the star formation rate of M82 must

be less than 3.6 times that of the Milky Way, assuming that FRB rate scales with

star formation rate. This rate blatantly contradicts Barker et al. (2008), who find
SFRM82

SFRMW
= 40.

The incompatibility between these two values confirms that this project’s initial

assumption, that magnetar burst rate scales with star formation rate, is incorrect.

There are a few possible explanations for this discrepancy. Possibly, M82 contains

fewer magnetars than expected, or those magnetars are less active than the Milky

Way population. Perhaps M82’s starbursting environment suppresses magnetar

bursting. It is also possible that not all FRBs arise from magnetars. If magnetar

bursts only make up a small fraction of the FRB population, our results are con-

sistent. Our results are not solid enough to do anything mroe than speculate. All
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we know for certain is that, if we assume that all FRBs arise from magnetars, our

results prove that magnetar burst rate does not scale with star formation rate.
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Figure 4.3: Candidate 15033.1 from Observation 59168.67. This candidate
has a DM of 144.42 cm−3 pc, a pulse width of 1.05 ms, a flux density of 7.24 Jy,
and a S/N of 6.38. In the top panel, there is a clear peak in flux. The middle
panel shows a vertical line in dedispersed frequency, as expected. The bottom

panel shows a clear peak in DM, ruling out most forms of RFI.
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Figure 4.4: Candidate 6537.1 from Observation 59330.54. This candidate has
a DM of 496.83 cm−3 pc, a pulse width of 2.1 ms, a flux density of 5.95 Jy, and
a S/N of 7.41. In the top panel, there is a clear peak in flux. The middle panel
shows a faint vertical line in dedispersed frequency. The bottom panel shows a

slightly larger peak in DM, but still consistent with an astrophysical source.
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Figure 4.5: Candidate 2560.0 from Observation 59496.39. This candidate has
a DM of 1305.33 cm−3 pc, a pulse width of 4.19 ms, a flux density of 3.8 Jy,
and a S/N of 6.7. The top panel shows a clear peak in flux. Both the middle
and bottom panels have faint features, but there is a vertical line in dedispersed

frequency as well as a peak in DM.
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Figure 4.6: Candidate 7801.27 from Observation 59536.52. This candidate
has a DM of 663.37 cm−3 pc, a pulse width of 2.1 ms, a flux density of 5.32
Jy, and a S/N of 6.63. Again, there is a clear peak in flux with a faint line in

frequency and faint peak in DM.
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Figure 4.7: The four bursts with a DM of 719.052 cm−3 pc. While they are
less clear than the individual bursts in earlier figures, the repeated DM gives

them greater significance.

Figure 4.8: The four bursts with a DM of 215.746 cm−3 pc. These bursts are
more prominent than those with DM=719.052 cm−3 pc.

57

Paine: Fast Radio Bursts from Messier 82

Published by DigitalCommons@Macalester College, 2022



CHAPTER 5: Conclusion

An FRB-like burst was detected from a Galactic magnetar in 2020 (Bochenek et al.

2020; CHIME/FRB Collaboration et al. 2020), allowing researchers to constrain

a Galactic magnetar burst rate. We observed Messier 82, hoping to detect a Fast

Radio Burst (FRB) and strengthen the growing connection between FRBs and

magnetars. We then assumed that magnetar burst rate scales with star formation

rate. Since M82’s star formation rate is 40 times greater than the Milky Way’s,

we expected to detect an FRB within the first 25 days of observation.

Using the 20 meter telescope at the Green Bank Observatory, we observed M82

for 28.2 days, more than enough time to reach a detection if our hypothesis holds.

In those 28.2 days, we found 291 candidate bursts, of which the 27 best have

been listed in Table 4.1 and included in Appendix B. None of those bursts have

a signal-to-noise ratio greater than 10, which is required for a burst to be entered

into an FRB catalog.

It is possible, and perhaps likely that the bursts we did detect are statistical flukes.

There is a chance that incoherent signals in dispersed data can be dedispersed into

a configuration that seems to represent a source. These pulses may be no more

than low-level noise combined to mimic an astrophysical burst. However, it is also

possible that these are astrophysical bursts that a telescope with a lower noise

level would be able to detect more clearly.

We also did not detect a repeating FRB. We found two DM trials with four bursts

each, resulting in a confidence level of 99.6%. The gold standard for scientific

detections is 5σ, or 99.99995%. Thus, our repeating bursts are not classified as

FRBs.

The lack of detection at this stage leads us to conclude that further observation

of M82 with the 20 meter telescope would produce diminishing returns. While a

detection is still possible, it may be more worthwhile to pivot to another telescope.

The telescope has likely reached its sensitivity limit, meaning that either bursts

from M82 are not bright enough to sufficiently outweigh the noise or bursts are

rarer than expected. If a burst with the inherent luminosity of the Galactic burst
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were to take place in M82, the 20 meter telescope would be able to detect it.

If FRBs are taking place in M82, they must be at lower luminosity levels than

previously supposed.

Since we do not have a definitive detection, our initial assumption may not be

valid. If we were to preserve the proposed relationship between magnetar burst

rate and star formation rate, M82’s star formation rate must be less than 3.6 times

that of the Milky Way, a clear contradiction of previous results.

The numerical mismatch between our results and the literature values fully dis-

proves the initial assumption: magnetar burst rate cannot scale with star forma-

tion rate. M82 either does not have the predicted overdensity of magnetars or

those magnetars are remarkably quiescent.

The magnetar burst rate from M82 remains unknown, though it is much lower than

previously anticipated. While it is probable that magnetars within M82 release

energy in bursts, the rate of these bursts is quite low. Or, rather, the rate of

magnetar bursts with detectable brightnesses is lower than one burst in 28.2 days.

The lack of FRBs from M82 may also indicate that not all FRBs have magnetar

origins. While magnetars certainly contribute at least part of the FRB population,

it is possible that the bursts arise from different sources. Knowledge of FRB origins

will certainly take more time and many more studies before any definitive answers

are found.

5.1 Future Work

The future of FRB research is wide and bright. There are countless projects

planned, and many are currently running. In the realm of M82, continued search-

ing with the 20 meter telescope at GBO is not useful. The 20 meter telescope is

limited by its low sensitivity due to the smaller collecting area.

The more promising route is an instrument called ALPACA, or the Advanced

Cryogenic L-band Phased Array Camera for Arecibo. ALPACA is being devloped

by Brian Jeffs at Brigham Young University and has received a National Science
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Foundation grant1. Since the tragic decomissioning of Arecibo in 2020, researchers

have been lobbying for ALPACA to be installed at the Robert C. Byrd Green Bank

Telescope (GBT). The instrument has not yet been completed, but it will hopefully

be brought to the GBT soon.

With ALPACA, the GBT could image the entirety of M82 at once. Currently,

M82 is larger than the beam size of the GBT, meaning that the telescope cannot

simultaneously observe the entire galaxy. Burst rates cannot be determined with-

out simultaneous coverage of the entire source, meaning that the GBT could not

previously monitor M82. With the addition of ALPACA, the GBT could replace

the 20 meter telescope to observe M82. The GBT has a larger collecting area

and greater sensitivity, meaning that it will be able to detect dimmer bursts with

higher S/Ns than the 20 meter telescope. These observations will also likely be

able to constrain the magnetar population of M82.

1https://nsf.gov/awardsearch/showAward?AWD ID=1636645
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APPENDIX A: Observation List

In Table A.1, we list all of the observation sessions for this project. All observations

were made with the 20 meter telescope at Green Bank Observatory. The first

column in the table gives the date of the observation. The second column gives

the Modified Julian Date (MJD) of the observation. The final column gives the

duration of the observing session in hours. Our target duration for an observing

session was 10 hours.

Date MJD Duration (hr)

2020/10/13 59135.8 2.0

2020/10/14 59136.3 10.0

2020/10/16 59138.2 8.0

2020/10/18 59240.4 6.0

2020/10/19 59140.3 6.0

2020/10/20 59142.6 6.0

2020/10/22 59144.1 10.0

2020/10/24 59146.0 5.6

2020/10/14 59146.2 12.0

2020/10/15 59147.0 12.0

2020/10/26 59148.2 12.0

2020/10/27 59149.5 6.0

2020/10/28 59150.6 6.0

2020/11/02 59155.6 10.0

2020/11/03 59156.2 10.0

2020/11/04 59157.1 10.0

2020/11/05 59158.2 10.0

2020/11/12 59165.1 10.0

2020/11/12 59165.5 10.0

2020/11/13 59166.1 10.0

2020/11/13 59166.8 2.0

2020/11/15 59168.7 7.9

2020/11/16 59169.6 4.0

Continued on next page
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Table A.1 – continued from previous page

Date MJD Duration (hr)

2020/11/17 59170.1 10.0

2020/11/20 59173.8 5.4

2020/11/21 59174.0 0.6

2020/11/22 59175.6 8.7

2020/11/23 59176.0 8.6

2020/11/23 59176.6 5.4

2020/11/24 59177.2 0.2

2020/11/25 59178.1 5.4

2020/11/27 59180.7 6.4

2020/11/29 59182.1 4.9

2020/12/01 59184.2 10.0

2020/12/02 59185.6 8.5

2020/12/07 59190.9 3.3

2020/12/08 59191.6 1.4

2020/12/09 59192.5 10.0

2020/12/10 59193.2 10.0

2020/12/18 59201.9 2.8

2020/12/19 59202.0 10.0

2020/12/20 59203.6 7.5

2020/12/23 59206.2 0.6

2020/12/23 59206.6 9.0

2020/12/24 59207.8 2.7

2020/12/26 59209.5 10.0

2021/01/19 59233.1 10.0

2021/01/19 59233.9 2.2

2021/01/20 59234.8 4.5

2021/01/21 59235.0 10.0

2021/01/22 59236.6 4.8

2021/01/22 59236.8 1.2

2021/01/22 59238.9 3.3

2021/01/23 59237.0 0.8

Continued on next page
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Table A.1 – continued from previous page

Date MJD Duration (hr)

2021/01/25 59239.8 4.0

2021/01/16 59240.7 4.0

2021/01/28 59242.1 4.5

2021/03/31 59304.8 8.0

2021/01/20 59234.8 4.5

2021/01/21 59235.0 10.0

2021/01/22 59236.6 4.8

2021/01/22 59236.8 1.2

2021/01/22 59236.9 3.3

2021/01/23 59237.0 0.8

2021/01/25 59239.8 4.0

2021/01/26 59240.7 4.0

2021/01/28 59242.1 4.5

2021/02/05 59250.8 0.7

2021/02/08 59253.9 6.0

2021/03/31 59304.8 8.0

2021/04/03 59307.8 10.0

2021/04/26 59330.5 0.0

2021/04/26 59330.5 10.0

2021/07/08 59403.8 10.0

2021/09/28 59485.6 3.8

2021/09/28 59485.6 4.4

2021/09/28 59485.9 0.4

2021/09/29 59486.0 0.1

2021/09/29 59486.0 0.7

2021/09/29 59486.0 3.8

2021/09/29 59486.2 0.0

2021/09/30 59487.8 4.2

2021/10/01 59488.1 10.0

2021/10/01 59488.7 6.5

2021/10/02 59489.0 10.0

Continued on next page
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Table A.1 – continued from previous page

Date MJD Duration (hr)

2021/10/05 59492.1 10.0

2021/10/08 59495.7 0.4

2021/10/08 59495.7 6.7

2021/10/09 59496.4 4.7

2021/10/09 59496.7 7.8

2021/10/10 59497.1 1.7

2021/10/10 59497.2 10.0

2021/10/19 59506.8 4.3

2021/10/20 59507.0 10.0

2021/10/26 59513.5 10.0

2021/10/27 59514.6 9.2

2021/10/28 59515.2 7.6

2021/10/29 59516.2 10.0

2021/11/03 59521.6 9.3

2021/11/04 59522.3 5.8

2021/11/04 59522.6 9.1

2021/11/05 59523.3 7.9

2021/11/05 59523.6 8.4

2021/11/06 59524.0 10.0

2021/11/11 59529.2 10.0

2021/11/18 59536.5 10.0

2021/11/19 59537.6 10.0

2021/11/20 59538.1 10.0

2021/12/02 59550.5 10.0

2022/01/21 59600.6 8.6

2022/01/22 59601.7 1.9

Table A.1: Dates and lengths of observations on the 20m telescope
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APPENDIX B: Best FRB Figures

In this appendix, we show the FETCH outputs for all 27 of the ‘best’ candidates,

complete with their meta data on the side. The three panels are explained in

Section 3.3 of the text. The meta data is explained here. The first entry is the

‘basename’, or the project name. Next, ‘bw’ represents the total bandwidth, in

MHz. This should be the same for every candidate. ‘cand id’ is the full candidate

name, consisting of the time at the beginning of the observation, the time at which

the candidate was found, the dispersion measure, and the S/N. The ‘center freq’

gives the center frequency of the bandwidth, consistent across every candidate.

‘dec deg’ gives the declination of the telescope in degrees. This should be fairly

consistent across candidates since all sources come from M82. ‘dm’ gives the

candiate’s DM. ‘dm opt’ is an optimization flag that is not used in this analysis.

‘dtype’ is an internal code used for communicating between modules in the software

package. ‘fch1’ gives the frequency of the first channel of the observation, which

should be consistent. ‘filename’ is the name of the output file. ‘filepath’ gives

the file’s output location. ‘foff’ refers to the channel bandwidth relative to the

highest frequency channel, hence the negative sign. ‘format’ gives the format of

the output file, a ‘fil’. ‘frequency discrimination factor’, ‘gb’, and ‘gf are internal

flags used by FETCH. ‘label’ gives FETCH’s designation of the candiate. A label

of 1 means that the candidate is considered an astrophysical source. ‘native foff’

is the original channel bandwidth. All native values should be equal to the values

used by HEIMDALL and FETCH. ‘native nchans’ is the number of channels from

the telescope itself. ‘native nspectra’ is the number of spectra from the telescope.

‘native tsamp’ is the sampling time of the telescope. ‘nbits’ is the number of bits

used to quantize the analog signal. ‘nchans’ is the number of channels used. ‘npol’

is the number of polarization channels. We are only considering total intensity,

giving a value of 1. ‘nspectra’ is the number of spectra used. ‘ra deg’ is the right

ascension in degrees. This should be fairly consistent, since all candidates are in

M82. ‘snr’ is the signal-to-noise ratio. ‘snr opt’ is an optimization flag that is not

used in this analysis. ‘source name’ is the source’s name, M82 for all candidates.

‘tcand’ gives the time elapsed from the beginning of an observation when a pulse

was found. ‘time decimation factor’ is the number of adjacent time samples that
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have been added together. ‘tsamp’ is the sampling time of the telescope, consistent

for all candidates. ‘tstart’ gives the MJD of the beginning of the observation.

‘tstart utc’ gives the time of the start of the observation in UTC. ‘width’ gives the

width of the pulse in time bins. Each bin is the sampling time.
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