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Abstract

Fast radio bursts are highly energetic, ~millisecond long bursts of radio emission
originating from extragalactic locations. When combined with their unknown initial sky
positions, their transient nature and cosmological origins makes them difficult to discover,
and requires novel telescope designs and detection pipelines. In this thesis, we focus on one
such telescope, the Canadian Hydrogen Intensity Mapping Experiment (CHIME) and its
Fast Radio Burst (FRB) Project. Since its commissioning in 2018, CHIME/FRB has
detected over two thousand FRBs, orders of magnitude more than any other telescope.
Here, T present a new pipeline to characterize the radio frequency interference at
CHIME/FRB. T also present a determination of upper limits on radio emission from the
magnetar SGR 193542154, famous for producing an FRB-like burst. For seven different
high-energy X-ray bursts from SGR 193542154, I constrain simultaneous radio emission to
less than a few kJy. I also find that the FRB-like burst produced by SGR 193542154 is
distinct from other magnetar-like bursts in its spectral properties, and its radio to X-ray

flux ratio.
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Abrégé

Les sursauts radio rapides (FRB pour fast radio bursts en anglais) sont des émissions radio
hautement énergétiques, d’une durée de quelques millisecondes, d’origines extragalactiques.
Quand combinés avec leur position dans le ciel inconnue, leur nature transoire et leur
origine les rendent difficiles a découvrir et requierent de nouveaux types de télescopes et de
nouveaux pipelines de détection. Dans cette these, nous allons nous concentrer sur un de
ces télescopes, le Canadian Hydrogen Intensity Mapping Experiment (CHIME) et son
projet de FRB. Depuis sa mise en fonction, CHIME/FRB a détecté plus de deux mille
FRBs, des ordres de grandeur de plus que tout autre télescope. Ici, je démontre un
nouveau pipeline pour caractériser l'interférence de fréquence radio au CHIME/FRB. Je
présente la détermination d’une limite supérieure des émissions radio produites par le
magnétar SGR 193542154, connu pour produire des des sursauts radio semblables a des
FRBs. Pour sept différents sursauts rayon X de haute énergie provenant du SGR
193542154, j’ai limité les émissions radio simultanées & moins de quelques kJy. J’ai aussi

découvert que les émissions ressemblant a des FRBs produites par SGR 193542154, sont



Abrégé iii

distinctes des autres sursauts typiques provenant de magnétars par leur propriétés

spectrales et leur rapport radio/rayon X.
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Chapter 1

Pulsars, Magnetars, and Fast Radio

Bursts

In 1967, the first pulsar was detected by accident [3]. Ten years later, a highly magnetized
neutron star, now known as a magnetar, was discovered [4], [5], [6]. Thirty years after
that, a fast radio burst (FRB) was found in archival pulsar data [7]. The three share many
similarities — a magnetar emitted an FRB-like burst (e.g. CHIME/FRB Collaboration (2020)
[8]), pulsars have emitted magnetar-like bursts (e.g. Archibald et al. (2016) [9]), and the same
instruments can be used to detect all three. Pulsars, magnetars, and FRBs are relevant when
discussing the Canadian Hydrogen Intensity Mapping Experiment (CHIME)/FRB Project,

which is the main topic of this thesis.
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1.1 Pulsars

1.1.1 Discovery and Radio Emission

The first pulsar was detected, by accident, in 1967 by Jocelyn Bell. A graduate student at the
time, Bell had been using the Interplanetary Scintillation Array to study radio emission from
quasars. She found several mysterious signals in her data, which her research group called
the “Little Green Men.” She spent the next year studying the objects, with a publication
in Nature that suggested they might be neutron stars or white dwarfs |3]. The “Little
Green Men” are now known as pulsars, a class of rotating neutron stars. While pulsars
can emit radiation across the entire electromagnetic spectrum (e.g. see Kaspi, Roberts,
& Harding (2016) [10] for a discussion of their X-ray emission and Caraveo & Patrizia
(2014) [11] for a discussion of their gamma-ray emission) they are the most well-known for
their radio emission. To date, there are 2872 pulsars listed in the Australia Telescope National
Facility (ATNF) Pulsar Catalogue [12]. Some of the most well known facilities for detecting
these pulsars include the Arecibo Observatory in Puerto Ri(:(ﬂ7 the Parkes Observatory in
AustraliaEL the Green Bank Telescope in West VirginiaEL the Jodrell Bank Observatory in
EnglandEL and recently the Five Hundred Meter Aperture Spherical Telescope in Chinaﬂ

Pulsars are created in supernovae. They are well known for having predictable radio

1See www.naic.edu/ao/ for details on the Arecibo Observatory.

2See this link for details on the Parkes Observatory.

3See lgreenbankobservatory.org for details on the Green Bank Telescope.

4See this link for details on the Jodrell Bank Observatory.

5See fast.bao.ac.cn| for details on the Five Hundred Meter Aperture Spherical Telescope.


https://www.naic.edu/ao/
https://www.csiro.au/en/about/facilities-collections/atnf/parkes-radio-telescope
https://greenbankobservatory.org
https://www.jodrellbank.net/visit/whats-here/lovell-telescope/
https://fast.bao.ac.cn
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pulses as they spin down at very steady rates with the spin down a result of magnetic dipole
braking. Typically, isolated pulsars have periods of 0.1 to 10 seconds, spin down rates of
1077 to 1072 s s7!, and average surface dipolar magnetic field strengths of 10! to 103

G [13).

1.1.2 Observational Properties

After the pulse is emitted by the pulsar, it travels through many media before reaching
earth. This propagation affects the observed characteristics of the pulse with the most
obvious effect being the dispersion of the pulse. Interactions between the radio emission
and the free electrons in the different media will delay the radiation. This delay depends on

frequency, with lower frequencies showing greater delays, e.g.

At oc DM (vi? — vy ?) (1.1)
where At is the relative time delay between two frequencies vy and vo, and DM is the
dispersion measure in units of pc cm~2. The DM can also be represented as:

d
DM = / nedl (1.2)
0

where d is the distance to the pulsar, n. is the free electron density, and the integral is

over the path length [. The observed result of the delay At is a pulse that sweeps through
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the frequency-time plane as shown in Fig. [I.1] Besides delaying the signal, the interstellar
medium (ISM) can also scatter a pulse. Scattering, which is dependent on the frequency
of the pulse, will asymmetrically broaden a pulseﬂ The ISM is also responsible for pulse
scintillation (see Narayan (1992) [15] for details on this).

As the pulsar emission travels through different magneto-ionic material, it will also
undergo Faraday rotation in which the polarization angle of the emission rotates at a rate
proportional to the strength of the magnetic fields parallel to the pulsar’s line of sight
(LOS). The rotation measure (RM) of the pulsar quantifies the Faraday rotation of the

linear polarization angle, y, as a function of wavelength, A,

Ax = RM ). (1.3)
The RM is also proportional to the integrated product of the electron density, n., and the
LOS component of the magnetic field, B,
d
RM = 0.81/ neB - dl. (1.4)
0

Thus, measuring the frequency dependence of the linear polarization position angle is useful

for studying the LOS magnetic field.

6Different models for the ISM predict different scattering relations. One such example is that of
Kolmogorov inhomogeneities where 75¢ oc =44 [14].
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340

Observed frequency (MHz)

0.0 0.2 0.4 0.6 0.8 1.0
Pulse phase (turns)

Figure 1.1: Example of radio emission from the pulsar J1800+5034. In the bottom panel,
the initial observed pulse (before de-dispersion) is shown as a function of frequency and
phase. In the top panel, the pulse has been de-dispersed and summed over all frequency

channels. Figure courtesy of Condon and Ransom (2016) \|
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1.1.3 Pulsar as Tools

The LOS integrated pulsar properties can be used to study both the local environment of the
pulsar and the ISM. For example, pulsar RMs have been used to map the magnetic field of
the Milky Way (e.g. Han et al. (2018) [17], Weisberg et al. (2004) [18]), and their DMs were
an integral part of the latest Milky Way electron density model (e.g. Yao, Manchester, &
Wang (2017) [19]). Additionally, the timing of pulsars in and of itself is also highly valuable.
PSR B1913+16, which is in a binary system with another neutron star, provided the first
evidence for the theory of gravitational waves [20]. In the last century, pulsar timing arrays
have also set out to measure a background of gravitational waves by timing millisecond

pulsars [21].

1.2 Magnetars

1.2.1 Discovery

While all pulsars are neutron stars, not all neutron stars are necessarily pulsars. In 1979,
repeating soft gamma-ray and hard X-ray emission was detected from two different sources,
with their pulsating nature along with their energetics pointing towards a neutron star
origin [4], [5], [6]. These ended up being the first examples of a class of neutron stars known
as magnetars. Magnetars are similar to pulsars (and are most likely an extension of the

same class as discussed below in Section [1.2.4]), but the calculated energy release during the
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X-ray and soft gamma-ray bursts is significantly larger than the available rotational energy
of these sources. Magnetars also have considerably longer periods than pulsars, with the
shortest known magnetar period ~ 2 seconds and the longest ~ 12 seconds [22], [23]. When
combined with their measured spin-down rates, these long periods imply average surface
magnetic field strengths of ~ 10'* G, significantly larger than that of an average pulsar. The
characteristic ageﬂ for a magnetar is also ~ 10% to 10 years, while pulsars typically have
characteristic ages ~ 107 years [24], [13]. Magnetars’ characteristic ages, combined with their
preferential locations in the Galactic plane and their associations with supernova remnants
(SNR), lends strong evidence to magnetars being young neutron stars [25].

In 1992, Duncan and Thompson derived the first model for magnetars in which magnetic,
rather than rotational, energy powers the magnetar [26]. More specifically, the magnetar is
fueled by strong internal magnetic fields which arise through dynamo in the early convective
stage of the source. These fields are unstable to decay, which can stress the crust and cause
it to shift. As a magnetar’s magnetic field lines are tied to the crust, this then twists the
magnetic field lines in the magnetosphere. The reconfiguration and decay of these twisting
fields, along with heating of the crust, leads to both the persistent emission seen from
magnetars along with the sudden bursts.

Initially, there were two classes for objects which we now classify as magnetars: soft

gamma-ray repeaters (SGRs) and anomalous X-ray pulsars (AXPs). While AXPs had softer

"The characteristic age is defined as P/2P.
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X-ray spectra, Thompson and Duncan (1996) predicted that AXPs and SGRs might both
be magnetars [27]. This was confirmed in 2002 by the detection of hard X-ray bursts from
AXPs [28]. Now magnetars are typically classified as: 1) persistent emission magnetars and

2) transient emission magnetars.

1.2.2 Persistent Emission Magnetars

Persistent emission magnetars have high, quiescent pulsed X-ray luminosities > 10?3 erg s=1.

However, persistent emission magnetars can also exhibit transient behaviour (see Section
for details on transient behaviour). Two such examples of persistent emission magnetars
are 1E 2259+586, which underwent a large outburst in June 2002 (see Kaspi et al. (2003)
[29]), and 4U 0142461, which had two outbursts in 2016 (see Archibald et al. (2017) [30]).

The persistent soft X-ray emission can typically be modelled using an absorbed blackbody
(BB) plus a power-law (PL) with BB temperatures of ~ 0.3 to 0.5 keV and PL photon indices
of ~ =2 to —4 [25]. The non-thermal PL tends to dominate above temperatures of 3 to 4
keV with a spectral turn-over around 10 keV (e.g. see Figure 5 of Kaspi & Beloborodov
(2017) [25]). Above 10 keV, the spectra of certain persistent emission magnetars turns up,
with an increase in the number of counts at these higher energies [25].

The persistent soft X-ray emission seen in these magnetars is most probably generated
by a combination of magnetospheric and surface effects. The thermal component likely

arises from heating of the neutron star surface through either return currents from the
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magnetosphere, a heat source within the crust itself, or the transfer of heat from within
the core to the crust [25]. The thermal emission is then distorted in the atmosphere and
magnetosphere, leading to the non-thermal components in the spectra. This distortion likely
arises through resonant cyclotron scattering (e.g. see Lyutikov & Gavriil (2006) [31], Rea
et al. (2007a) [32], Rea et al. (2007b) [33]). While the harder emission (that above ~ 10
keV) has proven more difficult to model, it is likely due to currents with the magnetar’s

magnetosphere [34].

1.2.3 Transient Emission Magnetars

Some magnetars (such as XTE J1810—197 and SGR J1745—2900) do not show strong
quiescent emission, with persistent quiescent luminosities < 103 erg s~ [25]. These
magnetars may actually be the most common amongst the population, but with lower
persistent luminosities they are harder to detect. These magnetars often undergo periods of
bursting behaviour which can be broken down into three categories: 1) bursts, 2)
outbursts, and 3) flares.

Bursts are the most common of the three. They consist of emission on short, millisecond

Land

to second long timescales. They exhibit a range of luminosities from 103¢ to 10%3 erg s—
have fairly steep fluence PLs of —1.6 to —1.8. The bursts typically have a short, steep rise

followed by a slower decay and some also have extended tails of emission in which there is an

increase in the pulsed flux. Bursts are most likely generated by rapid re-configurations of a
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twisted magnetic field within the magnetosphere [34]. There are several triggers that might
provide the stress that causes the reconfiguration, including but not limited to 1. an unstable
field in the core that eventually injects Alfvén pulses into the magnetosphere, 2. the decay of
the field in the core which stresses the crust, causing it to rupture and inject Alfvén pulses,
or 3. a stress built up in the magnetosphere e.g. spontaneous magnetic re-connection [34].

The second type of transient behaviour is an outburst. Outbursts tend to last for weeks
to months, with an increase in the persistent pulsed flux by factors of 10 to 1000 [25]. For
a transient emission magnetar, this factor is typically > 100 while for persistent emission
magnetars it is < 100 [25]. Outbursts are accompanied by many short duration bursts, with
the spectra and pulse characteristics also changing. Outbursts are often seen in conjunction
with glitches and anti-glitches. Glitches (or anti-glitches) consist of sudden spin-ups (or spin-
downs) in the pulsar’s period. They are then followed by a period of recovery in which the
pulsar’s period returns to normal. Glitches are often associated with crustal deformations
and are most commonly seen in magnetars and young radio pulsars [34], [13].

During the beginning of an outburst, the spectrum of the magnetar suddenly hardens.
It then softens over the remainder of the outburst. Outbursts are most often modelled using
a BB plus PL, with the BB temperature and PL steepness increasing by factors of roughly
two at the onset of the outburst [25]. Outbursts are likely related to, and fueled by, re-
configurations of a twisted magnetosphere, with larger twists leading to higher luminosities

and harder spectra [25]. These re-configurations may be fueled by the crustal deformations
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causing the glitches and anti-glitches.

The last type of transient behaviour in magnetars is flares. Flares are extraordinarily
luminous with peak luminosities of 10* to 10*” erg s=! and peak energies in the soft gamma-
ray band. The peak of a magnetar flare is followed by a tail of decaying, pulsed emission (see
Hurley at al. (2005) [35] for more details). Because of their enormous energy, flares must be
caused by a major magnetic field reconfiguration and energy deposition, with the tail likely
powered by a trapped fireball within the magnetosphere [25]. Only three Galactic magnetars

have undergone giant flares: SGR 1900414, SGR 1806—20, and SGR 0526-66 |36], [37], [4].

1.2.4 Lower Frequency Emission

While magnetars are most commonly observed in the X-ray and gamma-ray band, a handful
have also been detected in the optical, IR, and radio bands. The radio emission has been
detected in six magnetars, with all emission detected during or after an outburst. The
detection of radio emission from magnetars opens the question of whether magnetars are
related to pulsars, especially pulsars with high magnetic field strengths. This question has
further been fueled by the detection of two magnetar-like outbursts from pulsars J1846—0258
and J1119—6127 [25]. Both J1846—0258 and J1119—6127 are high-B pulsars with magnetic
fields of 4.9 x 10" G and 4.1 x 10" G, respectively [25]. PSR J1846—0258 has yet to be
detected at radio wavelengths, but PSR J1119—6127 is otherwise a typical radio emitting

pulsar [38]. Similar to pulsars, the emission from magnetars can also be highly linearly
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polarized. However, the spectra of magnetars is considerably flatter than that of pulsars.

1.2.5 Additional Details

Since their initial discovery in 1979, ~31 magnetars have been discovered. The first
magnetar catalog (Olausen & Kaspi (2014) [39]) was compiled in 2007, and all but one of
the 31 magnetars (SGR J1555.2—5402) can be found at the online McGill Magnetar
Catalogf| (see Palmer et al. (2021) [40] for details on the initial detection of the 31st
magnetar SGR J1555.2—5402). For further details on magnetars, we direct the reader to
the magnetar catalog (Olausen & Kaspi (2014) [39]) or the most recent magnetar review

(Kaspi & Beloborodov (2017) [25]).

1.3 Fast Radio Bursts

1.3.1 What are they?

In 2007, when combing through archival data from a pulsar survey of the Magellanic clouds,
a group of astronomers came across a rather surprising discovery: a burst similar to a pulsar,
but whose properties suggested a cosmological origin [7]. The DM of the burst (375 pc cm™3)
was significantly larger than that predicted by the DM models for our own Galaxy along

this LOS (25 pc cm™3). It was also larger than the DMs of the handful of pulsars in the

8The McGill Magnetar Catalog can be found here.


http://www.physics.mcgill.ca/~pulsar/magnetar/main.html
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Figure 1.2: Pulse from the first FRB known as the “Lorimer Burst”. In the main panel,
the original pulse (prior to de-dispersion) is shown as a function of frequency and time. In
the smaller, top right panel, the integrated (over all frequencies) and de-dispersed pulse is
shown. Figure courtesy of Lorimer et al. (2007) [7].
Magellanic clouds. This burst, known as the “Lorimer Burst,” was the first fast radio burst
(FRB) discovered, and can be seen in Fig. [1.2]

Since their discovery in 2007, over 750 FRBs have been discovered and published. They
are fast (on the order of milliseconds), highly energetic bursts of radio emission originating
from extragalactic origins. An FRB-like burst was also detected in our own galaxy from the

well-known magnetar SGR 1935+2154, albeit one to two orders of magnitude less energetic

than that of typical FRBs [§8]. FRBs have been detected in spiral galaxies (e.g. Mannings
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et al. (2021) [41]), dwarf galaxies (e.g. Tendulkar et al. (2017) [42]), and recently in the
neighbouring spiral galaxy M81 (e.g. Bhardwaj et al. (2021) [43], Kirsten et al. (2021) [44]).
While the original discovery consisted of a single burst (herein called a “one-off” FRB), some
FRBs have been shown to repeat, with two repeating periodically [45], [46], [47].

FRBs are exciting for several reasons. In and of themselves, they are an extremely
energetic phenomenon with spectral luminosities ~ 1032 erg s™' Hz™! (e.g. see Fig.
which cannot be explained by the typical models for pulsars or magnetars. Most models
for FRBs still involve neutron stars but invoke new physical processes and mechanisms for
producing these energetic events e.g. bunches of particles moving along curved magnetic field
lines, magnetized shock waves, a stream of particles combing through the magnetosphere of
the neutron star, an asteroid belt surrounding a pulsar, or an expanding fireball [48], [49],
[50], |51], [52]. Outside of being a new physical phenomena, FRBs are also a new probe for
studying cosmological parameters and questions such as the Hubble constant (e.g. Hagstotz,
Reischke, & Lilow (2021) [53]), the missing baryon problem (e.g. Macquart et al. (2020) [54]),
the epoch of reionization (e.g. Pagano & Fronenberg (2021) [55]), and Dark Matter (e.g.
Muitioz et al. (2016) [56]). Since some properties of FRBs (e.g. DM, RM, scattering) are
LOS-integrated, we can also use them to study Galactic and extragalactic environments e.g.
mapping the halo of the Milky Way using their DMs and studying local magnetic fields using

their RMs.
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Figure 1.3: Spectral luminosity as a function of pulse duration for FRBs, pulsars, giant
radio pulses (GRPs), active galactic nuclei (AGN), gamma-ray bursts (GRBs), supernova
explosion (SNe), accretors, and stars. FRBs do not occupy the same regime as any other
transient phenomena. A burst from the Galactic magnetar SGR 193542154 is indicated
with a black star and labelled as 200428A. Figure courtesy of Bochenek et al. (2020) ||
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1.3.2 Large-scale View of the Population

Since their initial discovery in 2007, over 750 FRBs have been published. The first 119 of
these FRBs (those up to July 2020) are available through FRBCAT, the first FRB
catalog [58]. Recently, the CHIME/FRB collaboration released the first large (500+) FRB
catalog with 536 FRBs detected between 25 July 2018 and 1 July 2019 [2]. Of the 536, 62
bursts are from 19 previously detected CHIME/FRB repeating FRBs (see CHIME/FRB
Collaboration (2019a) [59], CHIME/FRB Collaboration (2019b) [60], and Fonseca et al.
(2020) [61] for further details on these repeaters). The full set of > 750 FRBs detected
both by CHIME/FRB and other collaborations is available through the Transient Name
Server (TNS)

It is hard to perform population studies of FRBs using different instruments, as each
instrument suffers from its own detection biases. Unless each bias can be corrected for, one
cannot distinguish an instrumental bias from an intrinsic characteristic of the population.
Thus, to summarize what is known about the FRB population, we focus primarily on the
results of the first CHIME/FRB catalog and the four accompanying papers on the Galactic
latitude dependence of the sample (Josephy et al. (2021) [62]), the morphology of the bursts
(Pleunis et al. (2021) [63]), the cross-correlation of the sample with galaxy surveys (Rafiei-
Ravandi et al. (2021) [64]), and the DMs and scattering times of the FRBs in the context

of other transient phenomena (Chawla et al. (2021) [65]).

9The TNS can be found at www.wis-tns.org.


https://www.wis-tns.org
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To first order, repeaters and non-repeaters detected by CHIME/FRB suffer from
similar selection biases, allowing for a comparison of the two. This is important for
determining whether non-repeating FRBs (“one-offs”) and repeaters are actually two
distinct classes of FRBs. Within the first CHIME/FRB catalog, repeaters and “one-off”
bursts are indistinguishable in their spatial (right ascension and declination) extents [2].
Repeaters and “one-offs” are also indistinguishable in their DM distributions, scattering
distributions, and signal to noise (S/N) distributions within the first CHIME/FRB catalog.
However, the burst widths along with the bandwidths are statistically different between the
two. This is explored in detail by Pleunis et al. (2021) [63] who perform a large scale study
of the morphology of the first CHIME/FRB catalog. They find that bursts from repeating
sources have larger widths but smaller bandwidths. This could be due to beaming effects,
where there is a correlation between the burst width and the repetition rate (see Connor,
Miller, & Gardenier (2020) [66]), or due to propagation effects such as plasma lensing (e.g.
see Cordes et al. (2017) [67]). However, the difference might also be intrinsic, with different
progenitors or different emission mechanisms responsible for the differing features.

In addition to studying the different width and bandwidth distributions, Pleunis et al.
(2021) [63] also creates a schema for classifying bursts based on their morphology. There are
four possible categories for FRB burst morphologies: 1. simple (one component) broadband
bursts (~ 30% of the bursts), 2. simple, narrowband bursts (~ 30% of the bursts), 3.

temporally complex (multiple components) bursts (~ 5% of the bursts), and 4. downward
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drifting (type 3 bursts for which the components drift downward in frequency with time e.g.
the burst in Fig. bursts (~ 5% of the bursts). “One-off” FRB bursts tend to be simpler
bursts exhibiting type one structure while repeating FRBs often have downward drifting
bursts. This might point to intrinsic differences between the two populations, although
systematic effects can also make one type of burst appear as another type e.g. a type two
burst might actually be a type three burst, but the temporal resolution might not be fine
enough to distinguish the sub-bursts.

To study the intrinsic properties of the entire FRB population within the first
CHIME/FRB catalog, the CHIME/FRB collaboration uses an injection system in which
fake bursts are injected into the CHIME/FRB detection pipeline to quantify the pipeline’s
selection effects. After doing so, the DM distribution is well fit by a log-normal function
with a peak at 500 pc cm™ and a tail that extends to ~ 3000 pc cm™3. Maybe this is the
true DM distribution of FRBs at CHIME/FRB’s sensitivity, or there is a correlation
between scattering and DM, or fluence and DM that skews the distribution. The injections
do, however, clearly show that CHIME/FRB is biased against bursts with large widths and
those with large scattering tails. While most bursts probably still have relatively modest
widths of < 10 ms, there is likely a large population of bursts with scattering times > 100
ms.

Injections also allow the CHIME/FRB collaboration to model the fluence distribution of

FRBs. They calculate a spectral index for the fluence distribution of —1.40+0.11, consistent
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Figure 1.4: An example of a downward drifting burst from FRB 20121102A after applying

de-dispersion. The top panel shows the pulse as function of time after integrating over all

frequencies. The bottom panel shows the frequency dependence and the downward drifting

(in frequency) nature of the emission. Figure courtesy of Caleb et al. (2020) |@|
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with the predicted value of —1.5 for a constant-density, Euclidean space. While most FRB
surveys’ fluence distributions have been consistent with the Euclidean prediction, some have
not, although it is unclear if this is systematic or astrophysical. We refer the reader to
Section 7.4 of CHIME/FRB Collaboration (2021) [2] for a detailed discussion of this.

Lastly, the CHIME/FRB collaboration calculates the rate of FRBs per day, finding a rate
of 8184641325 FRBs per sky per day at 600 MHz. To compare this rate with those determined
for other surveys, they scale the rate based on a given survey’s observing frequency. However,
the spectral index used for this scaling is still not well constrained so they assume a flat
spectral index. Then, the rates are assumed to be equivalent at the varying observing
frequencies. The rate inferred from CHIME/FRB is consistent with that from the Green
Bank North Celestial Cap Survey (see Parent et al. (2020) [69]), that from the Parkes Radio
Telescope (see Bhandari et al. (2018) |70]), and (within 30) that from the Australian Square
Kilometre Array Pathfinder (ASKAP) (see Shannon et al. (2018) [71]). It is not consistent
with the rate inferred from the UTMOST project at the Molonglo Observatory Synthesis
Telescope (see Farah et al. (2019) [72]), although this may just be a result of unaccounted
for biases due to the Molonglo Telescope’s complex beam structure. The two telescopes also
have different bandwidths which might account for the discrepancy in the rates.

While the sky position uncertainties for CHIME/FRB events are too large to localize
FRBs to specific host galaxies, Rafiei-Ravandi et al. (2021) [64] performs a large-scale cross-

correlation between the CHIME/FRB sample of bursts and five different galaxy catalogs in
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the redshift range of 0.3 < z < 0.5. They find a statistically significant cross-correlation
with three of the surveys, with a large fraction (if not the entire fraction) of FRBs associated
with the dark matter halos from these galaxy surveys. Additionally, they note there may be
a population of FRBs with very large (~ 400 pc cm™3) host DMs.

The localizations of the FRBs can, however, be used to investigate a possible Galactic
latitude dependence of FRBs. This dependence was first suggested by Petroff et al. (2014)
[73] and Champion et al. (2016) [74]. However, the FRB sample sizes for these two analyses
were small. Using the entire CHIME/FRB first catalog, Josephy et al. (2021) |62 find no
dependence on Galactic latitude for the sky positions of FRBs.

In addition to the first CHIME/FRB catalog, there have been numerous other FRB
discoveries, although none of the same magnitude. Possibly the second largest discovery is
one by ASKAP in which they present 20 “one-off” FRBs [71]. In addition to ASKAP] the
UTMOST telescopdﬂ, Parkes Radio Telescope, Very Large ArrayH, Green Bank Telescope,
Apertif system at the Westerbork Synthesis Radio Telescopﬂ and Five-hundred-meter
Aperture Spherical radio Telescope (just to name a few) have also detected FRBs. Some of
the FRBs in these discoveries have been followed up by high-energy facilities, although no
high-energy emission has been observed yet [72], [70].

A select number of FRBs have been localized to specific host galaxies. Most recently,

10See this link for details on ASKAP.

HSee astronomy.swin.edu.au/research /utmost/ for details on the UTMOST telescope.
12See public.nrao.edu/telescopes/vla /| for details on the Very Large Array.

13See lastron.nl/telescopes/wsrt-apertif/ for details on the Apertif system.


https://www.atnf.csiro.au/projects/askap/index.html
https://astronomy.swin.edu.au/research/utmost/?
https://public.nrao.edu/telescopes/vla/
https://www.astron.nl/telescopes/wsrt-apertif/
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Mannings et al. (2021) [41] presented a detailed analysis of eight FRB host galaxies. They
found that five of the eight FRB hosts are spiral galaxies, and while the FRBs are located
within the spiral arms of these galaxies, they are not actually located at the brightest
positions within the spiral arms. Additionally, only two of the eight FRBs lie in areas of
high star formation, which is surprising as young magnetars (a leading progenitor
possibility for FRBs) are expected to exist in high star formation regions. It is interesting
to compare these observational results to the findings of Chawla et al. (2021) [65], who
simulate the DM and scattering times of FRBs in different environments and compare
these results to the first CHIME/FRB catalog. Chawla et al. (2021) [65] favours models in
which FRBs, unlike pulsars and magnetars, do not lie in the spiral arms of galaxies.

The authors of Mannings et al. (2021) |41] also compare several FRB host galaxy
properties with those predicted for six different transient phenomena: long duration
gamma-ray bursts (LGRBs) short-duration gamma-ray bursts (SGRBs), Ca-rich transients,
Type la supernova (Type Ia SNe), core-collapse supernova explosions (CCSNe) and
super-luminous supernova explosions (SLSNe). The only two phenomena fully consistent
with their sample of FRB host galaxies are Type Ia SNe and CCSNe. This agrees with
previous work that finds FRBs are consistent with CCSNe (see Bochenek, Ravi, & Dong
(2021) [75]), but is inconsistent with work that finds it unlikely that Type Ia SNe are

associated with every FRB (see Marnoch et al. (2020) [76]).
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1.3.3 A Few Specific FRBs

There are a few specific FRBs which have received significant attention: FRB 20121102A,
FRB 20180916A, FRB 20200120E and SGR 1935+2154. FRB 20121102A, which was initially
detected in 2012, became the first repeating FRB when archival data showed additional
bursts from the source [77], [7§]. The repetitions allowed for follow-up observations of the
source with FRB 20121102A now one of the most frequently studied FRB{]

Since its initial discovery, FRB 20121102A has been localized to sub-arcsecond precision
by Chatterjee et al. (2017) [80] and further localized to dwarf galaxy at a redshift of z = 0.2
by Tendulkar et al. (2017) |42]. The location of the FRB is spatially coincident with
a compact, persistent radio source (see Marcote et al. (2017) [81]), and lies in a rather
extreme magnetic environment with 100% linearly polarized emission and a large (~ 10°
radians m~?), variable RM [82]. Additionally, the bursts from FRB 20121102 show structure
down to ~ 30 us and exhibit the downward drifting often seen in repeating FRBs (see
Fig. [82], [83]. When combined with the persistent emission and extreme magnetic
environment, this hints at the FRB being located within a SNR, a highly magnetized wind
nebula, or nearby to an accreting black hole. Most recently, a periodicity of ~ 157 of days
was suggested for FRB 20121102A [46], [47]. The long period is best explained by a high
mass X-ray binary, although might be due to a flaring magnetar or a precessing neutron

star [46].

14We note that FRB 20121102A is likely atypical among FRBs, lying in a rather extreme environment [79].
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In addition to FRB 20121102A, FRB 20180916A also shows periodic emission, and was
actually the first FRB for which a periodicity was noted. First discovered by the
CHIME/FRB collaboration (see [45]), this FRB has a much shorter period of 16.4 days.
The periodic nature of the source hints at a neutron star in orbital motion or binary
precession. Models involving isolated sources are likely implausible [45]. Additionally, the
source has been detected down to ~ 100 MHz, making it the lowest-frequency detected
FRB [84].

A third FRB that has received significant attention is FRB 20200120E. First discovered
by the CHIME/FRB collaboration, FRB 20200120E is coincident with a globular cluster
within M81 [43], [44]. This is rather surprising, as one of the leading formation channels
for FRBs involves a magnetar formed through a CCSNe. However, as globular clusters host
older stellar populations, a magnetar existing in a globular cluster and formed through a
CCSNe likely should not produce FRBs (if a magnetar this old could even exist at all). A
different mechanism (although likely still involving a neutron star) is needed to explain this
FRB. Additionally, located only 3.6 Mpc away, this FRB is a strong candidate for follow-up
observations in the optical, X-ray, and gamma-ray bands.

The last FRB which we will mention is SGR 1935+2154. As this FRB is the focus of
Chapter [d, we will only briefly touch upon it here. SGR 193542154 is a well-known Galactic
magnetar, which prior to April 2020 had only been detected by high-energy telescopes.

However, on 28 April 2020, it emitted an FRB-like burst which was detected both by radio
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and high-energy telescopes. While not quite as energetic as a “typical” FRB, the burst is
significantly more energetic than radio bursts seen from any previous Galactic magnetar (see

Fig. . It appears as a bridge between the magnetar and FRB regimes.

1.3.4 Possible Progenitor Models

FRB progenitor models can be broken down into three categories: 1. cataclysmic events
(which can only be applied to “one-off” FRBs), 2. interacting systems (such as those invoked
for FRB 20121102A or FRB 20180916A), or 3. isolated compact objects. Here we only focus
on the third category of models, but we direct the reader to Petroff, Hessels, & Lorimer
(2021) [85] for more detailed descriptions of progenitor and emission models.

If we consider compact, isolated objects as the progenitors of FRBs, then FRBs likely
originate from neutron stars rather than white dwarfs due to the short duration of the
emission (us to ms timescales). Most models invoke magnetars over pulsars due to the large
energies required to produce FRBs. However, some theories still involve giant pulses emitted
from young pulsars similar to the Crab (see Cordes & Wasserman (2016) [86], Connor,
Sievers, & Pen (2016) [87], and Lyutikov, Burzawa, & Popov (2016) [88] for further details).
Of the theories that involve magnetars, there are two primary models for producing the
coherent emission seen from FRBs. In the first model, the emission is produced in the neutron
star’s magnetosphere through curvature radiation. The curvature radiation is produced by

bunches of charged particles moving along curved magnetic field lines. For further details
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on this model, we direct the interested reader to Kumar, Lu, & Bhattacharya (2017) [48]
and Lu & Kumar (2018) [89]. In the second model, a flare is produced by the magnetar,
which then collides with the surrounding medium producing an outward moving shock wave.
When the shock wave collides with a surrounding, magnetized medium, Larmor rotation of
particles within the shock can eventually (through population inversion) lead to the release
of a coherent electromagnetic wave [49]. We direct the reader to Lyubarsky (2014) [90],
Beloborodov (2017) [91], and Metzger, Margalit, & Sironi (2019) [49] for further details on
this model.

We proceed in the next section by describing in detail the Canadian Hydrogen Intensity
Mapping Experiment Fast Radio Burst Project (CHIME/FRB). This project is aimed at
detecting FRBs, although it has also detected several pulsars (see Good et al. (2020) [92])
and the magnetar SGR 193542154 (see CHIME/FRB Collaboration (2020) [8]), hence the

background given to all three classes of astrophysical objects.
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Chapter 2

The Canadian Hydrogen Intensity

Mapping Experiment

2.1 The Telescope

The Canadian Hydrogen Intensity Mapping Experiment, herein abbreviated as CHIME,
is located in Penticton, British Columbia. Originally built to study the Baryon Acoustic
Oscillation (BAO) signal through 21-cm hydrogen emission at redshifts of 0.8 to 2.5, it is
a transit radio telescope designed to operate with a large field of view (FOV) and enough
sensitivity to map the BAO. However, its large FOV and transit nature also make it a great
candidate for blind FRB searches and pulsar timing. Thus, CHIME is composed of three

different projects: CHIME/Cosmology, CHIME/FRB, and CHIME/Pulsar. There is also
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Figure 2.1: A photograph of CHIME as taken on 15 September 2016 in Penticton, British
Columbia. The four N-S cylinders are visible along with the focal lines containing the 256
dual polarization feeds. Image courtesy of CHIME/FRB Collaboration (2018) ||

an additional project underway to search for slow pulsars, and three outrigger sites under
construction to localize > 1000 FRBs detected by CHIME/FRB to 50 mas.

CHIME consists of four, 100-m x 20-m cylindrical, parabolic reflectors with the reflectors
oriented in the north-south (N-S) direction (see Fig. [2.1)). It has a N-S FOV of ~ 120° and
an east-west (E-W) FOV of ~ 1.3 to 2.5° (dependent on frequency with 1.3° corresponding
to 800 MHz) for a total FOV of ~ 250° [93]. Each of the four reflectors has 256 dual
polarization feeds hanging along its axis for a total of 2048 antennas operating between 400
and 800 MHz. The feeds are placed along the focal lines, spaced by 0.3 m and at a height of
5 m. The 400 to 800 MHz band was chosen with the BAO in mind, as the 21-cm hydrogen

emission line is redshifted to ~ 800 MHz at z of 0.8 and ~ 400 MHz at z of 2.5 .
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The 2048 antenna signals are fed into a hybrid FX correlator where the F-engine digitizes
and transforms the antenna signals and the X-engine performs spatial correlation. The
F-engine operates on Field Programmable Gate Arrays (FPGAs) and digitizes the ADC
voltages for each antenna at a rate of 13.1 Th s™'. A polyphase filterbank is used to perform
a discrete Fourier transform to channelize the data into 1024 frequency channels. The data
rate is then reduced to 6.5 Tbh s~! corresponding to a sampling rate of 2.56 us.

The digitized data are sent to the X-engine which consists of 256 GPU nodes. Each
node processes four of the 1024 frequency channels. The X-engine produces a set of data
products for each of the CHIME projects e.g. 2M visibilities for CHIME/Cosmology, 1024
formed beams for CHIME/FRB, and 10 tracking beams for CHIME/Pulsar. Focusing on
CHIME/FRB, the X-engine forms 256 N-S beams through a spatial fast Fourier transform
(FFT) of the pre-correlated antenna signals.  This is unlike the more traditional
interferometry where pairwise correlation is used to produce a set of visibilities. FFT
algorithms are computationally much cheaper than pairwise correlation, scaling as N log N
rather than N? where N is the number of antennas [95]. For telescopes such as CHIME
with a large number of equispaced antennas, FFT algorithms are considerably
computationally cheaper. One challenge is that the resulting FFT beams on the sky are
highly frequency dependent. To overcome this, the initial input data are padded with zeros
to form 512 FFT beams. Then, for a given sky location, multiple FF'T beams are selected

to form a new beam whose centre depends very weakly on frequency. The final result is 256
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Figure 2.2: Mapping between the N-S CHIME/FRB beams and declination at 19:29:10
UTC on 2021-08-03. Note the mapping depends on the time at the observatory, so this is
only one approximation of the relation.
N-S beams which span from declinations of approximately —10° to +89° and are evenly
spaced in sin @ where 6 is the angle from zenith (see Fig. for an approximate mapping
between declination and N-S formed beam). For more details on the formed beams, we
direct the reader to Masui et al. (2019) [95] and Ng et al. (2017) [93]. In addition to 256
N-S beams, four E-W beams are formed using exact phasing for a total of 1024 stationary
formed beams.

The X-engine also upsamples the frequency resolution for CHIME/FRB from 1024

frequencies to 16k frequencies and downsamples the time resolution from 2.56 us to 0.983
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Figure 2.3: Schematic of the CHIME pipeline. Each cylinder contains 256 dual polarization
inputs which are digitized and Fourier transformed by two F-engines. The output of
both F-engines is fed into two X-engines which perform spatial correlation. The results
of the X-engine are sent to the three backends: CHIME/Cosmology, CHIME/FRB, and
CHIME/Pulsar. Schematic courtesy of CHIME/FRB Collaboration (2018) [1]
ms using a Fourier-transformation [1]. For CHIME/Pulsar, the frequency resolution is
maintained at 1024 frequencies with a sampling time of 2.56 us. For CHIME/Cosmology,
the nominal 1024 frequency channel resolution is maintained but the sampling time is
reduced to 20 s. A schematic of the FX correlator and the different outputs is shown in
Fig. and extracted from CHIME/FRB Collaboration (2018) [1].

While CHIME/Pulsar Collaboration (2020) [96] and Newburgh et al. (2014) [97] discuss

the CHIME /Pulsar and CHIME /Cosmology backends, respectively, in more detail, we focus

below on the details of the CHIME/FRB pipeline.
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2.2 The CHIME/FRB Backend

As a transit telescope with a large FOV, CHIME can monitor large portions of the sky
with consistent daily exposure. This is especially useful for detecting new FRBs for which
temporal and spatial information is not available. Since its commissioning in 2018,
CHIME/FRB has detected over 2000 FRBs and published over 500 [2]. This has
revolutionized the field, with CHIME/FRB detecting magnitudes more FRBs than any
other existing radio telescope.

Due to the large data rate from CHIME of ~ 142 Gb/s, the CHIME/FRB pipeline must
operate in real-time, and this real-time search pipeline is split into four processing levels:

L1, L2, L3, and L4. Each pipeline is discussed below and shown in Fig. [2.4]

221 11

L1 consists of 128 nodes with two central processing units (CPUs) per node. Each node
processes all 16k frequency channels for 8 formed beams at a ~ 1 ms sampling rate. L1
has four main components: 1. a radio frequency interference (RFI) removal process, 2. a
de-dispersion algorithm, 3. an event detection algorithm, and 4. an RFI sifting algorithm.
The first three components are called Lla while the fourth is called L1b. Each beam has
Lla and L1b independently run on it.

First, RFI mitigation is performed through rf-pipelines (Rafiei-Ravandi, M., in prep.).

Data arrive in rf-pipelines in two parallel arrays, one consisting of intensity information and
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Figure 2.4: A schematic of the different CHIME/FRB pipelines starting with the X-engine
(also called LO) and ending with L4. The schematic contains the number of nodes required
for each processing pipeline, along with the main responsibilities of each pipeline. Figure
courtesy of CHIME/FRB Collaboration (2018) ||
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the other consisting of the weights. The initial input signal consists of a gaussian signal plus
non-gaussian outliers which are iteratively removed through a chain of transforms. The chain
is configured to minimize false positives and false negatives while remaining computationally
efficient.

Each transform operates on a four second chunk of intensity data and weights. First, nine
different clipping transformations are applied to the intensity and weights. Each clipping
applies a specified cutoff of the intensity amplitude and adjusts the weights for the segments
above the cutoff. While the weights could theoretically be any floating point number, the
weights in rf-pipelines are limited to either 0 or 1. Each clipper outputs the intensity data,
untouched, and the weights, readjusted by the results of the clipping. The weights and
intensity data are then fed into the next clipping transformation.

The nine clipping transformations are repeated six times before the data are passed on
to a detrender. The data are detrended twice, once using a 4 degree polynomial and once
using a 12 degree spline. Each detrending operation happens both along the frequency
axis and along the time axis. The detrending transform aims to capture broadband signals
such as RFI or uncalibrated variations in the spectrum. The polynomial/spline are then
subtracted from the intensity data to remove the large scale noise and find the narrowband
FRBs (although most FRBs span the entire band). The detrending transforms alter both
the intensity and weight arrays. The sequence (9 clippings, repeated 6x, detrended 2x in

both frequency and time) is then repeated once more.
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After rf-pipelines, the data are de-dispersed. CHIME/FRB must search 1.5 PB of data
per day which makes de-dispersion the most computationally expensive part of the
CHIME/FRB pipeline [1]. Direct de-dispersion for this quantity of data is too expensive
(computational cost is on order TF? where T is the number of time samples and F' the
number of frequency samples). Instead, tree de-dispersion (for which the computational
cost is on order TF'logF) is deployed through a new algorithm, bonsai [98]. Tree
algorithms suffer from two major problems though, namely memory bottlenecks and loss of
S/N in approximating the DM delay. Bonsai overcomes these issues by processing data in
smaller sample sizes and by weighting the data depending on the DM and pulse width size
in (v~2,t) space rather than in (v,t) space. For a set of spectral indices, scattering times,
and intrinsic width parameters, bonsai then calculates an approximate S/N for a grid of
DMs and times.

All events above a given S/N limit are sent to L1b. L1b uses a supervised machine learning
algorithm to determine whether an event is astrophysical or RFI by analyzing events in the
(DM, time) plane. Events from a true astrophysical candidate tend to exhibit a bowtie shape
in this plane while RFI tends to exhibit a straight line. Each event is assigned an L1b RFI
rating and is then passed on to the next stage of the backend: 1.2/L3. For more details on

this stage of L1, we direct the reader to Josephy (2018) [99].
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2.2.2 L2/L3

L2/L3 performs additional analysis to group multi-beam events, improve the initial
localization, estimate the flux, determine the nature of a source (Galactic, extragalactic,
known, unknown), and decide which set of actions to perform based on the previous
classifications. More specifically, L2 groups events in neighbouring beams and then uses the
machine learning algorithm of a support vector classifier to determine whether groups are
astrophysical or RFI. The classifications are based on the time, DM, and sky position of
the grouping along with the L1b RFT ratings. Astronomical events typically occur in one or
two beams with high S/N and a few weaker nearby beams while RFI events occur in
multiple beams with the peak S/N beams spread throughout. Events classified as RFI by
L2 are passed directly to L4 (see Section , while astrophysical events continue on to
L3.

L2 also improves the localization of all candidates. A look-up table is computed for
multi-beam events which contains a grid of the S/N ratio for different beams for a grid
of sky locations. Thus, for multi-beam events, the relative S/N ratios for each beam are
compared to this lookup table to improve the initial localization. For single beam events, a
mapping between the centre of the beam and sky position is used [1]. Lastly, L2 calculates
approximate radio fluxes for each event using the radiometer equation.

After L2, all astrophysical events are sent to L3. Using a known source database and

models for the maximal Galactic DM along a given LOS, L3 classifies events as Galactic
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or extragalactic, and then as known or unknown based on an event’s DM and position.
Depending on the classification, L3 selects a set of actions for the event. Actions can include
things such as callbacks of buffered intensity and baseband data. Due to the high volume
intake of data by CHIME, intensity and baseband data are not automatically stored for
every event. Instead, a ring buffer is used to store up to ~ 240 s of intensity datal|]and up

to ~ 40 s of baseband data.

223 L4

L4 then implements the actions decided in L2/L3. For example, data stored in the ring
buffers are retrieved for events for which an intensity callback was requested. 1.4 is also
responsible for storing the header information and all additional information for all 1.2/L3
events (including RFI, known sources, and unknown sources). All events not discarded by

L1 are archived by L4 into CHIME/FRB’s databases.

!Data stored for 240 s have been downsampled in time by a factor of four. Full resolution data are only
saved for ~ 60 s)
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Chapter 3

The rfi-scout Pipeline

3.1 Radio Frequency Interference at Radio Telescopes

3.1.1 Challenge of Radio Frequency Interference

While radio astronomy is fortunate to operate at wavelengths long enough to penetrate
through the Earth’s atmosphere, allowing the use of ground-based observatories, it is not
without its challenges. Radio observatories operate within the same frequency range as
digital broadcasting signals, cellular networks, and satellite communications. The radio
frequency interference (herein called RFI) caused by these synthetic signals can be
significantly larger than the desired astrophysical signals. RFI can also emanate from
astrophysical sources; the Sun, Moon, and bright calibrators (e.g. Cygnus A, Taurus A,

Cassiopeia A) can be labelled as interference as they can completely saturate the observing
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bandwidth.

RFT mitigation and characterization is a core aspect of radio astronomy. Amongst the
recent literature on the RFI environment at different telescopes, three surveys are relevant
for CHIME/FRB. The first two surveys were performed by Indermuehle et al. (2016) [100]
and Sokolowski, Wayth, & Ellement (2014) |101] in Australia at the future location of the
Square Kilometer Array (SKA) in the 700 to 1700 MHz and in the 70 to 300 MHz frequency
bandwidths, respectively. Even though the location of the SKA is in a radio quiet zone,
Indermuehle et al. (2016) [100] finds that up to ~ 15% of its spectrum can be lost to RFI
with the majority of this due to external, broadband (> 5 MHz) RFI and the minority
internal, narrowband RFI. Additionally, both studies detect interference signals produced
up to 600 km away. They attribute this to 2G, 3G, and 4G signals that have been reflected
and refracted in the atmosphere for significant distances [100], [101].

Another more recent study by Tingay et al. (2020) [102] is similarly performed at the
location of the SKA. However, unlike the previous two surveys which contain only temporal
information, this survey also contains spatial information on the RFI. Tingay et al. (2020)
[102] focuses on a specific one MHz frequency channel in the frequency modulation (FM)
radio broadcasting bandwidth over a period of three days. They find many reflected FM
signals off of airplanes and meteor trails.

With the above three studies and their implications in mind, we proceed below by adding

more detail on the RFI situation at CHIME/FRB.
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3.1.2 Radio Frequency Interference at CHIME

CHIME is located in a radio quiet zone near Penticton, British Columbia at the National
Research Council’s Dominion Radio Astrophysical Observatory (DRAO). This site is
surrounded by mountains, which naturally reduces the RFI. However, similar to the SKA,
CHIME still suffers from considerable RFI. As discussed in Section [2.2.1] one way in which
CHIME/FRB masks RFI is through rf-pipelines. The average amount of data masked by
rf-pipelines is typically on the order of 20% with the minimum masking fraction for all
beams fairly steady around 15% and the maximum fluctuating from 40% to 60%.

While this is just the L1 masking fraction, the masking fraction we record for
CHIME/FRB science metrics also includes effects from LO. As discussed in Section [2.1]
each L0 node is responsible for four frequency channels. When a node is offline, it is
equivalent to those four frequency channels being masked at 100%. We record this
combined masking fraction (offline L0 nodes plus rf-pipelines masking) rather than just the
rf-pipelines masking fraction because it better reflects the available portion of our
frequency bandwidth. When including these offline L0 nodes, the average masked percent
is closer to 35%. This total mask (LO + L1) can fluctuate depending on the L0 nodes that
have been blacklisted, and is typically higher prior to a system-wide telescope upgrade and
lower after an upgrade as blacklisted nodes are often debugged during these upgrades. The

remainder of this chapter, and the analysis that follows, is based on this combined masking
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fraction [

There are a variety of sources, some known and some unknown, responsible for the RFI at
CHIME. In Canada, the LTE bandﬂ spans radio frequencies in the range of 698 MHz to 787
MHz. As discussed in Section [2.2.1] the majority of rf-pipelines works through dynamical
masking where the mask per frequency channel is determined in real-time. However, certain
frequency channels such as those within the LTE band are also statically masked, meaning
they are consistently set to a masking fraction of 100%. This can be seen in Fig. where we
show the CHIME/FRB masking fraction per frequency channel averaged over an entire day
and over all beams. Many frequency channels from 725 to 750 MHz are masked at, or close
to, 100%. Prior to 2020, the main source of RFI from cellular networks was concentrated
around 700 MHz. However, in early and late 2020, 5G networks came onlindﬂ and their
effects were seen rather dramatically in the CHIME/FRB band, especially due to the 5G
downlink for wireless networks around 635 MHz (see Fig. [3.1)). There is also substantial
masking in the frequency range of 450 to 600 MHz as the ultra-high frequency (UHF) TV
channels in Canada operate in the range from 470 to 602 MHz. There is little RFI masking

directly above the UHF TV band as there is an allocated radio astronomy band from 609 to

IThis combined masking fraction is queried from L1, and so unless stated otherwise, is just called the L1
masking fraction.

2LTE is an acronym for the long-term evolution frequency bandwidth. For further details on it, see the
Section Long-term Ewolution of Frenzel (2018) [103].

3These networks are largely a result of the 2019 Canadian 600 MHz auction. The auction results can be
found herel


https://www.canada.ca/en/innovation-science-economic-development/news/2019/04/600-mhz-spectrum-auction--process-and-results.html
https://www.ic.gc.ca/eic/site/smt-gst.nsf/eng/sf11499.html
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Figure 3.1: CHIME/FRB L1 masking percent as a function of frequency. The masking
percent is averaged over all beams and over all timestamps from 2021-05-18 to 2021-05-19.
The majority of the LTE band in the 700 MHz band is masked at 100% while the TV band
from 470 to 600 MHz also shows significant masking. The figure includes contributions from
offline L0 nodes, where one offline L.O node is equivalent to four frequency channels masked

at 100%. It is impossible to differentiate L0 masking, static rf-pipeline masks, and dynamic
100% masking from rf-pipeline.

The masking fraction of CHIME /FRB is also highly dependent on the N-S beam locationﬂ
as seen in Fig. [3.2l Unsurprisingly, the edge beams (those furthest north or south) suffer

from the most RFI as these are the least shielded from ground noise. There is also an

4For details on the different frequency allocations, we direct the reader to the Canadian Table of Frequency

Allocations.
°See Fig. in Section for a mapping between N-S beam number and declination.


https://www.ic.gc.ca/eic/site/smt-gst.nsf/eng/sf10759.html
https://www.ic.gc.ca/eic/site/smt-gst.nsf/eng/sf10759.html
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increase in the RFI masking fraction for beams ~ 100 to 150. Two of CHIME’s calibrators,
Cassiopeia A and Cygnus A, transit above CHIME in beams ~ 150 and ~ 110, respectively.
The signals from these two celestial objects, along with Taurus A which transits at beam 55,
are very prominent across all frequency bandwidths. Thus, L1 treats these objects as sources
of RFI and masks their signal. The Sun is similar except it transits through a larger number
of beams. When the Sun is along CHIME’s meridian, its signal can saturate many frequency
and beam channels as seen in the bottom panel of Fig. where the CHIME/FRB mask is
shown as a function of both beam and frequency at the time of the Sun’s transit.

In late 2020 and early 2021, CHIME/FRB detected an enormous number of RFI events
per day, with a peak of 1.7M RFI events/day with S/N > 7.5. This huge increase in the
number of RFI events, for which we typically detect ~ 20k to 30k, are herein called “RFI
storms”. We identify two distinct RFI storms: one at high DMs (> 1000 pc cm™3) and
another at medium DMs (~ 500 to 1000 pc cm =)

The two RFI storms are different in their DM range, time dependence, and beam
distribution. The high DM RFI storms occur on a ~ 20 minute timescale, with the storms
detected in the edge N-S beams. The mid-DM RFI storms occur on 8 second timescales,
and are more evenly detected in all N-S beams with a slight fall-off for the edge N-S beams.
For both storms, we captured intensity data on approximately 10 different occurrences for

various beams to identify the frequency channels responsible for the RFI storms. Four

6These RFI storms are likely caused by terrestrial RFI, and so DM has no physical meaning here. Instead,
it merely reflects the level of de-dispersion which maximizes the S/N of the RFI.
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Figure 3.2: CHIME/FRB L1 masking percent as a function of N-S beam. The masking

percent is averaged over all frequencies, all E-W CHIME columns, and over all timestamps

from 2021-05-18 to 2021-05-19. The masking fraction is highest for the beams furthest north

and south. There is also elevated masking for N-S beams 100 to 150. While this figure

includes contributions from offline L0 nodes, this does not affect the relative masking per

beam, but instead just raises the baseline over all beams.
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Figure 3.3: The CHIME/FRB L1 masking percent as a function of both beam and
frequency. The masking percent is averaged over all E-W beam columns. In the top panel, the
masking fraction is averaged over all timestamps between 2021-05-18 and 2021-05-19. In the
bottom panel, the metrics are displayed for 2021-05-18 at 19:55 UTC. The Sun transits above
CHIME between 2021-05-18 19:54 and 2021-5-18 19:55 UTC. The colour scheme corresponds
to the percent masked, with white being 100% masked. Effects due to the Sun are circled
in blue. The figure includes contributions from offline L0 nodes, where one offline L0 node
is equivalent to four frequency channels masked at 100%. It is impossible to differentiate L0

masking, static rf-pipeline masks, and dynamic 100% masking from rf-pipeline.
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frequency ranges are identified as the sources of the high DM RFI storms: 781.8 to 786.7
MHz, 418.3 to 419.2 MHz, 417.2 to 417.6 MHz, and 440.2 to 440.4 MHz. The 700 MHz
signals are likely new LTE sources, but it is unclear what causes the 400 MHz signals. For
the mid-DM RFT storms, only one frequency range is identified: 627.2 to 641.4 MHz. The
downlink for 5G telecommunications lies in this range and is likely responsible for this
source of RFI. As a solution to the RFI storms, the CHIME/FRB team added additional
static masks to rf-pipelines for the frequency ranges listed above. This increased the
average L1 + L0 masking fraction from ~ 29% (early 2020) to ~ 35% (early 2021).

The static mask of 627.2 to 641.4 MHz can clearly be seen in Fig. [3.3] where we show
the L1 masking percent as a function of both beam and frequency. The high level of both
dynamic and static masking in the LTE band from ~ 720 MHz to ~ 760 MHz is also evident
along with the TV band from ~ 460 to ~ 580 MHz. While there are some frequency channels
in the band of ~460 to ~ 580 MHz that are almost 100% masked, there are also several ~ 20
MHz frequency bandwidths for which the masking shows a ripple feature as a function of
beam, with little to no masking towards the more central N-S beams.

As seen through Figures[3.1]-[B.3] CHIME/FRB’s RFI is rather complicated. It is highly
dependent on both beam and frequency with the masking percent as high as 50% for certain
beams and as high as 100% for certain frequency channels. Recording the L1 RFI masking
fraction is important for incorporating RFI metrics into daily exposure calculations (Chawla,

P., in prep.), quantifying and understanding unknown sources of RFI, and monitoring the
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system sensitivity. For example, FRBs occur on millisecond timescales, but there are entire
4 second periods (discussed below in Section with masking fractions > 50%, causing
us to operate rather blindly. This has implications for our exposure calculations which affect
rate and repetition statistics. The RFI metrics can also be compared with other system
sensitivity metrics such as the number of pulsars detected per day or the synthetic pulse
injection system to gain a deeper understanding of our system. Thus, in early 2020, we
began collecting daily L1 RFI masking metrics. We detail this initial collection process

below.

3.1.3 Previous CHIME/FRB RFI Pipeline

Starting in early 2020, we began routinely collecting L1 RFI masking metrics. The metrics
are retrieved from the L1 nodes using a synchronous Remote Procedure Call (RPC)|Z| on a
1-minute timescale. For every beam, we store several different metrics such as start and end
timestamps, the number of masked samples, and the total number of samples in a Structured
Query Language (SQL) databasqﬂ on a per beam and per frequency basis. This amounts
to a data volume of ~ 16G/day or ~ 5.6T /year. The data are analyzed offline to produce
graphs of the masking fraction per beam, per frequency, and per timestamp.

As noted above, using this method, the RFI metrics are sampled on a minute timescale,

7A remote procedure call is a method for communicating between two networks based on synchronous
calls from a local machine to a remote server. For further details on remote procedure calls, we refer the
reader to the PhD thesis presented in Nelson (1981) [104].

8SQL is a relational database. The data are assumed to be related to each other and are stored in tables.
We direct the reader to IBM’s description of relational databases for more information.


https://www.ibm.com/cloud/learn/relational-databases
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with the reported L1 RFI masking fraction averaged over the entire one minute period.
The timescale of one minute was chosen as a compromise between having sufficient time
resolution and collecting a manageable amount of data. The exposure for CHIME/FRB, on
the other hand, is calculated on a four second timescale. We had never investigated the RFI
metrics on a similarly short timescale, so we collected data on 24 May 2020 at a rate of five
seconds and then downsampled to 10, 20, 40, 60, and 240 second averages to compare the
different sampling rates.

As seen in Fig. [3.4] while sampling on a longer timescale (i.e. 60 seconds and 240
seconds) captures the baseline trend of the RFI, it does not capture extrema where the RFI
mask is greater than 35% to 45%. If we define a chunk as the average RFI mask over a 5
second period, then on average there are order ten chunks per day where our RFI masking
for a beam is greater than 45%. As one such example, consider beam 180 on 24 May 2020.
Sampling at a five second cadence, there are 42 chunks for which the masking fraction is
greater than 45%. However, if we sample at a sixty second cadence, these maxima are
averaged out with only two averages having masking fractions greater than 45%ﬂ As FRBs
are transient events lasting for milliseconds, these moments of high masking fractions may
leave us partially blind to these events. It is essential to account for these moments in
exposure and system sensitivity metrics, and thus necessary that we sample the RFI metrics

on a much shorter timescale than the initial choice of 60 seconds.

9Note that these two time averages do not encompass all 42 earlier time chunks for which the masking
fraction was high.
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Figure 3.4: Comparison between the L1 masking fraction on 24 May 2020 for beam 130

sampled every five seconds with four other L1 sampling rates: ten (top left), twenty (top

right), sixty (bottom left), and 240 (bottom right) seconds. The RFI metrics are averaged

over all frequency channels. For each sampling rate, the L1 RFI masking fraction is averaged

over the entire time chunk. For example, at a twenty second cadence, each data point

represents the average L1 RFI masking fraction for the past twenty seconds.
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However, storing the RFI metrics on a five second time scale using the above RFI pipeline
is not feasible. First, it would greatly increase our data storage. We would be storing ~ 240G
of data per day or ~ 84T per year. This is not practical over the course of many years.
Additionally, it takes the RPC client ~ 5 to 15 seconds to collect all the RFI metrics from
L1. Thus, consistently collecting metrics at a five second time scale is not possible using this
software. To this end, we build a new pipeline for collecting L1 RFI metrics on the desired

time scale while simultaneously analyzing the data in real-time to decrease our data storage.

3.2 Pipeline: rfi-scout

3.2.1 Objectives

The new RFT pipeline, herein called rfi-scout, collects and analyzes L1 metrics in real-time,
similar to other CHIME/FRB backends. 7fi-scout deploys a new method for querying L1
RFT metrics so that they can easily be accessed and recorded on a four second timescale{igl.
The metrics are then downsampled through various algorithms (discussed in Section
to reduce the overall storage pressure so the metrics can be collected and stored for the
entire CHIME/FRB operational period. Additionally, the metrics are stored in a location
accessible to all CHIME/FRB users, and can easily be maintained and accessed by others

within the collaboration.

OFour seconds is chosen to match exposure times.
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Below, in Section [3.2.2] we outline the rfi-scout pipeline. In the following Section |3.2.3]
we discuss the benefits achieved by the rfi-scout pipeline. We end by discussing future work
for rfi-scout. For additional details on the rfi-scout pipeline and more specific investigations

into its different components, we direct the reader to Appendix [A]l

3.2.2 Structure

The rfi-scout pipeline has five key structural components:

1. Querying metrics from L1.

2. Storing the initial L1 RFI metrics.

3. Data reduction I: downsampling over frequency channels.

4. Data reduction II: downsampling over the E-W columns of CHIME.

5. Data reduction III: fitting a polynomial to the RFI per beam and per frequency.

6. Storing the results in a mongoDB database.

This is also depicted in Fig. (3.5}
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Figure 3.5: Flowchart of the rfi-scout pipeline. The data are initially queried from L1 using
asynchronous queries and stored in npy files. The data are then reduced through frequency
downsampling, downsampling over the E-W CHIME columns, and polynomial fitting. They
are finally stored in a mongoDB database which can be accessed by CHIME/FRB users.

Below, we detail each of these five parts.

L1 query and Initial Storage

Previously, L1 RFI metrics were queried using an RPC client, with the client performing
synchronous calls to each L1 node to retrieve the RFI metrics. However, it takes ~ 10
seconds to retrieve the L1 RFI metrics for all CHIME/FRB nodes using this method which
is a factor of two larger than our desired query time of 4 seconds (to match exposure times).

To overcome this, we implement a slightly different technique using asynchronous queries.
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Using asynchronous queries greatly reduces the overhead time to query L1 metrics to ~ 1
second for all nodes. After querying the L1 metrics, we decode the metricﬂ and store the

mask per frequency and per beam at the full resolution of 1024 frequencies and 1024 beams

in npy filed™}

Data Reduction

Every six hours, we retrieve the RFI metrics from the npy files for further analysis and
reduction. Downsampling is an essential part of rfi-scout, as the increased sampling rate
increases the data storage pressure to a non-sustainable level. First, we downsample the
data in frequency from 1024 frequency channels to 256 frequency channels, averaging over
every four frequency channels. It is tempting to downsample to a smaller number of
frequency channels as the exposure is solely calculated on a per beam basis with no
dependence on frequency. However, the frequency dependence of the RFT is still relevant
for other science purposes e.g. the usage of the CHIME/FRB RFI metrics to estimate
CHIME/FRB’s bandwidth in Josephy et al. (2021) [62]. Additionally, the frequency
dependence of RFI metrics can be useful for identifying new sources of narrowband RFI.
Thus, we limit ourselves to a factor of four in downsampling which is equivalent to a 75%
reduction in our data storage.

After we downsample the RFI metrics per beam by a factor of four in frequency, we

1 Qpecifics on the decoding process can be found in Appendix
12Details on the type of file chosen here can be found in Appendix
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further downsample the data by averaging the RFI metrics across the four E-W CHIME
cylinders. As shown in Fig. [3.6] the RFI masking fraction behaves similarly across the four
E-W cylinders. However, to be certain that our downsampled data represent the true RFI to
within a few percent, we perform selective downsamplinﬂ in which we keep track of outliers
from the average. The average and the outliers are then stored for further analysis. This
selective downsampling results in a total data reduction of 57%@.

Lastly, we fit a 15 degree polynomial to the masking fraction per beam and per frequency.
The polynomial fit is performed over six hours of RFI metrics. Fach fit is performed per
beam and per frequency bin. Five rounds of polynomial fits are implemented to eliminate
outliers and improve our final ﬁtlﬂ When, even after five rounds, the fit is not satisfactory,
we store the full resolution data. We show two examples of our polynomial fits in Figs.

and Polynomial fitting further reduces our total data storage by 61% percenﬂ.

Final Data Format and Storage

We store the final downsampled data in a mongoDB databasem that is accessible to all
CHIME/FRB users. The RFIT can easily be reconstructed from this database using the
polynomial fit and outlier values.

The original npy files in which the initial full-resolution data are stored are kept for one

13See Appendix for more details on the algorithm behind selective downsampling.

14This is the data reduction achieved for the already frequency downsampled data.

15See Appendix for more specifics on the polynomial fits.

16This is the data reduction achieved for the already frequency downsampled and E-W downsampled data.
1"Details on mongoDB can be found in Appendix or at mongoDB.com.


https://www.mongodb.com
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to two weeks post collection in case we want to investigate the metrics at the full resolution
or in case there are any problems in downsampling the data. However, after this two week
period, the full resolution data are deleted and we only store the downsampled data in the

mongoDB.

3.2.3 Benefits Achieved by rfi-scout

The rfi-scout pipeline leads to a huge reduction in our total data storage while
simultaneously recording the L1 RFI metrics on a timescale that satisfies CHIME/FRB’s
science requirements. Using the rfi-scout pipeline, we are able to query the RFI metrics
from L1 and store these metrics in under four seconds. Additionally, by downsampling in
frequency, downsampling over the E-W columns, and fitting a polynomial, we reduce the
total daily storage E by ~ 96%@ (see Table . rfi-scout makes querying and storing the
L1 RFT metrics both computationally feasible (e.g. able to query on a 4 second timescale)

and sustainable (e.g. producing ~ 4T of data/year).

8This is the reduction achieved for the data queried at the four second rate.
9The data reduction achieved will vary from day to day, as some days may have more extreme and
unpredictable RFI environments than others.
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Previously | rfi-scout

Number of Frequency Channels 1024 256
Reduction in Data due to Frequency Binning | 0% 75%
Number of Beams 1024 256 + outliers
Reduction in Data due to E-W Downsampling | 0% 57%
Number of Time Samples All Only outliers
Reduction in Data due to Polynomial Fitting | 0% 61%

Total Reduction 0% 96%

Table 3.1: Summary of the improvements made through rfi-scout by downsampling in

frequency, downsampling over the E-W columns, and fitting a polynomial to the data.

3.3 Future Work for rfi-scout

3.3.1 Remaining Work

While the rfi-scout pipeline has been written and tested, only querying the L1 RFI metrics
and storing them in npy files has successfully been deployed on site. The data reduction has
been performed on a local machine. As rfi-scout is to be an automatic process operating
on site, it is essential to finish deploying this latter half. This will be the main focus of all
future work related to rfi-scout.

The metrics produced by rfi-scout have also yet to be incorporated into system sensitivity
metrics or other science data products. Once the pipeline is deployed on site, we will smoothly

and automatically incorporate the metrics into the relevant data products.
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3.3.2 Areas for Improvement

We would achieve even further reduction in the data storage if we could fit the masking
fraction over all beams for a given time bin by a polynomial. However, there is large variation
in the masking fraction in the Northern and Southern edge beams, and a polynomial cannot
be acceptably fit to the data (see Fig. . If we fit only beams 58 through 198 (140 beams
symmetric about beam 128), then the fit is much more reasonable (see Fig. [3.10)), and all
residuals are less than 2%. Future work could attempt to work this into the rfi-scout pipeline.
Additionally, the structure seen in beams 58 through 198 is possibly sufficiently stable to be
fit using a pre-determined template. Future work could test whether this is possible.

The frequency binning is currently evenly spaced, with adjacent frequency channels
averaged and each bin of equal size. However, there are certain bands (e.g. the LTE band)
where the RFI masking is very similar across all frequencies. An additional step would be
to explore differing frequency binning where large regions such as the LTE band would be
averaged together while other frequency channels might not be.

Lastly, as seen in Fig. [3.7] the RFI masking can exhibit the behaviour of a step function.

One could attempt a Bayesian block scheme here to better fit the data.
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Figure 3.6: Comparison between the masking fraction for all N-S and E-W beams with
the masking fraction averaged over all E-W beams from 2021-05-18 to 2021-05-19. The data

are also averaged over all frequencies and timestamps. In the top panel, the full-resolution

data for all 1024 beams are shown in blue while the average over all E-W columns is shown

in red. In the bottom panel, the residuals are shown between the E-W averaged masking

fractions and the full-resolution 1024 beam masking fractions.
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Figure 3.7: Masking fraction as a function of time for N-S beam 3 after averaging over

the E-W columns and downsampling in frequency. Each panel shows the RFI metrics for a

different four MHz frequency bin with the frequency range indicated in the top right corner

of each plot. We show four examples in which the polynomial is a strong fit to the data (less

than 50% of the data are outliers) and two examples in which a polynomial could not be

satisfactorily fit to the data. In both cases, the blue dots are the initial RFI metrics sampled

at a ten second cadence. For the cases in which a polynomial fit is satisfactory, the final fit

is shown in blue with the red dots the metrics within 2% of this fit. For the two cases where

a polynomial cannot be satisfactorily fit, the fit is not included nor are the red dots within

2% of this fit.
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Figure 3.8: Percent masking as a function of time for N-S beam 108 after averaging over

the E-W columns and downsampling in frequency. Each panel shows the RFI metrics for a

different four MHz frequency bin with the frequency range indicated in the top right corner

of each plot. In all six examples, the polynomial is a strong fit to the data (less than 50%

of the data are outliers). The blue dots are the initial RFI metrics sampled at a ten second

cadence while the final fit is shown in blue with the red dots the metrics within 2% of this

fit.
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Chapter 4

Radio Limits for SGR 1935+2154

4.1 Introduction to SGR 193542154

SGR 193542154 was first detected on 5 July 2014 by the Neil Gehrels Swift
ObservatoryE] [105]. Follow-up observations by the Swift, C’handmﬂ and XMM—NewtonE]
observatories confirmed the source to be a magnetar located within the Milky Way [106].
In the following two years, it had three other large bursts: one on 22 February 2015, one on
14 May 2016, and one on 18 June 2016 [107]. The bursts between 2014 and 2016 were
observed by Swift/XRT, Swift/BAT, Chandra, XMM-Newton, NuSTAH[Z_f], and the Fermi

Gamma-ray Space Telescopd’} As first presented in an analysis done by Israel et al.

1See swift.gsfc.nasa.gov for details on the Swift observatory.

2See this link for details on the Chandra observatory.

3See this link| for details on the XMM-Newton observatory.

4See www.nustar.caltech.edu for details on the NuSTAR telescope.

5See fermi.gsfc.nasa.gov for details on the Fermi Gamma-ray Space Telescope.


https://swift.gsfc.nasa.gov
https://www.nasa.gov/mission_pages/chandra/main/index.html
https://www.esa.int/Science_Exploration/Space_Science/XMM-Newton_overview
https://www.nustar.caltech.edu
https://fermi.gsfc.nasa.gov
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(2016) [106] using Chandra and XMM-Newton, the magnetar has a period of 3.24 s with a
period derivative of 1.43 x107'' s s7!. This can be extrapolated to a surface dipolar
magnetic field of ~ 2.2 x 10 G with an age of 3.6 kyr [106].

The distance to the magnetar, however, has still not been well constrained. As noted in
Gaensler (2014) [10§], SGR 193542154 is close to the centre of SNR G57.24-0.8. In 2016,
Kothes et al. (2016) [109] presented a detailed radio continuum and linear polarization study
of this SNR. They determined the distance to the SNR to be 12.5 kpc, placing it in the outer
arm of the Milky Way, and estimated its age to be 41,000 years. Later studies, however,
have found distances in the range of ~ 1.5 to 9 kpc for SGR 193542154 (e.g. see Zhou et
al. (2020) |110], Zhong et al. (2020) [111], Bailes et al. (2021) |112]).

SGR 193542154 was also observed using the 305-m William E. Gordon Telescope at
the Arecibo Observatory in Puerto Rico [107]. The follow-up observations occurred during
March of 2015 and July of 2016 with six observing days of approximately one to three
hours of observation per day [107]. However, these were all follow-up observations — none
occurred simultaneously with the X-ray detections. The data were searched for both coherent
pulsations along with single pulses. No radio emission was found down to 14 pJy at 4.6 GHz
and down to 7 pJy at 1.4 GHz |107].

SGR 193542154 underwent a prolonged period of quiescence with no detections from the

source in 2017 or 2018. It then began a new extended active phase on 4 October 2019 [113].

During both November 2019 and April/May 2020 the source was particularly active with
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approximately thirteen reported bursts between 4 November 2019 and 5 November 2019,
and hundreds of bursts between April and May of 2020. These bursts were identified by
a range of high-energy telescopes such as the Burst Alert Telescope (BAT) onboard Swift,
the Gamma-ray Burst Monitor (GBM) onboard Fermi, the Konus- WIND (KW) onboard
the NASA GGS-WIND spacecraftff, the International Gamma-Ray Astrophysics Laboratory

(INTEGRAL)"| and the Hard X-ray Modulation Telescope (Insight-HXMT) Satellitd?]

4.2 Initial CHIME /FRB Detection of SGR 1935+2154

Before April 2020, SGR 193542154 had only been observed in X-ray and high-energy bands
with no detected radio emission. However, on 28 April 2020, CHIME/FRB observed an
extremely bright burst from the source, providing the first evidence for radio emission from
SGR 193542154 [§]. This detection (first reported in Atel 13681 [114]), triggered other
radio and high-energy telescopes to search for bursts, with the discovery that the STARE2
instrument (Bochenek et al. (2020) [57]), the Insight-HXMT telescope (Li et al. (2020)
[115]), the Konus- Wind experiment (Ridnaia et al. (2020) [116]), the AGILE instrument
(Tavani et al. (2020) [117]), and the INTEGRAL satellite (Mereghetti et al. (2020) [118])
had also detected the same burst from SGR 1935+2154.

CHIME/FRB observed two sub-bursts from SGR 1935+2154 with arrival times of

6See lasd.gsfc.nasa.gov/konus/ for details on Konus- WIND.
"See [sci.esa.int /web /integral for details on INTEGRAL.
8See hxmten.ihep.ac.cn for details on Insight-HXMT.


https://asd.gsfc.nasa.gov/konus/
https://sci.esa.int/web/integral
http://hxmten.ihep.ac.cn
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14:34:24.42848 and 14:34:24.45745 (UTC, geocentric) as seen in Fig. [1.1] Both sub-bursts
were detected in the far sidelobes of CHIME/FRB (apparent in the spectral structure of
the bursts), in 93 of the 1024 formed beams. The two bursts had 400 to 800 MHz peak
fluxes of 110 and 150 kJy and fluences of 480 and 220 kJy ms, respectively (see Table 1 of
CHIME/FRB Collaboration (2020) [8]). The burst was also observed by a 10-m radio dish

with a CHIME feed in the Algonquin Provincial Park, Ontario .

N i
N 700 =
= =
g 600 i ==
3 == =23
4 =
& 500 = =

- —= L5

400 —
15 0 15 30 45 15 0 15 30 45

Time - 2020-04-28 14:34:33.048 UTC (ms)

Figure 4.1: Normalized dynamic spectra and band-averaged time-series (geocentric) of the
burst from SGR 193542154 as detected by a) CHIME/FRB and b) the 10-m dish in the
Algonquin Provincial Park. The spectra have a time resolution of 0.98302 ms and frequency

resolution of 1.5625 MHz. Figure courtesy of CHIME/FRB Collaboration (2020) |@|

The burst from SGR 1935+2154 on 28 April 2020 provides a unique opportunity to

calculate the radio to high-energy flux ratio as simultaneous detections were made in the
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radio, X-ray, and gamma-ray energy bands. The burst was identified by the Konus- Wind
telescope with a 20 to 200 keV flux of 9.1 x 107% erg cm? s™!. Using this Konus- Wind flux
and a CHIME/FRB peak flux of approximately 100 kJy, we calculate a radio to gamma-ray

flux ratio of approximately 10'° Jy erg™! cm=? s.

4.3 Non-detections by CHIME/FRB of SGR

193542154 Bursts Detected by Swift/BAT

4.3.1 Upper Limits on Radio Emission

Whether or not all high-energy bursts from SGR 1935+2154, and potentially all
magnetars, are accompanied by luminous radio emission is an interesting question, both for
magnetar models, and for the possible connection between magnetars and FRBs. However,
this typically requires a targeted follow-up of a magnetar to be coincident with a
high-energy burst, something very hard to achieve. CHIME/FRB can rather uniquely
address this question though due to its large FOV (~ 250 deg?) and transit telescope
nature. Thus, we search within the CHIME/FRB database for luminous radio emission
coincident with high-energy bursts from SGR 1935+2154. While we do not find any
coincident emission, we constrain the level of radio emission to less than a few kJy for
seven high-energy bursts from SGR 19354-2154. We also study the spectral properties of

the high-energy bursts, and compare these properties, along with the radio to X-ray flux
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ratios, to the 28 April 2020 FRB-like burst from SGR 1935+42154. Below, we discuss in
detail these upper limits and spectral properties.

While many of the high-energy bursts produced by SGR 1935+1154 between October
2019 and May 2020 were not within CHIME’s FOV, four high-energy bursts from SGR
1935+2154 on 4 November 2019, two bursts on 5 November 2019, and one burst on 14
November 2019 were within the FOV with hour angles less than that of the burst observed
on 28 April 2020 [119], [120], [121].

Three of the bursts detected on 4 November 2019 along with the burst on 14 November
2019 were detected by Fermi/GBM and will be discussed in Section 4.4 The three other
bursts were detected on 4 November 2019 at UTC 01:54:37, 5 November 2019 at UTC
00:08:58, and 5 November 2019 at UTC 01:36:25 by Swift/BAT. These three bursts were at
CHIME/FRB hour angles of 18.1°, —7.4°, and 14.5°, respectively (see Table [4.1]). All three
bursts occurred during nominal CHIME /FRB operational periods yet no radio counterparts
were detected.

The hour angles for all three events place them in the sidelobes of CHIME/FRB which
makes calculating an upper limit on the radio flux difficult. Additionally, to calculate an
upper limit on the radio emission from SGR 193542154 at a given time, we would ideally have
a near-simultaneous and near-on-the-sky FRB from a different source for our flux calibration.
However, it is not possible to satisfy both criteria as CHIME/FRB only detects ~ 2 to 3

FRBs per day [2]. Instead, we choose an FRB nearby in declination (e.g. < 1°) to SGR
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Date (U’.I‘C, Hour Angle (°) Flu).c to S/N Pril.nfar.y Bean'l For.n'%e(':l Beam. System Se'nsitivity U.pper .Lir.nit on
geocentric) Ratio (FRB) | Sensitivity Ratio | Sensitivity Ratio Ratio Radio Emission (kJy)
;1\[13\;4?3;9 18.1 0.11 % 0.03 211 + 44 5.0 0.99 + 0.05 11404

itl\(l)(())‘:(.)s?gslg -7.3 0.11 + 0.03 73+ 19 3.8 0.95 £ 0.5 0.3 +£0.1

ztl\gﬁ‘:’éggég 14.5 0.11 % 0.03 104 + 19 7.1 0.96 + 0.05 0.8 4 0.2

Table 4.1: Parameters for calculating radio emission upper limits for three high-energy
bursts from SGR 1935+2154 detected by Swift/BAT between October 2019 and 28 April

2020. We present the hour angle, flux to S/N ratio, primary beam ratio, formed beam ratio,

system sensitivity ratio, and upper limit on the radio counterpart for each burst. The hour

angle is calculated assuming an 8.6 second DM delay at 400 MHz. We present the flux
to S/N ratio for FRB 20190320C. The primary beam and formed beam ratios are between
the responses at the spatial locations of the calibrator FRB and SGR 193542154 at the

time of the high-energy burst. Note there is no error on the formed beam ratios as these

are analytically determined. The system sensitivity is a ratio between the sensitivity of the
system on the day the FRB was detected with that for the days of the SGR 193542154

bursts. All listed errors are 1o.
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193542154 and use models of our beam shape to account for slight differences in position
between the two sources.

We do not place constraints on the timestamp of the FRB and instead use system
sensitivity metrics to account for temporal differences. These metrics are determined using
the daily RMS noise. We do not account for local RFI storms (see Section for details
on such storms) or any other fluctuations in the system sensitivity on a timescale smaller
than one day as these metrics were not consistently available.  Additionally, while
CHIME/FRB is developing a parallel injections system to quantify further aspects of the
system’s sensitivity to given parameters, this has not yet been applied in this work and as
such there may be additional, unknown systematic effects that are not accounted for.
However, as discussed by CHIME/FRB Collaboration (2021) [2], the only major
thus-discovered bias of CHIME/FRB is against highly scattered bursts. Given the 28 April
2020 burst was not highly scattered, this bias likely does not affect our work.

There is an additional, unaccounted for DM delay between any detection of high-energy
emission and the time at which a radio burst would be detected by CHIME/FRB. Given
a DM of 332.7 pc cm™3 for SGR 1935+2154, we determine an 8.6 second time delay as
referenced to 400 MHz between the high-energy emission and a proposed radio detection [8].
The rest of the analysis is performed with this DM delay applied.

Due to the differences in the declination of our calibrator FRB and the high-energy

burst, we must account for two different beam sensitivities: that of the primary beam and
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that of the formed beams. To map the primary beam, the CHIME team uses Taurus A
holography{’| data in which Tau A is tracked using the DRAO John A. Galt 26-m telescope.
These tracks are then correlated with Tau A’s transit over CHIME with the only unknown
in this correlation the primary beam of CHIME. Averaging multiple tracks creates a clear
depiction of the primary beam’s amplitude and phase dependence on hour angle for the
given source’s declination. This method, as it relates to CHIME, is discussed in more detail
in Berger et al. (2016) [124]. We eliminate the frequencies with substantial RFI and then
average the primary beam holography data over all frequencies (originally sampled every ~ 4
MHz). We note this model for the primary beam model cannot be applied to all sources.
However, as Tau A lies at a declination of 22.03°, very similar to that of SGR 193542154,
the primary beam sensitivity as mapped by Tau A is a good approximation for the primary
beam sensitivity for SGR 19354-2154. We calculate the primary beam sensitivity at both
the location of SGR 193542154 and at the location of the calibrator FRB. We scale the flux
of the FRB using the ratio of the two sensitivities.

Besides the primary beam, we must also account for the formed beam sensitivity of
CHIME/FRB. As discussed in Section 2.1 CHIME/FRB’s formed beams are calculated
through an FFT algorithm. We calculate the formed beam sensitivity at the location of our
calibrator FRB and at the location of SGR 1935+2154, compute the ratio of the two, and

then scale the flux of the FRB accordingly.

9For the fundamentals of holography, see Thompson, Moran, & Swenson (2001) [122] and Baars & Swenson
(2008) 123].
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We assume, conservatively, that CHIME/FRB is sensitive to bursts with a S/N threshold
of 10. We can then scale the flux to S/N ratio of our calibrator FRB to a S/N of 10.
Combining the calibrator FRB’s flux to S/N ratio, the system sensitivities, and the beam
sensitivities, the upper limit on the radio flux in the 400 to 800 MHz CHIME/FRB band is

given by:

Fluz gy % B % Frps % S935
b
S/NFRB Bgs Floss Sers

FZUI1935 - ]_0 X (4.1)

where B is the primary beam response, F' is the formed beam response, and S is the system
sensitivity[T_U].

We use three FRBs for flux calibration: FRB 20181226D, FRB 20190320C, and FRB
20181223B at declinations of 22.15°, 22.4° and 21.6° with fluxes of 1.5 + 0.7, 1.2 + 0.3,
and 0.6 + 0.3 Jy, respectively [2]. The S/N ratios of the bursts are 24.1, 11.3, and 13.03
so the FRBs have flux to S/N ratios of 0.06 &+ 0.03 Jy, 0.11 + 0.02 Jy, and 0.05 4+ 0.02 Jy,
respectively. While we use all three FRBs to calibrate our system, we only present the limits
for the FRB that yields the most conservative radio upper limits, FRB20190320C. Using Eq.
[4.1] for the X-ray burst from SGR 193542154 on 4 November at UTC 01:54:37, we determine
a conservative upper limit on the radio burst flux in the 400 to 800 MHz range of < 2.3 kJy
(99% confidence). For the two bursts on 5 November at UTC 00:08:58 and UTC 01:36:25,

we determine conservative upper limits on the radio burst fluxes of < 0.6 kJy and < 1.4

10The system sensitivity is determined by relative RMS noise, so a higher value for the system sensitivity
means we were less sensitive on that day, thus the ratio is flipped for this one quantity.
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kJy, respectively (99% confidence). The uncertainties on the upper limits are dominated
by those on the flux of the calibrator FRB but are also determined using the uncertainties
on our primary beam model and system sensitivity. Depending on which FRB we use for
calibration, the ratios and upper limits are slightly different. In Table 4.1 we list the most
conservative results. We note these three radio limits were also published in CHIME/FRB

Collaboration (2020) [§].

4.3.2 Analysis of High-Energy Emission

In addition to determining an upper limit on the radio emission for the three high-energy
bursts detected by Swift/BAT, we also determine the X-ray flux for two bursts on 5 November
2019. The Swift/BAT burst at 01:54:37 on 4 November was much weaker than the two
Swift/BAT bursts on 5 November and we could not determine a reliable X-ray flux for this
burst.

BAT is part of the Swift mission launched in 2004 by NASA [125]. BAT was originally
deployed to help identify and study gamma-ray bursts. It has a large, 1.4 steradian FOV
and as such can monitor a large part of the sky. Within minutes of a burst in its FOV,
BAT can determine the position of the source to within four arcminutes [125]. Depending
on the merits of the burst, BAT will then trigger a slew of Swift to the source so it can be
followed up by the two other instruments onboard Swift: the X-ray Telescope (XRT) and

the Ultraviolet/Optical Telescope (UVOT).
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Data products for the bursts on 5 November 2019 at UTC 00:08:58 and UTC 01:36:25
were both pre-processed by the Swift team using the batgroproduct COddE with the final
products publicly available online. The program batgrbproduct, added to the BAT software
package in 2006, performs basic GRB analysis using standard BAT calibration tools and the
Tracking and Data Relay Satellite System (TDRSS) burst position message. It produces
light curves, spectra, detector images, sky images, and some auxiliary files for a given burst.

To confirm the two bursts, we examine the pre-slew sky coordinate images (produced and
available online by the Swift team using batgrbproduct) for both bursts, shown in Figs.
and For the burst on 5 November 2019 at UTC 00:08:58, Ambrosi et al. (2019a) [120]
reported the count rate to reach a maximum of 19,000 counts per second while for the burst
on 5 November 2019 at UTC 01:36:25, Ambrosi et al. (2019b) [121] reported the count rate
to reach a maximum of 130,000 counts per second. However, the X-ray flux for both bursts
is comparable. The maximum count rate for each burst is likely limited by the location of
SGR 193542154 within BAT’s FOV e.g. the burst at UTC 00:08:58, shown in Fig. 4.2] is
located at the edge of BAT’s FOV while the burst at UTC 01:36:25, shown in Fig. [4.3] is
located near the centre of BAT’s FOV.

We analyze the processed BAT data for 5 November 2019 using Version 12.10.1f of
HEASARC’s XSPEC program [126]. To generate a spectrum, we use the spectra and

response files as already processed by the Swift team using batgroproduct for the entire

1 See this link for details on the batgrbproduct code.


https://heasarc.gsfc.nasa.gov/ftools/caldb/help/batgrbproduct.html
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Figure 4.2: Sky image of BAT’s FOV during a burst from SGR 193542154 at UTC 00:08:58
on 5 November 2019. The burst is located towards the lower, central edge of BAT’s FOV
and is circled in red. BAT was pointed at (RA, DEC) = (260.4°,11.6°) during the time of
the burst. The sky image is shown in the world coordinate system with arcs tracing out lines
of constant right ascension and declination. The colour scale is linearly proportional to the

sky flux with a white pixel having a higher flux than a black pixel.

burst duration. Swift/BAT is sensitive to photons in the range of 15 to 150 keV so we fit
the data between 15 and 150 keV using three different models: 1. a single blackbody (BB),
2. a BB plus power-law (PL) (no PL cutoff), and 3. two BBs. For all three models, we fix
the equivalent neutral hydrogen absorption column density Ny to 1.6 x 10?? cm~2,

although at these energies the Ny does not contribute significantly to our analysisEl.

The burst on 5 November 2019 at UTC 00:08:58 is best fit using two BB components

12This Ng value is chosen based on the results of the spectral analysis performed by Israel et al. (2016)
106].
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Figure 4.3: Sky image of BAT’s FOV during a burst from SGR 193542154 at UTC 01:36:25
on 5 November 2019. The burst is located towards the lower left centre of BAT’s FOV and
is circled in red. BAT was pointed at (RA, DEC) = (293.8°, 21.9°). The sky image is shown
in the world coordinate system with arcs tracing out lines of constant right ascension and
declination. The colour scale is linearly proportional to the sky flux with a white pixel having
a higher flux than a black pixel.

with temperatures of 9.4 4+ 0.7 and 3.7 + 0.8 keV. The data, model, and residuals are shown
in Fig. with fit parameters given in Table We find a reduced x? of 1.01 for this
model with a 15 to 150 keV flux of 8.670% x 1077 ergcm™2s~! (68% confidence region). We
also use our model to extrapolate the spectrum to 20 to 200 keV so we can compare the flux
with that of the 28 April 2020 detection by Konus- Wind. We find a 20 to 200 keV flux of

6.6758 x 1077 erg cm™2 s7!. We also try a single BB and a BB plus PL. Both fits perform

slightly worse with the BB yielding a reduced x? of 1.3 and the BB plus PL model yielding
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Date (UTC, , | Flux (15-150 keV) | Flux (20-200 keV)
geocentric) Model | BB; (keV) | Norm; | BB, (keV) | Norm, | ¥ (erg cm 2 s-1) (erg cm 2 s-1)
ztl\é‘())‘:'(‘)sz:ggg 2BB | 94407 |77+14| 37408 |87+23|105 8.6793 x 1077 6.6704 x 1077
2,51\(1)‘;‘:’:‘,’62:3;9 2BB | 138+ 18 [51+14| 66=+06 |914+1.2]0.79 9.870% x 1077 8.4102 x 1077

Table 4.2: High-energy emission fit parameters for two bursts from SGR 193542154
detected by Swift/BAT on 5 November 2019 at UTC 00:08:58 and UTC 01:36:25. We
present the model used (BB = blackbody), the BB temperatures, BB normalizations, the x?
for the model, and both the 15 to 150 keV and 20 to 200 keV fluxes. All listed errors are 1o.
a reduced y? of 1.4.

The burst on 5 November 2019 at UTC 01:36:25 is also fit using two BBs with
temperatures of 13.8 + 1.7 and 6.6 £ 0.6 keV. The data, model, and residuals are shown in
Fig. with fit parameters given in Table [£.2] The reduced x? for this fit is 0.79 with a 15
to 150 keV flux of 9.8702 x 10~ erg cm~2 s~ which can be extrapolated to a 20 to 200 keV
flux of 8.470% x 10 "erg cm~2 s7'. The data are also well fit by a BB plus PL with a
reduced x? of 0.75 for a BB with a temperature of 8.6 & 0.4 keV and a PL with a photon
index of 2.5 & 0.2. However, the 15 to 150 keV flux is not contained within its 68% error
confidence range so we do not use this model for our final, reported values. As noted on
the HEASARC website, this can occur if the parameter space for the fit (the BB and PL
parameters in this case) is very complicated as the estimates used to obtain the flux may
no longer be V&hdﬁ. We also fit the burst using just a single BB but the fit is worse with a

reduced x? of 1.5.

13See this [link| for further details on this problem.


https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/faq.html##Q6
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Figure 4.4: Burst by SGR 193542154 on 5 November 2019 at UTC 00:08:58 detected by
Swift/BAT [121]. In the top panel, the normalized counts per second and per channel is
shown as function of channel number with channels 5 through 40 corresponding to energies
15 through 100 keV. The best fit model using two BBs with temperatures of 9.8 and 3.9 keV
is also shown in the top panel. The residuals between the model and the data are shown in

the bottom panel.
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Figure 4.5: Burst by SGR 193542154 on 5 November 2019 at UTC 01:36:25 detected by
Swift/BAT [121]. In the top panel, the normalized counts per second and per channel is
shown as function of channel number with channels 5 through 40 corresponding to energies
15 through 100 keV. The best fit model using two BBs with temperatures of 12.0 and 6.0
keV is also shown in the top panel. The residuals between the model and the data are shown

in the bottom panel.
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4.3.3 Comparison of Bursts

The spectral features for the two bursts on 5 November 2019 are similar to those of past
detections of SGR 193542154 with Fermi/GBM and Swift/BAT. Lin et al. (2020a) [127]
analyzed 127 bursts detected by Fermi/GBM and Swift/BAT from SGR 193542154 from its
four active periods between 2014 and 2016. Of the 127 bursts, they were able to fit 80 using
two BBs. They fit the distribution of cold and hot BB temperatures with two Gaussians for
a mean cold BB temperature of 4.4 £+ 0.1 keV and a mean hot BB temperature of 11.3 £+
0.4 keV. These results are similar to the findings of van der Horst et al. (2021) [128] and Lin
et al. (2011) [129] for two other magnetars.

The spectral properties of the two 5 November 2019 bursts are not consistent with those
from the 28 April 2020 burst. The 28 April 2020 burst as detected by CHIME/FRB was
also detected by Integral and Konus-Wind. Both Integral and Konus-Wind reported cold
BB temperatures of ~ 11 keV and hot BB temperatures of ~ 30 keV, three times higher
than those from the 5 November 2019 bursts, for energy bands of 32 to 300 keV and 20 to
200 keV, respectively [11§], [116]. Additionally, the burst on 28 April 2020 was significantly
harder than the earlier bursts from this source with peak energies of 65 keV for Integral and
85 keV for Konus- Wind, respectively. As discussed in Lin et al. (2020a) [127], the 127 bursts
from SGR 193542154 during its active periods between 2014 and 2016 had a mean peak
energy of 30.4 keV, significantly lower than the 28 April 2020 bursts.

The 5 November 2019 bursts at UTC 00:08:58 and UTC 01:36:25 had X-ray fluxes in the
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Date (UTC, Hour Angle (°) Upper Limit on High-energy Flux | Radio to high-energy Flux
geocentric) & Radio Emission (kJy) | (erg cm 2 s7!) Ratio (kJy erg™! cm ? s)

4 Nov. 2019 at 01:54:37 18.1 2.3 n/a n/a

5 Nov. 2019 at 00:08:58 7.3 0.6 6.7 55 x 1077 9.075% x 10°

5 Nov. 2019 at 01:36:25 14.5 1.4 83752 x 1077 84752 % 10°

Table 4.3: Hour angle (8.6 second DM delay at 400 MHz accounted for), upper limit on
radio emission, X-ray flux (if data available and accessible), and radio to X-ray flux ratio for
each burst from SGR 193542154 within CHIME/FRB FOV’s from Swift/BAT from October
2019 until 28 April 2020. All upper limits on the radio emission are reported at the 99%
confidence level. The errors on the X-ray fluxes and the radio to high-energy flux ratios are

lo.

20 to 200 keV range that were 14 and 11 times, respectively, smaller than the flux reported
by Konus- Wind on 28 April 2020 of 9.1 x 107% erg cm™2 s~!. However, the upper limits
on the radio fluxes for the 5 November 2019 bursts were approximately 220 and 90 times
smaller than the flux of the burst detected by CHIME/FRB on 28 April 2020. Thus, the
radio to X-ray flux ratios for these 5 November 2019 events were at least 15 and 8 times

smaller, respectively, than for the 28 April 2020 event (see Table |4.3)).

4.4 Non-detections by CHIME/FRB of SGR

193542154 Bursts Detected by Fermi/GBM

4.4.1 Fermi/GBM Telescope

In addition to the recent bursts detected by Swift/BAT, over one hundred bursts from SGR

193542154 were detected by Fermi/GBM in 2019 and 2020. Fermi is a low-orbit space
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telescope detecting gamma-rays in the energy range of 10 keV to 300 GeV. Fermi’s main
instrument is the Large Area Telescope (LAT) which has a FOV of 2.4 steradians and can
detect gamma-rays in the energy range of 20 MeV to 300 GeV (see Atwood et al. (2009) [130]
for more details on the LAT). Fermi also consists of a Gamma-ray Burst Monitor (GBM)
which operates in a lower energy range of ~ 8 keV to 40 MeV and has a much larger FOV
than the LAT, viewing the entire unocculted sky [131]. Fermi/GBM’s main science goals are
to detect lower energy emission from events detected by LAT and to re-orient Fermi upon
detection of bright bursts so the LAT can detect any delayed high-energy emission [131]. On
average, Fermi/GBM detects ~ 250 GRBs per year.

Between 4 October 2019 and 10 May 2020, Fermi/GBM detected 181 triggered and
untriggered bursts from SGR 1935—1—2154@ Having detected coincident radio and high-
energy emission in the past from SGR 193542154 (e.g. 28 April 2020 burst), we look for any
FRBs coincident with the 181 detections by Fermi/GBM. Below, we detail an investigation
into first searching the CHIME/FRB database for all 181 bursts and then calculating upper
limits on the radio emission for bursts above CHIME/FRB’s FOV in a manner similar to

that done in Section [4.3.1]

4 After detection of a burst, Fermi/GBM has ~ 10 minutes before it can trigger on another burst.
Untrigggered bursts refer to events not originally triggered on, but later detected in other search algorithms.
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4.4.2 Searching the CHIME/FRB Database for Radio

Counterparts

We search the entire CHIME /FRB L4 database including known sources, RFI, and unknown
sources, for radio counterparts to the 181 Fermi/GBM detections of SGR 1935+2154. The
event times are provided with reference to the Fermi satellite location, but as the Fermi
satellite is in a low-Earth orbit, the time offset when converting from the Fermi satellite
time to topocentric time at CHIME is small so we perform all calculations using the arrival
times of the bursts at the Fermi satellite. We do, however, add an additional 8.6 second
delay to all arrival times to account for the maximum DM delay in the 400 to 800 MHz band
at CHIME for SGR 1935+2154 (assuming a DM of 332.7 pc cm ™ as given by CHIME /FRB
Collaboration (2020) [8]).

We search within the CHIME/FRB database for any possible radio detections within a 60
second time window around the dispersion-corrected arrival times at the Fermi satellite (30
seconds before and 30 seconds after the arrival time). We also search within a 20 pc cm ™3 DM
range from SGR 1935+2154’s DM of 332.7 pc cm~2. We then compare the locations of any
events within the CHIME/FRB database that fit these criteria to that of SGR 193542154
to determine if any of the detections might be due to this source. We note that for 180 of the
181 bursts, the Fermi/GBM burst durations are less than two seconds so the sixty second
window is much larger than the burst duration. However, for one burst from Fermi/GBM,

the duration is approximately eleven seconds and so we set the time window to 70 seconds
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around the arrival time of this burst.

We perform our time and DM search in the CHIME /FRB database for two types of events:
1. all events not classified as RFI and 2. all events classified as RFI. After identifying all
possible events that fit the time and DM criteria, we compare the location of these events to
the arc that SGR 193542154 traces on the sky as it transits above CHIME. In the top panel
of Fig. we plot the arc of SGR 193542154 for a maximum E-W zenith angle (relative
to CHIME’s meridian) of 30° along with all events from the L4 database (not classified as
RFI) within the DM and time range specified above in blue. No events are coincident with
the arc of SGR 1935+2154. In the bottom panel of Fig. we perform the same analysis
but instead focus on events classified as RFI. There are, again, no events coincident with the
arc of SGR 1935+2154.

In addition to searching for all events within the CHIME/FRB database that occurred
within the specified DM and time range, we also investigate all events within the database
coincident with the arc of SGR 193542154 in case an event occurred just outside the minute
time frame of our search. We investigate all events along the arc of SGR 193542154 with
a DM range of 332.7 &+ 20 pc ecm™3. 13 such events fit the criteria, all with S/N < 8
except for the burst on 28 April 2020 published in CHIME/FRB Collaboration (2020) [8].
However, there is a high chance probability of having 13 coincident non-SGR events with
S/N < 8 so it is probable that none of these are bursts from SGR 1935+2154. Nonetheless,

we manually compare the arrival times of these 13 events to those of the Fermi/GBM
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Figure 4.6: All CHIME/FRB events that occurred within 60 seconds of the 181
Fermi/GBM detections of SGR 1935+2154 between 10 October 2019 and 10 May 2020.
Non-RFT events are shown in the top panel while RFI events are shown in the bottom panel.
All event DMs are between 312.7 and 352.7 pc cm™®. All CHIME/FRB events are shown in
blue with the marker size proportional to the S/N of the burst. We set a minimum value for
the marker size that corresponds to a S/N of 6. Note that the scaling between marker size
and S/N is different for RFI and non-RFI events. The arc traced by SGR 193542154 as it
transits above CHIME/FRB is shown in red.
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events. Two of the 13 events occur on the same day as a Fermi/GBM event. However, both
events occur approximately two hours after the Fermi/GBM burst. We conclude that there
are no simultaneous detections of SGR 193542154 between CHIME/FRB and Fermi/GBM

between 4 October 2019 and 10 May 2020.

4.4.3 Upper Limits on Radio Emission

Next, we determine upper limits on the radio emission for all high-energy Fermi/GBM
bursts within CHIME’s FOV. We correct the initial Ferms satellite times for DM delays but
do not account for the time delay between the Fermi satellite time and topocentric time as
it is negligible for this analysis. Of the 181 bursts, four are within the FOV of CHIME at
their Fermi/GBM burst start time: bursts at 01:20:24, 23:16:49, and 23:48:01 UTC on 4
November 2019 along with a burst at 00:30:46 UTC on 14 November 2019 (with the times
referenced to the Fermi satellite). For the analysis below, we add an 8.6 second DM delay to
the arrival times to account for the delay between the high-energy detection times and the
time at which the bursts would have been detected by CHIME/FRB. We note that an upper
limit on the radio counterpart to the burst at 01:20:24 UTC was published in CHIME/FRB
Collaboration (2020) [g].

The bursts are at hour angles of 9.5°, —21.3°, —13.5°, and 7.7°, respectively (see Table
for burst hour angles within the CHIME FOV). We perform an analysis similar to that

explained in Section to calculate upper limits on the radio emission associated with these
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germi/GBM Hour Angle (°) Flu)'< to S/N Primary Bean:l Formed Beam. Sysf:em Sensitivity UpPeI.‘ Limit Radio
ate (UTC) Ratio for FRB | Response Ratio | Response Ratio | Ratio Emission (kJy) (10)
43?6);’;2(2)?2149 9.5 0.11 £ 0.03 90 + 20 8 0.99 + 0.04 0.8 +0.3
43?;’;’:'13%9 —213 0.11 + 0.03 240 + 50 9 0.96 + 0.05 93408
43?;;:'452)119 ~135 0.11 £ 0.03 70 £ 10 9 0.96 + 0.05 07 4+ 0.2
1;1\3%‘:’502:%9 7.7 0.11 % 0.03 90 + 20 4 0.95 + 0.5 0.4 + 0.2

Table 4.4: Parameters for calculating radio emission upper limits for four high-energy
bursts from SGR 193542154 detected by Fermi/GBM. We list the hour angle, flux to S/N
ratio, primary beam ratio, formed beam ratio, system sensitivity ratio, and upper limit on a
radio counterpart for each burst. The Fermi/GBM date does not account for the 8.6 second
time delay but is instead the original arrival time at the Fermi satellite. The hour angle
is calculated using the predicted arrival time of the burst at CHIME/FRB assuming an 8.6
second DM delay at 400 MHz. We present the flux to S/N ratio for FRB 20190320C. The
primary beam and formed beam ratios are between the responses at the spatial locations of
the calibrator FRB and SGR 1935+2154 at the time of the high-energy burst. Note there
is no error on the formed beam ratios as these are analytically determined. The system
sensitivity is a ratio between the sensitivity of the system on the day the FRB was detected
with that for the days of the SGR 1935+2154 bursts.

high-energy bursts. We use the ratio between the magnitude of the primary beam response,
formed beam response, and system sensitivity at the locations of our calibrator FRBs (the
same as those used in Section with those for the locations of SGR 1935+2154 during
the high-energy outbursts. We list these ratios in Table We determine conservative
upper limits on the radio burst flux densities in the 400 to 800 MHz range of < 1.7 klJy,
< 4.7kJy, < 1.3 kJy, and < 1.0 kJy for the four events at the 99% confidence level (see Table
. These limits are the same order of magnitude as the radio limits for the Swift/BAT

bursts presented in Table [4.1]
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The high-energy analysis of these bursts is performed by Lin et al. (2020b) [132]. They
analyze 148 Fermi/GBM bursts from SGR 193542154 between 2019 and 2020. They do not
analyze a forest of bursts from 27 April 2020 as this was the first forest of bursts ever detected
from SGR 193542154 and so warrants its own analysis. For the bursts on 4 November at
UTC 01:20:24, 23:16:49, 23:48:01 and the burst on 14 November at UTC 00:30:46, the high-
energy fluences in the 8 to 200 keV range are 1.05 & 0.06 x10~7 erg ecm™2, 0.25 & 0.03
x1077 erg cm~2, 3.07 £ 0.11 x10~7 erg cm~2, and 0.24 & 0.04 x10~7 erg cm™~2, respectively.
Unfortunately, Fermi/GBM did not detect bursts from SGR 1935+2154 on 28 April 2020.
Thus, we cannot make a comparison between the radio to gamma-ray energy for the 28 April
2020 with the bursts from 4 November and 15 November 2019.

Lin et al. (2020b) [132] does, however, comment on the BB temperatures and peak
energies of the Fermi/GBM bursts from SGR 193542154 during the 2019 and 2020 outbursts
as compared to the earlier outbursts presented in Lin et al. (2020a) |[127] (which we referred
to in Section [4.3.3)). 90 of the 148 bursts are well fit with a double BB with low and high
temperatures of 4.5 + 0.1 keV and 10.7 4+ 1.3 keV, consistent with the results from the 2014
to 2016 bursting period. The remaining 56 burstd"| are fit using an exponentially cutoff PL
model (called COMPT[®). The mean photon index for these bursts is I' = —0.06 with a
peak energy of 27 keV. This is within one sigma of the peak energy of 30 to 35 keV from

the 2014 to 2016 bursting period. Lin et al. (2020b) [132] does note a slight decrease in the

15Two bursts are not well fit by either model.
16See Lin et al. (2020b) [132] for details on this model.
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peak energy (assuming a distance of 9 kpc to SGR 1935+4-2154) along with an increase in
the burst durations between the 2014 to 2016 outbursts and the 2019 and 2020 outbursts.
While Fermi/GBM did not detect a burst from SGR 193542154 coincident with the
28 April 2020 radio detection, Lin et al. (2020b) [132] still provides a comparison between
the hard X-ray burst detected by Insight-HMXT on 28 April 2020 and their sample of
148 bursts [115]. The burst detected by Insight-HMXT has a peak energy of 37 keV, 10 keV
greater than the average for the 2019 and 2020 bursts. The spectrum for the FRB associated
X-ray burst is also significantly steeper at I' = —1.5 while the 2019 and 2020 bursts have
I'= —0.06'[T_7]. The higher peak energy and steeper spectrum suggest a different environment
for the production of the hard X-ray associated with the FRB and the other bursts from
SGR 1935+2154. The authors of Lin et al. (2020b) [132] suggest a thermal region with a
high plasma density for the high-energy bursts not associated with FRB-like emission. This

region would not be conducive to radio emission.

4.5 Summarizing Non-Detections by CHIME/FRB of

X-ray and High-energy SGR 193542154 Bursts

On 28 April 2020, SGR 193542154 emitted an extremely bright radio burst consisting of

two sub-bursts with fluxes of 110 and 150 kJy. Here, we examine whether past X-ray and

1"In the COMPT model, the flux is proportional to the energy raised to the I' rather than the energy to
the negative T'.
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high-energy bursts from SGR 1935+2154 emitted similar radio bursts. More specifically, we
look at past bursts detected by Swift/BAT and Fermi/GBM. We do not find any coincident,
CHIME/FRB radio emission with any of the examined bursts. However, there are seven
bursts which are above the horizon at CHIME/FRB at the time of either their X-ray or
high-energy emission, allowing us to place constraints on the accompanying radio emission.
For all seven bursts, the radio flux constraints are less than a few kJy, which is ~100 times
less than the radio fluxes of the 28 April 2020 sub-bursts.

We also examine in detail two of the X-ray bursts detected by Swift/BAT from 5
November 2019. Their X-ray fluxes in the 20 to 200 keV range are 14 and 11 times smaller
than the flux reported by Konus-Wind for the 28 April 2020 burst. Thus, after combining
these with their radio emission limits, the radio to X-ray emission ratios for these two
Swift/BAT bursts are ~ 5 and 8 times smaller than that for the 28 April 2020 event. The
black body temperatures of these bursts are also approximately three times lower than the
temperatures reported by Integral and Konus-Wind for the 28 April 2020 burst.

For the Fermi/GBM bursts, the high-energy analysis is performed by Lin et al. (2020b)
[132]. Lin et al. (2020b) [132] found that the 28 April 2020 burst has a significantly steeper
spectrum, and peaks at a higher energy than past SGR 193542154 bursts detected in 2019
and 2020.

It is clear that the burst on 28 April 2020 from SGR 193542154 is different from the

previous Swift/BAT and Fermi/GBM bursts during its 2014 to 2016 and 2019 to 2020 active
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period. As derived from both this analysis and the previous analysis of others, the 28 April
2020 bursts has higher BB temperatures for approximately the same energy band, a larger

peak energy, a steeper spectrum, and a larger radio to X-ray flux ratio.



92

Chapter 5

Conclusion

In this thesis, we discuss two projects relating to CHIME/FRB. First, we present a new
pipeline, rfi-scout, for recording RFI metrics for the CHIME/FRB project on a four second
cadence. Querying on such a short timescale, however, results in a significant increase in
the total data storage required. We overcome this by downsampling the data in frequency,
downsampling over the E-W CHIME columns, and fitting a polynomial to the data.
CHIME/FRB RFI metrics have only once been incorporated into scientific projects (e.g.
Josephy et al.  (2021) [62] uses metrics produced through this thesis to estimate
CHIME/FRB’s bandwidth), but no other rate or repetition statistics have yet to
incorporate the RFI statistics. This is largely due to inconsistent recordings of the RFI
metrics and inaccessibility to these metrics. rfi-scout will be an automatic process running

24/7 with the end products easily accessible by all CHIME/FRB users. This new pipeline



5. Conclusion 93

and its resulting metrics will have large implications not only for monitoring
CHIME/FRB’s system sensitivity but also for multiple CHIME/FRB science projects.

We also present upper limits on possible radio emission accompanying high-energy bursts
from SGR 193542154, a magnetar well-known for producing an FRB-like burst on 28 April
2020. We can constrain the radio emission for seven high-energy bursts from SGR 193542154
to less than a few kJy. Three of the bursts are detected by Swift/BAT while four are detected
by Fermi/GBM. For two of the three bursts detected by Swift/BAT, we also calculate radio to
X-ray flux ratios and find they are 15 and 8 times smaller than the ratio of the radio to X-ray
emission from the FRB-like burst. This suggests that not all X-ray bursts are accompanied
by extremely luminous radio emission. The X-ray burst from SGR 1935+2154 which had a
contemporaneous radio counterpart was also distinct from previous X-ray bursts from the
source with higher BB temperatures, steeper spectra, and larger peak energies. Thus, it
appears that only certain, distinct X-ray bursts are capable of having accompanying radio
emission. Why this is the case, and what is responsible for the different X-ray bursts, remains

an open question.
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Appendix A

Testing the rfi-scout Pipeline

Below, we further detail the rfi-scout pipeline. We discuss some of the more technical aspects
of rfi-scout along with tests we perform for each of the different pipeline components. To
evaluate each part of the pipeline, we use two different metrics: the total operational time
of an action and the total data reduction achieved. We also use six different data sets for
the tests: two where the metrics are collected at a 60 second cadence and four where the
metrics are collected at a 10 second cadence. These data sets, and the different tests they

are used for, are listed in Table [A.1]

A.1 Querying from L1

A query of L1 for the RFI statistics returns an array response with various metrics e.g.

the timestamp range of the query, the total number of masked samples, the total number of
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L1 RFI Total .
Sampling Rate | Length Date of Metrics | Tests
60 seconds 10 davs 2020-05-10 to Polynomial outlier cutoff
Y 2020-05-20 Fitting polynomials over multiple days
10 seconds 6 hours | 2021-05-14 E-W Averaging
(per timestamp, per freq)
10 seconds 6 hours | 2021-05-18 E-W AVEraging
(per timestamp, per freq)
10 seconds 6 hours | 2021-05-20 E-W AVEIagiig
(per timestamp, per freq)
E-W averaging (averaged over time and freq);
2021-05-19 to Length of time of polynomial;
10 seconds 24 hours 2021-05-20 Degree of polynomial,
Number of fits for polynomial

Table A.1: Different data sets used to test rfi-scout. We list the cadence at which the L1
RFI metrics are sampled, the length of time over which they are sampled, the date on which
they are sampled, and the tests that use them.

samples, the total number of unmasked samples, etc. However, for the purposes of monitoring
rfi metrics, only the beam and the normalized mask per frequency channel are relevant. Thus,
we extract these metricsE] before storing the mask per frequency and per beam in a python
dictionaryﬂ We do not downsample these data prior to their initial storage so that we may
maintain a full resolution copy of the RFI metrics for a period of time. Additionally, rather
than storing a unique timestamp for every beam, we ensure all beams are accessed at the
same timestamp, reducing the cardinality of our data set by storing one timestamp for all
beams. For beams which are offline, we set the masking fraction for all frequencies to None.

Querying the metrics from L1 takes ~ 1 second. Depending on the network speed, this

IThis is also referred to as “decoding.”
2For more details on python dictionaries, see the |Data Structure chapter| of docs.python.org.


https://docs.python.org/3/tutorial/datastructures.html##dictionaries
https://docs.python.org/3/contents.html

A. Testing the rfi-scout Pipeline 96

query can take up to ~ 5 to 15 seconds. We query on exact multiples of 4 seconds, so if the
previous query takes longer than 4 seconds, the following query will happen at the 8 second
mark (or 16 second mark if the query takes 15 seconds). The decoding of the metrics can

take up to ~ 2 seconds.

A.2 Initial Data Storage

Previously, the RFI metrics were stored in an SQL database. Writing and querying from
SQL databases are straightforward, but not always the most efficient. When querying based
on a time variable, SQL databases are slow as compared with time series databasesﬂ As
such, we explore using the time series database influxDB V2.(E| to initially store our RFI
metricd]

InfluxDB is structured to handle high volumes of reads and writes. Since we are
attempting to write one million data points (1024 frequencies for 1024 beams) every four
seconds, and then query these data from the database every six hours for further analysis,
a high read and write ability is necessary. We can write all one million points to the
influxDB in ~ 1 second which is within our time budget. However, we suffer major time

losses when attempting to then query these data from the database for further analysis.

3Time series databases are designed specifically for the writing and querying of time-based data. For
further details on this, we refer the reader to the InfluxDB comparison with SQL databases.

4For details on influxDB, see [influxdata.com.

5There are two relevant databases for 7fi-scout: 1. the initial database that the full resolution metrics are
stored in and 2. the database that the final, downsampled data is stored in. The two are different.


https://docs.influxdata.com/influxdb/v1.8/concepts/crosswalk/##timing-is-everything
https://www.influxdata.com
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The query time for 100 time stamps for 256 beams and 256 frequencies from the influxDB
is 29 seconds. If we scale this to 1024 beams, 1024 frequencies, and a sampling rate of four
seconds, then this query time is a fourth of the time spanned by the data.

To address this inefficiency, we test storing the data in two additional formats: npy files
and npz files using python’s NumPy data package. We find that querying from npz files is
97.8% faster than querying from the influxDB. Even further, querying from npy files is 95%
faster than querying from npz files. To achieve the smallest query time, we store our full
resolution metrics in npy files. The final query time for all 1024 beams and 1024 frequencies
over a 6 hour period from npy files is ~ 70 seconds.

We write the RFI metrics to the npy files every 5 minutes. At each write, the entire data
array is written so the file is not corrupted if the rfi-scout pipeline breaks or the network
goes down. However, writing the entire array can take significant time so we limit each file

to only 30 minutes.

A.3 Downsampling in Frequency

After we query our data, we downsample it from 1024 frequency channels to 256 frequency
channels, achieving a data reduction of 75%. Downsampling in frequency does, however,
slightly decrease the total data reduction achieved in later processing steps. For example,
for the same data set, we achieve an 81% data reduction during polynomial fitting if we do not

downsample but only a 69% reduction if we downsample to 256 frequency channels. While
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this is non-negligible, the 75% reduction achieved through this downsampling outweighs the

11% difference in the data reduction during polynomial fitting.

A.4 Downsampling Across E-W columns

As CHIME is oriented in the N-S direction, the E-W coverage is much smaller with less
variation in the RFI across the four E-W columns as compared to the N-S columns, so we
selectively downsample across the E-W CHIME columns. To selectively downsample a N-
S row, we compare the RFI metrics for each E-W beam with the average across all four
beams. We perform iterative fits where we remove beams for which more than a third of the
timestamps are outliers. As our RFI metrics naturally fluctuate on the scale of 1 to 2%, we
define an outlier in this part of the analysis chain as anything deviating from the average
by more than 1%. We eliminate one beam at a time and recalculate the average until we
either have no more outlier beams or until we have only beam left in which case we store
the metrics for all four beams independently.

As an initial test of downsampling across the E-W columns, we average the L1 RFI
masking fraction over all frequencies and all time samples for an entire day and compare the
average masking fraction across all E-W beams with the non-averaged E-W data. We repeat
this process for different days. As seen in Fig. [3.6] the E-W average is a fairly strong fit to
the data, with most residuals under 1% and only a few as large as 2%.

However, the data in Fig. are averaged over all frequencies and time stamps. To test
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Beams | Data Reduction
32 - 49 50%
96-112 65%
128-144 66%
160-176 66.5%
224-240 44%

Table A.2: Data reduction achieved for different N-S beam groupings after doing selective
E-W downsampling. FEach grouping takes the average over 16 different beams and three
different six hour periods. The data are downsampled to 256 frequency channels prior to E-
W downsampling. The E-W downsampling removes time stamps per beam and per frequency
not within 1% of the average.

this on a per frequency basis and on a 10 second timescale, we analyze metrics from three
different days: 14 May 2021, 18 May 2021, and 20 May 2021. All three days have nominal
RFI masking. First, we split the beams into 16 different groups and test the data reduction
achieved per group. As seen in table [A.2] the fit is worse for edge N-S beams and better for
central beams. This is not surprising as the RFI in the edge N-S beams is more scattered
e.g. see Fig.

Next, we take the average over all beam groups and all three days. We find a reduction in
our total data®|of 57%. If instead we automatically assume the average accurately represents
all beams in a row, then we would achieve a reduction of 75%. However, while better in terms
of data reduction, this type of downsampling does not capture outliers from the average. We

consider our selective downsampling to be a strong solution as we still achieve a reduction

> 50% and we ensure that we can reconstruct the RFI masking per beam to within 1%.

6This is the reduction achieved on the already frequency-downsampled data.
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Selectively downsampling 6 hours of RFI metrics on one 2.2 GHz core takes ~ 3000
seconds. However, we can greatly reduce this by performing this analysis on multiple cores.
If we deploy rfi-scout over 16 different cores with each core operating on 16 N-S beams, then
it only takes ~ 200 seconds to perform E-W downsampling. Analyzing 16 beams per core

also reduces the frequency downsampling time to ~ 2 seconds.

A.5 Polynomial Fit

We also fit the RFI masking fraction per beam (selectively downsampled in the E-W
direction) and per frequency bin (downsampled to 256 frequency bins) with a polynomial
to further decrease our final data storage. We perform four tests of this polynomial fit: 1.
the period over which the fit is applied, 2. the order of the polynomial, 3. the cutoff for
residuals, and 4. the number of fitting rounds performed. Note we downsample in both
frequency and over the E-W columns before performing these tests. Some tests are
performed with data sampled at a 60 second scale (to reduce computational costs) while
some are performed with data sampled at a 10 second scale. See Table for details on
when each is used.

First, we investigate the time over which to apply the polynomial. We test three, six, and
twelve hours of data. We do not test fitting a polynomial over 24 hours of data as it is too
computationally expensive. The data reduction achieved for all three time spans are within

a percent of each other. The only difference between the three is the time to perform the fit
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and the number of fits generated over a 24 hour period (e.g. two for twelve hour periods and
eight for three hour periods). As a compromise between the two, we fit our polynomial over
a six hour timescale. The total time required to fit a polynomial over 6 hours of data for 16
beams (256 frequencies) ranges from 25 to 40 minutes depending on the beam grouping and
the complexity of the RFI.

We also test the degree of our polynomial. We test polynomials of degree five, 10, 15, and
20. While the fit visually improves for higher order polynomials, there are a high number
of numerical errors when fitting a 20 degree polynomial. We decide to perform all analysis
using a 15 degree polynomial for which the numerical errors are reasonable. In the future, we
may want to explore a custom polynomial fit that can avoid the high number of numerical
errors.

We perform multiple rounds of fitting before settling on our final polynomial where in
each round we eliminate extreme outliers from the fit. This requires both figuring out the
best cutoff to use and the number of rounds of fitting to perform. Starting with our residual

cutoff, we investigate four options:

1. a consistent 5o limit for residuals where a new standard deviation is calculated after

every round of fitting

2. a consistent 1o limit for residuals where a new standard deviation is calculated after

every round of fitting

3. a dynamic cutoff for each fit where the cutoff is determined by the round of fitting
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along with the spread of the data

4. the same as in round three but with limitations on the minimum and final cutoff.

We find that options one and two result in significantly worse final fits than options three
and four. Option three also results in less data reduction than option four. As the purpose of
the polynomial fits is to achieve the greatest data reduction while still accurately reflecting
the data, we implement option four. The final dynamic cutoff we implement is given by the

round of fitting along with the spread in the data points through the equation:

o = (n_fits — round 4+ 1) * (max(rfi) — min(rfi))/n_fits. (A.1)

where n_fits is the total number of fits we perform, round is the current round of fitting
we are on, rfi are the RFI metrics, and o is the cutoff. We limit the cutoff to values
above 2% with the cutoff automatically set to 2% for the final round. While the outliers are
accumulated through the different fitting rounds, only the final polynomial is recorded.

We also test the number of fits to perform. Using the above definition for a cutoff, we
test three, five, and ten rounds of fitting. As expected, as we increase the number of rounds,
the time required to perform the polynomial fitting increases e.g. 10 rounds of fitting takes
60 minutes while five rounds of fitting takes 27 minutes for 16 beams over six hours of data.
While 10 rounds of fitting performs better, the difference is not significant, with a 67% data

reduction for 10 rounds of fitting and a 63% data reduction for five rounds of fitting. The
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computational cost outweighs the data reduction benefit so we perform five rounds of fitting.

In addition to exploring various components of our polynomial fit, we also test how the
RFI masking for a beam varies from day to day. This is fueled by the hypothesis that we
might be able to fit every day (for a given beam and frequency bin) by the same polynomial
and just record outliers from this polynomial. We compare polynomial fits for ten different
24 hour periods from 10 May 2020 through 20 May 2020. As seen in Fig. the masking
fraction greatly varies over the course of multiple days. Thus, we cannot use the same

polynomial to describe multiple days.

Percent Masked

N
g
o

0 200 400 600 800 1000 1200 1400
Time bin (1 bin = 1 minute)

Figure A.1: Masking percent as a function of time for beam 100 from 10 May 2020 to 20
May 2020. To distinguish the different days, we only plot the polynomial fit for the masking
percent instead of the individual data points. Each coloured curve represents a polynomial
fit for a different day.

The result of each polynomial fit is a dictionary containing the beam, frequency bin,

frequency resolution, polynomial fit, outlier values from the polynomial, corresponding
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outlier times, and the time range (start and end times) over which the polynomial is valid.
The dictionary also contains information on whether the beam represents an average over

all E-W columns, or whether it was an outlier when performing the E-W averaging e.g.

Fig. [A.2]

rfi_dict = {}

rfi_dict["beam"] = beam

rfi_dict["freq"] = freq_chan
rfi_dict["num_freq_chan"] = .num_freq_chan
rfi_dict["poly"] = p

rfi_dict["ew_outliar"] = is_ew_outliar
rfi_dict["outliar_values"] = polyfit_outliar_vals
rfi_dict["outliar_times"] = polyfit_outliar_times
rfi_dict["start_time"] = start_time
rfi_dict["stop_time"] = stop_time

Figure A.2: Example of the final dictionary that the downsampled RFI metrics produced

by rfi-scout are stored in. There are nine different dictionary key, value pairs.

In addition to a dictionary per beam and per frequency for all beams and frequencies,
we store one dictionary (total) containing the time range along with the specific timestamps
over which the data are fit. We need not store this per beam and per frequency as all beams
contain metrics for the same timestamps.

It takes ~ 25 to 40 minutes to perform the above polynomial fitting over 16 different cores
after frequency downsampling and E-W downsampling. The time required to fit a polynomial
is highly dependent on the specific beams being analyzed along with the variability of the

RFL
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A.6 Final Data Storage

The data are finally stored in a mongoDB. MongoDB is a NoSQL databasd’] storing the
data in dictionaries rather than in tablef®] The L1 RFI metrics are stored in collections,
similar to folders, on a per month basis to ease the access and re-creation of data e.g. the
polynomial fits for the RFT metrics for August 2021 are stored separately from those for Sept
2021. The RFT at any point in time can then be easily reconstructed using the polynomial

and outliers stored in the mongoDB.

A.7 Computational Cost of rfi-scout

The rfi-scout pipeline is slightly more computationally expensive than the previous RFI
pipeline. Querying the RFI metrics from L1, writing them to npy files, and then loading
them from these files takes ~ 75 seconds when performed on a single CPU core operating at
2.2 GHz. Downsampling in frequency, downsampling over the E-W columns, and fitting a
polynomial takes significantly longer and requires multiple cores. Thus, we assume that we
will deploy rfi-scout over 16 cores, where each core processes 16 different N-S rows. Using
these cores, it takes ~ 30 to 45 minutes to downsample and polynomial fit 6 hours of RFI

metrics. While more computationally expensive than the previous RFI pipelin(ﬂ, this is still

7A NoSQL database is a non-relational database. Unlike an SQL database, a NoSQL database does not
require there to be a relation between different data products within it.

8For further details on mongoDB and NoSQL databases, we refer the reader to mongodb.com

9Previously, it took ~ 30 minutes to process 24 hours of data on a single CPU.


https://www.mongodb.com
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within the resource budget of CHIME/FRB. The increase in computational cost of rfi-scout
is also greatly outweighed by the data reduction benefit it achieves (see Table for details

on this).
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