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Abstract

Fast radio bursts (FRBs) are one of astronomy’s greatest mysteries. These millisecond-
duration radio pulses are powerful enough to be observed from distant galaxies. Although
over a thousand FRBs have been discovered to date, their origin remains a hotly debated
topic primarily due to the dearth of FRBs with known hosts. A promising method to narrow
down FRB origins is by identifying their hosts and/or multi-wavelength counterparts. More
importantly, with milliarcsecond localization precision, it is possible to study the FRBs’ lo-
cal environment in the host, which is crucial to test if the FRB progenitors constitute an old
or young stellar population. However, due to the limited sensitivity of telescopes operat-
ing in the optical and X-ray wavebands, multi-wavelength follow-up is most promising for
local Universe sources (z < 0.1).

The Canadian Hydrogen Intensity Mapping Experiment (CHIME) is a transit radio
telescope operating in the frequency range of 400-800 MHz. Due to its enormous field-of-
view (∼220 sq.deg.), large collecting area (8000 sq.m.), broad frequency coverage (400-
800 MHz), and highly sophisticated software back-end, CHIME has revolutionized the
FRB field by discovering the majority of all known FRB sources to date. For some of the
CHIME FRBs, we acquire raw voltage data that can facilitate localization to sub-arcminute
or a few arcminutes precision. This angular resolution can be sufficient to identify host
galaxies of local Universe FRBs due to the low chance association probability.

In this thesis, we discuss the pipeline that facilitates the identification of plausible host
galaxies of the local Universe CHIME FRBs. Using this pipeline, we identified host galax-
ies of the two closest extragalactic FRBs discovered to date, FRB 20200120E and FRB
20181030A. FRB 20200120E has the dispersion measure of 87.82 pc cm−3, which is the
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lowest recorded from an FRB to date. The FRB appears on the outskirts of M81 (projected
offset ∼ 20 kpc), a spiral galaxy at a distance of 3.6 Mpc, but well inside its extended HI

and thick disks. We search for prompt X-ray counterparts in Swift/BAT and Fermi/GBM
data, and for two of the FRB 20200120E bursts, we rule out coincident SGR 1806−20-like
X-ray bursts. For FRB 20181030A, we identify NGC 3252, a star-forming spiral galaxy
located at the distance of ≈ 20 Mpc, as its most likely host. With the discovery of this
second-closest extragalactic FRB, we argue that a population of young millisecond mag-
netars alone cannot explain the observed volumetric rate of repeating FRBs.

In addition to these two closest extragalactic FRBs, we perform follow-up studies of
two nearby repeating CHIME FRBs, FRB 20180814A and 20190303A. For FRB 20180814A,
the second repeating FRB discovered in 2018, we find an early-type lenticular galaxy at the
spectroscopic redshift of 0.068 as its plausible host. If this galaxy is not the FRB host, we
argue that the host of FRB 20180814A will be the faintest host known to date. For FRB
20190303A, we identify a merging pair of star-forming spiral galaxies at the spectroscopic
redshift of 0.064 as its most likely host. These two vastly different host associations clearly
highlight the complex nature of FRB host and progenitor populations.
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Abrégé

Les sursauts radio rapides (FRB) constituent lún des plus grands mystéres de lástronomie.
Ces impulsions radio dúne durée de quelques millisecondes sont suffisamment puissantes
pour être observées depuis des galaxies lointaines. Bien que plus dún millier de FRBs aient
été découverts á ce jour, leur origine reste un sujet trés débattu, principalement en raison
de la rareté des FRBs dont les hôtes sont connus. Une méthode prometteuse pour déter-
miner lórigine des FRB consiste á identifier leurs hôtes etou leurs homologues á plusieurs
longueurs d’onde. Plus important encore, avec une précision de localisation de l’ordre de
la milliarcseconde, il est possible d’étudier l’environnement local des FRBs dans l’hôte, ce
qui est crucial pour vérifier si les progéniteurs des FRBs constituent une population stellaire
jeune ou vieille. Cependant, en raison de la sensibilité limitée des télescopes fonctionnant
dans les bandes d’ondes optiques et X, le suivi multi-longueur d’onde est plus prometteur
pour les sources de l’Univers local (z < 0.1).

The Canadian Hydrogen Intensity Mapping Experiment (CHIME) est un radiotéle-
scope de transit fonctionnant dans la gamme de fréquences de 400−800 MHz. Grâce á
son énorme champ de vision (220 degrés carrés), á sa grande surface de collecte (8000
métres carrés), á sa large couverture en fréquence (400-800 MHz) et á son logiciel trés
sophistiqué, CHIME a révolutionné le domaine des FRB en découvrant la majorité des ob-
jets suivants de toutes les sources de FRB connues á ce jour. Pour certains des FRBs de
CHIME, nous acquérons des données de tension brutes qui peuvent faciliter la localisation
avec une précision inférieure á la minute d’arc ou á quelques minutes d’arc. Cette résolu-
tion angulaire peut être suffisante pour identifier les galaxies hêtes des FRBs de l’Univers
local en raison de la faible probabilité d’association fortuite.
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Dans cette thése, nous discutons du pipeline qui facilite l’identification des galaxies
hôtes plausibles des FRBs de l’Univers local CHIME. En utilisant ce pipeline, nous avons
identifié les galaxies hôtes des deux FRBs extragalactiques les plus proches découverts á
ce jour, FRB 20200120E et FRB 20181030A. FRB 20200120E a une mesure de disper-
sion de 87.82 pc cm−3, ce qui est la plus faible enregistrée á ce jour pour un FRB. Les
FRB apparaissent á la périphérie de M81 (décalage projeté ∼ 20 kpc), une galaxie spi-
rale á une distance de 3.6 Mpc, mais bien á l’intérieur de ses disques HI étendus et épais.
Nous recherchons des contreparties rapides en rayons X dans les données de Swift/BAT
et Fermi/GBM, et pour deux des sursauts FRB 20200120E, nous excluons les sursauts X
coïncidents de type SGR 1806−20. Pour le FRB 20181030A, nous identifions NGC 3252,
une galaxie spirale de formation d’étoiles située á une distance d’environ 20 Mpc, comme
son hôte le plus probable. Avec la découverte de ce deuxiéme FRB extragalactique le plus
proche, nous soutenons qu’une population de jeunes magnétars millisecondes ne peut pas
expliquer á elle seule le taux volumétrique observé de FRBs répétés.

En plus de ces deux FRBs extragalactiques les plus proches, nous effectuons des études
de suivi de deux FRBs CHIME répétitifs proches, les FRB 20180814A et 20190303A.
Pour FRB 20180814A, le deuxiéme FRB répétitif découvert en 2018, nous trouvons une
galaxie lenticulaire de type précoce au redshift spectroscopique de 0.068 comme son hôte
plausible. Si cette galaxie n’est pas l’hôte du FRB, nous soutenons que l’hôte du FRB
20180814A sera l’hôte le plus faible connu á ce jour. Pour le FRB 20190303A, nous iden-
tifions une paire fusionnée de galaxies spirales á formation d’étoiles au redshift spectro-
scopique de 0.064 comme son hôte le plus probable. Ces deux associations d’hôtes trés
différentes soulignent clairement la nature complexe des populations hôtes et progénitrices
des FRB.
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Preface

Contribution to Original Knowledge and Contribution of
Authors

Chapter 1 provides a literature review on fast radio bursts (FRBs), with a focus on topics
pertinent to this thesis.

Chapter 2: Analog Bad-channel Classifier for CHIME

Chapter 2 provides a brief summary of the front-end and analog chain of the CHIME tele-
scope. It also presents an automatic pipeline developed to identify bad hardware channels
of the CHIME telescope, which is currently being used as one of the tools to monitor
experimental health and data-integrity of CHIME (CHIME Collaboration et al., 2022). I
developed the pipeline under the guidance of Dr. Matt Dobbs and Dr. Seth Siegel. I was
a member of the CHIME/Cosmology back-end commissioning team from 2017 to 2019,
where I contributed to the understanding of various artifacts in CHIME data.

Chapter 3: The CHIME/FRB Project Overview

Chapter 3 summarizes the CHIME correlators, the CHIME/FRB real-time pipeline and the
baseband pipeline. Being a member of the CHIME/FRB collaboration, I helped with the
commissioning of the CHIME/FRB back-end, particularly the assembly and the installation
of the computing nodes. I was also a member of the data quality team for the CHIME/FRB
system, and along with Dr. Paul Scholz, I was responsible for updating the CHIME/FRB
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repeater webpage1.

Chapter 4: FRB-λ: Pipeline to Identify Hosts of Nearby CHIME FRBs

Chapter 4 describes the pipeline that identifies plausible host galaxy candidates of nearby
CHIME/FRBs with baseband localizations. I developed and implemented the pipeline,
based on discussions with members of the CHIME/FRB collaboration, especially the fol-
lowing members of the CHIME/FRB project office: Shiny Brar and Dr. Tarik Zegmott.

I have utilized the pipeline and its numerous routines in the analyses described in the
following publications: CHIME/FRB Collaboration et al. (2019a), CHIME/FRB Collab-
oration et al. (2019c), Fonseca et al. (2020), Marcote et al. (2020), Leung et al. (2021),
Bhardwaj et al. (2021a), Kirsten et al. (2021), Bhardwaj et al. (2021b), Rafiei-Ravandi
et al. (2021), CHIME/FRB Collaboration et al. (2022), Curtin et al. (2022), and The LIGO
Scientific Collaboration et al. (2022).

Chapter 5: A Nearby Repeating Fast Radio Burst in the Direction of
M81

This chapter reports on discovery of the lowest-DM FRB to date, FRB 20200120E with
CHIME. Using the CHIME/FRB baseband localization region of the FRB, we identified
M81 as its most likely host. The FRB is now conclusively found to be associated with an
M81 globular cluster (Kirsten et al., 2021) that we identified. The contents of this chapter
originally appeared in the following paper published in the Astrophysical Journal Letters:

M. Bhardwaj, B. M. Gaensler, V. M. Kaspi, T. L. Landecker, R. Mckinven, D. Michilli,
Z. Pleunis, S. P. Tendulkar, B. C. Andersen, P. J. Boyle, T. Cassanelli, P. Chawla, A. Cook,
M. Dobbs, E. Fonseca, J. Kaczmarek, C. Leung, K. Masui, M. Mnchmeyer, C. Ng, M.
Rafiei-Ravandi, P. Scholz, K. Shin, K. M. Smith, I. H. Stairs, and A. V. Zwaniga. A Nearby
Repeating Fast Radio Burst in the Direction of M81. ApJ, 910, 2.

The author contributions are as follows: Dr. Daniele Michilli estimated baseband local-
izations of the two FRB 20200120E bursts and contributed to the Section 2.1. Dr. Ziggy

1see: https://www.chime-frb.ca/repeaters.
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Pleunis made Figure 5.1, estimated best-fit DMs of the FRB bursts, and contributed to the
Section 2.2. Dr. Ryan Mckinven determined the polarization properties of the bursts and
authored the text in Section 2.3. Dr. Emmanuel Fonseca determined the burst widths and
scattering timescales which are reported in Table 5.1. Flux and fluence results for bursts
reported in Table 5.1 were obtained using web-based tools internal to CHIME/FRB. The
flux/fluence pipeline code was originally developed and written by Bridget Andersen.

I performed all the other analysis and wrote remainder of the manuscript. Dr. Victoria
Kaspi provided guidance throughout the research and writing process. All other co-authors
are members of the CHIME/FRB collaboration who provided feedback on the analysis and
the paper draft.

Chapter 6: A Local Universe Host for the Repeating Fast Radio Burst
FRB 20181030A

This chapter reports on the association of the repeating FRB 20181030A discovered by
CHIME/FRB Collaboration et al. (2019c) with a nearby star-forming spiral galaxy, NGC
3252, at a distance of 20 Mpc, making it the second closest extragalactic FRB discovered
to date. The contents of this chapter originally appeared in the following paper published
in the Astrophysical Journal Letters:

M. Bhardwaj, A. Y. Kirichenko, D. Michilli, Y. D. Mayya, V. M. Kaspi, B. M. Gaensler,
M. Rahman, S. P. Tendulkar, E. Fonseca, A. Josephy, C. Leung, M. Merryfield, E. Petroff,
Z. Pleunis, P. Sanghavi, P. Scholz, K. Shin, K. M. Smith, and I. H. Stairs. A Local Universe
Host for the Repeating Fast Radio Burst FRB 20181030A. ApJ, 919, 2.

The author contributions are as follows. Dr. Daniele Michilli estimated baseband local-
izations of the four FRB bursts and made Figure 6.1. Dr. Aida Kirichenko led GTC MOS
and long-slit observations and contributed to the text in Section 2.3. Dr. Divakara Mayya
calibrated the long-slit spectrum of NGC 3252, and wrote Section 6.1. S/N-optimized burst
DMs reported in Table 6.1 were obtained using web-based tools internal to CHIME/FRB.
The S/N-optimized DM pipeline code was originally developed and written by Dr. Ziggy
Pleunis. Dr. Emmanuel Fonseca determined the burst widths and scattering timescales
which are reported in Table 5.1. Flux and fluence results for bursts reported in Table 5.1
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were obtained using web-based tools internal to CHIME/FRB. The flux/fluence pipeline
code was originally developed and written by Bridget Andersen. I performed all the other
analysis and wrote remainder of the manuscript. Dr. Victoria Kaspi provided guidance
throughout the research and writing process. All other co-authors are members of the
CHIME/FRB collaboration who provided feedback on the analysis and the paper draft.

Chapter 7: A Search for the Host Galaxy of
FRB 20180814A

This chapter reports on the search for the host of the repeating FRB 20180814A discovered
by CHIME/FRB Collaboration et al. (2019c). From our search, we found PanSTARRS-
DR1 J042256.01+733940.7, a nearby (z= 0.06835) passive red spiral galaxy, as the only
plausible host within the 2σ baseband localization region. The contents of this chapter are
part of a manuscript which will soon be submitted to the Astrophysical Journal:

D. Michilli, M. Bhardwaj, et al., Interferometric localization of repeating Fast Radio
Bursts detected by CHIME/FRB, to be submitted to The Astrophysical Journal2.

The combined baseband localization of FRB 20180814A is estimated by Dr. Daniele
Michilli. GTC observations are reduced by Dr. Aida Kirichenko, which are discussed in
Section 3.4. I completed all other analyses and wrote the chapter.

Chapter 8: A Search for the Host Galaxy of
FRB 20190303A

This chapter reports on the likely association of the repeating FRB 20190303A discovered
by Fonseca et al. (2020) with a local Universe merging pair of two star-forming galax-
ies at a redshift of 0.064, SDSS J135159.17+480729.0 and SDSS J135159.87+480714.2.
The contents of this chapter are part of a manuscript which will soon be submitted to the
Astrophysical Journal:

D. Michilli, M. Bhardwaj, et al., Interferometric localization of repeating Fast Radio
2Both first and second authors contributed equally to the publication.
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Bursts detected by CHIME/FRB, to be submitted to The Astrophysical Journal2.

The combined baseband localization of FRB 20180814A is estimated by Dr. Daniele
Michilli. I performed all of the FRB 20190303A host association analyses presented in this
work and authored the chapter.
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Chapter 1

Introduction

Fast radio bursts (FRBs) are an exciting new frontier for astrophysics. These extremely
powerful radio blasts can travel cosmological distances and emit more energy than the Sun
does in a thousand years, despite lasting only a few thousandths of a second (Petroff et al.,
2021). The first FRB, FRB 20010724A, was serendipitously discovered in 2007 by Lorimer
et al. (2007); hence, it is also known as ‘the Lorimer burst’ (see Figure 1.1). However, FRBs
were not universally accepted as an astrophysical phenomenon then. The initial skepticism
was mainly due to the possibility of the Lorimer burst to be an electromagnetic interference.
Indeed, the discovery of a microwave oven at the Parkes Observatory in Australia as the
source of ‘perytons’ (Petroff et al., 2015), millisecond-duration radio signals of terrestrial
origin that mimic several characteristics of FRBs (Burke-Spolaor et al., 2011), bolstered
suspicions about FRBs’ astrophysical origin. It was not until the discovery of five more
FRBs (Keane et al., 2012, Thornton et al., 2013) that their astrophysical origin became
widely accepted. Furthermore, the hypothesis that FRBs are likely cosmological transients
gained momentum only in 2017 when FRB 20121102A, the first repeated FRB ever dis-
covered, was localized to an irregular star-forming dwarf galaxy at z = 0.1927 (Chatterjee
et al., 2017, Tendulkar et al., 2017).

Since the discovery of the Lorimer burst, over 800 FRBs have been reported to date1.
Recently, The CHIME/FRB Collaboration et al. (2021) estimated the all-sky rate of bright

1For a complete list of known FRBs, see https://www.herta-experiment.org/frbstats/
or the TNS (Yaron et al., 2020).

1
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Introduction

Figure 1.1: Frequency versus time (“waterfall") plot of FRB 20010724A aka Lorimer burst.
The white arcs around the pulse (black curve) represent the predicted delay for a DM of
375 pc cm−3. The time series obtained after correcting for dispersive delay and summing
the signal in all frequency channels is shown in the inset. Figure from Lorimer et al. (2007).

FRBs (≥ 5 Jy ms) to around 800 events per day, and established the isotropy of the sky dis-
tribution of FRBs (Josephy et al., 2021) making them a fairly common astrophysical radio
transient. However, the origin of FRBs continues to be a subject of intense debate, owing in
part to a limited sample of localized FRBs. Furthermore, the FRBs exhibit a diverse range
of phenomenology: most of the discovered bursts are apparently non-repeating (simply
non-repeating FRBs from hereon), but a small fraction are observed to repeat. Among the
repeating FRBs, two thus far have shown evidence of periodic repetitions (CHIME/FRB
Collaboration et al., 2020b, Cruces et al., 2020, Rajwade et al., 2020). As a result, a plethora
of theories has been proposed to explain the FRB sources’ disparate behaviour (see Platts
et al., 2018, for a catalogue of proposed models). In fact for much of FRB history, there have
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been more theories about what the origins of FRBs are than there were detected FRBs. Re-
gardless of that, these radio bursts hold great promise for cosmological studies (Macquart
et al., 2020). As these bursts of radiation travel through space and pass through ionized
gases, their lower-frequency emissions are delayed relative to their higher-frequency ones,
causing otherwise sharp pulses to broaden. This broadening is quantified by a parame-
ter called dispersion measure (DM). We can estimate the amount of ionized baryons the
radio waves travelled through on their way to Earth by measuring their DMs. FRBs are
thus an excellent astrophysical probe for studying ionized baryonic matter throughout the
Universe.

This chapter is organized as follows: In Section 1, we describe major observational
characteristics of FRBs and in Section 2, we summarize the constraints derived about the
nature of FRB progenitors using the properties of FRB host galaxies and their local envi-
ronment. In Section 3, we discuss the FRB origin problem including major proposed FRB
progenitor models and emission mechanisms. Finally, we present the outline of this thesis
in Section 4.

1 Major FRB observable

In this section, we review major characteristics of FRBs that can help us understand their
sources and the properties of propagating media. A typical FRB pulse traverses through
multiple uniquely characterized media on its way to Earth, including the circumburst medium,
the ionized gas in the interstellar medium (ISM) of the host galaxy, the intergalactic medium
(IGM), and the ionized gas in the halo and disk of the Milky Way, all of which leave their
imprints on the FRB pulse. These imprints, in turn, allow FRBs to be used as probes of in-
tervening plasma. It is also important to study these propagation effects in order to infer the
intrinsic properties of FRBs. We briefly summarize significant FRB observables below, but
readers are urged to refer to Lorimer and Kramer (2004) for a more detailed description.

1.1 Dispersion measure

Dispersion measure (DM) is unarguably the most important observable of FRBs that is used
to differentiate them from anthropogenic signals as well as radio emission from Galactic

3



1 Major FRB observable

neutron stars. In scientific terms, DM is defined as the integral column density of free
electrons ne along the propagation path (l) of FRBs from source S to observer O:

DM =

∫ O

S

nedl. (1.1)

The FRB DMs consist of the DM contribution from the Milky Way ISM, Milky Way
halo, IGM (including the contribution from the halos of intervening galaxies), and the host
(which consists of the contribution from the host ISM, halo, and circumburst medium) such
that,

DMFRB = DMhost/(1 + z) + DMMW +DMMW,halo +DMIGM. (1.2)

Currently, we know FRBs of DM as large as 3037 pc cm−3 (The CHIME/FRB Col-
laboration et al., 2021) and as small as 88 pc cm−3 (see Chapter 5). As almost all FRBs
(with the sole exception of the SGR 1935+2154 radio bursts detected by CHIME/FRB and
STARE2; Bochenek et al., 2020, CHIME/FRB Collaboration et al., 2020a) known to be
extragalactic, their dispersion measure is significantly larger in general than the expected
DM contribution from the Milky Way’s interstellar medium, which can be calculated using
electron density models in the Galaxy (Cordes and Lazio, 2002, Yao et al., 2017). More im-
portantly, the excess-DM of FRBs (after subtracting the Galactic contribution) is found to
correlate well with the redshifts of the FRB sources with a considerable scatter (Macquart
et al., 2020). Hence, the excess-DM is often used as a proxy for FRB source’s redshift. In
fact, by assuming that the contribution of the host galaxy and the circumburst medium is
negligible, one can estimate the maximum possible redshift for an FRB source using sev-
eral analytically derived DMIGM−redshift relationships (for example, DMIGM ≈ 930z pc
cm−3 at low redshifts; Macquart et al., 2020).

1.2 Scattering

FRBs are excellent probes of the inhomogeneous and turbulent intervening medium (Cordes
et al., 2016). The inhomogeneities in the electron density along the FRB sight-line can pro-
duce phase modulation of the FRB emission resulting in the fluctuation of intensity over
different frequency bandwidths and timescales. This phenomenon is called scintillation.
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The inhomogeneities in the propagating media also scatter FRB pulses resulting in the
broadening of otherwise sharp pulses producing a characteristic asymmetric “exponential
tail" feature that is seen in the time series of many FRBs. In fact, about 30% of FRBs ex-
hibit this scattering feature, that can be clearly differentiated from the intrinsic FRB pulse
profile (Chawla et al., 2022). Many authors argue that these propagation effects are likely
dominated by either the local environment, or the interstellar medium of the host galaxy
(Chawla et al., 2022, CHIME/FRB Collaboration et al., 2019b, Cordes et al., 2016, Ma-
sui et al., 2015, Ocker et al., 2022). Hence, scintillation and/or scattering measurements of
FRBs can be useful in constraining the local environment of FRBs (Masui et al., 2015) and
can help in improving Galactic electron density models (Main et al., 2022).

1.3 Polarization properties

FRBs are highly polarized sources of radio emission (Petroff et al., 2021). Their polar-
ization properties can reveal the nature of FRB local environment, as well as the FRB
emission mechanism, hence, can play a crucial role in uncovering FRB progenitor models.
There are three relevant polarization observables for FRBs: (1) rotation measure (RM), (2)
polarization position angle (PA), and (3) polarization fraction (more importantly, fraction
of linearly polarized emission). Note that these parameters are only available for handful
of them (∼ 30; Caleb and Keane, 2021) where full Stokes polarization data products were
saved. Therefore, due to small sample size, caution should be used when interpreting the in-
ferences about the FRB population using the polarization observables. Now, we summarize
major observations made using the three polarization properties.

When a linearly polarized FRB pulse propagates through diffuse magnetized plasma in
the Universe from its source (S) to the observer (O), its plane of polarization rotates with
frequency; this phenomena is called Faraday rotation. The degree of rotation induced by
the magneto-ionized medium is quantified by the RM, which is defined as follows,

RM = 0.81

∫ O

S

B||nedl, (1.3)

where B|| is the magnetic field aligned parallel to the direction of the propagation of the
FRB pulse. RMs can offer important clues to the origins of FRBs. For example, the ex-
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tremely large and variable RM of the repeating FRBs 20121102A and 20190520B (Anna-
Thomas et al., 2022, Michilli et al., 2018) suggests a young compact object embedded
in dense and highly-magnetized local environment as their source (Margalit and Metzger,
2018, Zhang, 2018). Non-repeating FRBs, on the other hand, have RMs that are several
orders of magnitude smaller and are comparable to those of Galactic pulsars (Wang et al.,
2020b). However, it is unclear whether there is a substantial difference between repeating
and non-repeating FRBs premised on the fairly small sample size of available RMs.

Apart from RMs, the fraction of polarized flux density of FRB emission, quantified
by polarization fraction, and how it changes with frequency can also help in constrain-
ing the emission mechanism. Almost all existing FRB emission models predict FRBs to
be 100% linearly polarized sources (Lyubarsky, 2021, and references therein). However, a
subset of FRBs were discovered to exhibit significant circular polarization (for example,
FRB 20140514A), and a very small fraction showed no polarization at all (for example,
FRB 20150418A) (Caleb and Keane, 2021). It is yet unclear if the low linear polariza-
tion fraction (zero in the case of FRB 20150418A) is intrinsic to the emission mechanism
or caused by propagation effects, such as Faraday conversion (Beniamini et al., 2022), or
due to instrumental biases (Hilmarsson et al., 2021). Interestingly, Feng et al. (2022) re-
ported that wide-band polarization measurements of some repeating FRBs showed a trend
of lower polarization fraction at lower frequencies, which could be explained using multi-
path scattering of FRBs due to their highly dynamic circumburst environment. However, it
is uncertain if the low polarization fraction observed in several non-repeating FRBs may
be attributed to this effect.

Finally, the polarization position angle across the burst phase provides additional con-
straints on FRB emission models. The polarization position angle is the angle between
the plane of linear polarization and the plane of reference (linked to the radio telescope’s
polarized feeds). For instance, a good fraction of FRBs show constant polarization an-
gle. This could be attributed to short emission timescale and depends on the location of
emitting particles (Lyubarsky, 2021). However, some non-repeating FRBs exhibit variable
polarization position angles, for example FRB 20180301A (Luo et al., 2020), contrary to
what have seen in the case of many repeating FRBs (CHIME/FRB Collaboration et al.,
2019c, Fonseca et al., 2020, Michilli et al., 2018). It is very hard to explain diversity of PAs
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in relativistic shock models, whereas, magnetospheric emission models can easily accom-
modate such variations (Luo et al., 2020) (see Section 3.2). But in literature, there exists
examples, for instance Crab pulsar’s giant pulses (GPs), where constant PAs are observed
in one specific mode (high frequency interpulse mode), and variable PA behaviour is noted
in another mode (main pulse mode) (Jessner et al., 2010). It is yet to be seen if there exists
such bi-modality in the PA behaviour of FRBs.

1.4 Duration

FRBs show intrinsic widths or durations of around ∼ µs - ms timescales (Caleb and Keane,
2021, Petroff et al., 2021). Many FRBs are temporally unresolved by their discovery tele-
scopes, and in some cases, targeted follow-up observations of repeating FRBs using sensi-
tive radio telescopes found temporal structures ≲ 1 µs (Majid et al., 2021, Nimmo et al.,
2022b). Using the causality argument, in the absence of any bulk relativistic motion, the
very short FRB duration implies a small emitting region of characteristic size ≲ c∆t = 300
km ∆t

1ms
. This favours a neutron star and an accreting stellar mass black hole as promising

sources (Zhang et al.).

1.5 Repetition and periodicity

Fast radio bursts (FRBs) are observed to be either repeating or apparently non-repeating
(one-off). The vast majority of FRBs falls in the apparently non-repeating category and only
a small fraction of FRBs (around 2 dozen) are known to repeat (CHIME/FRB Collaboration
et al., 2019a,c, Fonseca et al., 2020, Kumar et al., 2019, Lanman et al., 2022, Luo et al.,
2020, Niu et al., 2022, Spitler et al., 2016, Chapter 5) in spite of the fact that some of
them have been intensively monitored to search for possible repeating bursts (James et al.,
2020, Petroff et al., 2015, Shannon et al., 2018). However, it is possible that non-repeating
FRBs are produced by sources that have long periods of quiescence, or that the sources emit
repeat bursts that are too faint to be detected by present radio telescopes. Therefore, whether
all FRBs repeat remains an unsolved mystery (Ai et al., 2021, Caleb et al., 2019, James,
2019, Palaniswamy et al., 2018, Ravi, 2019). On a positive note, the repetition enabled
milliarcsecond localization of repeating FRBs (Kirsten et al., 2021, Marcote et al., 2017,
Marcote et al., 2020, Nimmo et al., 2022b) as well as the first unambiguous identification
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of the host galaxy (Chatterjee et al., 2017, Marcote et al., 2017, Tendulkar et al., 2017).

More interesting, among repeating FRBs, two thus far have shown evidence of periodic
repetitions: FRB 20180916B with a period of ≈ 16.3 days (CHIME/FRB Collaboration
et al., 2020b), and FRB 20121102A with a period of ≈ 160 days (Cruces et al., 2020,
Rajwade et al., 2020). It is still unclear if all repeating FRBs would show periodic repetition
if observe long enough.

Recently, CHIME/FRB Collaboration et al. (2022) reported the detection of the multi-
component FRB 20191221A which showed periodicity of 216.8 ms with a significance of
6.5σ. Similarly, Pastor-Marazuela et al. (2022) discovered FRB 20201020A with Apertif
(van Leeuwen et al., 2022), which showed regularly spaced five sub-bursts with periodicity
of 0.415 ms (significance ≈ 2.5σ). This short-timescale periodicity is different from the
long-term periodicity that the two repeating FRBs discussed above showed. It supports a
neutron-star origin of these short-timescale periodic FRBs (Zhang, 2020). Long-timescale
periodicity, on the other hand, can be addressed within the context of binary (Dai and
Zhong, 2020, Ioka and Zhang, 2020, Lyutikov et al., 2020) or precession models (Levin
et al., 2020, Yang and Zou, 2020, Zanazzi and Lai, 2020).
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Figure 1.2: A comparison of the durations and bandwidths of CHIME/FRB Catalogue-1
FRBs. Blue diamonds represent non-repeating FRBs, while red open circles show repeat-
ing FRBs. The normalized histograms on the right indicate that non-repeating FRBs are
narrower in width and have a greater bandwidth than repeating FRBs, which are wider in
width and occupy a smaller bandwidth. Figure from Pleunis et al. (2021).
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1.6 Pulse morphology

The FRB light-curve data exhibit a plethora of spectral and temporal structures. Even after
excluding spectral features caused by the propagation effects, such as scattering and scin-
tillation, there are variety of seemingly intrinsic burst morphologies that can be a powerful
proxy for understanding burst emission and propagation. For example, repeating FRBs
show complex spectral and temporal downward-drifting sub-structures, which have pre-
viously been established as a characteristic spectro-temporal feature of repeating FRBs
(CHIME/FRB Collaboration et al., 2019c, Day et al., 2020, Fonseca et al., 2020, Hessels
et al., 2019). This includes micro-structures on timescales of ∼ 60 ns - 100 µs (Cho et al.,
2020, Farah et al., 2018, Majid et al., 2021, Nimmo et al., 2021, 2022a). This constrains
the size of the emission region to be as small as around 20 m (ignoring any bulk relativistic
motion). Recently, Pleunis et al. (2021) considered the burst morphologies of all FRBs in
the first CHIME/FRB catalogue (The CHIME/FRB Collaboration et al., 2021, see Chap-
ter 3) and identified different archetypes of burst morphology. They compared the temporal
widths and frequency bandwidths of non-repeating FRBs with those of repeating bursts and
found a statistically significant observed difference between the two, with repeater bursts
on average having a longer duration and being narrower in bandwidth (see Figure 1.2).
This difference could be due to beaming or propagation effects, or it could be intrinsic to
the populations.

1.7 Energetics

Once their hosts have been identified, FRB fluxes and fluences can be converted into
isotropic-equivalent luminosities and energies. Note that there is no evidence yet that FRBs
radiate isotropically. Nevertheless, the isotropic-equivalent peak luminosity (energy) of lo-
calized cosmological FRBs vary from ∼ 1038 erg s−1 (1035 erg) to ∼ 1046 erg s−1 (1043

erg) (Zhang, 2020). However, in case of local Universe FRBs, FRBs 20200120E (see Chap-
ter 5) and 20181030A (see Chapter 6), the estimated isotropic luminosities can be as low
as few 1036 erg s−1 (1033 erg). Nevertheless, the energy and luminosity of FRBs is orders
of magnitude larger than those of Galactic pulsars (see Figure 1.3). Note that true energet-
ics could be considerably smaller if FRBs are beamed emission by a factor given by fb =
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max(∆Ω/4π, 1/4γ2), where ∆Ω and γ are the solid angle of the FRB emission beam and
the bulk Lorentz factor of the FRB emitting particles, respectively.

Knowing the luminosities (energies) of several FRBs, it is possible to constrain the FRB
luminosity/energy function, which is the FRB event rate per unit cosmic co-moving vol-
ume per unit luminosity(energy) and characterizes the fundamental properties of the FRB
population. The luminosity or energy function can then be used to investigate FRB origins
and possible progenitors (Arcus et al., 2021, Hashimoto et al., 2020a,b, 2022, James et al.,
2022, Locatelli et al., 2019, Lu and Piro, 2019, Lu et al., 2020b, Luo et al., 2018, 2020,
Macquart and Ekers, 2018, Shin et al., 2022). We note that the true shape and form of
the FRB luminosity or energy function is still unclear. Nevertheless, several authors used
either a power-law or a Schechter function to model them. Nothing concrete has been de-
rived from those analyses, primarily due to the paucity of localized FRBs. Additionally,
follow-up analyses using the Five-hundred-meter Aperture Spherical Telescope (FAST)
for two repeating FRBs, FRBS 20121102A and 20201124A, reveal substantially differ-
ent energy distributions. The cumulative energy energy distribution of FRB 20201124A
is best fitted by a broken power law (Xu et al., 2021), whereas the energy distribution of
FRB 20121102A is found to be bimodal and best characterized by a combination of a log-
normal function and a generalized Cauchy function (Li et al., 2021). Therefore, it is unclear
whether all FRBs have a universal energy function.

1.8 Multi-wavelength counterparts

To unveil the nature of FRB sources and test different progenitor models, detailed follow-
up of the possible multi-wavelength counterparts of FRBs is one important way forward.
Such studies in the past have helped in proving the existence of two separate classes of
gamma ray bursts (Kulkarni, 2018). FRBs so far have been solely a radio phenomenon,
with the exception of FRB-like radio bursts from a Galactic magnetar SGR 1935+2154,
where contemporaneous X-ray emission was detected by a number of X-ray telescopes
(Bochenek et al., 2020, CHIME/FRB Collaboration et al., 2020a, Li et al., 2020, Mereghetti
et al., 2020, Ridnaia et al., 2020).

Several FRB models (see Section 3) predict prompt multi-wavelength counterparts. For
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1 Major FRB observable

Figure 1.3: Phase space of ∼GHz radio transients. The grey diagonal lines denote constant
brightness temperature contours. Figure from Caleb and Keane (2021).

example, the synchrotron maser model predicts nearly contemporaneous emission in γ-ray,
X-ray and optical/NIR bands on sub-second timescales (Metzger et al., 2019). However,
these predicted counterparts can only be detected for local Universe FRBs. There have also
been multi-wavelength follow-up campaigns and archive searches for FRBs that spatially
and/or temporally coincide with cataclysmic events like soft gamma repeaters, supernovae
and gamma ray bursts, but no confirmed association has been made to date (Anumarlapudi
et al., 2020, Casentini et al., 2020, Cunningham et al., 2019, Curtin et al., 2022, DeLaunay
et al., 2016, Madison et al., 2019, Marnoch et al., 2020, Martone et al., 2019, Men et al.,
2019, Mereghetti et al., 2021, Núñez et al., 2021, Palaniswamy et al., 2014, Sakamoto et al.,
2021, Scholz et al., 2017, 2020, Tendulkar et al., 2016, Verrecchia et al., 2021).

Interestingly, only two FRBs, FRBs 20121102A and 20190520B (Chatterjee et al.,
2017, Niu et al., 2022), were found to be spatially associated with a persistent radio source
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(PRS), despite radio follow-up observations of other localized FRBs reaching lower flux
limits (Bannister et al., 2019, Bhandari et al., 2020, 2022, Heintz et al., 2020, Law et al.,
2022). However, the nature of those PRSs and their connection with the FRB sources are
still unclear. Constraints from radio light curves and X-ray limits can be explained by
invoking either a low-luminosity active Galactic nucleus or a dense circumburst nebula
(Bassa et al., 2017, Cao et al., 2017, Chen et al., 2022, Dai et al., 2017, Kashiyama and
Murase, 2017, Law et al., 2022, Scholz et al., 2016).

2 Host galaxies & local environments

The vast majority of FRBs observed to date were discovered using radio telescopes with
limited angular resolution. However, to fully realize their potential as cosmic probes, more
precise localization of FRBs that enable host identification is required. Moreover, detailed
studies of FRB hosts and their local environments are a promising way to unveil the nature
of FRB sources (Li and Zhang, 2020, Nicholl et al., 2017). Currently, only ∼ 20 published
FRBs have been sufficiently well localized on the sky to allow their host galaxies to be
identified.2 These localized FRBs except FRBs 20200120E (3.6 Mpc; see Chapter 5) and
20181030A (20 Mpc; see Chapter 6) are located at redshifts ranging from 0.03 to 0.66
where the detailed study of the FRB local environment is limited by the sensitivity of
current telescopes.

In 2017, the first host identification was made using direct interferometric localization
of repeat bursts from FRB 121102 (Chatterjee et al., 2017), the first repeating FRB ever
discovered (Spitler et al., 2016). From optical follow-up studies, the FRB source was found
to be located in a star-forming region of a faint (absolute r-band magnitude ≈ −17 AB mag)
low-metallicity dwarf irregular galaxy at z = 0.1927 (Bassa et al., 2017, Tendulkar et al.,
2017). Because of the similarities to the hosts of long GRBs and superluminous supernovae
(SLSNe), young and highly-active magnetar models were proposed as the origin of the FRB
(Margalit and Metzger, 2018, Metzger et al., 2019). However, FRB 20121102A host later
was found to be significantly different from the host of later localized FRBs (Heintz et al.,
2020), making it an outlier. It wasn’t until 2022 that the host of another repeating FRB

2See http://frbhosts.org/ (visited on 01/07/2022).
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20190520B was discovered in a galaxy similar to that of FRB 20121102A, which also had
a spatially coincident persistent radio source (Niu et al., 2022). This suggested that there
might be a distinct class of FRBs like FRBs 20121102A and 20190520B.

Overall, according to the limited sample of localized hosts, FRBs inhabit a wide range
of hosts and local environments (See Figure 1.4; Bhandari et al., 2022, Heintz et al., 2020).
This is true even if we consider only the hosts of localized repeating FRBs. For example,
FRB 20180916B located in a nearby spiral galaxy with a low star-formation rate (≈ 0.0166
M⊙ yr−1; Marcote et al., 2020) has projected offset of 250 pc from the nearest starforming
region, not expected if the FRB source is a young neutron star (Tendulkar et al., 2020).
More surprisingly, the source of the closest extragalactic FRB 20200120E (see Chapter 5)
was found to be located in an M81 globular cluster (Kirsten et al., 2021), which harbours
extremely old stellar population. The latter discovery provides the strongest evidence yet
of the existence of multiple FRB populations.

Figure 1.4: Star-formation rate and stellar mass distributions (left), and restframe colour-
magnitude (right) of FRB host galaxies compared to galaxies at z< 0.6 taken from the
PRIMUS survey. Figure from Bhandari et al. (2022).

From the demographic analysis of the limited sample of FRB hosts, it is observed that
the host galaxies of known repeating FRBs tend to be less massive and less luminous on
average, compared to that of non-repeating FRBs (Bhandari et al., 2022). Moreover, the
FRB locations in the hosts in most cases show significant offsets from the galaxy centres.
According to a high spatial resolution Hubble optical and near-infrared data analysis of a
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subset of FRB hosts, most FRBs are not located in regions of elevated local star formation
and stellar mass surface densities compare to their hosts’ mean global values (Mannings
et al., 2020). Overall, FRBs, both repeating and non-repeating, are found in a variety of
galaxy types and it is not yet clear if the two populations are intrinsically different. How-
ever, we caution that the sample sizes considered in these analyses were small. Hence, more
localizations are required to make robust conclusions about the FRB host population. For-
tunately, this will change in the next two-three years when telescopes, such as CHIME/FRB
outriggers (Cassanelli et al., 2022), the Deep Synoptic Array (DSA)-110 (Hallinan et al.,
2019) and the Commensal Real-time ASKAP Fast Transients Survey (CRAFT; Macquart
et al., 2010), will add several hundreds of host associations every year.

3 What produces FRBs?

Despite the fact that over 800 FRBs have been published to date, the origins of FRBs
remain an unsolved mystery. This is partly due to the fact that we have a small sample of
localized FRBs and constraints are mainly derived using radio observations (except SGR
1935+2154 bursts). It should be highlighted that the FRB origin problem can be split into
two parts: first, what sorts of FRB sources can produce FRBs? Second, how do the proposed
FRB sources generate powerful bursts of highly coherent and short-duration radiation?
The first question is more tractable than the second, and it is concerned with physically
possible astrophysical systems capable of accounting for FRB observables such as all-sky
rate, redshift distribution, host properties, and local environments. The second question
involves identifying plausible emission mechanisms that can explain the observed temporal
and spectro-polarimetric properties of FRBs which is far more challenging to address. The
following two sections provide a quick overview of our current understanding of the FRB
source and emission models.
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3.1 Emission mechanism model

The short duration and high luminosity of FRBs suggest an extremely large brightness
temperature, Tb, which is estimated according to the Rayleigh-Jeans law:

Tb ∼ 1035 K
Fν,JyD

2
Gpc

τ 2msν
2
GHz

, (1.4)

where Fν,Jy is the flux density of the FRB in Jansky, τms is the pulse width or duration in
ms, DGpc is the distance of the FRB source in Gpc, and νGHz is the observation frequency
in GHz. The temperature of 1035 K is neither physically possible for a radiating source, nor
is there any known incoherent process that can achieve it (Rybicki and Lightman, 1986).
Therefore, the extremely high brightness temperature implies that the FRB radiation mech-
anism is coherent, i.e., radiation is produced by the “clump" of charges that are emitting
radiation in-phase (Melrose, 2017).

There are currently two leading categories of emission models to explain the high
brightness temperature of FRBs (Lyubarsky, 2021, and references wherein). First, pulsar
emission-like models, which use magnetopheric disturbances around compact objects to
generate FRBs (e.g. Lu and Kumar, 2018), and the second are relativistic shock models
(Babul and Sironi, 2020, Lyubarsky, 2014), which were earlier used to explain gamma ray
burst prompt emission (Duncan and Thompson, 1992, Gruzinov and Waxman, 2019).

In the first category, the theoretically most plausible models are the ones that either
invoke local disturbances, such as crustal movements or starquakes induced flares (Be-
loborodov, 2017, Parfrey et al., 2013, Wang et al., 2018, 2019), and sudden interactions
with external plasma streams (Dai et al., 2016, Sridhar et al., 2021, Yang and Zhang, 2020,
Yang et al., 2020, Zhang, 2017), which trigger magnetic reconnection events in the magne-
tosphere. The reconnection events in turn produce relativistic magnetosonic waves which
eventually escapes as FRBs, or coherent curvature emission from charged bunches (Ghis-
ellini and Locatelli, 2018, Katz, 2018, Kumar and Bošnjak, 2020, Kumar et al., 2017, Wang
et al., 2020a), similar to pulsar radiation mechanisms (Cordes and Wasserman, 2016). In
these models, one main requirement is that the compact object must have magnetic field
significantly greater than 1012 G (Lu et al., 2020a), hence, require the compact object to be
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a magnetar. This scenario is shown in Figure 1.5(a).

In the second category, the idea is to produce coherent bunches of charged particles
via maser synchrotron mechanisms in relativistic shocks outside the magnetosphere of the
compact object (Beloborodov, 2020, Lyubarsky, 2020, Metzger et al., 2019). In this model,
it is required that the pre-shock outflow is highly magnetized and the shock itself is mildly
relativistic (Lorentz factor ∼ 100; Margalit and Metzger, 2018). Additionally, the magne-
tized pre-outflow condition requires the compact object to have magnetic field > 109 G
(Wang and Lai, 2020). This scenario is shown is shown in Figure 1.5(b).

Figure 1.5: Animated representations of the two main types of FRB radiation models: a)
pulsar-like models that invoke a compact object’s magnetosphere; and b) GRB-like models
that invoke relativistic shocks powered by a compact central engine. Figure from Zhang
(2020).

3.2 FRB source model

Because both of the emission models outlined above require a strongly magnetized central
engine, neutron stars and accreting black holes are the most likely FRB source candidates
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according to them. There are theories that invoke exotic sources, such as strange or quark
stars (Geng et al., 2021, Zhang et al., 2018), axion stars (Iwazaki, 2017, Raby, 2016), white
holes (Barrau et al., 2014), and cosmic strings (Brandenberger et al., 2017, Ye et al., 2017,
Zadorozhna, 2015), as FRB progenitors. However, because the physical existence of these
sources is unproven, we will not discuss them in this section. For more detailed discussion
on them, see the FRB Theory Catalogue3.

There are also models that invoke cataclysmic events like mergers of compact objects
(neutron stars, black holes, and white dwarfs) and gamma ray bursts to explain intrinsi-
cally non-repeating FRBs (Deng et al., 2018, Falcke and Rezzolla, 2014, Kashiyama et al.,
2013, Totani, 2013, Zhang, 2014) or repeating FRBs as predecessors to these events (Fal-
cke and Rezzolla, 2014, Liu, 2018, Mingarelli et al., 2015). However, all-sky rates of the
cataclysmic events are orders of magnitude lower than that of FRBs (Ravi, 2019). Deep
multi-wavelength follow-ups and archive searches also yielded no promising results (see
Section 1.8). But, it is still possible that a small fraction of FRBs can be associated with
these transient events.

3.3 Magnetars as FRB sources

Magnetars or strongly magnetized neutron stars (with typical surface magnetic field of
∼ 1014 Gauss), identified observationally as short gamma repeaters (SGRs) or anomalous
X-ray pulsars (Kaspi and Beloborodov, 2017), are one of the most popular FRB source
candidates (Zhang, 2020). Their ultimate energy source is the neutron star’s magnetostatic
energy. It is proposed that both SGRs and FRBs are produced by the decay of this energy
store via mechanisms such as massive flares (Lyubarsky, 2021) Note that typical SGR en-
ergy budget is orders of magnitude larger than the energy inferred for some of the brightest
bursts of localized repeaters (Kaspi and Beloborodov, 2017). Therefore, unlike rotation-
powered FRB models, where the energy is extracted from the rotation of the neutron star,
there is no fundamental limitation on the radiated power.

Among all the proposed FRB source models, the prospects of magnetars to be the
source of FRBs is the highest, especially after the detection of FRB-like radio bursts from

3https://frbtheorycat.org/index.php
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a Galactic magnetar, SGR 1935+2154, which suggests that at least some FRBs can be pro-
duced by magnetars (Bochenek et al., 2020, CHIME/FRB Collaboration et al., 2020a). Ad-
ditionally, they satisfy major requirements of both the emission models (see Section 3.2).
More importantly, the magnetars via SGRs also satisfy the FRBs’ all-sky rate constraint
(Bochenek et al., 2020, Margalit et al., 2020).

Magnetars are thought to be formed by the core-collapse of the highly magnetized mas-
sive stars (Muno et al., 2006) or by binary neutron star mergers (Duncan and Thompson,
1992, Giacomazzo and Perna, 2013) or possibly by the accretion induced collapse (AIC)
of white dwarf and binary white dwarf merger (Ruiter et al.). In that case, we do expect
magnetars to be found in both young as well as old stellar systems. Therefore, the discov-
ery of repeating FRBs in star-forming regions (such as FRBs 20121102A and 20190520B;
Chatterjee et al., 2017, Niu et al., 2022) as well as in a globular cluster (FRB 20200120E;
Kirsten et al., 2021) is not unusual. However, there is no observational evidence for any
magnetar born from a neutron star merger or AIC; all confirmed Galactic magnetars are
close to the Galactic Plane, and several of them possess supernova remnants, strongly sug-
gesting that they are young neutron stars (e.g. Olausen and Kaspi, 2014). Therefore, more
FRB localizations and firm associations of extragalactic FRBs with magnetars are needed
before concluding that FRBs are indeed powered by magnetars.

4 Thesis outline

The objective of this thesis is to advance our current understanding of the origins of FRBs
by using local Universe CHIME/FRB discoveries. This thesis is organized into nine chap-
ters, some of which have been adapted from published papers. In Chapter 2, we introduce
the Canadian Hydrogen Intensity Mapping Experiment (CHIME) and describe one of the
pipelines which identifies malfunctioning analog components of the telescope. Chapter
3 describes the CHIME/FRB project and the CHIME/FRB real-time detection pipeline.
Chapter 4 discusses the pipeline that facilitates the identification of plausible host galaxies
of the local Universe CHIME FRBs. In Chapter 5, we report the discovery of the clos-
est extragalactic FRB known to date, FRB 20200120E, which is located at the outskirts
of M81 (projected offset ∼ 20 kpc), a spiral galaxy at a distance of 3.6 Mpc. Chapter 6
reports on the discovery of the second closest extragalactic FRB, FRB 20181030A, to a lo-
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cal Universe star-forming spiral galaxy, NGC 3252, and discusses the implications of this
association on proposed FRB source models. In Chapter 7, we describe our search for the
host galaxy of FRB 20180814A, the first repeating FRB discovered by the CHIME/FRB
Collaboration in August 2018 (CHIME/FRB Collaboration et al., 2019a) and the second
one ever discovered. Chapter 8 reports on the identification of the most likely host for FRB
20181030A, a repeating FRB discovered by Fonseca et al. (2020), to be a merging pair of
star-forming galaxies at z = 0.064, the first such host to date. Finally, Chapter 9 summarizes
the conclusions of each chapter and details prospects for future research.
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Chapter 2

Analog Bad-channel Classifier for CHIME

1 Introduction

The Canadian Hydrogen Intensity Mapping Experiment (CHIME) is a transit interferome-
ter working in the frequency range of 400-800 MHz. It was originally conceived to map the
neutral Hydrogen, the most abundant baryonic matter in the Universe, in the redshift range
of 0.8-2.5. This redshift range maps to a specific phase of the history of the Universe where
dark energy, arguably the most mysterious component of the Universe, became dominant
and started accelerating the rate of the Universe’s expansion. Fortuitously, CHIME is also
well suited for different ancillary back-ends that cater to specific scientific goals: CHIME/-
Cosmology, CHIME/FRB, and CHIME/Pulsar. CHIME/Cosmology works in the visibility
space resulting from cross-correlation and time averaging the digitized voltage signal from
different antenna pairs or baselines. CHIME/FRB and CHIME/Pulsar, on the other hand,
form fast Fourier transform (FFT) beams (Amiri et al., 2018, Masui et al., 2019, Ng et al.,
2017).

All three CHIME back-ends receive the digitized sky signal from the same CHIME front-
end; therefore, their anticipated scientific objectives are contingent on the performance and
health of the CHIME front-end. For instance, knowledge of the CHIME primary beam is
of paramount importance for all the CHIME projects. Moreover, calibration and sensitivity
of the instrument are influenced by the stability of the front-end electronics.
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2 CHIME analog chain overview

Hence, we need an automated pipeline that identifies issues in the CHIME telescope
front-end to maintain data integrity. In this chapter, we describe the pipeline that is de-
signed to identify bad analog channels or issues in the front-end of the CHIME telescope.
Here, an analog channel consists of all the components of the CHIME telescope except
the cylindrical reflectors that the cosmic signal interacts with until the end of the signal
digitization stage. Henceforth, we use the word ‘channel’ to describe the latter component
of CHIME front-end system.

The organization of this chapter is as follows: Section 2 provides a short overview of the
CHIME telescope analog chain that the bad analog channel classifier is designed to work
on. In Section 3, we underline the need of a bad-channel identification pipeline. Section 4
describes the core assumptions that went into the pipeline, and also explains the tests that
the pipeline performs to evaluate the goodness of a channel. In Section 5.1, Section 5.2,
and Section 5.4, we elucidate chronologically all the stages involved in the bad channel
classification. Section 6 reports on the major results of the pipeline that demonstrate its
utility in identifying bad channels. In Sections 7 and 8, we discuss several limitations of
the pipeline. Section 9 highlights different strategies that can be employed to evaluate the
effectiveness and completeness of the pipeline. Finally, Section 10 concludes the chapter
speculating on the future applicability of this pipeline.

2 CHIME analog chain overview

In this section, we present an overview of the CHIME telescope analog chain that receives,
filters, amplifies, and digitizes the sky signal that is used by the CHIME correlators for
cross-correlation and/or beam-forming. A schematic diagram of the CHIME Analog chain
is shown in Figure 2.1. The pipeline is designed to identify hardware issues in the analog
portion of the system. Henceforth, we use the word ’channel’ to describe a typical analog
chain.

2.1 CHIME analog chain

The CHIME analog chain (see Figure 2.1) consists of cylindrical reflectors and dual-
polarization feeds (front-end), and a series of analog components that bring the sky signal
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2 CHIME analog chain overview

Figure 2.1: Block diagram of a typical channel. Signal collected by a dual polarized feed
after reflection from the cylinder passes through a low noise amplifier (LNA) and then via
≈ 1-m cable to a 50-m N-type coaxial cable to the receiver hut, which is double shielded.
Filter amplifiers (FLA) on the inside surface of the inner RF chamber wall define the instru-
ment passband and transmit the signal to the analog-to-digital converters (ADC). Credit:
Rick Smegal (Engineer, UBC)

from a feed to an analog-to-digital converter (ADC) located in an RF-sealed environment
on the ground near to the telescope. The sky signal is first reflected by a CHIME cylinder to
a four-clover dual-polarization feed that is coupled to a low noise amplifier (LNA) which
boosts the signal by 37-45 dB depending on the frequency of the signal and adds minimal
noise (Te = 35 K). The signal from the amplifier is then linked to a segment of coaxial
cable that converts the SubMiniature version A (SMA) connection to an N-size connection
(AMC58 or equivalent). The amplified signal is then transmitted by LMR-400 50-m coax
cable to the double-shielded receiver hut. The signal is then band-passed and amplified fur-
ther to optimize it for ADC digitalization. The following paragraphs describe each of these
components briefly. For more details, refer to Bandura et al. (2014).

• CHIME Cylinders

The CHIME telescope consists of 4 cylinders ,each 100-m long and 20-m wide, mak-
ing a total collecting area of ∼ 8000 m2. They are parabolic along their short axes,
with a focal length of 5 m, and flat along their long axes (Figure 2.2). Each cylinder
has 256 dual-polarization feeds spaced 0.31 m apart, for a total of 2048 inputs to
the CHIME back-end. The field of view is a long North-South stripe, covering ap-
proximately the entire sky visible at Penticton latitude of 49.3 degrees (Note that the
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2 CHIME analog chain overview

telescope response goes to zero near horizon making N-S beam-width ∼ 120◦) and
1.3◦ to 2.5◦ wide, depending on the wavelength. CHIME has no moving parts and
scans the sky as the Earth rotates making it a "drift-scan" telescope. The reflecting
surface of the cylinder is a 19-mm-spacing mesh made of galvanized-steel and bolted
to the steel cylindrical support structure.

Figure 2.2: Front-view of a CHIME cylinder. Credit: CHIME Collaboration

• Feed

CHIME Feeds are cloverleaf antennas (Figure 2.3) which are compact and broad-
band dual-polarization feeds. The meeting end of petals, that have differential signals
for each polarization, are combined through tuned baluns to form one single-ended
output. For details on the feed design and optimization, refer to Deng and Campbell-
Wilson (2014).

• Low Noise Amplifier

A Low Noise Amplifier (LNA) boosts a very low-power signal without significantly
degrading its signal-to-noise (SNR) ratio. In CHIME, it is directly attached to the
balun to form one single-ended output (Figure 2.4). The LNA achieves a noise tem-
perature ≈ 25 K across the CHIME band, and its gain decreases smoothly from ≈
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Figure 2.3: Cloverleaf dual-polarization
CHIME feed. Credit: CHIME Collabo-
ration

Figure 2.4: CHIME Low Noise Ampli-
fier. Credit: CHIME Collaboration

45 dB at 400 MHz to ≈ 37 dB at 800 MHz.

• Filter Amplifier and Analog-to-digital Converter (ADC)

The signals from CHIME antennas are sent to the receiver hut that primarily holds
two important components: the filter linear amplifier (FLA), and digitizer (a part
of the ‘F’-engine; see Chapter 3). A filter amplifier is a second stage amplifier that
defines the 400-800 MHz bandpass and amplifies the incoming signal. The second
stage amplifier signal is then input into an ADC that converts the time domain analog
signal into digitized signal. It consists of custom McGill boards designed for signal
processing applications called ‘ICE’ boards (Bandura et al., 2016), shown in Figure
2.5. Each ICE board has a field programmable gate array (FPGA) for data processing,
and an Arm processor for easier interfacing with the control computers. Each ICE
board has 2 mezzanine cards, and a typical mezzanine card has 2 ADC chips on it.
An ADC chip has 4 inputs, so each ICE board has 16 inputs in total. The boards are
packed together into crates of 16, and 8 of these crates handle the 2048 inputs from
the CHIME receivers. The CHIME F-engine transforms the data from the ADCs into
the frequency domain and channelizes it into 1024 channels of resolution 0.39 MHz
each, using a polyphase filter bank (PFB; Harris and Haines, 2011). The digitized and
channelized digital data then go to the ‘X’-engine of the CHIME correlator which
is discussed in Chapter 3. The input data rate processed by the ‘F’-Engine is 13
terabits/sec. This rate is enormous and unlike that of any other radio telescope in the
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world.

Figure 2.5: A CHIME Rack that holds signals from 512 feeds. CHIME has 4 such racks
that digitize and channelize signals from 2048 feeds.

The input data that go into the pipeline is the digitized voltage for each channel that
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is identified with three key values- ‘crate’:0-7, ‘slot’:0-15,‘input’:0-15. As discussed in
the previous paragraph, each rack consists of 16 FPGA boards, each of which is given a
specific slot number or simply a ‘slot’. Each slot has 16 inputs where each ‘input’ handles
one channel. Figure 2.5 shows a schematic diagram of a typical rack that holds signals from
512 feeds (CHIME has 4 such racks).

3 Need for a bad channel detection pipeline

The reasons that make CHIME a sensitive radio telescope are its large field-of-view (≥ 200
degrees square), large collecting area, wide frequency coverage, and powerful correlators.
However, they also make CHIME a highly complex experiment in terms of electronics and
output data products. Consequently, there are stringent calibration requirements to be met
for achieving the cosmology science objectives (knowledge of the beam and gain calibra-
tion with great precision, see Newburgh et al. (2014), Shaw et al. (2015). Lastly, CHIME
handles and processes an enormous amount of data per second. For instance, the total data
rate digitized by the F-Engine is 13.1 Tb/s for the 2048 time-streams and it is not practical
to save every bit of data on disk. All of these requirements necessitate the timely identifi-
cation and correction of hardware issues. The primary aim of the pipeline is to identify bad
channels (channels with instrumental issues) within time cadence (currently, 30 minutes).
In the next section, we discuss in detail how this pipeline produces a list of bad channels.

4 Bad analog channel classifier: basic principles

In the above section, we discussed the importance of timely identification and mitigation of
the issues pertaining to the analog chain system of CHIME. Here, we introduce the pipeline.
We firstly introduce the underline assumptions about the system, the astronomical signal,
and the environment around the telescope. Then we discuss two tests that the pipeline
performs to identify the bad channels, and lastly, we elucidate the overall process flow of
the pipeline.

4.1 Assumptions

The pipeline was initially based on two fundamental assumptions:
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• Sky signals are time-stationary Gaussian noise. An astrophysical signal received
by a radio telescope consists of emissions from many independent radiating sources.
These sources radiate electromagnetic waves that have random phases. The same
applies to the noise from a telescope’s receiver system. Therefore, the signal received
by the telescope can be described as time-stationary Gaussian noise (For detailed
discussion on this, see Chapter 1 of Chengalur et al., 2007). This is the basis of
one of the tests (Histogram test) performed by the pipeline to identify bad channels
and construct good channel templates, both of which are discussed in the following
sections.

• All channels are subjected to nearly identical conditions. The CHIME telescope
has 2048 channels, and each channel has an identical electronic structure, with the ex-
ception that half of them are sensitive to a specific polarization and, thus, to different
RFI environments and sky signals. Therefore, the pipeline treats both polarizations
differently. With this, we can assume that all channels of a given polarization are
nearly identical in terms of electronics and the sky each one sees. This assumption is
the basis of using outlier statistics to identify bad channels.

In the next section, we discuss the steps the pipeline follows to identify good channels.
However, first we discuss the two tests that are central to the bad channel classification
scheme which the pipeline employs.

4.2 Tests

Histogram test

The histogram test identifies channels showing either a non-Gaussian voltage distribution
or having rms voltage outside a certain threshold. The former condition is undesirable as per
our first assumption, and is indicative of a possible instrumental issue in the analog chain of
that feed. On the other hand, the latter condition prevents an ADC going into a non-linear
regime, and also to reduce the quantization noise; we do not want the input voltage rms to
be either too low or too high. As discussed by Mena-Parra et al. (2018), there is an optimal
range for the input rms for which the effect of quantization noise is negligible. This range
depends on the number of bits of the ADC. In the case of CHIME which employs 8-bit
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ADC, that range is 3-5 bits rms, or 8-32 ADC units. It is preferable to be in the low range
of that interval in order to leave some room for unanticipated strong RFI. Therefore, we
set the optimal rms input level between 8-16 ADC units. In the histogram test, we compute
the Spearmann correlation between the good channel template and the template of a given
channel.

FFT test

The FFT test identifies anomalous spectrum characteristics associated with various instru-
mental artifacts. To accomplish this, we compute the power spectrum of all 2048 channels
by squaring each channel’s fast Fourier transform (FFT) spectrum. Note that our dataset for
the FFT and Histogram tests consists of 2048 contiguous data voltage samples digitized at
2.56 µs. Similar to the histogram test, we compute the Spearmann correlation between
the power spectrum of each channel and the good channel power spectrum template. Two
spectral features of the power spectrum are particularly important for identifying bad chan-
nels: first, RFI bands, and second, the overall one-sided Gaussian continuum of the power
spectrum. More detail about these features are discussed in Section 5.2.
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5 Pipeline: block-wise description

Figure 2.6: Pipeline flow-diagram
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5.1 Stage 1: create good channel template

Figure 2.7: Adaptive
Thresholding: Flow-chart

In both tests, we cross-correlate histogram and power spec-
trum templates of a channel with respective good channel
templates. Here, we describe a good channel as a channel
free from unwanted instrumental artifacts. The pipeline first
screens channels that have rms voltage between 8 ADC units
and 16 ADC units that is in accordance with the condition that
minimizes the quantum noise in the CHIME ADC. A typical
raw data file is made up of 64 time-streams of all 2048 chan-
nels which gives us 131,072 time-streams to create the good
channel templates. Following the step of screening rms volt-
age values, the second step is to check the normal distribution
of a given time-stream. There are many flavors of normal-
ity test but we used D’Agostino test (d’Agostino, 1971) and
Pearson’s normality test (D’Agostino and Pearson, 1973) that combine statistical param-
eters like skew and kurtosis to test for the normality. The pipeline rejects all the time-
streams whose p-value (normality test) < 0.05 (Fisher, 1992). However, it is possible that
p > 0.05 for data that do not follow normal distribution. However, our sample size is big
enough (2048 raw voltages) to make the latter effect implausible (Ghasemi and Zahediasl,
2012). After that, the pipeline generates FFT power spectrum and raw-voltage histogram
templates for the shortlisted time-streams. Finally, the median histogram and FFT power
spectrum template are selected as a representative of good channels.

More importantly, as shown in Figure 2.8, beam shapes of two polarizations of the
CHIME telescope are quite different in terms of gain and beam-width. Hence, the signal
received by the two polarization can be systematically different. Therefore, we make two
good channel templates for both tests, one for each polarization, and the two polarizations
are treated separately in all the analysis steps of the pipeline that are discussed in the next
few sections.
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Figure 2.8: Modelled angular response of a CHIME feed in the E and H planes at multiple
CHIME band frequencies. N-S beam is narrower in beam-width than the E-W beam. The
vertical dashed lines in panels E and H planes correspond to the boundaries of the reflector
for X (North-South) and Y (East-West) polarized radiation at ± 90 degrees, respectively.
Note that the angular response in the E plane is smaller half-power beam-width than in the
H plane. Figure from CHIME Collaboration et al. (2022).

5.2 Stage 2: identify bad analog feeds

Once we have good channel templates for both tests, the next step is to correlate them
with the FFT power spectrum and histogram templates of every channel, and compute
Spearmann correlation coefficients. We use Spearmann correlation because it determines
the strength and direction of the monotonic relationship between the two variables rather
than the linear relationship which Pearson correlation estimates. Also, the Spearmann test
is observed to be much more stable to statistical fluctuations than Pearson’s correlation
test (Bonett and Wright, 2000). Once we get the correlation coefficients, the next step is
to decide the classification thresholds for both tests that is discussed in the next section.
With those thresholds, we divide channels dichotomously into good and bad channels.
However, the pipeline classified channels into three categories to account for channels near
the threshold boundary; this is discussed in the next section. After that, the final task is
to combine the two results; that is discussed in Section 5.4. Note that the steps discussed
below are performed separately for both polarization.
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5.3 Adaptive thresholding

Figure 2.9: Adaptive Thresholding: Flow-
chart

As discussed above, both tests com-
pute Spearmann correlation coefficients be-
tween the good channel templates and
the test templates for each channel. Once
the coefficients are computed for all 2048
channels, we use the Otsu thresholding
technique to identify appropriate classifi-
cation threshold (Vala and Baxi, 2013). It
is an effective binarization technique that
is easy to automate (Trier and Jain, 1995).
The Otsu’s thresholding method involves
iterating through all the possible thresh-
old values and calculating the variance for
the number of channels at each side of the
threshold (i.e. two classes). The aim is to
find the threshold value that minimizes the
weighted within-class variance and maximizes between-class variance. We compute the
Otsu-threshold for both tests. In order to calculate the threshold for classifying bad chan-
nels, we adopt a conservative scheme: the thresholds are estimated by considering only
channels with Spearmann cross-correlation coefficients > ThresholdOtsu (Both tests). With
those channels, we estimate the new threshold via an extreme outlier condition: First-
quartile − 3 × Inter-quartile range (IQR) (Tukey, 1970). This is to make sure that the
chances of false negative classifications are low.

Currently, the algorithm estimates thresholds for both tests adaptively using the data in-
hand. This method is favoured because we assume that RFI (the most dominant signal in
our data) is highly non-stationary. Moreover, this will also accommodate any change in
the system parameters like system temperature. If the RFI on a long run shows any sort
of periodicity or correlation, then one can use a constant threshold as well. To compare
the efficiency of these two techniques, we first estimated a constant threshold by averaging
over 30 sidereal days of night-time data. We then used this threshold to classify night-time
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data collected during September, 2018, and compared the classification with the one we
get from adaptive thresholding. The classification plots for both techniques are showing in
Figures 2.10 and 2.11; for better visualization, we assigned values to each classification:
good channels = 1, doubtful channels = 0.5, and bad channels = 1. As we expect that the
channels that show hardware problems would not change classification in a short period of
time, the higher observed variability in case of constant thresholding makes it less robust
than adaptive thresholding where bad channel flags are significantly more stable.

Figure 2.10: Classification of 2048 channels using constant thresholding technique: good,
doubtful, and bad channels are assigned 1 (red), 0.5 (green), and 0 (black) values, respec-
tively.
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Figure 2.11: Classification of 2048 channels using adaptive thresholding technique: good,
doubtful, and bad channels are assigned 1 (red), 0.5 (green), and 0 (black) values, respec-
tively.

5.4 Stage 3: merging results from the two tests

After stage 2, we have a list of classified channels from the histogram test (T-1 test) and
the FFT test (T-2 test). In order to merge their results, we have devised a two-stage clas-
sification scheme that is shown in Figure 2.12. The first step weighs the results of the
previous classification and independently assigns weights to each channel based on the cri-
teria discussed below. We give more weight to the FFT test results because many of the
instrumental artifacts are more pronounced in the FFT power spectrum (refer to Section 6).
As shown in Figure 2.12, for each test separately, we first subtract the computed thresh-
old (Stage-2) from the correlation coefficient of all the channels, and then compute the
median, 25th-percentile (Q25) and inter-quartile range (IQR) values. The minimum of the
median and zero is assign to a variable ‘A’. Similarly, variable ‘B’ = Q25 , and variable ‘C’
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= Q25 - 1.5×IQR (criterion for ‘moderate’ outlier; Tukey, 1970). After that, each channel
is weighted and a new classification is assigned to all 2048 channels depending on the cri-
teria showed in the decision block of Figure 2.12. Though the initial weights are selected
on an ad hoc basis, the rationale is as follows: a good channel is one that either both tests
classify as ’Good’, or when the histogram test classification is ’Good’ but the channel is a
borderline case for the FFT test (i.e. weak outlier as per the quartile statistics). In contrast,
a channel is categorized as ‘Bad’ if both the tests classify it in that category. A channel is
classified as ‘Doubtful’ in all other scenarios. This classification is finally used to group all
2048 channels. However, doubtful channels are considered as ‘Good’ in the current flag-
ging framework. We further categorize ‘Bad’ channels for internal assessment based on
their rms voltage values; if the rms voltage is larger than one, the channel is classified as
‘Non-zero bad’, otherwise, the channel is classified as ‘Zero bad’.

The reason we reclassify channels is to abate the strictness of the stage-2 classification.
We observed that the pipeline is quite conservative in flagging bad channels. Moreover,
the Ostu’s threshold method is more likely to classify good channels as bad especially
those who are near to the lower edge of the good channel cluster. Therefore, using quartile
statistics, the pipeline reduces the latter bias.

Finally, the doubtful channels represent channels that are in the grey area of our classifica-
tion. These will exist in any reasonable classification scheme. Although they are regarded
as good channels by the flagging broker, they are stored as doubtful in the database and are
closely monitored for potential hardware issues.
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Figure 2.12: 2nd-stage channel classification: Flow-diagram

6 Results

In this section, we discuss several bad channel categories that the pipeline has identified.
The channels that are consistently identified as bad in these categories are confirmed to be
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defective by on-site personnel, who then perform the appropriate repairs. This illustrates
the pipeline’s ability to identify the faulty channels for which it was designed.

6.1 Instrumental artifacts identified

We have identified seven categories of bad channels based on a common feature/morphol-
ogy observed either in the FFT template or in the histogram template. Although it is a
difficult and ongoing task to associate these observed artifacts with a specific hardware is-
sue, we speculated potential sources that could trigger these notable characteristics in each
class.

• ADC digitization Malfunctioning

We saw a few bad channels with unusual histograms; one such channel is shown in
Figure 2.13. More notably, the power spectra of these channels do not show any sign
of an instrumental issue. The sharp cutoff in the histogram suggests that the problem
might be related to ADC digitization. I simulated a random bit-flip scenario (flip one
or more bits randomly) and bit-stuck scenario (one or more bits stuck to either 0 or
1 all the time), and was successfully able to simulate the observed histogram and
power-spectrum. That clearly demonstrates that the algorithm is capable of detecting
issues related to the ADC digitization.
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Figure 2.13: Instrumental artifact: Bit-flip - the top panel shows the power spectrum of
the signal, and the bottom panel shows the ADC-voltage histogram of the signal. When
the random bit-flip issue is not present, the original FFT (top panel; red) and the averaged
channel histogram (bottom panel; red) templates represent the power spectrum of a chan-
nel. The second FFT power spectrum (blue, on top) and the histogram (blue, on bottom)
are from when the channel was experiencing the random bit-flip issue. Two observations
can be made from this: (1) the global shape of the power spectrum is unaffected by the
random bit-flip issue, and (2) the ADC bit-flip issue is characterized by sharp wedge-like
features in the histogram.

• Cable Reflection As discussed in the CHIME analog chain overview section, CHIME
uses coaxial cables that take voltage data from the feed-line to the F-engine hut.
These cables, if damaged or broken, would result in signal attenuation. Apart from
that, these cables often show reflection phenomena due to imperfect interfaces. These
reflected waves can be seen in the power spectrum of the digitized signal as sine
wave(s) modulating the actual FFT of the sky signal. In Figure 2.14, we showed an
example of an affected channel. From the FFT power spectrum plot, the sine modu-
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lation signature can be clearly seen.

Figure 2.14: Instrumental artifact: cable reflection - top panel shows the power spectrum of
the signal (blue), and bottom panel shows the ADC-voltage histogram of the signal (blue).
The observed sine wave modulation in the power spectrum is a characteristic of the cable
reflection. The good channel power spectrum (top panel; red) and histogram (bottom panel;
red) templates are also shown for comparison.

• Intermodulation Distortion (IMD)

Intermodulation distortion (IMD) results from two or more signals (tones, harmonics
or their products) interacting in a non-linear network to produce additional undesir-
able signals. These additional signals (often called intermodulation products) occur
mainly in active devices such as amplifiers and mixers. It often happens that the ac-
tive devices are driven into the non-linear regime by a signal, and we see different
harmonics or their products in the frequency band. The pipeline also detects the bad
channels that show IMD, and one such channel is shown in Figure 2.15. Removing
these channels is essential as they introduce unwanted systematics in the signal.
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Figure 2.15: Instrumental artifact: Intermodulation distortion - top panel shows the power
spectrum of the signal (blue), and bottom panel shows the ADC-voltage histogram of the
signal (blue). The observed harmonic products near TV channels are due to the IMD. The
good channel power spectrum (top panel; red) and histogram (bottom panel; red) templates
are also shown for comparison.

• Channels with No signal

Due to the absence of persistent RFI bands, these channels are classified solely by
the FFT test. An example of a channel in this category is shown in Figure 2.16.
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Figure 2.16: Blank/OFF channel - top panel shows the power spectrum of the signal blue,
and bottom panel shows the ADC-voltage histogram of the signal blue. The absence of RFI
bands in the signal power spectrum suggests that the channel is not sensing sky signal. The
good channel power spectrum (top panel; red) and histogram (bottom panel; red) templates
are also shown for comparison.

• Noisy channels

These channels often show noisy histograms with spiky small scale structures, and
the power spectrum with TV and mobile-communication bands having less power
than a typical good template. An example is shown in Figure 2.17. Several factors,
like high attenuation in the FLA, problems with the LNA, lossy connections, etc.,
may contribute to the high noise power.

41



6 Results

Figure 2.17: Instrumental artifact: noisy FFT power spectrum - top panel shows the power
spectrum of the signal blue, and bottom panel shows the ADC-voltage histogram of the
signal blue. The observed low power in the RFI bands and overall noisy power spectrum
are indicatives of an instrumental issue. The good channel power spectrum (top panel; red)
and histogram (bottom panel; red) templates are also shown for comparison.

• High RMS Noise

As shown in Figure 2.18, it may happen that the signal has high power resulting in
the saturation of the ADC data. These cases are identified by both the histogram test
(histogram with very large standard deviation) and FFT test (lower signal level at 400
MHz). One example of such a channel is shown in Figure 2.18.
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Figure 2.18: Instrumental artifact: high digitized rms voltage - top panel shows the power
spectrum of the signal blue, and bottom panel shows the ADC-voltage histogram of the
signal blue. From the histogram, it is clear that the signal has extremely high rms noise that
is caused either by the wrong analog gain value of the active components, or by the noisy
medium. The good channel power spectrum (top panel; red) and histogram (bottom panel;
red) templates are also shown for comparison.

• Other bad channel examples

We also showed a few examples of bad channel that are identified by the pipeline but
we still are uncertain about their physical origins. Figure 2.20, for instance, depicts
an FFT power spectrum with a wide hump-like pattern for which no plausible ex-
planation exists. In Figure 2.19 and 2.20, the channels show an atypical trough near
700-750 MHz frequency band. These characteristics have been observed in a few
channels, but their possible physical origins are debatable. Lastly, the pipeline also
classifies channels that have either very low rms voltage or very high rms voltage.
They are usually due to bad analog gains, or from severe RFI coupling and therefore
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their timely identification can result in the analog signal chain gain being corrected.

Figure 2.19: Unclassified instrumental artifact: trough near 700-750 MHz in the power
spectrum - top panel shows the power spectrum of the signal blue, and bottom panel shows
the ADC-voltage histogram of the signal blue. The observed trough near 700-750 MHz in
the power spectrum (top panel) is indicative of a hardware issue whose origin is unknown.
The good channel power spectrum (top panel; red) and histogram (bottom panel; red) tem-
plates are also shown for comparison.
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Figure 2.20: Unclassified instrumental artifact: flat, broad hump in the power spectrum - the
top panel displays the signal’s power spectrum blue, while the bottom panel displays the
signal’s ADC-voltage histogram blue. The observed flat hump in the power spectrum (top
panel) is indicative of an unidentified hardware fault. For comparison, the good channel
power spectrum (upper panel; red) and histogram (lower panel; red) templates are also
displayed.

7 Limitations

As discussed in Section 2, the pipeline relies on two main assumptions: first, RFI envi-
ronment is nearly identical for all the CHIME feeds; second, the sky signal is stationary
random Gaussian noise. Apart from these, we have also assumed that all channels are iden-
tical in terms of the instrumental architecture. However, there are corner cases where these
assumptions do not hold. Those cases are discussed in this section.

• Stability of the classification
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In general, human intervention is needed to resolve instrumental problems. There-
fore, if a channel is faulty, it should stay bad until it is manually corrected. However,
we have observed that the classification of few channels change in 30 minutes. This
implies that the cause is likely intermittent in nature or there are other less obvious
hardware problems that we are not aware of. We, for now, focus on the first possible
cause. We currently use 64 samples for each channel. This can influence the channel
classification very close to the classification thresholds. This problem is mitigated
by increasing the dynamic range of the coefficients of cross-correlation by scaling
the templates so that the differentiating characteristics become easy to detect. This
has reduced the number of feeds in the grey area of our classification scheme, where
statistical fluctuation can change their classification (typically 3-5 out of 2048 chan-
nels). Increasing the number of data-frames can also reduce the effect of statistical
variations on the bad channel classification. In practice as well, it improves the sta-
bility of bad channel classification. Therefore, once we are assured of the system
stability, it would be beneficial to increase the sample size to at least 128.

• Spatially variable environment

The persistent RFI bands observed in the CHIME frequency range are shown in Fig-
ure 2.21. While there is some degree of power variance in the RFI environment in
the vicinity of CHIME, the change is not significant enough to challenge our second
assumption. However, there are feeds that are more susceptible to the RFI than oth-
ers. For example, feeds at the ends of the cylinders have a higher proportion of RFI.
The pipeline does not currently offer an optimal solution for this issue, and it is an
ongoing task to identify the best solution for these feeds as they also have different
beam pattern. One possible solution is that these feeds should be monitored sepa-
rately so that the relatively high RFI would not cause the feed to be flagged as bad by
the algorithm; or the second solution could be to flag these feeds only when in both
the tests they are extreme outliers. This is particularly important because they pro-
vide the longest baselines that are important for certain CHIME cosmology science
objectives like map making and point source subtraction.
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Figure 2.21: Persistent RFI bands in the CHIME frequency range 400-800 MHz.

8 The strange case of rain

At the end of October 2017, the pipeline suddenly flagged more than 100 channels as bad.
This was unusual because we did not expect a significant number of channels abruptly
develop instrumental faults. More interestingly, we found a strong correlation between bad
channels and rain that is shown in Figure 2.22.
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Figure 2.22: The plot shows that the amount of accumulated rain is highly correlated with
the number of bad channels, i.e. during the period of rain we see a rapid increase in bad
channels. The number of bad channels decreases to the level normally found once the rain
water drains out of the system.

We also observed systematic effects of the rain on the good channel templates that
are shown in Figure 2.23. There are three intelligible observations we can make: first,
observations made during rainy days have a higher continuum level in the FFT power
spectrum; second, RFI band, particularly broadband RFI bands shown in Figure 2.21, have
lower power compared to what we experience during a typical day; lastly, we noticed that
the width of the good channel histogram template is narrower during the time of rain. These
observations suggest that during rain, some feeds are less sensitive to the signals from the
sky (reduction in the RFI bands’ power), and the water somehow results in increasing the
system noise of those feeds (rise in continuum level). These observations strongly suggest
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that the rain has a considerable effect on the system stability, and proper waterproofing of
the feed-lines is a desirable measure to be considered in CHIME. More in-depth analysis
will be discussed in future work.

Figure 2.23: Comparison between good channel templates computed during a normal (dry)
day and a rainy day.

We also found that the accumulation of water in the feed-line of CHIME is different for
different feeds. This contradicts our assumption that the local environment is almost iden-
tically for all the feeds. Hence, it is not surprising that the pipeline does not identify all
the affected channels but does detect a significant proportion of them, and has helped in
identifying this previously unknown issue.

9 Pipeline evaluation

In Section 6, we show that the pipeline is effective in detecting different kinds of bad chan-
nels. In addition, we noted that the underlying assumptions entering the pipeline framework
seem justified on a daily basis. In Section 7, however, we discuss how there are situations
where either such assumptions break down or is not sufficient to handle corner cases. There-
fore, we do not assert the pipeline’s reliability in detecting all the bad channel cases, for
example, rain affected channels. In any case, it is necessary to quantify the efficiency of
the pipeline to detect all the bad channels. We have so far relied on the outlier statistics to
identify the affected channels but we do not claim that this technique has an absolute valid-
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ity. We must first know all the issues / artifacts that may impact our science goals in order
to identify all the bad channels. Ng et al. (2017), Shaw et al. (2015), and Newburgh et al.
(2014) discuss some criteria but those are not exhaustive. So far there has not been any
simulation performed to quantify the effect of bad channels on the final data-product. This
hinders us to either quantify or discuss different methods to evaluate the scientific impact
of this pipeline. One possible method is to use point sources; we can study the effect of bad
channels on the fringe patterns of the point sources in the visibility data. Another possible
method is to estimate the noise level at which the voltage data for each channel are dom-
inated by the systematics, and compare the estimated noise level to the desired sensitivity
we want to achieve as per the scientific goals of CHIME. This is the strategy we intend to
employ in the near future.

10 Conclusion

In this chapter, we present the pipeline designed to discover bad channels that must be iden-
tified promptly in order to maintain data integrity. One of the advantages of this pipeline
is its ability to automatically identify bad channels every 30 minutes. The cadence of 30
minutes is set by the rate at which digitized voltage data from each of the 2048 channels are
saved for monitoring the telescope’s data quality. The pipeline saves time that our on-site
staff would have spent manually identifying problematic channels. We describe the under-
lying framework of the pipeline, adaptive thresholding and cross-correlation techniques, to
identify bad channels. We then demonstrate the pipeline’s utility for finding channels with
various hardware-related defects. We also evaluate the pipeline’s fundamental assumptions
and conclude that they are applicable to CHIME and other similar radio interferometric
arrays. For completeness, we investigate various scenarios where the pipeline is not de-
signed to work optimally due to the limitations of the underlying assumptions. Finally, we
discuss possible approaches to increase the pipeline’s efficiency while dealing with those
scenarios.

This is a new pipeline of its kind that uses correlation statistics and adaptive thresh-
olding to classify bad channels. Due to the advantages discussed in this chapter, there is
good scope for such a pipeline in other multi-array radio telescopes, such as Murchison
Widefield Array (MWA; Lonsdale et al., 2009), LOw Frequency ARray (LOFAR; Butcher,

50



10 Conclusion

2004), Hydrogen Epoch of Reionization Array (HERA; DeBoer et al., 2017), Hydrogen
Intensity and Real-time Analysis eXperiment (HIREX; Newburgh et al., 2016), DSA-2000
(Hallinan et al., 2019), and Square Kilometer Array (SKA; Ellingson, 2005).
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Chapter 3

The CHIME/FRB Project Overview

1 Introduction

In Chapter 2, we provide a brief summary of the front-end and analog chain of the CHIME
telescope. In this chapter, we describe the CHIME correlator in Section 2 and the CHIME/FRB
detection pipeline in Section 3. The CHIME/FRB project is a software-driven experiment,
and using the powerful CHIME correlator and a specialized FRB search backend, we are
able to make several landmark discoveries some of which are discussed in Section 4. Fi-
nally, as baseband localization regions are used in the work presented in Chapters 5, 6, 7,
and 8, we describe the CHIME/FRB baseband pipeline in Section 5.

2 CHIME correlator

The primary function of the CHIME correlator is to convert analog time-domain raw volt-
age signals into digitized and channelized data that can be used by its three main projects:
the CHIME/Cosmology project (CHIME Collaboration et al., 2022), the CHIME/FRB
project (CHIME/FRB Collaboration et al., 2018), and the CHIME/Pulsar project (CHIME/Pul-
sar Collaboration et al., 2021). A schematic diagram of the CHIME telescope signal path is
shown in Figure 3.1. The CHIME correlator has a hybrid FX design, where the ‘F’-engine
of the correlator digitizes and channelizes raw voltage data from 2048 signal paths using
128 custom FPGA boards. The ‘X’-engine of the correlator then receives data from the
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‘F’-engine and computes data products that the three projects require for their science. The
detailed discussion of the FX correlator is presented in CHIME Collaboration et al. (2022).
We present a high-level overview of the F-engine and X-engine in Sections 2.1 and 2.2,
respectively.

Figure 3.1: Schematic of the signal pathway for the CHIME telescope, as described in
Section 2. The illustration depicts four cylindrical paraboloid CHIME dishes (black arcs),
the correlator (F- and X-Engines), and the three projects that use CHIME data. The orange
segments with dashes represent coaxial cables transmitting analog signals from the 256
dual-polarized feeds on each cylinder to the F-Engine. The black segments illustrate digital
data sent across optical fibre. Note that the total input data rate of the F-Engine is 6.6
Tb/s and the data transmission rate to the CHIME/FRB backend is 142 Gb/s. Figure from
CHIME/FRB Collaboration et al. (2018).

2.1 F-engine

The F-engine consists of 128 “ICE” motherboards (Bandura et al., 2016) placed in eight
rack-mounted crates and linked with each other with custom high-speed, full-mesh back-
planes. They are housed in two 20-ft steel shipping containers, called East and West re-
ceiver huts, retrofitted with radio-frequency shielding enclosures. The East receiver hut is
located midway between the 1st and 2nd cylinders and the west receiver hut is located mid-
way between the 3rd and 4th cylinders, halfway along their lengths. Each hut contains the
electronics that handle data from their neighbouring cylinders. Each of the 128 “ICE" moth-
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erboards digitizes analog sky-signal from 16 inputs at the sampling rate of 800 MHz with
8-bit accuracy. The digitized data are then sent in frames of 2048 samples to a polyphase
filter bank unit, which channelizes the signal into 1024 frequency bins with a bandwidth
of 0.39 MHz. The channelized data are then rounded to 1024 [4+4] bit complex values per
frame after applying a programmable gain and phase offset to the data. Finally, the channel-
ized data are reorganized among the motherboards, which is required to facilitate desired
computation processes by the X-engine nodes, such as spatial cross-correlation, RFI flag-
ging, and multiple real-time beamforming. The stages of data shuffling are described in
Bandura et al. (2016).

2.2 X-engine

The X-engine performs spatial correlations for the CHIME/Cosmology backend and ad-
ditional computationally intensive operations required by other CHIME projects, such as
FFT beamforming which is described in Section 3.1 as a part of the CHIME/FRB pipeline.
The X-Engine is placed in two 40-ft shipping containers adjacent to the west most cylin-
der and mid-way along its length. These operations are carried out by 256 liquid-cooled
nodes, each of which contains four GPU chips (Denman et al., 2020) and each GPU chip
independently processes one frequency channel data. Note that the X-engine also has a
memory buffer which stores 35.5 s of digitized and channelized voltage (baseband) data
from all 2048 inputs, which can be saved to disk upon detection of a candidate FRB event
(see Section 3.4).

3 CHIME/FRB pipeline

The CHIME/FRB system consists of a real-time software pipeline which searches for dis-
persed pulsed radio bursts of an astrophysical origin. Apart from FRBs, the CHIME/FRB
pipeline also detects other short-duration radio signals, such as single pulses from Galactic
pulsars and RFI.

The pipeline has five different stages, named L0 through L4. L0 performs FFT beam-
forming and up-channelization operations described in Section 3.1. L1, discussed in Sec-
tion 3.2, performs RFI excision, dedispersion and identifies candidate events in each syn-
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Figure 3.2: Schematic of the CHIME/FRB pipeline. L0 performs the beamforming and
up-channelization. L1 performs RFI excision and incoherent dedispersion. The L2 and L3
stages group events detected in multiple beams and perform their classification into various
categories. L4 stores detected events in a database and implements actions flagged in the
L3 stage. L4 also initiates data callbacks. Data are continuously buffered by the L0 and L1
stages for baseband and intensity data callback, respectively. More details are provided in
Section 3. Figure from CHIME/FRB Collaboration et al. (2018).

thesized beam. The L2 and L3 stages described in Section 3.3 and Section 3.4, respectively,
combine the detection information for events in multiple beams and classifies the events.
Finally, L4 stores the detection information for all events in a database and implements
different actions based on the event classification which are discussed in Section 3.5.

To guide the reader through the flow of the pipeline, a schematic of the detection
pipeline is shown in Figure 4.2. We present a high-level overview of the operations per-
formed at each stage in the following subsections. Further details are presented in CHIME/FRB
Collaboration et al. (2018).

3.1 L0: beamforming and up-channelization

CHIME/FRB employs a phased array mode in order to localize FRBs to a localization
region of ∼ few 10s of arcminutes in real-time, where signal from all input feeds are co-
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herently summed to form more directional beams using the technique called beamforming.
Moreover, due to the regularly spaced dual-polarized CHIME feed configuration, it is pos-
sible to use fast Fourier transform (FFT) to form 1024 intensity beams (summing both
polarization signals of each input feed), which significantly reduces the computation cost
to O(N logN) compared to a traditional discrete Fourier transform (DFT) O(N2); here N
is the number of input feeds (= 1024). Detailed description of this stage is presented in Ng
et al. (2017) CHIME has an octave bandwidth (400-800 MHz), and the formed beams are
highly chromatic, especially in the East-West direction due to sub-Nyquist spatial sampling
(feed-separation/observed-wavelength ≈ 27 - 54 > 0.5 = Nyquist–Shannon sampling limit;
Shannon, 1949). Therefore, in order to make spatially static formed beams, the data are
zero-padded by a factor of two before the FFT to form 512 redundant beams, from which a
subset of beams at each frequency is selected which are closest to the 256 desired pointings.
Note that the formed beams are evenly spaced in sinθ, where θ is the zenith angle, such that
in the N-S direction, the beams are formed between θ = −60◦ and θ = 60◦. Consequently,
the formed beams are more elongated closer to the horizon then at zenith. In the E-W di-
rection, the beam spacing was tuned to 0.4◦ to reduce beam overlap while simultaneously
expanding the overall sky coverage. Note that beam spacing in both directions is a tunable
parameter. Lastly, as the angular resolution decreases with increasing wavelength of the
measured light, the generated beams are broader, resulting in significant overlap at lower
frequencies.

Next, to mitigate the effect of dispersive smearing induced by intervening cold plasma
along the FRB sightline, an FFT up-channelization is performed by the GPU nodes after
beamforming. This is necessary because the CHIME/FRB pipeline searches FRBs with
DMs as large as 13000 pc cm−3 using a incoherent dedispersion framework (see Sec-
tion 3.2). Under this framework, frequency channels of width ∆νchannel (in MHz) would
retain a residual delay ∆tchannel given by (from Lorimer and Kramer, 2004),

∆tchannel ≈ 8.3× 106 DM∆νchannelν
−3ms. (3.1)

For a fiducial FRB of DM = 1000 pc cm−3, the ∆νchannel = 0.39 MHz at a frequency
(ν) = 600 MHz would result in a ∆tchannel ≈ 15 ms. As the residual delay in this case is
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significantly larger than the typically observed intrinsic width of FRBs ∼ 1 ms (see Chapter
1), this would significantly reduce the signal-to-noise (S/N) of the FRB signal (Cordes and
McLaughlin, 2003).

In order to decrease ∆νchannel, 128 successive time bins of raw voltage data are added
and Fourier transformed. Now, the resulted power spectrum is downsampled by a factor of
8. Finally, successive three transformed values are averaged and the two orthogonal polar-
izations are summed to produced intensity data for each formed beam with the frequency
and time resolution of 24.4 kHz and 0.983 ms, respectively.

Figure 3.3: A schematic of the beamforming process used by CHIME/FRB. Each of the
four cylinders has 256 dual-polarized feeds, and provides an instantaneous field of view
of ∼ 250 square degrees. Its beamwidth in the East-West is 1.3◦-2.5◦ (frequency depen-
dent) and ∼ 120◦ in the North-South direction. Using FFT beamforming, described in Sec-
tion 3.1, the L0 stage forms 1024 intensity beams. As seen in the three insets on the right
(blue, green, and red colour represent formed beams at 800 MHz, 600 MHz, and 400 MHz,
respectively), the formed beams are highly chromatic and their on-sky shape depends on
their pointing angle from the zenith. Figure from Pleunis (2021), but first created by Liam
Connor; beam calculations performed by Cherry Ng.
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3.2 L1: dedispersion and FRB search per beam

This part of the pipeline performs RFI excision, dedispersion and identifies candidate
events in each of the 1024 synthesized beams. It runs on a dedicated cluster with 128
CPU nodes where each node processes 8 formed beams.

The first part of the pipeline performs RFI mitigation using a custom RFI cleaning pack-
age rf_pipeline (Rafiei-Ravandi and Smith, 2022) that performs a series of detrending
and clipping operations on the intensity data in both frequency and time domain. The clip-
ping operation eliminates statistical outliers and replaces them with the mean intensity or a
user-defined constant value. Similarly, the detrending operation removes polynomial trends
from the data. The pipeline was trained with data from the CHIME Pathfinder telescope,
which is a 1/10th size prototype version of CHIME situated at DRAO and hence observes
a similar RFI environment. The RFI-cleaned data are then dedispersed.

Conventionally, two methods are employed to dedisperse pulsed radio signals: coherent
and incoherent dedispersions. The coherent dedispersion technique deconvolves the inter-
stellar dispersion transfer function from the complex voltage signal and restores the original
Nyquist time resolution of the sampled voltage signal (Hankins and Rickett, 1975). In the
incoherent dedispersion technique, data are shifted in time to compensate for the disper-
sion delay between channels, but dispersive smearing between channels is not addressed
(Lorimer and Kramer, 2004) Coherent dedispersion offers major advantages over incoher-
ent dedispersion, but at the risk of a greater computing burden. Therefore, the incoherent
dedispersion approach is used in the CHIME/FRB real-time pipeline.

L1 performs incoherent dedispersion using a computationally efficient dedispersion
package, bonsai (CHIME/FRB Collaboration et al., 2018). It implements the tree dedis-
persion algorithm (Taylor, 1974, Zackay and Ofek, 2017) which performs a dedispersion
transform converting intensity data I(t, ν) to I(t, DM) by summing over all possible disper-
sion sweeps along the frequency axis. However, prior to this transformation, bonsai re-
grids the intensity data in time-ν−2 space, where the dispersed pulses would appear straight
line. Due to momeory restrictions, the dedispersion is performed over the same intensity
data, but with five different time resolutions (∆ttree) = 0.983 ms, 1.966 ms, 3.932 ms, 7.864
ms, and 15.729 ms. Also, besides DMs, bonsai searches signals over three more param-
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eters: spectral index (β) , pulse arrival time (t), and pulse width (W ). For W , the search
is performed in each tree for four integral multiple of ∆ttree, i.e. W = [1, 2, 3, 4] ×∆ttree.
we selected two β for the search, β = ±3, which increases our sensitivity to narrow-band
bursts with emission at either edge of the band. Therefore, it produces a 4D array of signal-
to-noise (S/N) values. This 4D array is then “coarse-grained" in arrival time and DM, and
the candidate with the highest S/N candidate in the downsampled bins is selected. The al-
gorithm finds local maxima in a region spanning 10 pc cm−3 in DM and 0.25 s in time. If
any of these maxima have S/Ns greater than a tunable threshold (8.5σ), then it is classified
as an L1 event and processed further. Information about an L1 event is stored in a metadata
file called the “L1 header”. The header includes the DM of the event, S/N, pulse arrival
time at 400 MHz and coordinates of the beam where the event was detected.

Additionally, a ring buffer has been implemented for each node, which stores ∼ 240s
worth of data at any time. To insure that the full dispersive sweep for high-DM events can
be captured, the data are incrementally downsampled over time.

3.3 L2: multi-beam grouping and RFI mitigation

L1 header data from all 1024 formed beams are provided to a single CPU node to perform
the L2 and L3 operations. Once all L1 headers for a single time block have been received,
the DBSCAN clustering technique is used to group them (Ester et al., 1996). L1 event
grouping is essential for event classification and refining the L1 header parameters. L1
events are only grouped together if their DMs, arrival times, and sky positions all match
within user-defined criteria. The position criterion, for example, permits events detected
in surrounding beams to be clustered. Because bright events can be detected in several
beams, those detections are pooled together, and the localization region is adjusted such
that the event’s location is assigned to the position of the beam with the highest observed
SNR . Following the grouping stage, the grouped data packet are provided to a machine
learning algorithm developed using scikit-learn (Pedregosa et al., 2011), which assigns it a
classification between 0 (RFI) and 10 (astrophysical).
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3.4 L3: galactic inferences and action specification

The L3 stage of the pipeline makes logical inferences using the header data of L2 events.
The first main inference is made about the nature of the source; whether it is Galactic or
extragalactic. For this, based on the event’s DM and localization region, the two Galactic
free electron density models, YMW16 (Yao et al., 2017) and NE2001 (Cordes and Lazio,
2002), are queried, and the event’s DM is compared to the maximum Galactic DM predic-
tion of the two models towards the event’s sky position using the criteria shown in Table
3.1. Moreover, the DM and sky-position of the L2 event are simultaneously compared to a
database of known sources (Galactic pulsars and known FRBs), which is part of the real-
time pipeline and is manually updated to incorporate particularly freshly human-verified
FRB sources. This is the system that allows for the detection of repeating FRB sources in
real time that is reported to public via the CHIME/FRB VOEvent Service1.

Table 3.1: CHIME/FRB pipeline classification criteria for L3 event.

Classification Criterion
Extragalactic DML2 event− DMb

max > 5σa

Ambiguous 2σ ≤ DML2 event− DMmax ≤ 5σ
Galactic DML2 event− DMmax ≤ 2σ

a The combined statistical and systematic error in the DM measurements of the L2 event
(DML2 event) is represented by σ.
b DMmax = max(DMYMW16,DMNE2001)

The L3 stage is also in charge of deciding if any predetermined actions should be trig-
gered by L4. A collection of action rules is stored in the form of customisable file that
may be examined in real time. L3 raises flags when specified action rules are found to be
applicable. These flags trigger the L4 stage to carry out particular actions. These actions
include saving the event’s intensity and baseband data to disk, or sending alerts via the Vir-
tual Observatory Events (VOEvent) framework (Petroff et al., 2017), which has been used
by astronomers all over the world for multi-wavelength follow-up observations of CHIME

1Here is the official web-page of the CHIME/FRB VOEvent Service: https://www.chime-frb.
ca/voevents.

60

https://www.chime-frb.ca/voevents
https://www.chime-frb.ca/voevents


4 Major CHIME/FRB accomplishments

FRBs.

3.5 L4: event database and action executioner

L4, the final stage of the CHIME/FRB pipeline, is executed on a dedicated CPU node
on-site which is also real-time backed up to a computer at McGill University. L4 serves
three primary purposes. First, it performs the operations specified by L3. For example, it
calls a callback from the ring-buffer of intensity data from L1 or complex baseband data
from L0 based on the flag raised by L3 for specific events. It should be noted that the L4
pipeline executes all actions for an event in parallel. Second, it hosts an event database,
which stores information for all events as well as data products from L3 actions that have
been implemented by L4. It also assigns a unique ID to each event, RFI or astrophysical
− that the CHIME/FRB pipeline detects. Third, it functions as an online interface, allow-
ing CHIME/FRB collaboration members to access the L4 database and classify candidate
FRBs as RFI or astrophysical based on their dedispersed dynamic spectra.

4 Major CHIME/FRB accomplishments

The scientific impact of the CHIME/FRB project can be easily assessed by looking at the
numerous discoveries that have transformed the field of FRBs. Note that at the time of
the commissioning of the CHIME/FRB pipeline, it was uncertain whether FRBs could be
detected below 700 MHz, as numerous low-frequency searches yielded negative results
(CHIME/FRB Collaboration et al., 2019b, and references therein). Currently, more than
three thousand FRBs have been discovered using the CHIME/FRB real-time pipeline, and
a number of them have proven to be seminal results. The following sections highlight two
major milestones of the CHIME/FRB project.2

4.1 The First CHIME/FRB catalogue

The first CHIME/FRB catalogue reported 536 FRBs including 62 bursts from 18 previously
reported repeating sources in its first year of operations, i.e. 2018 July 25 to 2019 July 1

2Visit the following web-page for a comprehensive list of CHIME/FRB publications: https://
chime-experiment.ca/en.
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Figure 3.4: The distribution of FRBs from Catalogue-1 in Equatorial coordinates. Repeat-
ing FRB sources are depicted as orange triangles, whereas non-repetitive FRB sources are
represented as hollow circles. Figure from The CHIME/FRB Collaboration et al. (2021).

(shown in Figure 3.4). As the FRBs reported in the catalogue are observed with uniform
selection effects using a single instrument, it is well suited for several FRB population
studies. Here are some of the main results published so far using the first CHIME/FRB
catalogue (thereafter labelled as Catalogue−1) sample:

1. The power-law index for the cumulative fluence distribution of the Catalogue-1 FRBs
is estimated to be −1.40 ± 0.11(stat.)+0.06

−0.09(sys.), which is compatible with a non-
evolving population in Euclidean space (The CHIME/FRB Collaboration et al., 2021).

2. The all-sky rate of bright FRBs (≥ 5 Jy ms) of DMs> 100 pc cm−3 that have scatter-
ing time at 600 MHz < 10 ms is calculated as [820 ± 60(stat.)+220

−200(sys.)]/sky/day3

(The CHIME/FRB Collaboration et al., 2021).

3. The sky distribution of the Catalogue-1 FRBs is compatible with their origin from an
isotropic extragalactic population (Josephy et al., 2021).

4. Bursts from repeating FRB sources are typically narrower in bandwidth and longer
in duration than those from non-repeating FRBs (Pleunis et al., 2021).

5. We find a statistically significant cross-correlation between the Catalogue-1 FRBs
and low-redshift galaxies suggesting that FRBs are located within the dark matter
halos of the galaxies (Rafiei-Ravandi et al., 2021).

3Note that the revised all-sky rate is [525±30(stat.)+142
−131(sys.)] bursts sky−1 day−1 (Shin et al., 2022).
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6. There is evidence of a substantial population of FRBs with a scattering duration
at 600 MHz longer than 10 milliseconds. Chawla et al. (2022) employed a Monte
Carlo–based population synthesis study using the properties of the Catalogue-1 FRBs
and inferred that the circumburst media of FRBs should, on average, have more se-
vere properties than usual Galactic plane media.

4.2 Bright millisecond radio bursts from a Galactic magnetar

CHIME/FRB on 28 April 2020 detected two extremely bright millisecond radio bursts sep-
arated by 28.91 ± 0.02 ms from a known Galactic magnetar SGR 1935+2154 (CHIME/FRB
Collaboration et al., 2020a). The bursts were so luminous that they were detected far from
the CHIME meridian as noted from the ‘comb-like’ spectral structure seen in the dedis-
persed waterfall plots shown in Figure 3.5. The high peak flux density of the two bursts
(∼ 7 × 1036 erg s−1), which is comparable to the faintest bursts from extragalactic FRBs,
clearly suggests that magnetars can produce at least a fraction of FRB population. Addi-
tionally, this discovery has significantly reduced the large luminosity gap between what was
previously observed from Galactic sources and what is detected from extragalactic FRBs.
Finally, the detection of X-ray emission contemporaneous with the SGR 1935+2154 radio
bursts suggests that at least some FRBs could have prompt X-ray counterparts (Bochenek
et al., 2020, CHIME/FRB Collaboration et al., 2020a, Li et al., 2020, Mereghetti et al.,
2020, Ridnaia et al., 2020). However, such X-ray emission currently can only be detected
for nearby FRBs (for more discussion on this, see Chapter 1).

5 Baseband pipeline

The CHIME/FRB real-time pipeline processes the intensity data that has a temporal and
spectral resolution of ≈ 1 ms and ≈ 24 kHz, respectively. Moreover, the formed inten-
sity beams can localize FRBs to a sky region of around a few tens of arcminutes. For
example, the CHIME/FRB formed beams at zenith provide the angular resolution of ∼
15′ − 30′ across the CHIME band. This localization precision is not sufficient to robustly
identify FRB host galaxies (Eftekhari and Berger, 2017). However, as CHIME is a radio in-
terferometric array, it is possible to get more precise localization via coherent beamforming
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Figure 3.5: Total intensity normalized dedispersed “waterfall" plots of the detections by
CHIME/FRB (a) and by the Algonquin Park 10-m radio telescope in Ontario, Canada (b),
relative to the geocentric best-fit arrival time of the first CHIME/FRB burst from SGR
1935+2154. The CHIME/FRB bursts have a ’comb-like’ spectral morphology as a result of
their detection in a beam sidelobe. Figure from CHIME/FRB Collaboration et al. (2020a).

using raw CHIME voltage (“baseband") data (Masui et al., 2017). For that, CHIME/FRB
has commissioned a baseband recording system which processes the baseband data of
FRBs that are triggered by L4 (see Section 3.5). Once triggered via L4, the baseband
pipeline automatically processes stored baseband data and localizes a burst on the sky
with a precision of ∼ 8

S/N arcmin (Michilli et al., 2020). For FRB bursts with high S/N
and low extragalactic DM contribution, it is possible to identify the host galaxies using
their baseband localization regions (see Chapter 4). In addition to host identification of
nearby FRBs, baseband data also facilitate analyses, such as FRB polarimetry (Mckinven
et al., 2021), studying FRB morphologies and sub-structures at a temporal resolution of
∼ µseconds (CHIME/FRB Collaboration et al., 2022) using coherent dedispersion (see
Section 3.2), and studying strong gravitational lensing of FRBs by primordial black holes
(Kader et al., 2022, Leung et al., 2022). In the subsequent sections, we provide an overview
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of the CHIME/FRB baseband pipeline and its application in achieving more precise local-
ization.

5.1 Overview of the CHIME/FRB baseband pipeline

As outlined by Michilli et al. (2020), the CHIME/FRB system possesses a baseband back-
end capable of recording the channelized voltages from each of the 1024 dual linear feeds.
Channelization occurs through a Field Programmable Gate Array (FPGA) in the F-engine
(see Section 2.1) to produce a spectrum with 1024 channels (each 0.39 MHz wide) every
2.56 µs. A programmable gain and phase offset are applied to each frequency channel, and
the data are rounded to 4 + 4 bit complex numbers.

The system is configured to automatically record baseband data for events detected by
the real-time system through implementation of a memory buffer that allows storage of
35.5 seconds of baseband data at a given time. Note that there is a latency of ∼ 14 seconds
between the time an FRB signal arrives the telescope and the realtime pipeline triggering
the baseband dump. At CHIME frequencies and bandwidth, the usable data buffer of ∼
20 seconds roughly corresponds to a maximum DM of ∼ 1000 pc cm−3. Triggered events
with larger DMs result in incomplete recordings with missing data at the top of the band.
Typically, 100 ms of baseband data for each frequency channel are stored around the FRB’s
time of arrival (TOA). After adding buffer time to account for the FRB DM and TOA
uncertainty, an average of ∼ 100 GB of baseband data are stored for a triggered event.
There is a tunable S/N threshold to trigger baseband dump. For example, the SNR threshold
of 8 ∼ can results in 10 baseband triggers per day.

Shortly after baseband data are recorded, a processing pipeline is launched and are
composed of refinement, localization and analysis stages (Michilli et al., 2020). Figure 3.6
provides a summary of major steps involved in each of the three stages. Please refer to
Michilli et al. (2020) for a detailed explanation of the CHIME/FRB baseband pipeline.
Briefly, at the refinement stage, baseband data are used to improve the initial parameters of
the FRB signal measured by the real-time pipeline. First, a set of beams are formed around
the initial FRB sky position and the FRB signal detected by each of the formed beams is
then coherently dedispersed at the real-time CHIME/FRB pipeline estimated DM value.
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Currently, the grid of beams utilized to refine the initial localization produces three beams
in the north-south direction and ten beams in the east-west direction making the total search
area ∼ 1.1 times 0.25 deg2. Then, the total intensity of the FRB signal in all the formed
beams is estimated as a function of time and frequency. The resulting 2D array is then
downsampled in time such that the time resolution of the new array is three times the pulse
width of the FRB signal estimated by the real-time pipeline. For each frequency channel
and time bin, the S/N is calculated by normalizing the off-pulse rms to an average of zero
and a standard deviation of one. This is done separately for each frequency channel and
beam. In this process, RFI is iteratively removed to avoid any bias in the S/N measurements.
Finally, the initial estimate position for the localization stage is the position of the beam
with the highest S/N ratio. In the localization stage, which is described in Section 5.2, a
single tied-array beam is formed in the direction of the refined localization position from
the refinement stage and is employed as input in the analysis stage alongside other data
from the pre-processing of the event (e.g., RFI channel mask, etc.). Finally, at the analysis

stage, input data, which a matrix of complex voltages in frequency, polarization and time
after refining the position and DM of the FRB signal at the refinement and localization

stages, are supplied to a number of scientific pipelines designed for other scientific goals,
such as polarimetry (Mckinven et al., 2021).
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Figure 3.6: Illustration of the CHIME/FRB baseband pipeline processing of the triggered
baseband data. Each of the three baseband pipeline stages is represented by a distinct
colour. Individual tasks constituting the three stages are displayed in rectangular boxes
beneath each branch and are highlighted with a lighter shade of the colour used to identify
the three stages. Symbols for data and metadata are rendered in white colour. Figure from
Michilli et al. (2020).
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5.2 Baseband localization

Here we briefly describe how the output of the refinement stage is processed at the localiza-

tion stage. The detailed discussion on this topic is presented in Michilli et al. (2020). First,
the source localization is further refined using coherent beamforming techniques. Briefly, a
grid of 5×5 beams is formed around the refinement stage’s output localization region and a
signal-to-noise ratio (S/N) value is calculated for each of them at the time of the burst can-
didate. Then, the resulting intensity map of the signal is fitted with a 2D Gaussian function
approximating the sensitivity response of CHIME’s formed beam.

A sample of pulsars and VLBI localized FRBs’ positions are used to assess the localiza-
tion capability of the baseband processing pipeline and estimate the impact of unaccounted
systematic effects. A calibration for our localizations θ and their uncertainties σ is then
estimated and is given by

θix ± σi
x →

(
θix + 0.16′

)
±
(√

(1.1σi
x)

2 + 0.19′2
)

θiy ± σi
y →

(
θiy + 0.17′

)
±
(√(

1.1σi
y

)2
+ 0.19′2

)
, (3.2)

where x and y are celestial coordinates centred on CHIME and running in the East-West (x)
and South-North (y) directions. For each source, we calculate a weighted average position
based on the localization region of single bursts, accounting for the systematics defined in
Eq. 3.2.

All the localization regions using in Chapters 5, 6, 7, and 8 have been corrected with
this calibration. In the following five chapters, we describe the application of baseband
localization regions to locate the hosts of nearby FRBs.
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Chapter 4

FRB-λ: Pipeline to Identify Hosts of Nearby
CHIME FRBs

1 Introduction

In Chapter 1, we discussed the importance of identifying FRB host galaxies in order to
solve the FRB origin problem. FRBs, with the exception of FRB-like bursts from the Galac-
tic magnetar SGR 1935+2154 (Bochenek et al., 2020, CHIME/FRB Collaboration et al.,
2020a), have only been observed at radio wavelengths with no credible afterglow emission
reported to date. Therefore, the only viable method currently available to identify their host
galaxies is to localize FRBs to a sufficiently small region on the sky so that their associa-
tion with galaxies or other astrophysical objects can be made on the basis of a low-chance
association probability (Pcc), as has been done for all well-localized FRBs to date.

Since July 2017, CHIME/FRB has detected more than 3000 FRBs with DMs ranging
between 88 and 3037 pc cm−3 (The CHIME/FRB Collaboration et al., 2021, & Chapter
3). The CHIME/FRB real-time pipeline estimates a localization from header data for all
FRB events, but this localization precision is ∼ several tens of arcminutes (see Chapter
3). For bright FRBs (detection S/N ≥ 12), CHIME/FRB also saves raw voltage or “base-
band data" that can facilitate their localization to sub-arcminute or a few arcminutes preci-
sion via the CHIME/FRB baseband localization pipeline (Michilli et al., 2020, see Chapter
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3). To robustly associate a typical CHIME FRB of DM ∼ 400 pc cm−3 to its host, we
need localization precision of ≲ 1′′ (Eftekhari and Berger, 2017). Therefore, most of the
CHIME FRBs can’t be robustly associated with galaxies even with baseband localizations.
However, CHIME FRBs with low extragalactic DMs (or simply low excess-DMs)1 can be
associated with their hosts using baseband localizations.

As the maximum distance to the FRB hosts can be reasonably estimated from their
excess-DMs, FRBs with low excess-DMs are expected to be nearby sources. For instance,
using the Macquart relation (Macquart et al., 2020), an FRB with an excess-DM of 100 pc
cm−3 would have a maximum redshift of 0.1. If this low excess-DM FRB is localized using
the CHIME/FRB baseband pipeline to a localization region of radius ∼ 1′, the number
density of galaxies as faint as the faintest FRB host discovered to date (FRB 20121102A
with absolute r-band magnitude Mr = −17 AB mag; Tendulkar et al., 2017) is expected
to be small, hence, making any plausible association with such a host a rare coincidence
(Pcc ≤ 10%). This can also be inferred from Figure 4.1. Therefore, CHIME/FRB baseband
localizations can be useful in identifying host galaxies of nearby FRBs.

Low excess-DM FRBs (≤ 100 pc cm−3) have an additional advantages. First, at the red-
shift of 0.1 (maximum redshift of an FRB with the excess-DM ≲ 100 pc cm−3), the faintest
FRB host discovered to date (Mr = −17 AB mag; Tendulkar et al., 2017) would have an ap-
parent r-band magnitude of ≲ 22 AB mag. There are several archival wide-sky optical sur-
veys, such as the Sloan Digital Sky Survey (SDSS Abdurro’uf et al., 2022), the Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS) survey (Chambers et al.,
2016), and DESI (Dark Energy Spectroscopic Instrument) survey (DESI Collaboration
et al., 2016), are sufficiently deep to detect galaxies of r-band magnitude ≤ 22 AB mag.
Therefore, the hosts of nearby FRBs can be identified in the above archival optical survey
data. Second, as discussed in Chapter 1, several FRB emission models predict their prompt
multi-wavelength counterparts, which can be crucial in solving the FRB origin problem.
However, these proposed counterparts can only be detected for nearby FRBs (< 100 Mpc;
Scholz et al., 2020), which explains why prior targeted searches for prompt FRB analogues
yielded null results. So, nearby FRBs are the most promising sources for detecting pro-

1Excess-DM of an FRB is calculated by subtracting the predicted DM contribution of the Milky Way
ISM (Cordes and Lazio, 2002, Yao et al., 2017) from its DM.
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Figure 4.1: Probability curves for a Pcc = 0.01 and 0.1 as a function of extragalactic DM
and localization radius of FRBs. Note that FRBs with extragalactic DMs ≈ 100 pc cm−3

can be associated with a dwarf, star-foming galaxy, like the FRB 20121102A host, with the
Pcc of 0.01 and 0.1 using the localization precision of ≈ 20′′ and 60′′, respectively. The plot
is produced using the first formalism discussed in Section 3.

posed FRB prompt and/or afterglow emissions via multi-wavelength follow-up campaigns,
and to facilitate those, it is advantageous to identify their host swiftly. With this objective
in mind, we commissioned a pipeline that we named ‘FRB-λ’ which searches archival op-
tical data and identifies promising host candidates of low excess-DM CHIME/FRBs. This
pipeline is fully automated and containerized for easy installation and operation. In Sec-
tion 2, we outline the key modules of the pipeline, whereas in Section 7, we allude to some
of its technical features and discussed a number of planned upgrades that we hope to imple-
ment in the near future. Finally, in Section 4, we conclude. Currently, the FRB-λ pipeline
is employed to find host galaxies of over a dozen of low-DM FRB candidates (excess-DM
< 100 pc cm−3; Bhardwaj et al., in prep), and we discuss four of those in Chapters 5, 6, 7,
and 8.
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2 FRB-λ pipeline

In this section, we describe the FRB-λ pipeline that we use to identify plausible host galaxy
candidates of CHIME FRBs, especially the low excess-DM ones. The schematic represen-
tation of the FRB-λ pipeline is shown in Figure 4.2. The pipeline is written in the Python
programming language and follows a modular structure, which makes it fairly simple to
add new features to the current framework (see Section 7). In addition, the pipeline is con-
tainerized with the Docker software, enabling streamlined installation and configuration
at the operating system level (Morris et al., 2017).

The pipeline takes the following six input parameters:

1. right ascension of the FRB (Ra),

2. 1σ uncertainty in Ra (Ra_err),

3. declination of the FRB (Dec),

4. 1σ uncertainty in Dec (Dec_err),

5. position angle of the localization ellipse (PA; default: zero), and

6. dispersion measure (DM) of the FRB.

The pipeline can also retrieve these parameters directly from the CHIME/FRB L4
database using the CHIME/FRB API service2. In this case, the user only needs to provide
the FRB event number as input to the pipeline.

Using these six user-provided inputs, the pipeline first searches archival wide-sky opti-
cal survey databases and identifies all plausible galaxy candidates detected in the 2σ local-
ization region of the FRB (see Section 2.1). Note that the size of the localization region is
a tunable parameter. It then searches databases of the two infrared surveys, the Wide-field
Infrared Survey Explorer (WISE Wright et al., 2010) and the Two Micron All Sky Survey
(2MASS Skrutskie et al., 2006), to identify infrared counterparts of the identified galaxies,
which is useful in characterizing the nature of identified host galaxies (see Section 2.4).

2chime-frb-api is a public python library that can access CHIME/FRB backend, such as
CHIME/FRB databases, event headers, calibration products, and cluster jobs. This link provides further in-
formation: https://chimefrb.github.io/frb-api/.
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The pipeline also estimates the FRB’s maximum redshift (see Section 2.2) and the chance
association probability of finding the identified galaxies in the FRB localization region (see
Section 3). These estimates are required to determine whether a particular galaxy is asso-
ciated with the FRB. Following the completion of the pipeline’s execution, the following
data products are saved to disk:

1. FRB localization region plots,

2. WISE colour-colour classification plot,

3. identified galaxy optical and infrared flux catalogue,

4. Pcc plots,

5. FRB Maximum redshift estimates (plot and a text file containing the content of the
plot), and

6. Pan-STARRS g-, r-, and z-band fits images covering the full FRB localization region.

The pipeline saves all output files by default in the directory where it is installed on the
system, but the user can also supply the path to the desired location on the system to the
pipeline using an optional argument, path.

We now describe the main components of the pipeline in the following sections. To illus-
trate various data products generated by the pipeline, we present the pipeline’s outputs for
a low excess-DM FRB (DM = 111.6 pc cm−3), FRB 20181223C. The FRB was reported
in the first CHIME/FRB catalogue (The CHIME/FRB Collaboration et al., 2021), and is
now found to be associated with a nearby star-forming galaxy at z = 0.03024 using a more
precise baseband localization (Bhardwaj et al., in prep).
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Figure 4.2: Schematic representation of the FRB-λ pipeline. The required input parameters
for the three main process branches at the top are also shown in the flow diagram. In the
current framework, the pipeline only looks for plausible host galaxy candidates in the SDSS
and Pan-STARRS archive databases. However, more process/decision boxes will be added
to the pipeline when more wide-sky deep optical survey data are made publicly available.
Outputs of the pipeline are shown in green boxes.

2.1 Host candidate identification

In order to identify plausible host candidates within the FRB localization region, the pipeline
queries the database of the following wide-sky optical surveys: the Sloan Digital Sky Sur-
vey (SDSS Abdurro’uf et al., 2022) and the Panoramic Survey Telescope and Rapid Re-
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sponse System (Pan-STARRS) survey (Chambers et al., 2016). Table 4.1 lists major at-
tributes of the two optical surveys. As Pan-STARRS covers the full CHIME field-of-view
(all sky above declination > 11◦; CHIME/FRB Collaboration et al., 2018), it is the default
choice of the pipeline. However, as the SDSS DR15 catalogue is more sensitive than that of
the Pan-STARRS DR1 (see Table 4.1), when the FRB localization region is fully covered
by the SDSS, the pipeline uses the SDSS DR15 catalogue to identify plausible host galaxy
candidates. Another advantage of using the SDSS catalogue is that it provides star/galaxy
classification along with photometric redshifts for all classified galaxies. These attributes
are not yet available in the Pan-STARRS DR1 catalogue.

When the FRB localization region is covered by the SDSS DR15 catalogue, the pipeline
queries the online SDSS DR15 database (Aguado et al., 2019). It returns the coordinates
of all identified galaxies as well as their flux magnitudes (Petrosian magnitudes; see Sec-
tion 2.5) in the five SDSS bands (u, g, r, i, and z; see Table 4.1) along with their photometric
redshift estimates. If the spectroscopic redshifts of the identified galaxies are available, the
pipeline saves those rather than their photometric redshifts.

Table 4.1: Major features of the optical and infrared wide-sky surveys queried by the
FRB−λ pipeline.

Survey Sky coverage Resolution Photometric bands Limiting magnitude
arcseconds mag.

SDSS DR12 25% sky 1.3a u, g, i, r, z 22.0, 22.2, 22.2, 21.3, 20.5
Pan-STARRS PS1 sky above Dec = −30◦ 1.31, 1.19, 1.11, 1.07, 1.02 g, i, r, z, y 22.0, 21.8, 21.5, 20.9, 19.7

2MASS All sky 2 J, H, Ks 15.8, 15.1, 14.3
WISE All sky 6.1, 6.4, 6.5, 12.0 W1, W2, W3, W4 16.6, 16.0, 10.8, 6.7

a Median point source function full-width half maxima of the r-band.

If the SDSS does not cover the FRB localization region, the pipeline queries the Pan-
STARRS DR1 catalogue and retrieves the coordinates and flux magnitudes (Kron mag-
nitudes; see Section 2.5) in the five Pan-STARRS bands (g, r, i, z, and y; see Table 4.1)
for all extended sources in the FRB localization region. For that, it uses the ’Qual’ flag
which the Pan-STARRS DR1 catalogue saves for all of its sources. Apart from informing
whether the source is extended in the stacked Pan-STARRS images, the value of Qual
flag (Q hereafter) also indicates whether the detected object is real or likely an artifact.
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As per the prescription provided by Magnier et al. (2020b), the pipeline selects those Pan-
STARRS catalogue sources that are located within the FRB localization region and satisfy
the following constraint: 52 < Q < 643. This would ensure that the detected source is (1)
extended in the Pan-STARRS DR1 data, (2) is present in multiple epoch datasets, and (3)
is unlikely to be a measurement artifact. However, this criterion alone does not efficiently
remove false positives − sources that are not galaxies. These cases include bright stars
with saturated DR1 stacked measurements and very faint stars which, due to atmospheric
effects, appear extended. To remove these false positives, we use the difference between
r-band PSF and Kron magnitudes of the identified extended sources (∆kron−psf hereafter).
Note that both the PSF and Kron r-band magnitudes are available for all sources reported in
the Pan-STARRS DR1 catalogue. As per the prescription proposed by Farrow et al. (2014)
to remove 98% of false positives, the pipeline only selects those extended sources that
satisfy the following relations:

∆kron−psf < 0.018× (rkron − 21)2 + 0.120× (rkron − 21)− 0.192 (4.1)

and
∆kron−psf > 0.417× (rkron − 21)− 1.759, (4.2)

Equations 4.1 and 4.2 are meant to remove faint stars, image artifacts, and bright stars
with saturated Pan-STARRS DR1 stacked measurements. Moreover, Farrow et al. (2014)
noted that these cuts, by construction, had very little effect on the completeness of real
galaxies.

Recently, Beck et al. published a neural network source classification and photometric
redshift catalogue for Pan-STARRS DR1, which they called PS1-STRM. This catalogue
includes photometric redshifts of all Pan-STARRS DR1 sources identified as galaxies4

Moreover, their galaxy classifications are in excellent agreement with those determined
using the scheme described above (Beck et al.). As the catalogue has only recently made

3For more information on this flag, see: https://outerspace.stsci.edu/display/
PANSTARRS/PS1+Object+Flags.

4Except a few regions of the Northern hemisphere; see Beck et al..
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public, it is yet to be incorporated in the current version of the pipeline5.

Finally, irrespective of whether the SDSS covers the FRB localization region, the pipeline
queries the Pan-STARRS DR1 database to retrieve g-, r-, and z-band images of the FRB
localization region. This is mostly done to reduce the pipeline’s complexity. The overall
image quality of both surveys is comparable, with the exception of a minor difference
in sensitivity. If the retrieved images do not fully cover the FRB localization region, the
pipeline again queries the database to download images of the missing region till the full
localization region is covered. The pipeline then coadds retrieved images of each of the
three Pan-STARRS bands using the software, Montage (Berriman and Good, 2017), to
create mosaic images. We use Montage because it maintains the spatial and calibration
integrity of input images while being computationally efficient. These images are saved on
disk as outputs of the pipeline. The pipeline then uses these images to make an RGB (us-
ing Pan-STARRS’s g-band (B:blue), r-band (G:green), and z-band (R:red) data) plot of the
FRB localization region that includes all identified host galaxy candidates. Additionally,
at the end of its execution, the pipeline makes another RGB plot that includes only those
galaxies whose extinction corrected r-band magnitudes are ≤ that of the faintest FRB host
known to date (FRB 20121102A host) at the maximum estimated redshift (see Section 2.2).
To illustrate this, we present the two localization region plots generated by the pipeline for
FRB 20181223C in Figure 4.3. Note that the only difference between the top and bottom
plots is that the top plot contains all six identified galaxies within the 2σ localization re-
gion, whereas the bottom plot shows only four galaxies with r-band magnitudes ≤ to the
apparent r-band magnitude of the FRB 20121102A host at the estimated maximum red-
shift of 0.077 (see Section 2.2) = 20.64 AB mag. However, all the identified SDSS DR15
catalogue galaxies detected within the FRB localization region (top plot of Figure 4.3) are
considered in our host association analysis.

5We use a separate script to query the PS1-STRM catalogue for photometric redshifts of the selected
galaxies.
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Figure 4.3: FRB localization region plots generated by the FRB-λ pipeline using the
baseband localization region (1σ, 2σ, and 3σ contours are shown in the plots) of FRB
20181223C. The top plot shows all identified SDSS DR15 catalogue galaxies within the
2σ region, whereas the bottom plot only highlights those that satisfy our r-band magnitude
constraint, i.e., mr ≤ 20.64 mag

(see Section 2.1).
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2.2 Maximum FRB redshift estimation

In order to make sure that archival optical images are sensitive to detect the FRB 20121102A
host (faintest host discovered to date), the pipeline estimates the maximum redshift (zmax)
of an FRB using a Monte-Carlo (MC) sampling technique. Additionally, the zmax value is
useful in the chance association probability calculation discussed in Section 3. The pipeline
samples the priors (that correspond to the components that contribute to the FRB DM) spec-
ified in Table 4.2 3000 times. Although the sample size = 3000 was chosen arbitrarily, we
noted that increasing it would have no major effect on the predicted zmax values.

Table 4.2: Priors used in the MC sampling method described in Section 2.2.

DM component Model name Units Prior Referencea

Host galaxy DM (DMhost) ‘Early’-type hostb pc cm−3 23 1
‘Late’-type hostb pc cm−3 35 1
‘Zero’ host contribution pc cm−3 0 -

Milky Way DM (DMMW) ‘NE2001 model pc cm−3 N(VALUEd, 20% times VALUE)c 2
‘YMW16 model pc cm−3 N(VALUEd, 20% times VALUE)c 3

Milky Way halo DM (DMMW,halo) ‘PZ19’ model pc cm−3 U(50,80) 4
‘Dolag’ model pc cm−3 30 5

a Note − References: (1) Xu and Han (2015) and Walker et al. (2020); (2) Cordes and Lazio
(2002); (3) Yao et al. (2017); (4) Prochaska and Zheng (2019); (5) Dolag et al. (2015).
b DMhost simulations by Xu and Han (2015) and Walker et al. (2020) found DMhost for
typical sites in inclination-averaged early-type & dwarf galaxies and for face-on late-type
galaxies to be 23 pc cm−3 and 35 pc cm−3, respectively.
c Here ‘U(lower limit, upper limit)’ is a uniform distribution, and ‘N(mean, standard devi-
ation)’ is a normal distribution.
d The pipeline uses the python package, PyGEDM, that provide an interface to the YMW16
(Yao et al., 2017) and NE2001 (Cordes and Lazio, 2002) electron density models (Price
et al., 2021). It takes Ra and Dec of the FRB to gives the predicted DM contribution of the
Milky Way ISM.

The pipeline estimates DMIGM for each sample using the following relation, DMIGM

= DM − DMMW −DMMW,halo −DMhost/(1 + z). From DMIGM, the pipeline estimates
redshift for each sample using the following relation,

DMIGM = 805 pc cm−3 fIGM

0.83

∫ z

0

(1 + z
′
)dz

′√
Ωm(1 + z′)3 + Ωλ

, (4.3)
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where fIGM is the baryon fraction of the fully ionized IGM, which for local Universe is
estimated to be 0.83 (Fukugita et al., 1998), and Ωλ & Ωm are present-day dark energy and
matter densities, which we assumed to be 0.693 and 0.307, respectively (Planck Collabo-
ration et al., 2016). Note that as the DMIGM relation (Equation 4.3) is a bijective function
of redshift (z), given the value of DMIGM one can estimate the corresponding redshift by
simply taking the inverse of Equation 4.36.

However, before estimating the redshift for each sample, we need to account for spatial
variations in the DM contribution of the IGM. For that, the pipeline adds a random value
sampled from a Gaussian prior of mean = 0 and σ(DMIGM) = 210

√
z, as suggested by

Kumar and Linder (2019). The σ(DMIGM) is a reasonable approximation out to z = 3 of the
observed spatial variations in the DM contribution of the IGM in cosmological simulations
by McQuinn (2014). To estimate a conservative value of z for σ(DMIGM), the pipeline
estimates the mean FRB redshift by assuming that the excess-DM in each MC sample is
solely contributed by the IGM (DMhost = 0 pc cm−3) and use Equation 4.3.

Note that we use three priors for DMhost and two priors for both DMMW and DMMW,halo

giving in total 12 different zmax estimates, after taking all possible combinations of priors
for each DM component.

Finally, the pipeline estimates a 90% upper limit on the redshift using the MC sam-
ple of redshifts for each of the 12 models. In Figure 4.4, we show the maximum redshift
estimate output of the pipeline for FRB 20181223C. We also note that for all the FRBs
with known hosts to date (∼ 20), host galaxy redshifts are significantly smaller than the
pipeline’s largest zmax estimates for those FRBs. Therefore, in the second formalism of
the Pcc analysis, which is discussed in Section 3, the pipeline uses the largest of the zmax

estimates where the DMhost = 0 pc cm−3 prior is not used.

In all of our scientific publications, we estimate the maximum redshift of FRBs us-
ing an MCMC simulation framework, which applies a more realistic prescription for the
DMIGM prior. However, because of the above formalism is developed before and also its
the computing cost of the described MC sampling method is negligible, the maximum red-

6A simple python code to estimate the redshift is available at https://github.com/
Astronomer-Mohit/void-analysis/.
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shift estimate provided by the FRB-λ pipeline is still instructive, particularly in the early
stages of locating FRB hosts. In the subsequent upgrade of the pipeline, we will replace
the aforementioned MC sampling approach with the MCMC simulation framework which
is described in Chapter 7.
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Figure 4.4: Maximum redshift estimate plot generated by the pipeline for FRB 20181223C.
The red dotted line shows the redshift of the host (Bhardwaj et al., in prep). For more
information, see Section 2.2.

2.3 Chance association probability estimation

As described in Section 1, the association of FRBs with their host galaxies is exclusively
based on the framework of chance association probability (Pcc). In this section, we first de-
scribe the two formalisms that the pipeline follows to estimate Pcc. The detailed discussion
on the two formalisms is presented in Bloom et al. (2002), Eftekhari and Berger (2017),
Eftekhari et al. (2018), and Aggarwal et al. (2021).
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In the first formalism, the pipeline estimates the probability of a chance occurrence for
a galaxy of apparent r-band magnitude mr in the FRB’s 2σ localization region. Using the
r-band galaxy number density function reported by Driver et al. (2016), the pipeline com-
putes the projected areal number density of galaxies brighter than mr, ψ(≤ mr). After that,
assuming a Poisson sky-distribution of galaxies, the probability of a chance coincidence
occurring within a radius R is calculated by the pipeline using the following relation:

Pcc = 1− exp(−πR2ψ(≤ mr)), (4.4)

where R is the effective radius that corresponds to the 2σ localization region of the FRB.

In the second formalism, we incorporate the maximum redshift (zmax) estimate calcu-
lated by the pipeline (see Section 2.2). The pipeline first estimates the number of galaxies
above the absolute r-band magnitude of the FRB 20121102A host (Mr = −17 AB mag;
faintest host to date) to zmax. For that, we consider two different number density estimates
from Faber et al. (2007): (1) the 68% confidence limits on the number density of blue star-
forming galaxies (nblue) − like FRB 20121102A host − with Mr ≤ −17 AB mag to be
[0.0085, 0.0165] Mpc−3, and (2) the 68% confidence limits on the number density of any
galaxies (ngal) with Mr ≤ −17 AB mag to be [0.017, 0.023] Mpc−3. These number density
estimates are then multiplied with the comoving volume Vmax out to zmax and the frac-
tional area of the localization region on the sky fA = π R2/4.123 ×104, where R is again the
effective radius that corresponds to 2σ localization region of the CHIME/FRB (in units of
degrees) and 4.123 ×104 is the total area of the celestial sphere in units of square degrees.
The probability of chance coincidence is then estimated by the pipeline using the relation,

Pcc = 1− exp(−Vmax × fA × ngal or nblue). (4.5)
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Figure 4.5: Pipeline generated Pcc plot for FRB 20181223C based on the first formalism
discussed in Section 3 using the CHIME/FRB baseband localization region. The Pcc of the
identified host galaxy (mr = 15.8 AB mag, represented by the vertical magenta line) is ≈
3%. The two horizontal lines denote Pcc = 10% (blue) and 1% (red), which intersect the Pcc

curve at mr = 16.63 AB mag and 14.97 AB mag, respectively.

Figure 4.6: Pipeline generated Pcc plot for FRB 20181223C based on the second formalism
discussed in Section 3 using the CHIME/FRB baseband localization region. The Pcc of
finding an FRB 20121102A host-like or brighter galaxy within the FRB localization region
to the zmax = 0.077 is ≤ 10%.
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In Figure 4.5 and 4.6, we show the Pcc plots for FRB 20181223C produced by the
pipeline using the two formalisms. The Pcc values are estimated using the baseband lo-
calization of the FRB. For the second formalism (shown in Figure 4.6), the pipeline first
estimated the maximum redshift of FRB 20180916B = 0.077 (see Figure 4.4).

2.4 Classification of host candidates using infrared data

After selecting plausible FRB host candidates, the pipeline searches the following all-sky
infrared surveys, 2MASS (Skrutskie et al., 2006) and WISE (Cutri et al., 2021, Wright
et al., 2010), to identify potential infrared counterparts of the galaxies. Table 4.1 lists major
attributes of the two infrared surveys. Note that multi-colour photometric data are useful
since light from different parts of the electromagnetic spectrum reveals distinct physical
processes occurring in galaxies. In addition, they aid in understanding the nature of the
identified galaxies. Specifically, a significant number of broadband optical and infrared fil-
ters would allow us to generate detailed spectral energy distributions (SEDs) for the identi-
fied galaxies, which would facilitate the estimation of the galaxies’ physical properties and
photometric redshifts (Benítez, 2000, Wild et al., 2014).

The pipeline searches for infrared counterparts in the 2MASS and WISE source cata-
logues within the search radius of 2′′ and 6′′ around the coordinates of the identified galax-
ies, respectively, which were employed in several optical-infrared cross-matching analyses
(Dong et al., 2011, Lang et al., 2016, Rutledge et al., 2000, Theissen et al., 2016). The
search radii are based on the resolution of the surveys and are significantly larger than
typically observed combined (in quadrature) astrometric uncertainties of the infrared and
optical catalogues, i.e. < 0.2′′ (Kurcz et al., 2016, Magnier et al., 2020a). Here we assume
that when an infrared source is found for a given galaxy, then it is the counterpart. As the
optical surveys have a better angular resolution, the number of sources within the search
radius in other surveys always turns out to be either one or none.

As the optical surveys that the pipeline employs are more sensitive than the infrared
ones, the pipeline does not find counterparts in 2MASS and/or WISE catalogue for most of
the faint galaxies (mr > 20 AB mag). In those cases, the pipeline automatically assigns a
‘NULL’ value to the infrared band magnitudes. In case of detection, the pipeline retrieves
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catalogued flux values in the 2MASS (J, H, Ks) and WISE (W1, W2, W3, W4) broadband
filters of the identified counterparts.

If the pipeline finds a WISE counterpart, it makes a WISE colour-colour classification
plot using the W1-W3 and W2-W3 colours of identified galaxies, which provides impor-
tant information about the nature of the FRB host candidate (for example, see Chapter 7).
WISE mapped the sky at 3.4 (W1), 4.6 (W2), 12 (W3), and 22 (W4) µm with an angular
resolution of 6.1′′, 6.4′′, 6.5′′, and 12.0′′, respectively (see Table 4.1). The main families of
extragalactic sources that can be identified in the WISE data include star-forming galaxies
(especially starburst galaxies), and galaxies with active nuclei (AGN) and quasars (QSO).
Their positions in a representative WISE colour-colour (CC) diagram are shown schemat-
ically in the left panel of Figure 4.7. As can be seen in the CC diagram, Different classes
of astrophysical sources occupy unique regions. Note that since WISE colours are normal-
ized to Vega, colours of blackbody emission are close to 0 (Wright et al., 2010). On the
other hand, sources that are either embedded in dust shells or whose radiation experience
high dust extinction are redder in the CC diagram. This is because the absorbed radiation
is reprocessed to longer wavelengths shifting the source’s infrared colour to red. There-
fore, WISE classification provides a novel perspective on the characteristics of galaxies,
which is useful for understanding the nature of FRB hosts (Nikutta et al., 2014). Figure 4.7
was produced by the pipeline for FRB 20181223C, where we can see the locations of the
identified galaxies (all except one) with a WISE counterpart.
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Figure 4.7: WISE colour-colour classification diagram showing the locations of various
types of astrophysical objects. As described in Section 2.4, thermal sources with little ex-
tinction (stars and early-type galaxies) have colours close to zero, whereas spiral galaxies
are red in W2-W3, and luminous infrared galaxies (LIRGs) and ultraluminous infrared
galaxies (ULIRGs) tend to be red in both colours. This plot is produced by the FRB-λ
pipeline for galaxies (numbered as per their indexes in the saved flux catalogue file; see
Section 2.5) within the baseband localization region of FRB 20181223C where the pipeline
found a WISE counterpart. The background WISE colour-colour classification plot is taken
from Wright et al. (2010).
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2.5 Making flux catalogue

After identifying host galaxy candidates and their infrared counterparts, the final step is
to save the coordinates, flux magnitudes, and other relevant parameters (photometric/spec-
troscopic redshifts) to disk. The flux catalogue will be used in various useful analyses.
For example, in the absence of archival spectroscopic and photometric redshift values, the
multi-colour photometric fluxes in the catalogue can be used directly by a publicly available
photometric redshift code, EAZY (Brammer et al., 2008), to estimate photometric redshifts
of identified galaxies. Additionally, broadband photometry data in the flux catalogue are
used in modelling the stellar population of the host galaxy in order to estimate its main
physical properties, such as stellar age, dust content, star formation history, metallicity,
stellar mass, and star formation rate. In chapters 6, 7, and 8, the pipeline-produced flux
catalogues are employed in modelling host stellar population using a Bayesian inference
spectral energy distribution (SED) fitting code, Prospector (Johnson et al., 2019, Leja
et al., 2017).

Before saving optical and infrared flux magnitudes in the flux catalogue, the pipeline
corrects for Galactic extinction using a python package, dustmaps (Green, 2018). In ad-
dition to the extinction corrected magnitudes in their original units, the pipeline adds new
columns of fluxes (in ’erg/s/cm2/Hz’; converted from magnitudes) to the catalogue. This
is done for two reasons: first, it facilitates direct comparison between optical and infrared
catalogue magnitudes, and second, stellar population modelling and photometric redshift
estimation packages, such as EAZY, Fitting and Assessment of Synthetic Templates (FAST
Kriek et al., 2009), and Prospector, require all fluxes in the same units. The pipeline
employs the following conversion formulae which are taken from their main survey publi-
cations:

For Pan-STARRS DR1 sources, the fluxes are reported in AB magnitude. To convert
Kron magnitudes into flux densities in ‘erg/s/cm2/Hz’, we use the following conversion
formula,

F[erg/s/cm2/Hz] = 10−Fkron[AB mag]/2.5 × 3631× 10−23. (4.6)

For galaxies identified in the SDSS DR15 catalogue, the pipeline saves the Petrosian
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magnitudes7 which are are expressed as inverse hyperbolic sine (or “asinh") magnitudes
(for more information, see Lupton et al., 1999). To convert asinh magnitudes into flux
densities in ‘erg/s/cm2/Hz’, we use the following conversion formula,

F[erg/s/cm2/Hz] = [sinh[(−1×ln(10)×(Fpetro[mag]))/2.5]−ln(b)]×2b×fo(Jy)×10−23,

(4.7)
where b = [1.4,0.9,1.2,1.8,7.4]×10−10 and fo(Jy) = [3767, 3631, 3631, 3631, 3565] for u,
g, r, i, and z bands, respectively.

Finally, to convert 2MASS and WISE aperture magnitudes (all magnitudes are in the
Vega system), we follow the prescription provided in (Cutri et al., 2021) and estimate re-
spective flux densities using the following formula,

F[erg/s/cm2/Hz] = 10−(Fkron[ mag]+C)/2.5 × 3631× 10−23, (4.8)

where C = [0.893, 1.373, 1.840, 2.683, 3.319, 5.242, 6.604] are the zero-point corrections
for J, H, Ks, W1, W2, W3, and W4 filters, respectively.

In case of no infrared detection, the pipeline inputs ’NULL’ values in the flux density
columns. After finishing the conversion, the pipeline saves the catalogue in the local direc-
tory or at the path provided by the user along with other pipeline outputs.

3 Discussion and future developments

In this section, we discuss several technical details of the pipeline and highlight some forth-
coming upgrades to the pipeline’s current version. The pipeline follows a modular frame-
work, which can be seen in Figure 4.8. The main components of the pipeline are arranged so
that modules with similar functionality can be grouped together. For example, all catalogue-
query programs are stored in a single directory (‘Catalogues’; see Figure 4.8) so that mod-
ules for querying various databases can be accessed by all. This eases debugging and avoids
code redundancy. Additionally, this will permit the addition of upcoming deep optical and
infrared surveys, such as the Canada-France Imaging Survey (CFIS; Fantin et al., 2019),

7Recommended for extended sources; see https://www.sdss.org/dr12/algorithms/
magnitudes/.
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3 Discussion and future developments

the Legacy Survey of Space and Time (LSST; Ivezić et al., 2019), Dark Energy Survey
(DES Abbott et al., 2018), the Euclid Wide Survey (EWS; Euclid Collaboration et al.,
2022), Nancy Grace Roman Space Telescope (formally called the Wide-Field InfraRed
Survey Telescope (WFIRST); Eifler et al., 2021), and SPHEREx (Crill et al., 2020), to the
pipeline when they become publically accessible. These surveys will be specifically use-
ful when the CHIME/FRB very-long baseline interferometry (VLBI) project (Cary et al.,
2021, Cassanelli et al., 2022, Leung et al., 2021, Mena-Parra et al., 2022), consisting of
three dedicated miniature version of a single CHIME cylinder located at continental base-
lines, will detect and localize FRBs with a precision of ∼ 50 mas.

The current version of the pipeline takes ∼ 10-15 minutes to finish its execution, which
so far works fine for our scientific requirements. In any case, there is a scope to reduce the
execution time by implementing a parallel computing framework. For instance, Python
has an in-built parallel computing module multiprocessing to allow us to write par-
allel codes by spawning processes on the user’s system. This could be potentially useful
when querying various multi-wavelength catalogues for counterparts. Therefore, the use of
parallel-computing modules can be implemented in the upcoming version of the pipeline.
This will be especially beneficial when we add more analysis modules to the pipeline, such
as employing the Probabilistic Association of Transients to Hosts (PATH) software pack-
age to estimate true host association probabilities for the identified host galaxy candidates
(Aggarwal et al., 2021).

As discussed in Section 2.4, multi-band photometry data are an important resource for
understanding the stellar population of the FRB host. Currently, the pipeline only queries
two infrared catalogues, but in the next version, we plan to include wide-sky survey cata-
logues, such as Galaxy Evolution Explorer (GALEX - UV; Gil de Paz et al., 2007), ROSAT
(X-ray; Boller et al., 2016), and other infrared catalogues, like UKIRT Infrared Deep Sky
Survey (UKIDSS; Lucas et al., 2008). Finally, to make counterpart searches more effi-
cient, we are exploring ways to directly query public astronomical data archives, such as
the Mikulski Archive for Space Telescopes (MAST; Brasseur and Donaldson, 2020) and
CasJob (OMullane et al., 2005).

89



3 Discussion and future developments

Figure 4.8: Schematic representation of the structure of the FRB-λ pipeline. The pipeline
follows a modular design, with the top directory (right) comprising, in addition to the main
script, three process-specific folders (‘Catalogue, ‘Analysis,’ and ‘Test function’). These
three folders include routines that are categorized according to the specific function they
perform. Note that the ‘Test function’ folder contains unit test scripts that allow users and
developers to spot errors faster. Finally, although the ‘DESI’ catalogue query routine is
not included in the current version of the pipeline, it can still be accessed by the user, if
required. In a future version, it will be fully incorporated into the pipeline. Finally, ’Main
function’ is the script that the user would run to execute the pipeline.
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4 Conclusion

In this chapter, we describe the FRB−λ pipeline, a Python-based fully automated pipeline
that identifies plausible host galaxy candidates of CHIME FRBs, particularly those with
low excess-DM. The pipeline first searches archival optical survey data to identify all galax-
ies within the FRB localization region and then searches for possible infrared counterparts
of the identified galaxies. It saves the identified galaxies’ flux catalogue, which includes
their coordinates, extinction-corrected flux magnitudes and flux densities, as well as their
spectroscopic or photometric redshifts. In addition, it estimates the maximum redshift of
the FRB and the chance association probability of discovering (1) a galaxy of a particular
apparent r-band magnitude and (2) a galaxy similar to the faintest FRB host discovered to
date in the comoving volume in the FRB localization region to the estimated maximum
FRB redshift. Lastly, it generates FRB localization plots utilizing Pan-STARRS g-, r-, and
z-band data, that also show the location of discovered galaxies. Since its inception, the
pipeline has consistently been used to identify plausible host candidates for CHIME FRBs.
We discuss four of them in Chapters 5, 6, 7, and 8.
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Chapter 5

A Nearby Repeating Fast Radio Burst in
the Direction of M81

1 Introduction

In this chapter we report the discovery of FRB 20200120E, a repeating FRB detected by
the CHIME/FRB collaboration (CHIME/FRB Collaboration et al., 2018). The FRB disper-
sion measure (DM) of 87.82 pc cm−3 is the smallest reported for an FRB thus far, yet is
significantly higher than the maximum expected from the Milky Way interstellar medium
in this direction (∼ 50 pc cm−3). We have detected three bursts and one candidate burst
from the source over the period 2020 January-November are described in Section 2. The
baseband voltage data for the event on 2020 January 20 enabled a sky localization of the
source to within ≃ 14 sq. arcmin (90% confidence). In Section 3, we present evidence
against the source being associated with the Milky Way or its halo, though the halo origin
cannot yet be rejected conclusively1. We then describe our search for a host and propose
that M81, a nearby early-type grand-design spiral galaxy at 3.63 ± 0.34 Mpc (Freedman
et al., 1994, Karachentsev et al., 2002), is the most likely FRB host. We further show the
FRB is unlikely to be beyond M81. In Section 4, we discuss the implications of this study
and conclude in Section 5.

1The source is now conclusively found to be associated with an M81 globular cluster that we identified
in Section 3.5 (Kirsten et al., 2021).
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Figure 5.1: Frequency versus time (“waterfall") plots of three dedispersed bursts detected
from FRB 20200120E. (a) The dedispersed waterfall plots of the three bursts made using
total-intensity data, with temporal and spectral resolutions of 0.983 ms, and 3.125 MHz,
respectively. See Table 5.1 for the burst properties. (b) The waterfall plots of two FRB
20200120E bursts, FRBs 20200120E and 20201129A, made using baseband data, which
here are binned to have temporal resolution 0.0256 and 0.16384 ms, respectively, and spec-
tral resolution 0.391 MHz. The horizontal white lines in the waterfall plots are flagged
channels that are either bad (due to radio frequency interference) or are missing due to
computer nodes in the CHIME system being offline. Lastly, the fourth possible burst did
not have intensity or baseband data recorded (see Section 2.1), and therefore, is not shown
here.

2.1 The repeating source FRB 20200120E

FRB 20200120E was discovered by CHIME/FRB on 2020 January 20 in the real-time
pipeline. Offline analysis of the burst total-intensity data using fitburst (CHIME/FRB
Collaboration et al., 2019a,b,c, Fonseca et al., 2020) measured a DM of 87.782 ± 0.003 pc cm−3

(see Tables 5.1 & 5.2). This event was also recorded by the CHIME/FRB baseband system.
Using the recorded baseband data and our offline baseband localization pipeline (Michilli
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et al., 2020), we have localized the FRB to a sky area of ≈ 14 arcmin2 (90% confidence
region; see Table 5.2). The baseband localization is consistent with that inferred from the
multi-beam intensity data detections, but is more precise as the full-array baseband data are
used to estimate the localization region.

We detected three bursts and one candidate burst from the FRB source. For the second
burst on 2020 July 18, the CHIME/FRB baseband system was undergoing maintenance, so
we saved only total-intensity data at the nominal CHIME/FRB search resolution. On 2020
November 29, we detected a third burst for which baseband data were recorded. Following
a procedure identical to that used for the January 20 burst, we estimate the 90% confidence
localization region of the burst as: R.A. = 09h57m42.s1± 18.s9 and Dec = 68◦48′57′′ ±
01′39′′. As the baseband localization region of the FRB from the 2020 January 20 burst is
completely inside the latter localization region, we used the baseband localization region
of the FRB in all our follow-up analyses. Later, while searching the CHIME/FRB event
database, we found a fourth burst detected on 2020 February 6, having SNR 10.6, above
the 10σ threshold that the CHIME/FRB pipeline uses to identify candidate FRB events (see
Chapter 3). All the header data metrics, which are discussed in CHIME/FRB Collaboration
et al. (2018), suggest that the source is astrophysical. However, due to an unidentified issue
in the FRB data recording system, the intensity data of the 2020 February 6 burst were not
saved. Therefore, we cannot confirm its astrophysical nature. Hence, we excluded it from
the analyses in this work. In Table 5.1, we report basic properties of this burst from the
header data.

Because the best-fit DMs and sky positions of the three bursts for which we have in-
tensity and/or baseband data saved to disk are consistent, we conclude that the FRB is a
repeater. Therefore, we adopt the Transient Name Server (TNS)2 FRB naming convention,
which gives the source the name of the first detected burst, FRB 20200120E. The TNS
names of the bursts on 2020 July 18 and 2020 November 29 are FRBs 20200718A and
20201129A, respectively. As the intensity data of the FRB detected on 2020 February 6
were not saved, we did not request a TNS name for the burst.

2https://wis-tns.weizmann.ac.il/
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Table 5.1: Properties of the bursts from FRB 20200120E.a

TNS Name Day MJD Arrival Timeb SNR DM Width Scattering Time Fluencec Peak Flux Densityc DMd
bb RM

(yymmdd) (UTC @ 400 MHz) (pc cm−3) (ms) (ms @ 600 MHz) (Jy ms) (Jy) (pc cm−3) (rad m−2)
20200120Ef 200120 58868 09:57:35.984(2) 22.9 87.782(3) 0.16(5) <0.23 2.25(12) 1.8(9) 87.789(9) -29.8(5)g

− 200206e 58885 08:50:45 10.6 88(1) − − − − − −
20200718A 200718 59048 22:12:31.882(1) 14.0 87.864(5) 0.24(6) <0.17 2.0(7) 1.1(5) − −
20201129Af 201129 59182 13:31:29.8583(6) 19.3 87.812(4) <0.1 0.22(3) 2.4(1.4) 1.7(1.2) 87.71(5) -26.8(3)g

a Uncertainties are reported at the 1σ confidence level (cl). Reported upper limits are those
of the 2σ cl.
b All burst times of arrival are topocentric.
c Fluence and peak flux density measurements represent lower bounds as we assumed that
the bursts were detected at the centre of their detection beams.
d Optimized DM for the burst detected in the baseband data.
e Single beam event with sky position consistent with the FRB baseband localization
stated in Table 5.2. However, the intensity data were not saved, so a TNS name has not
been assigned. The reported DM and timestamp of the FRB were from the header data of
the event.
fBurst parameters were estimated using the total-intensity data.
g Both RM measurements have an additional systematic uncertainty of 1.0 rad m−2.
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Table 5.2: Major Observables of FRB 20200120E.

Parameter Value

R.A.(J2000)a 09h57m56s.7± 34s.6
Dec. (J2000)a 68◦49′32′′ ± 01′24′′

l, b b 142.◦19, +41.◦22
DMc 87.818 ± 0.007 pc cm−3

DMd
MW,NE2001 40 pc cm−3

DMd
MW,YMW16 35 pc cm−3

DMe
MW,WIM 10−40 pc cm−3

DMf
MW,NH

14−28 pc cm−3

DMg
MW,halo 30 pc cm−3

Max. distanceh ≲ 135 Mpc
RMi −28.3± 0.6± 1.0 rad m−2

a FRB position determined from baseband data saved for FRB 20200120E using the tech-
nique described by Michilli et al. (2020). The quoted uncertainty is the 90% cl.
b Galactic longitude and latitude for the baseband localization central coordinates.
c Weighted average DM of the three observed bursts (excluding the 2020 February 6 burst;
see Table 5.1).
d Maximum DM model prediction along this line-of-sight for the NE2001 (Cordes and
Lazio, 2002) and YMW16 (Yao et al., 2017) Galactic electron density distribution models.
e DM contribution of the Milky Way assuming that the ISM in the FRB sight-line is domi-
nated by diffuse warm ionized medium (WIM); see Section 3.1.
f DM contribution of the Milky Way using the NH −DM relation from He et al. (2013);
see Section 3.1.
g Milky Way halo prediction from the Dolag et al. (2015) hydrodynamic simulation. The
Yamasaki and Totani (2020) model predicts a similar value ∼ 35 pc cm−3. Note that both
these values are smaller than the prediction from Prochaska et al. (2019), 50−80 pc cm−3.
h Maximum luminosity distance (90% confidence upper limit) estimated using the Mac-
quart relation (Macquart et al., 2020); see Section 3.2.
i Weighted average RM of the FRBs 20200120E and 20201129A.

2.2 Burst properties

Figure 5.1a shows dedispersed waterfall plots of the three named bursts, made using the
estimate of each burst’s DM, shown in Table 5.1, which is optimized to maximize the burst

96



2 Observations & analysis

SNR in the total-intensity data. We used the calibration methods described by CHIME/FRB
Collaboration et al. (2019c) and Fonseca et al. (2020) to determine fluences of the three
bursts (see Table 5.1), assuming the baseband localization position. Lastly, we employed
the same modelling procedures that are discussed by CHIME/FRB Collaboration et al.
(2019c) and Fonseca et al. (2020) for estimating widths, arrival times and scattering timescales
from the calibrated total-intensity dynamic spectra of the three TNS named bursts. In the
total-intensity data, the three named bursts show only one component, and therefore, we
fitted a single-component profile.

We also show dedispersed waterfall plots for the two bursts for which we have base-
band data saved to disk in Figure 5.1b. We separately optimized DMs of the bursts, FRBs
20200120E and 20201129A, by aligning sub-structure with the DM_phase3 module (Sey-
mour et al., 2019). We estimated best-fit DMs of 87.780±0.009 and 87.71±0.05 pc cm−3,
respectively. In the Figure we downsampled the data to have temporal and spectral reso-
lution of 0.0256 and 0.16384 ms and 0.391 MHz, respectively. The dynamic spectrum of
FRB 20200120E reveals downward drifting time-frequency sub-structures that are thus far
exclusively observed in the dynamic spectra of repeating FRBs (CHIME/FRB Collabora-
tion et al., 2019a,c, Day et al., 2020, Fonseca et al., 2020, Hessels et al., 2019). A detailed
burst analysis of the two bursts using the baseband data is beyond the scope of this work
and will be discussed in future work.

2.3 FRB rotation measure

Following a procedure similar to that outlined by Fonseca et al. (2020), a Faraday rotation
measure (RM) for FRB 20200120E and FRB 20201129A were measured after applying
RM-synthesis (Brentjens and de Bruyn, 2005, Burn, 1966) to the burst Stokes Q and U
data and detecting a peak in the Faraday dispersion function (FDF). This initial measure-
ment was refined by applying Stokes QU-fitting (O’Sullivan et al., 2012), modified to fit
simultaneously for parameters characterizing the astrophysical signal as well as those cor-
responding to known systematics. In particular, a delay between the X and Y polarizations,
arising from different path lengths through the electronics of the system (such as cable
delay), produces mixing between Stokes U-V parameters (Mckinven et al., in prep.). A

3https://github.com/danielemichilli/DM_phase
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3 Determining the distance and host of FRB 20200120E

best-fit model is determined by a nested sampling implementation of QU-fitting that in-
cludes an additional parameter, τ , characterizing the delay between the two polarizations.
Leakage corrected spectra are shown in Figure 5.2 along with model fits. Re-performing
RM-synthesis on the cable-delay-corrected spectrum results in the FDFs shown in the right
panel of Figure 5.2. We estimate the RM of FRB 20200120E and FRB 20201129A to
be −29.8± 0.5± 1.0 rad m−2 and −26.8± 0.3± 1.0 rad m−2. Quoted uncertainties cor-
respond to the formal measurement and estimated systematic uncertainties, respectively.
Ionospheric RM contributions have not been determined here but preliminary analysis in-
dicates contributions of ≈ +(0.2 − 0.4) radm−2 (Sotomayor-Beltran et al., 2013). The
difference between these two measured RM values therefore is unlikely to be significant.
Moreover, both the bursts have nearly 100% linear polarization fraction. The Galactic
foreground RM prediction in the FRB sight-line from Oppermann et al. (2012) model is
−11± 8 rad m−2. The low extragalactic RM and DM suggest that the FRB is unlikely to
be located in a dense ionized region like a compact H II region or star-forming complex
(Costa and Spangler, 2018, Haverkorn, 2015, Michilli et al., 2018, Mitra et al., 2003), or in
the Galactic centre region of a host galaxy (Krause, 2008, Moss and Shukurov, 1996).

3 Determining the distance and host of FRB 20200120E

3.1 Could FRB 20200120E be Galactic?

In this section, we discuss the possibility that FRB 20200120E is Galactic. The maximum
MW disk contribution to the DM along the FRB sight-line is 40 pc cm−3 from the NE2001
model (Cordes and Lazio, 2002), or 35 pc cm−3 from the YMW16 model (Yao et al., 2017).
The observed FRB DM is significantly larger than the DM predictions of either model
even after taking into account an 20% systematic uncertainty (Cordes and Lazio, 2002,
Yao et al., 2017). If the FRB is Galactic, an H II region could contribute to the DM-excess
of the FRB as discussed by Patel et al. (2018). We checked the Anderson et al. (2014)
HII region catalogue, which is claimed to be complete for Galactic H II regions other than
large diffuse and young hypercompact H II regions, and found none, unsurprising given
the high Galactic latitude of the source (b = +41.◦22; see Table 5.2). We also did not find
any CO emission within the FRB localization region in the Planck all-sky CO map (Planck
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Figure 5.2: Summary plots of the RM detection methods of QU-fitting and RM-synthesis
applied to the cable delay corrected spectra of FRB 20200120E (top row) and FRB
20201129A (bottom row). Left panel: Stokes Q, U normalized by the total linear polar-
ization (P =

√
Q2 +U2) and polarization angle, ψ, as a function of frequency with corre-

sponding model fits. Frequency channels with significant polarized signal are highlighted
through a greyscale that saturates at higher S/N. Right panel: The results of RM-synthesis
showing each event’s FDF constrained near the peak.

99



3 Determining the distance and host of FRB 20200120E

Collaboration et al., 2014) ruling out the presence of a young hypercompact H II region in
a dense CO clumps of a molecular cloud complex (Dame et al., 2001). Finally, we searched
the FRB uncertainy region in the Wisconsin Hα Mapper Northern Sky Survey (WHAM;
Haffner et al., 2003) for the presence of any extended and diffuse Hα excess clump but did
not find any. Therefore, it seems unlikely that an H II region is responsible for the observed
DM-excess.

We consider two additional, independent maximum Galactic DM estimates. Using the
observed Galactic hydrogen column density NH in the FRB sight-line from the HI 4π sur-
vey (HI4PI) (HI4PI Collaboration et al., 2016), we find NH = 5.8 × 1020 cm−2. Using an
empirically derived NH −DM relation from He et al. (2013), we calculated the Milky Way
contribution to the DM in the direction of the FRB to be ∼14−28 pc cm−3, significantly
smaller than the DM of the FRB. Note, however, that this NH–DM relation was estimated
using radio pulsars, which are generally located near to the Galactic plane.

We also independently estimated the Milky Way disk DM that, at high Galactic lati-
tudes, is dominated by the warm ionized medium (WIM) extending to a vertical distance
∼ 1−2 kpc above the Galactic plane (e.g., Hill et al., 2015). From the Planck all-sky free-
free emission map (Adam et al., 2016), we find a total emission measure (EM) in the FRB
sight-line of ≈ 7.8 pc cm−6. To estimate the WIM-dominated MW disk DM, we used a
range of free electron density (Ne) values of the WIM from the literature (Gaensler et al.,
2008, Ocker et al., 2020, Reynolds, 2004, Reynolds et al., 1995, Velusamy et al., 2012),
Ne ≈ 0.2− 0.9 cm−3, and computed DM = EM/Ne ∼ 10− 40 pc cm−3. Moreover, Hill
et al. (2007) estimated the mean dispersion measure, DMsin |b|, for high-EM sight-lines
(EM sin |b| > 2 pc cm−6) through the WIM to be 14.8±0.9 pc cm−3. At this FRB’s Galac-
tic latitude, this relation gives a mean Galactic DM of 22.5 ± 1.4 pc cm−3. From all these
estimates, it seems highly unlikely the source is within the Milky Way disk.

The DM contribution of the MW halo, DMMW,halo, which consists primarily of hot
ionized circumgalactic gas extending out to a Galactocentric radius of ∼ 200 kpc, is poorly
constrained (Keating and Pen, 2020). If we assume a halo DM contribution of 50−80 pc
cm−3 as proposed by Prochaska et al. (2019), the FRB could be within the MW halo.
However, two other MW halo DM models, those of Yamasaki and Totani (2020) and Dolag
et al. (2015), predict DMMW,halo ∼ 30 pc cm−3, which support an extragalactic origin for
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the FRB.

If the FRB is a MW halo object, the DM-excess of ∼ 50 pc cm−3 must be contributed
by the hot coronal gas in the MW halo. Using different tracers of the hot gaseous medium
(105 − 107 K; Tumlinson et al., 2017) that include emission and absorption lines of highly
ionized species in the UV and X-ray (Miller and Bregman, 2015) and constraints from the
diffuse soft X-ray background (Henley and Shelton, 2013), the electron density of the MW
halo is estimated to be ∼ 10−3 cm−3 close to the Milky Way disk (Bregman and Lloyd-
Davies, 2007) and ∼ 10−4 cm−3 at ∼ 50 kpc (Bregman et al., 2018), further reducing to
∼ 10−5 cm−3 near the virial radius of the Milky Way (Kaaret et al., 2020). Assuming a
gas filling factor of unity and electron density of the coronal gas, Ne ∼ 10−3−10−4 cm−3,
we estimate the distance to the FRB source to be ∼ 50–500 kpc. As the Milky Way virial
radius is ∼ 200 kpc (Dehnen et al., 2006), finding the FRB source at a distance > 200 kpc
implies that the source is extragalactic. Therefore, in further discussion, we use 50–200 kpc
as a plausible distance range for a halo object.

In this scenario, it is possible that the FRB source could be associated with either a
Milky Way satellite galaxy (Kaisina et al., 2019, Karachentsev and Kaisina, 2019) or glob-
ular cluster (Gaia Collaboration et al., 2018, Harris, 2010, Vasiliev, 2019), but no such
catalogued source exists within or near (within ∼ 10◦ radius circular sky area) to the FRB
localization region (Contenta et al., 2017, Simon, 2019).

If the source is in the MW halo, the observed bursts could correspond to super-giant
pulses (SGPs) from one of a young neutron star, millisecond pulsar, or rotating radio tran-
sient (RRAT). We now consider each of these possibilities in turn.

It is difficult to explain the existence of a young neutron star in the halo, given that these
objects are expected to form only near the Galactic Plane. The fastest known runaway OB
stars and young pulsars both have space velocities ∼ 1000 km s−1 (Brown, 2015, Chatterjee
et al., 2005, Du et al., 2018), which would require ∼ 108 yr to traverse 50− 200 kpc. This
is significantly longer than the typical lifetime of an OB star (tens of Myrs; Crowther,
2012) and inconsistent with the expectation of a young neutron star. On the other hand,
it has been suggested (e.g. Giacomazzo and Perna, 2013) that young neutron stars can be
formed by compact object mergers, which could occur in the halo. However, this formation
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mechanism has not been confirmed as actually occurring in nature.

Few millisecond pulsars (MSPs) are also known to emit SGPs (Johnston and Romani,
2004). In principle, an isolated MSP can exist at a distance of ∼ 50 kpc. However, Galactic
isolated MSPs that are known to produce SGPs are rare; only two (PSRs B1937+21 and
B1821–24: Cognard et al., 1996, Romani and Johnston, 2001) such sources have been seen
to do so out of a sample of ∼ 450 known MSPs (Manchester et al., 2005). Moreover,
assuming a SGP duration of ∼ µs, the maximum isotropic energy observed from the
brightest SGPs of PSR B1937+21 is ∼ 1020 erg (McKee et al., 2019). The isotropic burst
energy of the FRB source, if located at a distance of ∼ 50 kpc, would be ∼ 1022 erg,
100 times brighter than the brightest giant pulses observed from PSR B1937+21. Similar
analysis using PSR B1821–24 SGPs would give an even larger energy difference (Johnson
et al., 2013). Note that the energy difference would further increase if we assume the FRB
source distance > 50 kpc.

Alternatively, the FRB source could potentially be explained as Crab-like SGPs from a
∼ 108 year old rotating radio transient (RRAT) in the halo. However, it is unclear if an old
RRAT can produce such pulses. For instance, the RRAT with the largest isotropic energy
estimated using the distance and mean flux density values from the RRAT catalogue4 is
RRAT J1819−1458 with an energy of ∼ 1020 erg. This is again two orders of magnitude
below the energy needed to power FRB 20200120E at a distance of 50 kpc.

Finally, FRB 20200120E shows complex spectral and temporal downward-drifting sub-
structures (see Figure 5.1b), which have previously been established as a characteristic
spectro-temporal feature of repeating FRBs (CHIME/FRB Collaboration et al., 2019c, Day
et al., 2020, Fonseca et al., 2020, Hessels et al., 2019). Such structures are not known to
be seen in pulsar or RRAT spectra, although some Crab SGPs have shown similar complex
structure (Hankins and Eilek, 2007).

Overall, if FRB 20200120E is a MW halo object, we conclude that it would be the most
distant Galactic neutron star yet discovered and would also need to be unusually energetic
compared to known objects.

4http://astro.phys.wvu.edu/rratalog/ (visited on 19/12/2020)
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Figure 5.3: The Digital Sky Survey (DSS) RGB image of the region around M81. The
red ellipse represents the 90% confidence localization region of FRB 20200120E. Source
1 is the catalogued M81 H II region, [PWK2012] 31 (Patterson et al., 2012), Source
2 is an X-ray source, [SPZ2011] 8 (Sell et al., 2011), Source 3 is an M81 globular
cluster, [PR95] 30244, and Source 4 is the VLASS point radio source, VLASS1QLCIR
J095756.10+684833.3 (Gordon et al., 2020). All the sources are found in the outer disk
of M81. The inset image is the 21-cm line view of the M81 circumgalactic medium
(Chynoweth et al., 2008); the dashed magenta box is the DSS image field-of-view.
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3.2 Host galaxy search

In light of the challenges faced when associating FRB 20200120E with an object in the
MW halo, we next consider whether it could be associated with an external galaxy. If we
assume DMhalo = 30 pc cm−3 as predicted by the Dolag et al. (2015) and Yamasaki and
Totani (2020) models, the extragalactic DM of the FRB, DMEG, is 18 and 23 pc cm−3

for the NE2001 and YMY16 Milky Way DM models, respectively (see Table 5.2). For a
negligible host DM contribution, we estimate the maximum redshift of the FRB to be zmax

≈ 0.03 (90% confidence upper limit), or maximum luminosity distance of 135 Mpc, using
the Macquart DM−z relation (Macquart et al., 2020). Therefore, if the FRB is extragalactic,
we expect a nearby host galaxy within its location error region.

One possibility is that there is a faint dwarf galaxy, like that of FRB 121102, in the
localization region of FRB 20200120E. An FRB 121102-like star-forming dwarf galaxy
(Mr = −17 AB mag; Tendulkar et al., 2017), if located at zmax, would have r-band mag-
nitude ≈ 19 AB mag. Within the FRB 90% confidence localization region, shown as a
red ellipse in Figure 5.3, we identify one galaxy in the Dark Energy Spectroscopic Instru-
ment (DESI) Legacy Imaging Survey photometric catalogue (Dey et al., 2019), 2MASX
J09575586+6848551 with r-band magnitude = 15.35 AB mag. However, it is known to
be at z = 0.19395(2) which is significantly further away than zmax (Huchra et al., 2012).
Therefore, any dwarf host galaxy within the 90% confidence region must be fainter than
the FRB 121102 host.

More interestingly, we find the FRB sight-line has a sky-offset from the M81 center, a
nearby grand-design spiral galaxy, of 19.′6. At the 3.6 Mpc distance of M81 (Karachentsev
et al., 2002), this sky offset corresponds to a projected distance of 20+3

−2 kpc5 from the
centre of M81, well within the extended HI disk (see Figure 5.3) and thick disk of M81
(≈ 25 kpc; Tikhonov et al., 2005). The FRB localization region is in the location where
tidal interaction among M81 group members has resulted in the formation of star forming
clumps. Observations in the visible band give only marginal sign of these sources, but
they are extensively studied in the radio and X-ray bands. These sources are discussed
in Section 3.5. Moreover, between the M81 group and Milky Way, we did not find any

590% c.l
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3 Determining the distance and host of FRB 20200120E

catalogued field or Milky Way halo satellite galaxy. All these observations make M81 a
plausible host galaxy for FRB 20200120E.

3.3 Can the proximity to M81 be by chance?

We now estimate the chance coincidence probability (Pcc) of finding an M81-like bright
galaxy close to the FRB localization region. We define Pcc = AGal/ACHIME, where AGal

is the total angular sky area spanned by M81-like or brighter galaxies that are visible to
CHIME, and ACHIME is the total sky area visible to CHIME (sky area above Dec ≳ −10◦;
≈ 61% of the total sky area). To be conservative, we remove the Milky Way sightlines
where the DM-excess of FRB 20200120E is less than the ∼ 10% systematic error on the
maximum of the two different Milky Way DM model predictions (Cordes and Lazio, 2002,
Yao et al., 2017), which we define as DMex. This DM-excess constraint (hereafter C1)
removes 10% of the total sky visible to CHIME (mostly consisting of the Galactic plane),
and we estimate ACHIME = 20600 deg2. Note that the CHIME sensitivity changes with
declination, but this effect is likely insignificant in our case as all the nearby bright galaxies
are within 30◦ of the zenith in the CHIME primary beam. Next, we use the catalogue of
the local volume galaxies6, which is complete for M81-like bright galaxies, and find three
galaxies other than M81 that have extinction corrected B-band magnitudes, mB ≤ 7.5, mB

of M817: M31 (Andromeda, mB = 3.7 at 770 kpc), M33 (Triangulum, mB = 6.1 at 930
kpc), and IC 342 (mB = 7.2 at 3.28 Mpc). To estimate the total sky area of these galaxies,
we use a circular region with an angular radius equivalent to a 20 kpc projected offset (of
FRB 20200120E from M81) at their respective distances, which are ≈ 1.◦49, 1.◦23, 0.◦35,
and 0.◦31 for M31, M33, IC 342, and M81, respectively. Using these values we estimate
AGal ≈ 12.4 deg2, and hence, Pcc = 6× 10−4.

6https://www.sao.ru/lv/lvgdb/introduction.php (visited on 19/12/2020)
7Though we have used B band magnitudes that are provided by the catalogue, the results would not

change if we use other optical band magnitudes.
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Figure 5.4: The chance coincidence probability of finding an M81-like galaxy as a function
of the DM-excess (DMex) of FRBs in the first CHIME/FRB catalogue (The CHIME/FRB
Collaboration et al., 2021) that satisfy the DM-excess constraint, C1, as discussed in Sec-
tion 3.3. This takes into account the look-elsewhere effect by incorporating the number
of FRBs in the CHIME/FRB catalogue with DM-excess ≤ DMex as a trial factor. FRB
20200120E has the lowest DMex, which gives Pcc = 6 × 10−4. At the DM of FRB
20200120E = 87.82 pc cm−3, Pcc = 0.7%, which we consider as our conservative Pcc es-
timate. Moreover, the results would not change if we use minimum of the two different
Milky Way DM model predictions (Cordes and Lazio, 2002, Yao et al., 2017) to estimate
DMex (instead of the maximum predicted values used in the DM-excess constraint C1).
Lastly, we also showed the chance coincidence probability when only Catalogue-1 FRBs
with saved baseband data are used in correcting for the multiple testing problem.

As the presence of M81 is inferred post-hoc, it is essential to correct the chance coin-
cidence probability for the problem of multiple testing (also known as the look-elsewhere
effect), that tends to increase the false-positive rate of a discovery (Type I error; Maxwell
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et al., 2017). To account for this, we use the Bonferroni correction procedure (Armstrong,
2014, Bender and Lange, 2001). We consider all FRBs in the first CHIME/FRB catalogue
(The CHIME/FRB Collaboration et al., 2021) that satisfy the excess-DM constraint C1.
The Bonferroni correction inflates the Pcc to 1− (1−6×10−4)NFRB,DMex , where NFRB,DMex

is the number of FRBs in the CHIME/FRB catalogue with the DM-excess ≤ DMex. Figure
5.4 shows the Pcc as a function of DMex. As FRB 20200120E has the lowest DMex in our
sample, NFRB,47.8 = 1, and therefore, Pcc = 6 ×10−4. To be conservative, we also count the
number of CHIME FRBs with DM-excess ≤ 87.82 pc cm−3, the DM of FRB 20200120E,
and estimate NFRB,87.82 = 11. This gives a value of Pcc = 0.007.

There are several factors that make our Pcc estimate conservative. First, the Bonferroni
correction becomes overly conservative as the number of events increase, and hence, un-
dermines the significance of an unlikely observation (Nakagawa, 2004, Perneger, 1998).
Second, we search prospective hosts for only those FRBs that have saved baseband data,
which constitute a small fraction of the first CHIME/FRB catalogue FRBs. Therefore, it
could be argued that we should have used only them when accounting for the multiple
testing problem (Maxwell et al., 2017, Streiner and Norman, 2011). We also considered
other nearby galaxies, except M81 satellite galaxies which are discussed in Section 3.5,
that have projected angular offset less than or equal to that of M81 (19.’6) from the FRB,
and for none is Pcc < 10%, even before correcting for the multiple testing problem. How-
ever, note that the formalism of chance coincidence probability favours brighter galaxies
over the fainter ones. If FRBs preferentially originate in a specific galaxy type, then the Pcc

is not a good proxy of true a host association probability. We need more host associations
to test the latter possibility.

Bayesian hypothesis testing is another method proposed to avoid the problem of multi-
ple testing (Gelman et al., 2012, Scott and Berger, 2006). However, its success in avoiding
the problem of multiple testing strongly depends on the choice of priors (de Heide and
Grünwald, 2020, Rouder, 2014). With better knowledge of the nature of FRB hosts, it will
eventually be possible to use a Bayesian framework to estimate true host association prob-
abilities.
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3.4 Could FRB 20200120E lie beyond M81?
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Figure 5.5: M81 DMhalo as a function of impact parameter of the FRB assuming M81 is
a foreground galaxy. We used two modified versions of the Navarro–Frenk–White (NFW)
halo profile discussed by Prochaska et al. (2019): MB04 (α = 2, y0 = 4) and MP17 (α =
2, y0 = 2); see Section 3.4 for detailed description. The DM profiles are plotted for two
M81 halo baryon fractions: (1) fb,halo = 0.75 (dash lines), a fiducial value that presumes
that the halo has retained the mean cosmic baryons and that 25% of these baryons are
in the galaxy as stars, collapsed objects, and interstellar medium (ISM; Fukugita et al.,
1998);(2) fb,halo = 0.4 (solid lines), the minimum value that Hafen et al. (2019) found in
the FIRE simulation for a halo of mass ∼ 1012 M⊙. The region between the vertical dotted
lines represents the range of the FRB projected distance from the centre of M81 given the
uncertainties in the FRB 90% confidence localization region.

Here we discuss the possibility of the FRB source being located beyond M81. In such a
scenario, the CGM of M81 and its neighbouring galaxies will also contribute to the FRB
DM.

108



3 Determining the distance and host of FRB 20200120E

M81 is a part of the nearby “M81 group,” which contains prominent galaxies like M82,
NGC 2403, NGC 4236, and several dwarfs (Karachentsev et al., 2002). Some of its mem-
bers are in the process of merging, which makes the M81 group CGM rich in metals and
gas (Al Najm et al., 2016). We estimate the DM contribution of the M81 halo assuming
that the true host lies beyond M81.

The FRB 20200120E sight-line passes through the M81 halo with a very small impact
parameter (∼ 20 kpc), which is much less than the M81 virial radius of ∼ 210 kpc
(Oehm et al., 2017). Therefore, we expect the M81 halo to contribute considerably to the
FRB DM if the FRB is located beyond M81. To quantify this effect, we assume a density
profile and several major M81 halo parameters, such as halo mass and virial radius. We first
consider two halo gas profiles, proposed by Maller and Bullock (2004) (hereafter MB04)
and Mathews and Prochaska (2017) (hereafter MP17)8. Both profiles are modified versions
of the Navarro-Frenk-White (NFW) density profile (Merritt et al., 2005). For both profiles,
we assume the following parametric form (Prochaska et al., 2019):

ρ =
ρ0

( r
Rs
)1−α(y0 +

r
Rs
)2+α

. (5.1)

Here for the MB04 profile, we adopt α = 2, y0 = 4, and for the MP17 profile, α = 2,
y0 = 2. In Equation (5.1), ρ0 is the central halo density, and Rs = R200/c, where R200 is
the scale radius that encloses a density of 200 times the critical density of the Universe,
ρcrit = 3H2/8πG, and c is the concentration parameter defined as the ratio between the
virial and scale radius of a halo. The values of these parameters for the M81 halo are
c = 10.29, R200 = 210 kpc, and ρ0 = 7.21 × 10−3 M⊙ pc−3, taken from Oehm et al.
(2017). As suggested by Prochaska et al. (2019), we terminate the density profile at the
M81 virial radius. Additionally, we need to assume a value for the fraction of baryons that
is retained inside the virial radius of the M81 halo, fb,halo. For this, we consider two values:
(1) fb,halo = 0.75 that assumes ≈ 25% of the baryons exist in the galaxy as the interstellar
medium (ISM), stars, and compact remnants (Fukugita et al., 1998), and (2) fb,halo = 0.40
which is a lower limit that Hafen et al. (2019) found for ∼ 1012M⊙ mass halos in the
Feedback in Realistic Environment (FIRE) simulation. The FIRE simulation is well suited

8The Dolag et al. (2015) and Yamasaki and Totani (2020) models are tailored to the Milky Way, and
therefore, cannot be used here.
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to study the CGM of simulated galaxies with high resolution and also takes into account
the effect of gas inflow and outflow along with other factors that play important roles in the
evolution of galaxies (Hopkins et al., 2014, 2018). To convert the dark matter density to
that of baryons, ρb, we use the cosmic baryon fraction = Ωb/Ωm = 0.158 (Ade et al., 2016).
Finally, we estimate the free-electron density using the relation: ne = fe(ρb/mp)

9, where fe
is the number ratio between free electrons and baryons in the halo (≈ 7/8; Tumlinson et al.,
2017), and mp is the proton mass. Using these parameters, we estimate the M81 DMhalo

using the following equation:

DMhalo = 2

∫ √
r2max−R2

⊥

0

nedl. (5.2)

In Equation (5.2), rmax is the maximum radius of integration through the M81 halo (R200

in our analysis) and R⊥ is the FRB impact parameter.

Apart from the modified NFW-halo density profiles, we also consider the entropy-floor
singular isothermal sphere model of Pen (1999). The model invokes two phases of halo gas
where in the inner region the gas is heated to constant entropy, and at radius (r) ≥ core
radius (rc), the gas traces the halo mass isothermally. The gas density profile is defined as :

ρ(r) =
( fgv2circ
4πG

){
1
r2
&if r > rc,

1
r2c
(1 + 12

25
ln( rc

r
))1.5&if r ≤ rc

(5.3)

Here fg = 0.06h−1.5 and vcirc = (10GH0Mh)
1/3 ≈ 154 km s−1 are the gas fraction and cir-

cular velocity of the M81 halo of mass Mh = 1.3×1012 M⊙ (Oehm et al., 2017) taken from
Pen (1999) and Mo et al. (1998), respectively. We use two values of rc in our analysis as
suggested by Keating and Pen (2020): rc = R200 and rc = 0.86 R200. To estimate the M81
halo DM, we use the procedure as discussed above.

Figure 5.5 shows our estimates of the M81 DMhalo as a function of R⊥. At the FRB
R⊥ ∼ 20 kpc, the minimum DM halo value (estimated using the MB04 profile and fb,halo

9We presume a flat ΛCDM (Planck Collaboration et al., 2016) model with the matter density,
Ωm = 0.308, baryonic matter density, Ωb = 0.0486, dark energy density, ΩΛ = 0.691, and Hubble
constant, H0 = 100 h km s−1Mpc−1 with h = 0.6774.
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= 0.4) is larger than the FRB DM-excess of 18−23 pc cm−3, see Table 5.2). This argues
against the FRB being beyond or even on the far side of the halo. To check if our most
constraining M81 DMhalo estimate is conservative, we estimated the Milky Way DMhalo

using the MB04 profile, fb,halo = 0.4, and other Milky Way halo parameters from Prochaska
and Zheng (2019), and found DMhalo ≈ 13 pc cm−3. This is smaller than the Dolag et al.
(2015) and Yamasaki and Totani (2020) predictions in the FRB sight-line, ∼ 30 pc cm−3.
This demonstrates that our choice of halo density model does not bias the M81 DMhalo

analysis.

Note that in our analysis, we consider only the M81 halo contribution. However, other
members of the M81 group would also contribute to the FRB DM. For instance, we can
calculate DMhalo of the M81 group by only considering the two nearest massive M81 group
members other than M81, NGC 3077 (R⊥ ∼ 36 kpc) and M82 (R⊥ ∼ 59 kpc), with their
respective halo parameters from Oehm et al. (2017). The total DMhalo of the M81 group
we estimate using the MB04 density profile with fb = 0.4, the most conservative case in our
analysis, is ≈ 75 pc cm−3 > DMEG = 53−48 pc cm−3 (for a negligible Milky Way halo
contribution). This further strengthens the conclusion that the FRB is unlikely to be beyond
the M81 group. Should the FRB source turn out to be behind M81, it would suggest that
the M81 group has lost most of its halo baryons.

As shown in Figure 5.3, the FRB localization region contains a significant amount of
HI gas. Tikhonov et al. (2005) argued that the M81 thick disk extends to a galactocentric
radius of 25 kpc, in which case the observed HI flux should be considered as a part of
the M81 interstellar medium and hence, should make an additional DM contribution. In
order to estimate the contribution of the HI disk (DMHI), we use the NH−DM relation from
He et al. (2013). As discussed in Section 3.1, this relation is derived using nearby Milky
Way radio pulsars, and so it is unclear whether it is valid for the M81 HI disk. Noting
the similarity between the Milky Way and M81 projected HI distribution (Westpfahl et al.,
1999), we use this relation for a rough estimate of DMHi. In the Very Large Array (VLA)
image of the M81 group created by de Blok et al. (2018), the mean integrated HI flux
intensity within the 90% localization region is 0.21 Jy beam−1 × km s−1. The VLA D-
configuration beam is modelled as an ellipse with major (θa) and minor (θb) axes 38.′′01

and 30.′′91, respectively, and position angle = 75◦.5 that we get from the header data of the
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21-cm map fits file made by de Blok et al. (2018)10. Assuming the HI gas to be optically
thin, we estimate the integrated hydrogen column density, NH ≈ 2× 1020 cm2.

Using this NH value in the NH−DM relation, we estimate DMHI ∼ 5− 10 pc cm−3,
over and above the contribution from the halo, further diminishing the probability that the
FRB lies beyond the M81 group.

We conclude that FRB 20200120E is unlikely to lie beyond the M81 group. Therefore,
if the FRB is an extragalactic source, its host is most likely located in the M81 group.

3.5 Interesting M81 group sources

In Section 3.4, we have shown that the FRB source is unlikely to be located beyond M81.
Moreover, if we consider the MP17 halo density profile, the FRB is most likely to be
located at the near side or in front of the M81 halo. However, with the MB04 and P99 halo
density profiles, it is possible for the FRB to be present in the M81 extended HI disk. In
any case, we searched for any catalogued M81 group satellite galaxy and did not find any
within the FRB localization region. Within the M81 halo of sky-radius ∼ 3.◦3 (projected
angular offset corresponding to the M81 virial radius, 210 kpc; Oehm et al., 2017), we
found 42 dwarf satellite galaxies from the literature (Boerngen and Karachentseva, 1982,
Boyce et al., 2001, Caldwell et al., 1998, Chiboucas et al., 2009, Froebrich and Meusinger,
2000, Karachentsev and Karachentseva, 2004, Karachentseva, 1968, Karachentseva et al.,
1985, Okamoto et al., 2019, Smercina et al., 2017, Van den Bergh, 1966). We found a
young dwarf irregular galaxy, Holmberg IX, and a dwarf spheroidal galaxy, KDG 64, at
offsets of 13’.9 and 14’.3, respectively, from the centre of the FRB localization region.
Note that the two galaxies have the offset greater than the 10 times their half light radius.
However, using the M81 satellite number density, ρg ≈ 1.2 deg−2, and assuming a Poisson
distribution within the M81 halo as found in the semi-analytic and N-body gas dynamics
studies by Kravtsov et al. (2004), the chance coincidence probability (Pcc) of finding these
two galaxies near the FRB localization region can be estimated using the relation from
Bloom et al. (2002), Pcc = 1 - e−ρgA, where A is the circular sky region of radius equals to
the angular offset of the galaxies. We find Pcc > 10% for the galaxies.

10The image data can be directly downloaded from https://www.astron.nl/~blok/
M81data/.
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Within or close to the FRB localization region, we found an M81 globular cluster,
[PR95] 30244 (Source 3 in Figure 5.3; Nantais and Huchra, 2010). Though unremarkable,
its presence in the FRB localization region is still noteworthy as globular clusters in the
Milky Way are known to host several exotic systems, like millisecond pulsars, blue strag-
glers and low-mass X-ray binaries (LMXBs) (Brodie and Strader, 2006). Moreover, as
shown in Figure 5.3, we found an H II region, [PWK2012] 31 (Source 1), and an X-ray
source, [SPZ2011] 8 (Source 2), within the FRB localization region. The presence of an
HII region confirms that in situ star formation is actively taking place within the extended
HI M81 disk. Additionally, Mouhcine and Ibata (2009) found a number of young stellar
systems with ages of only a few tens of Myr in the M81 extended HI disk, which were
formed during the tidal interaction of M81 with surrounding companion galaxies, most
prominently NGC 3077 and M82. Therefore, it seems possible that a young neutron star
– a possible FRB counterpart – associated with M81 is present within the FRB localiza-
tion region. Lastly, Sell et al. (2011) estimated the counts in different X-ray sub-bands in
the range 0.5−8 KeV. Using the X-ray colour-based source classification first proposed by
Prestwich et al. (2003), if the X-ray source [SPZ2011] 8 is indeed an M81 source, we find
that it can be either a high mass X-ray binary (HMXB), LMXB, or thermal supernova rem-
nant. A future more precise FRB localization will tell us if the FRB is actually associated
with any of these M81 sources.

3.6 Search for a persistent radio source

11

We also searched for a persistent radio source, like the one seen coincident with FRB
121102 by Chatterjee et al. (2017), within the 90% confidence localization region of the
FRB. We searched archival data of the following surveys: the NRAO VLA Sky Survey
(NVSS; Condon et al., 1998), the VLA Sky Survey (VLASS; Lacy et al., 2016), the Wester-
bork Northern Sky Survey (WENSS; Rengelink et al., 1997), and the Tata Institute of Fun-
damental Research Giant Metrewave Radio Telescope Sky Survey (TGSS; Intema et al.,
2017). From the search, we identified only one point source in the VLASS image (2−4

11As the FRB source is now localized to the M81 globular cluster (Kirsten et al., 2021), [PR95] 30244
(see Section 3.5), we now know that the identified persistent radio source is not associated with the FRB.
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GHz frequency band) above the 5σ noise threshold (≈ 0.6 mJy beam−1). In the Canadian
Initiative for Radio Astronomy Data Analysis VLASS Epoch 1 Quick Look (CIRADA
VLASS QL) Catalog (Gordon et al., 2020), this source is catalogued as VLASS1QLCIR
J095756.10+684833.3 with R.A = 09h57m56s and Dec.= +68d48m33s (Source 4 in Figure
5.3). The estimated integrated and peak flux density of the source are 1.27 ± 0.19 mJy and
1.35 ± 0.11 mJy beam−1, respectively. Using the 5-σ upper-limit from the NVSS image
(1.4 GHz) of the FRB field-of-view of 2.15 mJy beam−1 and assuming a power-law depen-
dence of the source flux density i.e., Sν ∝ Sα, we estimated a lower limit α > −0.61. Note
that the VLASS calibrated images are known to have a systematic that underestimates the
flux density of identified sources by ∼ 10% (Gordon et al., 2020). Incorporating this in
our spectral index estimate would increase the derived lower limit. Active galactic nuclei
(AGN) are known to show variable light curves at all frequencies. Given a ≈ 20-yr gap
between the NVSS and VLASS observations, the derived spectral index upper limit is not
constraining if the radio source turns out to be a background AGN.

We then compared the VLASS source with the one that was found spatially associated
with FRB 121102 (Chatterjee et al., 2017). At 3.6 Mpc, the isotropic luminosity of the
radio source at 3 GHz, ∼ 1035 erg s−1, would be ∼ 104 times smaller than that of the
FRB 121102 radio source. The isotropic luminosity would be ∼ 108−107 times smaller if
the radio source is at distance 50−200 kpc. We can rule out a canonical stellar-mass X-ray
binary, as such a source always has radio luminosity smaller than 1033 erg s−1 at ∼ 1 GHz
even when flaring (Gallo et al., 2018, Reines et al., 2020). A pulsar wind nebula (PWN) can
give rise to a flat spectrum radio source (α > −0.4; Reynolds et al., 2017, Slane, 2017).
We searched for a possible optical counterpart of the radio source in the CFHT/MegaCAM
image from Chiboucas et al. (2009) and found none. The 5-σ of r-band limit = 25.65 AB
mag corresponds to an r-band flux of 1.5× 1036 erg s−1 at 3.6 Mpc. If the radio source is a
Crab-like PWN with radio-to-optical luminosity ratio ≤ 10−3 (Volpi et al., 2008), it should
have been detected in the CFHT/MegaCAM r-band image. Moreover, Sell et al. (2011)
observed M81, including the FRB field-of-view, using the Chandra X-ray Observatory and
identified 276 X-ray point sources with sensitivity ∼ 1037 erg s−1. However, there is no
X-ray point source spatially coincident with the radio source. If the radio source is an M81
supernova remnant or PWN, its X-ray/radio flux ratio is likely< 10−2; otherwise, it is most
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likely a background AGN. Note that these constraints are also valid if the FRB source is
located at 50−200 kpc. The persistent radio emission from X-ray binaries are orders of
magnitude lower than their X-ray luminosities (Koljonen and Russell, 2019), therefore, a
Galactic X-ray binary as the counterpart of the persistent radio source is also disfavoured
from the constraints discussed above. Future follow-up observations of the persistent radio
source and a milliarcsecond localization of the FRB may one day tell us if the radio source
is associated with the FRB.

4 Discussion

We have shown that the sky location of the low-DM repeating FRB 20200120E appears
superimposed on the extended HI and thick disks of the nearby spiral galaxy M81. More-
over, the low DM-excess of the FRB suggests that the FRB source is unlikely to be located
beyond M81 group (∼4 Mpc). We searched for galaxies closer than those associated with
the M81 group within or near to the FRB localization region in the catalogue of the local
volume galaxies (Karachentsev et al., 2013) and found none. Additionally, the coincidence
probability of finding an M81-like galaxy close to the FRB localization region is small
(< 1%). Therefore, if extragalactic, the FRB is most likely associated with M81 which
would make it by far the closest extragalactic FRB yet known. Lastly, given the observa-
tional constraints, we cannot reject the Galactic origin of the FRB.

4.1 Constraints on the Milky Way halo DM contribution

Under the assumption that FRB 20200120E is extragalactic, it can be used to set an upper
limit on the MW halo DM contribution in this direction. If we consider the lowest of the
two MW DM model estimates, DMMW,YMW16 = 35 pc cm−3 and conservatively assume
negligible IGM and host DM contribution, then DMMW,halo < 53 pc cm−3. This would
be inconsistent with most of the DMMW,halo phase space proposed by Prochaska et al.
(2019), i.e., DMhalo = 50−80 pc cm−3. On the other hand, both the Dolag et al. (2015) and
Yamasaki and Totani (2020) models predict DMhalo ∼ 30 pc cm−3, lower than our upper
limits. The halo may be clumpy (Kaaret et al., 2020, Keating and Pen, 2020), so it may still
be possible to have significant variations in DMhalo along different sight-lines. More such
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low-DM FRB localizations will help in constraining the structure and composition of the
MW haGalo.

4.2 Comparison with SGR 1935+2154 radio bursts

Table 5.1 provides the peak flux density of FRB 20200120E bursts. At a distance of 3.6
Mpc, the isotropic radio luminosity of the bursts would be ∼ 1037 erg s−1 similar to those
of the very bright SGR 1935+2154 radio bursts recently detected by CHIME/FRB and
STARE2 (Bochenek et al., 2020, CHIME/FRB Collaboration et al., 2020a). In 2 yrs of
CHIME/FRB observations, we have seen at least three bursts from the FRB 20200120E
source. There are other low-DM FRBs within the CHIME/FRB sample that are presently
under consideration. Careful study of the host galaxy candidates in their error regions
(which are presently mostly larger than for FRB 20200120E) must be done to assert them
as extragalactic, given the ever-present possibility of them being in the distant MW or MW
halo. This work is underway and may be able to constrain the local volumetric FRB rate to
compare with that inferred from SGR 1935+2154.

The proximity of FRB 20200120E makes it an attractive target for X-ray and gamma-
ray telescopes. For a fiducial current high-energy telescope fluence detection sensitiv-
ity threshold of 10−10 erg cm−2, high-energy bursts from nearby sources with energies
> 1041 erg s−1 should be detectable, and are sometimes seen from Galactic magnetars
in outburst (see Kaspi and Beloborodov, 2017, for a review). Moreover, giant magnetar
flares with total isotropic luminosity ∼ 1046 erg, like that from SGR 1806−20 (Palmer
et al., 2005), should be easily detectable by the Swift/Burst Alert Telescope (BAT) and
Fermi/GBM which have flux sensitivity of ∼ 10−7 erg cm−2 s−1 in the 15-150 keV band
(A. Tohuvavohu, private communication) and ∼ 10−7 erg cm−2 s−1 in 50–300 keV band
(von Kienlin et al., 2020), respectively. Unfortunately, Fermi/GBM was either not oper-
ational (transiting through the South Atlantic Anomaly region) or the FRB location was
occulted by the Earth at all but one burst epoch. At the time of the 2020 February 6 burst,
the FRB was visible to Fermi/GBM but no trigger was reported by the Fermi collaboration.
Additionally, the Swift/BAT field-of-view (FOV) did not cover the FRB sky-position at
the time of FRBs 20200120E and 20201129A. However, the FRB location was within the
Swift/BAT FOV at the time of FRB 20200718A, and no coincident X-ray burst was reported
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by the Swift collaboration. Therefore, if the FRB source is at 3.6 Mpc, it seems unlikely that
FRB 20200718A and the 2020 February 6 event were associated with SGR 1806−20-like
giant flares.

4.3 Comparison with other repeating FRB hosts

Table 5.3: Notable properties of M81, the most promising host of FRB 20200120E.

Property Value Reference

SFR (M⊙ yr−1) 0.4−0.8 Gordon et al. (2004)
Metallicitya [Z] (dex) 0.03 Kong et al. (2000)
Stellar mass (M⊙) (7.2 ±1.7)× 1010 de Blok et al. (2008)
Effective radius (Reff ; kpc) 3.5 Sheth et al. (2010)
(u-r)0 b (mag) 2.773(4) Abazajian et al. (2009)
E(V-B)c 0.26 Kudritzki et al. (2012)
Absolute r-band mag. (AB) −19.78 –
Inclination angle (◦) 62 Karachentsev et al. (2013)
Luminosity distance (Mpc) 3.63 ± 0.34 Karachentsev et al. (2013)
Projected FRB offset from galaxy centre (kpc)d 20+3

−2 This work

a Average metallicity relative to the Sun i.e., log(Z/Z⊙). However, at the FRB location, the
metallicity is found to be sub-solar, i.e., [Z] < 0 (Williams et al., 2009).
b Milky Way extinction is corrected using the reddening map by Schlegel et al. (1998).
c Average value of the colour excess; at the FRB location, it is likely to be < 0.1 (Kudritzki
et al., 2012).
d 90% confidence interval.

In contrast with the late-type galaxy hosts of the only three other localized repeating FRBs,
FRBs 121102, 180916 and 190711 (Macquart et al., 2020, Marcote et al., 2020, Tendulkar
et al., 2017), M81 is an early-type spiral galaxy of morphology SA(s)ab (Bosma, 1981).
Table 5.3 lists its main physical properties. M81 also contains a low-luminosity AGN
(Markoff et al., 2008), and is classified as a LINER Seyfert (Ho et al., 1996). Heintz et al.
(2020) noted that the hosts of apparently non-repeating FRBs are typically more massive
than those of repeating FRBs. However, M81 would be among the most massive FRB hosts
known thus far1 with stellar mass of 7.2 × 1010 M⊙ (see Table 5.3). Lastly, if we ignore
FRB 190523 for which the host association is not firm (Heintz et al., 2020, Macquart et al.,
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2020), FRB 20200120E would show the largest projected offset from the centre of its host
(∼ 20 kpc). This would be at odds with the offset distribution of the progenitors of long
gamma-ray bursts and superluminous supernovae, which are found close to the centres
of their respective hosts (Blanchard et al., 2016, Heintz et al., 2020, Lunnan et al., 2015,
Mannings et al., 2020).

If FRB 20200120E is a classical magnetar, it would be surprising to find it at such a
large offset from the centre of its host; known Galactic magnetars are all well within the
optical disk of the Milky Way (Olausen and Kaspi, 2014). This same issue has been noted
for other localized FRBs (Heintz et al., 2020). However, the M81 circumgalactic medium
(CGM) is dynamic and rich in gas and metals (Chen, 2017). Sun et al. (2005) and Smercina
et al. (2019) noted the existence of a diffuse stellar population embedded in the extended HI

disk where in situ star formation is actively taking place. Lastly, Frederiks et al. (2007) and
Hurley et al. (2010) have argued for the existence of a neutron star population, including a
possible magnetar, in the CGM of M81.

5 Conclusions

We have reported on the detection of the repeating fast radio burst source FRB 20200120E
discovered with CHIME/FRB. This source has very low DM, 87.82 pc cm−3, though
greater than what is expected from models of the Milky Way ISM along its line-of-sight.
Due to large uncertainties in the Milky Way halo DM contribution, it is possible that the
FRB source is within our halo. However, we find no catalogued Milky Way halo satellite
galaxy or globular cluster within or near to the FRB localization region that can host the
FRB source. Moreover, the presence of a solitary neutron star capable of producing FRB-
like radio emission at a distance ∼ 50 − 200 kpc seems unlikely. On the other hand, we
identify M81, a nearby grand-design spiral galaxy at a distance of ∼ 3.6 Mpc, with an an-
gular offset ≈ 19′ and chance coincidence probability < 10−2, making it a promising host
candidate.

We have shown that the observed extragalactic DM component of the FRB is signifi-
cantly lower than the model-predicted DM contribution from the M81 halo as a foreground
galaxy. This suggests that the FRB host galaxy is unlikely to be located beyond M81,
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though the FRB may exist within the extended disk of M81. Therefore, if extragalactic,
FRB 20200120E is most likely associated with M81. M81 is different from the hosts of
other known repeating FRBs in spatial offset, stellar population age, and local environment.
This supports an interesting diversity in repeater host properties that additional localiza-
tions will help understand. We also found that the FRB localization region contains the
extended M81 HI-disk and a number of interesting M81 sources including an H II region
([PWK2012] 31), an X-ray binary ([SPZ2011] 8) and a VLASS source, VLASS1QLCIR
J095756.10+684833.3. At a distance of 3.6 Mpc, it should be possible to detect prompt
multi-wavelength counterparts of FRB 20200120E predicted by several FRB models, in-
cluding the magnetar model. Some FRB models anticipate even greater luminosities in
high energy bands than in the radio band (Burke-Spolaor, 2018, Chen et al., 2020, Yi et al.,
2014). For example, in the synchrotron maser model of Metzger et al. (2019), shock-heated
electrons gyrate to produce synchrotron radiation that sweeps through the γ-ray and X-ray
bands, and in some cases, even extends to the optical band on sub-second timescales. Ad-
ditionally, if radio bursts from FRB 20200120E are accompanied by X-ray bursts, as was
seen in SGR 1935+2154 (Bochenek et al., 2020, CHIME/FRB Collaboration et al., 2020a,
Li et al., 2020, Mereghetti et al., 2020, Ridnaia et al., 2020), detecting a coincident X-ray
counterpart seems feasible, and would be a strong test of the magnetar origin of FRBs.
Therefore, we encourage multi-wavelength follow-up of FRB 20200120E.
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Chapter 6

A Local Universe Host for the Repeating
Fast Radio Burst FRB 20181030A

1 Introduction

In this chapter, we report the identification of the most likely host for FRB 20181030A1,
a repeating FRB first reported by CHIME/FRB Collaboration et al. (2019c). Though its
DM is only 103.5 pc cm−3, this is significantly larger than the expected contribution in
this direction from the Milky Way disk (33 and 41 pc cm−3; Cordes and Lazio, 2002,
Yao et al., 2017, respectively). CHIME/FRB Collaboration et al. (2019c) did not find any
Galactic ionized and/or star-forming region in the direction of FRB 20181030A. There-
fore, they concluded that the FRB should have a nearby extragalactic host. However, due
to insufficiently precise localization of the FRB reported by CHIME/FRB Collaboration
et al. (2019c), they could not make any firm association with a host. Since that report,
CHIME/FRB has detected seven more bursts from the FRB (see Table 8.1).2 For sev-
eral of the FRB repeat bursts, raw voltage data were acquired, enabling localization of
the FRB to a few arcminute precision, an improvement of over a factor of 200 in localiza-
tion area. Within this localization region, we identify a local Universe spiral galaxy, NGC

1Formerly named as FRB181030.J1054+73.
2For a complete list, check http://chime-frb.ca/repeaters/FRB20181030A (visited on

1/07/2021).
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3252 (Huchra et al., 1983), as its most likely host.

The chapter is organized as follows: In Section 2, we describe our search for the host of
FRB20181030A. From the low chance coincidence probability (Section 2.1) and absence
of any other viable host candidates in the FRB localization region (Section 2.2), we argue
that NGC 3252 is a promising host for the FRB. We estimate notable physical properties
of NGC 3252 in Section 4 and then discuss our archival multi-wavelength data search to
identify any FRB plausible counterpart in Section 6. In Section 7, we discuss implications
of this discovery, and conclude in Section 8.

2 Observations

The CHIME/FRB project first discovered two bursts from FRB 20181030A on 2018 Oc-
tober 30 (CHIME/FRB Collaboration et al., 2019c). The source’s DM is larger than the
predicted Galactic contribution in the FRB sight-line (See Table 8.2). After subtracting
DM contributions from the Milky Way disk and halo, as shown in Table 8.2, the DM-
excess of the FRB is ∼ 30 − 40 pc cm−3. Using the average Macquart relation (Equation
2 in Macquart et al., 2020), we estimate the redshift of the FRB to be ∼ 0.03 − 0.04 as-
suming negligible host DM contribution. This suggests close proximity of the FRB host
(≲ 200 Mpc). As of 2021 July 1, seven more bursts have been detected from the FRB2.
Interestingly, all seven bursts were clustered in two different epochs on 2020 January 22,
separated by ≈ 12 hours. This suggests a highly non-Poissonian waiting time distribution
for the FRB bursts. Fortunately, four FRB 20181030A bursts have baseband data saved by
the CHIME/FRB baseband system (bursts with reported DMbb values in Table 8.1).

The baseband system of CHIME/FRB stores ∼ 100ms of channelized voltages around
signals of interest (CHIME/FRB Collaboration et al., 2018). We have developed a pipeline
to automatically process such baseband data and localize a burst on the sky with a pre-
cision of ∼ 8

S/N arcmin (Michilli et al., 2020). The detailed description of the pipeline is
presented in Chapter 3. In the case of FRB 20181030A, we used the baseband data of its
four detected bursts, FRBs 20200122A, 20200122B, 20200122D, and 20200122G, to es-
timate the localization region of the FRB. The dedispersed baseband data waterfall plots
and major characteristics of the four FRB bursts are shown in Figure 6.1 and Table 8.1,
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respectively. Other burst properties, such as fluence and flux density, along with a detailed
description of both the intensity and baseband data analysis of all newly discovered FRB
20181030A bursts will be presented elsewhere. Moreover, the available data are insufficient
to estimate meaningful constraints on the FRB’s periodicity. As the reported baseband lo-
calization uncertainties are statistical in nature (Michilli et al., 2020), we combined the
localization regions of the four FRB bursts using a weighted average with inverse variance
weights and localized the FRB to a sky area of ≈ 5.3 arcmin2 (90% confidence region; see
Table 8.2). Next, we use the baseband localization region of FRB 20181030A to search for
a potential host galaxy.
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Figure 6.1: Frequency versus time (“waterfall") plots of the four dedispersed bursts de-
tected from FRB 20181030A with saved baseband data. See Table 8.1 for their major burst
properties. The waterfall plots are binned to have temporal resolution 0.655 ms and spectral
resolution 0.391 MHz. Dark grey lines represent bad frequency channels that were flagged
in this analysis. Note that FRBs 20200122A and 20200122B show sub-bursts separated by
∼ 60 ms and 30 ms, respectively. Detailed analysis of these sub-bursts will be reported
elsewhere.
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Table 6.1: Properties of the bursts from FRB 20181030A.

TNS Name MJD Arrival Timea S/Nb DMc
bb DMd

(UTC @ 400 MHz) (pc cm−3) (pc cm−3)
FRB 20181030Ae 58421 04:13:13.1758(8) 32.5 − 103.5 ± 0.7
FRB 20181030Be 58421 04:16:21.6419(14) 17.1 − 103.5 ± 0.3
FRB 20200122A 58870 10:20:32.5805(3) 13.9 103.53 ± 0.02 103.40 ± 0.14
FRB 20200122B 58870 10:27:00.4412(3) 17.3 103.49 ± 0.02 103.47 ± 0.08
FRB 20200122C 58870 10:28:20(1) 8.3 − 103.1 ± 1.2
FRB 20200122D 58870 22:09:30.8575(3) 13.1 103.58 ± 0.19 103.7 ± 0.4
FRB 20200122E 58870 22:09:52(1) 10.4 − 103.27 ± 0.13
FRB 20200122F 58870 22:22:21(1) 8.9 − 103.7 ± 0.7
FRB 20200122G 58870 22:23:20.3080(3) 10.5 103.57 ± 0.10 103.7 ± 0.5

a All burst times of arrival are topocentric. For FRBs 20200122C, 20200122E, and
20200122F, the arrival times are reported by the CHIME/FRB real-time pipeline
(CHIME/FRB Collaboration et al., 2018). For FRBs 20200122A, 20200122B, 20200122D,
and 20200122G, the arrival times are estimated by the baseband pipeline (Michilli et al.,
2020). Finally, the arrival times of FRBs 20181030A and 20181030B are taken from
CHIME/FRB Collaboration et al. (2019c).
b For all except FRBs 20181030A and 20181030B, band-averaged signal-to-noise (S/N)
ratios are estimated by the CHIME/FRB real-time pipeline.
c S/N-optimized DM for the bursts detected in the baseband data.
d S/N-optimized DM from intensity data (see CHIME/FRB Collaboration et al., 2019c,
Fonseca et al., 2020).
e Data from CHIME/FRB Collaboration et al. (2019c).
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Table 6.2: Major Observables of FRB 20181030A.

Parameter Value

R.A.(J2000)a 10h34m20s.1± 30s.6
Dec. (J2000)a 73◦45′05′′ ± 47′′

l, b 134.◦81, +40.◦06
DMb 103.5 ± 0.3 pc cm−3

DMc
MW,NE2001 41 pc cm−3

DMc
MW,YMW16 33 pc cm−3

DMd
MW,halo 30 pc cm−3

Max. distancee ≲ 225 Mpc

a The 90% confidence localization region of the FRB.
b From CHIME/FRB Collaboration et al. (2019c).
c Maximum DM model prediction along this line-of-sight for the NE2001 (Cordes and
Lazio, 2002) and YMW16 (Yao et al., 2017) Galactic electron density distribution models.
dFiducial Milky Way halo prediction from the Dolag et al. (2015) hydrodynamic simulation
and Yamasaki and Totani (2020) Milky Way Halo model.
e Corresponds to the maximum redshift of 0.05 (see Section 2.2).
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Figure 6.2: Pan-STARRS RGB-image of the FRB 20181030A 90% localization region
(cyan ellipse). Grey boxes show the locations of 7 host galaxy candidates within the local-
ization region (See Table 8.3); Source 4 is NGC 3252 at z = 0.0039, the most promising
host galaxy of the FRB.
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2.1 Host galaxy search

First, we argue below that the FRB is unlikely to be Galactic in origin. As noted by
CHIME/FRB Collaboration et al. (2019c), there is no catalogued Galactic ionized region,
satellite galaxy, or globular cluster in the direction of the FRB that could contribute to the
FRB DM. Moreover, Ocker et al. (2020) estimated the mean DM through the Milky Way’s
warm ionized medium at large distances from the Galactic plane (z > 2 kpc), DMsin |b|
= 23.0 ± 2.5 pc cm−3. At the FRB’s Galactic latitude (b = 40◦), it would give a mean
Galactic DM of ≈ 36±5 pc cm−3. This agrees well with the prediction of the two Galactic
DM models. The Milky Way halo DM contribution, DMhalo, on the other hand, is poorly
constrained. Recently, Kirsten et al. (2021) estimated the Milky Way halo contribution in
the direction of FRB 20200120E to be ≲ 40 pc cm−3. If this is also true for the FRB
20181030A sight-line, the FRB would be clearly extragalactic in origin. However, the halo
may be clumpy (Kaaret et al., 2020), so it may still be possible to have significant variations
in DMhalo along different sight-lines. Using the same argument as asserted in Chapter 5, an
FRB with a DM-excess of ∼ 70 pc cm−3, if Galactic, would require a very distant (≳ 100
kpc) and unusually energetic neutron star as its source. As discussed below, we have found
an extragalactic host with a low chance coincidence probability. Therefore, Occam’s razor
argues for the extragalactic association.

Next, we searched the NASA Extragalactic Database (NED) for catalogued galaxies
within the FRB 90% confidence localization region and found only one galaxy, NGC 3252,
with a redshift (z) of 0.00385(2) (Masters et al., 2014). NGC 3252 is a bright (mr = 12.58
AB mag) Scd Hubble-type edge-on spiral galaxy (de Vaucouleurs et al., 1991) at a lumi-
nosity distance of ≈ 20 Mpc. In Figure 8.2, we plotted the FRB localization region over a
Pan-STARRS RGB image made using Pan-STARRS’s g-band (B:blue), r-band (G:green),
and z-band (R:red) data. In the Figure, NGC 3252 is the most prominent galaxy. Note that
NED does not provide the depth of completeness of catalogued galaxies in their search
results. Therefore, in Section 2.2, we describe our search of dwarf galaxies within the FRB
localization region.

We now estimate the chance coincidence probability (Pcc) of finding an NGC 3252-like
bright galaxy close to the FRB localization region. Briefly, we assume a Poisson distribu-
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tion of galaxies across the sky and calculate the probability of finding one or more galaxies
with mr smaller than or equal to that of NGC 3252 (12.79 AB mag; without correcting
for the Galactic extinction) by chance close to the FRB 90%-confidence localization re-
gion (5.3 acmin2). Using the areal number density of NGC 3252-like or brighter galaxies,
n(mr ≤ 12.79) = 0.2 deg−2 from Driver et al. (2016), we estimate Pcc = 4.5 × 10−4.
However, as the presence of NGC 3252 is inferred post-hoc, we have corrected the Pcc to
account for the problem of multiple testing (also known as the look-elsewhere effect) using
the method described in Chapter 5. After considering all CHIME FRBs that were discov-
ered before the first detected burst of FRB 20181030A and have the DM-excess ≤ 103.5
pc cm−3 (see Figure 6.3), we estimate the Pcc to be < 0.0025.

We should point out, however, that our chance coincidence analysis favours brighter
galaxies over fainter ones because the latter are more abundant and therefore more likely
to be found in the FRB localization region by chance. Therefore, in the next section, we
searched for faint galaxies within the FRB localization region.
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Figure 6.3: The chance coincidence probability of finding an NGC 3252-like galaxy as
a function of the DM-excess (DMex) of CHIME FRBs detected before the first burst of
FRB20181030A (see Section 2.1). As discussed in Chapter 5, the latter step takes into
account the look-elsewhere effect. Given the DM of FRB 20181030A, 103.5 pc cm−3,
Pcc < 0.0025.

2.2 A dwarf host of FRB 20181030A?

In order to check if there exists any plausible dwarf galaxy within the FRB localization, we
first estimated the maximum redshift of the FRB 20181030A host by performing a Markov
Chain Monte Carlo (MCMC) simulation, which is discussed below.

We used a likelihood defined by the relation, DMFRB = DMhost/(1+z) + DMMW +
DMMW,halo + DMIGM, where DMFRB = 103.5 ± 0.3 pc cm−3. Table 7.3 summarizes the
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individual DM components and their respective priors. Similar to Keane et al. (2016) and
Williams and Berger (2016), we modelled the Milky Way disk DM (DMMW) as a Gaussian
with a mean equal to the minimum of the two Galactic DM model predictions = 33 pc cm−3

(see Table 8.2; the maximum redshift estimate would be larger, and so more conservative),
and a standard deviation (σ) = 20% of the mean DMMW value, a commonly assumed un-
certainty for both the models (Cordes and Lazio, 2002, Yao et al., 2017). Moreover, this
is in agreement with the maximum DM estimate of the Milky Way disk along the FRB
sight-line using the DMsin |b| estimate from Ocker et al. (2020) (see Section 2.1). For
DMMW,halo, we assumed a Gaussian distribution such that at 3σ, the DMMW,halo is either 0
or 80 pc cm−3. This choice is motivated to account for the large uncertainty in the Milky
Way halo DM contribution (Keating and Pen, 2020).

For DMhost, we assumed a log-normal probability distribution as suggested by Mac-
quart et al. (2020),

p(DMhost) =
1

DMhostσhost
√
2π

exp

[
− (log(DMhost)− µhost)

2

2σ2
host

]
, (6.1)

with eµhost = 68.2 pc cm−3 and σhost = 0.88. Similarly, for DMIGM, we use a semi-analytical
model that Macquart et al. (2020) computed to quantify the uncertainty in DMIGM at a given
redshift (z):

pIGM(∆) = A∆−βexp

[
−(∆−α − C0)

2

2α2σ2
1

]
, (6.2)

where ∆ = DMIGM/DMIGM(z), C0 is the normalization constant, σ1 = 0.2 z−0.5 , α = 3,
β = 3, and DMIGM2(z) is the average DMIGM estimate which is a function of redshift and
assumed cosmology3, defined in Equation 2 of Macquart et al. (2020).

For the MCMC sampling, we used the emcee package (Foreman-Mackey et al., 2013),
which implements an affine-invariant sampling algorithm proposed by Goodman and Weare
(2010). We use 256 walkers of 20,000 samples after discarding 1000 burn-in samples from
each walker, and thinned the samples by a factor of 100. To assess the convergence of
the samplings, we estimated the mean proposal acceptance fraction = 42%, and the chain

3We adopt the Planck cosmological parameters (Planck Collaboration et al., 2016).
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autocorrelation length ≈ 1.43. Both of the estimates are within the acceptable range as
described in Gelman et al. (2013). Lastly, we also estimated convergence criterion for the
redshift parameter, R̂ ≈ 1.09 which implies good convergence of the MCMC (Gelman
et al., 2013).

From the MCMC analysis, we marginalized the redshift posterior over all other priors
and calculated a one-sided 95% Bayesian credible upper limit = 0.05. This is the maximum
redshift of FRB 20181030A used in our analysis.

Table 6.3: Parameters used in the MCMC analysis described in Section 2.2.

Parameter Symbol Units Prior

Host galaxy redshift z − U(10−4,1)
Host galaxy DM DMhost pc cm−3 LN(e68.2,0.88)
Milky way DM DMMW pc cm−3 N(33, 20%×33 )
Milky way halo DM DMMW,halo pc cm−3 N(40,33.33%×40)
IGM DM DMIGM pc cm−3 Equation 4 from Macquart et al. (2020)
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Figure 6.4: The results of a Markov-Chain Monte Carlo (MCMC) analysis discussed in
Section 2.2. Constraints on different FRB 20181030A DM components are derived using
a Bayesian framework. The marginalized distribution for each DM component is shown
along the diagonal of the corner plot. All DM units are in pc cm−3.

There are a few factors that make our maximum redshift estimate conservative. If the
FRB host lies beyond NGC 3252, the FRB sight-line would traverse the NGC 3252 halo
with a projected offset ≤ 14 kpc. Using the stellar mass of NGC 3252 from Table 8.4, we
estimated its halo mass to be 1.9 ×1011 M⊙ from the stellar mass to halo mass relation
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using Equation 2 from Moster et al. (2013) and the NFW profile halo concentration factor
= 9.4 using Equation 24 from Klypin et al. (2016). At a projected offset of 14 kpc, using
the method described Chapter 5, we estimate the DM contribution of the NGC 3252 halo
≈ 15 or 30 pc cm−3 for baryon fractions 0.4 and 0.75, respectively, using the halo density
profile from Maller and Bullock (2004) − the profile that predicted the lowest M81 halo
DM in Figure 5.4 of Chapter 5. The former baryon fraction value is the minimum that
Hafen et al. (2019) found in the Feedback In Realistic Environments (FIRE) simulation
for a halo of mass ∼ 1011 M⊙). The latter value, i.e., 0.75, is estimated assuming ≈ 25%
of the baryons exist in the galaxy as the interstellar medium (ISM), stars, and compact
remnants (Fukugita et al., 1998). Moreover, NGC 3252 is a part of a galaxy group with the
dynamic group mass = 1.2 ×1012 M⊙ (Kourkchi and Tully, 2017). In addition to this, the
FRB sight-line intersects several other galaxy groups that are located within z = zmax (Lim
et al., 2017, Tempel et al., 2016). All these would contribute to the observed FRB DM and
consequently, if accounted for, would reduce our maximum redshift estimate considerably.

Note that an FRB 20121102A-like star-forming dwarf galaxy (Mr = −17 AB mag;
Tendulkar et al., 2017), the faintest FRB host discovered to date, if located at zmax, would
have r-band magnitude ≈ 19.8 AB mag. Fortunately, the FRB field-of-view is imaged
by the Dark Energy Spectroscopic Instrument (DESI) Legacy Imaging Survey (Dey et al.,
2019) with an r-band depth ≈ 24 AB mag (5σ). Using the DESI data, Zou et al. (2019) es-
timated photometric redshifts of all the identified galaxies with a 5σ r-band completeness
limit of 23.6 AB mag. However, this limit is likely not complete for low surface brightness
(LSB) galaxies. For the DESI Legacy Imaging Survey, the average r-band surface bright-
ness limit is ∼ 26 mag arcsec−2 (Arora et al., 2021, Dey et al., 2019, Tanoglidis et al.,
2021). At z = zmax, an Mr = −17 AB mag LSB galaxy of effective radius ∼ 1-3 kpc
(Greco et al., 2018) and uniform surface brightness = 26 mag arcsec−2 should be detected
in the DESI data as an mr ≲ 22 AB mag source. More importantly, the mr ≲ 22 AB mag
limit is sensitive to detect a dwarf host 5 times less luminous than any FRB host discovered
to date (Mr = −15 AB mag). Given this constraint, we selected seven galaxies from Zhou
et al. (2020), including NGC 3252, which have mr ≤ 22 AB mag and are located within
the FRB 90% confidence localization region (shown as a cyan ellipse in Figure 8.2) and
estimated their spectroscopic redshifts using the 10.4-m Gran Telescopio Canarias (GTC)
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(see Section 3.4).

2.3 GTC observations and analysis

In this section, we describe our GTC observations of the seven plausible host candidates.
As will be shown later, only NGC 3252 satisfies the zmax constraint, and hence, the most
plausible host of the FRB.

Observations

Observations of the galaxies identified within the FRB 20181030A 90% localization region
were performed with the the Optical System for Imaging and low-intermediate Resolution
Integrated Spectroscopy (OSIRIS4) at the GTC. The OSIRIS detector consists of two CCDs
and provides a field of view (FoV) of 7.8′× 7.8′ with a pixel scale of 0.254′′. The data were
obtained during four observing runs in October 2020 and May 2021. The observing blocks
corresponding to the first two runs were executed under Director’s Discretionary time. A
summary of the observations is given in Table 6.4.

We obtained long-slit spectra of the NGC 3252 using the R1000B grism that covers
the spectral range from 3700 to 7500 Å, with the 1.2′′ slit width, providing a spectral
resolution of about 9 Å. The slit was placed to pass through the major axis of the galaxy at
a PA=37.31◦, which is shown in Figure 6.5.

To perform simultaneous observations of the other six host galaxy candidates in the lo-
calization region (see Table 8.3), we utilized the OSIRIS MOS (multi-object spectroscopy)
mode. The mask for the MOS observations was designed with the OSIRIS Mask De-
signer Tool (Gómez-Velarde et al., 2016, González-Serrano et al., 2004) using the cata-
logue coordinates of the galaxies and a set of five fiducial stars. The observations were
performed with the R500B and R500R grisms that cover the spectral ranges 3600−7200 Å
and 4800−10000 Å, respectively. For the target galaxies we designed rectangular slitlets
with length varying between 4.5′′ and 10′′ and a width of 1.5′′ each. Two additional slitlets
covered source-free regions for sky subtraction. The spectral resolution of the R500B and
R500R data is ∼21 Å and ∼27 Å, respectively.

4http://www.gtc.iac.es/instruments/osiris/

133

http://www.gtc.iac.es/instruments/osiris/


2 Observations

Table 6.4: Log of the GTC/OSIRIS long-slit and MOS spectroscopic observations of the
FRB 20181030A 90% localization region.

Program Date Mode Grism Position Exposure Seeing Airmass Night
Angle Time

GTC04-20BDDT 24/10/2020 long-slit R1000B 37.31◦ 4 × 60 s 1.2′′ 1.59 Dark
GTC04-20BDDT 26/10/2020 MOS R500R 0 8 × 700 s 1.5′′ 1.75 Dark
GTC18-21AMEX 04/05/2021 MOS R500B 0 3 × 1200 s 0.9′′ 1.68 Dark
GTC18-21AMEX 15/05/2021 MOS R500B 0 3 × 1200 s 1.0′′ 1.56 Dark

Data reduction

The OSIRIS MOS and long-slit spectra were reduced using the GTCMOS pipeline (Gómez-
González et al., 2016) and standard IRAF routines (Tody, 1986, 1993). All spectra were
bias-subtracted, and flat-fielded using the set of corresponding images taken during the
same observing nights. For flux calibration we used spectrophotometric standards Feige
110, GD153 and Ross 640 (Bohlin et al., 1995, Oke, 1974, 1990) observed during the
same nights as the targets. A set of arc-lamp spectra of Ne, Hg and Ar was used for wave-
length calibration. The rms errors of the resulting solutions were <0.5Å for the R1000B
grating and <2 Å for the R500R and R500B gratings.
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Table 6.5: Galaxies identified within the FRB localization region with Mr < −15 AB mag
at zmax = 0.05.

Number R.A. Dec. DESI(r-band)a Identified lines zspec
J2000 J2000 AB mag.

1 10h34m24.s81 73◦45′12.′′81 19.69 [OII], Ca doublet, G-band 0.460(1)
2 10h34m11.s23 73◦45′49.′′23 19.89 Ca doublet, G-band, Mg, Na 0.455(2)
3 10h34m9.s33 73◦45′42.′′33 19.41 [OII], Ca doublet, [OIII] doublet 0.276(2)
4b 10h34m22.s56 73◦45′49.′′56 12.58 see text 0.00385(2)
5 10h34m26.s20 73◦44′57.′′20 21.61 Ca doublet, G-band, Mg, Na 0.645(1)
6 10h33m58.s36 73◦45′21.′′36 20.76 Ca doublet, G-band 0.647(1)
7 10h34m6.s12 73◦45′28.′′12 21.67 [OII], Ca doublet 0.563(2)

a The r-band magnitudes are corrected for the Milky Way extinction.
b Source 4 is NGC 3252, and at a spectroscopic redshift = 0.0039 (20 Mpc), it is the only
galaxy in our list with the redshift < zmax.

Multi-object Spectroscopy

The resulting product of the pipeline contained 2-D calibrated spectra collected in all of the
slitlets. We extracted each spectrum and subtracted the sky using the IRAF task apall. We
utilized background from the source-free regions to subtract sky from the spectra obtained
in the shortest slitlets. The lines identified for each galaxy and the corresponding average
redshifts are presented in Table 8.3. To confirm our redshift estimations, we used the Man-
ual and Automatic Redshifting Software (MARZ, Hinton et al., 2016) and compared the
extracted spectra with the galaxy templates. In all cases the identified spectral lines (see
Table 8.3) have shown an agreement with the spectral features corresponding to early type
absorption and intermediate type galaxy templates, confirming our estimations.

Among the identified host galaxy candidates, only NGC 3252 has a spectroscopic red-
shift < zmax. This makes NGC 3252 the only viable FRB host candidate among all the
identified galaxies with mr ≤ 22 AB mag. Note that blue star-forming dwarf galaxies have
been proposed to host FRB progenitors (Metzger et al., 2017) via “prompt"-formation-
channels, such as superluminous supernovae and long gamma-ray bursts (Fruchter et al.,
2006). However, because of their highly dynamic and rich ISM, these galaxies are expected
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to contribute significantly to the FRB DM (Li et al., 2019). For instance, Tendulkar et al.
(2017) estimated that the DM contribution of the FRB 20121102A host, a dwarf irregular
star-forming galaxy, is ∼ 60− 220 pc cm−3. Hence, together with the inference from Sec-
tion 2.2, the prospect of a host galaxy beyond NGC 3252 seems unlikely. Lastly, in Table
5, we have listed the three galaxies in the photometric redshift catalogue of DESI extra-
galactic sources (Zou et al., 2019) that are located within the FRB localization region and
have r-band magnitude > 22 AB mag along with their estimated photometric redshifts. All
three galaxies have 5σ lower limit on the redshift > zmax. Therefore, we conclude that the
association between FRB and NGC 3252 is real and robust.

Table 6.6: Galaxies with mr > 22 AB mag in the FRB 90% confidence localization region.

Number R.A. Dec. DESI(r-band) zaphotoz za,bphotoz−err

J2000 J2000 AB mag.

1 10h34m16s.01 73◦44′18′′ .60 22.56 0.62 0.06
2 10h33m59s.30 73◦44′40′′ .56 22.90 0.60 0.09
3 10h34m35s.06 73◦44′58′′ .56 22.73 0.72 0.06

a From photometric redshift catalogue of galaxies detected in the DESI survey (Zou et al.,
2019).
b For all three galaxies, zphotz − 5σphotz−err > zmax.

2.4 Physical properties of NGC 3252

Here we summarize major physical properties of NGC 3252. We obtained long-slit spec-
troscopy data from GTC, and its analysis is described below.
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Figure 6.5: (Left) GTC/OSIRIS r-band acquisition image showing the position of the long-
slit (white dashed rectangle; PA=37.31◦) and the zones a–f selected for the spectral ex-
traction (green rectangles). The image scale and orientation are shown. (Centre) Spectral
image along the long-slit showing prominent emission lines in the red part of the spec-
trum. (Right) Rest frame spectra, where the top spectrum was obtained by summing the
rest frame spectra of all the six zones denoted a–f. Spectra marked “c" and “f" correspond
to the zone passing through the nucleus and a bright HII, respectively. Note that the latter
region lies almost at the centre of the 90% localization ellipse of the FRB source shown
(see Figure 8.2). A bump in the spectra between 4100 Å and 4300 Å is due to a detector
artefact, which is shown by shaded box.

We acquired the long-slit data of NGC 3252 in order to estimate the physical properties
of NGC 3252, such as nebular metallicity and dust extinction. Here we discuss the steps
for reducing the NGC 3252 long-slit spectroscopy data. In Figure 6.5, we show the zones
used for the extraction of spectra along the long-slit. Hα and other nebular lines are traced
over a zone of ∼90” (8.7 kpc) which covers the entire bright optical extent of the galaxy.
Several emission knots are seen along the slit, especially in the Hα spectral image. Each
knot represents an HII region in the host galaxy. The presence of these HII regions allows

137



2 Observations

us to obtain physical quantities along the slit using the physics of photoionized nebulae
(Osterbrock and Ferland, 2006). In order to maximize the S/N ratio of the extracted spectra,
we defined six zones, identified by letters a–f, in such a way that each zone contains at
least one of the emission knots. The zone c spectrum contains the nucleus, and the zone
f spectrum corresponds to a bright HII region to the south-west of the nucleus. This HII

region lies almost at the centre of the 90% localization ellipse of the FRB source shown in
Figure 8.2. In the right panel, we show the extracted spectrum for these two regions. Each
extracted spectrum was analyzed to measure the fluxes of bright nebular lines using the
Gaussian fitting technique of the splot task in IRAF, which also performs a measurement
and subtraction of continuum flux. The prominent lines in the spectrum were identified and
are shown in the top panel. A deblending algorithm was used to extract accurate fluxes of
[NII]λ6548 and [NII]λ6583 lines in the presence of the bright Hα line and also to resolve
the [SII] doublet.

The measured line fluxes in each spectrum are given in Table 6.7. The spectra were first
corrected for Doppler shift using a mean of the recessional velocities measured using the
Hβ, Hα and [OIII]λ5007 lines in each spectrum. The measured velocities are also given
in Table 6.7. All the six rest frame spectra were summed to get an integrated spectrum of
the galaxy, which is shown in the top-right panel in Figure 6.5. Values measured for the
integrated spectrum are given in the last column of Table 6.7. The mean of the velocities of
the six extracted spectra was taken as the velocity of the integrated spectrum, which agrees
very well with the systemic velocity of 1156±6 km s−1 reported in NED (Schneider et al.,
1992). The Hα and Hβ emission line fluxes stated in Table 6.7 are used to obtain the visual
extinction AV experienced in each zone, shown in Figure 6.5, following the Balmer decre-
ment method for case B recombination of a typical photo-ionized nebula (Te =10000 K,
ne=100 cm−3; Osterbrock and Ferland, 2006) and the reddening curve of Cardelli et al.
(1989). We corrected the observed Hα and Hβ fluxes for the effects of the underlying stel-
lar absorption by assuming an absorption equivalent width of 2 Å following McCall et al.
(1985). The resulting AV values vary between 0.8–1.6 mag in the zones along the slit. The
line fluxes were corrected for the measured extinction and are given as ratios with respect
to the flux of the Hβ line, which is multiplied by 100 following the normal convention.

Electron temperature-sensitive Auroral lines were not detected in any of the extracted
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spectra. However, nebular lines for the determination of the oxygen and nitrogen abun-
dances using the strong-line method are detected with S/N >10. We used the calibrations
of Pilyugin and Grebel (2016) for this purpose (their Equations 4 and 13). The resulting
values of 12+log(O/H) are given in Table 6.7 for each zone as well as that measured in the
integrated spectrum.

Table 6.7: Physical quantities from long-slit spectra of NGC 3252.

Quantitya a b c d e f Integrated

R.A.(J2000) 10:34:25.50 10:34:23.94 10:34:22.73 10:34:21.27 10:34:19.26 10:34:16.11
Dec.(J2000) +73:46:05.0 +73:45:56.4 +73:45:49.7 +73:45:41.6 +73:45:30.5 +73:45:13.1
Area[′′×′′] 13.3×1.2 8.2×1.2 8.2×1.2 12.3×1.2 15.3×1.2 8.2×1.2 65.5×1.2
I([OII]3727) 38.5 ± 4.6 556.7 ± 3.7 498.2 ± 11.1 769.8 ± 9.5 412.4 ± 8.2 168.7 ± 0.3 437.0 ± 4.5
I(Hβ) 100.0 100.0 100.0 100.0 100.0 100.0 100.0
I([OIII]5007) 79.8 ± 0.1 51.7 ± 4.0 84.2 ± 2.8 89.3 ± 1.3 51.4 ± 5.6 74.0 ± 0.5 77.4 ± 1.0
I(Hα) 287.0 ± 53.1 287.0 ± 66.3 287.0 ± 29.8 287.0 ± 38.8 287.0 ± 75.0 287.0 ± 37.4 287.0 ± 32.2
I([NII]6583) 96.1 ± 14.1 82.7 ± 16.1 89.9 ± 7.6 87.7 ± 9.3 69.0 ± 8.2 61.9 ± 4.1 80.6 ± 7.0
I([SII]6717) 53.8 ± 5.9 61.7 ± 9.5 62.2 ± 4.1 67.8 ± 6.7 58.2 ± 2.9 63.5 ± 3.0 60.6 ± 3.7
I([SII]6731) 25.1 ± 0.1 42.5 ± 4.6 47.4 ± 2.1 45.9 ± 3.2 44.9 ± 1.2 41.6 ± 0.1 45.0 ± 0.3
logF(Hβ0)[erg cm−2 s−1] −14.50±0.20 −14.25± 0.19 −14.25± 0.11 −14.02±0.14 −14.28± 0.29 −14.62± 0.16 −13.50 ±0.11
AV [mag] 0.9 ±0.4 1.4 ± 0.4 0.9 ± 0.2 1.6 ± 0.2 1.6 ± 0.4 0.8 ± 0.3 1.3 ± 0.2
EW(Hβ)[Å] 12.4 11.1 7.3 3.3 2.9 8.6 5.8
Velocity [km s−1] 1073 ±43 1105 ±49 1056 ± 35 1125 ± 15 1166 ± 57 1274± 50 1133 ± 79
12+log(O/H) 8.64 ± 0.05 8.38± 0.05 8.46 ±0.05 8.38 ±0.05 8.37 ±0.05 8.49 ±0.05 8.44 ± 0.05

a In the first block, centre coordinates of the rectangular zones (named a to f; see Figure 6.3)
chosen for the extraction of spectra are given. The next block contains the extinction cor-
rected fluxes of prominent nebular lines relative to the flux of the Hβ line, i.e. I(λ)=100×
F(λ)/F(Hβ). The last block contains the extinction-corrected Hβ flux and physical quanti-
ties derived from the diagnostics of the nebular lines.

From the integrated optical spectrum of the galaxy, we estimate the oxygen abundance
12+log(O/H) = 8.44±0.06 (or nebular metallicity log(Zgas/Z⊙) = −0.25 ± 0.07), which
is ∼60% of the solar value (Asplund et al., 2009). We also derive dust extinction at the
V-band, Av = 1.3 ± 0.2 (E(B−V)= 0.42 ± 0.06 using Rv = 3.1), using Hα/Hβ ratio (i.e.
Balmer decrement), assuming the standard Milky Way extinction curve (Cardelli et al.,
1989). Finally, using SFR(Hα) = 7.9×10−42 M⊙ yr−1× L(Hα/erg s−1) (Kennicutt et al.,
1994), we get SFR(Hα)=0.033 M⊙ yr−1 using the extinction corrected total Hα luminosity
of L(Hα) = 4.12×1039 erg s−1.

However, as the slits only cover a small fraction of the surface area of NGC 3252, it
is expected that the above star formation rate is significantly underestimated. Therefore,
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we estimate the total star formation rate (SFRtotal) by combining the total infrared (TIR)
luminosity and far-UV (FUV)-derived SFR as described in Iglesias-Páramo et al. (2006),
which is found to be a robust estimate for the disk galaxies (Buat et al., 2007). We esti-
mated the TIR luminosity of NGC 3252 using the prescription of Dale and Helou (2002)
which uses the Infrared Astronomical Satellite (IRAS) filters’ fluxes (Fullmer and Lond-
sale, 1995), and got L(TIR) = 2.13 ×109 L⊙. Using Equation 5 from Iglesias-Páramo et al.
(2006), SFR(TIR) = 0.38 M⊙ yr−1. Similarly, for the FUV luminosity, we use the Galex
NUV filter flux and estimated the SFR(FUV) = 0.13 M⊙ yr−1 using the extinction uncor-
rected L(FUV) of NGC 3252 = 2.7 × 108 L⊙. Finally, the total recent star formation rate
was calculated using the relation from Iglesias-Páramo et al. (2006): SFRtotal = SFR(NUV)
+ (1-η) × SFR(TIR) = 0.36 M⊙ yr−1 where η = 0.4 for disk galaxies in the local Universe
(Iglesias-Páramo et al., 2004), which accounts for the fraction of the total IR luminosity
heated by old stars. This relation has a calibrated uncertainty of about 20%.

To estimate stellar mass, metallicity and mass-weighted age of NGC 3252, we use a
Bayesian inference spectral energy distribution (SED) fitting code, Prospector (John-
son et al., 2019, Leja et al., 2017) , which estimates galaxy properties using stellar popu-
lation synthesis models defined within the framework of the Flexible Stellar Populations
Synthesis (FSPS) stellar populations code (Conroy et al., 2009). Prospector provides an
MCMC framework via emcee to fit observed spectral energy distributions (SEDs) and es-
timate posterior distribution for each free-parameters. In this paper, we use Prospector
to estimate the stellar mass, metallicity, and mass-weighted stellar population age of NGC
3252. We use 17 broadband filters from the GALEX FUV filter at 1549 Å through the Her-
schel telescope bands that provide coverage at far-infrared wavelengths as shown in Figure
7.5 and Table 7.7.
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Table 6.8: 17 broadband filters used to model the SED of NGC 3252.

Instrumentc Filter Effective Wavelength Flux densitya,b

Å maggies

GALEX FUV 1549 4.38 ×10−7

NUV 2304 5.56 ×10−7

DESId g 4670 4.98 ×10−6

r 6156 9.26 ×10−6

z 8917 1.41 ×10−5

2MASS J 12319 1.75 ×10−5

H 16420 1.79 ×10−5

Ks 21567 1.67 ×10−5

WISE W1 33461 9.75 ×10−6

W2 45952 6.33 ×10−6

W3 115526 1.99 ×10−5

W4 220783 2.50 ×10−5

Herschel PACS(Green) 979036 8.40 ×10−4

PACS(RED) 1539451 1.13 ×10−3

SPIRE(PSW) 2428393 5.87 ×10−4

SPIRE(PMW) 3408992 3.00 ×10−4

SPIRE(PLW) 4822635 1.27 ×10−4

a Note that 1 maggie is defined as the flux density in Janskys divided by 3631. Fluxes
at λ < 100000 Å are corrected for Galactic extinction according to the prescription of
Schlafly and Finkbeiner (2011).
b All broadband fluxes are assigned a 20% fractional uncertainty.
c Except for the DESI survey, all instruments’ flux densities are obtained from the aperture-
matched photometry catalogue of nearby galaxies by Clark et al. (2018).
d For DESI filter magnitudes, we used the photometric redshift catalogue by Zhou et al.
(2020).
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Table 6.9: Free parameters and their associated priors for the Prospector ‘delayed-τ ’
model.

Parameter Description Prior
log(M/M⊙) total stellar mass formed uniform: min=8, max=11
log(Z/Z⊙) stellar metallicity Gaussian: mean=-0.25, σ=0.21
dust2 diffuse V-band dust optical depth top-hat: min=0.0, max=3.0
tage [Gyrs] stellar population age of NGC 3252 top-hat: min=0.01, max=13.6
τ [Gyrs] e-folding time of the SFH uniform: min=0.1, max=30

All flux densities are estimated after correcting for the Milky Way extinction. We fit
a delayed-τ star formation history model (Carnall et al., 2019, Simha et al., 2014) with
five free parameters − metallicity, mass-weighted stellar population age, star formation
timescale, and V-band optical extinction (= 1.086 × dust2), which are described in Ta-
ble 7.8. In this model, the star-formation history is proportional to t×exp(−t/τ ), where t is
the time since the formation epoch of the galaxy, and τ is the characteristic decay time of
our star-formation history. Additionally, we enabled nebular emission (Byler et al., 2017)
and dust emission (Draine and Li, 2007) models in the FSPS framework along with a stan-
dard dust attenuation model from Calzetti et al. (2000). Finally, all five parameters are given
standard Prospector priors, except log(Z/Z⊙), which is informed by the constraints de-
rived in Section 4. This is included to reduce the effect of the age-metallicity degeneracy
(Worthey, 1994). We used a Gaussian prior to model log(Z/Z⊙) with mean = −0.25 de-
rived in Section 4 using optical spectral lines. However, we increased the σ value by a
factor of three to account for any potential bias in converting the oxygen abundance to neb-
ular metallicity, a conservative choice given that the conversion error is typically ∼ 0.02

(Serenelli et al., 2009), which is less than one sigma error on the log(Zgas/Z⊙), i.e. 0.07
(see Table 8.4).

Using this framework, we derived a metallicity fraction, log(Z/Z⊙) = −0.21+0.18
−0.19, and

the present-day stellar mass of the galaxy = 5.8+1.6
−2.0 × 109M⊙. To estimate the best-fitted

mass-weighted stellar population age value, we used Equation 5 of Carnall et al. (2019)
and found it to be 4.8+1.6

−1.8 Gyr. All these values are provided in Table 8.4. Note that the
quoted uncertainties in all cases are 1σ values.
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The best-fit spectral energy distribution (SED) profile of NGC 3252 is shown in Fig-
ure 7.5.

Table 6.10: Notable properties of NGC 3252.

Property Value Reference

log[SFR] (M⊙ yr−1) −0.45 ± 0.1 this work
Stellar Metallicity (log(Z/Z⊙))a −0.21+0.18

−0.19 this work
Nebular Metallicity (log(Zgas/Z⊙)) −0.25± 0.07 this work
Oxygen abundance [O/H] 8.44 ± 0.06 this work
Stellar mass (M⊙) 5.8+1.6

−2.0 × 109 this work
Effective radius (Reff ; kpc) 2.6 Salo et al. (2015)
Mass-weighted age (Gyr)a 4.8+1.6

−1.8 this work
E(B-V) (mag) 0.42 ± 0.06 this work
Absolute r-band mag. (AB) −19.1 ± 0.5 –
Luminosity distance (Mpc) 20 ± 5 Tully et al. (2016)

a Estimated using Prospector; See Section 4.
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2.5 Search for a multi-wavelength counterpart to FRB 20181030A

Figure 6.6: Modelling the SED of NGC 3252. The flux density of NGC 3252 in different
wavelength bands are plotted along with the best-fit Prospector model spectrum. To
assess the quality of the Prospector model, the modelled and actual photometry data
are also shown. The shown model profile is used to estimate different physical properties of
NGC 3252. For more information, see Section 4. The modelled SED of NGC 3252 shown
in Figure 7.5 is in excellent agreement with that of a typical star-forming galaxy (Leitherer,
2005).

Persistent radio source search

We searched archival radio data of the following surveys to check for the presence of
a persistent radio source within the FRB uncertainty region: the NRAO VLA Sky Sur-
vey (NVSS; Condon et al., 1998), the VLA Sky Survey (Lacy et al., 2016, VLASS;),
the Westerbork Northern Sky Survey (WENSS; Rengelink et al., 1997), and the Tata In-
stitute of Fundamental Research Giant Metrewave Radio Telescope Sky Survey (TGSS)
Alternative Data Release (Intema et al., 2017). We found only one radio source, NVSS
J103422+734554. The radio source is only detected in NVSS and is either unresolved or
marginally extended. Moreover, it is spatially coincident with the centre of NGC 3252. Ta-
ble 8.5 lists 5σ upper limits on the source’s integrated flux density derived from the archival
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radio images of all other surveys. The NVSS radio source is likely resolved out and hence,
undetected in the VLASS 2.1 data. In VLASS 1.1 data, we detected an irregular-shape
source spatially coincident with the NVSS radio source. However, due to the lack of detec-
tion in the VLASS 2.1 data despite similar sensitivity, and known calibration and imaging
artefacts in the VLASS 1.1 data (Lacy et al., 2016), the radio source is likely spurious (M.
Lacy, private communication). From the non-detection in the TGSS data and assuming a
power-law dependence of the NVSS radio source flux density i.e., Sν ∝ Sα, we estimated
a lower limit on α > −0.43. This agrees well with the observed radio continuum spectral
index of local star-forming galaxies (between −0.1 and −0.7; Marvil et al., 2015).

While searching the VLA archive, we also found raw EVLA data (project ID = AK752)
that cover the FRB localization region. Observations were conducted on 2010 June 19
(MJD 55366) with the array in D-configuration in two 128-MHz bandwidth sub-bands
with central frequencies 4.495 GHz and 7.852 GHz, and about 40 minutes of time on
source. The absolute flux density calibrator 3C147 and the phase calibrator J1048+7143
were used. The data were calibrated and flagged using CASA software (McMullin et al.,
2007). Additional RFI flagging and self-calibration were done resulting in a final primary-
beam corrected image with a local rms noise of σ ≈ 30 µJy beam−1. Within the FRB
localization region, we detect only the NVSS radio source extended in both the EVLA
observations (See Figure 6.7). The integrated flux density of the NVSS source at 4.495 GHz
and 7.852 GHz is estimated using the Aegean package (Hancock et al., 2012, Hancock
et al., 2018) and is stated in Table 8.5. Using the EVLA flux densities at 4.495 GHz and
7.852 GHz, we estimated α to be −0.94± 0.16, which is steeper than the lower-limit on α
estimated using the flux densities at 150 MHz and 1.4 GHz (> −0.43). This is not unusual
as the radio spectra of star-forming galaxies are known to show a break (or an exponential
decline) in the frequency range of 1−12 GHz (Klein et al., 2018).

The NVSS source is likely to be produced via ongoing star formation in NGC 3252. To
test this, we estimate the SFR using the NVSS 1.4 GHz continuum emission and compare
it with the value estimated in Section 4. Using the 1.4 GHz–SFR relation from Davies et al.
(2017), log(SFRUV+TIR/M⊙yr

−1) = 0.66± 0.02× log(L1.4(W/Hz))− 14.02± 0.39, we
estimate log(SFRUV+TIR/M⊙yr

−1) = −0.6 ± 0.5 which agrees with the SFR estimate in
Table 8.4. Though it is difficult to rule out the presence of a low-luminosity active galactic
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nucleus (AGN) at the centre of NGC 3252 (Maoz, 2007), the extended nature of the radio
source and agreement of its 1.4 GHz flux density with the SFR of NGC 3252 suggest that
an AGN is unlikely to be the dominant source of the observed persistent radio emission.
Moreover, from the non-detection of a persistent compact radio source (< 0.3 kpc at 20
Mpc) in the FRB 20181030A localization region in the VLASS 2.1 data (which has the
best angular resolution among all the radio surveys considered here), we estimate a 3σ
upper limit of 480 µJy at 3 GHz which at 20 Mpc implies an isotropic spectral luminosity
≈ 2×1026 erg/s/Hz, at least 1500 times fainter than that the persistent radio source detected
spatially coincident to FRB 20121102A (Chatterjee et al., 2017, Resmi et al., 2020).

Figure 6.7: The EVLA 4.5 GHz image of the FRB 20181030A 90% localization region
(cyan ellipse). NVSS contours (3 mJy, 2.5 mJy, 2 mJy, and 1.5 mJy) of the radio source are
shown in red. The centre of NGC 3252 (see Table 8.3) is represented by a magenta cross.
Finally, the EVLA beam is shown as magenta ellipse on the bottom left side of the image.
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Table 6.11: Summary of radio observations of NGC 3252.

Survey Frequency Date Image Resolutiona Integrated Flux Density
GHz UT ′′ mJy

TGSS 0.15 2016 March 15 25 <10b

WENSS 0.326 1997 October 22 56 < 18b

NVSSc 1.4 1993 December 18 45 3.8± 0.5
VLASS 2.1 3.0 2020 October 13 2.5 < 0.6b

EVLAc 4.495 2010 June 19 12.8 1.35± 0.06
7.852 2010 June 19 9.1 0.80± 0.06

a For each survey, average of major and minor axes of the formed beam is quoted.
b 5× local rms noise.
c The lone radio source in the FRB uncertainty region is extended and spatially coincident
with the centre of NGC 3252 in the NVSS and two EVLA observations.

Archival search for X-ray counterparts

We searched the Transient Name Server (TNS)5 for any archival transient event that is spa-
tially and temporally coincident with any of the nine recorded FRB 20181030A bursts and
found none. We also checked if the FRB was visible to the Swift/Burst Alert Telescope
(BAT) and Fermi/GBM at the time of the bursts. Unfortunately, Swift/BAT was either not
operational (transiting through the South Atlantic Anomaly region) or the FRB location
was not within the BAT’s field-of-view. Similarly, for all except FRB 20200122A , the
FRB location was not visible to Fermi/GBM. If FRB 20200122A was associated with a gi-
ant magnetar flare like the one detected from SGR 1806−20 on 2004 December 27 (Palmer
et al., 2005), Fermi/GBM with a flux sensitivity of ∼ 10−7 erg cm−2 s−1 in the 50–300 keV
band (von Kienlin et al., 2020) would have marginally detected it. This places an upper
limit on the coincident X-ray flare energy ≈ 1046 erg s−1 at 20 Mpc (without correcting
for the attenuation by the host). There is an X-ray source RX J1034.3.3+7345 (or 1AXG
J103422+7344 in the ASCA medium sensitivity survey by Ueda et al., 2001) in the vicinity
of NGC 3252. This source was discovered in the ROSAT all-sky survey (Truemper, 1982)
and was initially associated with NGC 3252 by Bade et al. (1998), Condon et al. (1998)
and Bauer et al. (2000). However, with the availability of higher resolution X-ray images,

5https://www.wis-tns.org/
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this association has been argued to be incorrect (Haakonsen and Rutledge, 2009). More
interesting, the X-ray source was found to be spatially coincident with an optical transient
PTF10hjz discovered by the Palomar Transient Factory (PTF) on 2010 May 16 (Kasliwal,
2011). Based on its high optical and radio flux variability and estimated broadband spectral
energy distribution, PTF10hjz was later classified as a background blazar (S. Kulkarni, pri-
vate communication). Therefore, we conclude that the X-ray source RX J103423.1+734525
(or PTF10hjz) is unrelated to FRB 20181030A.

3 Discussion

3.1 Constraints on the Milky Way halo DM contribution

With NGC 3252 as its host, we can use FRB 20181030A and its low DM-excess, to con-
strain the Milky Way halo DM along the FRB sight-line. At 20 Mpc, using the average
Macquart relation, we estimate DMIGM ≈ 5 pc cm−3.6 Assuming negligible host DM
contribution, we find an upper limit on the DMMW,halo to be 58 and 66 pc cm−3 using
the DMMW estimate from the NE2001 and YMW16 models, respectively (See Table 8.2).
However, a negligible host contribution is likely an overly conservative assumption as even
in the extreme scenario where the FRB has a very large offset from the host, the host’s cir-
cumgalactic medium would still contribute to the FRB DM. Therefore, we use the MCMC
analysis discussed in Section 2.2, but this time, fix the redshift of the FRB to that of NGC
3252. From this analysis, we estimate the DMMW,halo 90% Bayesian credible interval to
be (19 pc cm−3, 55 pc cm−3). This, along with a similar constraint derived in Chapter 5,
suggests that the Milky Way halo DM contribution could be relatively small. This in turn
would help in constraining the state and composition of the Milky Way circumgalactic
medium (Tumlinson et al., 2017). However, to constrain the average DMMW,halo estimate,
we need more low-DM FRBs.

6DMIGM is expected to be considerable as the FRB sight-line intersects several foreground groups,
including that of M81 (Tully, 2015) making DMIGM = 5 pc cm−3 a conservative estimate.

148



3 Discussion

3.2 Comparison with SGR 1935+2154 radio bursts

From Table 2 of CHIME/FRB Collaboration et al. (2019c), the peak 400–800-MHz flux
densities of the two published bursts from this source, FRBs 20181030A and 20181030B,
are 3.2 ± 1.7 Jy and 3.1 ± 1.4 Jy, respectively. At a distance of 20 Mpc, the isotropic radio
luminosity of these two bursts would be ∼ 9×1038 erg s−1, around six times larger than
those of the very bright SGR 1935+2154 radio bursts recently detected by CHIME/FRB
and STARE2 (Bochenek et al., 2020, CHIME/FRB Collaboration et al., 2020a).7 This sug-
gests a continuum of FRB luminosities, at least at low values. Bochenek et al. (2020) es-
timated the volumetric rate of SGR 1935+2154-like bursts to be 7+9

−6 × 107 Gpc−3yr−1,
assuming that the FRB luminosity function follows a power law and the FRB rate is pro-
portional to the star-formation rate. As at least the two FRB bursts in the first CHIME/FRB
catalogue (The CHIME/FRB Collaboration et al., 2021) have isotropic luminosity ≥ 1038

erg s−1, we estimate a lower limit on the volumetric rate of FRBs (≥ 1038 erg s−1) to be
1.5+1.6

−0.7 × 107 Gpc−3yr−1. This lower limit is in agreement with the estimate by Bochenek
et al. (2020), which supports their conclusion that magnetars like those observed in the
Milky Way could be a dominant channel of FRB production, at least at the lower end of the
FRB luminosity function.

Moreover, the estimated CHIME/FRB volumetric rate agrees with the rate calculated
by extrapolating the luminosity function derived from a sample of bright FRBs observed
at 1.4 GHz by the Australian Square Kilometre Array Pathfinder (ASKAP) and Parkes
down to the luminosity of FRB 20181030A’s bursts (Lu and Piro, 2019, Luo et al., 2020).
Lastly, the estimated FRB volumetric rate at low luminosities is at least 100 times higher
than the observed volumetric rate of core-collapse supernovae in the local Universe (Taylor
et al., 2014, ∼ 105 Gpc−3 yr−1). Assuming core-collapse supernovae are the most common
way to produce compact objects, FRBs detected at low luminosities (∼ 1038 erg s−1) are
therefore more likely to be repeating sources.

7Assuming the distance to SGR 1935+2154 is 10 kpc, but note that Zhou et al. (2020), Mereghetti et al.
(2020) and Bailes et al. (2021) argue for a significantly smaller distance to the magnetar, ≈ 2-7 kpc.
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3.3 Implications for different progenitor models

Three repeating FRB sources within a comoving volume out to a distance of 20 Mpc (Boch-
enek et al., 2020, CHIME/FRB Collaboration et al., 2020a, Chapter 5) have now been dis-
covered. Using these discoveries, we estimate a lower limit on the comoving number den-
sity (nFRB) of repeating FRB sources to be 9+7

−4 × 104 Gpc−3. We can also express nFRB =
RFRBτηζ , where RFRB is the local Universe volumetric birth rate of repeating FRB sources,
τ and ζ are the average lifetime and active duty cycle of repeating FRBs, respectively, and η
is the beaming fraction. Taking the fiducial values of η = 0.1 and ζ = 0.3 from Lu and Kumar
(2016) and Nicholl et al. (2017), we estimate RFRBτ = 3+2

−1×106
(

0.1
η

)
×
(

0.3
ζ

)
Gpc−3. One

of the popular proposed repeating FRB models is a highly magnetized (> 1015 G) young
neutron star with period ∼ ms. Nicholl et al. (2017) estimated the volumetric birth-rate of
millisecond magnetars (Rms) to be ∼ few 10− 100 Gpc−3yr−1. Using this Rms value as
RFRB, we estimate τ ∼ 104 − 105 yr. This is around two orders of magnitude greater than
the expected typical lifetime of a repeating FRB in the models that invoke millisecond mag-
netars (∼ 30− 300 yrs; Metzger et al., 2017, Metzger et al., 2019). Therefore, it is unlikely
that all repeating FRBs are produced by millisecond magnetars formed primarily via cata-
clysmic events, like superluminous supernovae, or long and short gamma-ray bursts. Note
that Nicholl et al. (2017) did not include accretion induced collapse (AIC) as a channel for
forming millisecond magnetars in their calculation due to the high uncertainty in the AIC
rates. However, theoretically estimated rates of AIC are found to be comparable to that of
binary neutron star mergers (Kwiatkowski, 2015, Tauris et al., 2013). If these estimates are
correct, including them would not change our conclusion significantly.

3.4 Comparison with other repeating FRB hosts

With the inclusion of FRB 20181030A, likely localized to the star-forming galaxy NGC
3252, in the sample of five repeating FRBs, 20121102A, 20180916B, 20190711A, 20200120E,
and FRB 20201124A (CHIME/FRB Collaboration, 2021, Fong et al., 2021, Ravi et al.,
2021), it is evident that the repeating FRB hosts exhibit a continuum of properties in terms
of their luminosities, stellar masses, metallicity, and SFRs, ranging from FRB 20121102A,
a metal-poor, high-star forming dwarf irregular galaxy, to FRB 20200120E, a metal-rich
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massive early-type spiral galaxy. However, it is interesting to note that all five localized re-
peating FRBs discovered thus far are in either spiral or irregular galaxies (Mannings et al.,
2020), where practically all core-collapse supernovae (SN II, IIn, IIb, and Ib/c) occur (van
den Bergh et al., 2005). However, FRB 20200120E is localized to an M81 globular clus-
ter (see Chapter 5) where core-collapse supernovae are not expected to occur. Therefore,
we need a larger sample of FRB hosts to decipher the nature of FRB progenitors. Lastly,
we note that all three local Universe repeating FRBs have thus far been observed to pro-
duce only low-energy bursts (≲ 1035 erg), unlike, for example, the FRB 20121102A bursts,
which have shown a range of burst energies (1036 − 1040 erg; e.g., Chatterjee et al., 2005,
Gourdji et al., 2019). More bursts, particularly high-energy ones, from these FRBs would
aid in constraining the emission mechanism of the local Universe FRBs (Lyubarsky, 2021).

4 Summary & conclusions

We have reported on the likely association of the repeating FRB 20181030A discovered by
CHIME/FRB Collaboration et al. (2019c) with a nearby star-forming spiral galaxy, NGC
3252, at a distance of 20 Mpc. The chance coincidence probability of finding NGC 3252
within the FRB localization region is < 2.5 × 10−3. Moreover, we searched for plausible
host galaxies within the 90% confidence localization region of the FRB, and found no
galaxy except NGC 3252 with Mr < −15, a limit in luminosity over five times smaller
than for any FRB hosts identified to date.

NGC 3252 is a star-forming spiral galaxy (see Figure 7.5). We found no archival tran-
sient event spatially or temporally coincident with any of the reported FRB 20181030A
bursts to date. For one FRB burst, FRB 20200122A, that was detected on 2020 January 22
by CHIME/FRB and was also visible to Fermi/GBM, we estimated an upper limit on the
coincident X-ray flare energy to be ≈ 1046 erg s−1. We also searched for a compact, persis-
tent radio continuum source within the FRB localization region and found none. We then
estimated a 3σ upper limit at 3 GHz = 4.3× 1025 erg s−1Hz−1, at least 1500 times fainter
than the persistent source associated with FRB 20121102A. Due to its low DM-excess, we
constrain the Milky Way halo DM contribution to be 19−55 pc cm−3 (90% confidence
interval) along the FRB sight-line. We also compared the two published FRB 20181030A
bursts with those of SGR 1935+2154. The FRB bursts’ isotropic luminosity is ∼ 6 times
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larger than those of SGR 1935+2154; using this, we have estimated a lower limit on the
volumetric rate of FRBs with luminosities ≥ 1038 erg s−1. We found this to be in good
agreement with the rate estimated by Bochenek et al. (2020) using the SGR 1935+2154
radio burst, suggesting that many low-luminosity FRBs could be produced by magnetars.
Lastly, we also showed that it is unlikely that most of the repeating FRB progenitors are
young millisecond magnetars, and that if we expect millisecond magnetars to be a source
of repeating FRBs, we need multiple repeating FRB formation channels.

At a distance of 20 Mpc, FRB 20181030A is one of the closest FRBs discovered to
date. In principle, it should be possible to detect prompt multi-wavelength counterparts as
predicted by several FRB models (Burke-Spolaor, 2018, Chen et al., 2020, Nicastro et al.,
2021, Yi et al., 2014). Therefore, we strongly encourage multi-wavelength follow-up of
FRB 20181030A.
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Chapter 7

A Search for the Host Galaxy of
FRB 20180814A

1 Introduction

Here we report on the search for the host galaxy of FRB 20180814A1, the first repeating
FRB discovered by the CHIME/FRB Collaboration in August 2018 (CHIME/FRB Col-
laboration et al., 2019a) and the second one ever discovered. Its DM is 189.4 ± 0.4 pc
cm−3, which is significantly larger than the expected contribution in this direction from the
Milky Way interstellar medium (87 and 108 pc cm−3; Cordes and Lazio, 2002, Yao et al.,
2017, respectively). Moreover, CHIME/FRB Collaboration et al. (2019b) did not find any
Galactic ionized and/or star-forming region within the 99% confidence localization region
of FRB 20180814A that could provide the observed excess DM. Therefore, they asserted
that the FRB has an extragalactic origin. However, the large localization region of the FRB
reported by CHIME/FRB Collaboration et al. (2019b) prevented the identification of the
FRB host.

In this chapter, we combined baseband localizations of four bursts from FRB 20180814A
that were detected before 2021 March 9, our cutoff date for this analysis. The combined re-
gion enabled localization of the FRB to a sky-region of 3.8 sq. arcmin (2σ), over 500 times

1Formerly named FRB 180814.J0422+73, or internally to the CHIME/FRB team, R2.
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more precise localization compared to the one reported by CHIME/FRB Collaboration
et al. (2019b). Within this new localization region, we identify only one plausible host in
archival PanSTARRS-DR1 data, a passive red spiral, PanSTARRS-DR1 J042256.01+733940.7
(Chambers et al., 2016). If this is the host, it would make the FRB the only source thus far
to be associated with a spectroscopically identified quiescent host.

The chapter is organized as follows: in Section 2, we describe the basic physical prop-
erties of the FRB bursts along with the baseband localization region used in this analysis.
Section 2.1 details our search for the host galaxy of FRB 20180814A. From the absence of
any other viable host candidate in the FRB localization region other than PanSTARRS-DR1
J042256.01+733940.7 that is described in Section 3.4, we argue that it is a promising host
for the FRB. However, we note that the chance coincidence probability of PanSTARRS-
DR1 galaxy (Section 3) is not small enough to conclusively argue for it to be the host of
FRB 20180814A. But as it is the only host candidate we found in our search, we estimate
its notable physical properties in Section 4. For completeness, we also discuss the nature
of the FRB host if PanSTARRS-DR1 J042256.01+733940.7 is not the host in Section 6.
We then discuss our archival multi-wavelength data search to identify any plausible FRB
counterpart in Section 6. Finally, we discuss the implications of the association of the FRB
with the PanSTARRS galaxy in Section 7 and conclude in Section 8.

2 Observations

CHIME/FRB reported six repeat bursts of FRB 20180814A between 2018 August 14
and October 28 (CHIME/FRB Collaboration et al., 2019a). Unfortunately, the baseband
pipeline did not exist then. Therefore, the raw voltage data were not saved for any of those
six bursts. In this chapter, we use four bursts from FRB 20180814A that successfully trig-
gered baseband callback data (Michilli et al., 2020) over a 5 month period between 2019
June 25 and 2019 November 11.

The source’s DM is larger than the predicted Galactic contribution in the FRB sight-line
(see Table 8.2). After subtracting DM contributions from the Milky Way disk and halo, as
shown in Table 8.2, the DM-excess of the FRB is ∼ 50 − 70 pc cm−3. Using the average
Macquart relation (Equation 2 in Macquart et al., 2020), we estimate the redshift of the
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FRB to be ∼ 0.05 − 0.07 assuming negligible host DM contribution. This suggests close
proximity of the FRB host (≲ 330 Mpc). As of 2022 July 27, CHIME/FRB has detected
22 bursts from the FRB2 and some of them have saved baseband data that can be used to
get a more precise localization.

There are five bursts of FRB 20180814A that have baseband data saved by the CHIME/FRB
baseband system (bursts with reported DMbb values in Table 8.1), and were detected be-
fore our cut-off date of 2021 March 9. However, the first FRB (see Table 8.1) cannot be
localized despite the fact that we saved its baseband data due to some unidentified pipeline-
related issues. Therefore, in this chapter, we consider events 2-5 in Table 8.1 that have saved
baseband data.

The CHIME/FRB baseband system stores ∼ 100ms of channelized raw voltage data
around signals of interest (CHIME/FRB Collaboration et al., 2018). Michilli et al. (2020)
have developed a pipeline to automatically process such baseband data and localize a burst
on the sky with a precision of ∼ 8

S/N arcmin, which is described in Chapter 3. We used the
baseband data of four detected bursts from FRB 20180814A to estimate the localization
region of the FRB. The dedispersed baseband data waterfall plots and major characteristics
of all the five FRB bursts with saved baseband data are shown in Figure 7.1 and Table 8.1,
respectively. As the reported baseband localization uncertainties are statistical in nature
(Michilli et al., 2020), we combined the localization regions of the four FRB bursts using
a weighted average with inverse variance weights and localized the FRB to a sky area of ≈
3.8 arcmin2 (2σ localization region; see Table 8.2). Next, we use the baseband localization
region of FRB 20180814A to search for a potential host galaxy.

3 Host galaxy search

3.1 Prospects of a Milky Way origin of the FRB

First, we argue below that the FRB is unlikely to be Galactic in origin. As noted by
CHIME/FRB Collaboration et al. (2019c), there is no catalogued Galactic ionized region,

2For a complete list, check https://www.chime-frb.ca/repeaters/FRB20180814A (vis-
ited on 29/06/2022).
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Figure 7.1: Frequency versus time (“waterfall") plots of the five dedispersed bursts detected
from FRB 20180814A with saved baseband data. See Table 8.1 for their major burst prop-
erties. The waterfall plots are binned to have temporal resolution 0.655 ms and spectral
resolution 0.391 MHz. Dark grey lines represent bad frequency channels that were flagged
in this analysis. In addition, we show linear polarization (red) and circular polarization
(blue) intensity profiles (peak normalized) as well as polarization angle (PA) curves for
Burst 4 which shows significant RM detection. Signal is added over the spectral limits of
the burst, denoted by orange lines along the frequency axis, to obtain the burst profile.
Masked frequency channels are indicated by red lines along the vertical axis. Each panel is
labeled with the corresponding burst number from Table 8.1. Figure from Mckinven et al.
(submitted to ApJ).
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Table 7.1: Properties of the bursts from FRB 20180814A.

Burst number Arrival Timea S/Nb DMstruct
c RMQU

d

(MJD) (pc cm−3) (rad m−2)
1 58645.78660 43.8 190.13(84) −
2 58659.73874 22.4 188.743(70) −
3 58660.77631 26.8 191.62(73) −
4 58785.40415 46.3 189.02(35) +699.8(1.0)
5 58798.37171 33.0 188.552(35) −

a All burst times of arrival are topocentric. The arrival times of the bursts are estimated by
the baseband pipeline (Michilli et al., 2020).
b The reported signal-to-noise (S/N) ratios are band-averaged as estimated by the baseband
pipeline.
c S/N-optimized DM for the bursts detected in the baseband data.
d Rotation measure (RM) is determined by Mckinven et. al (submitted to ApJ).

satellite galaxy, or globular cluster in the direction of the FRB that could contribute to the
FRB DM. In the absence of any star-forming and ionizing regions, the source of Galactic
dispersion measure is likely coming from the Warm Ionized Medium. Ocker et al. (2020)
estimated the mean DM through the Milky Way’s Warm Ionized Medium at large dis-
tances from the Galactic plane (z > 2 kpc), DMsin |b| = 23.0 ± 2.5 pc cm−3. At the FRB’s
Galactic latitude (b = 16◦), the implied mean Galactic DM is = 82.1± 8.7 pc cm−3. This
is in agreement with the Galactic DM prediction of the NE2001 model (Cordes and Lazio,
2002), 87 pc cm−3, and is considerably smaller than that of the YMW16 model (108 pc
cm−3; Yao et al., 2017). The Milky Way halo DM contribution, DMHalo, on the other hand,
is poorly constrained. Recently, Kirsten et al. (2021) estimated the Milky Way halo con-
tribution in the direction of FRB 20200120E to be ≲ 40 pc cm−3. Moreover, two widely
used halo DM models predict DMHalo ≈ 50-80 pc cm−3 (Prochaska and Zheng, 2019) and
DMHalo ≈ 30 pc cm−3 (Yamasaki and Totani, 2020), hence, also classify FRB as extra-
galactic. Finally, as discussed in Chapter 5, if the source is indeed Galactic, then it must
be an exotic neutron star wandering at the outskirts of the Milky Way halo. Therefore, it
is more plausible that the FRB has an extragalactic origin. In next section, we estimate the
maximum redshift of the FRB, which is important in identifying plausible sources.
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Table 7.2: Major Observables of FRB 20180814A.

Parameter Value

R.A.(J2000)a 4h22m43s.4± 13s.2
Dec. (J2000)a 73◦39′55′′ ± 20′′

l, b 136.◦46, +16.◦64
DMb 189.4 ± 0.4 pc cm−3

DMc
MW,NE2001 87 pc cm−3

DMc
MW,YMW16 108 pc cm−3

DMc
MW,WIM 82.1 ± 8.7 pc cm−3

DMd
MW,halo 30 pc cm−3

Max. distancee ≲ 415 Mpc

a Baseband localization with 1σ error.
b From CHIME/FRB Collaboration et al. (2019c).
c Maximum DM model prediction along this line-of-sight for the NE2001 (Cordes and
Lazio, 2002) and YMW16 (Yao et al., 2017) Galactic electron density distribution models.
The DMMW,WIM is estimated using the relation from Ocker et al. (2020): DM = 23.5 ± 2.5
pc cm−3/sin(|b|) = 82.1 ± 8.7 pc cm−3.
d Fiducial Milky Way halo prediction from the Yamasaki and Totani (2020) Milky Way
Halo model.
e Corresponds to the maximum redshift of 0.091 (see Section 3.2).

3.2 Maximum redshift of the FRB

We estimated the maximum redshift of FRB 20180814A using a Bayesian formalism de-
scribed in Chapter 4. We summarized individual DM components and their respective pri-
ors in Table 7.3. The rationale of our prior choices is described in Chapter 4. We note that
due to the absence of any ionized region and/or star-forming region in the vicinity of the
FRB localization region, the main contributor to the Milky Way disk DM is the Warm Ion-
ized Medium. Therefore, in our MCMC simulation, we used a Gaussian prior with a mean
= 82.1 pc cm−3, the minimum of the three Galactic DM estimates, and a standard deviation
(σ) = 8.7 pc cm−3 (see Table 8.2).

For the MCMC sampling, we used the emcee package (Foreman-Mackey et al., 2013),
which implements an affine-invariant sampling algorithm proposed by Goodman and Weare
(2010). We use 256 walkers of 20,000 samples after discarding 1000 burn-in samples from
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Figure 7.2: PanSTARRS RGB-image of the FRB 20180814A 1σ (dotted cyan ellipse) and
2σ localization region (solid cyan ellipse). Cyan boxes show the locations of 8 host galaxy
candidates within the localization region (see Table 8.3) identified in the PanSTARRS data;
Source 2 is PanSTARRS-DR1 J042256.01+733940.7, the only host candidate that satisfies
the maximum redshift constraint derived in Section 3.2.

each walker, and thinned the samples by a factor of 100. To assess the convergence of the
samplings, we noted that the mean proposal acceptance fraction = 38%, and the chain auto-
correlation length ≈ 1.13. Both of the estimates are within the acceptable range (Gelman
et al., 2013). Lastly, we also estimated convergence criterion for the redshift parameter
R̂ ≈ 1.02 which implies good convergence of the MCMC (Gelman et al., 2013).

From the MCMC analysis, we marginalized the redshift posterior over all other priors
and calculated a one-sided 95% Bayesian credible upper limit = zmax = 0.091. This is
the maximum redshift of FRB 20180814A used in our analysis. Next, we show that this is
likely a conservative upper limit.

The FRB intersects the halos of several galaxy groups as noted by Li et al. (2019).
These authors estimated the DM contribution of the intersecting galaxy groups using a
Navarro–Frenk–White baryon density profile and galaxy group masses and concentration
indexes from Lim et al. (2017). They estimated the maximum redshift of the FRB to be ∼
0.02. However if we instead use the halo density profile from Maller and Bullock (2004),
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that provided the smallest DM contribution of the M81 halo in Chapter 4, we estimate the
DM contribution of the galaxy groups ≈ 20 pc cm−3. Including this contribution in the
MCMC analysis discussed in Section 3.2, we get zmax ≈ 0.07. Therefore, it is unlikely
that the FRB host lies beyond zmax = 0.091. In next section, we use this maximum redshift
value to identify plausible galaxy candidates.

Table 7.3: Parameters used in the MCMC analysis described in Section 3.2.

Parameter Symbol Units Priora

Host galaxy redshift z − U(10−4,1)
Host galaxy DM DMhost pc cm−3 LN(96.4,0.9)b

Milky way DM DMMW pc cm−3 N(82.1, 8.7)
Milky way halo DM DMMW,halo pc cm−3 N(40,33.33%×40)
IGM DM DMIGM pc cm−3 Equation 4 from Macquart et al. (2020)

a

Here ‘U(lower limit, upper limit)’ is a uniform distribution, ‘LN(mean, standard deviation)’
is a lognormal distribution, and ‘N(mean, standard deviation)’ is a normal distribution.
b It is the repeating FRB host prior (based on FRB 20180916A-like hosts) at z = 0.1 esti-
mated by Zhang et al..

3.3 Extragalactic host of the FRB

We searched the PanSTARRS1 (PS1) catalogue (Chambers et al., 2016) for host candidates
within the 2σ localization region of the FRB, and found 8 sources which are listed in Table
8.3. In Figure 8.2, we plotted the FRB localization region over a PanSTARRS RGB image
made using PanSTARRS’s g-band (B:blue), r-band (G:green), and z-band (R:red) data.

At zmax = 0.091, an FRB 20121102-like host, the faintest FRB host known to date at
z=0.19273(8) with estimated Mr = −17 AB mag Tendulkar et al. (2017), would have an
apparent r-band magnitude of 21.45 AB mag (uncorrected for Galactic extinction). If such
a galaxy were present within the FRB localization region, it would have been detected in
PanSTARRS DR1 data, which are sufficiently sensitive to detect point sources of 5σ r-
band depth ≲ 22. Note that out of 8 candidate galaxies, only one source, Source 8, does not
satisfy this criterion (rKmag > 21.45 AB mag; See Table 8.3), but its photometric redshift
from the PanSTARRS 3π Data Release 1 photometric redshift catalogue is 0.5 ± 0.1, which
is greater than zmax by 4σ. We estimate the spectroscopic redshift of other seven sources
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Figure 7.3: The corner plot of the Markov-Chain Monte Carlo (MCMC) analysis to con-
strain the maximum redshift of FRB 20180814A. The marginalized distribution for each
DM component is shown along the diagonal of the corner plot. All DM units are in pc cm−3.
Using the marginalized posterior of the host galaxy redshift, we estimated a one-sided 95%
Bayesian credible upper limit = zmax = 0.091.
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3 Host galaxy search

using GTC multi-object spectroscopy observations.

3.4 GTC observations and analysis

In this Section, we describe the GTC multi-object spectroscopy observations that we use
to estimate redshifts of the seven plausible host candidates. This is required because most
galaxies in the field did not have a spectroscopic redshift reported in the literature. As
we will show later, only Source 2 satisfies the zmax constraint, which makes it the only
plausible host of the FRB among seven sources.

Observations of seven galaxies identified within the FRB 20180814A 2σ localization
region were performed with the the Optical System for Imaging and low-intermediate Res-
olution Integrated Spectroscopy (OSIRIS3) at the GTC. The OSIRIS detector consists of
two CCDs and provides a field of view (FoV) of 7.8′× 7.8′ with a pixel scale of 0.254′′.
The observations were performed on February 12, 2021 under clear sky conditions. The
log of observations is given in Table 7.4.

To obtain the spectra of all the host galaxy candidates simultaneously, we utilized the
OSIRIS multi-object spectroscopy (MOS) mode. The mask was designed with the OSIRIS
Mask Designer Tool (Gómez-Velarde et al., 2016, González-Serrano et al., 2004), a set of
five fiducial stars and catalogue coordinates of the host galaxy candidates. The observations
were performed with the R500B grism covering the spectral range 3600−7200 Å. For the
target galaxies we used slitlets with length varying between 4.5”and 10”and a width of
1.5”.

The spectra were reduced using the GTCMOS pipeline (Gómez-González et al., 2016)
and standard IRAF routines (Tody, 1986, 1993). All spectra were bias-subtracted, and flat-
fielded using the set of corresponding images taken during the same observing nights. For
flux calibration we used spectrophotometric standards Feige 110, GD153 and Ross 640
(Bohlin et al., 1995, Oke, 1974, 1990) observed during the same night as the targets. A set
of arc-lamp spectra of Ne, Hg and Ar was used for wavelength calibration. The rms errors
of the resulting solutions were <2 Å for the R500B grating.

Table 8.3 reports the redshift measured for the identified PanSTARRS galaxies. As only
3http://www.gtc.iac.es/instruments/osiris/
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3 Host galaxy search

Source 2 has a spectroscopic redshift < zmax = 0.091, this makes Source 2 the only viable
FRB host candidate among all the identified galaxies with mr ≤ 21.45 AB mag.

Table 7.4: Log of the GTC/OSIRIS long-slit and MOS spectroscopic observations.

Program Date Mode Grism Position Exposure Seeing Airmass Night
Angle Time

GTCMULTIPLE3B-20BMEX 12/02/2021 MOS R500B 0 3 × 1200 s 0.7′′ 1.47-1.52 Dark

Table 7.5: Galaxies identified within the FRB localization region.

Number R.A. Dec. rKmag(PanSTARRS)a Identified lines zspec
J2000 J2000 AB mag.

1 4h22m39.s77 4◦39′23.′′6 21.28 [OII], [OIII] doublet 0.412(1)
2b 4h22m56.s01 4◦39′40.′′7 17.15 Ca doublet, G-band, Mg, Na, Hβ, Hδ 0.06835(1)
3 4h22m30.s38 73◦40′22.′′0 20.75 Ca doublet, G-band, Mg 0.409(1)
4 4h22m41.s29 73◦40′20.′′9 20.65 Ca doublet, G-band, Mg, Na 0.376(1)
5 4h22m45.s02 73◦40′18.′′1 19.26 Ca doublet, G-band, Mg, Na 0.235(1)
6 4h22m45.s68 73◦40′9.′′5 21.01 Ca doublet, G-band, Mg 0.410(1)
7 4h22m46.s46 73◦40′20.′′5 18.75 [OII], Ca doublet, G-band, Mg, Na 0.238(1)
8 4h22m48.s19 73◦40′17.′′8 21.81 – 0.5(1)c

a Kron r-band magnitudes estimated by the PanSTARRS DR1 photometry pipeline (Tonry
et al.). b Source 2 is PanSTARRS-DR1 J042256.01+733940.7, and at a spectroscopic red-
shift = 0.06835, it is the only galaxy in our list with the redshift < zmax = 0.091.
c The stated value is the photometric redshift. As the rKmag of Source 8 is greater than our
r-band magnitude limit, we did not estimate its spectroscopic redshift.

3.5 Chance coincidence probability of Source 2

We now estimate the chance coincidence probability (Pcc) of finding Source 2-like galaxy
within the FRB’s 2σ localization region. Briefly, we assume a Poisson distribution of galax-
ies across the sky and calculate the probability of finding one or more galaxies by chance
with mr ≤ 17.15 AB mag, the r-band Kron magnitude of Source 2 without correcting for
the Galactic extinction, within the FRB 2σ localization region (3.8 arcmin2). Using the
areal number density of Source 2-like or brighter galaxies, n(mr ≤ 17.15) = 0.02 arcmin−2

from Driver et al. (2016), we estimate Pcc = 7.6 × 10−2. However, as the presence of
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4 Physical properties of Source 2

Source 2 is inferred post-hoc, the look-elsewhere effect corrected Pcc would be > 0.1

after accounting for all CHIME FRBs using the method described in Chapter 4. Therefore,
using the Pcc argument alone, we cannot conclusively establish Source 2 as the host of FRB
20180814A. However, it is still the most plausible host within the FRB localization region
as discussed in Section 3.4.

4 Physical properties of Source 2
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Figure 7.4: GTC optical spectrum of Source 2.

As Source 2 is the only plausible galaxy we found within the FRB localization region,
we discuss its major physical properties in this section. First, based on its rest-frame (g-r)
colour = 0.74 AB mag and absolute r-band magnitude = −20.75 AB mag, Source 2 can be
classified as a red sequence (early-type) galaxy using the colour–magnitude relation iden-
tified by Bell et al.. Additionally, based on the WISE colour-colour classification (Wright
et al., 2010), Source 2’s WISE colour, i.e., W1 (3.4 µm) - W2 (4.6 µm) = 0.13± 0.04 and
W2 (4.6 µm) - W3 (12 µm) = 2.45±0.12, classifies it to be a spiral galaxy with no actively
accreting massive black hole in its centre. Based on these classifications, Source 2 is likely
a passive red spiral, a very old spiral galaxy that has already used up its reserves of gas,
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5 Stellar population synthesis using Prospector

and hence, stopped forming new stars for ≳ 1 Gyr (Masters et al.).

We show the calibrated GTC optical spectrum of Source 2 in Figure 7.4 (see Section 3.4
for data reduction steps). In the spectrum, we clearly see many Balmer and metal absorp-
tion lines, including Calcium H and K lines (found at 3934A and 3969A), the G-band
(λ4304), Mg I (λ5175), and Na I (λ5894). These absorption features are indicative of an
evolved stellar population. Additionally, the spectrum also lacks prominent emission lines,
except weak [NII] lines, which suggests that the galaxy lacks young stars and gas. Hence,
spectroscopically as well, Source 2 is likely a passive galaxy.

Finally, we estimate the D4000 index which is the ratio of the flux in the red continuum
(4000−4100) to that in the blue continuum (3850−3950), both in the rest frame, and found
it to be ≈ 1.7. As it is greater than the passive and star-forming galaxy separation cutoff
of 1.45 (Balogh et al.), this too corroborates the conclusion that Source 2 is an early-type
spiral galaxy that is not forming stars and is currently in the quenched/passive phase.

Now we summarize major physical properties of Source 2. To estimate its stellar mass,
stellar metallicity, mass-weighted stellar population age, and extinction, we use a Bayesian
inference spectral energy distribution (SED) fitting code, Prospector (Johnson et al.,
2019, Leja et al., 2017). Appendix 5 describes the SED fitting analysis in detail. Briefly, we
use 11 broadband optical, near-, and mid-IR filters fluxes (see Table 7.7) of Source 2 and fit
a nine free-parameter delayed-τ model (Carnall et al., 2019, Simha et al., 2014). The model
and assumed priors of the free-parameters are discussed in Appendix 5. The best-fit spectral
energy distribution (SED) profile of Source 2 is shown in Figure 7.5. Prospector also
supports for Markov Chain Monte Carlo (MCMC) posterior sampling to calculate uncer-
tainty in the best-fit values of the model parameters, which are stated in Table 8.4. Although
the absence of the Hα line prevents us to estimate its recent star formation rate, we still es-
timate a 95% upper-limit on the total star formation rate of Source 2 via Prospector
and found it to be < 0.32M⊙ yr−1.

5 Stellar population synthesis using Prospector

We estimated major physical properties of PanSTARRS-DR1 J042256.01+733940.7 aka
Source 2 at z = 0.06835 using a python-based Bayesian inference code, Prospector
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5 Stellar population synthesis using Prospector

Table 7.6: Notable properties of Source 2.

Property Value Reference

log[SFR] (M⊙ yr−1) < −0.5a this work
Stellar Metallicity (log(Z/Z⊙))a −0.61+0.43

−0.53 this work
(u-r)0 2.57+0.17

−0.20 this work
log[stellar mass] (M⊙) 10.78+0.12

−0.18 this work
Effective radius (Reff ; kpc) 3.2 this work
Mass-weighted age (Gyr)a 7.63.3

−3.4 this work
Av(young) (mag) 0.43+0.33

−0.20 this work
Av(old) (mag) 0.45+0.32

−0.18 this work
Absolute r-band mag. (AB) −20.78 ± 0.02 –

a Estimated using Prospector; See Section 5.

(Johnson et al., 2019, Leja et al., 2017). It computes galaxy attributes using stellar popula-
tion synthesis models provided in the Flexible Stellar Populations Synthesis (FSPS) stellar
populations code (Conroy et al., 2009). We used the MCMC framework (via emcee) of
Prospector to fit the observed spectral energy distributions (SEDs) and to compute pos-
terior distribution for all free-parameters. In this paper, we use Prospector to estimate
the stellar mass, star-formation rate (95% confidence upper limit), stellar metallicity, and
mass-weighted stellar population age of Source 2, and dust attenuation due to birth cloud
and diffuse dust screens. We used 11 broadband filters which are listed in Table 7.7.

All flux densities are estimated after correcting for the Milky Way extinction. We fit a
delayed-τ star formation history model (Carnall et al., 2019, Simha et al., 2014) that has
nine free parameters described in Table 7.8. In this model, the star-formation history is pro-
portional to t×exp(−t/τ ), where t is the time since the formation epoch of the galaxy, and
τ is the characteristic decay time of our star-formation history. Additionally, we enabled
the dust emission model by Draine and Li (2007) in the FSPS framework which has three
free parameters which regulate the shape of the IR SED: duste(Umin), duste(QPAH), and
duste(γ). Specifically, duste(Umin) represents the minimum starlight intensity to which the
dust mass is exposed, duste(γ) represents the fraction of dust mass which is exposed to this
minimum starlight intensity, and duste(QPAH) quantifies the fraction of total dust mass that
is in polycyclic aromatic hydrocarbons (PAHs).
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Table 7.7: 17 broadband filters used to model the SED of Source 2.

Instrument Filter Effective Wavelength Flux densitya,b

Å maggies

PanSTARRS g 4810 9.98 ×10−8

r 6170 1.98 ×10−7

i 7520 2.88 ×10−7

z 8660 3.14 ×10−7

y 9620 3.28 ×10−7

2MASS J 12319 4.79 ×10−7

H 16420 5.98 ×10−7

Ks 21567 5.52 ×10−7

WISE W1 33461 2.77 ×10−7

W2 45952 1.73 ×10−7

W3 115526 2.74 ×10−7

a Note that 1 maggie = Flux density (in Jansky)/3631. Fluxes at λ < 100000 Å are
corrected for Galactic extinction according to the prescription of Schlafly and Finkbeiner
(2011).
b All broadband fluxes are assigned a 20% fractional uncertainty, which is larger than the
catalogued error.

Finally, to account for dust attenuation, we use the two-component (Charlot and Fall,
2000) dust attenuation model, which postulates separate birth-cloud (dust1) and diffuse
dust (dust2) screens. In order to estimate ’dust1’ parameter, we used an in-built prospector
function models.transforms.dustratio_to_dust1. Finally, all ten parameters are given
standard Prospector priors (see Table 7.8).

Under this approach, we derived a metallicity fraction, log(Z/Z⊙) = −0.61+43
−0.18, and

the present-day stellar mass of the galaxy, log(M/M⊙) = 10.78+0.12
−0.18. To estimate the best-

fitted mass-weighted stellar population age value, we used an in-built prospector func-
tion parametric_mwa and found it to be 7.63.3

−3.4 Gyr. We estimated separately internal
dust extinction due to young stars (AV,young) and old stars (AV,old) to be 0.430.33−0.2 and
0.450.32−0.18, respectively. Finally, we used the SED templates produced via MCMC sim-
ulation and estimate the rest frame u-r colour to be 2.57+0.17

−0.20. The major physical properties
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6 What if Source 2 is not the host?

Table 7.8: Free parameters and their associated priors for the Prospector ‘delayed-τ ’
model.

Parameter Description Prior
log(M/M⊙) total stellar mass formed log-uniform: min=8, max=12
log(Z/Z⊙) stellar metallicity top-hat: min=-2, max=0.20
dust2 diffuse V-band dust optical depth top-hat: min=0.0, max=3.0
dust-ratio ratio of additional optical depth in the

direction of young stars to diffuse op-
tical depth in all stars

clipped-normal: mean=1.0,
sigma=0.3, min=0.0, max=2.0

tage [Gyrs] stellar population age of Source 2 top-hat: min=0.001, max=13.6
τ [Gyrs] e-folding time of the SFH log-uniform: min=0.1, max=30
duste(Umin) From (Draine and Li, 2007) dust atten-

uation model
top-hat: min=0.1, max=25.0

duste(QPAH) From (Draine and Li, 2007) dust atten-
uation model

top-hat: min=0.5, max=7.0

duste(γ) From (Draine and Li, 2007) dust atten-
uation model

log-uniform: min=0.001,
max=0.15

of Source 2 are provided in Table 8.4. Note that the quoted uncertainties in all cases are 1σ
values.

6 What if Source 2 is not the host?

It is also possible that Source 2 is not the host of the FRB. In that scenario, we expect the
host of the FRB to be fainter than the faintest FRB host known to date (FRB 20121102A
host; Mr < −17 AB mag). That would make the host of FRB 20180814A the faintest one
known to date. We note that long gamma ray bursts (LGRBs) and Hydrogen-poor superlu-
minous supernovae (SLSNe), which are proposed to host FRB progenitors (Metzger et al.,
2017) via “prompt" formation channels, are preferentially found in blue star-forming dwarf
galaxies (Fruchter et al., 2006). Note that FRB progenitors formed via “delayed" formation
channels, like short gamma ray bursts and accretion induced collapses of white dwarfs, are
expected to be found in massive galaxies (Artale et al.). As the ISM of blue star-forming
dwarf galaxies are rich and dynamic, these galaxies are expected to contribute consider-
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7 Search for a multi-wavelength counterpart to FRB 20180814A

ably to the FRB DM (Li et al., 2019). For instance, Tendulkar et al. (2017) estimated that
the DM contribution of the FRB 20121102A host, a dwarf irregular star-forming galaxy, is
∼ 60 − 220 pc cm−3. If the FRB 20180814A source is located in a similar environment,
the FRB host galaxy would be very nearby (< 100 Mpc) and hence, intrinsically very faint
(Mr < −14 AB mag ). Moreover, if the contribution from the intersecting galaxy groups
(see Section 3.2) is significant as claimed by Connor and Ravi, the DM contribution of the
host would be very small, and the FRB host is unlikely to be similar to those of the known
sample of SLSNe and LGRBs as noted by Li and Zhang (2020).

7 Search for a multi-wavelength counterpart to FRB 20180814A
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Figure 7.5: SED of Source 2. The flux densities of Source 2 in different optical and infrared
bands are plotted along with the best-fit Prospector model spectrum. To assess the
quality of the Prospector model, the modelled (blue square) and observed photometry
(red circle) data are also shown. For more information, see Section 5
.

Persistent radio source search

We searched archival radio data of the following surveys to check for the presence of a
persistent radio source within the FRB uncertainty region: the NRAO VLA Sky Survey
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(NVSS; Condon et al., 1998), the VLA Sky Survey (Lacy et al., 2016, VLASS;), the West-
erbork Northern Sky Survey (WENSS; Rengelink et al., 1997), and the Tata Institute of
Fundamental Research Giant Metrewave Radio Telescope Sky Survey (TGSS) Alternative
Data Release (Intema et al., 2017), and we found no radio source within the 2σ baseband
localization of the FRB. From the non-detection of a persistent compact radio source in
the VLASS 2.1 data (which has angular resolution of 2.5′′ − the best among all the ra-
dio surveys considered here), we estimate a 3σ upper limit of 480 µJy at 3 GHz which
at ≈ 318 Mpc, the luminosity distance of Source 2, implies an isotropic spectral luminos-
ity ≈ 4.6 × 1027 erg/s/Hz, at least four and six times fainter than that the persistent radio
source detected spatially coincident to FRB 20121102A and FRB 20190520A, respectively
(Chatterjee et al., 2017, Niu et al., 2022).

8 Discussion

8.1 Milky Way Halo DM contribution

We can estimate an upper limit on the DM contribution of the Milky Way halo in the
direction of FRB 20180814A using the Bayesian formalism discussed in Section 3.2 under
the presumption that Source 2 is the host of the FRB. After fixing the redshift of the FRB to
that of Source 2, we estimate the DMMW,halo 90% Bayesian credible interval to be (16 pc
cm−3, 54 pc cm−3). This and similar constraints derived using low-DM FRBs discussed in
Chapters 4 and 5, suggest that the Milky Way halo DM contribution could be considerably
smaller than what several Milky Way halo DM models predict (Keating and Pen, 2020).
We note that as the Milky Way halo is possibly clumpy (Kaaret et al., 2020), therefore,
considerable spatial variation in DMHalo may still be possible. With more such localized
low-DM FRBs, the structure and dynamics of the MW halo can eventually be modelled
with greater precision.

8.2 Implications for different progenitor models

The sample of hosts of localized FRBs exhibits remarkable diversity. With each new addi-
tion, the distinction between repeating and non-repeating FRB host populations appears to
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be becoming less clear. If Source 2 is indeed the FRB host, it would be the first one to date
to be associated to a massive passive and red spiral galaxy. Such galaxies offer an ideal
environment to form proposed “delayed"-channel FRB progenitors, such as binary neutron
star mergers and accretion-induced white dwarf collapses (Giacomazzo and Perna, 2013,
Ruiter et al.).

Additionally, one of FRB 20180814A bursts (Burst 4; See Table 8.1) is found to have
a high rotation measure = 699.8 ± 1.0 rad m−2 with estimated extragalactic contribution
to the RM = 745 ± 18 rad m−2 (Mckinven et al., submitted to ApJ). This excess is likely
contributed by the FRB host and/or its local environment as neither the IGM nor the out-
skirts of galaxy groups is expected to have sufficiently high magnetic field (> 10 µG) to
produce the observed Faraday rotation (Govoni and Feretti). Now, if Source 2 is the FRB
host, the MCMC analysis discussed in Section 8.1 gives median DMhost ≈ 20 pc cm−3

(after fixing the FRB redshift = 0.06835; see Figure 8.3). Using this host DM contribution
and the observed extragalactic RM, we estimate the average line-of-sight component of the
magnetic field< B|| > in the path to the FRB source through the host ISM to be RM/(0.812
DM) ≈ 46µG. This < B|| > is larger than the magnetic field estimated in the ISM around
the Sun (1-5 µG; Wielebinski and Beck) and in the Galactic centre region (20-40 µG;
Wielebinski and Beck). Therefore, the observed extragalactic RM is likely contributed by
the circumburst medium.

Piro and Gaensler showed that if the extragalactic rotation measure is provided by the
circumburst medium dominated by magnetized stellar winds, for example, like what we see
in pulsar wind nebula, we expect a much larger dispersion measure contribution (> 500 pc
cm−3), which is not permitted in the case of FRB 20180814A (DM-excess< 100 pc cm−3).
On the other hand, if the FRB source is young and the observed extragalactic rotation mea-
sure is provided by a supernova remnant or post-merger ejecta which is expanding in a
constant density host ISM, then the ambient electron number density must be small (≲ 0.1

pc cm−3). Such a low-density ambient environment is expected to be around progenitors
formed via “delayed"-formation channel models, such as binary neutron star mergers and
accretion-induced collapse of white dwarfs (Liu, Moriya, Piro and Kulkarni). A more pre-
cise localization, followed by multi-wavelength studies of the local environment, will shed
light on the origin of the large extragalactic RM.
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8.3 Comparison with the FRB 20200120E source

If Source 2 is the host of FRB 20180814A, it is more plausible that the progenitor of the
FRB is formed via “delayed" channel (see Section 4). This suggests that the FRB source
might be similar to that of FRB 20200120E (see Chapter 4), which is found to be lo-
cated in a globular cluster of the Messier 81 galaxy at 3.6 Mpc (Kirsten et al., 2021).
However, the brightest burst from the repeating FRB 20180814A in the first CHIME/FRB
catalogue (The CHIME/FRB Collaboration et al., 2021), FRB 20181028A has fluence
≈ 23 Jy ms, is over seven times brighter than that of the published CHIME FRB bursts
of FRB 20200120E (see Chapter 4). After correcting for different luminosity distances,
FRB 20181028A has isotropic energy ∼ 1039 ergs, close to the median isotropic burst en-
ergy seen from other FRBs (Petroff et al., 2019) and around 56,000 times more energetic
than that of FRB 20200120E bursts. If both FRBs have the same formation channel, it
suggests that “delayed"-formation channels can produce FRB sources with wide range of
energies.

9 Summary & conclusions

We have reported on the search for the host of the repeating FRB 20180814A discovered
by CHIME/FRB Collaboration et al. (2019c). From our search, we found PanSTARRS-
DR1 J042256.01+733940.7 aka Source 2, a nearby (z= 0.06835) passive and red spiral
galaxy, as the only plausible host within the 2σ baseband localization region. Our search is
sensitive to detected the faintest FRB host known to date to the estimated maximum FRB
redshift, zmax = 0.091. However, the chance coincidence probability of finding Source
2-like or brighter galaxies within the FRB localization region is > 10%. Alternatively, if
Source 2 is not the host of the FRB, then the FRB 20180814A host would be the faintest
FRB host known to date and would likely contribute insignificantly to the FRB dispersion
measure. In either scenario, the FRB 20180814A host would be an outlier amongst the
sample of known FRB hosts. This argues that more FRB host localizations are required to
uncover global properties of FRB host population.

We found no archival transient event spatially or temporally coincident with any of the
reported FRB 20180814A bursts to date. We also searched for a compact, persistent radio
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9 Summary & conclusions

continuum source within the FRB localization region and found none. We then estimated a
3σ upper limit at 3 GHz = 4.6× 1027 erg s−1Hz−1, at least four times and six times fainter
than that the persistent radio source detected spatially coincident to FRB 20121102A and
FRB 20190520A, respectively. Due to its low DM-excess, we constrain the Milky Way halo
DM contribution to be 16−54 pc cm−3 (90% confidence interval) along the FRB sight-line.
We also compared the host of FRB 20180814A with that of FRB 20200120E and found
that both FRBs might share the same formation channel. However, to identify the source
of FRB 20180814A, we need a more precise localization (≲ arcsecond precision).
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Chapter 8

A Search for the Host Galaxy of
FRB 20190303A

1 Introduction

In this chapter, we present the search for the host galaxy of FRB 20190303A1, one of the
nine repeating FRBs reported by the CHIME/FRB Collaboration in 2020 March (Fonseca
et al., 2020). Its DM is 222.4 ± 0.7 pc cm−3, which is significantly larger than the expected
Galactic contribution in the FRB direction (∼ 25 pc cm−3; Cordes and Lazio, 2002, Yao
et al., 2017). As of 2022 October 18, CHIME/FRB has detected 27 bursts from the FRB
(see Table 8.1).2

Additionally, Fonseca et al. (2020) reported the large extragalactic RM of the FRB (≈
490 rad m−2). Compared to the predicted Galactic contribution, the FRB’s low excess-DM
and high extragalactic RM suggested the possibility of a nearby host galaxy. They found
a pair of face-on star-forming merging galaxies, SDSS J135159.17+480729.0 and SDSS
J135159.87+480714.2, at a spectroscopic redshift = 0.064 as a promising host. However,
the reported localization region was not small enough to conclusively establish the merging
pair as the FRB host. In this chapter, we used the combined baseband localization of 17

1Formerly named as FRB 190303.J1353+48, or internally to the CHIME/FRB team, R17.
2For a complete list, check https://www.chime-frb.ca/repeaters/FRB20190303A (vis-

ited on 18/10/2022).

174

https://www.chime-frb.ca/repeaters/FRB20190303A


2 Observations

bursts detected before 2021 March 9 that constrained the uncertainty region of the FRB
to a sky-region of 0.13 sq. arcmin (2σ), an improvement of over a factor of 16,000 in
localization area (Michilli et al., in prep). Within the localization region, we identify the
merging pair as the only viable host with a low-chance association probability, making it
the likely host of the FRB.

The chapter is organized as follows: in Section 2, we describe our search for the FRB
host. From the low chance coincidence probability (Section 3), we argue that the merging
pair is the likely host for the FRB. In Section 4, we list major physical properties of SDSS
J135159.17+480729.0 and SDSS J135159.87+480714.2. In Section 5, we show that, be-
sides the merging pair, there is no other viable host candidate detected within the 2σ local-
ization region of the FRB that is detected in archival optical data. We discuss our archival
multi-wavelength data search to identify any plausible FRB counterpart in Section 6. In
Section 7, we discuss implications of the host association and conclude in Section 8.

2 Observations

CHIME/FRB (CHIME/FRB Collaboration et al., 2018) first reported the discovery of the
repeating FRB 20190303A in 2020 (Fonseca et al., 2020). Till 2021 March 9, the CHIME/FRB
baseband system triggered on 17 bursts of FRB 20190303A. The dedispersed waterfall
plots and major observables of the 17 bursts using baseband data are shown in Figure
8.1 and Table 8.1. The baseband data were processed by an automatic pipeline (Michilli
et al., 2020). The baseband localization pipeline is described in Chapter 3. Very briefly,
the pipeline maps the FRB bursts’ S/N using a grid of overlapping beams around an initial
position guess for each FRB. A mathematical model of CHIME’s formed beam is used
to fit the resultant S/N measurements in each beam. By using a sample of sources with
known locations, systematic uncertainties have been quantified. The pipeline facilitates the
localization of bursts on the sky with a precision of ∼ 8

S/N arcmin. As the reported base-
band localization uncertainties are dominated by statistical errors (Michilli et al., 2020).
We combined the localization regions of the 17 FRB bursts using a weighted average with
inverse variance weights and localized the FRB to a sky area of ≈ 0.13 arcmin2 (2σ; see
Table 8.2). Next, we use the combined FRB baseband localization region to look for a
plausible host galaxy.
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Figure 8.1: Waterfall plots using Stokes I data of 17 FRB 20190303A bursts dedispersed
to their structure optimized DMs (DMstruct; listed in Table 8.1). The total intensity burst
profiles are shown in panels above the spectra (black). For bursts with substantial RM
detections, we provide both the linear polarization (red) and circular polarization (blue)
intensity profiles (peak normalized) along with the polarization angle (PA) curves. Signal is
added over the spectral limits of the burst, shown by orange lines along the frequency axis,
to obtain the burst profile. Red lines show masked frequency channels along the vertical
axis. Each panel is labelled with the corresponding burst number from Table 8.1. Figure
from Mckinven et al. (submitted to ApJ).
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2 Observations

Table 8.1: Properties of the bursts from FRB 20190303A using the baseband data.

Burst number Arrival Timea S/N DMb
struct

(MJD) (pc cm−3)
1 58666.13522 76.8 221.43(21)
2 58769.85517 45.0 221.233(11)
3 58776.82559 82.1 221.579(97)
4 58797.77293 113.7 221.354(59)
5 58800.75865 54.8 221.353(82)
6 58803.75684 208.9 221.473(62)
7 58804.76286 33.5 221.264(61)
8 58832.67612 46.8 221.55(16)
9 58848.63738 27.2 221.64(57)

10 58860.60178 38.8 221.70(25)
11 59022.16102 36.8 222.04(29)
12 59070.02806 57.8 221.39(38)
13 59101.93754 68.7 221.71(15)
14 59248.53543 57.7 221.333(43)
15 59252.52666 80.2 221.78(24)
16 59254.52323 102.2 221.72(12)
17 59275.46633 31.3 221.387(90)

a All burst times of arrival are topocentric. The arrival times are estimated by the baseband
pipeline (Michilli et al., 2020).
b S/N-optimized DM for the bursts detected in the baseband data.
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2 Observations

Table 8.2: Major Observables of FRB 20190303A.

Parameter Value

R.A.(J2000)a 13h51m59s.1± 1s.3
Dec. (J2000)a 48◦7′15′′ ± 10′′

l, b 97.◦635, +65.◦925
DMb 222.4 ± 0.7 pc cm−3

DMc
MW,NE2001 29 pc cm−3

DMc
MW,YMW16 22 pc cm−3

DMd
MW,WIM 26 ± 3 pc cm−3

DMe
MW,halo 30 pc cm−3

Max. distancef ≲ 640 Mpc

a 1σ uncertainty (from Michilli et al. in prep).
b From Fonseca et al. (2020).
c Maximum DM model prediction along this line-of-sight for the NE2001 (Cordes and
Lazio, 2002) and YMW16 (Yao et al., 2017) Galactic electron density distribution models.
d Using the DMsin |b| estimate from Ocker et al. (2020).
eMilky Way halo DM prediction from the Dolag et al. (2015) hydrodynamic simulation
and Yamasaki and Totani (2020) Milky Way Halo model.
f Corresponds to zmax = 0.16 (Fonseca et al., 2020).

2.1 Host galaxy search

As the FRB field-of-view is covered by the Sloan Digital Sky Survey (SDSS; Gunn et al.,
2006), we queried the SDSS DR12 catalogue (Alam et al., 2015) to identify plausible
host candidates, and found three galaxies within the FRB’s 2σ localization region. These
sources are listed in Table 8.3. More interesting, out of three sources, Sources 1 and 2
are the pair of face-on star-forming merging galaxies, SDSS J135159.17+480729.0 and
SDSS J135159.87+480714.2, that were noted by Fonseca et al. (2020) as a promising FRB
host. In Figure 8.2, we plotted the identified sources, and 1σ and 2σ baseband localization
regions over an SDSS RGB image made using SDSS’s u-band (B:blue), r-band (G:green),
and z-band (R:red) data. Clearly, the merging pair at the redshift of z = 0.064 is the most
prominent host candidate. We note that SDSS with an r-band depth ≈ 22.5 AB mag is
sensitive to detect a FRB 20121102A-like host − a star-forming dwarf galaxy (Mr = −17
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Figure 8.2: SDSS RGB-image of the FRB 20190303A localization regions (dashed ellipse
- 1σ; solid ellipse - 2σ). Grey boxes show the locations of 3 host galaxy candidates within
the localization region (see Table 8.3); Sources 1 and 2 are a part of the merging pair at z =
0.064, the most promising host galaxy of the FRB.

AB mag; Tendulkar et al., 2017) − the fainest FRB host discovered to date, to the maximum
redshift (zmax) of the FRB estimated by Fonseca et al. (2020) = 0.16. Additionally, the FRB
field-of-view is also covered by the Dark Energy Spectroscopic Instrument (DESI) Legacy
Imaging Survey (Dey et al., 2019). Its r-band depth ≈ 24 AB mag (5σ). In the DESI data
as well, we found the same three SDSS sources that are listed in Table 8.3.

Although the spectroscopic redshift of Source 3 is not catalogued in literature, its photo-
metric redshift ∼ 0.20 (Alam et al., 2015, Zhou et al., 2020) places it beyond the maximum
redshift limit zmax = 0.16. The optical follow-up for estimating the spectroscopic redshift
of Source 3 is underway.
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3 Chance coincidence probability of the merging pair

Table 8.3: Galaxies identified within the FRB localization region with Mr ≲ −16 AB mag
at zmax = 0.16.

Number R.A. Dec. r-band (SDSS)a zspec
J2000 J2000 AB mag.

1 13h51m59.s87 48◦7′14.′′2 15.50(2) 0.06387
2 13h51m59.s17 48◦7′29.′′0 15.99(4) 0.06438
3 13h51m57.s34 48◦7′25.′′9 20.12(6) 0.20(4)b

a Petrosian r-band magnitudes from the SDSS DR12 photometric catalogue (Alam et al.,
2015).
b Photometric redshift estimated for Source 3 by the SDSS collaboration (see Section 2.1).

3 Chance coincidence probability of the merging pair

As the most plausible host candidate of FRB 20190303A is a pair of face-on star-forming
merging galaxies, SDSS J135159.17+480729.0 and SDSS J135159.87+480714.2, we first
estimate the likelihood of finding a such a merging pair by pure coincidence with the
FRB localization. We use the same formalism that is discussed in Section 4.4 of Fonseca
et al. (2020). Briefly, we estimate the density of galaxies with MB ≤ −20 AB mag, using
the luminosity function of low-redshift galaxies from Faber et al. (2007), to be ≈ 0.0015
Mpc−3. We then estimate the probability of finding a pair of massive merging galaxies by
chance assuming a Poisson spatial distribution of galaxies in the Universe and a number
of companions per galaxy (Nc) = 0.02 (Patton and Atfield, 2008) to be ≈ 1.2 × 10−4 for
zmax = 0.16. Even when considering all the baseband localized CHIME FRBs with un-
known hosts reported thus far (= 13; Michilli et al., in prep) as a trial factor to account
for the look-elsewhere effect, the Pcc would be 1.6 ×10−3 suggesting a robust host asso-
ciation. However, though several repeating FRBs are found to be spatially associated with
merging systems (see Section 7.2), there is no a priori reason to have expected a merging
pair as the host of FRB 20190303A. Therefore, we next use the Bayesian formalism PATH
(Probabilistic Association of Transients to their Hosts; Aggarwal et al., 2021) to calculate
the true host association probability of FRB with either of the merging pair galaxies.
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4 Physical properties of Sources 1 and 2

For that, we employ a Bayesian framework, Probabilistic Association of Transients to
their Hosts (PATH; Aggarwal et al., 2021), for estimating the probability of chance coinci-
dence between the FRB and either of the merging galaxies. We examine all the galaxies de-
tected within the FRB localization region by both SDSS and DESI (see Table 8.3) to obtain
a posterior probability of true association with either of the merging galaxies, P(O|merging
pair). > 0.99 (where P(O|x) > 0.90 is generally considered a secure association; Bhan-
dari et al., 2022). Here, as recommended by Aggarwal et al. (2021), we assume a 10%
prior probability that the host galaxy of the FRB is not detected either in the SDSS or in
the DESI survey. The estimates discussed above (Pcc and true host association probability)
strengthen the host association of FRB 201903030A with the merging pair.

4 Physical properties of Sources 1 and 2
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Figure 8.3: The two “Baldwin, Phillips & Terlevich” (BPT) diagrams used to classify the
emission-line galaxies as: Star-forming, Seyfert, LINER, and Composite galaxies. Left:
dashed line shows the Kauffmann et al. (2003) classification criteria. The Kewley et al.
(2006) classification is shown as the solid line. Right:Kauffmann et al. (2003) criteria is
shown as the solid line which separates star-forming galaxies from active galaxies and the
dashed lines represent the Seyfert–LINER demarcation from Schawinski et al. (2007). Both
SDSS J135159.87+480714.2 (Source 1) and SDSS J135159.17+480729.0 (Source 2) are
classified as starforming galaxies using the BPT diagrams
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Here we summarize the major physical properties of the face-on star-forming merg-
ing galaxies, SDSS J135159.87+480714.2 (Source 1) and SDSS J135159.17+480729.0
(Source 2). The SDSS collaboration (Alam et al., 2015) acquired optical spectra along
with calibrated photometry (ugriz) for both the galaxies. They used those datasets to cal-
culate redshifts and major physical parameters of the two sources, which are presented in
Table 8.4. Additionally, we estimated the nebular metallicity of the merging pair via Oxy-
gen abundance, 12 + log (O/H), using the O3N2 calibration formula from Hirschauer et al.
(2018), and the effective radii of both the galaxies using the catalogued Petrosian radii (R50,
R90) provided by SDSS Data Release 12 and Equation 7 of Graham et al. (2005), which
are also listed in Table 8.4. Note that as only a small fraction of the two galaxies (including
the central region) is covered by the SDSS spectragraph, we did not estimate the current
star-formation rate of Sources 1 and 2 via the Hα line.

We now briefly outline the approach employed by the SDSS collaboration (Granada
group3) to estimate the listed physical properties of the two galaxies. The parameters are
based on the publicly available Flexible Stellar Population Synthesis code (FSPS; Conroy
et al., 2009). With the assumption that star formation occurs over a wide range of redshifts
which allows an extended star-formation history, the model fits extinction corrected SDSS
photometry (SDSS ugriz band magnitudes). Additionally, it also fits for dust extinction
using the two component model of dust attenuation by Charlot and Fall (2000). In this
extinction model, radiation from all stars is attenuated (Av, old) by a diffuse (and well
mixed) dust component, but young stars’ light (≲ 10 Myr) experiences an extra source of
attenuation (Av, young) via a parental birth-cloud.

As the galaxies’ optical spectrum shows all the major emission lines, we used The
“Baldwin, Philips & Terlevich” (BPT) diagrams of [O III]/Hβ versus [N II]/Hα and [O
III]/Hβ versus [S II]/Hα to classify the dominant source of ionizing radiation in the two
galaxies. The plots are shown in Figure 8.3. Both Sources 1 and 2 are classified as predom-
inantly star-forming galaxies by both the BPT diagrams.

3Refer this web-page for more information:https://www.sdss.org/dr12/spectro/
galaxy_granada/
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5 Source 3 - The FRB host?

Table 8.4: Notable properties of Sources 1 and 2.

Property Source 1 Source 2

log[SFR] (M⊙ yr−1) 0.99 ± 0.03 0.84 ± 0.04
Stellar Metallicity (log(Z/Z⊙)) −0.39 ± 0.01 −0.31 ± 0.07
Oxygen abundance [O/H] 9.04 ± 0.19 8.94 ± 0.07
Stellar mass (log(M/M⊙)) 10.63 ± 0.03 10.75 ± 0.03
Effective radius (Reff ; kpc) 4.9 4.7
Mass-weighted age (Gyr)a 1.72 ± 0.18 4.2 ± 0.8
(u-r)o (mag) 1.79 ± 0.01 1.93 ± 0.02
AV,old (mag) 0.76 ± 0.04 0.81 ± 0.01
AV,young (mag) 2.27 ± 0.13 2.44 ± 0.03
Absolute r-band mag. (AB) −20.49 −19.94
Redshift (z) 0.06386 ± 0.00001 0.06437 ± 0.00001

5 Source 3 - The FRB host?

This section discusses the likelihood of Source 3 to be the host of FRB 20190303A. Un-
surprisingly, Pcc, Source 3 ≈ 1 and P(O|Source 3) < 0.01 if we use the methods discussed
in Section 3 suggesting that it is unlikely to be the FRB host. However, we note that as
fainter galaxies are more common in the Universe and thus more likely to be discovered
in the FRB localization region, our chance coincidence analysis favours brighter galaxies
over fainter ones. Therefore, in this section, we discuss the prospects of Source 3 to be the
FRB host based on other arguments.

If Source 3 is indeed the FRB host, the interstellar medium (ISM) and circumgalactic
medium (CGM) of Sources 1 and 2 would also contribute to the DM of the FRB. At z
= 0.064, the FRB’s projected offset from Sources 1 and 2 would be 26 kpc and 16 kpc,
respectively, which is less than the typically observed radial extent of massive star-forming
galaxies (∼ 1011 M⊙) (≳ 30 kpc; Genel et al., 2018, Paulino-Afonso et al., 2017, Schulz,
2017). To be conservative, we only consider here the contribution of the CGM of the two
galaxies. For that, we follow the formalism used in Chapter 5 to estimate the halo contribu-
tion of M81. Briefly, we first estimate the halo mass of Sources 1 and 2 to be 1.5×1012M⊙

and 2.5 × 1012M⊙ using the relation between the stellar mass of a galaxy and the mass of
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6 Search for a multi-wavelength counterpart to
FRB 20190303A

its dark matter halo from Moster et al. (2013). The stellar masses of the merging galaxies
that are used to estimate their halo masses are listed in Table 8.4. Next, using the calculated
dark matter halo mass of the two galaxies, we estimate concentration factors of Sources
1 and 2 − dimensionless shape parameters that characterize dark matter halo profiles −
to be 7.4 and 6.9, respectively, using a relation between halo mass and concentration fac-
tor from Klypin et al. (2016). To estimate a conservative DM contribution of the merging
pair’s CGM, we employ the MB04 density profile, which provided the most conservative
(smallest) DMM81,halo estimate in Section 3.4 of Chapter 5. Using all these parameters, we
calculate the DM contribution of the CGM to be 60 pc cm−3. Here we use the fraction of
baryons in the halos of the Sources 1 and 2 = fb,halo = 0.4, the minimum value that Hafen
et al. (2019) found in the FIRE simulation for a ∼ 1012 M⊙ halo. This is a conservative as-
sumption, since zoom-in cosmology hydrodynamical simulations of massive mergers (Hani
et al., 2018) showed that the density of baryons in the CGM was greatly enhanced by the
merger event and would only begin to decrease approximately ∼ 3 Gyr after the merger.
Therefore, we conclude that if Source 3 is the FRB host, the DM contribution of the merg-
ing pair would be significant. If we only include this conservative DM contribution of the
foreground merging pair in the DM budget, we estimate the maximum redshift of the FRB
to be 0.13 (95% upper limit) assuming negligible contribution from the FRB host, which
is considerably smaller than the photometric redshift of Source 3 = 0.20. Therefore, this
analysis also suggests that Source 3 is unlikely to be the FRB host.

6 Search for a multi-wavelength counterpart to
FRB 20190303A

6.1 Persistent radio source search

As at least two localized FRBs are found to be associated with a persistent compact radio
source, FRBs 20121102A (Chatterjee et al., 2005) and 20190520A (Niu et al., 2022), we
search for a similar radio counterpart within the FRB localization region. For that, we check
the following archival radio data: the VLA Sky Survey (VLASS - 3 GHz; Lacy et al., 2016),
the Faint Images of the Radio Sky at Twenty-centimeters Survey (FIRST Survey - 1.5
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GHz; Becker et al., 1995), the NRAO VLA Sky Survey (NVSS - 1.4 GHz; Condon et al.,
1998), the Westerbork Northern Sky Survey (WENSS - 330 MHz; Rengelink et al., 1997),
the Tata Institute of Fundamental Research Giant Metrewave Radio Telescope Sky Survey
Alternative Data Release (TGSS - 150 MHz; Intema et al., 2017), and the LOFAR Two-
metre Sky Survey (IoTSS - 144 MHz ; Shimwell et al., 2022). Among these surveys, we
do not find any radio counterpart in VLASS, WENSS, and TGSS, and one barely resolved
radio source coincident with the merging pair in the NVSS image, NVSS J103422+734554.
However, the NVSS source is resolved in FIRST and IoTSS images as two sources that
spatially coincide with the merging pair and have the same morphology as the galaxies in
the SDSS images. Finally, the FIRST and IoTSS radio sources are likely resolved out and
therefore undetectable in the VLASS 1.1 and 2.1 data, which have ∼ three times higher
angular resolution than FIRST and IoTSS. This shows that the two radio sources are of an
extended nature and are the outcome of ongoing star formation in the galaxies. This is in
agreement with the conclusions made using BPT diagrams in Section 4.

We estimate the integrated flux density of the radio counterparts of Sources 1 and 2
detected in the FIRST and IoTSS images using the Aegean package (Hancock et al., 2012,
Hancock et al., 2018) and is stated in Table 8.5. Using the IoTSS and FIRST flux densities
and assuming a power-law dependence of the flux density of the radio counterparts of
Sources 1 and 2 i.e., Sν ∝ Sα, we estimate α to be 0.63 ± 0.15 for Source 1 and 0.88 ±
0.15 for Source 2. These spectral indexes agree well with the observed radio continuum
spectral index of local star-forming galaxies (between −0.1 and −0.8; Klein et al., 2018,
Marvil et al., 2015).

We also estimate the SFR of both the galaxies using the FIRST 1.4 GHz flux density
and compare it with the value estimated in Section 4. Using the 1.4 GHz–SFR relation from
Davies et al. (2017),

log(SFRUV+TIR/M⊙yr
−1) = 0.66± 0.02× log(L1.4(W/Hz))− 14.02± 0.39, (8.1)

we estimate,
log(SFRUV+TIR/M⊙yr

−1, Source1) = 0.7± 0.4 (8.2)
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and,
log(SFRUV+TIR/M⊙yr

−1, Source2) = 0.5± 0.4. (8.3)

The SFRs of Sources 1 and 2 computed using the FIRST 1.4 GHz data are consistent with
the values presented in Table 8.4.

From the non-detection of a persistent compact radio source in the FRB 20190303A
localization region in the VLASS 2.1 data, the best angular resolution data among all the
included radio surveys, we estimate a 3σ upper limit of 480 µJy at 3 GHz which at z
= 0.064 implies an isotropic spectral luminosity ≈ 5 × 1028 erg/s/Hz, which is smaller
than the spectral luminosity of the persistent radio source detected spatially coincident to
FRB 20121102A and FRB 20190520A, respectively (Lν > 1029 erg/s/Hz; Chatterjee et al.,
2017, Niu et al., 2022).

Table 8.5: Summary of radio observations of FRB 20190303A

Survey Frequency Date Image Resolutiona Source 1 fluxb Source 2 fluxb

GHz UT ′′ mJy mJy

IoTSS 0.144 2018 August 1c 6 8.27 ± 0.18 6.43 ± 0.09
FIRST 1.5 1997 April 05 5 1.9 ± 0.3 0.79 ± 0.12

a For each survey, average of major and minor axes of the formed beam is quoted.
b Integrated flux density estimated using Aegean.
c There are three mosaic images obtained between 2018 July 25 and 2018 August 8. The
flux estimates for the two sources in each of the three images are consistent within 1σ error.

7 Discussion

7.1 Constraints in the progenitor of the FRB

Mckinven et al. (submitted to ApJ) noted that the bursts from FRB 20190303A detected
between 2019 July and 2021 November (17 of those are displayed in Figure 8.1) showed
a wide range of linear polarization fractions. More surprising, over a six-day period from
2019 November 10 to 2019 November 16, the |RM| of FRB 20190303A increased by more
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Figure 8.4: RM as a function of time for baseband data recorded from FRB 20190303A,
displaying the ionospheric corrected RM (black diamonds); The RMs are uncorrected for
the non-uniform bandpass of CHIME. Times are in Coordinated Universal Time (UTC)
format with vertical dotted lines indicating the start of each calendar year. The RMs rep-
resented as black points are displayed alongside previously published RMs obtained from
FAST observations (magenta points; Feng et al., 2022). The extent of the error bars appear
invisible for some data points due to the the large RM variations displayed from this source.
The times of arrival (TOA) of the unpolarized bursts are indicated as lines along the top
horizontal axis. Figure from Mckinven et al. (submitted to ApJ)
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than ∼ 100 radm−2. This implies a temporal RM gradient of |∇RM| ≳ −17 radm−2 day−1,
which is followed by an interval of over a year where |RM| steadily decreased to its min-
imum near RM ∼ −200 radm−2. Using these observations, the authors estimated an av-
erage gradient of |∇RM| ≳ 0.7 radm−2 day−1. Figure 8.4 summarizes this remarkable
behaviour of the FRB bursts. It suggests a dynamic and highly evolving local environment,
which one can expect from a merging pair. It is interesting to note that the two galaxies
are about to merge (Patton and Atfield, 2008), which often causes enhanced star formation
in and at the outskirts of the merging galaxies, making them a promising site of transients
associated with young progenitors formed via prompt channels, like core-collapse super-
novae, long gamma ray bursts (LGRBs) and hydrogen poor superluminous supernovae
(SLSNe). However, it seems less likely that these two galaxies can host a LGRB or hy-
drogen poor SLSNe progenitor due to the following reasons: the host galaxies of LGRBs
in the low-redshift Universe are typically at the faint, low-mass end of the population of
star-forming galaxies (Lunnan et al., 2014, Perley et al., 2016, Savaglio et al., 2009, Ver-
gani et al., 2015). In contrast, both Sources 1 and 2 are massive galaxies (∼ 1011 M⊙).
Moreover, the low-redshift host galaxies of LGRBs and hydrogen poor SLSNe are pre-
dominantly metal-poor with 12 + [O/H] < 8.60 (Graham and Fruchter, 2013, Perley et al.,
2016, Vergani et al., 2017), contrary to what is observed in this case. Therefore, it seems
less likely that the FRB progenitors is a remnant formed via Hydrogen-poor SLSNe or
LGRBs.

7.2 Comparison with other repeating FRB hosts

It would be interesting to investigate whether the FRB source is associated with the merger
system. However, this is not the first FRB that is reported to be associated with a merging
pair. Law et al. (2020) reported the discovery of an apparently non-repeating FRB, FRB
20190614D, and suggested that the galaxy pair J042017.71+734222.9 and J042017.87+734224.4
at a photometric redshift of ∼ 0.6 as its plausible host. The merging pair has an angular
separation of ∼ 1.5′′ from the FRB central position. However, the chance association prob-
ability of this galaxy pair is not small enough to make a robust association, i.e., 7% (Heintz
et al., 2020). Moreover, Heintz et al. (2020) noted that FRB 191001 host is also likely in
the process of merging with another galaxy at a projected separation of ≈ 25 kpc, though
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it is not clear if it has any impact on the formation of the FRB progenitor. Additionally,
Kaur et al. (2022) analyzed the neutral atomic hydrogen distribution in the host galaxy of
FRB20180916B (Marcote et al., 2020) and claimed that the FRB host recently underwent a
small merger, resulting in a burst of star formation at the galaxy’s outskirts that gave rise to
the FRB progenitor. Finally, Ryder et al. (2022) reported the discovery of FRB 20220610A
in a complex (likely merging) galaxy system at a redshift of z = 1.016 ± 0.002. These asso-
ciations of FRBs with merging systems suggest that merger events can facilitate conditions
conducive to the formation of FRB progenitors. However, due to the diverse activity of
the localized FRBs (only FRBs 20180916B and 20190303A thus far have been found to
repeat) and the small sample size, we refrain for drawing any meaningful conclusion here.

With the inclusion of FRB 20190303A in the sample of seven repeating FRBs, 20121102A,
20180916B, 20181030A, 20190520A, 20190711A, 20200120E, and FRB 20201124A (Chat-
terjee et al., 2017, Heintz et al., 2020, Lanman et al., 2022, Marcote et al., 2020, Niu et al.,
2022, ; Chapters 5 and 6), it is evident that the known repeating FRB hosts exhibit a con-
tinuum of properties in terms of their luminosities, stellar masses, metallicity, and SFRs.
However, the association of FRB 20190303A with a pair of massive spiral star-forming
galaxies along with the plausible association of FRB 20180814A with a passive red spiral
(see Chapter 7) seem to contradict the tentative evidence found by Bhandari et al. (2022)
for the hosts of repeating FRBs being less massive and less luminous on average, com-
pared to the hosts of apparently non-repeating FRBs. Therefore, it is crucial to get more
host associations to do meaningful statistical studies of the FRB host population.

8 Summary & conclusions

We have reported on the likely association of the repeating FRB 20190303A discovered
by Fonseca et al. (2020) with a local Universe merging pair of two star-forming galaxies
at a redshift of 0.064, SDSS J135159.17+480729.0 and SDSS J135159.87+480714.2. On
the basis of a Bayesian framework for estimating the probability of chance coincidence
between transients and host galaxies, we estimated that the probability of correctly associ-
ating the FRB with either of the merging galaxies is greater than 99 % and thus concluded
that the association is robust.
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We searched the Transient Name Server (TNS)4 for any archival transient event that is
spatially and temporally coincident with any of the 17 recorded FRB 20190303A bursts
and find none. We also searched for a compact persistent radio source within the FRB
localization region and found none. We then estimated a 3σ upper limit at 3 GHz = 5 ×
1028 erg s−1Hz−1, smaller than spectral luminosity of the persistent sources associated with
FRBs 20121102A and 20190520A.

At a distance of ≈ 300 Mpc, FRB 20190303A is one of the closest and most active
repeating FRBs discovered to date. Hence, it is a promising candidate for VLBI follow-
ups and for the detection of prompt multi-wavelength counterparts as predicted by several
FRB models (Nicastro et al., 2021). Therefore, we strongly encourage multi-wavelength
follow-up of FRB 20190303A.

4https://www.wis-tns.org/
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Chapter 9

Final Conclusion & Future Work

This thesis outlines the framework developed to identify host galaxies of local Universe
FRBs discovered by the CHIME telescope. In addition, we describe the automated pipeline
that promptly identifies faulty hardware components. Given that CHIME is a highly sophis-
ticated radio interferometer with 2048 signal chains processing sky signals at a data rate of
∼ 4.6 Tb s−1, early detection of malfunctioning hardware components is crucial to maintain
the data integrity.

In order to identify plausible host galaxies of CHIME FRBs in the local universe, we
develop a pipeline with which we found the likely hosts of many low excess-DM FRBs
(some of the relevant publications are currently in preparation). In this dissertation, we
report on the discovery and host association of four low excess-DM FRBs, two of which,
FRBs 20181030A and 20200120E, are the closest known extragalactic FRBs to date. The
low-DM or local Universe FRBs described in this thesis have constrained FRB emission
mechanisms and progenitor models and disfavoured a number of previously held beliefs
regarding the FRB population. For instance, the hosts of the four repeating FRBs have
strikingly distinct physical properties, which raises questions about the kinds of conditions
that could produce FRBs in galaxies with significantly different properties. Furthermore,
FRB 20200120E was later localized to the M81 globular cluster by Kirsten et al. (2021) that
we reported in our work. The most popular FRB model evokes young strongly magnetized
compact objects. It is highly unlikely that FRB 20200120E source was formed through this
channel. Therefore, the association provides the strongest evidence yet for the existence of

191



Final Conclusion & Future Work

multiple FRB formation channels.

In this chapter, we summarize the most significant findings from the works provided in
this dissertation:

In Chapter 3, we present the pipeline designed to identify bad analog channels that
are crucial to be removed to maintain data integrity. We describe the underlying frame-
work of the pipeline, adaptive thresholding and cross-correlation techniques, to identify
bad channels. We then demonstrate the pipeline’s utility for finding channels with various
hardware-related defects. In fact, the pipeline was the first to identify a sudden increas-
ing in bad channels at the time of rain, which was later found to be caused by rain water
interfering with CHIME feed electronics. We also evaluate the pipeline’s fundamental as-
sumptions and conclude that they are applicable to CHIME and other similar radio interfer-
ometric array, such as such as Murchison Widefield Array (MWA; Lonsdale et al., 2009),
LOw Frequency ARray (LOFAR; Butcher, 2004), Hydrogen Epoch of Reionization Ar-
ray (HERA; DeBoer et al., 2017), Hydrogen Intensity and Real-time Analysis eXperiment
(HIREX; Newburgh et al., 2016), DSA-2000 (Hallinan et al., 2019), and Square Kilometer
Array (SKA; Ellingson, 2005). For completeness, we investigate various scenarios where
the pipeline is not designed to work optimally due to the limitations of the underlying
assumptions. Finally, we discuss possible approaches to increase the pipeline’s efficiency
while dealing with those scenarios.

In Chapter 4, we describe the FRB−λ pipeline, a Python-based fully automated
pipeline that identifies plausible host galaxy candidates of CHIME FRBs, particularly those
with low excess-DM. The pipeline searches archival optical survey data to identify cata-
logued galaxies within the FRB localization region and then searches for their possible
infrared counterparts in WISE and 2MASS. It saves the identified galaxies’ flux catalogue,
which includes their coordinates, extinction-corrected flux magnitudes, and flux densities,
as well as their spectroscopic or photometric redshifts. In addition, it estimates the maxi-
mum redshift of the FRB and the chance association probability of discovering (1) a galaxy
of a particular apparent r-band magnitude and (2) a galaxy similar to the faintest FRB host
discovered to date in the comoving volume in the FRB localization region to the estimated

192



Final Conclusion & Future Work

maximum FRB redshift. Lastly, it generates FRB localization plots utilizing Pan-STARRS
g-, r-, and z-band data, that also show the location of discovered galaxies. Since its incep-
tion, the pipeline has consistently been used to identify plausible host candidates of low
excess-DM CHIME FRBs, and many of them will be published soon. Due to its modular
structure, the pipeline

In Chapter 5, we have reported on the discovery of the repeating fast radio burst source
FRB 20200120E discovered with CHIME/FRB. This source has very low DM, 87.82 pc
cm−3, though greater than what is expected from models of the Milky Way ISM along
its line-of-sight. We identified M81, a nearby grand-design spiral galaxy at a distance of
∼ 3.6 Mpc, with an angular offset ≈ 19′ and chance coincidence probability < 10−2, as its
promising host candidate. We have shown that the observed extragalactic DM component
of the FRB is significantly lower than the model-predicted DM contribution from the M81
halo as a foreground galaxy. This suggests that the FRB host galaxy is unlikely to be lo-
cated beyond M81, though the FRB may exist within the extended disk of M81. Therefore,
if extragalactic, FRB 20200120E is most likely associated with M81. We also found that
the FRB localization region contains the extended M81 HI-disk and a number of interesting
M81 sources including an H II region ([PWK2012] 31), an X-ray binary ([SPZ2011] 8),
a VLASS source, VLASS1QLCIR J095756.10+684833.3 and a globular cluster At a dis-
tance of 3.6 Mpc, it should be possible to detect prompt multi-wavelength counterparts of
FRB 20200120E predicted by several FRB models, including the magnetar model. Some
FRB models anticipate even greater luminosities in high energy bands than in the radio
band (Burke-Spolaor, 2018, Chen et al., 2020, Yi et al., 2014). For example, in the syn-
chrotron maser model of Metzger et al. (2019), shock-heated electrons gyrate to produce
synchrotron radiation that sweeps through the γ-ray and X-ray bands, and in some cases,
even extends to the optical band on sub-second timescales. Additionally, if radio bursts
from FRB 20200120E are accompanied by X-ray bursts, as was seen in SGR 1935+2154
(Bochenek et al., 2020, CHIME/FRB Collaboration et al., 2020a, Li et al., 2020, Mereghetti
et al., 2020, Ridnaia et al., 2020), detecting a coincident X-ray counterpart seems feasible,
and would be a strong test of the magnetar origin of FRBs. Therefore, we encourage multi-
wavelength follow-up of FRB 20200120E.
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Chapter 6 reports on the association of the repeating FRB 20181030A discovered by
CHIME/FRB Collaboration et al. (2019c) with a nearby star-forming spiral galaxy, NGC
3252, at a distance of 20 Mpc. This makes the FRB the second closest extragalactic FRB
known to date. We estimate the chance coincidence probability of finding NGC 3252 within
the FRB localization region is < 2.5 × 10−3. Regardless, we searched for plausible host
galaxies within the FRB’s 90% confidence localization region, and found no galaxy except
NGC 3252 with Mr < −15, a limit in luminosity over five times smaller than for any FRB
hosts identified to date. This further strengthens the association of FRB with NGC 3252.
We found no archival transient event that coincided spatially or temporally with any of
the reported FRB 20181030A bursts to date. For one FRB burst, FRB 20200122A, that
was detected on 2020 January 22 by CHIME/FRB and was also visible to Fermi/GBM, we
estimated an upper limit on the coincident X-ray flare energy to be ≈ 1046 erg s−1. From our
radio follow-up analysis, we noted that NGC 3252 does not harbour an actively accreting
super-massive black hole at its center. We also searched for a compact, persistent radio
continuum source within the FRB localization region and found none. We then estimated
a 3σ upper limit at 3 GHz = 4.3 × 1025 erg s−1Hz−1, at least 1500 times fainter than the
persistent source associated with FRB 20121102A. Due to its low DM-excess, we constrain
the Milky Way halo DM contribution to be 19−55 pc cm−3 (90% confidence interval)
along the FRB sight-line. Additionally, we compared the two published FRB 20181030A
bursts with those of SGR 1935+2154. The FRB bursts’ isotropic luminosity is ∼ 6 times
larger than those of SGR 1935+2154; using this, we have estimated a lower limit on the
volumetric rate of FRBs with luminosities ≥ 1038 erg s−1. We found this to be in good
agreement with the rate estimated by Bochenek et al. (2020) using the SGR 1935+2154
radio burst, suggesting that many low-luminosity FRBs could be produced by magnetars.
Lastly, we also showed that it is unlikely that most of the repeating FRB progenitors are
young millisecond magnetars, and that if we expect millisecond magnetars to be a source of
repeating FRBs, we need multiple repeating FRB formation channels. At a distance of 20
Mpc, it is a promising candidate for detecting predicted prompt and afterglow emission at
other wavelengths. Therefore, we strongly encourage multi-wavelength follow-up of FRB
20181030A.

Chapter 7 reports on the search for the host of the repeating FRB 20180814A discovered
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by CHIME/FRB Collaboration et al. (2019c). From our search, we found PanSTARRS-
DR1 J042256.01+733940.7, a nearby (z= 0.06835) passive red spiral galaxy, as the only
plausible host within the 2σ baseband localization region. Our search is sensitive to de-
tected the faintest FRB host known to date to the estimated maximum FRB redshift, zmax =

0.091. However, the chance coincidence probability of finding Source 2-like or brighter
galaxies within the FRB localization region is > 10%. Alternatively, if Source 2 is not the
host of the FRB, then the FRB 20180814A host would be the faintest FRB host known to
date and would likely contribute insignificantly to the FRB dispersion measure. In either
scenario, the FRB 20180814A host would be an outlier amongst the sample of known FRB
hosts. This argues that more FRB host localizations are required to uncover global proper-
ties of FRB host population. We found no archival transient event spatially or temporally
coincident with any of the reported FRB 20180814A bursts to date. We also searched for a
compact, persistent radio continuum source within the FRB localization region and found
none. We then estimated a 3σ upper limit at 3 GHz = 4.6× 1027 erg s−1Hz−1, at least four
times and six times fainter than that the persistent radio source detected spatially coinci-
dent to FRB 20121102A and FRB 20190520A, respectively. Due to its low DM-excess, we
constrain the Milky Way halo DM contribution to be 16−54 pc cm−3 (90% confidence in-
terval) along the FRB sight-line. We also compared the host of FRB 20180814A with that
of FRB 20200120E and found that both FRBs might share the same formation channel.
However, to identify the source of FRB 20180814A, we need a more precise localization
(≲ arcsecond precision).

Chapter 8 reports on the likely association of the repeating FRB 20190303A discovered
by Fonseca et al. (2020) with a local Universe merging pair of two star-forming galaxies
at a redshift of 0.064, SDSS J135159.17+480729.0 and SDSS J135159.87+480714.2. On
the basis of a Bayesian framework for estimating the probability of chance coincidence
between transients and host galaxies, we estimated that the probability of correctly asso-
ciating the FRB with either of the merging galaxies is greater than 99 % and thus con-
cluded that the association is robust. We searched the Transient Name Server (TNS)1 for
any archival transient event that is spatially and temporally coincident with any of the 17
recorded FRB 20190303A bursts and find none. We also searched for a compact persistent

1https://www.wis-tns.org/
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radio source within the FRB localization region and found none. We then estimated a 3σ
upper limit at 3 GHz = 5× 1028 erg s−1Hz−1, smaller than spectral luminosity of the per-
sistent sources associated with FRBs 20121102A and 20190520A. At a distance of ≈ 300

Mpc, FRB 20190303A is one of the closest and most active repeating FRBs discovered
to date. Hence, it is a promising candidate for VLBI follow-ups and for the detection of
prompt multi-wavelength counterparts as predicted by several FRB models (Nicastro et al.,
2021). Therefore, we strongly encourage multi-wavelength follow-up of FRB 20190303A.

Fast radio bursts are an exciting new frontier for astrophysics. These millisecond ra-
dio transients, as described in Astro2020 Decadal Survey (National Academies of Sciences
and Medicine, 2021), “have the potential to become a powerful new probe of the distri-
bution of baryons throughout cosmic ecosystems". However, despite the fact that research
on FRBs has progressed at an extraordinary pace since the first FRB was discovered in
2007, its nature remains a source of great debate, owing in part to a limited sample of lo-
calized FRBs. Expanding the FRB host sample is therefore a pressing scientific priority for
FRB research, and the Canadian Hydrogen Intensity Mapping Experiment CHIME/FRB
project (CHIME/FRB Collaboration et al., 2018) is destined to make tremendous strides
in this direction. Moreover, it is noted that multi-wavelength follow-up analyses, which,
for instance, were crucial in establishing the existence of two distinct classes of gamma
ray bursts in the past (Kulkarni, 2018), are most promising for nearby FRBs (< 100 Mpc;
Scholz et al., 2020). Therefore, local Universe FRBs are unquestionably the most promis-
ing candidates for detecting hypothesized prompt and afterglow emission, for bridging the
gap between known Galactic pulsed sources and FRBs, and perhaps for assessing whether
all FRBs are repeating sources. The work described in this thesis is a stepping stone in
direction of exploring the true potential of local Universe FRBs. When the CHIME/FRB
outrigger project begins localizing all CHIME FRBs to a precision of ∼ 50 milli-arcseconds
in next few years (Cassanelli et al., 2022), we will use the described methodology and the
FRB-λ pipeline as one of our tools for all of our FRBs. With such an enormous sample size
of localized FRBs, robust statistical analyses of FRB hosts and their local environments
will be possible. In addition, the large FRB host sample will allow us to determine whether
repeating and non-repeating FRBs are fundamentally distinct sub-classes of FRBs. All in
all, FRBs will no longer be as mysterious as they are at present.
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