A Virtual Observatory Event Service
for CHIME/FRB

Andrew Vincent Zwaniga

Master of Science

Department of Physics

McGill University
Montréal, Quebec

August 2020

A thesis submitted to McGill University in partial fulfillment of the
requirements of the degree of Master of Science

(© Andrew Vincent Zwaniga, August 2020



DEDICATION

When I began this MSc journey, it was as if I had opened the door on
an unlit hallway of twisting corridors: each aspect of the complex science and
instrument I came to know was like a corner around which I thought I saw
light but was met with a deeper pitch. It seemed like I was without a light
of my own. Before too long, I discovered bright flashes issuing from every
direction, bursts of encouragement and support from benevolent spirits not
unlike the fast radio bursts that light up the sky. This cute analogy only came
to me afterwards, but it is all the more reason to honour those spirits who
guided me then, and who continue to do so now and forever. I first thank my
loving and supportive parents and siblings who have always believed in my
potential and drive to succeed. Finally, I am deeply grateful for Erin, who has
stood by me true and honest, who has always held onto my umbrella with me,
and who helps me see the rainbow hanging over my head. This MSc thesis is

dedicated to this Family.

11



ACKNOWLEDGEMENTS

First I thank the McGill Space Institute for providing a place to work,
learn, and enjoy 3 pm coffee and cookies, both individually and in collab-
oration with world-class research staff and students. Secondly, I thank the
CHIME/FRB Collaboration, including especially members of the project of-
fice: Patrick Joseph “Jojo” Boyle, for helping me to cope with professional
change, to manage my work-in-progress, and for holding me accountable for
documentation; Shiny Brar, for providing tools and resources and mentoring
me closely to design and implement the programming architecture in this the-
sis while maintaining coding practices; and Chitrang Patel, for his friendliness
and contagious enthusiasm, especially during my first few months and during
the migration of CHIME/FRB source names to the Transient Name Server,
and his sound career advice. Thirdly, I thank the team at the Transient Name
Server (TNS) lead by Eran Ofek and Ofer Yaron for their collaboration on
the FRB naming convention that CHIME/FRB has adopted and which is
expected to continue as the internationally-recognized standard for this tran-
sient phenomenon. Fourthly, thanks to my friends and fellow students Marcus
Merryfield, Rafael Fuentes, Bridget Andersen, and Simon Guichandut, for
their companionship and moral support, and who made living in Montréal
fun. Finally, my sincere thanks to my thesis supervisor Vicky Kaspi, who is
a continual source of energy and enthusiasm for doing good, interesting and
groundbreaking science; who believes in her students potential to succeed and
does not fail to find opportunities for them to showcase their work; and who
diligently and gracefully kept our large research group moving forward during

the COVID-19 pandemic.

11



ABSTRACT

Fast radio bursts (FRBs) are extremely energetic radio transients that
appear to originate from cosmological distances. These millisecond duration
blasts of Jansky level energy remain unexplained amidst a diverse family of
plausible models. An observation of an FRB in coincidence with a detection
of an X-ray, optical, or gravitational wave transient signal would represent
a breakthrough in this field by constraining the model space, and therefore a
mechanism for coordinating FRB follow-up is crucial to advancing their study.
Presently, a suite of automated observatories communicate over the Internet
by exchange of Virtual Observatory Events (VOEvents). What remains is to
establish a service that (1) connects an FRB instrument to this network to
produce VOEvent packets of newly detected FRBs in real-time and (2) trans-
lates received VOEvents into multi-wavelength sources of interest to correlate
with real-time FRB observations. The Canadian Hydrogen Intensity Map-
ping Experiment (CHIME) is a transit radio telescope monitoring the entire
Northern sky and detecting multiple FRBs per sidereal day. The CHIME/FRB
instrument searches in real-time for FRBs, classifying incident dispersed radio
signals through a multi-level pipeline in typically under a minute, the final
level of which can trigger the novel CHIME/FRB VOEvent Service. Four dif-
ferent types of VOEvents can be published by the Service in order to report
real-time detections of new and repeating FRBs, with a unique FRB name
assigned by the Transient Name Server (TNS) and updated measurements fol-
lowing in update VOEvents. This MSc thesis covers the scientific motivation

for and software implementation of the CHIME/FRB VOEvent Service.
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ABREGE

Les sursauts radio rapides (“fast radio bursts”, FRBs) sont des transi-
toires radio extrémement énergétiques qui semblent provenir de distances cos-
mologiques. Ces explosions d’une durée d'une milliseconde d’énergie de niveau
Jansky restent inexpliquées parmi une famille diversifiée de modeles plausi-
bles. Une observation d’'un FRB en coincidence avec une détection dun sig-
nal transitoire de rayons X, optique ou d’onde gravitationnelle représenterait
une percée dans ce domaine en contraignant l’espace modele, et donc un
mécanisme de coordination du suivi de FRB est crucial pour progresser leur
étude. A I'heure actuelle, une suite d’observatoires automatisés communique
sur Internet par I’échange d’événements d’observation virtuelle (VOEvents).
Il reste a établir un service qui (1) connecte un instrument FRB a ce réseau
pour produire des paquets VOEvent de FRB nouvellement détectés en temps
réel et (2) traduit les VOEvents regus en sources d’intérét multi-longueurs
d’onde a corréler avec le temps réel. L’expérience canadienne de cartogra-
phie de l'intensité de I'hydrogene (CHIME) est un radiotélescope de transit
qui surveille tout le ciel nordique et détecte plusieurs FRB par jour sidéral.
L’instrument CHIME/FRB recherche en temps réel les FRB, classant les sig-
naux radio dispersés incidents a travers un pipeline a plusieurs niveaux en
généralement moins d’une minute, dont le niveau final peut déclencher le nou-
veau Service VOEvent par CHIME /FRB. Quatre types différents de VOEvents
peuvent étre publiés par le Service afin de signaler les détections en temps réel
de FRB nouveaux et répétitifs, avec un nom de FRB unique attribué par le
Transient Name Server (TNS) et des mesures mises a jour suite a la mise a
jour VOEvents. Cette these de maitrise couvre la motivation scientifique et la

mise en ceuvre logicielle du Service VOEvent par CHIME/FRB.
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CHAPTER 1
Introduction to Fast Radio Bursts

1.1 The Fast Radio Burst Phenomenon

Fast radio bursts (FRBs) are an emergent class of astrophysical transients
that represent a major and unexpected astronomical discovery. At least three
factors contribute to their special classification among previously known tran-
sients: the pulse duration and brightness; the all-sky rate of FRB sources;
and the process of evaluating the distance to an FRB source. Each of these is
connected intimately to the phenomenon and to the observatory that detects
them. Furthermore, each quality is related to the other in a way that makes
FRB science interesting, involved, and a modern challenge. FRBs are short
bright bursts of radio emission. The pulse typically lasts on the order of 1 to
10 milliseconds or less and is detected with a peak flux on the order of 1 to 10
Janskys or more. The shortest bursts are unresolved by many radio telescopes,
in which case the integrated flux over time, cf. fluence, is measured instead.

The FRB phenomenon has been reviewed several times in recent years
by a number of established authors. In order of both length and when they
were written, one can consult [39] for a short review; [21] for a longer review;
and finally, for an explicit and involved review, with expanded discussions
dedicated to both early CHIME era FRB sources and contending FRB models,
see [35].

The duration and brightness of FRBs suggests two important inferences:

1. The emitting region is small, either compact or a sub-region of a larger

object.



2. The emission is a coherent process, as opposed to an incoherent one from
a thermalized medium.

In the first case, the light-crossing time of the emitting region cannot be
too large, otherwise the emitted radiation will originate in spatially distinct
locations and thus have a large window of arrival times, therefore constituting
a pulse longer in duration. Without invoking relativistic motion of any bulk
material involved, the duration At in milliseconds relates to the emission region
size Ar via cAt ~ Ar. A rough estimate therefore suggests the emission region
is 1 ms x 10 cm s7! = 107 cm.

In the second case, the brightness temperature for Jansky-level flux re-
ceived at a telescope is typically T ~ 1037 K, unreasonably large for any
thermal black body or even particle with the corresponding energy kT’ where
kg is the Boltzmann constant in J/K. The implication is that the emission
involves some bulk ejecta, the particles of which emit radiation coherently.

In Figure 1-1, the dynamic spectrum of an FRB is shown. The most
salient observational feature is the inverse relationship between the arrival time
and the observing frequency (more on this in §1.2), which is now understood
as a physical effect that occurs during the propagation of the radio signal and
is not intrinsic to the source or to the detecting instrument. (But see [22] that
presented a thorough consideration of alternative hypotheses, including the
possibility that the characteristic delay was native to the progenitor, or that
the FRB was in fact a terrestrial atmospheric effect.)

1.2 Discovery of a Cosmological FRB Population

The first FRB was discovered in a single pulse search on archival obser-
vations of the Small Magellanic Cloud (SMC) by the Parkes radio telescope
at 1.4 GHz [24]. The so-called “Lorimer burst” superficially resembled bursts

well known to the study of a class of Galactic radio transients called pulsars,
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Figure 1-1: The dynamic spectrum of a fast radio burst, usually called a
“waterfall” plot, without de-dispersion applied. On the Y-axis is the frequency,
with the central observing frequency in the ~ 1 GHz range, while the X-axis is
the time measured relative to the arrival time of the highest frequency recorded
in the burst. The higher frequencies arrive ahead of the lower frequencies owing
to the dispersion effect in Equation 1.9 that admits a measurable quantity
called dispersion measure (DM). Inset: Waterfall plots are normally presented
after removing the dispersion effect. Each panel is a selected sub-band from
the full frequency data of the burst that has been de-dispersed. The peak of
each pulse is aligned with ¢ = 0. Taken from Figure 2 in [51].



rapidly rotating neutron stars formed from the collapse of a massive star.
However, the excitement was three-fold: the burst was incredibly bright at
nearly 30 Jy and extremely short, under 5 ms, but moreover there was a good
reason to believe that it originated outside the Galaxy.

Support for the extragalactic origin rested largely on the fact that cold
plasma in the Galactic interstellar medium and intergalactic medium contain-
ing free electrons presents an ambient material through which electromagnetic
radiation is dispersed. Namely, the “Lorimer burst” was found to exhibit dis-
persion that could not be explained by Galactic material alone, according to
the measurement of an observable parameter in the burst called dispersion
measure (DM). Using [15] as a reference the dispersion of radio waves can be
derived. Working in CGS units, let w be the angular frequency in rad s—*

L of a propagating wavefront. The angular

and k£ be the wavenumber in cm™
frequency w, attributed to the electrons in the plasma has an effect on the

dispersion relation given by

w? = w? + A2k? (1.1)

where ¢ is the speed of light in cm s™!. This electron angular frequency can
be written (section 11.2 in [15])
o, dmnee?

= 1.2
wt= T (12

where n, is the electron number density in cm ™3, e is the elementary charge in

coulombs (C), and m, is the electron mass in grams (g). In the radio wavefront,
the group velocity v, in cm s™! depends on wave frequency v = w/27 via
Ow w?

vy(v) = % = ¢ 1- o (1.3)



The time required for the group to traverse a distance L in cm is

t(v) = /OL vg%y)dl - /OL %(1 - Z-i) o (1.4)

Under typical astrophysical conditions, the electron number density is in

the range 10™* ¢cm™ to 10* cm™2 which places the plasma frequency v, =
we /27 far below the GHz observing band for FRBs, so that in Equation 1.4

we can approximate (1 —z)" ~ 1 — na:

c 2 w?

Hv) z/Ll(H—lw—g)dK (1.5)

e? - parsec 1 L
tv)—t = (D)de 1.6
) = tloe) = S [Tt (1.6
This shows that the arrival time of frequency v relative to infinite frequency

(00) depends on a constant

e? . parsec

K= (1.7)

2Tmec
which in [25] is quoted as 4.149 GHz* cm?® pc~' ms, and the integrated electron
number density n.(¢) along the path described by df. The latter is given the

name dispersion measure (DM) and is written

DM — / C (00 (1.8)

with units of cm ™ pc, as per the units of the constant K. Rearranging Equa-
tion 1.6, the DM relates the time delay At between two frequencies v; and vy

with 11 < 1y via

11
tl—tQEAt:K~DM~<ﬁ—;>. (1.9)
1 2



Knowing n, within and beyond the Galaxy is crucial to the study of FRBs, as
explained next.

Dispersion explains the inverse relation in Figure 1-1, but moreover it
affects all radio signals propagating through the Universe. Owing to the large
number of Galactic radio pulsars that have been catalogued all over the sky
for the past 50 years, the DM along a selection of sight-lines through the
Galaxy has been conglomerated into two maps of free-electron density in the
Galaxy, in effect giving an all-sky DM map. These are the NE 2001 [14] and
YMW 2016 [57] models. By subtracting the maximum integrated free-electron
content along the source-observer line-of-sight from the measured DM of a new
radio signal, the DM excess is obtained. For FRBs this DM excess is too large
to believe the progenitor is a source in the Galaxy.

The measured DM of the Lorimer burst was 375 cm ™ pc, far in excess of
the predicted 25 cm™ pe for the line-of-sight to the source, and was localized
to a region 3° south of the SMC, at which Galactic latitude all known Galactic
pulsars did not have DMs larger than the FRB value [24]. From where the
excess DM came remained unanswered. Three options were plausible:

1. The DM is largely intrinsic to the immediate environment of the pro-
genitor (e.g. a dense ambient nebula).

2. The DM is largely contributed by the line-of-sight through the host
galaxy of the progenitor.

3. The DM is largely contributed by the intergalactic medium (IGM).

Option 1 could allow the source to be Galactic, as dense Galactic nebulae
are not uncommon, or extragalactic. But conceivably, each option could keep
the source outside the Galaxy, in which case the distance estimate increased
enormously from option 1 through 3. The distance estimate hinged on esti-

mates of the free-electron content in the IGM and for which a DM-redshift



relationship was claimed ([18], [17]). Option 3 led to the most extreme con-
clusion, allowing the source to be up to z = 0.3, a corresponding luminosity
distance over 1 Gpc. Despite these and other arguments presented in the
discovery study [24], the FRB phenomenon awaited corroboration around the
world for other telescopes to detect similar sources.
1.3 Corroboration from Multiple Observatories

Four additional FRBs were found from the High Time Resolution Universe
(HTRU) survey undertaken again with the Parkes radio telescope, with DMs
in the range 553 — 1103 cm ™~ pc [51] all of which were unexplained by Galactic
DM contributions. Soon after came the discovery of an FRB with the Pulsar
ALFA survey conducted with the Arecibo radio telescope in Puerto Rico [46]
also at 1.4 GHz. With a new telescope on the playing field, and following two
thorough investigations ([36], [22]) that separated a true population of FRBs
in the Parkes data from terrestial signals, including impostors produced by
the magnetron of a microwave oven being interrupted prematurely at lunch
time [36], FRBs were accepted as a new class of astrophysical transients.

The inferred all-sky rate exacerbated the contention with other known
transients. Gamma-ray bursts (GRBs) were shown to be at least 1000 times
less numerous in the sky than FRBs [51]. An independent study of volumet-
ric rates of known transients (Table 2 in [22]) underlined the mismatch in
volumetric rate of FRBs against other known transients. The conclusion of
[22] was that, without invoking multiple classes of FRB progenitors, only one
transient could accommodate the high rate of up to ~ 1000 per sky per day
[23]: soft-gamma repeaters (SGRs).

It turned out that the Arecibo-discovered FRB [46] exhibited repetition
and became the first known repeating source [43]. The possibility that multiple

FRB progenitor classes exist looked promising: the previously known singleton



bursts that had not been observed to repeat were compatible with cataclysmic
cosmic explosions, while of course a repeating source could not be explained
by an annihilation like this.

The “repeater” - one of two monikers that did not age as well as the formal
name FRB 121102 once CHIME/FRB reported a swathe of repeaters (Chapter
2) - was cross-referenced with available multi-wavelength observations from
the Swift and Chandra X-ray telescopes which did not report any significant
associations [42]. However, optical spectrograph observations with the Gemini
North telescope on Mauna Kea, Hawai’i, based on a precise localization of FRB
121102 [27], revealed the host galaxy of the source to be a low-metallicity, star-
forming dwarf galaxy at a redshift of z ~ 0.2. This exciting first localization
and host identification, along with the basic fact that repeating FRBs exist,
linked FRBs back to neutron stars again, owing to the astrophysical association
of young massive stars, neutron stars, and star-forming galaxies. At the same
time, a single host association was not enough to be broadly representative of
the FRB population.

With the discovery of a repeating FRB, multi-wavelength follow-up cam-
paigns could look forward to the discovery of more repeating sources and
reports of active periods. Indeed, FRB 121102 had been shown to exhibit
clusters of bursts in time, with several detected in the span of a few minutes
[42]. In retrospect the time was just right for a guiding observatory to come
along, one that would have daily exposure to a large sky area, providing a
constant source of new FRBs and regularly monitoring any repeating sources
for active periods. That the CHIME telescope began construction and pre-
commissioning to detect FRBs in real-time by monitoring the entire Northern
sky every day is not a coincidence; and in keeping with the theme of this MSc

thesis, the next sections underlines the benefits of such a real-time search, by



summarizing the variety of FRB progenitor models and the need for a real-
time automated telescope to conduct a survey yielding not just a few bursts
and a single repeater but a population of FRBs.

1.4 Recent Advances

The fast radio burst (FRB) population has grown rapidly in the past
two years. The study of singleton bursts, repeating sources, and even a
repeating source with a measured period, has been accelerated during this
time by the commissioning of a novel radio telescope, the Canadian Hydro-
gen Intensity Mapping Experiment (CHIME). While the CHIME fast radio
burst (CHIME/FRB) search has yielded hundreds of new singleton FRBs,
and presently maintains an online public bulletin for recent activity from 18
CHIME-discovered repeating sources! , the FRB population remains unex-
plained by any single mechanism or progenitor.

For the majority of its existence, the FRB research field was teeming with
enough theoretical models to rival the number of known FRB sources, a fact
which nearly every observational paper in the field would poke at. However,
through CHIME/FRB the tables have turned quite dramatically. The CHIME
era of fast radio burst research, with detections of several new FRBs each day,
and daily monitoring of repeating sources for subsequent activity, brings with
it a promising opportunity to seriously constrain the space of FRB models
via multi-wavelength follow-up observations. The most remarkable and very
recent instance of this is the detection of an FRB in temporal coincidence with

an X-ray burst both consistent with a Galactic source called SGR 1935+2154,

! https://www.chime-frb.ca/repeaters
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a result that has been submitted to Nature [49]. This represents a major ad-
vancement and throws into sharp relief the necessity to push forward with ad-
ditional multi-wavelength FRB studies, a challenge that is neatly met through
low-latency follow-up observations addressed next.

1.5 The Case for Follow-up Observations

The low-latency follow-up domain has remained largely unexplored for
fast radio bursts. FRBs have a higher all-sky rate than any other class of as-
trophysical transient [22], with an estimate of up to ~ 1000 sky ' day ' [51],
and no preferred sky distribution. Therefore, multi-wavelength observatories
(X-ray telescopes and optical telescopes for example) seeking to follow-up an
FRB detection would in principle need to track the sky coverage of the ra-
dio telescope contemporaneously. However, even under those conditions, the
dispersion delay (Equation 1.9) makes the most prompt observations difficult
because the radio signal takes time to be fully received and identified before
it can produce an alert for follow-up observatories.

Nonetheless, a real-time public alert system with machine-readable FRB
detection reports (the CHIME/FRB VOEvent Service, Chapter 4) has been
developed in attempt to solve this. The motivation for this automated follow-
up regime is supported on the grounds that many FRB progenitor models are
sensitive to detecting counterparts to the FRB emission.

Namely, with FRBs being perhaps the most unexpected astrophysical
discovery in recent decades, theorists in the field have brought to light FRB
progenitor models that together sample seemingly every corner of astrophysics.
The FRB Theory Catalogue? is a useful one-stop-shop to consult the predicted

counterparts from these many models across the electromagnetic spectrum,

2 https://frbtheorycat.org.

10


https://frbtheorycat.org

and into the multi-messenger spectrum as well. The following are expected to
produce at least one of X-ray, gamma-ray, optical, and/or gravitational wave
signals in addition to the FRB signal.

e neutron star collapsing to a quark star [45]

e binary merger of black hole with black hole [58] or neutron star [31]

e binary neutron star merger [53]

e young magnetar born in compact binary merger event [28]

e magnetar wind interacting with an ambient nebula via single flares [38]
1.6 Thesis Overview

The remaining chapters in this MSc thesis are structured as follows.

In Chapter 2 the CHIME telescope is introduced with a summary of the
detection principle, from the receiving antennae to the computationally in-
tensive FRB search software, and the recent accomplishments made with
CHIME in the study of FRBs. In Chapter 3 we describe an online net-
work of robotic telescopes that communicate in real-time as a single multi-
wavelength virtual observatory. In Chapter 4 we reach the heart of this MSc
thesis, namely the efforts to broadcast real-time public alerts for FRBs de-
tected with CHIME/FRB. In Chapter 5 we describe efforts to receive similar
real-time public alerts from other observatories and instruments. Finally in

Chapter 6 we summarize, suggest future work, and outline task lists for con-

tinuing work on the CHIME/FRB VOEvent Service.
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CHAPTER 2
The CHIME/FRB Era: Fast Radio Bursts in Real-Time

2.1 The CHIME Telescope and Upgrades for FRB Search

The Canadian Hydrogen Intensity Mapping Experiment (CHIME) is a
radio telescope located at the Dominion Radio Astrophysical Observatory
(DRAO) in Penticton, British Columbia, Canada, pictured in Figure 2-1. In
2018 the CHIME/FRB Collaboration published a project overview paper in
which the telescope and the CHIME Fast Radio Burst (CHIME/FRB) exper-
iment is exposed in good detail [10]. The reader is invited to consult this for
details beyond the scope of this MSc thesis.

CHIME is a transit telescope: there are no moving parts. It consists of
four 20 m x 100 m static parabolic cylindrical dishes composed of a galvanized
steel mesh suitable for reflecting radio waves in the decimetre wavelength. The
symmetry axis of each cylinder is aligned North-South and the cylinders are
spaced East-West. Along each of the axes are 256 dual-polarization feeds for
a total of 2048 signal paths, sensitive to the observing frequency band of 400
to 800 MHz.

As the Earth rotates about its axis, the CHIME meridian sweeps out the
entire Northern sky from a declination of ~ —10° to 90°. The field-of-view
of CHIME is ~ 110° in the North-South direction; in the East-West direction
this is ~ 2.5° at the bottom of the CHIME receiving frequency band, 400 MHz,
but ~ 1.3° at the top of the CHIME band, 800 MHz. This makes for an overall
field-of-view of approximately 200 deg?. Since the DRAO site is located at a

latitude of 49°19'14”, CHIME has exposure to a region of the circumpolar sky
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Figure 2-1: An aerial view of the DRAO site obtained from satellite images,
copyright Google Maps 2020: 1. The four parabolic cylindrical reflectors of
the CHIME telescope aligned along local North-South and spaced East-West;
2. East and West (left to right) receiver huts containing the CHIME F-engine;
3. Industrial shipping containers (“sea-cans”) retrofitted to house the 256
GPU nodes representing the CHIME correlator, and the 130 CPU nodes rep-
resenting the L1 system (128 nodes), and the L2 and L3 (together in one
node) system; 4. VSOP room containing receiver nodes for CHIME, the L4
node, the FRB analysis nodes, the intensity and baseband archive nodes, and
internal-to-external communication gateways; 5. The Pathfinder telescope. A.
Underground network link from GPU huts to VSOP room; B. Network VSOP
link; C. Observatory Access Road

13



above a certain declination that was reported in [13] to be ~ 70° (see later
Figure 5-4 for a visual aid).

CHIME is a software telescope: the novelty of the instrument is owed
to its powerful correlator that correlates digitized and channelized frequency
data received from each of the 2048 signal paths with every other path in
real-time to map the Northern sky. The original science objective for CHIME
was to map the baryon acoustic oscillation signal from the neutral hydrogen
A = 21 cm radio signal over redshift z = 0.8 — 2.5, a time in the cosmic past at
which dark energy began to dominate the expansion of the Universe [32]. The
CHIME/FRB experiment was created in recognition of the wide bandwidth,
high sensitivity, and powerful correlator possessed by CHIME, all excellent
starting points for a dedicated search for fast radio bursts in the CHIME sky.

The CHIME/FRB instrument harnesses the upgraded CHIME correlator
to obtain a sampling resolution of 0.983 ms and 16,384 frequency channels,
enhanced from the 20 s integration time and 1024 channels. Firstly, the ~ 1 ms
time resolution allows the FRB search to at least meet the timescale of millisec-
ond FRBs. While the native 2.56 us CHIME resolution would give excellent
resolution, the resulting data rate would present data-wrangling problems.
Secondly, the improved frequency channel size helps to mitigate intra-channel
smearing, an effect due to dispersion of radio frequencies (§1.1) that spreads
out the intensity of a radio signal within a frequency channel according to
the dispersion effect (Eq. 1.9) due to the non-infinitesimal width of digitized
channels. Without this, the FRB signal would not be detectable amidst the
radio interference background to which the CHIME telescope is inescapably

exposed.
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2.2 CHIME/FRB Accomplishments

Nearly two years have passed since CHIME /FRB began its pre-commissioning
operations, a time during which the FRB search began in earnest while config-
uration changes to the real-time FRB search pipeline (§2.3) were being made
to respond to first results. In other words, the past two years have been a
somewhat unstable time. The instrument was expected to detect between 2
and 42 FRBs each day, despite that previous searches at low frequencies - by
ARTEMIS [20] (145 MHz), the Murchison Wide-field Array [41] (182 MHz),
and the Green Bank Northern Celestial Cap Pulsar Survey (350 MHz) [9] -
had not found any FRBs. As of today, many hundreds of FRBs have been
detected with CHIME/FRB, averaging 2-3 per day during periods of stable
operation, and the following sub-sections summarize the landmark results that
have come along the way to obtaining this sizable population. Overall, the
results show that CHIME/FRB is delivering a steady supply of both new
singleton FRBs, new repeating sources, and subsequent bursts from these re-
peaters, facts which lend promise for low-latency multi-wavelength follow-up
of CHIME/FRB sources as they are published via the CHIME/FRB VOEvent
Service (Chapter 4).
2.2.1 The First FRBs Down to 400 MHz

While the CHIME/FRB instrument was undergoing routine upgrades to
the FRB search software, 13 bursts were detected in the CHIME band with
some bursts extending in frequency structure down to 400 MHz. The bursts
showed diverse spectral and temporal properties (Figure 2-2) and were de-
tected over a range of DMs, with one being the lowest DM source of any FRB
known at the time and therefore interesting as a potentially nearby source.
Besides demonstrating a proof-of-concept for the CHIME/FRB experiment,

this result confirmed the existence of a population of repeating FRB sources
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by reporting a new source known then by the name FRB 180814.J0422+73
but which is now called FRB 20180814A according to the recently adopted
internationally-recognized Transient Name Server convention® (§4.3.5). De-
tails on the analysis methods, including measurements of the burst morphology
and FRB all-sky rate estimates are in the full publication [12] and the full 16k
frequency channel data are publicly available? .
2.2.2 Multiple Repeaters and a Periodic Source

CHIME/FRB has since proven to be an excellent resource for observing
and discovering repeating sources. In the year that followed its first discov-
eries, CHIME/FRB yielded four separate publications: first, the detection
of FRB 121102 [19]; second, the detection of a new repeating source FRB
180814.J0422+73% [11]; and thirdly, a total of 17 additional repeating sources
split over two releases [13] and [16]. The diversity among the repeating sources
is not to be overlooked. Both morphological differences and similarities in
their frequency and temporal structure are apparent. Especially salient among
the CHIME/FRB population is the so-called downward-drifting sub-structure
seen. Among the population is a source named 180916.J0158+-65* that con-
tinues to be detected regularly by CHIME/FRB with a measured period of
16.35 days [50]. This landmark result came following cooperation with ex-

ternal collaborators that enabled the FRB source to be localized to a nearby

! https://wis-tns.weizmann.ac.il/.

2 https://chime-frb-open-data.github.io/.
3 FRB 20180814A.

4 FRB 20180916B.
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Figure 2-2: These 13 sub-plots represent individual FRBs detected with
CHIME/FRB and reported in [12] as Figure 1. Each is the dynamic spectrum
intensity data that has been corrected for dispersion according to the DM value
reported in each sub-plot. Each individual sub-plot is usually called a “water-
fall” plot, where the darkness of each pixel (blue, in colour) is proportional to
the signal-to-noise ratio of the detection within a given frequency-time bin (Y
and X axes, respectively). White horizontal stripes indicate excised frequency
channels that are masked where terrestrial radio frequency interference (RFI)
prevents any signal extraction. The top panel in each sub-plot is a time-series
constructed from the sum over frequency channels in each time bin.
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(z = 0.033740.0002) spiral galaxy via observations of the CHIME/FRB coor-
dinates with the European Very Long Baseline Interferometry (VLBI) Array
[26].

Furthermore, the activity of each repeating source is tracked in semi-real-
time through the manual update of a publicly accessible web page® . While
this web page currently functions as a public bulletin, it requires active hu-
man agents in the community to monitor the website for updates. A major
application of the work of this MSc thesis is to provide activity updates on
these CHIME/FRB repeating sources in real-time using the machine-readable
messages that will be distributed by the public alert system (the CHIME/FRB
VOEvent Service, Chapter 4), a significant upgrade for observing campaigns
with multi-wavelength observatories.

2.2.3 A bright millisecond radio burst from a Galactic Magnetar

The most recent CHIME/FRB result is still in the review process but
has been submitted to Nature [49]. The reader can consult the paper for de-
tails beyond the scope of this thesis. It describes the 28 April 2020 detection
of a bright millisecond radio burst with CHIME/FRB that was detected far
from the CHIME meridian (Figure 2-3). The radio data exhibits two bursts
within the time window of the CHIME/FRB observation, the peaks of which
are separated by ~ 29 ms. The frequency structure of the bursts indicates
that the detection occurred in the far side lobes of the CHIME telescope. A
localization procedure, following a Markov Chain Monte Carlo (MCMC) op-
timization routine, was used to determine the sky origin of the CHIME/FRB
detection by searching a box of size 108° x 10° (North-South by East-West,

respectively) centred on the detection beam having the highest SNR in the

® https://www.chime-frb.ca/repeaters/.
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event. The fitted celestial coordinates («, §) = (293.9°, 22.1°) were assigned a
systematic uncertainty of 1°, with the express understanding that the MCMC
localization routine will be published in an upcoming paper and until then
remains under continual development. Importantly, to within 0.3° these coor-
dinates are consistent with a known Galactic source called SGR 1935+2154.
Here, SGR means soft-gamma repeater and reflects the repeated detection of
short-gamma ray bursts (SGRBs) from the source.

The association of the CHIME/FRB radio burst with SGR 193542154
is supported by the fact that this source was exhibiting a period of unusu-
ally bright X-ray activity, as reported in measurements made with the Swift
Burst Alert Telescope (BAT) [34]. Together with the spatial association, there
are strong reasons to believe the radio activity is uniquely caused by SGR
1935+2154. Curiously, the SGR source had entered an active period as early
as November 2019, emitting many dozens of X-ray bursts and gamma ray
bursts (GRBs) since then, but no matching radio activity was detected with
CHIME/FRB during that time [49].

SGR 193542154 is widely believed to be a magnetar (a highly-magnetized
neutron star) for which FRB models have been closely studied and largely
found to agree with FRB observations. On the other hand, the energetics of
the radio burst in the CHIME band were measured to be ~ 10%* erg [49], a cu-
rious three orders of magnitude larger than any known radio burst from other
magnetar sources. Nonetheless, it is the first indication in the study of FRBs
of a bridge between the Galactic magnetar population and the cosmological
FRB population.

The real-time public alert system to be described in this MSc thesis was

not active and therefore played no role in communicating the CHIME/FRB
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Figure 2-3: The de-dispersed dynamic spectrum of a bright millisecond radio
burst from SGR 193542154 detected with CHIME/FRB. Two bursts have
been captured in the same FRB search time window, with a separation of 30
ms. Bottom panel: The colour scale here is normalized to the total intensity,
with yellow indicating high SNR and dark blue indicating low SNR. Horizontal
strips of blue indicate channels excised by RFI masking algorithms and set to
the median intensity. Top panel: The time series produced by integrating
across all frequency channels, with ¢ = 0 indicating the burst arrival time at
400 MHz.

discovery of radio bursts from SGR 1935+2154. The timestamp and sky local-
ization of CHIME/FRB discoveries are key ingredients in the exchange of new
radio activity from known and unknown sources between CHIME/FRB and
X-ray observatories; the activity from SGR 1935+2154 provides an example of
a situation where publishing such information in real-time would expedite and
nourish the science of joint radio and X-ray studies of sources like this one.
Collaborations between CHIME/FRB and X-ray observatories are ongoing to
determine more precisely what science can be done, using among other things

the SGR 1935+2154 discoveries as a source of inspiration.
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Figure 2-4: The FRB search pipeline is a 1 4+ 4 stage process that consists
of beam-forming (L0); per-beam de-dispersion analysis and event header for-
mation (L1); multi-beam assembly of L1 events into a single L2 event (L2);
extragalactic source identification and further action specification yielding an
L3 event (L3); and finally, action implementation and database archiving to
accommodate offline processing and web service interface for user access and
the public alert system that is the product of this MSc thesis (L4). The la-
tency in the real-time pipeline comes from Atpy; being the time required to
receive the entire pulse of a dispersed radio signal with a given DM, plus the
latency of the L1-L3 processes that typically require 2 — 3 s. For a burst of
DM 1000 ecm™® pe the value of Atpy is about 24 s (Eq. 1.9). This is modified
from Figure 4 in [10] with added notes.

2.3 FRB Search Pipeline Overview

With the accomplishments of the CHIME/FRB experiment in mind, it
remains to describe how they were made. CHIME/FRB is a real-time fast
radio burst search pipeline that is organized into four processing stages labelled
L1 through L4, with the preliminary digitized and channelized frequency data
from the CHIME correlator represented as an initial stage, L0. Here we cover
each stage in brief, and the reader is reminded that more details are available

n [10]. Figure 24 is a visual aid to guide the reader through the flow of the

pipeline.
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2.3.1 LO: Beam-forming

The real-time FRB search pipeline first receives a “picture” of the radio
sky overhead of the CHIME telescope as captured by the beam-forming process
completed by the correlator. This is a grid of 1024 elliptical regions within
the CHIME primary beam that extends North-South (~ 110°) and East-West
(~ 1.3 —2.5°)% . These 1024 regions represent the radio-frequency sensitivity
of the telescope to sources in the sky (in the CHIME band) and are what
allow a basic localization of any detected signal. All subsequent processing
refers to these 1024 “beams,” terminology that comes from the beam-forming
process [33]. The 1024 beams are formed on the sky in four columns aligned
North-South of 256 rows aligned East-West as illustrated in the graphic in
Figure 2-5.
2.3.2 L1: Per-beam De-dispersion and Search

An attempt is made on each of the 1024 beams to identify an FRB-like
signal by investigating trial de-dispersion up to 13,000 cm™ pc applied to
the radio frequency data. The de-dispersion is handled by a novel algorithm
called bonsai that is special in its ability to overcome memory bottlenecks and
dispersion delay approximations that are typical hurdles in modern dispersion
algorithms. Analysis results for each beam are saved into their own packet
called the L1 event or sometimes L1 header, that includes information such
as the measured DM, the on-sky pointing of the centre of the beam (in right
ascension and declination), the arrival time of any radio signal in that beam

at 400 MHz, and importantly the signal-to-noise ratio (SNR) in that beam.

6 The beam width is larger at 400 MHz than at 800 MHz.
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Figure 2-5: An illustration of the CHIME formed beams of which there are
1024 that result form the beam-forming process [33]. The convention is to
number individual beams from the bottom right corner (South-West) starting
at 0 and increasing to 255 along a North-South column. The rows are arranged
East-West and by convention the beams are numbered with four digits in
which the first digit (thousands column) indicates the beam column - in the
first beam column, this digit is 0 and in the second it is 1. This schematic is
for illustration only and the beam sizes and spacing is not to scale.
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2.3.3 L2: Multi-beam Grouping and RFI Mitigation
Simultaneous L1 events are grouped by DM and detection time, yielding
an L2 event that represents one or more beams. This data packet is passed
to a machine learning algorithm that classifies it on a scale from 0 (RFI) to
10 (astrophysical). This grouping procedure also permits a basic localization
called the L2 localization that is represented in the header as a central coordi-
nate and semi-major and semi-minor axes for an on-sky ellipse closest to the
beam that had the highest detected SNR in the (possibly multi-beam) event.
2.3.4 L3: Galactic Inferences and Action Specification
The L2 event contains enough information now to classify the data packet

as one of four types: Galactic, ambiguous, extragalactic, or RFI. This is based
on comparing the DM of the L2 event with the maximum Galactic DM pre-
dicted by the NE 2001 [14] and YMW 2016 [57] models. The maximum is
calculated based on the line-of-sight to the sky coordinates from the L2 local-
ization. If o is the combined statistical and systematic uncertainty in the DM
measurement process for the L2 event, and M = max(DMyg, DMypw) the
classification at L3 is as follows:

e extragalacticc: DM — M > 50

e ambiguous: 50 > DM — M > 20

e Galactic: 20 > DM — M
The two Galactic DM models are known to disagree at certain sky-locations.
An ambiguous (in the sense just defined) FRB source could conceivably be
Galactic or nearly adjacent to the Galaxy. Apart from this DM-checking
procedure, a simultaneous procedure evaluates the DM and sky-position of

the L2 event against a catalogue of known sources (Known Source DataBase,
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KSDB" ) that is embedded in the real-time pipeline and undergoes updates on
a cadence of ~ 1 hr to include especially newly human-verified FRB sources® .
This is the mechanism upon which real-time identification of repeating sources
takes place. If the DM and sky position are sufficiently close to a known source,
the name of that source is added to what is now the L3 event. Otherwise the
known source name is left blank? .

The L3 stage also handles making logical inferences on the content of
the L2 event plus the source classification and known source identification
steps. A set of action rules are hosted as configurable files to be consulted
in real-time, consisting of logical statements. Flags are raised wherever the
statements evaluate true, and this is crucial for instructing the next stage, L4,
for what actions to implement. Among these action rules is one which defines
thresholds triggering the CHIME/FRB VOEvent Service, which in some places
is referred to by its legacy name “Alert Community.” At the time of writing,
the rules for the Service are summarized in Table 2-110 .

2.3.5 L4: Web, Database, and Offline Service Integration
The final stage evaluates the action rules that were specified and gathered

in the L3 event. 14 is best described as a database and web server integration

layer that provides three core services.

7 Author’s abbreviation.
8 Human verification is handled offline at 1.4.

9 In Chapter 4 we describe how this triggers the release of a special alert
for known repeating sources.

10" A similar table is available to CHIME/FRB collaboration members at the
password-protected FRB-Web portal.
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Source Category Type | Source Type Name | Rule

Unknown Source Extragalactic SNR > 8.5
Unknown Source Ambiguous SNR > 8.5
Known Source Known-FRB SNR > 8.0

Table 2-1: The real-time rules for triggering the CHIME/FRB VOEvent Ser-
vice (Chapter 4). The rules are managed at the L3 stage of the real-time FRB
search pipeline and are appended to the L2 event as part of forming the L3
event, though they are not implemented until the L4 stage. When all three
conditions in each row are satisfied, a Boolean flag called "ALERT COMMUNITY"
is raised (set to True). As an example, the first row indicates that an event
classified as an unknown source and classified as extragalactic needs to be
detected with a signal-to-noise ratio at least 8.5 to raise this flag.

e Communicate with external processes for handling desired actions in the
L3 event, including the public alert system.

e Request captures of the intensity and baseband (raw voltage) data from
upstream pipeline and telescope processes.

e Store the L4 event containing L3 event data plus results of implemented
actions, providing database layers for human and graphical web viewers
to access and process L4 events offline.

L4 handles service integration and interface in many respects, importantly
connecting humans to the results of the real-time FRB search pipeline. Human
verification is an integral part of the scientific process that identifies FRBs
that may or may not be among the L4 events. That is, the false-positive
rate is nonzero at the end of the real-time pipeline, such that humans are
required to distinguish true FRBs from bursts from known Galactic sources
and RFI contamination that masquerades as an FRB-like signal. Because the
performance of machine learning algorithms determine the output of the real-
time pipeline, false-positives are an ongoing antagonist for the public alert

system, an issue that will be addressed in Chapter 4.
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2.4 Latency of the Real-time FRB Pipeline

The description of any real-time process is incomplete without a measure
of the latency from start to finish, particularly when time-sensitive offline
processes depend on it. In Chapter 4 it will be made clear exactly how the
public alert system integrates into L4, however for now one can picture the
best-case scenario: a radio signal reaches the CHIME antennae and passes all
the way through the FRB pipeline up to L3, where the "ALERT _COMMUNITY"

flag is raised. Up to here, the latency accrued is equal to
AtLg = AtDM + AtL (21)

where Atpy is equal to the time required for the dispersed radio signal to
completely arrive in the CHIME band (Eq. 1.9), and Aty is the nominal
latency of the stages L0 through L3, which is about 2 — 3 s. Naturally, Atpy
depends on the radio signal itself, in particular the bandwidth of the pulse
and its DM. From Eq. 1.9 one can see that a broadband pulse in the CHIME
band with a DM of ~ 130 cm ™2 pc requires ~ 3 s to be received at 400 MHz.
Taking a sample of random lines-of-sight through the Galaxy, the average
maximum DM along a line-of-sight through the Galaxy is at least 200 cm =3 pc
according to the NE 2001 model (Figure 11 in [14]), and hence any broadband
extragalactic FRB detected with CHIME/FRB will result in Atpy 2 3 s.
Therefore, the latency of the real-time FRB pipeline is dominated by the DM
delay.

2.5 CHIME/FRB Can Provide a Steady Supply of Multi-wavelength
Targets

It cannot be overlooked that CHIME/FRB is in a superior position to
provide the astrophysical community with the largest daily volume of new

FRBs and subsequent bursts from repeating FRBs. The event rate of 2-3
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FRBs per day in combination with regular exposure to repeating FRB sources,
including the periodic FRB 20180916B, indicates that multi-wavelength ob-
servatories can expect up to multiple FRB targets per day to pursue, at least

in the Northern sky from ~ —10° in declination and upwards.
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CHAPTER 3
Virtual Observatory Events (VOEvents)

3.1 Introduction
To enable rapid multi-wavelength follow-up of any new astrophysical tran-
sient, a key ingredient is a standardized reporting format for these observations
that can be handled by a computer program and have arbitrary actions exe-
cuted upon it. To specify this further, one can imagine a general framework
that breaks down as follows.
1. A medium in which reports of such events can be published.
2. A network over which the reports can be distributed.
3. An entry point to the network to provide broadcasts and/or subscribe
to broadcasts of these reports.
Together, these three parts should allow any observatory or instrument to
produce, disseminate, and receive reports of observations of any transient in
a consistent and transparent format. Specifying this standard for FRBs is a
specific task (Chapter 4) that can be circumscribed in a more general frame-
work.
Fortunately there exists such a framework that is already well-established.
The International Virtual Observatory Alliance (IVOA)! maintains a recom-
mendation for how to report on observations of transient phenomena across
the electromagnetic spectrum in the form of the Virtual Observatory Event

(VOEvent) standard. The name reflects the ambitious vision of a single virtual

! http://ivoa.net/.
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observatory that is a conglomerate of any and all observatories on Earth (or in
orbit). By coordinating in real-time via exchange of VOEvents, such a mono-
lithic network could in principle observe individual astrophysical transients
in coordination and obtain coverage across the electromagnetic and multi-
messenger spectrum.

The VOEvent standard is intended solely for messages that are distributed
across the dedicated VOEvent Network. As a general framework, the experi-
ence of publishing, broadcasting, and receiving VOEvents is intended to resem-
ble browsing the World Wide Web. That is, connecting an observatory allows
one to send and receive observations of transients from around the world as
if they are originating locally, just as web pages stored on servers around the
world seem to originate from the local machine. In the CHIME/FRB context
the most important feature of VOEvents is that they provide a standard for-
mat that can be distributed to any machine around the world and act as a
trigger for observatories that span the electromagnetic and multi-messenger
spectrum.

3.2 Methods: The VOEvent Medium

The VOEvent standard was most recently updated in [44]. A VOEvent
is a specialized XML? document that allows one to encode scientific meta
data, along with descriptions for what the data represent and what inferences
have been or could be drawn from an observation, into a text-like document
that is machine readable (in object-oriented programming languages, each
document is an object). XML documents are an established format applied
broadly across the Internet. As a communication medium in astronomy, a

document based on XML is far more suitable to be handled by a program in

2 https://www.w3.org/TR/xml/#sec-intro.
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comparison with, e.g., a plain text document, the parsing of which would need
to be handled on a case-by-case basis on account of varying syntax, style, and
language. Convenient libraries for parsing XML exist in most programming
languages, including python® . Moreover, the special case of VOEvent XML
documents can be parsed with further abstraction from the technicalities of
XML using available wrapper libraries in python e.g. voevent-parse* [47].

The VOEvent standard is a recommendation on how to report the meta
data of an observation, rather than what specifically to report. The flexibility
in content accommodates different observation specifications; on the other
hand, the rigidity in the structure ensures a level of uniformity compatible
across platforms (i.e. programming languages and operating systems).

A VOEvent XML is written to disk as a .xml file and can be opened in any
text or code editing environment, similar to html documents. Several resources
online give more complete details of the syntax of XML documents than can be
covered here. The reader can also obtain many examples of VOEvent XMLs by
following tutorials for the VOEvent database called voeventdb.remote main-
tained by the 4 Pi Sky group® . Within the VOEvent XML, there may be up
to seven IVOA-recommended sections within the document that neatly break-
down the who, what, where, when, why, and how aspects of the observation.
In the following, author will refer to the human(s) that decide on the content
of the VOEvent, and agent will refer to the system(s) that assemble the VO-
Event XML. Furthermore, text written in monospace font indicates names of

variables, attributes, or parameters featured in VOEvent XML documents.

3 https://1xml.de/.
4 https://voevent-parse.readthedocs.io/en/latest/index.html.

® https://4pisky.org/voevents/.
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3.2.1 <V0OEvent> Header
All VOEvent XMLs begin with this header that lays out the following
basic information.
e The version, which for recent VOEvents will be 2.0 as this is the current
release version of VOEvents [44].
e The role, which will be one of either "observation", "utility", or
"test".
e The ivorn, meaning the International Virtual Observatory Resource
Name (IVORN).
The version is crucial for both the library that parses the VOEvent XML
and the VOEvent Network. The role can take one of three values, and allows
an author to consider publishing "test" VOEvents that might be part of
a continuous integration process as the author develops new versions of a
VOEvent XML template; "utility" VOEvents that may only be useful for
telemetry purposes for orbital observatories; and "observation" VOEvents
that uniquely specify an astrophysical purpose. Lastly, the ivorn is a unique
identifier that is usually formatted similar to a URL but does not link to any
web page, and that is unique insofar as two unique VOEvents should never
have the same IVORN. IVORNs may be customized but must begin with
the prefix ivo:// and are often followed by a reversed Domain Name System
(DNS) identifier for an observatory’s main web page.
3.2.2 <Who> Header
The identity of the author that is responsible for the VOEvent XML
is contained between the tags <Who> and </Who>. Sub-headings here often
include the following.
e A <Description>, to give a human-readable name to the agent that

produced the VOEvent.
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e An <AuthorIVORN> to give the agent its own IVORN, usually similar
to the ivorn previously mentioned but only needs to be unique to each
agent.

e A <Date> with the UTC timestamp when the VOEvent was created, not
when the observation was made.

e An <Author> that can have two further sub-headings identifying the hu-

man maintainer of the VOEvent agent: <contactEmail> and <contactName>.

3.2.3 <What> Header

Any meta data that are crucial to specifying the environment in which
the observation was made should be reported here. The VOEvent author is
expected to provide any and all such information as it pertains to the sky
conditions, presence of celestial bodies in the field of view e.g. the Sun or
Moon that may degrade the observation quality, fit parameters of any anal-
yses performed to report on the localization in space and time, and system
parameters of the instrument that obtained the measurements, in addition to
all the measured parameters of the astrophysical event itself. Each meta da-
tum is enclosed in a header called <Param>. Several such data can be grouped
by <Group> headers that can be given a name to collect observatory parameters
and separate them from astrophysical event parameters, for example.
3.2.4 <WhereWhen> Header

This section is reserved for coordinates, pertaining to those of the ob-
servatory (terrestrial or orbital), and those of the transient observation that
was made. The astrophysical coordinate system and the time system must be

specified. An example follows below in Figure 3-1.
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<WhereWhen>
<0ObsDatLocation>
<ObservatoryLocation id="CHIME lives at DRAO">
<0ObservationLocation>
<AstroCoordSystem id="UTC-FK5-TOPO">
<AstroCoords coord_system_id="UTC-FK5-TOPO">
<Time unit="s">
<TimeInstant>
<IS0Time>2020-01-01T00:00:00.000000<IS0Time>
</TimeInstant>
</Time>
<Position2D unit="deg">
<Name1>RA</Namel>
<Name2>Dec</Name2>
<Value2>
<C1>0</C1>
<C2>0</C2>
</Value2>
<Error2Radius>0</Error2Radius>
</Position2D>
</AstroCoords>
</0bservationLocation>
</0bsDatalocation>
</WhereWhen>

Figure 3—-1: All VOEvent XMLs must have the <WhereWhen> section in order
to communicate the coordinates of the observatory and the observation in
both space and time. In this example, a hypothetical observation occurred at
midnight UTC on January 1, 2020. The sky-coordinates are right ascension 0°
and declination 0°, represented by the values of the <C1> and <C2> parameters,
respectively. These are the centre of a circular localization region on the sky
of radius 0° as specified by <Error2radius>
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<Inference probability="0.9">
<Name>Interference Mitigation</Name>
<Concept>Probability of astrophysical origin</Concept>
</Inference>

Figure 3-2: An example of a scientific inference that could be reported in
the <Why> section. Here, the VOEvent author reports a probability of 90%
that the observation is astrophysical in origin, and not produced by interfer-
ence. This is a general use case that could be realized for radio telescopes,
for gravitational wave detectors, or for ultra-sensitive underground cosmogenic
neutrino detectors, to name only a select few.
3.2.5 <Why> Header

This section is optional, though recommended as a way to provide one
or both of (1) a measure of the confidence (via probability) that the observa-
tion is astrophysical rather than background noise from the sky or terrestrial
interference; and (2) an indication of the scientific importance to help recip-
ients of the VOEvent decide whether to take any follow-up actions. Some
VOEvent authors may choose to report all of their observations down to a
certain sensitivity or credibility threshold, as determined by their instrument
rather than by the scientific relevance for the general observer, in which case
the importance flag and probability measure here can play a critical role for
the subscriber. VOEvent authors that operate this way help to serve all possi-
ble subscribers, including both those interested in sub-threshold observations
and those awaiting only the most credible (e.g. “brightest”) observations. The
VOEvent author should use the importance attribute to give a score from 0
to 1 as a measure of whether another observer should take action, and the
probability should be assigned from 0 to 1 in accordance with a scheme
that measures how likely the observation is astrophysical in origin. General

scientific inferences made from the observation can be reported by the author

using the <Inference> sub-heading as in Figure 3-2.
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3.2.6 <How> Header

This section is optional, though recommended as a means of describing
how the meta data that are reported in <What>, <WhereWhen>, and <Why> were
measured or evaluated. In real-time systems that analyze the observational
data and prepare the meta data for the VOEvent, there may be one or more
data analysis pipelines that are used, which in turn can depend on e.g. parallel
suites of analytic algorithms and machine learning classifiers. The author is
recommended to report precisely what such analysis was performed especially
if it has a public or even an internal name. Moreover, using the <Reference>
heading, the VOEvent author can provide links to additional resources that
can be downloaded for automated processing. Note that unlike emails, the
VOEvent standard does not support attaching files to the XML document
and therefore all such content must be provided by resource links, the content
of which must be hosted elsewhere. As an example, the LIGO/Virgo Collab-
oration demonstrates the usage of machine-readable links in their VOEvents
(see §3.4).
3.2.7 <Citations> Header

This section is optional, though in principle its effective usage by all obser-
vatories exchanging VOEvents over the VOEvent Network is perhaps the most
ambitious aspect of the IVOA’s vision of a single, global virtual observatory.
Here the author of a follow-up observation to a previously issued VOEvent
should at minimum cite that VOEvent, and, wherever practical, all previously
issued VOEvents representing the original observation. This is done by record-
ing the VOEvent IVORN of the original observation (Figure 3-3) within the
current VOEvent. If used widely and properly, this paradigm would imply
that a randomly selected VOEvent could have both citations (VOEvents to

which it refers) and references (VOEvents that refer to it), creating a web of

36



<Citations>
<EventIVORN cite="supersedes">
ivo://ca.chimenet.frb/FRB-DETECTION-#2020-01-01
</EventIVORN>

</Citations>

Figure 3-3: An example of a <Citations> header used in a VOEvent that
refers to a previous VOEvent directly by its IVORN. For this reason, every VO-
Event must have a unique IVORN to avoid confusion between two possibly un-
related observations. In this case, the VOEvent containing this particular seg-
ment is published as an update to a previous VOEvent that was published un-
der the IVORN ivo://ca.chimenet.frb/FRB-DETECTION-2020-01-01. This
is communicated by the keyword cite="supersedes".
linked observations of transient phenomena. Along an orthogonal axis, cita-
tions are also an effective tool for a VOEvent author to publish a continually
revised observation: an initial VOEvent published in real-time with moderate
uncertainties in sky localization and other meta data can be followed by a
chronology of multiple updates, each having revised estimates obtained from
improved offline analyses applied to the original data, and carrying a contin-
ually growing chain of citations.
3.3 Methods: The VOEvent Network

The VOEvent medium represents a full solution for exchanging reports of
real-time and follow-up observations when combined with the VOEvent Net-
work. As illustrated in Figure 3-4, VOEvents are exchanged between perpet-
ual services called VOEvent brokers. Under normal circumstances, an author
will create a VOEvent XML document locally, using software that translates
their observational meta data into the schema, and then publish it to a VO-
Event broker. By default, this broker will broadcast the VOEvent and it will
be received by all other brokers connected to the Network. Again by default,

any other brokers in the Network will receive the VOEvent and re-broadcast
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it. This ensures both fast coverage across the Network, and it avoids single-
point failures. Namely, if a single broker drops out, the VOEvent will still be
broadcasted everywhere. Brokers are equipped with a long-term memory of
previously-seen VOEvents, each one identified by their unique IVORN, and
are instructed to never broadcast such VOEvents, thus avoiding duplication.
In this way, no loops are formed within the Network, and hence it can be
thought of as a directed acyclic graph (DAG).

Beyond this basic description, the behaviour of individual VOEvent bro-
kers can be customized. Software solutions for VOEvent brokers are available
in common programming languages, including the Comet VOEvent client [48],
a complete open-source VOEvent broker solution written in python that pro-
vides publishing, broadcasting, and subscribing capabilities. Comet allows
one to operate a VOEvent broker perpetually at a command-line interface to
fulfill any and all of these three roles simultaneously. In the following three
subsections we briefly describe each role as it applies to any VOEvent broker.
3.3.1 Publishing

A VOEvent broker configured in publish-mode will only accept VOEvents
constructed according to the current IVOA VOEvent schema [44]. To do
this in python, the voevent-parse® [47] library provides both a user-friendly
wrapper of the underlying XML requirements and additional helper functions
to create the seven VOEvent headers described in §3.2.1 - 3.2.7. In publish-
mode, the local broker accepts the VOEvent but does not distribute it to any

other brokers in the VOEvent Network.

6 https://voevent-parse.readthedocs.io/en/latest/index.html.
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Subscriber

Figure 3-4: The VOEvent Network consists of VOEvent brokers that each
have a static IP address according to their local Internet connection. Brokers
can be configured to operate in one or more of three roles simultaneously:
publish, broadcast, and subscribe. An author (green triangle) that produces
VOEvents typically runs a broker locally as both a publisher and broadcaster
in order to spread their VOEvents through the Network. Other brokers in
the Network (blue pentagon) by default will re-broadcast all incoming VO-
Events. Clients wishing to receive VOEvents (red circle) can run a broker in
subscribe-mode. Apart from blocking malformed VOEvents that do not con-
form to the VOEvent XML schema laid out by the IVOA, brokers also keep
a list of previously received VOEvents by their IVORNs to prevent spread-
ing duplicates across the Network. This is illustrated by the black arrows
that show a VOEvent spreading without forming an infinite loop within the
Network. In principle, each broker is connected to every other broker to en-
sure that the Network survives a single-point failure (where one broker drops
out). Publishing and subscribing brokers can be made to submit and receive
VOEvents, respectively, from specific brokers by specifying that broker’s IP
address.
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3.3.2 Broadcasting

In broadcast-mode, a VOEvent broker will broadcast any VOEvents it re-
ceives to the VOEvent Network. In publish-mode, the VOEvent can originate
from a local author, while in subscribe-mode the VOEvent can originate from
a remote author or broker. Any VOEvent broker is assigned an IP address
according to the local Internet connection and it presents that IP address to
the VOEvent Network to be visible to other brokers. Furthermore, it is possi-
ble to specify a list of fixed IP addresses for a broker, called a white-list, each
of which is permitted to receive the broadcast of that broker. On one hand,
restricting the allowed recipients of a VOEvent interferes with the complete
connectivity illustrated in Figure 3-4. On the other hand, it allows the human
developer who is deploying the broker to control who can subscribe to their
broker during testing or continuous integration phases.
3.3.3 Subscribing

As a subscriber, a VOEvent broker running on one’s local machine is
initialized with one or more IP addresses that identify the remote VOEvent
broker(s) from which broadcasts will be accepted for publication by the local
broker. In combination with broadcast-mode, a VOEvent broker that sub-
scribes to others represents one of the nodes in Figure 3—4 that has multiple
arrows impinging on it. Otherwise, in subscribe-mode only, the broker is a
terminal node.
3.3.4 Event Handling

VOEvent brokers come equipped with the capacity to execute arbitrary
programs on VOEvents that are received, a task called event handling. This is
where scientifically meaningful activities enter, and the utility of the general
VOEvent framework is realized. The event handler is just an executable script

that is attached to the broker and launched in a separate thread upon receipt
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of a VOEvent. In Comet [48] the capacity to implement arbitratry plugins as
event handlers is straightforward” . A common VOEvent handling framework
involves an event handler that contains only action rules and contacts inde-
pendent processes to handle implementing those actions. A simple use case
is one in which a guiding observatory with a wide field-of-view is accompa-
nied by multi-wavelength observatories that are already pointing somewhere
in that field-of-view. As the follower-observatories handle VOEvents about
a detection from the main instrument, they refine their pointing to the un-
certainty region contained in the detection. The capacity for CHIME/FRB
to be the guiding instrument in a special case of this example is discussed
in Chapter 4. On the other hand, Chapter 5 describes the event handling of
VOEvents by a dedicated CHIME/FRB VOEvent broker for related possible
multi-wavelength observations.
3.4 Examples

The VOEvent standard works well when both real-time and semi real-
time analyses are carried out on observations and are reported incrementally
through VOEvents. Using citations to previous VOEvents, one author can
produce an initial VOEvent to be broadcasted with low latency, containing
preliminary measurements and estimates, and then follow this with an updated
VOEvent refining these. In parallel, receivers of the initial VOEvent can act
on the low-latency alert to trigger their observations. In the case of a multi-
wavelength detection, receivers can (1) report on their results in a VOEvent
that cites the initial one and (2) wait for the updated VOEvent from the
original author that will allow for deeper inferences about the likelihood of the

coincident detection being related.

" https://comet.transientskp.org/en/stable/handlers.html.
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Before describing in Chapter 4 how the scientific community can expect
to participate in such multi-wavelength campaigns through the CHIME/FRB
VOEvent Service, it is instructive to look at an example. The LIGO/Virgo
Collaboration hosts an online public archive® for VOEvents published in con-
nection with gravitational wave transients observed by one or more of the
Hanford, Livingston, or Virgo detectors. These VOEvents are a good model
for other authors that operate observatories that perform both real-time and
offline analysis. LIGO/Virgo makes exemplary use of the most powerful fea-
ture of publishing VOEvents, namely the citations. As an example the follow-
ing link® redirects to a particular LIGO/Virgo VOEvent that reports on the
updated analysis on an observation of a gravitational wave (GW) transient
from a binary black hole merger event. This particular VOEvent functions
as a reference for the VOEvent schema, especially the content and organiza-
tion of meta data in the <What> section. Additionally, one can appreciate
the utility of the <Citations> section that is used heavily by LIGO/Virgo.
Namely, this VOEvent represents the last in a chain of VOEvents, each which
successively cites a previous VOEvent in a chain of three different types: pre-
liminary, initial, and update. Lastly, while the <WhereWhen> section does not
contain any sky coordinates for the GW transient, this VOEvent serves to
exemplify how such information can be delivered instead in the form of a link
to a downloadable sky localization map. In the <What> section, the <Group>

called "GW_SKYMAP" contains a <Parameter> called "skymap_fits" that links

8 Select “VOE” under any of the events listed at https://gracedb.ligo.
org/superevents/public/03/.

9 https://gracedb.ligo.org/api/superevents/S200224ca/files/
5200224ca-4-Update.xml, 0.
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directly to a specially formatted file that LIGO/Virgo uses for communicating

its localization regions for follow-up efforts.
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CHAPTER 4
CHIME/FRB VOEvents

4.1 Introduction

The primary work of this MSc thesis is the application of the VOEvent
medium (Chapter 3) to the reporting of newly detected fast radio bursts with
the CHIME/FRB instrument. Plans for a real-time public alert system were
originally announced in [10], although this MSc thesis is the first work to
be made specifically on the topic. Moreover, the average event rate of ~
2 — 3 FRBs per day detected by CHIME/FRB means that such a real-time
alert system will provide machine-readable alerts of multiple FRBs each day,
the first of its kind in the world. In this chapter we describe four types of
CHIME/FRB VOEvents and the framework used to orchestrate producing
and publishing a stream of these VOEvents to the VOEvent Network.
4.2 Related Work

As illustrated in Chapter 3, VOEvents are a flexible, general framework
for how to report on detections of transient astrophysical phenomena across
the electromagnetic spectrum; but, a key ingredient for each frequency range
or observing instrument is the development of a prescription to be followed on
what to report. Prior to this MSc thesis, such a recommendation was made
by [37] as to what details of an FRB detection should be considered essential
to report in a VOEvent, and how to format those details according to the
VOEvent standard. The FRB VOEvent standard suggested there is intended
for general use by dedicated FRB observatories and campaigns.

In particular, the work in [37] goes beyond a recommendation for how to

coherently assemble FRB observational data into a VOEvent. It prescribes
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four types of FRB VOEvents that together address the need to both report
detections of new FRBs and report detections of bursts associated with pre-
viously detected FRBs, both which may be based on low-latency or otherwise
preliminary results from a real-time pipeline that are later refined by offline
analysis pipelines. There are at least two takeaways from [37]. Firstly, the
mechanics of VOEvents are suitable for the population of FRB observations
expected to continue coming online in coming years. Secondly, the VOEvent
standard has already been deployed successfully for astrophysical transients
in, for example, the GRB community. One of the authors of [37] maintains a
GitHub repository! offering templates for the recommended four types of FRB
VOEvents, an accessible starting point for members of the FRB community
to collect ideas for their own real-time FRB VOEvent service.
4.3 Methods
The four FRB VOEvent types proposed in [37] have been contextualized
for the CHIME/FRB project. Some modifications have been made in order to
bring these into harmony with how CHIME/FRB orchestrates real-time and
offline analysis of newly detected FRBs. Here we present the CHIME/FRB
VOEvent Service (yellow box in Figure 2-4) that accomplishes the task of
authoring and publishing CHIME/FRB VOEvents. The Service is coordinated
through the combination of three parts, illustrated in Figure 4-1, all of which
were written in python and make use of both built-in and open-source libraries.
1. A module in the L4 pipeline environment called VOEventSender that

passes the L4 header onward according to action rules assigned at L3.

! https://github.com/ebpetroff/FRB_VOEvent.
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2. A selection of API? endpoints in a module called FRB Master for per-
forming translation of L4 headers and intensity/baseband analysis re-
sults into VOEvent XMLs, all of which are accessible by the .4 module,
asynchronous offline pipelines, and web servers used by human agents in
CHIME/FRB.

3. A containerized service called FRB VOE that perpetually runs a Comet
[48] VOEvent broker and an email client for outgoing VOEvents.

The choice to divide the CHIME/FRB VOEvent Service into three sep-
arate pieces means that three separate GitHub repositories need to be main-
tained in step with one another, and that there are three opportunities for
single-point failures. On the other hand, the process of producing and pub-
lishing a CHIME/FRB VOEvent remains transparent and easier to debug than
having a single unwieldy module, as issues can be logically narrowed to one
of these mutually-exclusive components. Furthermore, the Service must be
accessible by both the real-time pipeline and offline analysis pipelines, necessi-
tating that the major tasks of VOEvent preparation and publication be neatly
separated from each other.

4.3.1 L4 VOEventSender Module

The L3 header received at the L4 stage of the real-time pipeline contains
the "ALERT_COMMUNITY" Boolean flag, with positive instances defined in Table
2-1. This triggers the VOEventSender module to extract meta-data from

the L4 header and form a JSON® document that conforms to a predefined

2 An Application Programming Interface (API) can be described as a way to
organize algorithms that are accessible through a standardized path, typically
specified by a URL-like token and commonly used to provide controlled, one-
off, and asynchronous access to algorithms and databases.

3 https://www.json.org/json-en.html.
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CHIME/FRB VOEvent Service

FRB FRB
—_— _—
Master VOE
F . Package L4 header Create VOEvents Run VOEvent broker
unction Handover in real-time Record transmissions Refresh and prune whitelist
Maintain subscriptions Publish VOEvents
Distribute emails
API endpoints API endpoints
Code VOEventSender Models Comet broker
Database interface Email client

Figure 4-1: The CHIME/FRB VOEvent Service consists of three mutually-
independent modules that are maintained in separate code repositories. The
L4 module runs on its own computing node and maintains contact with the
later two stages over the local network via HT'TP requests. The API endpoints
in the FRB Master module can be contacted by both the L4 module and the
third module, FRB VOE, allowing the VOEvent transmission record-keeping
database and the VOEvent subscription database to be read from and written
to asynchronously. The Comet VOEvent broker [48] runs inside the FRB VOE
module and can be contacted through API endpoints with VOEvent XMLs to
be published to the VOEvent Network.
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Name

Description

event_id
timestamp_utc
event_type

known_source_name
known_source_rating

ra

dec
pos_error_semimajor_deg_95

pos_error_semiminor_deg 95

dm

dm_error

combined_snr

dm_gal ne_2001_max
dm_gal_ymw_2016_max
rfi_grade_level2
dispersion_smearing
dispersion_smearing_error

CHIME/FRB event number

UTC detection time at 400 MHz
"GALACTIC", "EXTRAGALACTIC",

or "AMBIGUOUS"?

Name of known source, if identified
Probability of known source association
Right ascension (J2000) in decimal degrees
Declination (J2000) in decimal degrees

L2 header localization semi-major axis

to 95% confidence limit

L2 header localization semi-minor axis

to 95% confidence limit
Dispersion measure in pc cm™
DM uncertainty in pc cm ™3
Detection beam signal-to-noise ratio
Max LOS® Galactic DM (NE 2001)°
Max LOS Galactic DM (YMW 2016)°
RFI contamination score

Dispersion smearing

Dispersion smearing uncertainty

3

Table 4-1:

These meta data are extracted from the L4 header by the

VOEventSender and are required by the next stage in order to properly form
a VOEvent XML. The Name column identifies variables as they exist within
the CHIME/FRB L4 header. Notes: @ line-of-sight. ®* NE 2001 Galactic DM
model [14]. ¢ YMW 2016 Galactic DM model [57].

model (Table 4-1) expected by the next stage of the process. The latency
introduced by this first of three stages is negligible compared to the latency
already accrued during the previous real-time stages (see §2.4).
4.3.2 FRB Master Backend

Coordinating and distributing computing resources to various analysis
tasks is the broad responsibility of the FRB Master system, a name that

refers to a backend suite of algorithms and modules that are available through
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HTTP requests? to offline analysis pipelines. FRB Master handles requests
asynchronously and provides a reliable environment to host the next stage
of the VOEvent Service: translation. The input to this second stage in the
VOEvent Service is the JSON payload from the VOEventSender, while the
output is a fully-formatted VOEvent XML document and the text body of an
email that are ready to be published.

Aside from hosting API-accessible algorithms, the FRB Master module
provides an interface to database tables that are a key ingredient in storing
and accessing meta data for various offline analysis tasks, including intensity
and baseband data analysis. The CHIME/FRB VOEvent Service relies on two
tables here, one for tracking transmission records of outgoing CHIME/FRB
VOEvents, and one for keeping a list of CHIME/FRB VOEvent Service sub-
scribers.

Figures A—1 and A-2 show two different examples of transmission records
that each relate to two unique, hypothetical CHIME/FRB detections. Im-
portantly, these transmission records are indexed by their CHIME/FRB event
number, an internal identifier that is assigned to every L3 header in the pro-
cess that transforms it to an 1.4 header. This means that for new detections
identified by the real-time FRB detection pipeline and saved as L4 headers,
a new entry like Figure A—1 or A2 is made with the "id" corresponding to
the CHIME/FRB event number. The "record" field is populated as a list of
individual entries that grows as every new CHIME/FRB VOEvent linked to
the event number is produced.

Figure A-3 shows an example of a database entry representing a sub-

scription to the VOEvent Service. As mentioned in Chapter 3, the default

4 https://requests.readthedocs.io/en/master/.
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behaviour of a given VOEvent broker is to allow any other VOEvent broker to
subscribe to and receive VOEvents from the former; however, in the formative
stages of the CHIME/FRB VOEvent Service, it has been deemed essential to
place limitations on who can subscribe to the Service. The reason for this is
two-fold: in the foremost, the individual software modules of the Service need
time to mature and be tested for corner cases that are not easily discovered
except while running live; secondly, the Service is intended to produce VO-
Events for all L4 headers® , and therefore releasing VOEvents to the entire
community is contingent on a solid understanding of the false positives issu-
ing from the real-time FRB detection pipeline. Subscriptions are maintained
through a database consisting of entries like Figure A3, wherein IP addresses
and email addresses permitted to receive CHIME/FRB VOEvents are stored.
4.3.3 FRB VOE Container

The final stage of the CHIME/FRB VOEvent Service handles publishing
the VOEvent XML to the VOEvent Network and distributing an email for-
matted copy. This is accomplished by running a Comet [48] VOEvent broker
as a background process within a Docker® container that can be contacted
via its own API endpoints. In this way, the VOEvent broker runs perpetu-
ally, awaiting fully-formatted VOEvents to arrive through an HTTP request
from the previous stage. Simultaneously, an automated one-time sign-in to a
dedicated account vo.event.sender@gmail.com is performed to distribute an

email copy of the VOEvent XML through the simple mail transfer protocol” .

® Subject to the trigger conditions in Table 2-1.
¢ https://github.com/docker.

" smtplib; see https://docs.python.org/3/library/smtplib.html.

20


https://github.com/docker
https://docs.python.org/3/library/smtplib.html

Because the trigger received by the VOEvent broker from the module
in the FRB Master backend is handled as an HTTP request® , a response is
returned to FRB Master containing an indication of whether the VOEvent
was successfully published to the Network. This updates the database of
transmission records, reflecting (1) the UTC time at which the VOEvent was
published in the "timestamp_utc" field and (2) the IVORN of the VOEvent
in the "message_ivorn" field (e.g. Figure A-1).

Presently, the CHIME/FRB VOEvent broker is configured to run in pub-
lishing and broadcasting mode with restrictions placed on what other VO-
Event brokers can subscribe. This is managed by regularly pruning the sub-
scriber database previously described, removing the expired subscriptions from
the white-list of IP addresses that every VOEvent broker can be equipped
with. In the same way, the list of valid email addresses is updated, and this
pruning is currently handled manually by submitting an API request to the
CHIME/FRB VOEvent Subscribers module in the FRB Master backend with
the current date and time to which all expiration dates are compared. As
the CHIME/FRB VOEvent Service matures, the conditions for removing the
subscription white-list and opening the VOEvents to arbitrary subscribers will
be progressively met (§4.5).

4.3.4 Four Types of CHIME/FRB VOEvents

The previous three sub-sections (§4.3.1 - 4.3.3) describe the transforma-
tion of meta data for an FRB detected by the real-time pipeline into a VOEvent
XML, representing two of four possible types of CHIME/FRB VOEvents: de-
tection, subsequent, update, and retraction. These four types apply the pre-

scription [37] for FRB VOEvents in general to the context of CHIME/FRB,

8 https://requests.readthedocs.io/en/master/.
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and here we illustrate them by way of individual use cases. As a primer,
the four types can be thought of as VOEvent sub-streams according to their
IVORNs. The default IVORN format for CHIME/FRB VOEvents is shown

in Item 4.1 with the components detailed below:
ivo://ca.chimenet.frb/{1}-{2}-#{3} {4} (4.1)

1. For retraction-type VOEvents, this is set to 0BS to indicate that the
VOEvent is not a report of a detection or measurement of an FRB but
rather a remark about one. Otherwise, it is set to FRB.

2. The VOEvent type appears in capital letters as one of DETECTION,
SUBSEQUENT, UPDATE, RETRACTION.

3. A timestamp referenced to UTC indicating the "timestamp_utc" field
(Table 4-1) for detection- and subsequent-type VOEvents; for update-
type this is a timestamp of when the offline analysis was completed; and
for retraction-type this is the timestamp of when the human agent issued
the VOEvent.

4. A random 12-digit hexadecimal value obtained as a universally unique
identifier (UUID) as a safety measure to ensure that IVORNs are unique.”
Detection-type

This is the primary CHIME/FRB VOEvent type. Every CHIME/FRB
event satisfying the criteria in Table 2—-1 is published in a detection-type VO-
Event, with the VOEvent meta data originating from the L4 header (Table
4-1). The following summarizes the three major pieces of information that

are communicated in the detection-type VOEvent.

9 UUID in python: https://docs.python.org/3/library/uuid.html#.
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e Localization: the L2 process produces a localization that is an ellipse on
the sky with the central coordinate specified in right ascension and dec-
lination (decimal degrees) along with semi-major and semi-minor axes.
In a multi-beam event the L2 process can yield multiple such ellipses, in
which case the parameters for the ellipse closest to the beam with the
highest SNR in the event is reported. (See also section 4.4 in [10].)

e DM: the DM is determined from the tree dedispersion algorithm called
bonsai with an error in the range of 1.62 pc cm™ to 25.84 pc cm™

[10], provided alongside the maximum Galactic DM estimates along the
line-of-sight represented by the above localization from the NE 2001 [14]
and YMW 2016 [57] models. (See also section 4.3 in [10].)
e RFI contamination: a score from 0 to 10 is assigned on the basis of a
machine learning algorithm, trained to score a true astrophysical signal
with 10 and a true RFI signal with 0. (See also section 4.8 in [10].)
Subsequent-type
The subsequent-type is reserved for L4 headers that represent detections
associated with known sources, including those listed in published catalogues
as well as internal FRB sources that have been identified by CHIME/FRB
but not yet published. The same information in the detection-type is provided
here, with the addition of a name for the known source and a probability of
association of the named source. Presently only the source with the highest
probability, among all that are associated under the current scheme of Bayes
factors (section 4.5 in [10]), is reported; however it is not guaranteed that
this probability is 1, and the value of the "known_source rating" in the L4
header reflects this. An additional algorithm is also run to obtain the IVORN

of the first detection- or subsequent-type VOEvent that was produced about
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the source to which the current VOEvent refers, citing this in the <Citations>
VOEvent header.

Update-type

Following the release of the real-time 1.4 header data through the detection-
or subsequent-type VOEvent, offline analysis pipelines are able to analyze the
intensity data and, if it was acquired, the baseband data. (For more on base-
band data, see also section 5.3 in [10].) Presently the exact measured param-
eters that will be included in the <What> header of the update-type VOEvent
is under review and subject to change, but it is likely to include some or all
of the items listed in Table 4-2. The VOEvent Service is designed to support
publishing separate update-type VOEvents for arbitrarily many offline anal-
ysis pipelines, with each one citing the IVORN of the original detection- or
subsequent-type VOEvent for the L4 header.

Apart from supplying updated measurements of the radio burst parame-
ters, the update-type VOEvent published with intensity or baseband data is
essential for providing subscribers with an improved sky localization. While
the detection-type contains the output of the L2 localization from the real-time
pipeline, the intensity and baseband analysis pipelines each independently ob-
tain a localization, using the intensity of the received electric field and the raw
voltages, respectively. Currently the action rules in the L3 system are con-
figured to trigger the CHIME/FRB VOEvent Service whenever the intensity
callback procedure [10] is performed, but these conditions are not as strict
(in terms of the SNR required to for a trigger) as for the baseband callback.
Therefore, update-type VOEvents with intensity localization will follow the
detection-type, but the baseband analysis may not always be provided this

way.
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Name Description Pipeline
redshift_inferred Redshift estimate L
redshift _host Redshift of host galaxy, if known L
dm_index Power law index in DM relation I
scattering timescale | Scattering timescale in ms I
scattering_index Measured scattering power law index | I
spectral_index Measured spectral power law index I
fluence Measured radio fluence in Jy ms I
flux_calibrated Calibrated flux measurement in Jy I
linear _pol Linear polarization as % B
circular pol Circular polarization as % B
rm Rotation measure in rad m—2 B

Table 4-2: The names of parameters as they appear as <Param> items under
the <What> header in the CHIME/FRB update-type VOEvent, along with
short descriptions and the offline analysis pipeline that produces their values.
“L” stands for a planned low-latency pipeline that carries out analysis not
included in the real-time system but also logically separate from dedicated
intensity “I” and baseband “B” analysis pipelines. In addition, the update-
type VOEvent will also include the uncertainty on each parameter with naming
scheme *_error where * indicates the parameter name.

Retraction-type

Especially during the formative stages of the CHIME/FRB VOEvent Ser-
vice, there may be reason to retract a previously issued VOEvent. The real-
time pipeline relies on a mix of search algorithms and machine learning clas-
sifiers for which the false positive rate is non-zero, and therefore it is possible
that detection-type VOEvents will be published about bursts that are non-
FRBs. Additionally, the algorithm that assigns the known_source _name name
and known_source_rating to a new burst operates on probabilities and has
been seen to falsely associate new bursts with previously known FRB sources.
In such a case, a subsequent-type VOEvent will be published about an asso-
ciation between a known FRB source and a new FRB that are later found,
following human verification, to not actually be associated. These two scenar-

ios are anticipated to dominate the use cases for the retraction-type VOEvent.
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The retraction-type VOEvent contains no meta data, measured param-
eters, or localization. It has only a citation to the VOEvent that is to be
retracted. Subscribers are therefore expected to follow the CHIME/FRB VO-
Event stream closely for reports of detections and the possibility of a retraction
that could be cause to abandon a follow-up search that is scheduled or perhaps
underway, or that in general would be needed to properly interpret the results
of a follow-up detection/non-detection.

4.3.5 Official FRB Naming Scheme

A key ingredient in the sharing of new CHIME/FRB detections to the
wider astrophysical community through VOEvents is the use of a coherent
and transparent FRB naming system. The CHIME/FRB Collaboration has
officially adopted the naming scheme FRB YYYYMMDDx, specifying the year
(YYYY) month (MM) and day (DD) plus a string (x) of up to three Latin
uppercase letters, and will officially acquire these names through the Transient
Name Server (TNS)'¥ .

This FRB naming scheme is expected to become the first international
standard for FRBs. Naming transient astrophysical events has historically
played both a tangible scientific role and an intangible “cultural” role in as-
trophysics, and the FRB naming scheme was selected to embrace both of these.
The scheme allows for up to 17576 names to be assigned in a single UTC day
with the letter string ranging from A to ZZZ, so that each FRB name is unique,
memorable, and not a burden to have to repeat twenty or more times in, say, a
10-minute lunchtime presentation to colleagues. The scheme has already seen
informal usage in the FRB community. It is not dissimilar to what has been

done for other transients, including gamma ray bursts (e.g. GRB 170817A [6])

10 https://wis-tns.weizmann.ac.il/.
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and gravitational waves (e.g. GW190814 [1]), and was developed via consulta-
tion between the CHIME/FRB Collaboration and other leading FRB experts
from around the world. As CHIME/FRB will soon publish a backlog of hun-
dreds of FRBs, and will continue to detect a projected ~ 2 — 3 FRBs each
day, it represents a leading source of new FRBs, all the more reason to ensure
that the CHIME/FRB naming scheme is amenable to the community.

Despite this, CHIME/FRB will be just one of many sources of FRBs
around the world, necessitating a third party that maintains and distributes
the names. The TNS is the responsible agent that provides this service over
the Internet. Using API and sample python scripts available on the TNS web
page!! | obtaining the name for a new FRB in real-time has been made pos-
sible. Currently all previously published FRBs from CHIME/FRB ([12], [11],
[50], [13], [16]) are available to the public on the TNS with official TNS names.
In an upcoming CHIME/FRB publication we will reveal official TNS names
for hundreds of new FRBs, with a long-term plan of integrating automatic
submission to the TNS with the internal FRB candidate identification proce-
dure and VOEvent Service. The bulk submission of CHIME/FRB detections
to the TNS, including early testing of the beta TNS FRB hosting software and
validation of the results, was a major task carried out by the author during
this MSc thesis.

While acquiring a TNS name can in principle be done with low-latency
~ 1 s, the prospect of including the name in the CHIME/FRB detection-
or subsequent-type VOEvent faces the concern of the possibility of false pos-
itives from the real-time pipeline. As previously discussed, retraction-type

VOEvents are available in this case, but an additional request to the TNS

" https://wis-tns.weizmann.ac.il/content/tns-getting-started.
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to delete the name of the FRB would also be required. This is unnecessarily
disruptive to both users and maintainers of the TNS, therefore the decision
has been made to acquire the TNS name through a low-latency offline pro-
cess that runs after the L4 header data has passed human verification by the
CHIME/FRB Collaboration. At this point an update-type VOEvent will be
released with the TNS name that uniquely maps to the CHIME/FRB event
ID contained in the L4 header for the original detection-type VOEvent. Figure
4-2 illustrates the workflow for obtaining the TNS name in the context of the
real-time pipeline, human verification, and CHIME/FRB VOEvent Service.
In the category of situations where a new FRB candidate from the real-
time detection pipeline is falsely associated with a previously known FRB
source (internal to CHIME/FRB or otherwise), there is the possibility that
this is realized only after human verification has already occurred and the
TNS name has therefore been retrieved. Within the human verification work-
flow, the frequency of such occurrences has been small but non-zero. Through
the CHIME/FRB VOEvent Service, this could mean that candidates are sub-
mitted to the TNS that are actually mis-classified Galactic sources. This is
certainly a non-trivial concern with an equally non-trivial solution. However,
both the online algorithms that help human agents decide whether to asso-
ciate real-time candidates with previously known Galactic sources, and the
training of CHIME/FRB Collaboration members in this task, are constantly
improving. In the future, the frequency of CHIME/FRB entries in the TNS
that are in fact Galactic candidates should steadily decrease, and these ideally

rare occurrences can be treated on a case-by-case basis.
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Real-time Pipeline VOEvent Service

detection/subsequent —>
TNS update ——>

VOEvent
Sender

Transmission and
Subscription Records

offline analysis update(s):

World

Human
Verification

Get FRB
Name

FRB Master DB

Figure 4-2: The CHIME/FRB VOEvent Service in the context of the real-
time pipeline, human verification of L4 headers, and Transient Name Server
(TNS) interface. Connections illustrate the exchange of information between
modules: arrows indicate a one-way exchange while otherwise the exchange
can go both ways. Human verification of 1.4 headers is handled through view-
ers hosted on FRB Web that allow CHIME/FRB Collaboration members to
validate events retrieved from the L4 database. The FRB Master backend
maintains databases with selected data from the L4 database, in addition to
the databases for VOEvent records. The TNS name is acquired only after
human verification of L4 header data and is not included in the detection-
or subsequent-type VOEvent. Instead it follows in an update-type VOEvent
that is separate from those provided by offline analysis pipelines. Because the
TNS (in darker colours) is not maintained by the CHIME/FRB Collaboration,
acquiring the TNS name after human verification prevents any incident that
would require retracting a TNS submission. The interface with the TNS is
handled programmatically through API and involves both a submission and

query process to validate the name that is retrieved and match it uniquely to
a CHIME/FRB L4 header.
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4.4 Examples

Here we give examples of the current format and content of each of
the VOEvent sections (§3.2.1 - §3.2.6) for CHIME/FRB VOEvents to illus-
trate their compliance with the IVOA VOEvent 2.0 recommendation [44] and
their commonalities with the prescription given in [37]. Note that creating
and reading compliant VOEvent XML documents is transparent using the
voevent-parse'? [47] module in python.
4.4.1 <VOEvent> Header

All four types of CHIME/FRB VOEvents share the same format for the
<VOEvent> header, with the only difference being the IVORN within it (see
Item 4.1). A sample is shown in Figure A—4.
4.4.2 <Who> Header

Similarly, the <Who> header contains the same information across all four
CHIME/FRB VOEvent types. A sample is shown in Figure A-5.
4.4.3 <What> Header

The <What> header consists of <Param> objects arranged under three
<Group> sub-headers labelled by observatory, event, and advanced, shown
in Figures A—6, A7, and A8, respectively.
4.4.4 <WhereWhen> Header

See Figure 3-1 for a sample. The format and content is identical among
the four VOEvent types, excluding the retraction-type that does not contain

coordinates.

2 https://voevent-parse.readthedocs.io/en/latest/index.html.
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4.4.5 <Why> Header

This section is used to report on the significance of the CHIME/FRB VO-
Event, the precise quality definition of which varies between the four different
VOEvent type. In the case of detections of new FRBs, either singletons or
bursts from known sources, subscribers should interpret the importance flag
as a measure of the likelihood that the data represent an astrophysical source,
as the value is derived from from the rfi_grade_level2 parameter from the
L4 header. Meanwhile, the importance is set to 1 for both update and retrac-
tion to ensure that the subscriber does not miss the alert. The reasons are
that (1) some subscribers may perform further advanced or targeted searches
on the basis of the updated localization expected in the update-type; and (2)
all subscribers should abort planned observations, or update their inferences
of observations that have already been made prior to receiving the retraction,
when a retraction is issued. See Figure A-9 for a sample.
4.4.6 <How> Header

This short section is expected to be more useful as more CHIME/FRB
data moves into the public domain. It is designed to provide links to additional
resources that are both human and machine-readable. It will eventually pro-
vide a link using the <Reference uri=""> header to the CHIME/FRB public
web page specific for the source to which the meta data in the subsequent-
type or update-type VOEvent is associated!® , but only for repeat bursts from
CHIME/FRB sources that have already been made public (either through
CHIME/FRB publications or otherwise). Furthermore, the arbitrarily many
analysis pipelines that can report update-type VOEvents will be identified

properly using the <Description> header here.

13 https://wuw.chime-frb.ca/repeaters.
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4.5 Conclusion and Future Work

The CHIME/FRB VOEvent Service is positioned to contribute to a leap-
forward in the science of multi-wavelength follow-up of new FRBs, both from
new sources and from known repeating sources. The initial detection- or
subsequent-type VOEvent can be leveraged as a real-time trigger for observa-
tories that are represented via their own VOEvent broker that is subscribed
to the Service. Likewise, update-type VOEvents can serve to inform the sub-
scriber of an improved sky localization for a more accurate and more precise
search for the origin of the source. Alternatively update-type VOEvents could
provide improved measured parameters that may qualify the burst as a tar-
get of interest for special campaigns seeking low DM FRBs, on- or off-Galactic
plane sources, scattered bursts, repeating sources, and known Galactic sources
such as the very recent discovery of a millisecond radio burst from the mag-
netar SGR 1935+2154 [49], to name a few examples.

That said, the Service is not yet operating at its design capacity. The
following timeline should be considered flexible. The Service is scheduled to be
deployed in stages, with detection- and subsequent-type alerts coming online
first, and representing the largest technical hurdle to overcome. Revisions to
the content of these alerts could take place at every stage of the deployment,
including but not limited to initial testing within CHIME/FRB, opening the
alerts to collaborators that have arranged a memorandum of understanding
(MoU) with CHIME/FRB, and of course the broader public when the time
comes.

1. Mid-November 2020: Complete internal code review of 1.4, FRB Mas-
ter, and FRB VOE components with assistance from the CHIME /FRB
Project Office.
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. Late November 2020: Deploy the detection- and subsequent-type alerts,

restricted to CHIME/FRB only, and complete testing and monitoring

of all published VOEvents within at least one week of normal real-time

FRB pipeline performance.

. Mid-December 2020: Complete up to two weeks of testing and mon-

itoring with subscriptions open to specific external collaborators that

have signed an MoU in connection with projects designed for early-stage

CHIME/FRB VOEvent usage.

. January 2021:

e Have a complete suite of monitoring tools that can integrated to the
normal FRB pipeline monitoring regime, made user-friendly for all
CHIME/FRB members to distribute the responsibility of checking
outgoing communications.

e Deploy retraction-type, TNS update-type, and quick analysis update-
type VOEvents, including integration with the FRB pipeline mon-
itoring regime.

. February 2021: Work with CHIME/FRB offline analysis working groups

to integrate human-triggered update-type VOEvents that can report im-

proved intensity and baseband analysis results.

. March 2021: Evaluate the overall performance of the VOEvent Service

during the Winter data collection run for CHIME/FRB. Assemble key

metrics, including data quality and monitoring, and prepare a briefing
that can be used and hosted online for the general astrophysics com-
munity to consult, aiding decisions for all public experiments and ob-
servatories to engage in follow-up campaigns through the CHIME/FRB

VOEvent Service.
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The detection- and subsequent-type alerts are well-positioned to come
online first, as all the infrastructure needed for this has been presented in
this chapter. The subscription side of the Service will be updated manually at
first, with subscriptions being kept internal to the CHIME /FRB Collaboration
while the Service is monitored for performance issues and corner cases that
occur during live run-time. Following this, these two VOEvent types will
be released to the community, along with the retraction-type, by opening
subscriptions to the community using the model in Figure A-3.

Update-type VOEvents can be expected to come online still more in-
crementally. The infrastructure for handling input from the various offline
analysis pipelines is in place, including basic models for what meta data is
required as output from them for the update-type VOEvent. While the suite
of CHIME/FRB offline analysis pipelines has progressed enormously during
the course of this MSc thesis work, in an upcoming CHIME/FRB publication
containing many hundreds of FRBs the output of those pipelines will be put
under the scrutiny of the astrophysical community. Further internal review
and processing of that feedback will be insightful for how to report the offline
analysis output in the update-type VOEvent, in the context of those param-
eters listed in Table 4-2. Lastly, some decisions are underway as to how to
coordinate the separate modules that represent the broad tasks handled by
the intensity and baseband pipelines, so that they each can report coherently
to the API endpoint in the FRB Master module (Figure 4-1) that assembles
the update-type VOEvent XML.

Subscribers pursuing CHIME/FRB detections for low-latency follow-up
can expect the latency of the detection- and subsequent-type VOEvents to be
dominated by (1) the latency of the real-time pipeline plus (2) transit time

through the VOEvent Network. The stages illustrated in Figure 4-1 have not
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been measured and tested for speed, allowing only qualitative statements at
best to be made. However, the modules were built with python libraries that
were selected for being fast, lightweight, versatile implementations for multi-
processing and asynchronous handling. Namely, the FRB Master module relies
on sanic!* that is designed for speed and efficiency. The FRB VOE module
uses the Comet [48] VOEvent broker that is designed for speed in broadcasting
published VOEvents. From there, the VOEvent Network latency is dominated
by the path from the IP address of the CHIME/FRB VOEvent broker to the
IP address of the subscriber’s VOEvent broker. An end-to-end measurement of
the latency from the real-time pipeline to publishing on the VOEvent Network
is a worthwhile future endeavour.

This connects with a final remark about the monitoring of the CHIME/FRB
VOEvent Service. Future work should include specifying metrics to represent
quality and performance. The most basic aspects to monitor include the daily
count of CHIME/FRB VOEvents of each type that are published, how these
numbers compare to the incoming events processed by CHIME/FRB Col-
laboration members during human verification, and the latency from the L4
VOEventSender to the FRB VOE module (Figure 4-1). However, as the Ser-
vice matures there will be new features to monitor. For instance, the meta
data reported in each of the four VOEvent types may undergo small revision
or expansion over time. Plus, as an aid to subscribers that are each expected
to prepare their own event handling module (§3.3.4) suitable for CHIME/FRB
VOEvents, it will be convenient to supply test versions of all four VOEvent
types that evolve in step with their deployments of changes to their live coun-

terparts. In this way, the subscriber’s event handling code is less likely to break

Y https://sanic.readthedocs.io/en/latest/.
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at an inopportune moment when a new CHIME/FRB detection is published as
the latest detection-type format. That said, it remains to specify a framework
for publishing these test versions and monitoring their publication alongside
the live counterparts of CHIME/FRB VOEvents for quality assurance.

In conclusion, the CHIME/FRB VOEvent Service is built with open
source software that can and should be adapted for observatories around the
world to bring them into the VOEvent Network. The quest to understand
fast radio bursts begins and ends with the global sharing of knowledge, and
CHIME/FRB is positioned to catalyze the process as a provider of new targets
that can be automatically selected for follow-up by real-time observatories the

world over.
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CHAPTER 5
GCN VOEvents

5.1 Introduction
5.1.1 GCN VOEvent Sub-streams

Virtual Observatory Events (VOEvents; Chapter 3) are currently being
published by several observatories and broadcasted by a single VOEvent bro-
ker that forms part of the Gamma-ray Coordinates Network or Transient As-
tronomy Network (GCN/TAN)! | in connection with activity from new and
known astrophysical transients. As illustrated in Figure 5-1, the GCN/TAN
presently consists of a collection of mostly X-ray and gamma-ray observatories
aboard scientific satellites. However, there are two exceptions to this. First,
there are two instruments aboard the International Space Station (ISS) that
orbits the Earth at an altitude of about 408 km, namely the CALorimetric
Electron Telescope (CALET) that functions to detect high energy cosmic rays
(in addition to gamma-rays), and the Monitor of All-sky X-ray Image (MAXI)
instrument. Secondly, the Laser Interferometer Gravitational wave Observa-
tory and Virgo Collaboration (LIGO/Virgo) reports candidate gravitational
wave events from binary mergers of compact stellar remnants that are detected
by one or more of three ground-based laser interferometers.

The purpose of GCN/TAN is to distribute real-time alerts by way of pub-

lishing VOEvents through a single dedicated VOEvent broker, in connection

! https://gen.gsfc.nasa.gov/about.html.
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with gamma-ray burst (GRB) locations, images, spectra, and light curve mea-
surements, all which have been collected by one or more of the observatories
pictured in Figure 5-1. GCN VOEvents follow the IVOA VOEvent recom-
mendation 2.0 [44] with each observatory publishing under a unique author
IVORN (§3.2.1). The published VOEvents of each author therefore represent
a separate sub-stream within the GCN stream, and at the time of writing
there are at least 12 active GCN VOEvent sub-streams, as listed in Tables 5—1
and 5-2.

Individual event IVORNs for GCN VOEvents follow the format in Item
5.1.

ivo://nasa.gsfc.gen/{1}#{2} {3} (5.1)

In place of the numbered components in Item 5.1, one can consult Tables 5-1
and 5-2 and substitute the following:

1. The string in the “Sub-stream” column.

2. One of the strings listed under the “Packet Label” column for the cor-
responding sub-stream.

3. A string that for most sub-streams is a date-time string in the for-
mat 2020-05-03T12:34:00.00, or a trigger ID found in the top-level
<Param> called "TrigID", or concatenation of the two.

As an example, a recent IVORN for a GCN VOEvent published under the
sub-stream for the BAT (Burst Alert Telescope) aboard the Swift satellite, in
connection with an observation of X-ray activity from the Galactic magnetar

SGR 193542154, is listed in Item 5.2.
ivo://nasa.gsfc.gen/SWIFT#BAT Known Pos_-1856436910-230  (5.2)

In the example of Item 5.2, the final component of the IVORN is -1856436910-230

and it contains the value of the top-level <Param> named "TrigID" in the
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Figure 5-1: An illustration of the GCN/TAN adapted from the version avail-
able from the GCN landing page at https://gcn.gsfc.nasa.gov/. This
updated illustration was prepared by the author to show only the observato-
ries that currently publish VOEvents through the GCN VOEvent broker. The
GOCN largely consists of X-ray and gamma-ray observatories aboard scientific
satellites in orbit about the Earth or in geo-lunar orbit or distributed through
the solar system, such as the InterPlanetary Network (IPN). The GCN rep-
resents a coordinated effort for simultaneous multi-wavelength observations of
astrophysical transients with as many as possible of the observatories depicted,
including the (unnamed) optical, radio, and multi-messenger observatories on
the surface of Earth. Pictured is an artistic rendering of the GCN in action
during transient activity from a hypothetical source. Each observatory shown
has the capacity to submit observational meta data that is formatted into
a VOEvent XML through internal processes and published to the VOEvent
Network through a single VOEvent broker with IP address 45.58.43.186. As
an example, the Swift satellite publishes a variety of VOEvent XMLs through
the GCN VOEvent broker, some of which represent new observations while
others simply report the current or upcoming target sky coordinates.

69


https://gcn.gsfc.nasa.gov/

VOEvent XML, namely -1856436910. Meanwhile the string =230 is not com-
municated anywhere else in the VOEvent XML and could conceivably serve
as an internal index or a randomly selected integer to maintain uniqueness
during a high VOEvent publication rate from the SWIFT sub-stream.

From these two tables, it is evident that the GCN VOEvent broker pub-
lishes a large volume of VOEvents. Importantly, some of the packet types (Ta-
bles 5-1 & 5-2) are published in two further sub-streams with one of each of the
"observation" and "test" attributes that are configured in the <VOEvent>
header (§3.2.1). This is the case even for those in which the packet label does
not contain the string "Test" (or some equivalent). While slightly confus-
ing, this follows the common practice recommended by the IVOA [44] for a
VOEvent author to provide a test version of every VOEvent they intend to
publish, so that subscribers can know what to expect for true observations.

However, even among those GCN VOEvents published in connection with
true observations, not all of the packet types contain sky coordinates for detec-
tions of astrophysical transients. Some packets are used solely to communicate
links to archival resources that may support a detection published in a pre-
ceding VOEvent. As an example, the Swift satellite publishes a sequence
of messages that allow the recipient to track the observatory from target re-
quest, to target selection, to slew pointing, and finally (possibly) to detection
report. Namely, the next immediate bore-sight pointing coordinates are pub-
lished through packet 83; its current pointing coordinates via packet 103;
the coordinates of a detection (with some confidence via the importance and
probability flags, §3.2.5) via packets 61,84,140 and 141; and observed light
curves and spectra as measured by the X-ray Telescope (XRT) (via packets

67, 68, 69, and 70) and Ultra-Violet and Optical Telescope (UVOT) (72, 73,
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Sub-stream | URL Packet Type | Packet Label
gwnet/LVC lvc 150 Preliminary
151 Initial
1562 Update
164 Retraction
INTEGRAL integral 51 Point Dir
52 SPIACS
53 Wakeup_Pos
54 Refined Pos
55 Offline Pos
56 Weak_Pos
Fermi fermi 110 GBM_Alert
111 GBM_F1t_Pos
112 GBM_Gnd_Pos
115 GBM_Fin_Pos
119 GBM_Test_Pos
124 LAT Test_Pos
125 LAT Monitor
128 LAT Offline Pos
129 Point Dir
131 GBM_SubThresh
MAXI maxi 134 Unknown_source_Pos
135 Known_source_Pos
136 Test_Pos
AGILE agile 105 A MCAL_Alert
109 SA_Test_Pos
MOA moa 139 Lensing Event
IPN ipn 31 Raw
KONUS konus 59 Lightcurve
CALET calet 160 GBM_Flight_Lightcurve
COUNTERPART | counterpart | 45 Position

Table 5-1: All currently active GCN VOEvent sub-streams, namely those
that published a VOEvent at least as recently as April 28 2020. Except for
the LIGO/Virgo Collaboration, represented by gwnet/LVC, each of the entries
in the Sub-stream column should be appended to the GCN VOEvent broker
author IVORN, namely ivo://nasa.gsfc.gcn/. By replacing what is listed
under the URL column for the * in https://gcn.gsfc.nasa.gov/*.html
one can access the GCN help page for the respective sub-stream. Each sub-
stream issues potentially several different types of VOEvents that are codified
by their GCN packet type and packet label. The packet type is represented
in all GCN VOEvent XMLs as a top-level <Param> called Packet _Type. The
packet label forms part of the event IVORN for the VOEvent issued under the
corresponding packet type, according to Item 5.1. (Continued in Table 5-2)
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Sub-stream | URL | Packet Type | Packet Label
AMON amon 159 TEST_Event
173 ICECUBE_GOLD_Event
174 ICECUBE_BRONZE_Event
SWIFT swift | 46 FOM_Obs
a7 SC_Slew
61 BAT_GRB_Pos
63 BAT_Lightcurve
64 BAT Scaledmap
65 FOM_Obs
66 SC_Slew
67 XRT_Pos
68 XRT_Spec
70 XRT_Lightcurve
71 XRT_Nack_Pos
72 UVOT_Image
73 UVOT_SrcList
77 XRT_Proc_Spec
79 UVOT_Proc_Image
80 UVOT_Proc_SrcList
82 BAT_GRB_Test_Pos
83 Point Dir
84 BAT_Trans_Pos
97 BAT_QuickLook_Pos
103 Actual_Point Dir
140 BAT_SubSubThresh_Pos
141 BAT _Known_Pos

Table 5-2: Continuation of Table 5—1; see the caption there for more details.
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79, and 80). In Table 5-3 we highlight details of all the observatories that
publish VOEvent sub-streams through the GCN.
5.1.2 GCN Circulars

The GCN/TAN has recently served as an important platform for compar-
ing CHIME/FRB detections of new FRBs against recently reported (but un-
published) multi-wavelength counterpart activity of astrophysical transients;
but this has not yet been achieved through VOEvents. In a recent CHIME/FRB
paper [49] the detection of a bright millisecond radio burst with CHIME/FRB
from the Galactic magnetar SGR 193542154 was published, and a hard X-
ray /soft gamma-ray burst was detected by the INTEGRAL SPI-ACS and IBIS
instruments [30], the Konus- Wind satellite [40], and the Insight-HXMT instru-
ment [59]. Additionally, in November 2019 X-ray activity was reported from
this source by the Swift-BAT and the Fermi-GBM (Gamma-ray Burst Moni-
tor) at times when the source’s sky coordinates were above the CHIME/FRB
horizon, though no FRB counterparts were detected with CHIME/FRB at
those times [49]. The X-ray and gamma-ray observations were all reported
and archived through the GCN Circulars, an alert service that runs parallel
in some sense to the GCN VOEvent service? . GCN Circulars are intended to
be received and parsed by a human and are usually delivered through email.

GCN VOEvents are essentially the machine-readable equivalent of this.

2 Recent GCN Circulars are indexed by a 5-digit integer at https://gcn.
gsfc.nasa.gov/gen3_archive.html. For example, 27667 is a Konus- Wind
detection of SGR 1935+42154.
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Name Where Instrument(s) Observing Targets
aLIGO/Virgo | Terrestrial Hanford, WA (H1) | 0.01 — 10 kHz ®
Livingston, LA (L1)
Cascina, Italy (V1)
INTEGRAL ° | Satellite SPI 18 keV — 8 MeV
IBIS 15 keV — 10 MeV
JEM-X 3 — 35 keV
OMC 500 — 600 nm
Fermi © Satellite GBM ~ 1 keV — 30 MeV
LAT 20 MeV — 300 GeV
MAXT ¢ ISS GSC 2 —30 keV
SSC 0.5 —12 keV
AGILE © Satellite GRID 30 MeV — 50 GeV
Super-AGILE 10 — 40 keV
MC 0.25 — 200 MeV
MOA Terrestrial UCMJO / 1.8 m reflector
IPN ¢ Solar System | Multiple Multiple
KONUS Satellite Nal detectors ~ 10 keV — 10 MeV
CALET ISS CGBM ~ 7 keV— ~ 20 MeV *
AMON Multiple Multiple EM, multi-messenger
Swift ¥ Satellite BAT 15 — 150 keV
XRT 0.2 — 10 keV
UvoT 170 — 650 nm

Table 5-3: Observing targets of observatories that publish VOEvent sub-
streams through the GCN VOEvent broker, listed in the same order as in
Tables 5-1 & 5-2. Notes: * Together the three al.IGO/Virgo instruments can
detect gravitational waves in this frequency range [29]. ® Ref. [54]. ¢ Ref. [3].
4 Ref. [5]. ¢ Ref. [55]. / University of Canterbury Mt. John Observatory
(UCMJO) is used for Microlensing Observations in Astrophysics (MOA), a
research collaboration between Japan and New Zealand. 9 The InterPlane-
tary gamma-ray burst timing Network (IPN) publishes VOEvents reporting
the timestamp of corroborated observations of a GRB by up to 14 observa-
tories, including Ulysses, Mars Odyssey, KONUS Wind, and others already
listed in this table [4]. " Ref. [52]. * CALET is a cosmic ray detector [56].
j The Astrophysical Multimessenger Observatory Network (AMON) [7] cur-
rently publishes VOEvents from the IceCube neutrino observatory. * Ref. [2].
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5.1.3 Handling GCN VOEvents

To subscribe to the GCN VOEvent broker, one can run a local VOEvent
broker in subscribe mode (§3.3.3) after installing one of a few options for VO-
Event broker software. In python the Comet [48]* library is straightforward
and provides a full solution for VOEvent brokers. The GCN VOEvent bro-
ker exists with IP address 45.58.43.186 and one can issue the command in
Item 5.3 at the prompt on their local machine to subscribe to it. Note that
—--print-event is a command to run an event handler that comes installed
with the Comet release; it will print every VOEvent XML that the broker

receives to the standard output.

twistd —n comet --subscribe=45.58.43.186 --receive —-print-event
(5.3)
Within Comet it is straightforward to develop event handlers (§3.3.4) that
function as simple plug-ins for the Comet VOEvent broker. In the absence of
an event handler, the local broker will receive GCN VOEvents without per-
forming any actions. Developing a custom event handler? is straightforward
when using the existing default handlers as a template. In §5.2 we describe a
custom event handler used to perform actions on GCN VOEvents and translate
the received sky coordinates into the observational context for CHIME/FRB.
5.1.4 Archival GCN VOEvents
While developing a custom event handler for GCN VOEvents it is useful
to have test VOEvent XMLs to work with. As seen in Tables 5-1 & 5-2,

3 The procedure for installing Comet can be found at https://comet.
transientskp.org/en/stable/.

4 https://comet.transientskp.org/en/stable/handlers.html.
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most sub-streams have a dedicated packet type for a test VOEvent, and some
packets are published in a format having role="test", in addition to the
role="observation" format. These test packets are published periodically by
the GCN VOEvent broker and not all in one sequence. Continuous integration
of a custom event handler can be handled smoothly by instead making use of
archival GCN VOEvents. These are stored in a database that is accessible
through a python module called voeventdb.remote that is maintained by
the 4 Pi Sky group® . Here, full VOEvent XMLs are stored and indexed
by their event IVORN. Tables 5-1 & 5-2 become particularly useful here,
as within voeventdb.remote it is straightforward to filter VOEvents by sub-
stream (e.g. "nasa.gsfc.gen/SWIFT") and obtain a list that can be further
narrowed by selecting VOEvent XMLs for which the top-level <Param> called
"packet-type" matches the desired numerical value.
5.2 Methods
5.2.1 Custom GCN VOEvent Handlers

Two custom event handlers have been specified, designed, and imple-
mented within the default Comet [48] installation. At the time of writing the
event handling code has yet to be integrated to the CHIME/FRB VOEvent
Service (Chapter 4), though the intent is to run the CHIME/FRB VOEvent
broker in both broadcast and subscribe mode (§3.3.3) while deploying these
event handlers. These two event handling classes are (1) GRBReceiver, for
performing actions on GCN VOEvents that are published in connection with
detections of astrophysical transients thought to be gamma-ray bursts; and
(2) LVCReceiver, for performing actions instead on VOEvents issued by the

aLIGO/Virgo Collaboration through the gwnet/LVC stream, about detections

® https://4pisky.org/voevents/.
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of gravitational wave (GW) transients from compact binary mergers in the
local Universe. Importantly, the sky localization of a GW transient from
aLIGO/Virgo is published with a URL in the VOEvent to a downloadable
full-sky map (§3.4) and is not found in the <WhereWhen> header (§3.2.4). This
is the main difference between how the two event handlers operate.

Figure 5-2 is a block diagram intended to illustrate the operation of both
the GRBReceiver and LVCReceiver. The event handler is given a recently
received VOEvent XML as a pythonic object, and the subsequent handling
process can be summarized in the following steps.

1. Extract the GCN VOEvent sub-stream and GCN packet-type (Table 5—
1), the role (§3.2.1), and any name or special identifiers for the burst or
source that may be published in the VOEvent.

2. Discard test VOEvents, slewing notices, and VOEvents otherwise refer-
ring to activity from identified sources that are not relevant (currently
or absolutely) to CHIME/FRB.

3. Extract the central sky coordinates on which the circular localization
region is centred (for GRB-related transients) and the UTC timestamp
as the spacetime coordinates of the event® . (The GRBReceiver and
LVCReceiver behave very differently at this step.)

4. Check whether the spacetime coordinates are (1) above the local horizon
(Figure 5-3) for the CHIME telescope, (2) within the CHIME primary
beam (Figure 5-4), and/or (3) within one of the CHIME/FRB formed
beams (§2.3.1).

6 While no attempt is made to sample coordinates from the localization
region, either in the case of the GRB error circle or the complicated error
regions reported by alLIGO/Virgo, this is certainly an avenue for future work.
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5. Compile a human-readable text message containing some information
from the VOEvent, together with results of the computations performed
on the meta data contained within, and relay it to a human audience.

The GRBReceiver and LVCReceiver are written in python as classes that
were modelled after the default Comet event handlers. The author collabo-
rated with the maintainer of the Comet GitHub repository to introduce addi-

7 that make it easier to run event

tional features to the current Comet release
handlers as plug-ins at the command line of a local machine as shown in Item

5.3 and continuously integrate new changes to event handlers. After cloning

the GitHub repository for Comet into a folder called Comet, the following
procedure for developing the event handlers was conducted.

e Under Comet/comet/plugins two new classes GRBReceiver and LVCReceiver
were defined and saved in grb_receiver.py and lvc_receiver.py, re-
spectively, using the default eventprinter.py handler as a model.

e Functions similar to those illustrated in Figure 52 were written for the
two custom event handlers.

e Integration and testing with the base Comet installation were checked
by running Items 5.5 at the command line in the Comet folder. Comet
is already set up to test new event handlers in a standard way and these

lines will throw run-time and compilation errors that must be resolved

before the event handler runs smoothly with the VOEvent broker.

Comet user$ python setup.py install (5.4)

Comet user$ trial comet (5.5)

" https://github.com/jdswinbank/Comet.
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Figure 5-2: An algorithm representing an event handler (§3.3.4) to be used
with a Comet [48] VOEvent broker running in subscribe mode (§3.3.3) for
handling incoming VOEvents from the GCN VOEvent broker that broadcasts
with IP address 45.58.43.186. The algorithm is constructed from functions
(blocks) that are called in a definite order (arrows). The event handler is
written in python as a class. The input to the algorithm is an object form of
the VOEvent XML obtained using the voevent-parse [47] library in python.
The meta data in the GCN VOEvent is used to perform several computa-
tions, including making inferences about the visibility of the sky coordinates
in the context of CHIME/FRB. A copy of the VOEvent XML is saved to
a local directory to keep recent examples of each GCN packet type. The
apply_filters() step discards VOEvents according to selection criteria rele-
vant for CHIME/FRB. A human-readable text message is compiled containing
a subset of the VOEvent meta data together with the results of these com-
putations and is relayed to a CHIME/FRB Collaboration Slack channel for
members to stay abreast of important GCN VOEvents. Finally, the event han-
dler is reset () to clear its internal state that is modified during the workflow.
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Local CHIME telescope horizon at 2020-07-23 23:58:06.965922 in celestial coordinates
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Figure 5-3: A fine rectilinear grid of celestial coordinates in right ascension
a € (0°,360°) and declination § € (—10°,90°) is formed from 10° equally
spaced points in (a, §) space. Blue points are plotted at grid positions where
the corresponding coordinate is above the local horizon relative to the CHIME
telescope’s meridian at a given UTC moment. On a given day, as time ad-
vances from midnight UTC to the next day, the white region moves from left
to right in this plot. (Note that o = 0° and o = 360° are equivalent in celestial
coordinates.) In handling GCN VOEvents, the coordinates published in each
VOEvent along with their UTC detection time are consulted against the algo-
rithm that produced this plot, whose output is True or False depending if the
coordinate belongs to the blue region corresponding to the UTC time. The
algorithm that produced this plot was developed by CHIME/FRB Collabo-
ration members (not the author) and has been used in publications including
recently [49] for checking whether reported astrophysical transients occurred
within the CHIME horizon at their specified times.

80



CHIME telescope primary beam at 2020-07-23 23:58:06.965922 in celestial coordinates
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Figure 5-4: Similar to Figure 5-3, a fine rectilinear grid of celestial coordinates
in right ascension o € (0°,360°) and declination § € (—10°,90°) is formed
from 10° equally spaced points in («, d) space. Blue points are plotted at grid
positions where the corresponding coordinate is considered to be within the
maximum sensitivity region for the CHIME primary beam model [10]. On a
given day, as time advances from midnight UTC to the next day, the white
region moves from left to right in this plot. (Note that o = 0° and o = 360°
are equivalent in celestial coordinates.) This plot illustrates the meaning of
a sky coordinate being “in the primary beam”. The central blue region is
essentially symmetric about the CHIME meridian at the given UTC moment,
and the primary beam extends beyond the North celestial pole at 6 = 90°
which explains the second blue region that is split across a = 0° = 360° and
which cuts off around § ~ 70°. This illustrates the fact that CHIME has double
exposure to the circumpolar sky above § ~ 70° [13]. A precise description of
the shape of this plot is outside the scope of this thesis, and the algorithm
that generated the blue regions was not developed by the author; rather, it is
based on the existing beam model that has been developed by members of the
CHIME/FRB Collaboration, the CHIME Collaboration, and colleagues who
worked on the CHIME Pathfinder instrument [8], and has been used heavily
in CHIME/FRB publications for sensitivity and exposure estimates ([12], [19],

[11], [13], [16]). a1



5.2.2 Filtering GCN VOEvents

The selection criteria for GCN VOEvents that are relevant to the CHIME/FRB
experiment are applied to incoming VOEvents in the apply filters() method
(Figure 5-2). At the time of writing, GCN VOEvents with packet type among
51, 52, 83, 103, 110, or 129 (Tables 5-1 & 5-2) are discarded. These types
contain either only test information, or slewing information, and therefore no
information on new transients that have been detected. Furthermore, packet
type 141 from the Swift-BAT represents detections from known sources. This
includes interesting targets like SGR 193542154 (see recent CHIME/FRB
detection in [49]) labelled as "sgr1935p2154" in the Swift-BAT source cata-
logue® , but which also includes sources that have a very high event rate in
Swift-BAT and which are not interesting to CHIME/FRB presently. For this
reason, when handling packet type 141 the event handlers acquire the source
name from the Name attribute under <Inference> in <Why> (§3.2.5) and will
discard VOEvents published under the names "Crab" and "Cyg_X-3", which
indicate the supernova remnant at the centre of the Crab Nebula (NGC 1952)
and Cyg X-1, a Galactic X-ray source in the Cygnus constellation.
5.2.3 Handling Gamma-ray Transients

All sub-streams (Tables 5-1 & 5-2) in GCN publish VOEvents related
to detections of gamma-ray or X-ray transients, towards coordinating multi-
wavelength follow-up of gamma-ray bursts (GRBs), except for gwnet/LVC.
Therefore this sub-section applies to the majority of GCN VOEvents. The

main difference is that the localization region in these VOEvents is specified

8 The full Swift-BAT known source catalogue is available at https:
//github.com/lanl/swiftbat_python/blob/master/swiftbat/catalog, a
very useful resource for handling GCN VOEvents of packet type 141.
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as a circle in celestial coordinates (right ascension and declination) in the
<What> section (§3.2.3). If the central coordinate in localization circle has
a declination less than —10° the transient is considered out of the field-of-
view for CHIME/FRB (§2.1), so the VOEvent is discarded. Otherwise, if
all previously mentioned filter criteria are met, Figure 5-2 shows that the
next step is to translate the sky coordinates and detection timestamp into the
local coordinate system for the CHIME telescope via get_pos_from_eq(). The
result is a coordinate (x,y) that is one-to-one with a celestial coordinate in
right ascension a € (0°,90°) and declination 0 € (—10°,90°), a correspondence
obtained through the use of the beam model (Figure 5-5). The algorithm that
performs this calculation was developed by other CHIME/FRB Collaboration
members. Furthermore, the beam model relies on CHIME beam studies done
with the CHIME Pathfinder [8], and it has been used extensively in estimates
of exposure and sensitivity of the CHIME/FRB experiment in published works
(2], [19], [11], [13], [16]).

The central celestial coordinates of the VOEvent, along with the UTC
timestamp, are used to assess whether the transient occurred at a sky-position
that was above the CHIME horizon at the reported time. As an illustration,
one can look at Figure 5-3, in which the blue region changes as a function
of the detection time and indicates celestial coordinates that are above the
CHIME horizon. On the other hand, the corresponding local coordinates are
evaluated against a different algorithm to determine if the transient occurred
within the CHIME primary beam. As an illustration, one can similarly look
at Figure 54, in which the blue region again changes as a function of the
detection time and indicates celestial coordinates that are within the CHIME

primary beam. The important result is whether the central coordinates are
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CHIME telescope local coordinates
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Figure 5-5: The local coordinates system for the CHIME telescope is described
by (z,y) for which there is a unique correspondence with right ascension «
and declination 4, via the beam model, at every given UTC moment. Here, x
is an hour angle in degrees measured relative to the CHIME meridian, while
y is a zenith angle in degrees measured relative to the local zenith. A fine
grid in (z,y) is plotted with blue markers to indicate the relationship be-
tween hour angle and zenith angle. The correspondence (z,y) > (a,0) is
used by the GRBReceiver and LVCReceiver event handlers to determine if
the sky coordinates of a transient published in a GCN VOEvent are within
the CHIME primary beam; the calculation enters into the handling routines
at the get_pos_from eq(), a shorthand for “get CHIME local position from
equatorial/celestial coordinates”. We take z € (—2,2) and y € (—60,60) as
a working definition for maximum sensitivity to a sky coordinate with the
CHIME primary beam. The details of that choice and moreover the math-
ematical description of the blue region are beyond the scope of this thesis;
however this choice and the beam model that informs this choice have both
been used extensively in CHIME/FRB publications for sensitivity and expo-
sure calculations (e.g. [12]).

84



above the CHIME horizon or not, and whether they are in the CHIME primary
or not.

Moreover, it is scientifically meaningful to allow for a delay between the
detection time of the transient published in the GCN VOEvent and any possi-
ble contemporaneous radio counterpart that might be detected by CHIME /FRB,
in accordance with the unknown dispersion delay accrued by radio waves as
they propagate from the source to the telescope. We allow for this unknown
dispersion delay, according to Equation 1.9 evaluated at infinite frequency
ie. v = 400 MHz and v5 — oo, through a set of possible DM values from
0 cm ™2 pc up to 4000 cm~3 pe. This upper bound is arbitrarily selected but
is well within the upper CHIME/FRB search limit of 13,000 cm™ pc at L1
(§2.3.2). For the range of DM values in (0,4000) cm ™2 pc we repeat the CHIME
horizon and CHIME primary checks described in the previous paragraph on
the celestial coordinates of the VOEvent, inputting now the published detec-
tion time of the transient plus the dispersion delay time. The addition is
consistent with the notion that any radio counterpart signal would be delayed
in time relative to the reported GCN VOEvent transient. Note that this de-
lay has only to do with the physics of radio wave propagation (§1.2) and has
no connection with any additional delays that have been theorized regarding
astrophysical engines that can produce both GRB and FRB emission (§1.5).

The beam model is also used to calculate (1) whether the published VO-
Event coordinates occurred within one of the CHIME formed beams (§2.3.1)
at the detection time plus dispersion delay; (2) the UTC time when the
nominal coordinates will transit the CHIME meridian; and (3) which of the
formed beams the coordinates will move through during the transit. The al-

gorithm for calculating the transit is part of the beam model code developed
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by other CHIME/FRB Collaboration members. On the other hand, the algo-
rithm for determining any coincidences of the transient coordinates with the
formed beams is the same that has been used in exposure calculations in other
CHIME/FRB publications (e.g. [12]). Namely, the formed beams are drawn
as a grid of ellipses on the sky with widths determined from the frequency-
dependent beam model referenced to 600 MHz, and the question is asked in
which beam do the transient sky coordinates fall (if any; see Figure 2-5).
5.2.4 Handling Gravitational Wave Transients

The GCN VOEvents published through the gwnet/LVC sub-stream (Table
5-1) represent candidate detections of gravitational wave (GW) transients
published by the alLIGO/Virgo Collaboration. Below are the four defining
features of alLIGO/Virgo VOEvents that are relevant to any search for multi-
wavelength counterpart signals. (See §3.4 for an example.)

e The coordinates are provided as an all-sky map showing the localization
region and corresponding confidence of regions in the sky map. Currently
this is found in a <Param> named "skymap_fits" in the <Group> named
"GW_SKYMAP" in the <What> section (§3.2.3).

e Up to the three GW detectors in Hanford, WA (H1), Livingston, LA
(L1), or Virgo in Cascina, Italy (V1), may have been involved in detect-
ing the signal. Currently this is in the <Param> named "Instruments"
in the <What> section.

e The transient is classified according to a five-fold scheme with probabili-
ties stored as values of <Param> within the <Group> called "Classification"
in <What>. The classes are either a "Terrestrial" event, or a merger of
two compact stellar remnants, with some probability for each of four
classes. These classes include: binary neutron star ("BNS"); binary

black hole ("BBH"); neutron star/black hole ("NSBH"); or a merger of
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two objects in which one has a mass between 3 and 5 solar masses called
"MassGap".

e The false-alarm rate (FAR) of the transient detection is provided in a
<Param> named "FAR" also in <What>.

The handling of aLIGO/Virgo VOEvents is far more complicated, and
therefore the process to be described here is equally less mature, than for the
GRB-related VOEvents from GCN. The current handling is executed with
the LVCReceiver class and does not attempt to perform the same treatment
with the coordinates reported in the all-sky map as is done with the central
coordinates reported for the GRB-related VOEvents. In principle the same
treatment could be done but is even then only practical for the GW transients
that are “well-localized”® ' . The localization is the largest barrier to handling
GW transients; namely the all-sky localization can be very complicated and
enormous, such that even the field-of-view of CHIME/FRB ~ 200 deg® [10]
covers at best a small fraction of the GW localization region.

Therefore, the current prescription is to simply acquire the UTC times-
tamp of the GW transient from the <WhereWhen> section (§3—1). The human-
readable message (Figure 5-7) can then be used by CHIME/FRB Collabo-
ration members during normal experiment monitoring to cross-reference with
incoming detections made with CHIME/FRB. The workflow for this has po-

tential for refinement and will be expanded on in §5.4.

9 See https://gracedb.ligo.org/apiweb/superevents/S190814bv/
files/LALInference.vl.png, 0 for a “well-localized” transient.

10 See https://gracedb.ligo.org/apiweb/superevents/S190425z/
files/LALInference.png,0 for a very complicated localization.
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5.3 Example of Results

At the time of writing, the useful output of both the GRBReceiver and
LVCReceiver event handlers is a human readable text-message that is posted
to a dedicated internal CHIME/FRB Collaboration Slack channel’® contain-
ing a selection of the meta data and their descriptions or inferences from the
received VOEvent together with the calculations or computations carried out
by either event handler. The purpose of these messages is to allow interested
members of the CHIME/FRB Collaboration to stay abreast of GCN VOEvents
that may be published in connection with new astrophysical transients relevant
for multi-wavelength FRB researches.

An example of the output of GRBReceiver on a GCN VOEvent published
by Fermi-GBM is shown in Figure 5-6, while an example of the output of
LVCReceiver on a GCN VOEvent published by aLIGO/Virgo is shown in
Figure 5-7.

5.4 Conclusion and Future Work

In conclusion, this Chapter presents the GCN/TAN as a reliable source
of low-latency alerts regarding detections of new and known sources via tran-
sient gamma-ray, X-ray, and gravitational wave activity as published in the
VOEvent XML schema and distributed over the VOEvent Network. Many
online resources for the GCN, especially regarding the VOEvent and Circulars
communications, are obviously in need of modernization. It is the author’s
ambition that Figure 5-1 and Tables 5-1 & 5-2 will prove much more ac-

cessible to the reader. Additionally, the volume of different instruments and

11 CHIME/FRB Collaboration members can join the #gcn-voevents and
#voevents channels.
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Observatory : FERMI

Instrument : Fermi Satellite, GBM Instrument

Produced B 0-05-24 05:05:17 UTC (latency = + 00:01:16)

Event IVORN : ivo://nasa.gsfc.gcn/Fermi#GBM_Gnd_Pos_2020-05-24T05:04:00.36_611989445_0-779
GCN Packet Type : 112 (GBM_Gnd_Pos, observation)

Source Name : None or Unknown

Explanation (1) : process.variation.burst;em.gamma

Explanation (2) : The Fermi-GBM location of a transient.

Localization : (RA, DEC) = (201.88, 65.22) +/- 3.02 deg
Time : 2020-05-24 05:04:00.360000 UTC

Coord System : UTC-FK5-GEO

Importance : 0.5 (scaled @ to 1)

Energy Band : (None, None)

Flux : (None, None)

Timescale : (None, None)

Links : http://gcn.gsfc.nasa.gov/fermi.html
Contact : Julie.E.McEnery@nasa.gov (Julie McEnery)
Citations : None (None)

CHIME/FRB Visibility

DM Delay Time [UTC] y A Horizon In Primary In Beams Transit Time [UTC] Transit Beams
05:04:00.360000 .83 True True [] 2020-05-24 ©5:17:37.998528 [167, 1167, 2167, 3167]
3 .656562 5 .83 True True [] 2020-05-24 05: 9.295090 [167, 1167, 2167, 3167]
.469832 5 .83 True True [] 2020-05-24 05: 0.108360 [167, 1167, 2167, 3167]

.793226 o .83 True True [1 2020-05-24 05:17:41.431754 [167, 1167, 2167, 3167]
05.946718 o .83 True True [1 2020-05-24 05:17:43.585246 [167, 1167, 2167, 3167]
09.450991 o .83 True True [1 2020-05-24 05:17:47.089519 [167, 1167, 2167, 3167]

True True [1 2020-05-24 05:17:52.791849 [167, 1167, 2167, 3167]

True True [] 2020-05-24 05: . [167, 1167, , 3167]

True True [] 2020-05-24 05: [167, 1167 , 3167]

True True [] 2020-05-24 05: . [167, 1167, , 3167]

True True [] 2020-05-24 ©5:19:21.723 [167, 1167, , 3167]

Figure 5-6: A human-readable text message designed to be posted on the
CHIME/FRB Collaboration Slack channel #gcn-voevents. The text con-
tains information meta data from a GCN VOEvent, together with inferences
and computations made on that meta data, that was published under the
Fermi sub-stream with packet type 112 and packet label GBM_Gnd Pos. The
VOEvent reported a burst from an unknown source localized to a circular
region in celestial coordinates given by («,d) = (201.88°,65.22°) + 3.02° as
observed by the Fermi Gamma-ray Burst Monitor (GBM) at 05:04:00.360000
UTC on 2020 May 24. The latency between the detection time and the VO-
Event publication time was about 1 minute and 16 seconds. The appended
table calculates the time at which one could expect a contemporaneous radio
signal according to the delay introduced by a range of unknown dispersion
measure (DM) values (Equation 1.9). For every DM value, the coordinates
(z,y) in the CHIME local coordinates (Figure 5-5) are calculated and Boolean
flags indicate whether the coordinates are above the CHIME horizon (Figure
5-3); are within the CHIME/primary beam (Figure 5-4); or are within any
of the formed beams (§2.3.1). Further, the time at which the coordinates will
transit the CHIME meridian are shown and the formed beams through which
the coordinates will move as the Earth rotates are shown. Only the central co-
ordinates (201.88°,65.22°) are evaluated within the CHIME coordinate system
and no attempt is made to sample from the circular error region. In the “In
Beams” column, empty square brackets [] indicate that the central coordi-
nates were not within any of the formed beams, a result of “gaps” between the
the elliptical beams that are an artefact of evaluating the frequency-dependent
beam sensitivity model at 600 MHz.
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Observatory : LIGO/Virgo Collaboration
Instrument : Candidate gravitational wave event identified by low-latency analysis

Produced : 2020-06-05 21:08:36 UTC (latency = + 00:12:43)
Event IVORN : ivo://gwnet/LVC#MS200605u-3-Initial

GCN Packet Type : 151 (Initial, test)

Source Class : BNS (1.0)

Explanation (1) : MS200605u (Initial)

Explanation (2) : H1,L1

Localization : Sky-map analysis coming soon

Time 1 2020-06-05 20:55:52.780387 UTC

Coord System : UTC-FK5-GEO

Importance : False Alarm Rate is 9.11e-14 (1 per 348050.03 years)

Links : https://gracedb.ligo.org/superevents/MS200605u/view/

Contact : Unaccessible 'Who.Author.contactEmail': no such child: contactEmail (LIGO Scientific Collaboration and Virgo
Collaboration)

Citations : 2-Preliminary | 1-Preliminary | (Initial localization is now available)

CHIME/FRB Visibility:
Coming Soon!

Figure 5-7: A human-readable text message designed to be posted on the
CHIME/FRB Collaboration Slack channel #gcn-voevents. The text con-
tains information meta data from a GCN VOEvent, together with inferences
and computations made on that meta data, that was published under the
gwnet/LVC sub-stream with packet type 151 and packet label Initial. The
VOEvent is a test published by the aLIGO/Virgo Collaboration that has the
same content and structure that a real observation published under this packet
type would have. The VOEvent reported a fake GW transient detected by the
Hanford (H1) and Livingston (L1) detectors at 20:55:52.7803887 UTC on 2020
June 5, and the VOEvent was published to the VOEvent Network approxi-
mately 12 minutes later. The observation was classified as a binary neutron
star (BNS) merger with probability 1.0. The Grace ID for this fake event is
MS200605u and it can be searched at https://gracedb.ligo.org/search/.
The VOEvent is the third (3-Initial) reported in the chain and it refers to
two previous VOEvents with the same IVORN except the suffix is replaced
with 2-Preliminary and 1-Preliminary. The false alarm rate (FAR) indi-
cates that such a classification is expected to be a false positive once every
~ 350,000 yr. External resources are referenced via a link within the VOEvent
(https://gracedb.ligo.org/superevents/MS200605u/view/). Unlike Fig-
ure 56, the “CHIME/FRB Visibility” table remains incomplete, though im-
portant future work will centre on a meaningful way to translate the compli-
cated localization region into the CHIME/FRB context. For example, it could
be useful to compute the fraction of the GW localization region that is covered
by the CHIME primary beam as a function of unknown DM.
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observatories that publish sub-streams of VOEvents through the GCN VO-
Event broker is not to be understated. Table 5-3 is expected to be a useful
resource to see their basic observational capabilities all at once. Together with
the formative efforts to build a suite of event handlers to bring the observations
reported through GCN VOEvents into the CHIME/FRB experiment context,
it is ultimately the author’s aspiration that future CHIME/FRB Collabora-
tion members can build a more complete service from the pillars that are laid
out. The following is a discussion of remaining tasks and foreseeable projects
that can be completed with this foundation.

To begin with, the GRBReceiver and LVCReceiver handlers should be
integrated with the VOEvent broker that is designated for the CHIME/FRB
VOEvent Service. As per §4.3.3, the CHIME/FRB VOEvent broker runs in-
side a Docker'? container called the FRB VOE module, a framework that
provides a virtual and self-contained development environment very amenable
to continuous integration and micro-service infrastructures. Inside the con-
tainer is a stable version of Comet cloned from the latest GitHub release®® .
To integrate the event handlers, one needs to install them as per §5.2.1; this
has not been done yet with the current release of the FRB VOE module that
is maintained in the CHIME/FRB GitHub repository frb-voe!* .

In the author’s current local (uncommitted) versions of the event han-

dlers, their outputted Slack messages (Figures 5-6 & 5-7) are adequate for

12 https://github. com/docker.
13 https://github.com/jdswinbank/Comet.

4 CHIME/FRB maintains a private GitHub repository accessible to
CHIME/FRB Collaboration members.
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CHIME/FRB Collaboration members to track reports of transient activity re-
ported by the GCN VOEvent broker, but several improvements are desirable.
In particular, the message content and structure can be made more accessible,
readable, and linked with additional online information, especially in connec-
tion with other resources available through the CHIME internal Wiki page.
In addition, the current filtering criteria (§5.2.2) are basic regarding transient
activity from high-volume known sources that are likely irrelevant for the pur-
suit of contemporaneous multi-wavelength associations with CHIME/FRB.
This mostly concerns packet type 140 and 141 representing observations of
bursts with Swift-BAT from possibly known sources named according to the
Swift-BAT source catalogue'® . Conceivably, good future work involves a care-
ful study of the sources in that catalogue, their relevance for CHIME/FRB,
and what can be done with the event handlers. Besides these improvements
to the event handlers, it is desirable that a more robust and precise scientific
workflow be implemented for making good use of them in tandem with nor-
mal CHIME/FRB observations. Currently a handful of CHIME/FRB Col-
laboration members follow the GCN Circulars closely, but processing GCN
VOEvents automatically in real-time through the event handlers promises to
remove human latency and decision making. Overall, such an automated sci-
entific workflow better contributes to the idealism perpetuated by the IVOA
for a single, global, virtual observatory.

To fully automate the handling of GCN VOEvents, it is important for the
event handlers to do something internally, besides alert human agents. One

option is to transform the sky and temporal coordinates published in received

15 https://github.com/lanl/swiftbat_python/blob/master/
swiftbat/catalog

92


https://github.com/lanl/swiftbat_python/blob/master/swiftbat/catalog
https://github.com/lanl/swiftbat_python/blob/master/swiftbat/catalog

VOEvents into temporary known source objects within the CHIME/FRB
Known Sources DataBase (KSDB)' (§2.3.4). This database is currently
updated at a ~ 1 hr cadence through an offline management routine requiring
human intervention at the L3 level of the real-time pipeline. One can imag-
ine an automatic integration whereby the coordinates in a GCN VOEvent,
published about an interesting burst from an unknown source, are added in
real-time to the KSDB, along with some reasonable range of unknown DM
over which to allow the L3 Known Source Association (KSA)!" algorithm to
search. Briefly, the KSA algorithm computes the known_source_rating and
assigns the known_source name appearing the 1.4 header (see 4-1), by assess-
ing the proximity of entries in the KSDB relative to a new FRB candidate
from the real-time pipeline in («, §, DM)-space where « is right ascension and
0 is declination. For bursts published in GCN VOEvents this is complicated
by poor localizations available from some observatories e.g. Fermi-GBM (al-
though Swift-BAT is much less an issue here). Still more complicating is the
factor of unknown DM. If the search DM range inputted to the KSA algorithm
is too large, then such an automated GCN VOEvent-KSDB integration would
yield many false positive associations with CHIME/FRB real-time detections.
One option is to test multi-wavelength FRB models (§1.5) by their expected
DM in combination with whatever salient source characteristics can be in-
ferred from the energetics or timescales in published in the GCN VOEvent.
This undertaking could be a good future project, albeit with many challenges:

understanding multi-wavelength FRB models, understanding the limitations

16 Author’s abbreviation.

17 Author’s abbreviation.
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of the GCN observatories, the CHIME/FRB L3 algorithms, and statistical
efforts for ruling out false associations.

The integration of GCN VOEvents with the CHIME/FRB KSDB can
be framed as a vital undertaking for the reason that bright FRB candidates
can be detected relatively far away from the CHIME meridian. If an X-ray
or gamma-ray burst is detected and published through the GCN VOEvent
broker, it might happen that its coordinates are far from the CHIME meridian.
If the source coordinates were integrated in real-time with the KSDB then an
automatic comparison can be made with the FRB candidate via the KSA
algorithm that will much better serve those who are monitoring the real-time
pipeline when it comes to the human verification stage.

To complete the loop, one can imagine an expansion to the CHIME/FRB
detection-type and update-type VOEvent (§4.3.4) that identifies an FRB can-
didate from the real-time pipeline and human verification (respectively) as
a counterpart (to some estimated confidence or probability) to a burst pub-
lished recently in a GCN VOEvent. This would require fulfilling the previous
recommendations of improving the event handling in terms of filter criteria
and KSDB integration first, an additionally saving the IVORN of the GCN
VOEvent and citing it in the CHIME/FRB VOEvent (§3.2.7). With this in
mind, it suggests that a minimal and logical integration with the KSDB is to
simply use the IVORN as the name of the temporary source that is saved in
the KSDB.

The last discussion item is how to better handle GCN VOEvents published
by aLIGO/Virgo about GW candidates. The poorly localized GW candidates
are of little real-time use to CHIME/FRB besides their timestamp. However,
some candidates have in the past been very well localized to a region that could

be significantly covered by the CHIME primary beam. It could be worth
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developing an algorithm to robustly convert such a localization region to a
collection of temporary entries in the KSDB as described above. Furthermore,
a distance estimate to the GW candidate can be obtained from the .fits.gz
file in the <Param> called "skymap_fits" (§5.2.4) which could be useful for
estimating a DM range to assign to the temporary entries in the KSDB. This
could be its own project in which one creates many temporary KSDB entries
and estimates DM ranges using the maximum Galactic DM contributions ([14],
[57]) and the IGM contributions ([18], [17]), together with the aLIGO/Virgo

GW candidate distance estimate.
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CHAPTER 6
Conclusions and Future Work

6.1 Conclusion

The engines that exhibit the fast radio burst phenomenon (Chapter 1)
continue to elude a precise description that is at once consistent with all ob-
servations to date. The CHIME/FRB experiment has played an important role
in this field (Chapter 2) since its commissioning in September 2018, promising
and delivering on detecting 2 to 3 FRBs each day, introducing the world to a
host of repeating sources, and will soon publish many hundreds of FRBs not
yet known to the world. Still, a family of classes of FRB progenitors remains
possible (§1.5). The evidence that the Galactic magnetar SGR 193542154
has produced bright millisecond radio bursts with counterpart X-ray activity
may connect the cosmological FRB population to a Galactic FRB population
but it does not necessarily rule out that other astrophysical phenomena could
produce FRBs [49]. However, additional detections of counterparts to other
FRBs could rule out many of the models that remain plausible, especially if
the observations could be made with very low-latency relative to the detection
of either an initial FRB or an initial e.g. X-ray burst.

This MSc thesis was written with this scientific motivation in mind, to-
gether the wild vision of a “single observatory” that can observe transient as-
trophysical phenomenon with total coverage of the electromagnetic spectrum
and even detect cosmogenic particles and gravitational waves. While a single
physical facility that can achieve this sounds like science fiction, this thesis has
shown that the VOEvent Network (Chapter 3) has the potential to connect

separate facilities both around the Earth and the Solar System in a similar way.
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The GCN/TAN (Chapter 5) is already using the VOEvent Network to produce
machine-readable messages that can be received with low-latency through the
Internet and act as triggers for robotic telescopes everywhere, a further source
of inspiration for the creation of a VOEvent Service for the CHIME/FRB ex-
periment (Chapter 4). The VOEvent medium has gained momentum in the
FRB community and the CHIME/FRB VOEvent standard leans heavily on
pre-existing recommendations [37].

In the near future, the CHIME/FRB VOEvent Service will publish VO-
Events regarding new FRB detections from the real-time pipeline that will
be available to the entire VOEvent Network following an initial testing phase
with external collaborators that have signed a memorandum of understanding
(MoU) with the CHIME/FRB Collaboration. If this Service proves useful,
it will hopefully inspire researchers around the world to publish their own
VOEvents in connection with multi-wavelength FRB follow-up campaigns. It
could even serve as a role model for similar services in other areas of tran-
sient astronomy where latency is a contributing factor in writing campaign
proposals.

6.2 Future Work and Extensions
6.2.1 A Task List for Outgoing VOEvents

CHIME/FRB is positioned to catalyze the process of multi-wavelength
follow-up of FRB sources as the CHIME/FRB VOEvent Service (Chapter 4)
comes fully online to the public. In order to make the CHIME/FRB VOEvent
Service something that others in the astrophysical community can make good
use of, and model their own services after, some upgrades are needed as spec-

ified in the following task list (see also §4.5).
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1. The Service needs to be trialed internally to monitor the rate of outgoing
VOEvents relative to the rate of events that pass through the internal
CHIME/FRB candidate verification process.

2. After internal monitoring, the outgoing VOEvents will be made available
to certain external collaborators with which a memorandum of under-
standing has been arranged, to trial the process of triggering external
observatories through the VOEvent Network.

3. The subscription process for the Service needs to be made seamless,
transparent, and user-friendly. Logically this can be handled through a
simple sign-up form that can be hosted on the public-facing CHIME/FRB
web page® .

4. The latency from the arrival of the radio light at the CHIME telescope
at 400 MHz to the publication of the CHIME/FRB VOEvents (detec-
tion/subsequent, and various update types) needs to be measured. This
will provide a concrete figure when collaborators are writing observing
proposals for usage of other telescopes in connection with what FRB
progenitor model they might be. testing.?

5. To provide quality assurance for follow-up campaigners, a full suite of
monitoring tools and metrics is needed to regularly evaluate the perfor-

mance and health of the Service.

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

2 When testing multi-wavelength FRB models for which prompt (as opposed
to afterglow) emission is predicted contemporaneously with the radio emission,
observers will be looking for detections with their instrument that occurred
in the past. That is, the radio waves will always lag behind other prompt
emission according to the propagation physics (§1.1).
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6. The health of the Service should be made available in real-time to the
primary maintainer(s) and with some appropriate cadence to follow-up
campaigners, as they will be resting their scientific efforts on it.

7. Test versions of all CHIME/FRB VOEvents should be made available in
real-time on a defined cadence through the VOEvent Network, just as
the GCN does with its test packets (Tables 5-1 & 5-2).

8. Priorities for the content of update-type VOEvents include especially
formatting the improved localization from the offline intensity and base-
band analysis pipelines. However, chronologically these may take longer
to be ready to share with the public, where a workflow involving human
verification is in need of specification. Before these results are ready
for VOEvents, other offline analysis can be released in low-latency up-
date alerts. One example of a low-latency quick analysis update-type
VOEvent would contain estimates of the maximum redshift as calcu-
lated from the maximum excess DM that accounts for both ISM and
IGM contributions. Another example is to publish lists of plausible?
host galaxies in the best available CHIME/FRB localization region in
an update-type VOEvent, an analysis effort that is currently in develop-
ment and useful especially for low-DM FRB FRB sources, both repeating
sources and new singleton bursts.

9. An additional service can be pursued to provide a special CHIME/FRB
VOEvent type that indicates when a known FRB source (especially a

repeating source) is about to enter or leave the CHIME horizon. This

3 The plausibility of each galaxy being the host of an FRB within a given
localization region, considering only CHIME /FRB data and certain appropri-
ate available public sky surveys in optical and other bands, is currently in
development in CHIME/FRB, primarily by Mohit Bhardwaj.
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allows follow-up observatories to operate in tandem with CHIME/FRB

for specific sources; a similar recommendation was made in [37] with the

“Search” and “Targeted” type VOEvents.
6.2.2 A Task List for Incoming VOEvents

The event handlers for incoming GCN VOEvents (Chapter 5) are ready

to be plugged into the CHIME/FRB VOEvent broker that will run perpet-
ually in the FRB VOE module (§4.3.3). To make their output useful to the
CHIME/FRB Collaboration, the following task list has been prepared to sum-
marize what remains to be done and what can be done as part of a larger future
project.

1. The event handlers (§5.2.1) must be installed in the local Comet frame-
work that exists in the Docker container within the FRB VOE module
(84.3.3).

2. The event handlers should be integrated with the Known Sources DataBase
(KSDB) to create temporary known sources using the IVORN of the re-
ceived GCN VOEvent as a source name. The first step is to carefully
circumscribe the filtering criteria for GCN VOEvents to know which of
the packet types (Tables 5-1 & 5-2) are identifying new targets and in
what capacity.

3. Further work with the KSDB requires specifying an expiration time for
the temporary known sources. A basic approach could be to set the
expiration time to be when the source exits the CHIME horizon. Com-
plicating factors include the localization of the source from the GCN
VOEvent.

4. Additionally, a reasonable range of DM values to attribute to the tem-

porary known source must be calculated using available energetics and
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timescales from the GCN VOEvent, in combination with distance esti-

mates and line-of-sight Galactic electron density estimates.
Evidently, a great deal of work is needed to specify the workflow of integrating
GCN VOEvents automatically with CHIME/FRB. In the long run it completes
the loop and makes CHIME/FRB a listener in the VOEvent Network, in
addition to being a speaker. A full solution to this would be an impressive
accomplishment and would conceivably represent a significant contribution to
the field of FRBs.

Improving the handling of gravitational wave (GW) transients reported
by the alLIGO/Virgo Collaboration through GCN represents urgent and very
interesting work. Many compact binary merger models exist for FRB pro-
genitors (§1.5) and testing the low-latency regime for FRBs that are produced
following an initial GW transient could corroborate or rule out these scenarios.
The largest difficulty here is how to handle the often very complicated localiza-
tion region, on top of all of the inferences that need to be made from the meta
data provided in the al.IGO/Virgo VOEvent to understand the observation
in the CHIME/FRB context. If the GW transient is not well-localized, even
the most sophisticated handling techniques are not fruitful for CHIME/FRB
because of a high probability of chance coincidence that an FRB is detected
reasonably contemporaneously with the GW. Still, being able to make those

claims precisely is a great future project.
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Appendix A

To avoid interruptions to the flow of the main text, several figures have
been collected here. These include examples of CHIME/FRB VOEvent XML
content from Chapter 4, and the output of the GCN VOEvent handling code

in Chapter 5.
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nign: 1’
"record": [
{

"alert_type": "detection",
"information_source_type": "HEADER",
"message_ivorn": "ivo://ca.chimenet.frb/FRB-DETECTION
-#2021-05-03-03:51:23.845903UTC+0000_e891£6£6bc63",
"timestamp_utc": "2021-05-03 03:51:25.043601",

+s
{

"alert_type": "update",
"information_source_type": "INTENSITY",
"message_ivorn": "ivo://ca.chimenet.frb/FRB-UPDATE
-#2021-05-03-05:12:54.647190UTC+0000_4ef1f5c645ca",
"timestamp_utc": 2021-05-03-05:30:46.256900",
},
]

Figure A-1: An example of the evolving transmission record for CHIME /FRB
VOEvents published in connection with a single (hypothetical) CHIME/FRB
event. Overall these records indicate that an initial VOEvent was published
for the detection of an FRB as identified by the real-time pipeline, and this
was followed some hours later by the publication of a second update VOEvent
containing improvements and additions to initial measurements. The "id" in-
dexes the entry in the database and is equal to the CHIME/FRB event number.
The "record" is a list of dictionaries, each representing a unique CHIME/FRB
VOEvent that was published about the event. The "alert_type" can take one
of four values (§4.3.4). The "information_source_type" identifies the origin
of the meta data in the VOEvent, with "HEADER" meaning the L4 header
and "INTENSITY" meaning the offline intensity analysis pipeline ("BASEBAND"
is the other possible option). The IVORN of the VOEvent is saved in
"message_ivorn", while the UTC time at which the VOEvent was published
to the Network is saved in "timestamp UTC".
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"id": 2,
"record": [

{
"alert_type": "subsequent",
"information_source_type": "HEADER",
"message_ivorn": "ivo://ca.chimenet.frb/FRB-SUBSEQUENT
-#2021-05-04-02:55:43.473981UTC+0000_£561£f5b6cc21",
"timestamp_utc": "2021-05-04-02:57:11.000457",

3,

{
"alert_type": "retraction",
"information_source_type": "HUMAN",
"message_ivorn": "ivo://ca.chimenet.frb/0BS-RETRACTION
-2021-05-04-03:03:55:38.567254UTC+0000_4311eef6bd19",
"timestamp_utc": "2021-05-04-03:05:34.333943",

}

]

Figure A-2: A second example of a transmission record for VOEvents pub-
lished regarding a single (hypothetical) CHIME/FRB event. The structure
is the same as in Figure A—1. Overall these records indicate that an initial
VOEvent was published for the detection of a subsequent burst from a previ-
ously identified FRB source (possibly known only internally to CHIME/FRB,
or otherwise a known source in an existing catalogue) that was identified with
the real-time pipeline. However, the second VOEvent is a retraction issued by
a human, illustrating a case in which the real-time pipeline falsely associated
the detection represented in the subsequent-type alert with a known source
This hypothetical scenario is presented to demonstrate the necessity for is-
suing retractions through VOEvents for real-time detections. The real-time
clustering algorithm that associates new FRBs - based solely on their sky-
position and DM - from the real-time pipeline with catalogued known sources
occasionally yields false associations, but this does not mean that the FRB is
a false positive itself
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"id": 19950503,
"details": {
"name": "JANE DOE",
"association": "RANDOM TELESCOPE",
"contact": "jdoe@physics.umisc.edu",
"joined": "2018-09-01 08:00:00.000000+00:00",
"expires": "2020-09-01 08:00:00.000000+00:00",
"xmls": True,
"emails": True,
"ip_address": "192.168.2.10",

Figure A-3: An example of a subscription record that allows the user identified
by "name" and scientific "association" to receive CHIME/FRB VOEvents
both as XML documents through the VOEvent Network, and through email.
This user can connect to the CHIME/FRB VOEvent broker with the listed
"ip_address". Regular pruning of the subscription Service will delete this
record when "expires" exceeds the current UTC time, after which this user
will no longer receive emails or be able to subscribe to the CHIME/FRB VO-
Event broker. Because IP addresses are dynamic, changing based on one’s
local Internet connection, this subscription Service is designed to support sub-
scribing VOEvent brokers that are run from a dedicated machine on a fixed
network. That is, a user connecting a laptop to arbitrary networks and ob-
taining new IP addresses frequently will not be permitted under the current
manual maintenance of the database.

<VOEvent xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance"
xsi:schemalocation="http://www.ivoa.net/xml/VOEvent/v2.0
http://www.ivoa.net/xml/VOEvent/VOEvent-v2.0.xsd"
version="2.0" role="observation"
ivorn="ivo://ca.chimenet.frb/FRB-DETECTION-
#2019-12-02-17:00:00.000000UTC+0000_107d691896£6">

Figure A-4: The <VOEvent> header for the four different CHIME/FRB VO-
Event types has the same format. The "role" is set to "observation" and
the latest VOEvent version is used ("version"="2.0"). Note this is not con-
nected with a real CHIME/FRB detection, it is only a sample.
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<Who>
<Description>CHIME/FRB VOEvent Service</Description>
<AuthorIVORN>ivo://ca.chimenet.frb/contact</AuthorIVORN>
<Date>2019-12-02T17:00:00+00:00</Date>
<Author>
<contactEmail>andrew.zwaniga@mcgill.ca</contactEmail>
<contactName>Andrew Zwaniga</contactName>
<shortName>CHIME/FRB VOEvent Service</shortName>
</Author>
</Who>

Figure A-5: The <Who> header for the four different CHIME/FRB VOEvent
types has the same format. The <Date> is set to the same that appears in the
IVORN, which varies between the VOEvent types (see Item 4.1). Note this is
not connected with a real CHIME/FRB detection, it is only a sample.
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<Group name="observatory parameters">

<Param name="sampling_time" ucd="time.resolution"
unit="ms" value="0.983">
<Description>FRB search time resolution</Description>

</Param>

<Param name="bandwidth" ucd="instr.bandwidth"
unit="MHz" value="400">
<Description>CHIME telescope bandwidth</Description>

</Param>

<Param name="centre_frequency" ucd="em.freq;instr"
unit="MHz" value="600">
<Description>CHIME telescope central frequency
</Description>

</Param>

<Param name="nchan" ucd="meta.number;em.freq;em.bin"
unit="" value="16384">
<Description>CHIME/FRB frequency channel count
(up-channelized)</Description>

</Param>

<Param name="npol" ucd="" unit="" value="2">
<Description>The CHIME telescope has dual-polarization
feeds</Description>

</Param>

<Param name="bits_per_sample" ucd="" unit="" value="8">

<Description>CHIME/FRB samples 16384 frequency channels
at 0.983 ms cadence as 8-bit integers</Description>

</Param>

<Param name="gain" ucd="" unit="" value="">
<Description>CHIME telescope gain</Description>

</Param>

<Param name="tsys" ucd="phot.antennaTemp" unit="K/Jy"
value="">
<Description>CHIME receiver noise temperature</Description>

</Param>
<Param name="backend" ucd="" unit="" value="">
<Description>CHIME/FRB</Description>
</Param>
</Group>

Figure A-6: The meta-data provided in the observatory grouping under the
<What> header are fixed from one VOEvent XML to the next, since they origi-
nate from design specifications of the CHIME telescope and the CHIME /FRB
instrument [10], with the exception of the gain that is determined once per
day on the basis of calibrations performed on steady sources e.g. Cassiopeia
A [10].

107



<Group name="event parameters">

<Param name="event_no" ucd="" unit="" value="1">
<Description>CHIME/FRB event number</Description>

</Param>

<Param name="known_source_name" ucd="" unit="" value="">
<Description>CHIME/FRB internal known source name</Description>

</Param>

<Param name="beams" ucd="" unit="" value="[]">
<Description>CHIME/FRB detection beam number (s)"</Description>

</Param>

<Param name="event_type" ucd="" unit="" value="EXTRAGALACTIC">
<Description>Unknown event type</Description>

</Param>

<Param name="dm" ucd="phys.dispMeasure" unit="pc/cm~3"
value="0">
<Description>Dispersion measure from real-time pipeline</Description>

</Param>

<Param name="dm_error" ucd="stat.error;phys.dispMeasure"
unit="pc/cm~3" value="0">
<Description>Error in dispersion measure from real-time
pipeline</Description>

</Param>

<Param name="flux" ucd="phot.flux" unit="mJy" value="0">
<Description>Flux from real-time pipeline</Description>

</Param>

<Param name="flux_mjy_max_95" ucd="phot.flux" unit="mJy"
value="0">
<Description>Maximum flux to 95 percent C.L. from real-time
pipeline</Description>

</Param>

<Param name="flux_mjy_min_95" ucd="phot.flux" unit="mJy"
value="0">
<Description>Minimum flux to 95 percent C.L. from real-time
pipeline</Description>

</Param>

<Param name="dispersion_smearing" ucd="" unit=""
value="0">
<Description>Dispersion smearing from real-time
pipeline</Description>

</Param>

<Param name="dispersion_smearing_error" ucd="" unit=""
value="0">
<Description>Error in dispersion smearing from real-time
pipeline</Description>

</Param>

</Group>

Figure A—7: The meta data provided in the event grouping under the <What>
header for the detection-type VOEvent (placeholder values only). The planned
low-latency update-type will also include the TNS name and Galactic coordi-
nates here. 108



<Group name="advanced parameters">
<Param name="dm_gal_ne_2001_max" ucd="" unit="pc/cm~3" value="0">
<Description>Max Milky Way DM contribution (NE 2001 model) from
real-time pipeline</Description>
</Param>
<Param name="dm_gal_ymw_2016_max" ucd="" unit="pc/cm~3" value="0">
<Description>Max Milky Way DM contribution (YMW 2016 model) from
real-time pipeline</Description>
</Param>
</Group>

Figure A-8: The meta data provided in the advanced grouping under the
<What> header shown here are particular to the detection-type VOEvent. Ad-
ditional measurements obtained from the low-latency update will include in-
ferred redshift limits here. Furthermore, offline intensity and baseband anal-
ysis will report the values and their errors that are listed in Table 4-2 here
also. Note that these are placeholder values only.

<Why importance="1.0">
<Inference probability="0.95" relation="Bayes factor as
probability">
<Name>FRB YYYYMMDDx</Name>
<Concept>Known source association probability</Concept>
</Inference>
<Description>CHIME/FRB VOEvent Service subsequent-type alert
astrophysical probability</Description>
<Name>RFI classification score</Name>
<Concept>Astrophysical probability</Concept>
</Why>

Figure A-9: Placeholder values for a sample <Why> header in a subsequent-type
VOEvent. The importance value is optimal at 1.0 indicating the real-time
pipeline classified the CHIME/FRB event as astrophysical with probability 1.
The probability is 1.0 indicating that the meta data in the VOEvent was
associated with the source FRB YYYYMMDDx with probability 0.95 from
the real-time pipeline.
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