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ABSTRACT

Time-Domain astronomy is the study of astronomical objects whose brightnesses
change as a function of time, and like the objects that it encompasses, the eld is
also constantly changing. With the expectations of large-scale surveys (e.g. ZTF
and LSST) and alerts associated with non-localized events (gravitational waves), it
must prepare to meet the challenges associated. Within this dissertation, we discuss
the work done to address these needs within the community and locally at Steward
Observatory, followed by the scienti ¢ results that rapid responses can produce. We
present the Gravitational Wave Treasure Map, a tool designed to alleviate e orts in
searching for counterparts associated with gravitational wave events. We describe
the infrastructure established at Steward Observatory's telescopes by developing the
software to facilitate rapid responses at the MMT along with e orts with the Ari-
zona Robotic Telescope Network. And nally, we overview two SNe la studies that
highlight the important science achieved when transients are discovered, classi ed,
and characterized during the earliest times since their explosions. We conclude by
discussing the future directions of the eld of time-domain observational research,
what is expected from observatories to achieve early science, and re ecting upon the
ecosystem of the eld.
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CHAPTER 1

Introduction

1.1 Time-Domain Astronomy

Time-domain astronomy is the ever-exciting study of astronomical objects whose
brightnesses change as a function of time. These objects, often referred to as “tran-
sients', are di erentiated based on several observational features such as variability
of brightness, or whether it is an entirely new source of light that has never been
observed before. The most common objects studied within this realm of astronomy
are variable stars and supernovae. Studying these spectacular events provides in-
sight into the deaths of massive stars, binary star populations, and can have direct
implications on cosmological measurements like the expansion rate of the universe.
Throughout this thesis, we will focus on the more time-sensitive events (like super-
novae and kilonovae), along with the challenges it takes to discover, classify, and

follow up these events before they are no longer detectable.

1.1.1 Observational Strategies

The most di cult aspect for research in time-domain astronomy is organizing follow-
up of newly discovered transients. There are often di erences between the aspects
of transient searches and the characterization/follow-up. The programs that are
performing discovery surveys often are not equipped with resources needed to ade-
guately characterize and follow-up new transients. The science is usually conducted
by other programs that are responding to the alerts of new discoveries, and have
observing proposals with observatories with the appropriate instrumentation. Com-
monly, transients are discovered through densely orchestrated surveys of the same
patches of sky on a regular basis via robotic telescopes and complicated automated

reduction pipelines. Every time a patch of sky is observed, it is compared against
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Figure 1.1: An example of a transient detected from di erence imaging with the
DLT40 supernovae survey. The left image is the observation taken on a given night,
the middle is the reference image, and the right is the resulting di erence between
the two. The new transient is easily detected in the di erence image.

a static reference image of that patch of sky via di erence imaging. This process
essentially subtracts the quanti ed light of the nightly image from its corresponding
reference, and creates a new image from what is di erenced as seen in Figure 1.1.
From this di erence image, new sources can be easily found with extraction algo-
rithms (like source extractot), and an astronomical likelihood can be established
by a machine learning algorithm or calculating a “score' based on the shape, bright-
ness, and other parameters of the “leftover' sources. If a new source is scored highly
enough, it can be agged as a potential real transient, and in most cases a con r-
mation image is immediately initiated.

Once a new transient is con rmed, the community is usually alerted by sub-
mitting the discovery to the Transient Name Server (TN$), which is a part of the
International Astronomical Union, and is the mechanism for reporting astronomical
transients by establishing the naming convention. From here, the discovery is an-
nounced to the transient community and encourages observers with the appropriate
resources to initiate follow-up to classify and gather evolutionary data on the objects
based on interest.

The follow-up procedure of newly discovered transients all follow the same man-

Ihttps://sextractor.readthedocs.io/en/latest/index.html
2https://www.wis-tns.org
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Figure 1.2: Time-line of all the data we were able to collect in 48 h from discovery
for one of the DLT40 SNe: DLT17h/SN2017ahn (Tartaglia et al., 2021). Here we
display the success in triggering multiple programs, and acquiring invaluable data in
such a short time after discovery; which is rarely done to success. Data obtained: UV
(Swift), optical spectra (FLOYDS, SALT), infrared spectra (GEMINI), multiband
photometry (LCO-1m).
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ners of observational examination, photometry and spectroscopy. The rst and
main priority lies within classi cation of the transient and is achieved through spec-
troscopy, which allows us to examine the energy distribution from the light of these
events. The absorption and emission features in these spectra give details on the el-
emental composition and energy of the transient, and, in turn, the type of transient
that is discovered. A majority of the time, the early spectra of transients are easily
identi able and spectral identi cation software (e.g SNID Blondin and Tonry, 2007)
alleviate the classi cation process throughout all epochs of the object's spectroscopic
evolution,.

The secondary method of time-domain research is achieved through multi-
wavelength photometric observations. The 'light curves', which we obtain from
these observations, reveal to us how the luminosity of a transient changes over time,
and from this, we can learn about what powers its rise to maximum light, and the
eventual decay. Photometry is complementary to spectra taken at the same time
and provides information about the energy, temperature, and time scale of the event.
We display a timeline of early events following the discovery a young supernovae
found by the Distance Less Than 40 Mpc (DLT40 Tartaglia et al., 2021) survey
in Figure 1.2. This timeline highlights the rapid response of the program and our
ability to obtain crucial data at early times.

In the following sections, we discuss some major types of time-sensitive tran-

sients, and what we can learn about them, especially at the earliest of times.

1.2 Time-Sensitive Transients

Here we will give an overview of the “time-sensitive transients', or the violent events
that spectacularly illuminate the night sky for only a short time. The more notable
time-sensitive transients are supernovae (SNe), gamma-ray bursts, tidal disruption
events, and counterparts associated with gravitational wave detections. SNe gener-
ally fall into two groups based on observational cues in their optical spectra: Type

| SNe have no hydrogen, while Type Il SNe do. We will limit our introduction to
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Type la SNe followed by an overview of multi-messenger astronomy (MMA) which

have been the primary scienti ¢ focus of my graduate career.

1.2.1 Type la Supernovae

For over two decades, Type la Supernovae (SNe la) have played an important role as
cosmological distance indicators resulting in the initial discovery of the expansion
of the universe (Riess et al., 1998; Perlmutter et al., 1999). Careful analysis of
their light curves revealed that these events follow a width-luminosity relationship,
where fainter events' brightness declines at a faster rate, which lead to their use as
important \standardizable" candles in cosmological measurements (Phillips et al.,
1999). However, SNe la cosmological measurements are currently restricted by
systematic errors where increasing the sample size isn't improving their results (e.g.,
Conley et al., 2011; Suzuki et al., 2012; Brout et al., 2019). Thus we should focus on
a deeper understanding of the physics of SNe la as a step to mitigate the systematic
errors, and the clearest way is through extremely early analyses of their light curves
and spectroscopic emission.

SNe la are believed to originate from the thermonuclear explosion of a carbon-
oxygen (CO) white dwarf in an accreting, binary system. While the primary star is
known to be a white dwarf, the nature of the mass-donating, secondary star remains
a mystery. Generally, there are two theories that describe the secondary: double-
degenerate (DD) systems where the secondary is another white dwarf (Iben and
Tutukov, 1984), and single degenerate (SD) system where the secondary is either
a giant, sub-giant, or main sequence star (Whelan and Iben, 1973). Within these
two broad progenitor systems, there is still much debate on the nature of the exact
explosion mechanism for thermonuclear explosions, and in order to better the use
of SNe la as cosmological distance indicators we need to better understand their
progenitors by improving how these events are responded too.
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Figure 1.3: An example multi-wavelength lightcurve of SN2011fe (Silverman and
Filippenko, 2012), which is one the best studied SN la. Here we provide an illus-
tration of the four main phases of the normal SNe la lightcurve: the early fast rise,
a period of maximum brightness, the NIR secondary maximum, followed by the

slow-decline.
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Photometric Properties

The multi-wavelength lightcurves of SNe la are all quite homogeneous. They all
exhibit an expected time to maximum of around 20 days from explosion, show a
secondary peak in the near infrared wavelengths past maximum, and the last phase
is a linear slow decline until non-detection. An example is shown in Figure 1.3. The
peak of the SN is powered by the radioactive decay &Ni, and the slow decay of
the lightcurve is attributed to the decay of%*Co which is a product of°*®Ni decay.

An important metric that is measured from the lightcurves of SNe la is M s,
and is the amount, in magnitudes, that the luminosity decreases after 15 days from
its peak brightness. This measurement, often referred to as the lightcurve width, is
what is used as a rst order method to calibrate SNe la for cosmological purposes.
Despite some variations in their measurements, it is generally agreed that these
events are determined by the amount of® Ni generated in their explosions, which
would allow for a standard luminosity-width relationship. I.E. events with smaller

M 15 (or wider lightcurves) are intrinsically brighter (Phillips, 1993). This assump-
tion is used as a means to measure the intrinsic brightness for SNe la for their uses as
distance measurements in cosmology (i.e. Standard Candles). There have been re-
cent studies that suggest that the intrinsic brightness should not be calculated from
a rst order approximation alone, and that taking into account the ejecta mass as
a second order parameter which would further complicate the measured intrinsic
brightness for cosmological purposes (Stritzinger et al., 2006; Goldstein and Kasen,
2018).

Spectroscopic Properties

The evolution of a supernova explosion and ejecta have two main phases: the photo-
spheric phase and the nebular phase. During the photospheric phase, we can regard
the ejecta as an expanding sphere of material, and as time passes the outer layers
become optically thin; resulting in the photosphere receding. Once this happens,

we are able to probe deeper into the expanding ejecta. The core of SNe la is pow-



24

Figure 1.4: An example of a normal SN la spectroscopic evolution: SN2011fe
(Pereira et al., 2013) taken from the open supernovae catalog (Guillochon et al.,
2017a, OSC). Data shown here are during four main phases of SNe la evolution:
Early, Maximum light, Post-maximum, and Nebular. We also annotate the elements
corresponding to the absorption and emission features throughout the evolution
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ered by radioactive®Ni, and the photons produced in its decay are absorbed by
the ejecta resulting in absorption features in the blackbody continuum. The photo-
spheric phase can be further broken down into three main epochs: Early, Maximum
Light, and Post-Max. At around 150 days past maximum light, the ejecta expands
and cools throughout; becoming optically thin and bringing on the nebular phase of
its spectroscopic evolution. During this phase, we no longer see absorption features,
yet the spectra is dominated by emission peaks from forbidden transitions of the
inner iron peak elements. We show an example of a normal SN la spectroscopic
sequence in Figure 1.4 highlighting these phases.

During the earliest times, the SNe la spectra are dominated by intermediate
mass elements (IMEs) such as Cd, Sill, O I, and Mg Il as noted in the top
spectra in Figure 1.4. At these epochs there can be a much observable diversities
based on depths, widths, and measured line velocity of the prominent absorption
features. Typical line velocities range between 18 25x1Fkm=s.

At peak luminosity, the ultraviolet begins to become sti ed by the optically thick
iron peak elements and we begin to see evidence of Fe and Co in the spectra. The
expansion velocities of the elements at this time have greatly slowed down, and
are typically measured at 10x1Gkm=s. At around 20 days past peak brightness,
the photosphere recedes even further and we begin to see further evidence of iron
peak elements while the intermediate mass elements from the earlier phases begin to
fade and slow considerably. Finally in the nebular phase, the spectra is dominated
by emission features from iron peak forbidden transitions of [Re&], [Fe Il ], [S 1],

[Ni 11], and [Colll ]. At this epoch, common line velocities are further diminished,

and are measured around 5x2Rm=s

Early Physics

Extremely early and dense observations of SNe la have become more realistic within
the past ve years, and have yielded amazing results. For instance in Kasen (2010),
their models predict the possibility of an early UV-excess which is indicative of the

supernova ejecta shocking a potential non-degenerate companion within days after
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Figure 1.5: Left: Comprehensive UV+optical lightcurves of SN 2017cbv (Hossein-
zadeh et al., 2017). The right panel focuses the U band data highlighting the early
UV excess. The early lightcurve for this SN had an unprecedented cadence 06
hours for the rst 4 days. Right: Example search for Carbon (I 658) in the
early spectra of SNe la (Silverman and Filippenko, 2012). Their results found that
30% of SNe in their sample had evidence of IC in the early spectra ( < 5d
before maximum), with a higher percentage the earlier the spectra was obtained.

explosion, making its detection very di cult. Recently, a handful of studies of SNe

la have observed early “blue bumps' in their light curves, and have attributed the
cause to this companion shocking (See e.g. Cao et al., 2015; Marion et al., 2016;
Hosseinzadeh et al., 2017; Miller et al., 2018, 2020; Hosseinzadeh et al., 2022). In
Figure 1.5 we display an excellent example of the UV excess from SN 2017cbv
(Hosseinzadeh et al., 2017).

These rapid response observations can also shed light on the nature of the mech-
anism that triggers the explosion by directly measuring the incidence, quantity and
distribution of leftover carbon in the pre-maximum spectra. Since SNe la are gen-
erally believed to result from the thermonuclear explosion of a CO white dwarf,
carbon would be the only direct probe of primordial material from the progeni-
tor system, as oxygen is a byproduct of carbon burning. Current models di er on
the amount of expected carbon, where Nomoto et al. (1984) predicts a substantial
amount of detectable carbon in the pure de agration W7 model, Kasen et al. (2009)

predicts almost complete carbon burning for normal SNe la with increasing amounts
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of unburned carbon for fainter events (He ich et al., 2002), where nally, the class
of sub-Chandrasekhar double-detonation models are characterized by the complete
burning of carbon from the helium detonation on their shells(Shen et al., 2018; Polin
et al., 2019). While linking the amount of observed carbon to a proposed explosion
model isn't trivial, the clear observational incidence can play an important role in
determining viable SN la explosion models. There have been previous statistical
sample studies of SNe la that focused on the optical (3580 900M) and the

C Il 6580A feature which appears redward of the notable 3i 6355A absorption
line (Thomas et al., 2011; Parrent et al., 2011; Folatelli et al., 2012; Silverman and
Filippenko, 2012; Maguire et al., 2014). These studies concluded that20{40% of
pre-maximum spectra showed QI features, with the number of identi ed carbon
features increased the earlier the spectrum was obtained. Amidst the contradicting
models, it is all the more evident that early, high signal to noise spectra can provide
clarity.

1.2.2 Gravitational Wave Alerts and Multi Messenger Astronomy

Gravitational Waves (GWSs) are propagating ripples of space-time, and can be pro-
duced from cataclysmic events such as core-collapse supernovae and the merging of
neutron stars or black holes in binary systems. GWs are detected through complex
laser interferometry by measuring the interference caused by a gravitational wave
passing through the interferometer and undulating the distance the light travels.
On August 17, 2017, the rst gravitational waves (GWSs) from the merger of two
neutron stars were detected (GW170817; Abbott et al. (2017d)), followed by the
rst discovery of electromagnetic emission from a GW source, which spanned the
gamma-ray, X-ray, ultraviolet, optical, infrared and radio wavelengths (); ushering
in the era of Multi-Messenger Astronomy. Since then, we've learned that coordina-
tion and scheduling for these events are not easy. When an alert is issued from the
LIGO-Virgo-KAGRA Collaboration (LVKC) a wealth of information is associated
with the detection. They provide the probabilities of the event being a merger of
two black holes (BBH), two neutron stars (BNS), or a merger between a black hole
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and a neutron star (NSBH), and most importantly the skymap. The most di cult
aspect about attempting to observe a counterpart to one of these events, is that you
aren't initially given an exact coordinate to observe. Instead, within the skymap
are regions of the sky with associated probabilistic likelihoods for the events origins
in a healpix format (an example shown in Figure 1.6). Observers are to either scour
the areas of higher likelihood by tiling them with wide eld images, or performing a
pointed galaxy search with instruments with smaller elds of view. These searches
are often executed with little cohesion and communication between search teams,
and result in many overlapping and repeated observations of the same area. We
attempt to address this issue with the Gravitational Wave Treasure Map in Chapter
2.

GWwW170817

Despite having numerous GW events that have been detected by LVKC, only one has
had an identi ed electromagnetic counterpart, GW170817. The initial signal lasted
for around 100 seconds, and held the signature of two in-spiraling neutron stars.
The localization was atypically well constrained to an area of around 28degt an
estimated distance of 40 Mpc, and was further constrained by a coincident gamma-
ray detection. The optical counterpart was identi ed by multiple search teams in
the NGC 4993 galaxy roughly 10 hours after the GW alert was issued. The transient
was characterized over the following month by numerous observatories ranging from
radio waves to X-rays, composing a complete dataset of the observable spectrum of
light.

The counterpart to this event was identi ed as a kilonova, which was theorized
to result from a binary neutron star merger. Kilonovae are characterized by a short
gamma-ray burst that is followed by a short-lived ( 30 days) optical afterglow; pow-
ered by the decay of r-process elements synthesized in the energetic merging event.
These events are thought to produce more than half of the elements heavier than
iron within the universe. Careful analysis of the spectra from GW170817 con rmed

the evidence of r-process elements, further establishing evidence the legitimacy of
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Figure 1.6: An example skymap associated to LIGO alert event S190510g taken
from https://gracedb.ligo.org/superevents/S190510g/view/ . Although this
event was later established as terrestrial, it is used as an example for visualizing the
various regions of the sky along with the associated probabilities for a typical alert.
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this event being a kilonova.

Going forward, being able to discover the next optical counterpart to a gravi-
tational wave event will prove to be the most challenging aspect of observational
transient astronomy. In the following LIGO O3 observing run, 40 gravitational
wave events were detected, and depending on which detectors were operational, the
localization area varied heavily. If all three detectors were active the localizations
averaged 600ded, versus an order of magnitude more in area the less detectors
were active. Since O3, the collaboration is adding a 4th detector, KAGRA, and up-
grading the other three detectors. These enhancements are predicted to improve the
event localization and sensitivity signi cantly, making the start of the O4 observing
run highly anticipated.

1.3 Thesis Overview

Within this thesis, we discuss the work that has been done to address these needs
within the community, and locally at Steward Observatory followed by the scien-

ti ¢ results that rapid-responses have the capability to produce. In Chapter 2 we
overview an important application developed for reporting, coordinating, visualiz-
ing, and assessing searches for, and the subsequent follow-up of, electromagnetic
counterparts to gravitational wave events. In Chapter 3, we give an overview for
the infrastructure that has been developed at Steward Observatory to facilitate the
needs for rapid-response transient research. In Chapters 4 and 5 we overview two
SNe la science cases that highlight the important science that can be achieved when
transients are discovered, classi ed, and characterized to their fullest potential. Fi-
nally, we conclude in chapter 6 by discussing the future direction of this eld, and
what needs to be addressed to ultimately ful ll its potential.
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CHAPTER 2

Gravitational Wave Treasure Map

Gravitational Wave Treasure Map

2.1 Abstract

We present the Gravitational Wave Treasure Map, a tool to coordinate, visualize,
and assess the electromagnetic follow-up of gravitational wave (GW) events. With
typical GW localization regions of hundreds to thousands of square degrees and
dozens of active follow-up groups, the pursuit of electromagnetic (EM) counterparts
is a challenging endeavor, but the scienti ¢ payo for early discovery of any coun-
terpart is clear. With this tool, we provide a website and API interface that allows
users to easily see where other groups have searched and better inform their own
follow-up search e orts. A strong community of Treasure Map users will increase
the overall e ciency of EM counterpart searches and will play a fundamental role

in the future of multi-messenger astronomy.

2.2 Introduction

The era of gravitational wave multi-messenger astronomy has begun with the
ground-breaking discoveries of the LIGO-Virgo Collaboration (LVC) and their net-
work of gravitational wave detectors. In their rst two observing runs, the advanced
LIGO and Virgo observatories discovered 11 gravitational wave (GW) events includ-
ing ten binary black hole mergers and one binary neutron star merger (The LIGO
Scienti ¢ Collaboration et al., 2018). The third observing run (O3) began on 1 April
2019 and has greatly increased the number of likely GW events with detections of

»This chapter has been published previously as Wyatt et al. (2020).
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numerous binary black hole mergers (e.g. Ligo Scienti ¢ Collaboration and VIRGO
Collaboration 2019a,b,c) and several mergers which likely involved neutron stars
(e.g. Ligo Scienti ¢ Collaboration and VIRGO Collaboration 2019d,e,f).

Of the numerous GW events that have been detected by the Advanced LIGO
and Virgo observatories, only one, GW170817, has had an identi ed electromagnetic
(EM) counterpart (Abbott et al., 2017d; Arcavi et al., 2017a; Coulter et al., 2017,
Lipunov et al., 2017; Tanvir et al., 2017; Soares-Santos et al., 2017; Valenti et al.,
2017; Evans et al., 2017; Goldstein et al., 2017; Savchenko et al., 2017; Haggard
etal., 2017; Troja et al., 2017; Hallinan et al., 2017; Margultti et al., 2017). As we are
learning during the course of O3, GW170817 was atypical in several respects. First,
GW170817 was very nearby, at a distance of40 Mpc (Ligo Scienti ¢ Collaboration
and VIRGO Collaboration, 2017). Second, it was very well localized, ultimately to

28 ded (Abbott et al., 2017c). Third, it had a coincident gamma-ray detection
from Fermi/GBM and INTEGRAL/SPI-ACS (Abbott et al., 2017a). During O3,
identifying these EM counterparts has been an observational challenge with typical
GW events at a few hundred Mpc and localized to 10? 3 deg on the sky. Despite
the challenge, early identi cation of counterparts is critical to resolve outstanding
guestions about the origin of early kilonova emission (e.g. Arcavi, 2018).

Unlike previous LVC observing runs, O3 events are public and initial alerts are
sent within minutes of discovery. This allows any group to get immediate access to
the GW candidate information, including classi cation probabilities (i.e. whether
the event was a binary black hole merger, or contained a neutron star) and sky lo-
calization les. In these rst moments, dozens of research groups spring into action.
This involves either tiling the localization region or targeting individual galaxies
within it at the appropriate distance, depending on the resources available, and
identifying new transients in real time. There is very little coordination between
groups which leads to both duplicated e ort as well as large regions of the localiza-
tion region that are likely inadequately searched.

While progress has been made to coordinate multi-telescope networks (e.qg.

Coughlin et al., 2019; Antier et al., 2019), there is still a need for coordination
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across the entire electromagnetic follow-up community. The little coordination that
does occur is through the Gamma-ray Coordinates Network (GCNplert system,
which usually consists of free-formed text that is very di cult to programmatically
interpret.

To solve this problem, we present the Gravitational Wave Treasure Map, an open
source system for reporting, coordinating, visualizing, and assessing searches for, and
the subsequent follow-up of, EM counterparts to gravitational wave events. This
system will reduce overlapping search e orts allowing the community to cover more
sky area more e ciently. It will also automatically compute the total integrated
probability searched.

In Section 2.3 we provide an overview of the Treasure Map and the goals of the
project. In Section 2.4 we discuss the individual components of the Treasure Map.
In Section 2.5 we discuss the future functionality of the system, and we provide our
conclusions in Section 2.6. The success of this project relies on the engagement of
the astronomical community partaking in these follow-up observations. The more
users that participate in this system, the more it will ourish, allowing more e cient

EM counterpart searches.

2.3 Treasure Map Overview & Goals

The Treasure Map is a tool to coordinate, visualize, and assess the electromagnetic
follow-up of gravitational wave events. To avoid users having to download and install
software, and to ensure it is available across all computing platforms, the Treasure
Map is available on the web at http://treasuremap.space. As it is meant to be a
community tool, the code is open sourée Figure 2.1 uses a ow chart to illustrate
the basic functionality. Here we give a brief overview of the Treasure Map before
detailing its components in the next section.

Anyone can explore the Treasure Map web site and visualization service, however

users must register an account to post their own pointings and query other obser-

Ihttps://gen.gsfc.nasa.gov/ive.html
2https://github.com/swyatt7/gwtreasuremap
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vations via the API. Users must also submit details about any counterpart search
instrument they use (e.g. its name and footprint shape) if it does not already exist
in the database.

Once a gravitational wave alert has been issued by the LVC, it is ingested and
stored in the Treasure Map database, along with the HEALPix map of the sky
localization. We also calculate the sky coverage of tHeermi Gamma-Ray Space
Telescope's Gamma-ray Burst Monitor (GBM; Meegan et al., 2009) and Large Area
Telescope (LAT; Atwood et al., 2009) along with the Neil GehrelSwift Obser-
vatory's Burst Alert Telescope (BAT,; Barthelmy et al., 2005) at the time of the
gravitational wave signal. For each event, a web-page is generated to visualize
the localization region and the planned/completed observations of reporting groups
(Figure 2.2).

As observers plan their EM counterpart searches, they can submit their telescope
pointings to the Treasure Map via the API or website. These planned pointings can
be cancelled if they are never completed (i.e. bad weather, instrument problems, or
simply a change in plans), and the set of nal executed pointings can be uploaded.

Users can also request a digital object identi er (DOI) associated with their
executed observations for a given event, allowing their observations to be cited by
others. Observers can query the Treasure Map database to determine the planned
or executed observations of other groups, using this information to plan their own
strategy. These observations are visible on the website for each event with a double
handled time slider and coverage calculator to show the community's unfolding
observing campaign.

The Treasure Map was written during the rst phase of the O3 run, and all
O3 events have been ingested into the database, along with the pointed follow-
up observations of several groups that helped with beta testing (e.g. the Berger
Time Domain Group, Hosseinzadeh et al. 2019; Gomez et al. 2019; SAGUARO,
Lundquist et al. 2019; the Las Cumbres Observatory Gravitational Wave Follow-up
team, Arcavi et al. 2017a; theFermi GBM and LAT teams; and the Swift GW
follow-up team, Klingler et al. 2019). As of the start of O3b (1 Nov 2019), the
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Treasure Map has been live' accepting planned and executed observations from the

community (Wyatt et al., 2019).

Figure 2.1: Flowchart of the Gravitational Wave Treasure Map and its interaction
with electromagnetic follow-up observers. Users can report their planned and ob-
served pointings with their speci c instrument, as well as query the pointings posted
by other groups, which can then feedback and inform new observations in neglected
regions of the GW localization region.
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2.4 Treasure Map Components

In order to facilitate cooperation and ultimately aid in identifying electromagnetic
counterparts, the Treasure Map is meant to be a real-time, central repository for
all planned and completed observations for each GW event. We next describe the

components of this system.

2.4.1 GW Alert Listener & Gamma Ray Burst Mission Coverage

When a candidate GW event is detected, the LVC sends out a VOEvent alert
through the NASA Gamma-Ray Coordinates Network (GCNjJ, along with a
HEALPIx localization map with distance constraints (Singer and Price, 2016). The
alert contents are described in the LIGO/Virgo Public Alerts User Guidé€. The
Treasure Map ingests the LVC gravitational wave alerts in real time, along with
their updates. We also listen for alerts on a backup host in case the primary is
down to ensure robustness. The contents of each GW alert are displayed on a ded-
icated web-page for each event, along with a visualization of the 50th and 90th
percentile sky contours, as seen in Figure 2.2.

Short gamma-ray bursts were long suggested to be associated with neutron star
mergers (see, for instance, the short GRB review of Berger, 2014, and references
therein), and this was conrmed by GW170817 (Abbott et al., 2017b). Thus,
knowing the sky coverage of gamma ray telescopes at the time of a GW event
is crucial knowledge which the Treasure Map makes available. The sky coverage
for Fermi/GBM, Fermi/LAT, and Swift/BAT is calculated and displayed automat-
ically upon ingestion of a gravitational-wave alert. For the GBM instrument, this is
done by calculating the instantaneous position of th&ermi spacecraft at the GW
trigger time, using the most recent publicly accessible two-line element provided by
CelesTrak. The coverage area is then calculated as the all-sky area not below the

Earth-limb with respect to the spacecraft at the trigger time. We similarly calculate

3https://gen.gsfc.nasa.gov/live.html
“https://emfollow.docs.ligo.org/userguide/index.html
Shttps://www.celestrak.com/
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the coverage of theSwift/BAT and Fermi/LAT instruments based on where the

satellites were pointing at the time of the event.

Figure 2.2: Visualization for S190425z (Ligo Scienti ¢ Collaboration and VIRGO
Collaboration, 2019d). The LIGO/Virgo localization contours are shown in red
(50%, 90%). Other color outlines show telescope pointings which can be toggled on
and o on a per-instrument basis. Users may scroll and zoom and choose one of 24
backgrounds showing data from the X-ray to the IR (Mellinger survey base layer
shown). Tabs (upper left) show all available localization re nements, e.gnitial or
Update The purple and green shaded areas are the regions tHermi/GBM and
Swift/BAT were sensitive to at the time of the merger, respectively. The blue table
shows relevant information about the event. Just above the blue table is a time
slider which can be used to visualize the sequence of observations taken to follow-up
this event.
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242 API

The Treasure Map API allows users to report their own observations and query the
pointings from everyone participating in the counterpart search. Once a user creates
and veri es their account, they will be issued a unique token that will give them
access to the API endpoints. Currently, our API holds functionality for users to
POST/GET pointings, UPDATE a pointing status to cancelled, GET instrument
information, and POST a DOI for completed pointings (which is discussed in the
following section). While the API is a major motivation for this project, we still
o er all of its functionality via web forms, allowing users who do not want to submit
and query pointings programmatically to still be able to use our service.

The APl is well documented (see Section 2.4.8), and there is a gravitational wave
“test event' (labelled TESTEVEN)Tthat serves as a code sandbox for incorporating

the Treasure Map into a group's work ow.

2.4.3 Database

We use a PostgreSQL database to store our tables. We chose this over other
databases to capitalize on its ability to perform spatial calculations within the
queries themselves through the PostGIS library extensibn When serializing the
positions of each of our pointing objects, they are stored as a spatial POINT instead
of individual oat RA and DEC elds. This drastically reduces the computational
time for SQL queries that rely on spatial calculations.

Figure 2.5 shows the Entity Relationship Diagram (ERD) for the Treasure Map
database. The ERD shows the relationship between each entity as they appear
as tables in the PostgresSQL database, along with each eld and datatype in the
tables. We chose to have a many-to-many relationship between tigecalert table
and pointing tables since there could be multiple gravitational wave alerts localized
within the same sky region at around the same time. With this approach, a single

pointing could refer to multiple alerts. Also we designed ouinstrument table to

Shttps://postgis.net/
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have a many relationship to thefootprint _ccd table so that if an instrument has
multiple CCDs de ning its footprint, it can be visualized, and coverage calculations
performed accordingly.

2.4.4 The Web Application

The Treasure Map web application is vital for user interactions and visualizing
GW data. The web site is built within a Python Flask WSGI’ web application
framework, utilizing the Flask SQLAIchemy object-relational mapper (ORM) to
communicate to our database (described in Section 2.4.3). Additionally, we use
the functionality of the cloud based Amazon Web Services (AWS)o host both

our database (using Amazon's Relational Database Service, RDS) and web server
(a spot request Elastic Compute Cloud, EC2, instance). The server is running an
Ubuntu 18.04 instance and the website is served through an Apache2 HTTP Server
10_

The front-end of the website allows for a user to: create an account, post/query
instruments, post/query observations, request DOIs for completed observations, and
visualize all available aspects of each ingested gravitational wave alert. Once a user
creates an account, they are issued an API token upon veri cation. Having a veri ed
account allows the user to submit their instrument to the Treasure Map database
which can be referenced upon each submission of a planned/completed observation.
There are three methods for constructing instrument footprints: rectangular, cir-
cular, or a multi-order polygon. This simpli es the process of creating complex
footprints such as for multi-CCD mosaic instruments. We show an example of a
submitted instrument in Figure 2.3. The footprint plays a crucial role in the visu-
alization of the observations and the coverage calculations (Section 2.4.7).

Once a user has their instrument(s) saved, they can post their pointings either
through the "Submit Pointing' web-form or the programmatic APl POST method

"https://pypi.org/project/Flask/

8https://aws.amazon.com/

Shttp://releases.ubuntu.com/bionic/
Ohttps://httpd.apache.org/
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(described in Section 2.4.2). Each of these methods are documented on the website
(see Section 2.4.8). Users also have access to the “Search Pointings' web-form which
displays a table of pointing observation information (including the position on sky,
status, instrument, band, depth, position angle, time, submitter and DOI reference)
for each requested gravitational wave event. The same functionality is available
through the API GET method which returns a JSON list of pointing objects. We
also allow users to query for all available instrument information. This allows users

to perform their own visualization of an ongoing search, perform their own spatial
calculations, or even optimize their own observational scheduling. Each of these

web-form functions are shown in Figure 2.4.

Figure 2.3: After registering, users may create instrument pro les (or use one that
has already been created) to be associated with their planned/completed observa-
tions. A simple web form allows the spatial parameters of the instrument footprint

to be speci ed using circles, rectangles or more complicated polygons; chip gaps can
also be represented. Above we show a screenshot of the ZTF camera, contributed to
the Treasure Map site, with 64 individual CCD polygons. The chip gaps are accu-
rately rendered onto the Aladin vizualization and taken into account for probability
coverage calculations.
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Figure 2.4: We provide a graphical user interface for submitting and downloading
telescope pointings, although we expect most users to access this programmatically
via the API. Left: The pointing submission GUI.Right: Searchable pointing infor-
mation with the option to batch request a DOI for completed pointings.

2.4.5 Citable Digital Object Identi er

We have also added the ability to cite completed observations through the Digital
Object Identi er (DOI) service from the open science platform Zenodé so that
groups can get credit for their work when follow-up observations are discussed in
the literature. A DOI may be requested when a group submits their pointing(s)
through the API or through the 'Submit Pointings' webform. We also have the
capability to request a DOI after submission through the APfrequest _doi endpoint

or via "Search Pointings' web-page as seen in Figure 2.4. When uploading the DOI,
the object is serialized as an open-access dataset that is represented goa le
analogous to the APl GET request for the same pointings. Before requesting the
DOI, the user has the ability to create a list of authors for the citable dataset or
submit an author list through the Treasure Map API POST request. Once the DOI

is successfully submitted, the user is returned a URL that will give them access to

Y https://about.zenodo.org
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the citation information. Several groups have requested DOlIs thus far in O3 (Arcavi
et al., 2019; Lundquist, 2019; Tohuvavohu, 2019).

2.4.6 Visualization

We use Aladin Lite (Boch and Fernique, 2014) for interactive visualization of gravi-
tational wave localizations and pointing information on the Treasure Map web site.
We show two di erent illustrations of our visualization in Figures 2.2 and 2.6, dis-
playing di erent background imaging surveys for each. We chose this application
because it can e ciently overlay LVC skymap HEALPix contours, instrument foot-
prints, and multi-order coverage (MOC) maps upon imaging survey data in a two
dimensional spherical projection. It is also widely used in the astronomical com-
munity. The application has an easy-to-use Javascript APl and is powered by the
HTML5 canvas technology which is compatible with any modern browser. It uses
standardized Hierarchical Progressive Survey (HiPS) technology (Fernique et al.,
2015), which supports tiling and zooming, loading progressively higher resolution
data as needed.

It also supports HEALPix projections (Gorski et al., 2005), used by the LVC to
distribute localizations.

The Aladin Lite visualization tool is very customizable, allowing users to view
the localization in many di erent ways including panning across the projection and
zooming into the map. There are twenty-four image survey base layers available
directly from the Aladin Lite service, including standard optical and infrared sur-
veys, H maps, and high energy X-ray and gamma-ray surveys; these may provide
additional contextual information to users during their search. Figure 2.6 shows a
zoomed Treasure Map view with a Pan-STARRS DR1 (Flewelling et al., 2016) base
layer. We allow users to toggle any overlay that is loaded onto the map, including the
localization region contours, instrument footprints, and the GRB mission coverage
MOC maps. Along with toggling the instrument footprints, users have the ability
to change the loaded outline colors of the instrument footprints. Both planned and

completed pointing data can be visualized. There is also a time slider which dynam-
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ically loads the instrument footprints giving the user a real-time playback of when

observations occurred.

2.4.7 Coverage Calculator

For each gravitational wave event, we provide a coverage calculator so that users can
plot the probability percentage of the localization region that is covered as a function
of time after the GW detection. This can be used to assess how successful early
coverage of the localization region was and also see what probability was observed
to a certain depth. The tool is located beneath the visualization on the individual
alerts page, and has several customizable parameters. Users can lIter based on
speci ¢ instruments, instrument lters, and search depth. An example of this tool

is shown in Figure 2.7 for S190814bv showing that within 48 hours of the detection
of S190814bv, 60% of the localization region had been observed by telescopes
reporting to the Treasure Map with a limiting depth of 20.5 AB magnitude.

The coverage calculator works by iterating over each completed pointing's in-
strument footprint and querying where it lies in the HEALpix map by using the
healpy function query_polygon. This function returns the pixels whose centers lie
within the convex polygon de ned by the footprint's vertices array? We test for
duplicated pixel centers (to avoid double counting probability if the same area is
covered by multiple instruments, or overlapping elds-of-view), and then iterate over
them summing up the posterior probability associated with each covered pixel. We

use the associated completed observation time as a timestamp.

2.4.8 Documentation

Our goal is to make the Treasure Map easy to use, with a small barrier to entry,
enabling as many groups as possible to participate in this collaboration tool. Doc-

umentation and how-to tutorials are thus a priority. To aid this, each of our API

2Note that this is an inherently conservative approach. There will be HEALpix pixels which
are partially covered by an instrument footprint, but whose center does not lie within the coverage
of the footprint. The probability contained in these pixels is not counted.
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endpoints are documented on the website (see, for example, Figure 2.8). Along with
the documentation, example python code is also provided so that the users can have
a working example of how to access each endpoint. Example jupyter notebooks
are also available on the Treasure Map github repository to walk through exam-
ple use cases. While our examples are all in python, any programming language
that allows HTTP requests will be su cient. Finally, a \What's New" development
blog'® on the web site informs users of changes and upgrades to the Treasure Map's
functionality.

2.5 Future Functionality

There are several features that we intend to roll out as part of a Phase Il for
the Treasure Map in preparation for O4 and beyond. These features take into
account recommendations and feedback from users and the community. An initial
list includes:

" The Treasure Map plans to have all counterpart candidates that have been
reported to the Transient Name Servéf ingested during an event. These
objects will be overlayed on an events visualization page and their classi cation

status will be represented with di erent symbols.

Prioritized galaxy lists are crucial for narrow eld EM counterpart searches,
especially for nearby events (e.g. Gehrels et al., 2016; Arcavi et al., 2017b; Yang
et al., 2019; Ducoin et al., 2019). When an alert is ingested, we will locate
each galaxy that is within the GW distance estimate for each HEALpix pixel
and assign a score to each cataloged galaxy therein (possibly using multiple
scoring algorithms); a similar service is already available as a web tool (Salmon
et al., 2019). These galaxies will be available as an APl endpoint allowing
users to quickly retrieve galaxies and their scores. This relation is seen in the
gwgalaxy table in the ERD (Figure 2.5), where each galaxy located within

Bhttp://treasuremap.space/development _blog
Yhttps://wis-tns.weizmann.ac.il/
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the region will be assigned a score based on parameters de ned for each entry
in the gwgalaxy _score type table. We already have the Gladep3 (Dalya
et al., 2018) galaxy catalog ingested into our database and will incorporate

other galaxy catalogs in the future.

The coverage calculator functionality will also be expanded to include the
ability to calculate coverage of the galaxy-convolved localization regions, as
an addition to the current capability of calculating coverage of the raw GW

localization.

We also plan on cross-matching galaxy lists with already completed pointings.
This will provide users with lists of galaxies that have yet to be observed,
available as an API endpoint. Users will be able to sort by the score that
our software provides or use other software algorithms to create their own

prioritized lists.

We intend to ingest alerts and localizations from other relevant detectors,
in particular from gamma-ray and neutrino observatories. For instance,
the O3 event S191216ap had both @ossible coincident IceCube neutrino
detection (Hussain, 2019) and subthreshold gamma-ray detection from the
High-Altitude Water Cherenkov (HAWC) gamma-ray observatory (Martinez-
Castellanos, 2019) with (nearly) overlapping localizations on the sky. There
was also a coincident Fermi-GBM GRB detection roughly 10 minutes after
the alert of the O3 event S200219ac (Hamburg, 2020); the Treasure Map is
currently hosting localization information on this event on request from the
Fermi-GBM team. Visualizations of all relevant localizations at once, along
with their convolved footprints, will be provided in a future iteration of the

Treasure Map.

We plan to develop TOM Toolkit (Street et al., 2018) support for the Trea-
sure Map. TOMs are Telescope and Object Managers { databases connected

to observational data, visualizations and/or telescopes. They allow you to
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plan and execute new observations, and automatically reduce and visualize
incoming data. The TOM Toolkit is an open source set of tools for creating
TOMs'®. TOM Toolkit support will allow users to deploy their own Treasure
Map visualization native to their existing TOM. This would allow them to, for
example, plot proprietary data, and possibly even visualize their own reduced

data (not just the footprint) projected on the visualization to see it in context.

We plan to incorporate the functionality of alerting users to various subscrib-
able events. The alerts could be from GW event updates like a counterpart
being discovered, updated localization regions, or new services that are not

yet incorporated.

We plan to provide a service that returns the best region to observe given what
has already been observed and your instrument parameters. This may be a
galaxy that has not yet been observed or assigned, or the highest unobserved
probability region of the localization.

We are examining the addition of the Virtual Observatory's Observation Lo-
cator Table Access Protocol (ObsLocTAP) into the Treasure Map, as this
provides a data model and access protocol for communicating metadata about
astronomical observations through the widely-accepted Virtual Observatory

framework.

2.6 Conclusion

In this paper we have described the Gravitational Wave Treasure Map, a tool for
coordination and visualization of EM counterpart searches to gravitational wave
events. The Treasure Map provides a single resource for astronomers to both share
and query observational pointings in their search for EM counterparts.

With a responsive visualization tool, comprehensive API, and citable DOIs for

Shttps://lco.global/tomtoolkit/
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completed pointings, the Treasure Map is an extensive package for GW EM coun-
terpart searches.

Expansion plans for the Treasure Map include the ability to share and query
individual electromagnetic counterpart candidates and their followup to further im-
prove coordination and to avoid duplicate observations. We will also provide catalog
lists and visual representations of individual galaxies coincident with GW localiza-
tion regions. Future implementations of the Treasure Map will include constraints
and localizations from other multi-messenger relevant facilities (e.g. neutrino and
gamma-ray observatories) that may contribute to the hunt for GW counterparts.
We are also open to community feedback and will consider implementing suggested
features.

Some cultural change in the multi-messenger astronomy community may be nec-
essary to fully incorporate collaboration tools such as the Treasure Map. However,
results from O3 have been heartening, with large scale participation in the GCN
system by the community. Additionally, many major observing collaborations are
already participating in the Treasure Map, which can be seen as an extension of
what is available via GCNs. There is thus reason for optimism that the eld will
continue in a collaborative direction.

The Treasure Map is just one part of a larger cyberinfrastructure ecosystem
that should be built to facilitate multi-messenger astrophysics (e.g. Allen et al.,
2018; Chang et al., 2019), and several groups have formed to plan these endeav-
ors (e.g. the Scalable Cyberinfrastructure to support Multi-Messenger Astrophysics
collaboration; SCIMMA'® and the planned GCN upgrade Time Domain Astron-
omy Coordination Hub; TACH). These e orts are essential to make the most of the

current multi-messenger era.

8 https://scimma.org
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Figure 2.5: Entity Relationship Diagram for the Treasure Map PostgresSQL
database, showing each eld and datatype in the tables, along with the relationship
between the tables. The connections between tables indicate their relationship, for
instance the three-pronged symbol is a 'many’ relationship, and the perpendicular
hash mark indicates a 'one' relationship. A one-to-many relationship would indicate
that a row in the rst table may be linked to many rows in the second table, while
a many-to-many relationship may have multiple rows in each table linked to each
other. We have tables for galaxy association with GW events (e.g. thgtade _2p3,
gwgalaxy and gwgalaxy score tables), which are not fully implemented yet, but
will be in a future iteration of the Treasure Map (Section 2.5).
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Figure 2.6: Zoomed in Treasure Map visualization for S190814bv (Ligo Scienti c
Collaboration and VIRGO Collaboration, 2019g) with Pan-STARRS DR1 as the
base layer { users may choose from 24 di erent image survey background layers,
spanning the gamma-ray to infrared regimes. Users may select which pointings to
show, the base layer, and the sun and moon position at the time of the trigger using
the menu on the left. The base image layer functionality available through Aladin
Lite can provide real time information to users, for instance displaying the positions
of known X-ray sources within the GW localization.
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