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Both binary neutron star (BNS) and neutron star-black hole (NSBH) mergers
radiate gravitational waves (GWs) as they gradually spiral inwards. Once they
merge, they emit electromagnetic (EM) radiation that is potentially detectable
across the entire EM spectrum, from hours to years after the coalescence. Right
after the merger, a short burst of gamma-rays is followed by an hours to days long
optical/near infrared (NIR) transient (i.e. kilonova (KN)), which is powered by
the decay of the r-process nucleosynthesis elements. Depending on the angle of the
gamma-ray burst (GRB) relative to Earth, a seconds to years long afterglow can be
detected from radio to X-rays. The EM radiation from these mergers has shed light
into different fields of physics and astronomy: they are sources of GWs, a site of
rapid neutron-capture process (r-process) nucleosynthesis, and promising standard
candles. However only one BNS merger has been studied in detail: AT2017gfo, the

EM counterpart to GRB 170817A/GW170817. This thesis focuses on the optical



searches of these multi-messenger sources using wide field of view (FOV) telescopes.

The first chapter of this thesis describes the systematic search for optical
counterparts to short gamma-ray bursts (SGRBs). We used the Zwicky Transient
Facility (ZTF) to follow-up 10 short duration GRBs detected by the Fermi Gamma-
ray Burst Monitor (GBM). We covered areas between 250 and 3000 deg?, and
followed-up more than 60 objects, photometrically and spectroscopically. While we
did not find a counterpart to a compact binary merger, we used the ZTF magnitude
limits (i.e. 21 mag in the r-band) to compare to SGRB afterglows and KN models,
to show that our searches are sensitive to most KN models up to 200 Mpc. However,
the majority of SGRB afterglows in the literature have been found at relatively high
redshifts (i.e. mean z 0.5), making them fainter than our magnitude limits.
Moreover, we explore the efficiency of our searches and we determine our searches
have probed between redshift 0.16-0.4, depending on the energy models assumed for
the SGRBs. Future campaigns can expand the horizon to redshift 0.2-0.7.

The second part of this thesis is about the discovery of the shortest gamma-ray
burst coming from a collapsing massive star. In the context of the optical follow-up
of short GRBs with ZTF, we triggered target-of-opportunity (ToO) observations in
the error region of GRB 200826A, a 1.13 sec duration GRB. There we found the
afterglow of the burst, ZTF20abwysqy, with an optical decay rate 1 mag/day.
The afterglow was additionally X-ray and radio bright. At the redshift of the host
galaxy z = 0:74 , its hardness - intensity relation (i.e. Epeakz E .iso ) is consistent
with the long GRB population, puzzling the community. We present the afterglow

and host galaxy analysis, along with Gemini Multi-Object Spectrograph (GMOS)



observations that show a rising source in the i-band that could only be explained
by an underlying supernova.

The third chapter of the thesis describes the optical follow-up of gravitational
wave events using the ZTF. We describe the observing strategy, as well as the
selection and monitoring of GW counterpart candidates. Our ToO strategy allowed
us to sift through 2 million sources to select 160 candidates for follow-up.
We apply this strategy to search for 13 GW alerts during the third LIGO/Virgo
observing run (03). Particularly, we describe the case of the first BNS merger in
03, 5190425z, and two NSBH mergers, S200105ae and S200115j. As no counterpart
was found for any of the GW events, we use the photometric limits of our searches
to compare to KN models.

Finally, we explore how the upcoming Rubin Observatory will be able to
serendipitously find KNe, independently from GW or SGRB triggers. For this,
we simulated the universe accessible to the survey and use it to derive contamina-
tion rates for different classes of transients. When using a filtering scheme based on
the magnitude evolution of the sources, we find that 90% of the sources that fade
faster than 0.4 mag/day are either GRB afterglows or supernova (SN) IIb shock
breakout. This strategy is only capable of retrieving 3% of the generated KNe,
mainly due to the fast fading nature of the KNe and their intrinsic low luminosity.
We propose that future filtering schemes should take into consideration not just the
detections, but the difference in magnitudes, Am, between the last detection, Mg,
and the subsequent limiting magnitude, My, . Additional information as color, host

galaxy or NIR counterparts on future NIR surveys could also improve the selection.
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Preface

The research presented in this dissertation has been conducted in collaboration
with multiple co-authors, including my advisor. Most of this research has been
published, and here I describe my contribution in detail to each of these articles.

Chapter 1 is an introduction to the relevant concepts, processes, and an
overview of the thesis. I was the sole author of this chapter.

Chapter 2 is presented with only minimal modification since appearing in
the Astrophysical Journal (ApJ) as “In search of short gamma-ray burst optical
counterpart with the Zwicky Transient Facility” (Ahumada et al., 2022). T am the
first and corresponding author of this publication, as I led the Target of Opportunity
campaing, | got awarded time to observe candidates, I analyzed the data products,
and I led the simulations and its analysis. I wrote the majority of the article.

Chapter 3 is also presented with minimal modification since appearing in Na-
ture Astronomy as “Discovery and confirmation of the shortest gamma ray burst
from a collapsar” (Ahumada et al., 2021). I am the first and corresponding author
of this work, as I discovered the afterglow, lead the optical follow-up that revealed
the supernova, and performed the host galaxy analysis. I wrote the sections related
to these topics. I completed the section on the modeling of the afterglow light-curve

with the help of co-authors V. Cunningham, G. Ryan, M. Coughlin, and L. Singer.
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Chapter 4 is presented with extracts from three different works. They all
showcase our collaboration efforts to find the optical counterpart to a gravitational
wave events, and the extracts shown in this thesis are my contribution to these
searches. This corresponds mainly to the discovery and monitoring of the counter-
part candidates. In Sec. 4.2 I show my contributions to the searches with ZTF
towards finding the optical counterpart of the first BNS merger during O3. Specif-
ically, I contributed in the design of the observing plan, I lead the galaxy targeted
follow-up with Kitt Peak Electron multiplying CCD Demonstrator (KPED), and
analyzed the photometric follow-up of the candidates, along with the writing of
these sections. This work titled “GROWTH on S190425z: Searching thousands of
square degrees to identify an optical or infrared counterpart to a binary neutron star
merger with the Zwicky Transient Facility and Palomar Gattini IR” was published
in ApJ (Coughlin et al., 2019b). In Sec. 4.3, I present my contributions to the work
published in Nature Astronomy titled “Optical follow-up of the neutron star-black
hole mergers S200105ae and S200115j” (Anand et al., 2021). Similarly to the case of
S190425z, I contributed to the photometric follow-up and analysis of the candidates,
as well as the writing of these sections. Finally in Sec. 4.4 and the Apendix A con-
tain sections from the ApJ paper titled “Kilonova Luminosity Function Constraints
based on Zwicky Transient Facility Searches for 13 Neutron Star Mergers” (Kasliwal
et al., 2020b), where I contributed in the light-curve analysis of the candidates and
for which I compiled and wrote the summary for all the candidates shown in the
appendix of the paper. In Sec. 4.4.1 I show new analysis I solely wrote for this

thesis.
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Chapter 5 is a first author publication that is in preparation for submission
to the Monthly Notices of the Royal Astronomical Society journal, for which I
was the main writer and contributor. This includes the simulations of the Rubin
Observatory, the development of the transient database, and the analysis of the
results.

Finally, in Chapter 6 I summarize the conclusions of the thesis and previous
chapters, and venture into future endeavors. I was the sole author if this chapter.

Throughout the thesis I use the pronoun “we” instead of “I”, for work where

I was a contributor and for work I was the sole author.
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Chapter 1: Introduction

Compact binaries composed of neutron stars (NSs) and/or black holes (BHs)
have long captivated physicists and astronomers. These provide a natural environ-
ment where it is possible to test high energy phenomena, as well as a place to study
the late evolution of a star. More relevant to this thesis, is the fact that these bina-
ries are sources of gravitational waves (GWs) and their mergers can be detected with
current GW observatories. Furthermore, these events are expected to illuminate the
entire electromagnetic spectrum, from radio to gamma-rays. Commonly, a compact
binary coalescence (CBC) refers to a merger that involves either a binary neutron
star (BNS), a binary black hole (BBH) or a neutron star and a black hole (NSBH).
Typically, the concept of CBC excludes white dwarfs (WD) as compact objects.

Walter Baade and Fritz Zwicky proposed neutron stars as they were explor-
ing ways to explain the origin of supernovae (Baade & Zwicky, 1934), soon after Sir
James Chadwick (Chadwick, 1932) discovered the neutron as a particle. Supernovae
(SNe) are extremely bright transients, most times outshining an entire galaxy. It is
currently understood that they are linked to the death of a star. In their work, Baade
and Zwicky proposed that the release of the gravitational binding energy of the neu-

tron star powers the supernova. It took years to discover the rst neutron star and



the journey began in 1965, when Antony Hewish and Samuel Okoye discovered the
rst pulsar while monitoring the radio sky (Hewish & Okoye, 1965). The Crab Neb-
ula had been associated to the great supernova of 1054 C.E., which was documented
by multiple communities across the globe. Later, in 1967, Jocelyn Bell and Antony
Hewish discovered radio pulses coming from the Crab Nebula (Hewish et al., 1968).
The radio emission originated from an isolated, rotating neutron star. Although
most known neutron stars are thought to be isolated, there are neutron stars (and
black holes) that have been observed with a companion star, usually from the main
sequence. These have been discovered in X-rays, as the material from the companion
star falls into an accretion disk around the compact object, either through Roche-
lobe over ow or through direct impact of a stellar wind onto the compact object
(Shklovsky, 1967). In 1975, Hulse and Taylor discovered PSR B1913+16, the rst
binary neutron star (Hulse & Taylor, 1975). The observations of this pulsar allowed
Taylor and Weisberg to calculate the rate at which the orbital period should decay
as energy is lost from the system via gravitational radiation (Taylor & Weisberg,
1982), providing the rst evidence of the existence of gravitational-wave radiation.
Black holes, on the other side, were rst theorized in 1783 by J. Michell, based
on Newton's laws (Schaer, 1979). He described them as volumes of space where
gravity is so strong that nothing could escape from it. However, no one believed
that these objects would actually exist and it took centuries to develop a better
understanding of these objects. In 1915, A. Einstein presented his theory of General
Relativity (Einstein, 1922), which served as a base for black hole studies, cosmology,
and gravitational waves among other topics. Not long after, K. Schwarzschild found
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a solution to the equations and was able to determine the radius for a non-spinning
black hole (Schwarzschild, 1916), and in 1963 R. Kerr was able to nd a solution to
the rotation of a black hole (Kerr, 1963). Around that time, M. Schmidt discovered
guasars, targeting radio sources in the optical and unveiling extremely energetic
out ows from the distant universe (Schmidt, 1963). This discovery fueled the search
for black holes and now it is understood that quasars are active galactic nuclei (AGN)
powered by super-massive black holes undergoing accretion. Today, supermassive
black holes are known to exist at the center of almost all galaxies, even our own
(Akiyama et al., 2022), although not all are actively accreting. The search for
stellar-sized black holes made a breakthrough thanks to X-ray observations in the
early 1970s, when Cygnus X{1 was discovered by Webster & Murdin (Webster &
Murdin, 1972), and Bolton (Bolton, 1972) . The second binary black hole, LMC
X{3, was identi ed by Cowley et al. (1983). Both of these systems are bright objects
in the X-ray sky and their luminosity is driven by accretion from a companion star.
Compact binaries have been inferred from the energy output, luminosities,
and orbital decay rate associated to their observed electromagnetic emission. These
type of binaries are gravitationally bounded and it is expected that they will be
strong gravitational wave emitters. Gravitational waves are directly derived from
Einstein's equations, and even though they were originally controversial, today they
are widely accepted, and have been observed from compact binary mergers. In fact
the Laser Interferometer GW Observatory (LIGO) (Abbott et al., 2009) was built to
accomplish this goal. LIGO is composed of two Fabry-Perot-Michelson interferom-

eters located in Hanford (WA) and Livingston (LA), 3000 kilometers apart. These
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\L" shaped 1.2m-wide steel vacuum tubes are covered with concrete, and they shel-
ter interferometers that are sensitive to gravitational waves in the frequency range
from 10 Hz to 7kHz (LIGO Scienti ¢ Collaboration et al., 2015). LIGO was the
rst gravitational wave observatory to detect GWs coming from a binary black hole
merger in 2015 (Abbott et al., 2016). Furthermore, this groundbreaking discovery
granted the 2017 Nobel Prize in Physics to the LIGO Founders, Kip S. Thorne, and
Rainer Weiss, along with Caltech professor Barry C. Barish. Following that rst
detection, currently, more than 85 binary black hole mergers have been detected,
two binary neutron star mergers, and ve neutron star - black hole mergers (Abbott
et al., 2019a; The LIGO Scienti ¢ Collaboration et al., 2021a).

On August 17th, 2017, the rst - and so far the only - electromagnetic coun-
terpart to a binary neutron star merger was found (Abbott et al., 2017a,b; Arcavi
et al., 2017; Chornock et al., 2017; Coe et al., 2018; Cowperthwaite et al., 2017,
Drout et al., 2017; Goldstein et al., 2017; Kasliwal et al., 2017b; Savchenko et al.,
2017; Soares-Santos et al., 2017). This event was detected by LIGO Livingston and
Hanford, and 1.7 sec after, thé-ermi and INTEGRAL spacecraft detected a short
burst of gamma-rays. The combination of LIGO and Virgo data allowed to localize
the source of GWs to a 28 degsky area. The electromagnetic follow-up campaign
that multiple teams carried out found AT2017gfo, the optical counterpart of the BNS
merger, 2.0 kpc from the galaxy NGC 4993. This was a turning point moment in as-
trophysics, as for the rst time the optical emission from a compact binary merger
was unambiguously discovered, and a new window in multi-messenger astronomy
was opened. Unlike for BNS or NHBH mergers, an electromagnetic counterpart to
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a BBH merger is not expected.

The localization of the optical counterpart allowed for a detailed study, some
would even say a portrait, of a binary neutron star merger. This event, rst dis-
covered in gravitational waves and later detected in gamma-rays, was followed by a
week-longr-process powered KN, and a years-long X-ray and radio afterglow. All
these components, together and separately, gave an immense insight into numerous
elds as diverse as jet physics (Bromberg et al.,, 2018; Granot et al., 2018), gen-
eral relativity (Abbott et al., 2019b; Shibata et al., 2017),r-process nucleosynthesis
(Chornock et al., 2017; Coe et al., 2018; Drout et al., 2017; Pian et al., 2017), the
measurement of the equation of state (EOS) of neutron stars (Abbott et al., 2018),
and the expansion of the universe (Abbott et al., 2017a; Fishbach et al., 2019; Ho-
tokezaka et al., 2019). The scienti ¢ bounty is still giving, as to this day (4.8
years after the merger), the latest observations with th&€handra X-ray Observa-
tory (Weisskopf et al., 2000) show a source with a ux of 0.6 10 ° erg/cm?/s in
the 0.3-10 keV energy range (O'Connor & Troja, 2022).

In the next following sections | aim to broadly describe gamma-ray bursts,
the kilonova emission, and the state-of-the-art instruments that are being used to

optically search for compact binary mergers.

1.1 Gamma-ray bursts

GRBs are amongst the most energetic explosions known to exist in the Uni-

verse and their current rate is close to one event per day, over the entire sky (von



Kienlin et al., 2020). These events were rst detected by the Vela satellites in the
1960's, and their cosmological origin was not con rmed until 1973 (Klebesadel et al.,
1973). GRBs are jets of collimated radiation, typically con ned to a width between
1{10 (Rhoads, 1999; Sari et al., 1999). As the jet interacts with the circumburst
material, it powers a multi-wavelength afterglow that ranges from X-rays to radio
frequencies and can be detected even months after the onset of the gamma radiation
(Costa et al., 1997; Frail et al., 1997; van Paradijs et al., 1997).

The events detected by the Burst and Transient Source Experiment (BATSE),
on board the Compton Gamma Ray Observatory (Fishman et al., 1989) showed for
the rst time a bimodal distribution in the duration of the event. The two distribu-
tions peaked at 0.3 and 30 seconds, and a separation threshold was set to 2 seconds
(Kouveliotou et al., 1993). The duration of the burst,Tgo, was de ned as the time in
which the 90% of the radiation is emitted in the prompt emission. Throughout the
years, the association to host galaxies and the nding of afterglows at lower energies,
allowed for the study of these two populations separately. The current understand-
ing of long bursts is that they are produced as the core of a massive star collapses
onto a compact object, which powers a ultra-relativistic jet that drills through the
stellar material and emerges as a collimated structure (MacFadyen et al., 2001).
Current gamma-ray instruments are only able to detect these jets if they point to-
wards Earth, or if they are close enough. In 1998, a SN was discovered following the
long-duration GRB 980425, providing direct evidence of the relationship between
long GRBs and SN (Galama et al., 1998; Kulkarni et al., 1998). Although detecting

SNe after long gamma-ray bursts (LGRBSs) has proven to be challenging (mainly due
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to optical constraints), numerous SNe have been found in association with LGRBs.
The SN type associated to them usually shows broad lines on its spectrum, and
lacks H, He and Si, making them of the type Ic (Hjorth & Bloom, 2012).

On the other hand short GRBs were originally de ned as the bursts lasting
less than 2 seconds. Their origin is still under debate, however short GRBs have
been observed coming from a binary neutron star merger (Goldstein et al., 2017),
bursting magnetars (Burns et al., 2021), and lately collapsars (see Chapter 3 and
Ahumada et al. 2021). Models predicted short gamma-ray bursts as a product of
the merger of compact objects long before GW170817 (Eichler et al., 1989). These
binary systems can originate from the evolution of massive stars in a primordial
binary (Narayan et al., 1992) or dynamically, due to three-body interactions in
globular clusters (Grindlay et al., 2006; Salvaterra et al., 2008).

The Neil GehrelsSwift Observatory (Gehrels et al., 2004) has provided the
community with a large number of precisely localized SGRBs. The systematic
study of their afterglows has led to better understanding of multiple features (Fong
et al., 2015): SGRBs have on average less energetic afterglows and lower associated
isotropic gamma-ray energies than long bursts, their hosts tent to have lower star
formation rate (SFR) and occur at a lower redshifts than LGRBs, and generally
they are not found in association with SNe (except from Ahumada et al. 2021). Al-
though di erent in many ways, it has been shown that SGRBs and LGRBs follow a
hardness-intensity correlation (i.e. a relationship between the isotropic enerdy,,
and the GRB rest-frame peak energyE,,,) (Amati et al., 2002; Yonetoku et al.,
2004), and their X-ray absorbing column densitiesNy ) do not di er signi cantly
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up to redshift  1:2. When looking into the prompt emission properties, short GRBs
show almost no spectral lag (Norris & Bonnell, 2006; Norris et al., 2000) in contrasts
to LGRBs (Norris et al., 2000), and normally a harder spectrum (Kouveliotou et al.,
1993) compared to LGRBs.

The original classi cation based on the duration of the burst has been chal-
lenged several times (Ls et al., 2010; Zhang et al., 2009), and a di erent classi cation
has been proposed based on the progenitor of the GRB. It has proven challenging
to cement the progenitor type using solely the GRB data, however, it is useful
when combined with the afterglow emission and host galaxy properties. In Zhang
et al. 2009 two progenitor types of GRBs were proposed: the core collapse of a
massive star, and the merger of a compact binary. However the number of types is
expected to increase, as more objects such as magnetars (Burns et al., 2021) and

merger-triggered core collapses (Dong et al., 2021) have been associated to GRBs.

1.1.1 GRB Afterglows

On February 28, 1997, theBeppo Satellite for X-ray Astronomy (BeppoSAX)
(Boella et al., 1997), discovered for the rst time an X-ray counterpart of a GRB
(Costa et al., 1997). This afterglow showed a rapidly fading X-ray and optical emis-
sion, and its detection helped determine the redshift of the burst. This marked the
beginning of an era of GRB afterglow detections, providing more data to understand
these explosions and to test di erent theories (Frontera et al., 1998; van Paradijs

et al., 1997).



Most afterglow models are a generic explanation of jets interacting with matter
at ultra-relativistic speeds, speci cally between thereball (Dermer et al., 1999;
Rhoads, 2003) moving with a given Lorentz factor o and a given isotropic energy
E, with the circumburst density, normally described with a density pro le that
is a function of the radiusn(R). These models normally do not depend on the
details of the central engine, which has proven to be convenient, as the reball-
circumburst medium interaction is expected for all cases. The models predict a
power-law decaying multi-wavelength afterglow (Meszaros & Rees, 1997; Paczynski
& Rhoads, 1993), rst observed in 1997 as mentioned above.

The current models predict that the rotational spindown of the neutron star,
or the accretion onto the black hole accelerates the material to ultra-relativistic
speeds. This produces a collimated out ow with a typical opening angle of 10°
and an initial Lorentz factor , 100. This out ow drills through the star, and
eventually collides with the circumstellar medium, producing an afterglow that is
bright across the electromagnetic spectrum (Panaitescu & Kumar, 2002; van Eerten,
2018).

The afterglow of SGRBs showed to be a bit more elusive. Only in 2005, and
thanks to the re-pointing capabilities of theSwift observatory, the rst afterglow of
a short GRB was detected in the X-rays, optical, near-infrared and radio (Castro-
Tirado et al., 2005; Fox et al., 2005; Gehrels et al., 2005)

Since then,Swift has enabled dozens of discoveries (Fong et al., 2015; Rastine-
jad et al., 2021), allowing for the systematic characterization of the afterglows and

their hosts. These studies have shown that, compared to LGRB afterglows, SGRB
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afterglows have a lower luminosity across the entire EM spectrum, a lower circum-
burst density and can occur in galaxies with lower star-formation rate (Fong et al.,

2022; Rastinejad et al., 2021).

1.2 Kilonova emission

During a compact binary coalescence (CBC), some matter from the NS will
unbind from the central remnant and will be ejected at mildly relativistic velocities.
The nature of the composition of the ejecta is mainly neutrons, creating a natural
environment to synthesize elements via rapid neutron capture. Theprocess nucle-
osynthesis leads to the formation of heavy, unstable elements, that throughdecay,

-decay and ssion, deposit energy into the ejecta. This is what powers a thermal
transient commonly known as kilonova (KN) (Kulkarni, 2005; Li & Paczynski, 1998;
Metzger et al., 2010).

Generally, there are two main avors of KN: blue and red. The matter that gets
tidally disrupted from the NS is neutron-rich (with an electron fractionY, < 0:25),
and allows for the creation of lanthanide-bearing material, that eventually falls into
the accretion disk. The thermalized emission is heavily suppressed in the UV and
optical bands due to the high opacity of these lanthanides, creating a red KN. A blue
KN is produced when the unbound ejecta has a lower neutron abundandg & 0:3),
as the resulting material is lanthanide-free. This low-opacity material is produced
by the shock generated after the two neutron stars make contact, as this heats the

material and leads to pair production and positron capture. Additional low opacity
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material is ejected once (if) the remnant NS is formed and launches baryon-loaded
winds. The shocked and wind ejecta sits in the polar regions and its not opaque to
UV/optical wavelengths allowing for a bluer emission Ascenzi et al. (2021); Foucart

et al. (2014); Rosswog (2005, 2015).

It is expected that as a result of the high and low electron fraction material
distribution, KNe will normally be a combination of both the red and blue compo-
nents. This creates an angular dependence in the emission as a redder KN will be
seen if the viewer is closer to the equatorial plane of the merger, while a bluer KN
will be visible from angles closer to the poles (Metzger, 2017)

A diagram from Ascenzi et al. 2021 summarizing the GRB, afterglow and KN

emission is shown in Fig. 1.1.

1.3 ZTF and the Rubin observatory

Before diving into serendipitous detections, | will describe the instruments
and projects that have enabled these searches during my stay at UMD. The Zwicky
Transient Facility (Bellm et al., 2019a) mounted in the Palomar 48-inch telescope,
at Palomar Observatory, is a state-of-the-art camera is capable of imaging 47 deg
in one exposure. It is the successor of the Palomar Transient Factory (PTF) (Law
et al., 2009), a 7 de§ camera used to monitor the dynamic optical sky in the
northern hemisphere. Currently, ZTF monitors the night sky taking 30 seconds
exposures in g-, r- and sometimes in i-band, reaching on average a limit of 20.5

mag. Once an exposure nishes, a pipeline reduces and calibrates the image, to later
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perform image subtraction using references of the eld (Masci et al., 2019) previously
acquired. To account for the chip gaps and cover the totality of the sky, ZTF has
two grids of elds that tessellate the sky. After the subtraction, any 5 changes in
brightness generates aalert that contains information about its current brightness,
real-bogus classi cation, previous detections, features of neighboring sources, as well
as a cross-match with solar-system objects. The Zwicky Transient Facility Alert
Distribution System (ZADS) (Patterson et al., 2019) is responsible for streaming
in near-real-time the alerts to the alert brokers, asvro packages. There are nine

o cial Rubin alert brokers and some of them, such as the Automatic Learning for the
Rapid Classi cation of Events (ALeRCE) (Ferster et al., 2021), Lasair (Smith et al.,
2019a), or Fink (Meller et al., 2021), are constantly listening to the ZTF alert stream
and they provide interfaces for scientists to interact with the data. This allows
scientists to perform real-time time-domain astronomy, and tackle science cases as
di erent as the follow-up of gravitational waves and the identi cation of near-Earth
asteroids. Normally, ZADS distributes 1 alerts each night, making the search of
interesting sources incredibly hard. For this purpose, multiple brokers have enabled
alert Itering schemes, enhancing the search of transient and allowing for an e cient
selection of sources. Even though the alert ltering schemes can be quite e ective
at selecting transients, the volume of astronomically interesting sources normally
surpasses the ability to study them individually. Multiple groups within ZTF have
started tackling this issue by using to robotic telescopes, such as Las Cumbres
Observatory (LCO) or Spectral Energy Distribution Machine (SEDM). For example,
the SN ZTF group is tackling this problem by automating the entire process: from
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the discovery with ZTF, to the spectroscopic classi cation, with SEDM (Fremling
et al., 2020; Perley et al., 2020).

The Rubin Observatory is expected to start operations in early 2024, beginning
the 10-year Legacy Survey of Space and Time (LSST) (lvezc et al., 2019). The
Rubin camera will be mounted on a 8.4 m telescope in Cerro Pachon, Chile, and
it was designed to image 9.6 dégon each exposure. Similarly to ZTFRubin will
monitor the dynamic optical sky multiple times each night and in multiple Iters (i.e.
ugrizy). This system will reach a typical magnitude depth of 24.7 mag in the r band
on a 30 seconds exposure, exploring a much larger volume than ZTF. It is expected
that the number of alerts generated by LSST will be 10-100 times the current
number of alerts generated by ZTF, raising not only technical challenges, but also
defying current strategies to Iter alerts and follow-up transients. It is expected that
Rubin will discover 1¢ SNe per year (The LSST Dark Energy Science Collaboration
et al., 2018), however most of them will be spectroscopically inaccessible, as they
will be in the 0.5-0.7 redshift range and hence too faint. Multiple e orts have been
carried out to try to classify these objects using uniquely their photometric light
curves. Currently, Rubin has produced simulated data (LSST Dark Energy Science
Collaboration (LSST DESC) et al., 2021) over 300 dégincluding galaxies, type la
SNe, stars, and variable stars to allow the community to explore science cases and

get familiarized with the facilities.
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1.4 Serendipitous ndings

Above, | have discussed a few distinctive features of BNS and NSBH merg-
ers: the production of gravitational waves, the gamma-ray radiation that follows
the merger, and the optical and near-infrared kilonova powered by the-process
nucleosynthesis. In order to discover a compact binary merger, then it is possible to
act upon GW alerts or short GRBs, because they provide a de ned merger time and
a direction in the sky to point optical telescopes. Thus, there are many Target of
Opportunity (ToO) programs active in multiple telescopes, to rapidly target these
areas. However, unless extremely close, the detailed study of one of these objects is
quite challenging. Additionally, when GW observatories are o ine, or if the GRB
jet does not point towards earth, it is virtually impossible to receive a compact
binary merger alert.

Nonetheless, the KN radiation following the merger is nearly isotropic although
it is expected to show di erent features deppending on the viewing angle (see Sec.
1.2). The current models for these mergers predict a fast fading transient in the
UV/optical/NIR: regardless of its original composition  80% of the models fade at
a rate greater than 0.3 mag/day in the r-band. This fact has motivated the search
of KNe in wide eld of view surveys, like ZTF, the Asteroid Terrestrial-impact Last
Alert System (ATLAS ; Tonry et al. 2018) and the Panoramic Survey Telescope
and Rapid Response System (Pan-STARRS ; Chambers et al. 2016a; Kaiser et al.
2010) (see Andreoni et al. 2020b; McBrien et al. 2021). These unbiased searches are

independent from GW or GRB detections, and they have helped discover collapsars
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with dirty reballs and 'orphan afterglows' (i.e. afterglows without GRB counter-
parts) (Cenko et al., 2015; Ho et al., 2022). No KN has been found through these
searches, however it has been possible to constrain the rate of KN, with the most
recent upper limit being of 900 Gpc® yr 1 (Andreoni et al., 2021). However, the
hope it is not yet lost, as it recently has been shown thaRubin will uncover at least

a few tens of kilonovae (Andreoni et al., 2019; Cowperthwaite et al., 2019; Setzer
et al., 2019).

There are still a number of questions opened, as up until the time | am writing
this introduction, it is uncertain how much will the kilonova detection improve by
implementing a ToO strategy for Rubin, or how can the di erent cadences proposed
for the main survey impact the detection rate of serendipitous KN. There are further
implications to these issues, as a late archival KN detection would probably not allow
for an in-depth study of the source as the acquisition of a spectrum is essential to

classify them, and to study their composition and evolution.

1.5 Thesis outline

This thesis aims to serve as a portrait of the search of the optical counterpart
of a compact binary merger. | start with the searches for afterglows and KNe
signatures overFermi-GBM short GRBs in Chapter 2. During this campaign, we
discovered the shortest gamma-ray emission coming from a collapsing massive star.
In Chapter 3 we describe the afterglow, host galaxy, and the observations that led

to the discovery of a rising SN. In Chapter 4, | present a summary of the searches
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for GW optical counterparts using ZTF. In this chapter | describe the observing
strategy and the candidate selection and vetting strategy. The last piece of this
portrait involves the optical search for the radioactively powered KN. In Chapter
5 | describe the approach to searching for serendipitously detected KNe with the
Rubin Observatory. In Chapter 6, | summarize the main results of the thesis and

discuss future plans to expand on each of the elds.
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Figure 1.1: Artistic representation of the scenario following an NS{NS/NS{BH
merger, when an accreting BH is formed. The red component denotes the tidal
ejecta, the blue component the shock and wind ejecta, the purple component the
GRB jet and the yellow component the matter of the ejecta heated by the jet
(cocoon). The light blue component represents the afterglow emission generated
by the interaction between the jet and the circumburst material. The di erent
components are not represented in scale. From Ascenzi et al. 2021.
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Chapter 2: In search of short gamma-ray bust optical counterparts

with the Zwicky Transient Facility

2.1 Abstract

The Fermi Gamma-ray Burst Monitor (GBM) triggers on-board in response
to 40 short gamma-ray bursts (SGRBS) per year; however, their large localization
regions have made the search for optical counterparts a challenging endeavour. We
have developed and executed an extensive program with the wide eld of view
of the Zwicky Transient Facility (ZTF) camera, mounted on the Palomar 48 inch
Oschin telescope (P48), to perform target-of-opportunity (ToO) observations on
10 Fermi-GBM SGRBs during 2018 and 2020-2021. Bridging the large sky areas
with small eld of view optical telescopes in order to track the evolution of potential
candidates, we look for the elusive SGRB afterglows and kilonovae (KNe) associated
with these high-energy events. No counterpart has yet been found, even though
more than 10 ground based telescopes, part of the Global Relay of Observatories
Watching Transients Happen (GROWTH) network, have taken part in these e orts.
The candidate selection procedure and the follow-up strategy have shown that ZTF

is an e cient instrument for searching for poorly localized SGRBs, retrieving a
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reasonable number of candidates to follow-up and showing promising capabilities as
the community approaches the multi-messenger era. Based on the median limiting
magnitude of ZTF, our searches would have been able to retrieve a GW170817-like
eventupto 200 Mpc and SGRB afterglows t@ = 0.16 or 0.4, depending on the
assumed underlying energy model. Future ToOs will expand the horizon ro= 0.2

and 0.7 respectively.

2.2 Introduction

Between the years 1969{1972, the Vela Satellites discovered gamma-ray bursts
(GRBs) and further analysis con rmed their cosmic origin (Klebesadel et al., 1973).
These GRBs are among the brightest events in the universe, and have been observed
both in nearby galaxies as well as at cosmological distances (Metzger et al., 1997).
The data collected over the years suggest a bimodal distribution in the time duration
of the GRB that distinguishes two groups: long GRBs (LGRBTg > 2s) and short
GRBs (SGRB; Tgg < 2s) (Kouveliotou et al., 1993), whereTy, is de ned as the
duration that encloses the 5th to the 95th percentiles of uence or counts, depending
on the instrument.

LGRBs have been associated with supernova (SN) explosions (Bloom et al.,
1999; Woosley & Bloom, 2006) and a large number of them have counterparts at
longer wavelengths (Cano et al., 2017). On the other hand only 35 SGRBs
have optical/NIR detections (Fong et al., 2015; Rastinejad et al., 2021), thus their

progenitors are still an active area of research. SGRBs have been shown to occur in
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environments with old populations of stars (Berger et al., 2005; D'Avanzo, 2015) and
have long been linked with mergers of compact binaries, such as binary neutron star
(BNS) and neutron star{black hole (NSBH) (Narayan et al., 1992). The discovery
of the gravitational wave event GW170817 coincident with the short gamma-ray
burst GRB 170817A, unambiguously con rmed BNS mergers as at least one of the
mechanisms that can produce a SGRB (Abbott et al., 2017b). However, compact
binary mergers might not be the only source of SGRBs, as collapsars (Ahumada
et al., 2021; Zhang et al., 2021) and giant ares from magnetars (Burns et al., 2021)
can masquerade as short duration GRBs. Hence, the traditional classi cation of a
burst based solely on the time duration is subject to debate (Amati, 2021; Bromberg
et al., 2013; Zhang & Choi, 2008). For example, other gamma-ray properties (i.e.
the hardness ratio) can cluster the bursts in di erent populations (Nakar, 2007),
and there are a couple of examples for which the time classi cation of the burst
has been questioned due to the presence or lack of SN emissions (Ahumada et al.,
2021; Gal-Yam et al., 2006; Rossi et al., 2021; Zhang et al., 2021). In this context,
the search for the optical counterparts of SGRBs is essential to unveil the nature of
their progenitors and the underlying physics.

Not all SGRBs show similar gamma-ray features and di erent models have
tried to explain the observations. For example, the \ reball* model (Meszaros &
Rees, 1998; Wijers et al., 1997) describes a highly relativistic jet of charged particle
plasma emitted by a compact central engine as a result of a BNS or NSBH merger.
The model predicts the production of gamma rays and hard X-rays within the

jet. The interaction of the jet and the material surrounding the source produces
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synchrotron emission in the X-ray, optical, and radio wavelengths. This \afterglow"
lasts from days to months depending on the frequency range.

Di erent models have been applied to the observations that followed GW170817.
Among the most popular is the classical case of a narrow and highly relativistic
jet powered by a compact central engine (Goldstein et al., 2017). Deviations in
the light-curves derived from classical models have motivated further developments
(Cannizzo & Gehrels, 2009; Du ell & MacFadyen, 2015; Metzger et al., 2011; Will-
ingale et al., 2007), including Gaussian structured jets (Abbott et al., 2017c; Kumar
& Granot, 2003; Troja et al., 2017) that can be detected o -axis and do not require
the jet to point directly to Earth. Other models predict a more isotropic emission
pro le, produced by an expanding cocoon formed as the jet makes its way through
the ejected material, reaching a Lorentz factor on the order of a few (i.e. 2 to
3) (Kasliwal et al., 2017b; Lazzati et al., 2017; Mooley et al., 2017; Nagakura et al.,
2014).

In addition to the GRB afterglow, in the event of a BNS or NSBH merger,
the highly neutron rich material undergoes rapid neutron capture (r-process), which
creates heavy elements and enriches galaxies with rare metals (Cot et al., 2018).
Some of the products of the r-process include radioactive elements; the decay of these
newly created elements can energize the ejecta. The produced thermal radiation
eventually powers a transient known as kilonova (KN) (Kasen et al., 2017; Lattimer
& Schramm, 1974; Li & Paczynski, 1998; Metzger et al., 2010; Rosswog, 2015). In
the case of an on-axis SGRB, in most cases the optical emission is expected to be

dominated by the afterglow and not by the KN. (Gompertz et al., 2018; Zhu et al.,
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2021). There have been attempts to separate the light of the SGRB afterglow and
the KN (Ascenzi et al., 2019; Fong et al., 2016, 2021; O'Connor et al., 2021; Rossi
et al., 2020; Troja et al., 2019), however this still presents a number of challenges.
Identifying optical counterparts to compact binary mergers can provide a rich
scienti ¢ output, as demonstrated by the discovery of AT2017gfo (Chornock et al.,
2017; Coulter et al., 2017; Cowperthwaite et al., 2017; Drout et al., 2017; Evans et al.,
2017; Kasliwal et al., 2017b; Kilpatrick et al., 2017; Lipunov et al., 2017; McCully
et al., 2017; Nicholl et al., 2017; Pian et al., 2017; Shappee et al., 2017; Smartt et al.,
2017) which led to discoveries in areas as diverse raprocess nucleosynthesis, jet
physics, host galaxy properties, and even cosmology (Arcavi et al., 2017; Chornock
et al., 2017; Drout et al., 2017; Kasen et al.,, 2017; Kasliwal et al., 2017b; Pian
et al., 2017; Smartt et al., 2017; Tanvir et al., 2017; Troja et al., 2017). Previous
studies have used the arcminute localizations achieved with the Neil Gehr&wiift
Observatory Burst Alert Telescope (BAT) to nd and characterize SGRBs optical
counterparts (Fong et al., 2015; Rastinejad et al., 2021), however the number of
associations is still only a few dozens. Others have tried following-up thousands of
square degrees of the LIGO-Virgo Collaboration (LVC) maps (Anand et al., 2021;
Andreoni et al., 2019, 2020; Coughlin et al., 2019b; Goldstein et al., 2019; Hossein-
zadeh et al., 2019; Kasliwal et al., 2020b; Vieira et al., 2020) in the hopes of localizing
EM counterparts to gravitational wave events, to no avail. Moreover, other studies
have tried to serendipitously nd the elusive KN (Andreoni et al., 2020b; Andreoni
et al., 2021; Chatterjee et al., 2019b), but they have so far only been able to con-
strain the local rate of neutron star mergers using wide eld of view (FOV) synoptic
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surveys.

In this paper we present a summary of the systematic and dedicated optical
search ofFermi-GBM SGRBs using the Palomar 48-inch telescope equipped with
the 47 square degree Zwicky Transient Facility camera (Bellm et al., 2019a; Gra-
ham et al., 2019) over the course of 2 years. Previous studies (Singer et al., 2013,
2015) have successfully found optical counterparts to GBM LGRBs using the in-
termediate Palomar Transient Factory (iPTF) (Law et al., 2009; Rau et al., 2009),
and other searches have serendipitously found orphan afterglows and LGRBs using
ZTF (Andreoni et al., 2021; Ho et al., 2022). There are ongoing projects like Global
MASTER-Net (Lipunov et al., 2005), and the Gravitational-Wave Optical Transient
Observer (GOTO; Mong et al. 2021) that are using optical telescopes to scan the
large regions derived by GBM. We note that the optical afterglows of LGRBs are
usually brighter than of SGRBs, thus the ToO strategy might di er from the one
presented in this paper. We base our triggers on GBM events since GBM is more
sensitive to higher energies tha®wift and it detects SGRBs at four times the rate
of Swift, making it the most proli c compact binary merger detector.

In section 2.3 we describe the facilities involved along with the observations
and data taken during the campaign. We describe our Itering criteria and how
candidates are selected and followed up in section 2.4, and detail thermi events
we followed up in section 2.5. In section 2.6 we compare our observational limits
to SGRB transients in the literature. In section 2.7 we discuss the implications of
the optical non-detection of a source and we explore the sensitivity of our searches.

Using the lightcurves of the transients generated for our e ciency analysis, we put
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the detection of an optical counterpart in context for future ToO follow-up e orts

in section 2.8. We summarize our work in section 2.9.

2.3 Observations and Data

In this section we will broadly describe the characteristics of the telescopes
and instruments involved in this campaign, as well as the observations. We start
with the Fermi-GBM, our source of compact mergers, followed by ZTF, our optical

transient discovery engine, and nally describe the facilities used for follow-up.

2.3.1 Fermi Gamma-ray Burst Monitor

The Gamma-ray Burst Monitor (GBM) is an instrument on board the Fermi
Gamma-ray Space Telescope sensitive to gamma-ray photons with energies from 8
keV to 40 MeV (Meegan et al., 2009). The average rest frame energy peak for
SGRBs Ep; 0:5 MeV; Zhang et al. 2012) is enclosed in the observable GBM
energy range and not in theSwift BAT energy range (5-150 keV). Additionally,
any given burst should be seen by a number of detectors, as GBM is sensitive to
gamma-rays from the entire unocculted sky.

The low local rate ofSwift SGRBs has impeded the discovery of more GW170817-
like transients (Dichiara et al., 2020). On the other hand, GBM detects close to 40
SGRBs per year (von Kienlin et al., 2020), four times the rate dbwift. However,
the localization regions given by GBM usually span a large portion of the sky, going

from a few hundred sqg. degrees to even a few thousand square degrees. These large
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regions make the systematic search for counterparts technically challenging and time
consuming (Goldstein et al., 2020; von Kienlin et al., 2020).

Our adopted strategy prioritizesFermi-GBM GRB events visible from Palo-
mar that present a hard spike, that are classi ed as SGRBs by the on-board GBM
algorithm, and that are not detected bySwift. During the rst half of our campaign
(2018), we did not have any constraints on the size of the GRB localization region.
However, during the second half of our campaign, we restricted our triggers to the
events for which more than 75% of the error region could be covered twice ir2
hrs. With ZTF this corresponds to a requirement that 75% of the map encloses less
than 500 ded, which explains the di erence in the number of triggers between the
rst and second half of our campaign.

For each GRB, we calculate the probability of belonging to the population
that clusters the SGRBs based on their comptonized energy pe&e..« and their
duration Tgo. For this, we t two log-normal distributions (representing the long
and short classes) to a sample of 2300 GRBs. We derive and color code the
probability Psgre by assessing where each GRB falls in the distribution (see Fig.
2.1, and Ahumada et al. 2021 for more details). In Table 2.1 we list the relevant

features of the SGRBs selected for follow-up.
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Figure 2.1: The peak energy based on a Comptonized Epea (keV), versus the
time-integrated Ty (S), for 2,310Fermi GBM GRBs. The data are t with two log-
normal distributions for the two GRB classes. The colour of the data points indicates
the probability, with magenta being 100% SGRB and cyan being 100% LGRB. We
show in squares numbered from 1 to 7 the following SGRBs: GRB 180523B, GRB
180626C, GRB 180715B, GRB 181126B, GRB 210510A, GRB 180913A and GRB
180728B. Note that the GRB 180728B and GRB 180913A share the same location in
this parameter space. The bursts GRB 200514B and GRB 201130A are not shown
as the power-law model is preferred over the Comptonized t, thus there is r®yeax
parameter associated to them. For context, we show in triangles GRB 170817A and
GRB 200826A.
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GRB Fermi Trigger Time Tao 90% (50%) C.R. . SIN E peak Fluence Pscre
[JD] [s] [ded] [keV] [10 8 erg/cm?]

GRB 180523B 548793993  2458262.2823 2.0.4 5094 (852) 6.9 1434 443 25.7 2.3 0.99

GRB 180626C 551697835 2458295.8916 1.0.4 5509 (349) 7.1 431 81 49.1 3.8 0.97

GRB 180715B 553369644 2458315.2412 1.1.4 4383 (192) 12.5 560 89 520 1.7 0.92

GRB 180728B 554505003  2458328.3819 0.8.6 397 (47) 20.2 504 61 130.9 2.0 0.99
GRB 180913A 558557292  2458375.2834 0.8.1 3951 (216) 10.0 508 90 79.1 20 0.99
GRB 181126B 564897175  2458448.6617 1.D.5 3785 (356) 7.5 1049 241 48.3 3.2 0.99
GRB 200514B 611140062  2458983.8802 1.D.6 590 (173) 5.1 " 178 1.1 {

GRB 201130A 628407054  2459183.7297 1.8.8 545 (139) 5.3 " 370 5.2 {

GRB 210510A 642367205  2459345.3055 1.8.8 1170 (343) 5.6 194 60 232 14 0.74
GRB 200826A 620108997  2459087.6874 1.D.1 339 (63) 81 8® 32 426.5 2.2 0.74

Table 2.1: Global features of theFermi-GBM SGRB followed-up with ZTF. The
peak energies come from the public Fermi catalog (von Kienlin et al., 2020) for
GRB 180523B, GRB 180626C, GRB 180715B, GRB 180913A and GRB 181126B.
Additionally, we compiled E, listed in Hamburg et al. (2018) for GRB 180728B,
and independently provide time-integrated ts for GRB 200514B, GRB 201130A,
and GRB 210510A over theTyo. We list the GRB name, their trigger number, the
Julian day (JD) of each event, theTy, duration, the area encompassed by the 90%
(50%) credible region (C.R.), the signal-to-noise ratio from the Fermi detection, the
peak energy of the gamma-ray spectrunE(eac), the uence of the burst, and the
probability of the burst to belong to the SGRB population (see Sec. 2.3.1). The
area associated to a given C.R. is derived by calculating the number of pixels that
cumulatively sum a speci ¢ percentage, using the HEALPix map of each GRB. For
events with a,,, the power-law model is preferred over the comptonized model, thus
there is noE, parameter. We show separately the parameters of GRB 200826A, as
it was not related to a compact binary merger (see Chapter 3, or Ahumada et al.
2021)
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2.3.2 The Zwicky Transient Facility

We have used ZTF to scan the localization regions derived by tfi@rmi-GBM.
ZTF is a public-private project in the time domain realm which employs a dedicated
camera (Dekany et al., 2020) on the Palomar 48-inch Schmidt telescope. The ZTF
eld of view is 47 ded, which usually allows us to observe more than 50% of the
SGRB error region in less than one night. The public ZTF survey (Bellm et al.,
2019b) covers the observable northern sky every two nights ga and r-bands with
a standard exposure time of 30s, reaching an average detection limit of r = 20:6.

Two ToO strategies were tested during this campaign, one during 2018 and the
second during 2020-2021. Most modi cations came after lessons learned during the
follow-up e orts of gravitational waves in 2019 (Anand et al., 2021; Coughlin et al.,
2019b; Kasliwal et al., 2020b). The original ToO observing plan allowed us to start
up to 36 hrs from the SGRB GBM trigger. However, since the afterglow we expect
is already faint (m, > 19 mag) and fast fading ( m= t > 0:3 mag per day), our
revised strategy only includes triggers that can be observed from Palomar within
12 hrs. The exposure time for each trigger ranges from 60s to 300s depending on
the size of the localization region, as there is a trade-o between exposure time and
coverage. We generally prioritized coverage over depth, and for the second half of
our campaign, we only triggered on maps where more than 75% of the region could
be covered. The same sequence is repeated a second time the following night, unless
additional information from other spacecraft modi es the error region. Generally,

elds with an airmass > 2.5 are removed from the observing plan.
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We schedule two to three sets of observations depending on the visibility of
the region, using the ZTFr- and g-bands. The combination ofr- and g-band
observations was motivated by the need to look for afterglows and KNe, which are
both fast evolving red transients. In fact, the SGRB afterglows in the literature
show red colors (i.,e.g r > 0:3 mag) and a rapid evolution, fading faster than

m,= t > 0:5 mag per day. On the other hand, GW170817 started o with
bluer colors and evolved dramatically fast in the optical during the rst days, with
g r=0:5 mag 1 day after theFermi alert and myg= t> 1 mag per day. Even
though we expect a fast fading transient, if we assume conservative fading rates of
0.3-0.5 mag per day, we would need observations separated by 8 to 5 hrs respectively
to detect the decline using ZTF data with photometric errors of the order of 0.1 mag.
This ToO strategy thus relies on the color of transients for candidate discrimination,
as this is easier to schedule than multi-epoch single-band photometry within the
same night and with su cient spacing between observations.

We followed up on 10Fermi-GBM SGRBs, and we show 9 skymaps and their
corresponding ZTF footprints in Fig. 2.2 through Fig. 2.10. Please refer to Chapter
3 or Ahumada et al. 2021 for details on GRB 200826A, the only short duration GRB
followed up during our campaign that is not shown here. As listed in Table 2.1, all of
the events span more than 100 dégwhich is the average localization region covered
during previous LGRBs searches (Singer et al., 2015). Moreover, in many cases, the
90% credible region (C.R.) spans more than 1000 degvhich is challenging even
for a 47 ded eld of view instrument such as ZTF.

Triggering ToO observations for survey instruments like ZTF and Palomar
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Gattini-IR (De et al., 2020b) halts their ongoing survey observations and redirects
them to observe only certain elds as directed by an observation plan. We have used
gwemopiCoughlin et al., 2018, 2019a), a code intended to optimize targeted obser-
vations for gravitational wave events, to achieve an e cient schedule for our ToO
observations. The similarities between LVC and GBM skymaps allow us to apply
the same algorithm, which involves slicing the skymap into the prede ned ZTF tiles
and determining the optimal schedule by taking into consideration the observability
windows and the need for a repeated exposure of the elds. In order to prioritize
the elds with the highest enclosed probability, we used the \greedy" algorithm de-
scribed in Coughlin et al. (2018) and Almualla et al. (2020). Agwemopthandles
both synoptic and galaxy-targeted search strategies, we employed the former to con-
duct observations with some of our facilities, Palomar Gattini-IR, GROWTH-India
and ZTF, and the latter for scheduling observations with the Kitt Peak EMCCD

Demonstrator (KPED; Coughlin et al. 2019b).

2.3.3 Optical follow-up

Following the identi cation of candidate counterparts with ZTF, subsequent
optical follow-up of these transients is required to characterize and classify them.
For the candidates that met the requirements described in section 2.4, mainly that
they showed interesting light-curve history and magnitude evolution, we acquired
additional data. To obtain these data, the GROWTH multi-messenger group relies

on a number of telescopes around the globe. Most of these facilities are strategi-
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cally located in the Northern Hemisphere, enabling continuous follow-up of ZTF
sources. The follow-up observations included both photometric and spectroscopic
observations. Even though the spectroscopic classi cation is preferable, photometry
was essential to rule out transients, based on their color evolution and fading rates.
The telescopes involved in the photometric and spectroscopic monitoring are brie y
described in the following paragraphs.

We used the KPED on the Kitt Peak 84 inch telescope (Coughlin et al., 2019b)
to obtain photometric data. The KPED is an instrument mounted on a fully robotic
telescope and it has been used as a single-band optical detector in the Slgarand
r bands and JohnsorUVRI lters. The FOV is 4.4° 4.4 and the pixel size is
0.259°

Each candidate scheduled for photometry was observed in tgeand r- band
for 300s. The data taken with KPED are then dark subtracted and at- eld cal-
ibrated. After applying astrometric corrections, the instrumental magnitudes were
determined using Source Extractor (Bertin & Arnouts, 1996). To calculate the
apparent magnitude of the candidate, the zero-point of the eld is calibrated us-
ing Pan-STARRS 1 (PS1) and Sloan Digital Sky Survey (SDSS) stars in the eld
as standards. Given the coordinates of the target, an on-the-y query to PAN-
STARRS1 and SDSS retrieves the stars within the eld that have a minimum of 4
detections in each band.

Additionally, sources were photometrically followed-up using the Las Cumbres
Observatory Global Telescope (LCOGT) (PI: Coughlin, Andreoni) (Brown et al.,

2013). We used the 1-m and 2-m telescopes to schedule sets of 300s irgthe-
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and i-band. The LCOGT data come already processed and in order to determine
the magnitude of the transient, the same PS1/SDSS crossmatching strategy used
for KPED was implemented for LCOGT images.

We used the Spectral Energy Distribution Machine (SEDM) on the Palomar
60-inch telescope (Blagorodnova et al., 2018) to acquige r-, and i- band imaging
with the Rainbow Camera on SEDM in 300 s exposures. Images were then processed
using a python-based pipeline that performs standard photometric reduction tech-
niques and uses an adaptation dFPipe (Fremling Automated Pipeline; described
in detail in Fremling et al. 2016) for di erence imaging. Moreover, we employed the
Integral Field Unit (IFU) on SEDM to observe targets brighter than myg < 19 mag.
Each observation is reduced and calibrated using thmysedmpipeline (Rigault et al.,
2019), which applies standard calibrations using standards taken during the observ-
ing night. Once the spectra are extracted we use thguperNova IDentification !
software (SNID Blondin & Tonry, 2007) for spectroscopic classi cation.

We obtained spectra for six candidates using the Double Spectrograph (DBSP)
on the Palomar 200-inch telescope during classical observing runs. The data were
taken using the 1.5 arcsec slit and reduced following a custom PyRAF pipelfn@ellm
& Sesar, 2016).

The other telescopes used for photometric follow-up are the GROWTH India
telescope (GIT) in Hanle, India, the Liverpool Telescope (Steele et al., 2004) in La

Palma, Spain, and the Akeno telescope (Kotani et al., 2005) in Japan. The requested

Ihttps://people.lam.fr/blondin.stephane/software/SNID/
2https://github.com/ebellm/pyraf-dbsp
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observations in theg-, r- and i-band varied between 300s and 600s depending on
the telescope.

We obtained spectra with the DeVeny Spectrograph at the Lowell Discovery
Telescope (LDT) (MacFarlane & Dunham, 2004) and the 10m Keck Low Resolution
Imaging Spectrograph (LRIS) (Oke et al., 1995). We reduced these spectra with
PYyRAF following standard long-slit reduction methods.

We used the Gemini Multi-Object Spectrograph (GMOS-N) mounted on the
Gemini-North 8-meter telescope on Mauna Kea to obtain photometric and spectro-
scopic data (P.I. Ahumada, GN-2021A-Q-102). Our standard photometric epochs
consisted of four 180s exposures mband to measure the fading rate of the candi-
dates, although we included g-band when the color was relevant. These images were
processed using Data Reduction for Astronomy from Gemini Observatory North
and South (DRAGONS) (Labrie et al., 2019) and the magnitudes were derived af-
ter calibrating against PS1. When necessary and possible, we used PS1 references
to subtract the host, using High Order Transform of Psf ANd Template Subtrac-
tion (HOTPANTS). For spectroscopic data, our standard was four 650 s exposures
using the 1" long-slit and the R400 grating and we used PyRAF standard reduction

techniques to reduce the data.

2.4 Candidates

After a given ZTF observation nishes, the resulting image is subtracted to

a reference image of the eld (Masci et al., 2019; Zackay et al., 2016). The latter

33



process involves a re ned PSF adjustment and a precise image alignment in order to
perform the subtraction and determine ux residuals. Any 5 di erence in bright-
ness creates aralert' (Patterson et al., 2019), a package with information describing
the transient. The alerts include the magnitude of the transient, proximity to other
sources and its previous history of detections among other features. ZTF generates
around 1@ alerts per night of observation, which corresponds to 10% of the esti-
mated Vera Rubin observatory alert rate. The procedure to reduce the number of
alerts from 10° to a handful of potential optical SGRB counterparts is described
in this section.

In general terms, the method involves a rigid online alert Itering scheme
that signi cantly reduces the number of sources based on image quality features.
Then, the selection of candidates takes into consideration the physical properties of
the transient (i.e. cross-matching with AGN and solar system objects), as well as
archival observations from di erent surveys. After visually inspecting the candidates
that passed the preliminary lters, scientists in the collaboration proceed to select
sources based on their light-curves, color and other features (i.e. proximity to a
potential host, redshift of the host, etc.). This method allows us to recover objects
that are later scheduled for further follow-up.

The candidate selection and the follow-up are coordinated via the GROWTH
marshal (Kasliwal et al., 2019a) and lately through the open-source platform and

alert broker Fritz?2.

3https://github.com/fritz-marshal/fritz
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2.4.1 Detection and Itering

In the searches for the optical counterpart for SGRBs, we query the ZTF
data stream using the GROWTH marshal (Kasliwal et al., 2019a), th&owalski
infrastructure (Duev et al., 2019¥, the NuZTFpipeline (Stein et al., 2021; Stein
et al., 2021) built using Ampel (Nordin et al., 2019) °, and Fritz. The ltering

scheme restricted the transients to those with the following properties:

" Within the skymap: To ensure the candidates are in the GBM skymap,
we implemented a cone search in the GBM region witkowalski and Ampel
With the GROWTH marshal approach, we retrieve only the candidates in
the elds scheduled for ToO. We note that a more re ned analysis on the

coordinates of the candidates is done after this automatic selection.

Positive subtraction:  After the new image is subtracted, we Iter on the

sources with a positive residual, thus the ones that have brightened.

It is real: To distinguish sources that are created by ghosts or artifacts in the
CCDs, we apply a random-forest model (Mahabal et al., 2019) that was trained
with common artifacts found in the ZTF images. We restrict the Real-Bogus
score to> 0:25 as it best separates the two populations. For observations that
occurred after 2019, we used the improved deep learning real-bogus sciobe

and we set the threshold to sources witdrb score> 0:15 (Duev et al., 2019).

" No point source underneath:  To rule out stellar variability we require the

“https://github.com/dmitryduev/kowalski
Shttps://github.com/AmpelProject
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transient to have a separation of 3 arcsec from any point source in the PS1

catalog based on Tachibana & Miller (2018).

Two detections: We require a minimum of two detections separated by at
least 30 min. This allows us to reject cosmic rays and moving solar system

objects.

Far from a bright star: To further avoid ghosts and artifacts, we require

the transient to be > 20 arcsec from any bright fhag < 15 mag) star.

No previous history:  As we do not expect the optical counterpart of a SGRB
to be a periodic variable source, we restrict our selection to only sources that
are detected after the event time and have no alerts generated for dates prior

to the GRB.

As a reference, this rst Itering step reduced the total number of sources
to a median of 0:03% of the original number of alerts. The breakdown of each
Iter step is shown in Table 2.2. A summary of the numbers of followed-up objects
for each trigger is in Table 2.3 and the details of the Itering scheme are described
below. More than 3 1C° alerts were generated during the 9 ToO triggers, while

80 objects were circulated in the Gamma-ray Coordinates Network (GCN).
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GRB SNR>5 Positive Real Not star Far from Two Circulated

subtraction underneath bright star detections in GCNs
GRB 180523B 67614 17374 12117 687 669 297 14
GRB 180626C 10602 5040 4967 1582 1377 214 1
GRB 180715B 33064 7611 7515 6941 5509 104 14
GRB 180728B 18488 1450 1428 859 739 51 7
GRB 180913A 25913 12105 12077 6284 5145 372 12
GRB 181126B 40342 30455 30416 22759 21769 340 11
GRB 200514B 20610 10983 10602 4502 4422 1346 14
GRB 200826A 13488 8142 7744 3892 3785 464 14
GRB 201130A 1972 1045 990 647 637 43 0
GRB 210510A 41683 27229 28940 16977 16973 1562 1

Median reduction 50.27%  48.53% 23.05% 20.66% 1.73% 0.03%

Table 2.2: Summary of the e ciency of our vetting strategy. For each GRB we
list the number of alerts that survives after a given Itering step. The rst column
(SNR>5) shows the total number of alerts in the GRB map. The next column
displays the number of alerts that show an increase in ux (Positive subtraction).
The 'Real’ column shows the number of sources considered as real using either the
real-bogus index(RB) ordrb scores. We set the thresholds to RB0.25 anddrb>0.5.
The next columns show the number of sources that are not related to a point source,
nor close to a bright star, to avoid artifacts. To avoid moving objects, we show the
number of sources with two detections separated by at least 30 min. The last column
shows the number of sources we circulated as potential candidates for each trigger.
For each step, we calculate the median reduction of alerts and list this number at
the end of each column.

2.4.2 Scanning and selection

Generally, after the rst Iter step, the number of transients is reduced to
a manageable amount 0O(100). These candidates are then cross-matched with
public all-sky surveys such adWVide- eld Infrared Survey Explorer (WISE; Cutri
et al., 2013), Pan-STARRS 1 (PS1; Chambers et al., 2016a), Sloan Digital Sky
Survey (SDSS; Ahumada et al., 2020a), the Catalina Real-time Transient Survey
(CRTS; Drake et al., 2009), and the Asteroid Terrestrial-impact Last Alert System
(ATLAS; Tonry, 2011). We use the WISE colors to rule out candidates, as active
galactic nuclei (AGN) are located in a particular region in theWISE color space

(Stern et al., 2012; Wright et al., 2010). If a candidate has a previous detection
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in ATLAS or has been reported to the Transient Name Server (TNS) before the
event time it is also removed from the candidate list. We additionally crossmatch
the position of the candidates with the Minor Planet Center (MPC) to rule out any
other slow moving object. We use the PS1 DR2to query single detections at the
location of the transients, and we use this information to rule out sources based on
serendipitous previous activity.

One of the most important steps in our selection of transients is the rejection of
sources using forced photometry (FP) on ZTF images. For this purpose we run two
FP pipelines: ForcePhotZTF (Yao et al., 2019) and the ZTF FP pipeline (Masci
et al.,, 2019). We limit our search to 100 days before the burst and reject sources
with consistent 4 detections.

Finally, we manually scan and vet candidates passing those cuts, referring to
cutouts of the science images, photometric decay rates, and color evolution infor-
mation in order to select the most promising candidates (see Fig. 2.11).

Detailed tables with the candidates discovered by ZTF for the SGRB campaign

are shown in Table 2.4 and 2.5.

2.4.3 Rejection Criteria

In order to nd an optical counterpart, further monitoring of the discovered
transients is needed. We have taken spectra for the most promising candidates to

classify them. Most of the spectra acquired correspond to bright SNe (as in Fig.

Shttps://catalogs.mast.stsci.edu/panstarrs/
"https://github.com/yaoyuhan/ForcePhotZTF
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2.12) and a few Cataclysmic Variables (CVs) and an AGN. After the 9 SGRBs
follow-ups, we obtained 19 spectra, however none of them exhibited KN features.
We have used the "Deep Learning for the Automated Spectral Classi cation of Su-
pernovae and Their Hosts' ordash (Muthukrishna et al., 2019) to determine the
classi cation of the candidates with SN spectral features. CVs were recognized as
they show H features at redshifiz = 0.

For the sources that do not have spectra available, we monitored their pho-
tometric evolution with the facilities described in Section 2.3. Even though the
photometric classi cation cannot be entirely conclusive, there are characteristic fea-
tures shared between afterglows and KNe. On one side, afterglows are known to
follow a power-law decay of the fornir t . On the other hand, most KN models
(Bulla, 2019) show evolution faster than 0.3 mag per day (Anand et al. 2021; An-
dreoni et al. 2020b). As a reference, GW170817 faded oved mag over the course
of 3 days and other SGRB optical counterparts have shown a rapid magnitude evo-
lution as well (Fong et al., 2015; Rastinejad et al., 2021). The astrophysical events
that most contaminated our sample are SNe, but they normally show a monotonic
increase in their brightness during their rst tens of days, to later decline at a slower
rate than expected for afterglows or KNe. Other objects like slow-moving asteroids
and ares are less common and can be removed inspecting the images or performing
a detailed archival search in ZTF and other surveys.

To illustrate the photometric rejection, we show two transients in Fig. 2.11
with no previous activity in the ZTF archives previous to the SGRB. As their

magnitude evolution in bothr and g band does not pass our threshold, we
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conclude that they are not related to the event. This process was repeated for all
candidates without spectral information, using all the available photometric data

from ZTF and partner telescopes.

2.5 SGRB events

2.5.1 GRB 180523B

The rst set of ToO observations of this program was taken 9.1 hours after
GRB 180523B (trigger 548793993). We covered 2900 ded, which corresponds
to 60% of the localization region after accounting for chip gaps in the instrument
(Coughlin et al., 2018c). The median 5 upper limit for an isolated point source in
our images was > 20.3mag and g 20.6 mag and after 2 days of observations we
arrived at 14 viable candidates that required follow-up. We were able to spectro-
scopically classify 4 transients as SNe and photometrically follow-up sources with
KPED to determine that the magnitude evolution was slower than our threshold.
This e ort was summarized in Coughlin et al. (2019c) and the list of transients

discovered is displayed in Table 2.4.

2.5.2 GRB 180626C

The SGRB GRB 180626C ftermi trigger 551697835) came in the middle of
the night at Palomar. We started observing after 1.5 hours and were able to cover
275 ded of the GBM region. The localization, and hence the observing plan, was

later updated as the region of interest was now the overlap between thermi and
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the newly arrived InterPlanetary Network (IPN)® map. The observations covered
nally 230 deg?, corresponding to 87% of the intersecting region. After two nights
of observations, with a median 5-sigma upper limit of » 21.1 mag and ¢> 21.0
mag, only one candidate was found to have no previous history of evolution and be
spatially coincident with the SGRB (Coughlin et al., 2018a).

The transient ZTF18aauebur was a rapidly evolving transient that faded from
g=18.4t0g=20.5in1.92 days. This rapid evolution continued during the following
months, uctuating between r 18 mag and r 19 mag. It was interpreted as a
stellar are, as it is located close to the Galactic plane and there is an underlying
source in the PS1 and>alaxy Evolution Explorer (GALEX) (Morrissey et al., 2007)
archive. Additionally, its SEDM spectrum showed a featureless blue spectrum and
H absorption features at redshiftz = 0, so it is an unrelated Galactic source. The

rest of the candidates can be found in Table 2.4.

2.5.3 GRB 180715B

We triggered ToO observations to follow-up GRB 180715B (trigger 553369644)
10.3 hours after the GBM detection. We managed to observe 36% of the local-
ization region which translates into 254 deg The median limiting magnitude for
these observations was ¥ 21.4 mag and ¢~ 21.3 mag.

During this campaign, we discovered 14 new transients (Cenko et al., 2018) in
the region of interest. We were able to spectroscopically classify 2 candidates using

instruments at the robotic Palomar 60 inch telescope (P60) and Palomar 200 inch

8http://www.ssl.berkeley.edu/ipn3/index.html
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Hale telescope (P200). The SEDM spectrum of ZTF18aauhpyb showed a stellar
source with Balmer features at redshifz = 0 and a blue continuum. The DBSP
spectrum of ZTF18abhbfgf was best tted by a SN 1a-91T. We show the rejec-
tion criteria used to rule-out associations with the SGRB in Table 2.4. Generally,
most candidates showed a slow magnitude evolution. Furthermore, three candidates
(ZTF18abhhjyd, ZTF18abhbfoi and ZTF18abhawjn) matched with an AGN in the
Milliquas (Flesch, 2019) catalog. A summary of the candidates can be found in

Table 2.4.

2.5.4 GRB 180728B

The ToO observations of GRB 180728B (trigger 554505003) started8 hours
after the Fermi alert, however, it did not cover the later updated IPN localization.
The following night and 31 hours after theFermi detection we managed to observe
the joint GBM and IPN localization, covering 334 degwhich is 76% of the error
region. The median upper limits for the scheduled observations were>r18.7 mag
and g> 20.0 mag (Coughlin et al., 2018a). As a result of these observations, no

new transients were found.

2.5.5 GRB 180913A

We triggered ToO observations with ZTF to follow-up theFermi event GRB
180913A (trigger 558557292) about 8 hours after the GBM detection. The rst

night of observations covered 546 dégThe schedule was adjusted as the localiza-
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tion improved once the IPN map was available. During the second night we covered
53% of the localization, translated into 403 deg After a third night of observa-
tions, 12 transients were discovered and circulated in Coughlin et al. (2018b). The
median upper limits for this set of observations were* 21.9 and g> 22.1 mag.

We obtained a spectrum of ZTF18abvzfgy with LDT, a fast rising transient
( m=t 0:2 mag per day) in the outskirts of a potential host galaxy. It was
classi ed as a SN Ic at a redshift oz = 0.04. The rest of the transients were follow-
up photometrically with KPED and LCO, but generally showed a at evolution.
The candidate ZTF18abvzsld had previous PS1 detections, thus ruling it out as a

SGRB counterpart. The rest of the candidates are listed in Table 2.4.

2.5.6 GRB 181126B

The last SGRB we followed-up before the start of the 2019 O3 LIGO/Virgo
observing run was of thecermi-GBM event GRB 181126B (trigger 564897175). As
this event came during the night at the ZTF site, the observations started 1.3
hours after the Fermi alert, and we were able to cover 1400 d&gclose to 66% of
the GBM localization. After the IPN localization was available the next day, the
observations were adjusted and we used ZTF to cover 709 degr 76% of the
overlapped region. The mean limiting magnitude of the observations was>r 20.8
mag (Ahumada et al., 2018). After processing the data, we discovered 11 new optical
transients timely and spatially coincident with the SGRB event. We took spectra of

7 of them with the Keck LRIS, discovering 6 SNe (ZTF18acrkkpc, ZTF18aadwfrc,
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ZTF18acrfond, ZTF18acrfymv, ZTF18acptgzz, ZTF18acrewzd) and 1 stellar are
(ZTF18acrkcxa). All of the candidates are listed in Table 2.5, and none of them

showed rapid evolution.

2.5.7 GRB 200514B

We resumed the search for SGRB counterparts with ZTF once LIGO/Virgo
nished O3. On 2020-05-14 we used ZTF to cover over 519.3 deaf the error
region of GRB 200514B (trigger 611140062). This corresponds to50% of the
error region. After the rst night of observations, 7 candidates passed our lters
and were later circulated in Ahumada et al. (2020). The observations during the
following night resulted in 7 additional candidates (Reusch et al., 2020a). The depth
of these observations reached 22.4 and 22.2 mag in theandr band respectively.
After IPN released their analysis (Svinkin et al., 2020), 9 of our candidates remained
in the localization region. Our follow-up with ZTF and LCO showed that none of

these transients evolved as fast as expected for a GRB afterglow (see Table 2.5).

2.5.8 GRB 200826A

This burst is discussed extensively in Chapter 3, as well as in other works
(Rhodes et al., 2021; Rossi et al., 2021; Zhang et al., 2021). It was the only short
duration GRB in our campaign with an optical counterpart association. However,
despite its short duration (Tgg = 1.13s), it showed a photometric bump in thei-

band that could only be explained by an underlying SN (Ahumada et al., 2020c).
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This makes GRB 200826A the shortest-duration long gamma-ray burst (LGRB),

presented in detail in Ahumada et al. 2021.

2.5.9 GRB 201130A

The ZTF trigger on GRB 201130A reached a depth of r = 20.5mag in the rst
night of observations after covering 75% of the credible region. No optical transient

passed all our ltering criteria (Reusch et al., 2020b).

2.5.10 GRB 210510A

We triggered optical observations on GRB 210510A (trigger 642367205) roughly
10 hrs after the burst. The second night of observations helped with vetting candi-
dates based on their photometric evolution, at least a 0.3 mag per day decay rate
is expected for afterglows and KNe. The only candidate that passed our Itering
criteria was ZTF21labaytuk (Anand et al., 2021), however its Keck LRIS spectrum
showed H , [O Il], and [O IllI] emission features and Mg Il absorption lines at red-
shift of z = 0.89 (see Table 2.5 and Fig. 2.12). Its spectrum, summed with it#&/ISE

colors, are consistent with an AGN origin.

2.6 ZTF upper limits

It is possible to compare the search sensitivity, both in terms of depth and
timescale, to the expected afterglow and kilonova light-curves. In Fig. 2.13, the

median limits for ZTF observations are shown with respect to knowswift SGRB
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afterglows with measured redshift from Fong et al. (2015). The yellow light-curve
corresponds to GW170817 (Abbott et al.,, 2017d) and the red line is the same
GW170817 light-curve scaled to a distance of 200 Mpc (see below). Along with
GW170817, we show a collection of KN light-curves from a BNS grid (Bulla, 2019;
Dietrich et al., 2020) scaled to 200 Mpc. The regions of the light-curve space ex-
plored by each ZTF trigger are represented as grey rectangles and the more opaque
region corresponds to their intersection. Even though ZTF has the ability to detect
a GW170817-like event and most of the KN lightcurves, most of the SGRB after-
glows observed in the past are below the median sensitivity of the telescope. On the
other hand, the counterpart of the GRB 200826A would have been detected in six of
our searches, even though it is on the less energetic part of the LGRB distribution.
When scaled to 200 Mpc, the GW170817 light-curve overlaps with the region of
ve of our searches, suggesting that the combination of depth and rapid coverage of
the regions could allow us to detect an GW170817-like event. The searches that do
not overlap with the scaled GW170817 have either fainter median magnitude upper
limits (< 20 mag) or late starting times & 1 day).

We used the redshifts of the SGRBs optical counterparts to determine their
absolute magnitudes, which is plotted in Fig. 2.15, along with GRB 200826A and
GW170817. In order to compare with the ZTF searches and constrain the observa-
tions, the median ZTF limits were scaled to a ducial distance of 200 Mpc, the O3
LIGO/Virgo detection horizon (Abbott et al., 2018) for binary neutron star (BNS)
mergers. The range of 200 Mpc is coincidentally approximately the furthest distance

as to which ZTF can detect a GW170817-like event based on the median limiting
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magnitudes of this experiment. Moreover, the ZTF region covers most of the KNe
models (blue shaded region) scaled to 200 Mpc. In contrast to Fig. 2.13, most of
the SGRB optical afterglows fall in the region explored by ZTF. Therefore, if any
similar events happened within 200 Mpc, the current ZTF ToO depth plus a rapid
trigger of the observations should su ce to ensure coverage in the light-curve space.
Previous studies (Dichiara et al., 2020) have come to the conclusion that the low
rate of local SGRB is responsible for the lack of detection GW170817-like transients.
In fact, the probability that one of the SGRBs in our sample is within 200 Mpc is
0.3, given the rate derived in Dichiara et al. (2020) of 1.3 SGRB within 200 Mpc per
year, assuming an average of 40 SGRBs per year. In Fig. 2.15 we show the same
SGRB absolute magnitude light-curves, but in this case we compared them to the
ZTF limits scaled to the median redshift ofz = 0.47 from Fong et al. (2015). The
ZTF search is still sensitive to SGRB afterglows at these distances within the rst

day after the GRB event.

2.7 E ciency and joint probability of non-detection

In this section we determine the empirical detection e ciency for each of our
searches, and use these e ciencies to calculate the likelihood of detecting a SGRB
afterglow in our ToO campaign. With this approach we are able to set limits on
the ZTF's ability of detecting SGRB afterglows as a function of the redshift of the
SGRB. To accomplish this, we take each GRB we followed-up and inject afterglow

light-curves in the GRB maps at di erent redshifts. We derive e ciencies using
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the ZTF observing logs, since these logs contain the coordinates of each successful
ZTF pointing and the limiting magnitude of each exposure. This already takes into
consideration weather and other technical problems with the survey. In this section
we describe the computational tools used in this endeavor and the results derived
from these simulations.

We usesimsurvey (Feindt et al., 2019) to inject afterglow-like light-curves into
the GBM skymaps. We distributed the afterglows according to the GBM probability
maps and within the 90% credible region of each skymap. We slice the volume into
seven equal redshift bins, fronz = 0.01 to z = 2.1, and injected 7000 sources in
each slice. For each injected transiensimsurvey employs light-curve models to
derive the magnitude of the source at dierent times (see below for the models
used). simsurvey uses the ZTF logs to determine if the simulated source was in an
observed ZTF eld and whether the transient would have been detected given the
upper limits of that ZTF eld.

One of the driving features of an afterglow model is its isotropic-equivalent
energy, Eiso, as it sets the luminosity of the burst and hence its magnitude and
light-curve. The information provided by the Fermi-GBM gamma-ray detections
does not give insights on the distance to the event or the energies associated with
the SGRBs. For this reason, and to get a sense on tligs, associated with each
burst we take two approaches: using the gamma-ray energy pedksea, and the
average kinetic isotropic energyE.iso to estimate Ei,,. First, we assume that our
population of SGRBs follows the isotropic energyHjs,) - rest-frame peak energy

(E,; p) relationship (see Eqg. 2.1), postulated in Equation 2 of Tsutsui et al. (2013).
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This relationship requires the peak energies of the bursts,,, which can be obtained
by tting a Band model (Band et al., 1993) to the gamma-ray emission over the
duration of the burst. The results of this modelling are usually listed in the public
GBM catalog (von Kienlin et al., 2020) and onlin&. The compilation of E, for our

SGRBs sample is listed in Table 2.1.

1.6 03
EZ;D

E. = 1052:4 0:2
iso ®9 7745 Kkev

(2.1)

The energy derived with this equation is related to the prompt emission phase
of the GRB, and not to the burst kinetic energy remaining during the afterglow

phase. Lloyd-Ronning & Zhang 2004 de nes

Eiso=(Ex *+ Eiso)

as parameter that related the gamma-ray energy of the bursEis,, and the kinetic
energy powering the afterglowE. By modeling X-ray data, they nd that varies
from 0.1 to 0.99, re ecting an order of magnitude variation. The median 0.7
re ects a ratio of Ex=Es,  2:4. However, for simplicity, in this work we assumed
a one-to-one relationship betweeky and Ej.

We additionally use the average kinetic isotropic energ¥«.iso , presented in
Fong et al. (2015) as a representative value fdfis,. Particularly, for this second
Eiso @approach, we assume&yis, Eiso =2:9 10! ergs.

We used the python modulafterglowpy (Ryan et al., 2020) to generate after-

%https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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glow light-curve templates. Due to the nature of the relativistic jet, we constrained
the viewing angle to < 20 . We assume a circumburst density of:2 10 3 cm 2,
chose a Gaussian jet, and xed otheafterglowpy parameters to standard values:
the electron energy distribution indexp = 2:43, as well as the fraction of shock
energy imparted to electrons, g = 0:1, and to the magnetic eld, g = 0:01. For
Eiso We used the relation in Eq. 2.1 and the mea&g.s, mentioned in the para-
graph above. Additionally for Eis, as a function ofE,,, we took the gamma-ray
E.p = Ep(1+ z), with the redshift varying for each simulated source.

We feedsimsurvey light-curves generated withafterglowpy assuming the
two separateE;s, distributions described above. We note that these two approaches
are based on conclusions drawn froBwift bursts, since the bulk of the SGRB
afterglow knowledge comes fronswift bursts. We calculated the e ciency as a
function of redshift by taking the ratio of sources detectedwice over the number of
generated sources within a redshift volume. We require two detections as our ToO
strategy relies on at least two data points.

The e ciencies vary depending on a few factors. The total coverage and
the limiting magnitude of the observations limit the maximum e ciency, which
then decays depending on the associatdtls,. For larger energies, the decay is
smoother. In Fig. 2.16, we show the e ciencies for the 9 GRBs that had no
discovered counterpart. We exclude GRB 200826A as the energies used to model
the afterglow follow the SGRB energy distribution, while GRB 200826A was proven
to be part of the LGRB population. The energies derived from the Tsutsui et al.

(2013) relationship are larger than the meaikg.is, derived from Fong et al. (2015).
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This increases the e ciencies at larger redshifts assuming the Tsutsui et al. (2013)
relationship, as the transients are intrinsically more energetic.

For both of the energies used, we calculate the joint probability of non-detection
by taking the product of the SGRB ToO e ciencies as a function of redshift. Similar

to the analysis in Kasliwal et al. (2020b), we de ne

¥
@ Cch= @1 m (2.1)
i=0

with CL as the credible level andp; the e ciency of the ith burst as a function of
redshift. We show in the bottom panel of Fig. 2.17 the result for the afterglows
with energies following Tsutsui et al. (2013) (blue) and Fong et al. (2015) (orange).
The lower energies associated with Fong et al. (2015) afterglows only allow us to
probe the space up t@ = 0.16, considering aCL = 0:9, while SGRBs with energies
following the Eis,  E;,, relationship can be probed as far as = 0.4. To look into
the prospects of the SGRB ToO campaign, we model a scenario with 21 additional
ToO campaigns, each with a median e ciency based on the results presented here.
These results are shown as dashed lines in Fig. 2.17, and show thatd@s  E:iso »
the improvement after thirty ToOs can only expand our searches (i.eCL = 0:9)
up to z = 0.2, while if the GRBs follow the Eis,  E;, relationship, our horizon
expands toz = 0.7.

Finally, when comparing our limits to the redshift distribution of SGRB after-
glows found in the literature (Fong et al., 2015) (green histogram in Fig. 2.17), our

searches show that we are probing (and could probe) volumes that contain 10-40%
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of the observed afterglows, depending on the,, assumption.

2.8 Proposed follow-up strategy

The current ToO strategy aims for two consecutive exposures in two di erent
Iters, prioritizing the color of the source as the main avenue to discriminate between
sources. This helps con rming the nature of the transient as an extragalactic source.
In some cases, it can lead to problems as the source might not be detected at shorter
wavelengths, due to either the extinction along the line of sight or its intrinsically
fainter brightness. If there is no second detection at shorter wavelengths, there is
the risk of ignoring a potential counterpart as a single detection can be confused
as a slow moving object or an artifact. The standard strategy considers a second
night of ZTF observations in the same two lters, to measure the magnitude and
color evolution. However, a number of sources did not have a second detection in
the same lter after the second night, impeding the measurement of the decline
rate. For these two reasons, for afterglow searches with ZTF (and possibly other
instruments with similar limiting magnitudes), it is more informative to observe the
region at least twice in the same Iter during the rst night. By separating the
two same- Iter epochs by at least 2 24= , where is the typical error of the
observations and is the power-law index of the afterglow decline, we can possibly
measure the decay rate of sources, or at least set a lower limit for For ZTF,
two epochs separated by 6 hours would su ce for afterglows with a typical 1,

assuming =0:12.
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This scenario is unlikely to happen often, as it requires that the region is
visible during the entire night and that the night is long enough to allow for two
visits separated by a number of hours. In any case, the standard ToO strategy
for the second night of observation (two visits in two di erent Iters) should help
determine the color and magnitude evolution.

For the third day of follow-up, there will be two kinds of candidates: (a)
con rmed fast fading transients, and (b) transients with unconstrained evolution,
that likely only have data for the rst night. For (a) it is important to get spectra
as soon as possible before the transients fade below the spectroscopic limits. Ideally,
observations in other wavelengths should be triggered to cement the classi cation
and begin the characterization of the transient. For candidates in situation (b),
the fast evolution of the transients requires the use of larger facilities. From our
experience, this is feasible as only a handful of candidates will fall in this category.
In both cases, (a) and (b), photometric follow-up using facilities di erent than ZTF
are needed, as any afterglow detected by ZTF will likely not be detectable three days
after the burst. In Fig. 2.18 we show the magnitude distribution of all the transients
that simsurvey detected, independent of redshift, as a function of how many days
passed after the burst. This gure illustrates the need for other telescopes to monitor
the evolution of the transient, as for example, only 30% of the transients that we
can detect with ZTF will be brighter than r > 22 mag. Additionally, Fig. 2.18
shows that spectroscopy of the sources becomes harder after day 2, as only 20% of
the detected transients will be brighter thanr = 21:5 mag.

Since spectroscopic data will be challenging to acquire for faint sources, the
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panchromatic follow-up, from radio to x-rays, will help to con rm the classi cation

of the transient.

2.9 Conclusions

During a period of 2 years, a systematic, extended and deep search for
the optical counterparts to Fermi-GBM SGRBs has been performed employing the
Zwicky Transient Facility. The ZTF observations of 10 events followed-up are listed
in Table 2.3 and no optical counterpart has yet been associated to a compact binary
coalescence. However, our ToO strategy led to the discovery of the optical coun-
terpart to GRB 200826A, which was ultimately revealed as the shortest-duration
LGRB found to date (Ahumada et al., 2021).

This experiment complements previous studies (Coughlin et al., 2019c; Singer
et al., 2013, 2015), and demonstrates the feasibility of studying the large sky areas
derived from Fermi GBM by exploiting the wide eld of view of ZTF. The average
coverage was 60% of the localization regions, corresponding to 950 ded. The
average amount of alerts in the targeted regions of the sky was over 20000, and we
were able to reduce this gure to no more than 20 candidates per trigger. Thanks
to the high cadence of ZTF we were able to achieve a median reduction in alerts
of 0.03%. The e ectiveness of the ltering criteria is comparable with the median
reduction reached in Singer et al. (2015), even when the areas covered are almost
orders of magnitude larger. The iPTF search for the optical counterparts to the long

gamma-ray burst GRB 130702A covered 71 degnd yielded 43 candidates (Singer
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et al., 2013).

This campaign has utilized ZTF capabilities to rapidly follow-up SGRB trigger,
which has allowed us to explore the magnitude space and set constraints on SGRB
events. The average depth for ZTF 300s exposuresris 208 which has allowed
us to look for SGRB afterglows and GW170817-like KNe. From Fig. 2.18, it can
be seen that future follow-ups would bene t both from a more rapid response and
longer exposures.

By using computational tools likeafterglowpy andsimsurvey, we have quan-
ti ed the e ciency of our ToO triggers. The ZTF e ciency drops quickly as the
transient is located at further distances, and the magnitude limits only allow for
detections up toz = 0.4, for energies following the Tsutsui et al. (2013) relation
and z = 0.16 for bursts with energies equal to the meaks, found by Fong et al.
(2015), for aCL = 0:9. Furthermore, when repeating the experiment 21 times (to
complete 30 ToOs) and assuming a median e ciencpneq for each new event, the
horizons of our searches increase to= 0.2 and 0.72 respectively.

Additionally, our simulations show that ZTF is no longer e ective at following-
up afterglows after three days following the burst. The fast fading nature of these
transients requires deeper observations, and spectroscopic and panchromatic obser-
vations are helpful to reveal the nature of the candidates. Ideally, at least two
observations in the same lIter should be taken during the rst night of observation,
as afterglows and KNe fade extremely rapidly and they might not be observable

48 hrs after the burst. With this strategy we can hope to nd another counterpart.
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GRB Area covered C.R. Time delay Exposure time r band 5 limit  Objects

covered in triggering ZTF (sequence) followed-up
GRB 180523B  290Qleq 60% 9.1h 60s(rgr), 90s(rgr) & 20.3 mag 14
GRB 180626C 275led 87% 1.5h 120s(rgr), 240s(grg)  » 20.9 mag 1
GRB 180715B 254le? 37% 10.3h 180s(rgr), 240s(rg) ¥ 21.4 mag 14
GRB 180728B 334eq 76% 31h 180s(rgr), 180s(rgr) P 18.7 mag 7
GRB 180913A 54adeq 53% 8.3h 180s(grg), 300s(grg) ¥ 22.2 mag 12
GRB 181126B  140Qled 66% 1.3h 180s(rr), 300s (r) P> 20.5 mag 11
GRB 200514B 519le¢? 49% 0.9h 300s(gr) P> 22.2 mag 14
GRB 201130A 400ded? 75% 7h 300s(grg),300s(gr) ¥ 20.3 mag 0
GRB 210510A  110%egd 84% 10h 180(gr),240(r) > 22.1 mag 1

Table 2.3: Summary of the ZTF ToO triggers. We list the area covered with ZTF,
as well as the corresponding credible region (C.R.) of the GBM map. We shown our
time delay between the burst and the start of ZTF observations. For each trigger,
we list the exposure time for night 1 and nigth 2, along with the Iter sequence
in parenthesis. The last two columns show the median band 5 limit and the
number of objects followed-up with other facilities.
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Figure 2.2: Coverage of the ZTF trigger on GRB 180523 and itBsermi GBM
localization region. The 47 dedg ZTF tiles are shown as black quadrilaterals,
and the 50% and 90% credible regions are shown as black contours and the sources
discovered during the ZTF trigger as white stars (details in Section 2.5). The grid
shows the Right Ascension in hours and the Declination in degrees.
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Figure 2.3: Coverage of the ZTF trigger on GRB 180626 and itsermi GBM
localization region. The 47 dedg ZTF tiles are shown as black quadrilaterals,
and the 50% and 90% credible regions are shown as black contours and the sources
discovered during the ZTF trigger as white stars (details in Section 2.5). The grid
shows the Right Ascension in hours and the Declination in degrees.
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Figure 2.4: Coverage of the ZTF trigger on GRB 180715 and itBsermi GBM
localization region. The 47 dedg ZTF tiles are shown as black quadrilaterals,
and the 50% and 90% credible regions are shown as black contours and the sources
discovered during the ZTF trigger as white stars (details in Section 2.5). The grid
shows the Right Ascension in hours and the Declination in degrees.
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Figure 2.5: Coverage of the ZTF trigger on GRB 180728 and itBsermi GBM
localization region. The 47 dedg ZTF tiles are shown as black quadrilaterals,
and the 50% and 90% credible regions are shown as black contours and the sources
discovered during the ZTF trigger as white stars (details in Section 2.5). The grid
shows the Right Ascension in hours and the Declination in degrees.
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Figure 2.6: Coverage of the ZTF trigger on GRB 180913 and itsermi GBM
localization region. The 47 dedg ZTF tiles are shown as black quadrilaterals,
and the 50% and 90% credible regions are shown as black contours and the sources
discovered during the ZTF trigger as white stars (details in Section 2.5). The grid
shows the Right Ascension in hours and the Declination in degrees.
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Figure 2.7 Coverage of the ZTF trigger on GRB 181126 and itsermi GBM
localization region. The 47 ded ZTF tiles are shown as black quadrilaterals,
and the 50% and 90% credible regions are shown as black contours and the sources
discovered during the ZTF trigger as white stars (details in Section 2.5). The grid
shows the Right Ascension in hours and the Declination in degrees.
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Figure 2.8: Coverage of the ZTF trigger on GRB 200514 and itgsermi GBM
localization region. The 47 ded ZTF tiles are shown as black quadrilaterals,
and the 50% and 90% credible regions are shown as black contours and the sources
discovered during the ZTF trigger as white stars (details in Section 2.5). Note that
for GRB 200514, we tiled the preliminary region, which was o set from the nal
localization. The grid shows the Right Ascension in hours and the Declination in
degrees.

66



Figure 2.9: Coverage of the ZTF trigger on GRB 201130 and itsermi GBM
localization region. The 47 ded ZTF tiles are shown as black quadrilaterals,
and the 50% and 90% credible regions are shown as black contours and the sources
discovered during the ZTF trigger as white stars (details in Section 2.5). The grid
shows the Right Ascension in hours and the Declination in degrees.
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Figure 2.10: Coverage of the ZTF trigger andrermi GBM localization region of
GRB 210510, along the 47 dedg ZTF tiles (black quadrilaterals). The 50% and
90% credible regions are shown as black contours and the source discovered during
the ZTF trigger as white star (details in Section 2.5). The grid shows the Right
Ascension in hours and the Declination in degrees.
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Figure 2.11: Examples of light-curves and cut-outs for candidates that passed our |-
tering criteria. Candidate ZTF18abvzfgy (candidate counterpart to GRB 180913A)
in the left panel and ZTF20aazpkri (candidate counterpart to GRB 200514B) in
the right panel. The observations ing and r band are plotted in green and
red colors respectively. Filled circles represent ZTF detections, while the Bipper
limits are shown as triangles in the light-curve. The top half of each panel shows
the discovery image on the left and the reference image on the right. In the 0.7 sq.
arcmin cutouts, north is up and east is to the left. A cross marks the location of
the transient.
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Figure 2.12: The spectra of some representative candidates. The spectrum of tran-
sient ZTF18aadwfrc was taken with the LRIS at the Keck Observatory and was
classied as a SN la atz = 0.04. Similarly, the spectrum of ZTF18acrkkpc and
ZTF2labaytuk come from Keck as well, and were classi ed as a SN |l at= 0.061

and as an AGN atz = 0.89 respectively. We used the DBSP at P200 to agcuire
spectra of ZTF18aawozzj and ZTF18abhbfqgf, two SN la at redshift = 0.095 and

z= 0.11 respectively. Lastly, the spectrum of ZTF18abvzfgy was obtained with the
DeVeny Spectrograph at the LDT, and usinglash, we classied itas a SN Ic atz =
0.04. For reference, we show the Hydrogen, Helium, Magnesium, and some Oxygen
lines as vertical lines.
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Figure 2.13: The light-curves (black) of the optical counterparts of SGRBs with
known redshift listed in (Fong et al., 2015). The yellow light-curve is the GW170817
light-curve and the red line is the GW170817 light-curve scaled to a distance of
200 Mpc. Each of the ZTF search windows occupies a grey region, limited by the
median limiting magnitude and the time window in which the search took place. The
brown light-curve is the afterglow of GRB 200826A (Ahumada et al., 2021) and the
blue shaded region represents the region that the KN models (Bulla, 2019; Dietrich
et al., 2020) occupy when scaled to 200 Mpc. The green-dotted lines represent the
typical optical limits of imagers mounted at di erent telescopes, while the size of
the telescope is annotated as a label in the plot.
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Figure 2.14: The absolute magnitude of the same data plotted in Fig. 2.13. We
compare their absolute magnitudes to the ZTF magnitude limits, scaled to a ducial

distance of 200 Mpc. Similarly, the green-dotted lines show the optical limits of
di erent facilities, ranging in size, at 200 Mpc.
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Figure 2.15: The absolute magnitude (black) of the optical counterparts of SGRBs
with known redshift listed in Fong et al. (2015). Each of the ZTF search windows
occupies a grey region, limited by the median limiting magnitude and the time win-
dow in which the search took place. The median limiting magnitudes are scaled to
the median SGRB redshift of z=0.47. The green-dotted lines represent the typical
optical limits of imagers mounted at di erent telescopes, while the size of the tele-
scope is annotated as a label in the plot. These limits are also scaled to the median
SGRB redshift of atz = 0.47.
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Figure 2.16: The individual e ciency for each SGRB trigger. The blue curves are
based on theE;s, derived from the Band modelE, and Eq. 2.1, while the orange
curves are the e ciencies assuming all GRBs have the sangg,, as the meanEy.iso

from Fong et al. (2015).
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Figure 2.17: The solid lines represent the joint probability of non-detection using the
9 SGRB triggers with no optical counterparts. We adopt the same color coding as
in Fig. 2.16, meaning blue for theE;s, as a function ofE, and orange forEjs, as the
meanEy.is, from Fong et al. (2015). The dashed line represents the joint probability
of non-detection after 30 ToOs, assuming an e ciency equal to the median e ciency
of the ToOs presented. We show the cumulative redshift distribution for SGRBs as
a green line. The grey dotted line shows th€L = 0:9 level, at which the joint
probability of non detectionis1 CL =0:1.
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Figure 2.18: The magnitude cumulative distribution of the sources detected using
simsurvey as a function of the days after the burst. This distribution contains
all the sources detected up to z=2. The photometric and spectroscopic limits of
di erent facilities are shown as dotted vertical lines.
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Discovery

GRB trigger ZTF Name RA Dec . Redshift Rejection criteria
magnitude
GRB 180523B  ZTFl18aawozzj 12:31:09.02 +57:35:01.8 g =20.20 (s) 0.095 SN 1a-91T P200
ZTF18aawnbgg 10:40:54.05 +23:44:43.3 r=19.80 (s)0.135 SN la P200
ZTF18aawmvbj 10:12:41.17 +21:24:55.5 r=19.75 (s)0.14 SN la P200
ZTF18aawcwsx 10:40:33.46 +47:02:24.4 r=19.84 (s) 0.09 SN 1a-91T P60
ZTF18aawnbkw 10:38:47.66 +26:18:51.8 r=19.91 (p) 0.31 slow SDSS
ZTF18aawmgwo 09:52:06.90 +47:18:34.8 r=19.98 (p) 0.04 slow SDSS
ZTF18aawmkik 08:51:11.45 +13:13:16.7 r=19.04 (p) 0.52 slow SDSS
ZTF18aawnmim 11:03:11.38 +42:07:29.9 r=20.12 orphan slow at in 7 days
ZTF18aauhzav  10:59:29.32 +44:10:02.7 r=19.97 (s) 0.05 slow 2MASX
ZTF18aavrhgqs  11:58:09.57 +63:45:34.6 r=19.99 orphan slow
ZTF18aawmwwk 10:35:26.51 +65:22:34.3 r =19.99 (p) 0.18 slow SDSS
ZTF18aawwbwm 08:16:44.98 +35:34:13.1 r=19.79 (p) 0.15 slow SDSS
ZTF18aawmjru  08:39:11.39 +44:01:53.6 r=18.43 (p) 0.44 slow SDSS
ZTF18aawmigr 08:48:01.76 +29:13:51.9 r=19.63 (s)0.1 slow 2MASX
GRB 180626C ZTFl18aauebur 19:48:49.10 +46:30:36.1 r=18.85 stellar CV multiple previous bursts
GRB 180715B ZTF18aamwzlv  13:06:44.59 +68:59:52.9 r = 18.50 (s) 0.1 slow
ZTF18abhbevp 14:21:00.83 +72:11:43.8 ¢ = 20.63 { slow
ZTF18abhbpkm 16:02:36.78 +70:47:05.1 g =21.24 { slow
ZTF18abhhjyd 13:02:32.07 +75:16:49.4 g =20.43 { AGN Milliqguas match
ZTF18abhbgan 15:43:18.86 +72:05:24.8 g=21.22 orphan slow
ZTF18abhbfoi  13:24:34.01 +70:56:47.5 g=121.12 (s)1.2 AGN Milliquas and PS1
ZTF18abhbcjy  14:20:50.39 +73:25:40.5 g =20.78 { slow
ZTF18abhaogg 13:42:45.47 +74:19:38.3 r=20.38 orphan slow
ZTF18abhbamj 15:26:58.78 +72:02:17.8 r=21.27 orphan slow
ZTF18abhawjn 13:31:27.33 +66:46:45.4 g = 20.69 (s)0.4 AGN Milliquas
ZTF18abharzk  13:41:09.05 +70:43:06.8 r=21.30 { slow
ZTF18abhbckn  12:49:53.85 +73:02:00.5 r=20.93 (s)0.00541 slow CLU
ZTF18abhbfgf  13:16:00.24 +69:37:24.1 r=19.80 (s) 0.11 SN 1a-91T P200
ZTF18aauhpyb 13:21:45.49 +70:55:59.8 g =19.67 stellar CV multiple bursts P60
GRB 180913A ZTF18abvzgms 23:37:50.57 +47:53:21.2 g =21.29 (p) 0.35 at evolution SDSS
ZTF18abwiios  23:12:14.06 +39:27:50.6 g =22.04 { at evolution
ZTF18abvzfgy  23:16:15.20 +43:31:59.3 g =20.98 (s) 0.04 SN Ic LDT
ZTF18abvzjwk 22:30:32.49 +39:50:14.6 g =21.70 orphan at evolution
ZTF18abvwhkl  23:05:44.17 +45:32:34.8 r=21.44 { at evolution 3 points
ZTF18abvucnv  22:31:31.96 +39:30:03.7 r=21.15 stellar Star are
ZTF18abwiitm  23:15:27.61 +39:57:10.5 g=21.71 { slow AGN WISE
ZTF18abvubdm 22:58:28.45 +47:06:03.8 g =21.01 { slow evolution nice Ic
ZTF18abvzsld  00:15:57.12 +49:28:51.0 g =21.50 Stellar at evolution
ZTF18abwiivr  22:52:15.80 +37:22:29.4 g =21.73 Stellar slow evolution
ZTF18abvzmtm 23:55:13.07 +48:21:37.8 g =21.65 orphan slow

Table 2.4.  Follow-up table of the candidates identi ed for GRB 180523B (Cough-
lin et al., 2018c), GRB 180626C (Coughlin et al., 2018a), GRB 180715B (Cenko
et al., 2018), and GRB 180913A (Coughlin et al.,, 2018b). The spectroscopic (s)
or photometric (p) redshifts of the respective host galaxies are listed as well. The
photometric slow evolution of some candidates was used as a rejection criteria when
the object presents a variation on its magnitude smaller than 0.3 mag/day.
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GRB trigger ZTF Name RA Dec Dlscqvery Redshift Rejection criteria
magnitude

GRB 181126B ZTF18achtkfy = 06:54:02.63  +37:04:28.6 g =19.69 orphan slow
ZTF18ach gs 04:41:09.49  +23:53:24.9 r=20.20 (p)0.38 at evolution SDSS
ZTF18acrkcxa  04:55:02.52  +22:40:43.4 r=20.85 Stellar Flare Keck LRIS
ZTF18acrkkpc  06:23:15.56  +10:19:22.6 r=20.17 (s) 0.061 SN II Keck LRIS
ZTF18aadwfrc  06:17:18.02  +50:29:03.3 r=19.65 (s)0.04 SN la-02cx Keck LRIS
ZTF18acrfond 03:59:26.95 +24:35:20.4 r=10.13 (s)0.117 SN la Keck LRIS
ZTF18acrfymv  06:18:01.18  +44:10:52.7 g =20.82 (s)0.072 SN Ic-BL Keck LRIS
ZTF18acptgzz  04:33:32.45 -01:38:51.1 r=19.56 (s) 0.096 SN la Keck LRIS
ZTF18achbyrll 05:55:28.67  +29:28:20.3 r=19.34 orphan slow evolution
ZTF18acrewzd 04:41:17.29 -01:46:07.5 g=20.74 (s)0.13 SN la Keck LRIS

GRB 200514B ZTF20aazpphd 242.7149675 +27.1616870 r =19.6 slow
ZTF20aazppnv 238.1438691 +25.5764946 r=21.1 (p) 0.17 slow
ZTF20aazprjg 233.5213585 +43.3298714 r=21.3 (p) 0.23 slow
ZTF20aazptlp 229.007524 +48.774925 r=21.5 (p) 0.40 slow
ZTF20aazptnn  237.2967278  +47.271954 r=21.6 (p) 0.26 slow
ZTF20aazpnst 254.0989833 +34.4655542 r=22.0 (p) 0.19 slow
ZTF20aazpo 236.929525 +46.9809542 r=21.5 (p) 0.46 slow
ZTF20aazplwp 2734.0167814 41.1672761 r=21.6 slow
ZTF20aazqglgx 2746.0908608 34.6259478 r=223 (p) 0.35 slow
ZTF20aazphye 2755.6577428 41.7013160 r=21.6 (p) 0.26 slow
ZTF20aazpnxd 2755.931646  48.3862806 r=21.6 slow
ZTF20aazpkri 2740.7324792  48.5554957 r=21.3 slow
ZTF20aazqndp 2737.8212032 50.4933039 r=22.1 (s) 0.03 slow
ZTF20aazqpps 2752.2388065 41.3097433 r=21.6 (s) 0.2 slow

GRB 210510A ZTF2labaytuk 13:48:49.89 +35:32:13.05 ¢ =21.76 (s) 0.8970 AGN Keck LRIS

Table 2.5:

Follow-up table of the candidates

identi ed for GRB 181126B (Ahu-

mada et al., 2018), GRB 200514B (Ahumada et al., 2020; Reusch et al., 2020a),
and GRB 210510A (Anand et al., 2021). The spectroscopic (s) or photometric (p)

redshifts of the respective host galaxies are listed as well. The photometric slow evo-
lution of some candidates was used as a rejection criteria when the object presents
a variation on its magnitude smaller than 0.3 mag/day.
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Chapter 3: The Discovery and con rmation of the shortest GRB
from a collapsar

3.1 Abstract

Gamma-ray bursts (GRBs) are among the brightest and most energetic events
in the universe. The duration and hardness distribution of GRBs has two clus-
ters (Kouveliotou et al., 1993), now understood to re ect (at least) two dier-
ent progenitors (Nakar, 2007). Short-hard GRBs (SGRBsTyy <25s) arise from
compact binary mergers, while long-soft GRBs (LGRBsTg >2s) have been at-
tributed to the collapse of peculiar massive stars (collapsars) (Woosley & Bloom,
2006). The discovery of SN 1998bw/GRB 980425 (Galama et al., 1998) marked
the rst association of a LGRB with a collapsar and AT 2017gfo (Coulter et al.,
2017)/GRB 170817A/GW170817 (Goldstein et al., 2017) marked the rst associa-
tion of a SGRB with a binary neutron star merger, producing also gravitational
wave (GW). Here, we present the discovery of ZTF20abwysqy (AT 2020scz), a fast-
fading optical transient in the Fermi Satellite and the InterPlanetary Network (IPN)
localization regions of GRB 200826A; X-ray and radio emission further con rm that
this is the afterglow. Follow-up imaging (at rest-frame 16.5 days) reveals excess emis-
sion above the afterglow that cannot be explained as an underlying kilonova, but is

consistent with being the supernova. Despite the GRB duration being short (rest-
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frame Ty of 0.655s), our panchromatic follow-up data con rms a collapsar origin.
GRB 200826A is the shortest LGRB found with an associated collapsar; it appears
to sit on the brink between a successful and a failed collapsar. Our discovery is
consistent with the hypothesis that most collapsars fail to produce ultra-relativistic

jets.

3.2 The shortest GRB from a collapsar

On August 26, 2020, at 04:29:52 UT, the Gamma-ray Burst Monitor (GBM) on
board the Fermi Gamma-ray Space Telescope detected GRB 200826A with duration
(Tgo) of 1:14 0:13 seconds in the 50{300 keV energy range, In addition termi
(GBM trigger 620108997), GRB 200826A was detected by four other Interplanetary
Network (IPN) instruments (see Methods).

The gamma-ray properties alone do not always yield an unambiguous clas-
si cation. Some SGRBs show afterglow and host properties akin to LGRBSs, e.g.
Antonelli et al. 2009; some LGRBs show no evidence for collapsars to deep limits
akin to SGRBs, e.g. Gal-Yam et al. 2006. Based solely do (Bromberg et al.,
2013), GRB 200826A has a SGRB probability of 65%. Also taking into consider-
ation the E,cac parameter of a Comptonized model t to the single spectrum over
the duration of the burst (see Table 3.5), the probability that GRB 200826A is a
SGRB increases to 74% (see Figure 3.1 and Methods). However, based on rest-frame
energetics, GRB 200826A is not consistent with the SGRB population (right panel
in Fig. 3.4).

Starting 4.2 hours after the GRB, we observed 180 sq. degrees of termi-
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GBM localization with the Zwicky Transient Facility (ZTF) (Bellm et al., 2019a)
(see Fig. 3.2). At 17 hours after the GRB, IPN triangulated the source to a smaller
region. ZTF20abwysqy was the only candidate that passed our alert Itering scheme
and was also inside the IPN region (see Methods). We discovered ZTF20abwysqy
at a brightness ofg = 20:86 0:.04 mag (AB system). The previous upper limit
(g > 2L3mag at 5 ) was 17.3 hours before the GRB, as part of the nominal all-sky
survey mode (see Table 3.1). In addition to the spatial coincidence, ZTF20abwysqy
was associated with a fading X-ray counterpart (D'Ai et al., 2020) and variable
radio emission (Alexander et al., 2020), con rming ZTF20abwysqy as the afterglow
of GRB 200826A (see Table 3.3 and Table 3.4).

ZTF20abwysqy was discovered in a galaxy with archival detections in Pan-
STARRS 1 (PS1) (Chambers et al., 2016b) and Legacy Survey (LS) (Dey et al.,
2019), at a LS photometric redshift ofz, = 0:71 0:14. The o set between the host
galaxy's centroid and the transient is @8 0:05 arcsec, corresponding to a physical
distance of 209 0:6 kpc. We acquired a Gran Telescopio Canarias (GTC) spectrum
of the galaxy; we see strong [Oll] and [Olll] lines ar = 0:748 (see Table 3.2 and
Fig. 3.5). With both spectral and photometric spectral energy distribution (SED)
tting, we infer a stellar mass for the host galaxy of 10°/ M (see Fig. 3.5,
Fig. 3.6 and Table 3.6 in Sec. 3.3), which is near the distribution peak for LGRBs
(Leibler & Berger, 2010), while below the median for SGRBs based on Fong et al.
2015.

We model the GRB afterglow using the standard synchrotron reball model

to constrain parameters related to the energy and geometry of the GRB central
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engine (see Sec. 3.3). Electrons in the circumburst medium are accelerated by the
shock wave and reach a power-law energy distribution characterized by the index
p, N(E)/ E P. This results in a SED described by a series of broken power laws,
e.g. Sari et al. 1998 (See Figures 3.7 and 3.8). The associated isotropic kinetic
energy ofExso = 6:0"53  10°? erg lies in the top 5% of theE s, distribution for
SGRBs (Fong et al., 2015), but within the 90% con dence range of the LGRB energy
distribution (Shivvers & Berger, 2011) (see Sec. 3.3). Our data can only loosely
constrain the circumburst density. The upper end of the distribution is consistent
with the values found for the median circumburst densities (Panaitescu & Kumar,
2002) of LGRBs, while the lower end is more representative of SGRBs (Fong et al.,
2015).

In the collapsar scenario, a high-velocity stripped-envelope supernova (SN)
(SN Ic-BL) should follow the GRB detection (Woosley & Bloom, 2006). To test this
scenario, we used the Gemini Multi-Object Spectrograph (GMOS-N; see Sec. 3.3) to
acquirer- andi-band images of ZTF20abwysqy on three di erent epochs: 28, 45,
and 80 days after the GRB trigger (epoch 1, 2 and 3 respectively). Using epoch
3 as the reference, we undertook image subtraction using two di erent subtraction
algorithms (see Sec. 3.3 for details). On epoch 1, our Gemini observations show
evidence of a transient with an-band magnitude of 25.45 0.15 mag (with ani-band
5 limit of 25.9 mag, see Table 3.1); there is no source in tiheband observations up
to a5 limit of 25.4mag (see Fig. 3.3). On epoch 2, we do not detect a source up
toa5 limit of 25.5mag in thei-band and 25.7 mag in the-band. Thus, at a rest-
frame time of 16 days, the foreground extinction-corrected absolute magnitude of
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ZTF20abwysqy isM; = 180 mag.

To understand the source of tha-band excess, we use Markov chain Monte
Carlo (MCMC) and full forward modeling of all multi-band observations excluding
the GMOS detection to compare three scenarios: an afterglow only, an afterglow
plus a kilonova (KN), and an afterglow plus a SN. The KN model is based on
a best-t template to AT2017gfo (Dietrich et al., 2020) scaled by a compilation of
SGRB-KN candidates (Gompertz et al., 2018); the collapsar model uses a SN1998bw
template (Clocchiatti et al., 2011) with stretch and scale parameters drawn from
a prior that is consistent with the historical GRB-SN sample (Cano et al., 2017).
We dismiss the afterglow-only and afterglow-plus-KN models because they predict
i-band ux at the time of the GMOS data point that is too faint by 1:6"%8 mag {
inconsistent with the observations at the 5 level (see Fig. 3.9 and Table 3.7).

We repeated the analysis of all three scenarios including the GMOS data
point in order to do Bayesian model comparison. The Bayes factor between the
afterglow-plus-KN and afterglow-only models is 1, indicating that neither model
is favored over the other. However, the Bayes factor between the afterglow-plus-SN
and afterglow-only model is 18°, indicating that the afterglow-plus-SN model is
strongly favored. Based on the compilation of Cano et al. 2017 of GRBs with asso-
ciated SNe, GRB 200826A is the shortest LGRB found with an associated collapsar,
with an observedTy of 1.13 s and rest-fram@gg of 0.65s (see Figure 3.1). The sec-
ond shortest LGRB with a SN is GRB 040924, with a rest-fram&g, of 1.29s (Cano
et al., 2017).

In the conventional reball model of a LGRB, the rest-frame duration of the
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prompt emission,t , is the di erence between the duration of the activity of the
central engine,te, and the time required to break out of the envelopd,, (Sobacchi
et al., 2017). The short duration of GRB 200826A suggests that & ty,, which might
imply that its central engine is active only very brie y, or that the stellar envelope
is unusually thick, as compared to other LGRBs, perhaps requiring a nonstandard
progenitor (Zhang et al., 2021). Then it is natural to infer that there must be
collapsars for whichte < t, that fail to produce a reball. For t. . ty, the jet may
fail to clear a path for itself and remains cocooned within the exploding star, yet the
cocoon itself may still produce a mildly relativistic shock breakout that manifests
as a soft, quasi-thermal, low-luminosity GRB (IIGRB) like GRB 980425/SN 1998bw
or GRB 060218/SN2006aj (Nakar, 2015; Soderberg et al., 2006). Fpr ty, there
may be no prompt emission at all.

GRB 200826A, then, may sit on the brink between a successful LGRB and
a failed one. The sign of one continuous physical parameter, t, switches
a collapsar-powered GRB discontinuously between two dominant emission mech-
anisms: internal shocks in a relativistic jet or mildly relativistic shock breakout at
the surface of the exploding star. These two mechanisms correspond to two widely
separated and disconnected regions in the hardness-duration- uence phase space:
the traditional border between SGRBs and LGRBs, and the exceptionally long and
soft region occupied by IGRBs and X-ray ashes (XRFs). The local rate of LGRBs
( 1Gpc 3yr 1) (Nakar, 2015) is 2 orders of magnitude lower than the rate of II-
GRBs (300 Gpc 3yr 1) (Nakar, 2015) and 3 orders of magnitude lower than the rate
of SNe Ic-BL (4500 Gpc3yr 1) (Graham & Schady, 2016). It is understood that
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LGRBs, and to a lesser extent, IGRBs, are collimated and relativistically beamed,
suppressing the detection of events in which the jet is pointed away from our line
of sight. However, even allowing for a beaming correction to their rates of 100 for
LGRBs and 1{10 for IGRBs (Nakar, 2015) (but no beaming correction for SNe),
LGRBs still occur at a rate (100 Gpc3yr 1) that is up to an order of magnitude
lower than that of IGRBs (300-3000 Gpc3yr 1) or that of SNe Ic-BL, suggesting
that the majority of the collapsars fail to produce an ultra-relativistic jet and instead
drive a wide-angle or nearly isotropic and only mildly-relativistic cocoon.

Based on indirect evidence from the host, afterglow, and gamma-ray proper-
ties, it has been argued that as many as 84% of bursts detected by tNeil Gehrels
Swift Observatory(Gehrels et al., 2004) $wift) and 40% of theFermi bursts that
are nominally SGRBs oo < 25s) are actually misclassi ed LGRBs (Piran et al.,
2013). If this is correct, then one would expect many more short-duration GRBs
with collapsars that are on the edge between success and failure of the jet. The
discovery of GRB 200826A, an SGRB imposter, lends credence to this bold claim,
and would suggest that the rates of such short-duration LGRBs is comparable to
the rate of IGRBs, up to a few hundred Gpc3yr . Thus, our discovery upholds

the hypothesis that most collapsars fail to produce jets.
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Figure 3.1: Gamma-ray properties of GRB 200826A in context. The peak
energy based on a Comptonised tE e (keV), vs. the time-integrated, Ty (S),

for 2310Fermi GBM GRBs. The data are t with two log-normal distributions

for the two GRB classes. The color of the data points indicate the probability
with magenta being 100% SGRB and cyan being 100% LGRB. GRB 200826A is
surrounded by a red star with a SGRB probability of 74% (See Methods). Yellow
squares show LGRBs with SN-bumps, yellow circles show LGRBs with spectroscop-
ically con rmed SN (Cano et al., 2017), black diamonds show SGRBs with claimed
KN excess (Gompertz et al., 2018).
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Figure 3.2: Discovery of the afterglow of GRB 200826A. It was found at the
position = 00"27"08542, = +34"01™38327 (J2000) with an uncertainty of
0.08." Contours in the left panel represent thd=ermi GBM 90% (thick) and 50%
(thin) credible regions from the o cial Fermi GBM localization (dark blue) and
BALROG (light blue). The lled gray squares show the ZTF elds observed and
the dark green dots are the positions of the ZTF Night 1 optical candidates. In the
middle panel, 3 IPN triangulation is shown in pink; the four elds of the four XRT
tiled observations are shown as light green circles and the XRT candidates are light
green dots. The position of the afterglow is marked by the dark green reticle. The
right-hand panels are centered at the position of ZTF20abwysqy. The cutouts, from
top to bottom, show the ZTF discovery image, the ZTF stacked reference image,
and a false color image showing the host galaxy from Legacy Survey DRS8. In the
cutouts, North is up and East to the left.
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Figure 3.3: Panchromatic afterglow and collapsar con rmation. The avail-
able multiwvavelength light curve data is over-plotted with the best ts (5th to 95th
percentiles) from the afterglowpy modeling assuming an ISM-like environment.
Detections are shown as circles with their respective error bars (1 and 5 up-
per limits are shown as inverted triangles. The opticag-, r- and i- bands are
shown in green, red and yellow, the XRT 1keV data is shown in blue, the VLA
in fuchsia (darker pink), while the GMRT data is presented in pink. We show
the K-corrected light curves of three well-studied GRB-SNe (SN1998bw, one of the
brightest; SN2006aj and SN2010bh, two of the faintest) with solid black lines. The
Gemini GMOS-N i-band detection is shown at day 28.28, as a yellow circle, and is
consistent with the collapsar population. We show a cutout of thé-band ZOGY
subtraction, revealing our 25.45 mag detection with a ZOGY corrected score of 4.
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3.3 Methods
3.3.0.1 Background

The traditional paradigm of classifying a GRB based only on its gamma-ray
properties is debated (Bromberg et al., 2013; Zhang & Choi, 2008). Although the
two types of progenitors broadly map to the time duration of the signals, there is no
clear boundary in the bimodal distribution. Some SGRBs show afterglow and host
properties akin to LGRBs, e.g. Antonelli et al. 2009; Levesque et al. 2010; some
LGRBs show no evidence for collapsars to deep limits akin to SGRBs, e.g. Fynbo
et al. 2006; Yang et al. 2015.

In the mid 2000s, SGRB-related breakthroughs triggered by thieil Gehrels
Swift Observatory(Gehrels et al., 2004) and HETE-II (Ricker & Vanderspek, 2003)
included detections of SGRBs X-ray afterglows, identi cation of likely host galaxies
(Gehrels et al., 2005), and the rst SGRB optical afterglow (Hjorth et al., 2005;
Villasenor et al., 2005). Yet, in the rst decade of optical follow-up oSwift SGRBsS,
only about 30 optical/NIR afterglows were detected (Berger, 2014; Fong et al., 2015)
and even fewer had associated redshifts. On 2017 August 17, the joint detection of
the binary neutron star (BNS) merger (GW170817) in GWs with LIGO and Virgo
(Abbott et al., 2017c), and in gamma-rays byFermi GBM (Meegan et al., 2009)
and INTEGRAL (Abbott et al., 2017b; Goldstein et al., 2017; Savchenko et al.,
2017), unequivocally con rmed BNS mergers as at least one of the mechanisms that
can produce a SGRB. The merger illuminated the entire electromagnetic spectrum

(Abbott et al., 2017a) and the optical/NIR emission provided robust evidence of a
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radioactively powered KN (Arcavi et al., 2017; Chornock et al., 2017; Cowperthwaite
etal., 2017; Drout et al., 2017; Kasen et al., 2017; Kasliwal et al., 2017b; Pian et al.,
2017; Smartt et al., 2017; Tanvir et al., 2017; Troja et al., 2017).

The bulk of our knowledge about SGRBs comes from the well-studieivift
SGRB afterglow sample; however, the lovBwift local rate of SGRBs (Dichiara
et al., 2020) has hampered the detection of a GW170817-like event. On the other
hand, the Fermi GBM is arguably the most proli ¢ engine of discovery forrcompact
binary mergers as it detects 1 SGRB each week, which is four times the rate
of Swift (Sakamoto et al., 2011; von Kienlin et al., 2020), and comparable to the
rate of the LIGO and Virgo detectors when in observing mode (1.5 per week
during O3a (Abbott et al., 2020)). Unfortunately, there is a relative paucity of
electromagnetic observations ofFermi GRBs and LIGO/Virgo GW events alike
because it is challenging to pinpoint them within their positional uncertainties of
tens to thousands of square degrees (Aasi et al., 2016; Abbott et al., 2018; Nissanke
et al., 2011).

In order to better understand the phenomenology of GRBs and compact binary
mergers, wide eld of view (FOV) optical instruments have looked foFermi GRBs
and LIGO/Virgo GW counterparts. In 2013, the Palomar Transient Factory (PTF)
(Law et al., 2009) used a 7 dégcamera on the Palomar 48 inch Oschin telescope
(P48) to discover the rst optical afterglow of a GRB basedsolely on a Fermi
GBM localization (Singer et al., 2013) and subsequently found afterglows of 7 other
LGRBs (Singer et al.,, 2015). Now, the Zwicky Transient Facility (ZTF; Bellm
et al. 2019a; Graham et al. 2019; Masci et al. 2019), a 47 demmera mounted at
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the P48 telescope, has enabled searches an order of magnitude faster in areal and
volumetric survey speed and has been used to search the coarse error regions of
Fermi GBM SGRBs (Coughlin et al., 2019c) and LIGO/Virgo events (Anand et al.,
2021; Andreoni et al., 2019a; Coughlin et al., 2019d; Kasliwal et al., 2020b). Both
PTF and ZTF have also discovered afterglow-like transients with optical, X-ray, and
radio emission, but no gamma-ray counterpart (Cenko et al., 2013, 2015; Ho et al.,

2020).

3.3.0.2 Gamma-ray detections

Fermi (GBM trigger 620108997) (Fermi GBM Team, 2020), and the IPN in-
struments { AGILE (Pittori et al., 2020), INTEGRAL (SPI-ACS), Mars-Odyssey
(HEND), Konus-Wind (Ridnaia et al., 2020), and AstroSat (Gupta et al., 2020)
detected the burst. The GBM localization calculated by the ground software (Con-
naughton et al., 2015; Goldstein et al., 2020) is RA = 4.7, Dec = 35.3 (J2000
degrees, equivalent to J2000 00h 18m, 35d 17') with a statistical uncertainty of 1.7
degrees (Fermi GBM Team, 2020). The BALROG localization is consistent with
this (Burgess et al., 2016). The nal GBM localization of the GRB was available a
few minutes after the trigger, and it enclosed 339 (63) dégvithin the 95% (50%)
credible region.

The light curve shows a bright GRB featuring three distinct peaks in the 50{
300 keV energy range, with with a signal-to-noise ratio (S/N) of 100 and aTyg
duration of 1.14 0.13 s. This GRB is within the top 36% in terms of uence (in the

50{300 keV energy band as measured ové&ty,) from bursts recorded in theFermi
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GBM catalog (von Kienlin et al., 2020). Spectral analysis was performed using the
RMFIT 4.4.2 light curve and spectral analysis softwarein the interval of Ty to Ty
+1.152 s encompassing th@y, start time and duration. The detector selection for
the analysis consisted of the brightest Nal detectors with angke 60 (N6, N7, N8,
N9, NB11) and BGO detector B1. Nal and BGO detector data from 8keV to

900keV and 300keV to 40MeV respectively was used for the analysis. The
Band Model (Band et al., 1993), a standard model for GRB analysis (Gruber et al.,
2014), provided best t with parameters consistent with the initial analysis (Mangan
et al., 2020), whereEpeax =88:9 3:2keV, = 026 007,and = 24 O01.
The peak ux in the 64 ms time (10 keV - 1 MeV), measured fronTy +1.152s, is
643 21phcm ?s ! The uence overTg (10 keV to 1 MeV) is 426 0:2 10’
erg cm 2 (the t merit of the spectral t is 1.09).

A time resolved spectral analysis was performed froify to Tg +1.152s. The
data was binned by S/N, with at least 20 for the S/N in each bin. For 6 of
the bins, the best- t parameters of the Band Model are displayed in Table 3.5. The
parameters for the Band model in the initial time interval were poorly constrained so
a cuto power law (Comptonised) model (Yu et al., 2016) was tted to this interval.
The Band Model was primarily used as this was the best constrained model for the
time integrated analysis. The Castor C-stat statistic (Guiriec et al., 2010) was used
for its robustness when dealing with low count statistics, while the background was

modeled as a rst order polynomial over all qualifying detectors, as discussed above,

LAvailable at the Fermi Science Support Center:https://fermi.gsfc.nasa.gov/ssc/data/
p7rep/analysis/rmfit/
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using TTE data products. Spectral evolution of theEpeax parameter is observed
over the duration of the burst, and is found to exhibit hardness-intensity tracking
behavior (Guiriec et al., 2010; Yu et al., 2016).

The distribution of GRB Tgg durations demonstrates a bimodality that is best
t with double log-normal components. This suggests two distinct but overlapping
progenitor probabilities, and by extension, classi cations for short and long GRBs.
Using only the Tgg, and the parameters derived for thd=ermi GBM distribution of
bursts in Bromberg et al. 2013, we determine a SGRB probability of @49443%,
for GRB 200826A.

According to BATSE (Kouveliotou et al., 1993), the overlap of GRBTg, du-
ration distributions occurs at 2s. In the past, GRB hardness ratios, quanti able
for the majority of GRBs in the absence of location information, have been used
as a measure for the spectral hardness. Hardness ratio is presented for the GBM
catalogue events in von Kienlin et al. 2020, where the data shows an anti-correlation
between hardness and duration; however, there is a large scatter in the data. We
derive aTg value of 4.2s as the duration where an event has equal probability of
being in the short or long class (von Kienlin et al., 2020) based on 2353 GRBs. We
choose theE ca parameter instead of hardness for separating LGRB and SGRB
populations as it does not require set energy bands for a comparison to be made
(Goldstein et al., 2010). In Figure 3.1 we presents a log-log plot of tHgy and E peax
parameter, for which we t two log-normal distributions, one for each class, and the
probability that an event is an SGRB is translated into a colour. From this analysis,

the probability that GRB 200826A belongs to the short class is 74%.
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GRB 200826A triggered KonusAind (KW) at Toxw = 16195.106 s UT
(04:29:55.106). The propagation delay from Earth tdVind is 2.540 s for this GRB;
correcting for this factor, the KW trigger time corresponds to the Earth-crossing
time 16192.566 s UT (04:29:52.566). The burst light curve shows a multi-peaked
pulse which starts at aboutToxw  0:10 s and hasTigo = 0:97 s, Teo = 0:67°%53 s,
and Tso = 0:28'%3% s measured in the 80{1300 keV band. Considering only the
duration, the Tgg and Tso of GRB 200826A are consistent with the short GRB
population in the KW sample. The Tgg and Tso durations at which a KW-detected
GRB has an equal probability of being short- or long-duration are 2 s and 0.7 s,
respectively (Svinkin et al., 2019). The spectral lag between the 20{80 keV and
80{330 keV 16 ms light curves is 30 11 ms, consistent with the bulk of KW short
GRBs (Svinkin et al., 2016).

During the burst, KW measured ve spectra in the 20 keV{10 MeV band.
The rst four with 64 ms accumulation time cover the interval from Tokw tO
Tokw +0:256 s and the fth, from Tokw + 0:256 s toTokw + 8:448 s. The time-
averaged spectrum of the burst (measured froMoxw S t0 Toxw + 8:448 S) is best
t in the 20 keV{2 MeV range by the Band function with a low-energy photon
index = 1:26"%3%, a high-energy photon index = 2:32°%12 and a spectrum
peak energyE e = 67*5 keV ( 2=d:o:f: = 50=59). The burst had a uence of
4:60%%5 10 % ergcm ?, and a 16-ms peak ux, measured fronTocy +0:544 s, of
9:81" 8 10 Sergcm 2 s ! (both in the 20 keV{10 MeV energy range). Using the
spectroscopic redshifz = 0:7481 (Rothberg et al., 2020) we have estimated the fol-
lowing rest-frame parameters: the isotropic energy releaBe, is 7:17"53;  10°* erg,
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the peak luminosity Lis, is 267°%32 10°? erg s , and the rest-frame peak energy
of the time-integrated spectrum,E peax., is 11733 keV.

With these values, GRB 200826A is within the softest 1% of KW short
GRBs in terms of the observedE cak; and is within the 1 prediction band of
both the "Amati' and "Yonetoku' relations based on 315 long/soft (Type Il) GRBs
with known z (Amati et al., 2002; Tsvetkova et al., 2021; Yonetoku et al., 2004).
Furthermore, in the Eiso-Epear; plane, GRB 200826A is inconsistent with the short-
hard (Type 1) GRB population (see Fig. 3.4). Thus, despite the short duration,
the KW parameters of GRB 200826A imply that it belongs to the long/soft GRB
population.

In addition to the IPN detections, the Cadmium Zinc Telluride Imager (CZTI
(Bhalerao et al., 2017)) on board AstroSat also detected the burst. We reanalysed
the data, combining data from all four quadrants to create 20{200 keV light curves
with 0.05 s, 0.1 s and 0.2 s bins. All light curves show a single pulse, with hints of sub-
structure in during the rise in the smaller time bins (see Fig. 3.4). We process the
0.05 s light curves with the CIFT pipeline (Sharma et al., 2020), which incorporates
better data analysis as compared to the quick-look pipeline and produces more
robust results. Our reanalysis yields a peak time of UT 04:29:52.95 - consistent
with the Fermi peak. The new value offg is 0:94%:/2 s, signi cantly shorter than
the quick-look values reported in Gupta et al. 2020, but consistent witkermi and

Konus-Wind.
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3.3.0.3 Optical

We ingested the GBM localization map into the GROWTH target-of-opportunity
(ToO) marshal, an interactive tool design to plan and schedule ToO observations for
ZTF (Coughlin et al., 2019c). The observation plan generated by the ToO marshal
relies ongwemopt(Almualla et al., 2020; Coughlin et al., 2018, 2019a), a code that
optimizes the telescope scheduling process for skymaps with a healpix format, like
the Fermi-GBM maps. The gwemoptprocedure involves slicing the skymap into
prede ned tiles of the size and shape of the ZTF eld-of-view, determining which
elds have the highest enclosed probability, and optimizing observations based on
airmass and visibility windows. For this purpose, we used a modi ed version of
the \greedy" algorithm described in Rana et al. 2017, implemented withigwemopt
The resulting optimized plan for the optical follow-up of GRB 200826A consisted of
four primary ZTF elds and one secondary eld. The elds were observed in the
r- and g-band for 300 s each, starting 4.9 hours after the GBM detection. The ob-
serving plan for the rst night covered 186 de§j corresponding to 77% of the GBM
region (see Fig. 3.2). Once the Konug/ind data became available on ground at
about 17:55 UT, the 288 arcmif IPN error box was derived using Konus, GBM,
and HEND data, which allowed the X-ray Telescope (XRT (Burrows et al., 2005))
on board Swift to initiate a ToO at about 20:45 UT. The IPN box was published
later at about 21:30 UT (Hurley & et al., 2020).

Reference images of the elds are then subtracted from the ZTF ToO obser-

2The ZTF secondary elds are strategically located to cover the chip-gaps of the elds in the
primary grid.
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vations and any high signi cance di erence $5 ) generates aralert (Masci et al.,
2019; Patterson et al., 2019) that contains relevant information about the transient.
We queried the stream of alerts using three di erent tools: the GROWTH marshal
(Kasliwal et al., 2019a), the Kowalski infrastructure (Duev et al., 201§)and AM-
PEL (Nordin et al., 2019; Soumagnac & Ofek, 2018; Stein & Reusch, 2020; Stein
et al., 2021¥. Our Itering scheme has been described in previous SGRB and GW
searches (Coughlin et al., 2019c; Kasliwal et al., 2020b), but we summarize the main
points here. We aim to identify sources that 1) are spatially coincident with the
skymap, 2) are detected only after the GBM trigger, 3) are far from known bright
sources, 4) are spatially distinct from Pan-STARRS 1 (PS1; Chambers et al. 2016b)
stars (based on Tachibana & Miller 2018), 5) have at least two detections separated
by at least 15 minutes to avoid moving objects, 6) have a real-bogus score (RB; Duev
et al. 2019; Mahabal et al. 2019) greater than 0.15, and 7) showed an increase in
their ux relative to the reference image. For each candidate passing these lters,
we visually inspected the light curve, cross-matched with the PS1-DR2 catalog to
check for previous activity, and cross-matched against the Wide- eld Infrared Survey
Explorer (WISE; Cutri et al. 2013) catalog to determine whether it was consistent
with an active galactic nucleus (AGN) based on its position in the WISE color space
(Assef et al., 2018; Stern et al., 2012; Wright et al., 2010). Additionally, we searched
the Minor Planet Center (MPC) to ensure that our potential counterparts were not

consistent with known solar system objects. Forced photometry (Yao et al., 2019)

Shttps://github.com/dmitryduev/kowalski
“https://github.com/AmpelProject
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was performed using data from the 10 nights previous to the trigger, to remove
young SNe from the sample. A nal quality check was done by querying for alerts
around each candidate, and rejecting transients that have multiple alerts within a
radius of 15" as these alerts could suggest artifacts, ghosts, or slow-moving objects
near the stationary points (Jedicke et al., 2016).

After the rst night of observations 28195 alerts were generated in the region
and 14 sources passed every stage of our ltering criteria (Sagues Carracedo et al.,
2020). The SGRB afterglow, ZTF20abwysqy (Ahumada et al., 2020a), was not in
our rst selection as there was a ZTF alert 11" NE; however, it passed all the other
Itering criteria. Two of the ZTF ToO elds triggered during the rst night covered
> 99% of the triangulated IPN region. However, none of the candidates reported
in Sagues Carracedo et al. 2020 fell there. For our second night of observations, we

scheduled 600 s observations it and g-band and queried the database.

3.3.0.4 Probability of Chance Coincidence

We roughly calculate the probability of chance coincidencep) of this optical
transient to be independent of GRB 200826A. For this we follow Stalder et al. 2017
and use Poissonian statistics to derive the probability for one or more events to be
randomly coincident:

p=1 e

Y3;
where is the product of three dierent values, = ri. For this study, we

i=1
considerr; to be the time window between the last ZTF non-detection (0.72 days

before the trigger time) and the time of the detection (0.21 days, see Table 3.1),
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resulting in r; = 0:93 days. The parameter, is the rate of Fermi GRBs, which
from the latest GBM catalog (von Kienlin et al., 2020) gives 0:65 bursts per day.
Finally r3 is the ratio between the total IPN area (288 arcmif) and the sky. This
derivation gives ap=1:16 10 8, and allows us to rule out a random association

between the GRB and the afterglow at the 4.87 level.

3.3.1 Follow-up

This section describes the panchromatic follow-up of the afterglow of GRB
200826A, along with the details on the facilities, instruments, and con gurations
used to acquire data. This data was later used to model the afterglow emission and
test the KN and SN hypotheses. The summary of the follow-up results can be found

in Tables 3.1, 3.3, and 3.4.

3.3.1.1 Optical/NIR

Here we present our optical and near infrared (NIR) follow-up results. In
addition to our observations, MASTER (Lipunov et al., 2005) and Kitab follow-up
with a clear Iter (Belkin et al., 2020; Lipunov et al., 2020) led to upper limits of
18.3 mag and 20.4 mag respectively.

Las Cumbres Observatory.We performed follow-up of ZTF20abwysqy with
the Spectral camera mounted at the 2-m Faulkes Telescope North (FTN), located
at Haleakala Observatory. Starting on 2020-08-28 11:32:26 UT we acquired three sets
of images with 300 s exposures eachgnand r-bands through the LCO observation

portal®. Furthermore, we obtained a second (reference) epoch gn and r-bands

Shttps://observe.lco.global/
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on 2020-09-02 UT. Our images were reduced by an automatic subtraction pipeline.
Our pipeline retrieves images from LCO, stacks them, extracts sources from the
image usingSource Extractor (Bertin & Arnouts, 1996) and performs photometric
calibration of sources using the PS1 catalog. Then, the pipeline performs image
subtraction using the High Order Transform of Psf ANd Template Subtraction code
(HOTPANTS; Becker 2015) to subtract a PSF-scaled reference image aligned using
SCAMBBertin, 2006). Our photometry measurements reported ig- and r-band
were determined after host subtraction using the LCO reference images in the same
Iters acquired on 2020-09-05.

Hale Telescope. We obtained two epochs of dithered J-band imaging with
the Wide Field Infrared Camera (WIRC; Wilson et al. 2003) on the Palomar Hale
200-in (P200) telescope on 2020-08-28 UT and on 2020-09-04 UT, spending an hour
integrating on target during each epoch. We reduced the images using the image
reduction pipeline described in De et al. 2020b. Images were aligned and stacked
using SWarp(Bertin et al., 2002) and calibrated against the 2MASS catalog. Image
subtraction between the two epochs was performed using the method described in
De et al. 2020c to derive ux measurements and its uncertainty for the rst epoch.

Gran Telescopio Canarias.The 10.4m Gran Telescopio Canarias (GTC)
(+OSIRIS) obtained spectroscopic observations starting on August 30, 04:30 UT.
Two 1200s exposures were gathered with the R1000B grism and one 1200s exposure
was obtained with the R25001 grism, in order to cover the entire 3700{10009
range. The slit was placed covering the position of the potential host galaxy. Stan-

dard routines from the Image Reduction and Analysis Facility (IRAF) were used to
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reduce the data.

Lowell Discovery Telescope. We used the Large Monolithic Imager (LMI
(Massey et al., 2013)) mounted on the 4.3m Lowell Discovery Telescope (LDT)
to observe the optical transient ZTF20abwysqy on three di erent nights: August
29, September 13, and September 19 (3.2, 18.1 and 24.2 days after the GRB trig-
ger). Observations were conducted with an average airmass of 1.0 while the seeing
varied from 1.1 arcsec for the rst night to 1.4 arcsec and 1.6 arcsec for the sec-
ond and third night, respectively. We took 8 exposures of 180 s in threband on
August 29. Images were taken with di erent Iters on September 13: 5 exposures
of 180 s inu-band, 4 exposures of 180 s ig-band, 6 exposures of 180 s irband
and 6 exposures of 180 s im-band. Finally, 10 exposure of 150 s in thée-band
and r-band were taken during the last night of observations on September 19. We
used standard procedures to perform bias and at- eld correction. The astrometry
was calibrated against the SDSS catalog (release DR16; Ahumada et al. 2020a) and
frames were aligned usin§ CAM&nd stacked withSWarp After stacking the images,
we extracted sources usin§ource Extractor and the magnitudes were calibrated
against 45 PS1 stars in the eld on average. We used HOTPANTS to perform im-
age subtraction between the rst and third epochs and found a source in thieband
at the location of ZTF20abwysky with a magnitude of 24.460.12 mag (see Table
3.1). We determine the magnitudes of the host galaxy using the second epoch of
observations. To verify this result, we used the 80 dayisband GMOS-North (see
description in the paragraph below) as a reference and the HOTPANTS subtraction

shows a source witlr-band magnitude of 24.76 0.23 mag, consistent with the result
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using the LDT reference.

Gemini Observatory. We acquired images of the transient location on Septem-
ber 23, October 10, and November 7 corresponding to 28.28, 46.15 and 80.23 days
after the GRB trigger respectively, which we denote as epoch 1, 2, and 3. We
used GMOS-North, mounted on the Gemini North 8-meter telescope on Mauna
Kea, under the approved Director's Discretionary Time (DDT) proposal DD-104
(P.l.: L. Singer). The host galaxy coordinates, in the Gemini images, are =
0027085557, = +34901M38.634.

The rst set of observations (epoch 1) was scheduled to be closest in time to
a SN1998bw-like peak without su ering from moon illumination. All three sets of
observations consisted of 14 200rs and i-band exposures, with a position angle
of 45 to avoid blooming from neighboring bright stars. The average airmass for
the observations was 1.0 and the seeing was stable throughout the three epochs,
at 0.7 arcsec, 0.5 arcsec, and 0.85 arcsec. The images were later reduced using
DRAGONS? (Labrie et al., 2019), a Python-based data reduction platform provided
by the Gemini Observatory.

We extracted sources usingource Extractor and determined a photometric
zero point using 23 PS1 stars in the eld. Using the ZOGY (Zackay et al., 2016)
algorithm-based python pipeline, we performed image di erencing on Gemini data.
The pipeline makes use obource Extractor , PSFEXBertin, 2011), SWarp SCAMP
and PyZOG{Guevel & Hosseinzadeh, 2017) to perform image subtraction. We took a

1300 pix 1300 pix sized cutout for both the science and reference images, centered

Shttps://dragons.readthedocs.io/

102



at the ZTF20abzwysqy position in the image in order to achieve good subtraction
guality, as the images were a ected by background variation. Sources were extracted
using Source Extractor from both science and reference images with a 5detec-
tion threshold. The resulting catalogues were fed t&CAMRvhich calculates and
corrects for the astrometric errors in both science and reference catalogues with the
help of a Gaia data release 2 catalogue (Gaia Collaboration et al., 2018) for the
same eld. Using SWarp images are then re-sampled to subtract the background
and the point-spread function (PSF) of the imagesSource Extractor -generated
weight maps were used as input to th&Warpto generate variances, which when
added with the images' Poisson noise in quadrature, which results in the root mean
square (rms) image. We select good sources frddource Extractor catalogues
based on their S/N, full width at half-maximum (FWHM) and Source Extractor
ag values. Sources which raised &ource Extractor ag were discarded. These
sources were used to match the ux level of the images. We usB&FExXo extract
the PSF model of the re-sampled images with thBource Extractor catalogue as
input to PSFEX The rms images, re-sampled images, PSF models and astrometric
uncertainty are used as input toPyZOG¥vhich generate the di erence image and a
corrected score image as nal products (Zackay et al., 2016). A source is detected
with a ZOGY corrected score of 4 in tha-band, at the location of the transient.
With ZOGY, we derive an i-band magnitude of 25.490.12 mag for epoch 1. No
source is detected in the r-band of epoch 1 nor in any band in epoch 2.

We have con rmed the ZOGY-based results using an independent image sub-

traction pipeline, FPipe (Fremling et al., 2016), which is based on empirically mea-
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suring the PSFs of the science and reference images and matching them using the
common PSF method (CPM (Gal-Yam et al., 2008)). We detect the source with an
i-band brightness of 25.4515 mag in epoch 1. The results agree within uncertain-
ties with the ZOGY-based subtractions. We do not detect the source in theband
up to a 5- limit of r > 25.6 mag for epoch 1. No source is detected in either lter
during epoch 2 up to a 5 upper limit of i > 25.4 mag andr > 25.5 mag (Ahumada
et al., 2020c) (see Figure 3.3).

Therefore, using two independent image subtraction pipelines, we con rm the

detection of a source in tha-band, at the location of the transient.

3.3.1.2 UV/X-ray

Swift began observing the IPN localization region of GRB 200826A 0.7 days
after the trigger. The last two observations were 4 ks and triggered as ToO ob-
servations. The XRT data was reduced by the online reduction pipeline (Evans
et al.,, 2007, 2009). As the hardness ratio remains constant within error bars, we
assume a single absorbed power law spectrum, with a Galactic neutral hydrogen
column (Willingale et al., 2013) of to 602 10?°cm 2. We convert the count rates
(see Table 3.3) to ux density at an energy of 1 keV, using the parameters derived
by the Swift pipeline: a photon index of x = 1:5"%:, an intrinsic host absorption
of npine = 6% 10°°%cm 2, and an unabsorbed counts-to- ux conversion factor of
427 10 Y ergcm?ct 1.

The rst UV/Optical Telescope (UVOT) observations of ZTF20abwysqy was

"https://www.swift.ac.uk/xrt_curves/00021028/
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1.6 days after the burst and the detection in the white lter was associated to the

underlying galaxy (D'Ai et al., 2020).

3.3.1.3 Radio

For the afterglow modeling, we additionally use data reported by Alexander
et al. 2020. They measure a ux density of 40 Jy at a mean frequency of 6 GHz
using the Karl G. Jansky Very Large Array (VLA), 2.28 days after the trigger. We
observed GRB 200826A in band-5 (1050{1450 MHz) of the upgraded Giant Metre-
wave Radio Telescope (UGMRT (Gupta et al., 2017)) on 2020-09-09 15:41:30.5 UT
and 2020-09-14 23:38:25.5 UT (14.5 and 19.8 days after the burst respectively)
under the approved DDT proposal ddtC147 (P.l.: Poonam Chandra). The data was
recorded with the GMRT Wideband Backend (GWB) correlator with a bandwidth
of 400 MHz divided in 2048 channels, with the central frequency of 1250 MHz. The
total on-source time was 75 mins with overheads of 30 mins. 3C48 was used
as the ux and bandpass calibrator and J0029+349 was used as the phase calibra-
tor. We used standard data reduction procedures in Common Astronomy Software
Applications (CASA(McMullin et al., 2007) for analysing the data. The dead an-
tennas were rst agged by manual inspection and the end channels were agged
due to low gain. The automatic agging algorithms incorporated into theCASA
task agdata were used to remove most of the Radio Frequency Interference (RFI).
Any remaining corrupted data were then agged manually. The calibrated data was
then imaged and self-calibrated to get the nal image. The synthesized beam for

the nal image was 4 arcsec 2 arcsec. We found no evidence of radio emission at
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the GRB position on both days. The 3 upper limits were 48.6 Jy/beam for the
observations taken on 2020-09-09 (Chandra et al., 2020) and 57J3/beam for the

observations taken on 2020-09-14.

3.3.2 The Host Galaxy

Our GTC spectra of the host galaxy show strong [Oll] and [Olll] features
at z = 0:748, in agreement with a previous report based on data from the Large
Binocular Telescope Observatory (LBTO) (Rothberg et al., 2020).

We modeled the GTC spectrum with the Penalized Pixel-Fitting (pPXF)
(Cappellari, 2017) to infer the properties of the host galaxy's stellar populations,
resulting in a twith 2 =1:011. The pPXF results con rmed the [Oll] features at
3726A and [Olll] lines at 49597 and 5007, indicators of recent star-formation and
young, hot stars. The stellar population age derived from the weighted ages of the
templates is 1.51%83 Gyr, with evidence for a younger 0.1 Gyr population (see
Figure 3.5 and Table 3.6).

Additionally, we corrected the magnitudes of the host galaxy (see Table 3.2)
using foreground extinction maps (Schlay & Finkbeiner, 2011) and fed them to
Prospector (Johnson etal., 2019), to model the SED of the host galax{rospector
usesfsps (Conroy & Gunn, 2010; Conroy et al.,, 2009) to generate multiple stel-
lar populations, and ts the observed photometry to determine the formed mass
of the galaxy, age, and intrinsic extinction among other parameters, using the

WMAP9 cosmology (Hinshaw et al., 2013) internally. We tted the photometry to a

galaxy using the Chabrier (Chabrier, 2003) initial mass function (IMF), the Calzetti
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(Calzetti et al., 2000) extinction curves for the dust around old stars, and a star
formation history (SFH) with the form of te * . Our results using the nested sam-
pling dynesty (Speagle, 2020) algorithm, gave a galactic stellar mass distribution
of Mga = 4:64 1:67 10°M , a mass-weighted galactic age ofy = 1:08",75 Gyr,

a metallicity of log(Zz=Z ) = 1:06'%{, a dust extinction of Ay, = 0:34%33, and

a star formation rate (SFR) of 401"%:8" M yr ! (see the resulting SED in Fig.
3.5 and the posterior probability distributions for the free parameters in Fig. 3.6).
We derived the SFR and weighted-mass age following similar studies on GRB host
galaxies (Nugent et al., 2020; O'Connor et al., 2021; Paterson et al., 2020), and the

stellar mass from the mass fraction derived witlfProspector .

3.3.3 Modeling

For the modeling of the multiwavelength emission, all optical and NIR obser-
vations were from di erence images and were corrected for foreground extinction

(Schlay & Finkbeiner, 2011).

3.3.3.1 The afterglow

In the standard synchrotron reball model a power-law energy distribution
characterized by the indexp, N(E) / E P, results in a SED described by a series
of broken power laws (Granot & Sari, 2002; Sari et al., 1998). The frequencies at
which the broadband SED presents its breaks are the self-absorption frequengy
the synchrotron frequency ,,, and the cooling frequency ..

The temporal decline of both the optical and X-ray data during the rst four

days can be described by a single power law model which suggests the jet-break
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has not yet occurred. Our ZTF g-band observations are the most constraining
in the optical therefore we use these to estimate the temporal decline ratg =
1:05 0:13. We use the 1 keV XRT datato nd , = 089 0:.07. The
similar slopes between the optical and X-ray observations suggest the location of the
cooling break frequency, , lies beyond X-ray frequencies. Therefore, we estimate
the spectral index at 1 day between the X-ray and optical as« = 0:67 0:02.
We now use , and  to estimate the power law index of the electron energy
distribution, p, and to determine the circumburst density prole. In a constant
density (ISM-like) medium gy = M ( < ¢), which givesp, =2:44 0:17 and

p« =2:17 0:10 (Zhang et al., 2006). In the wind-like scenarioing = £, which

givesp, = 1:78 0:17 andp, = 1:50 0:10. The optical to X-ray spectral index o
gives an estimate fomp of 234 0:.04 ( = %). Theoretical studies of relativistic
collisionless shocks predigb & 2 and particularly p  2:2 in the ultra-relativistic
limit (Sironi et al., 2015). Given the low values ofp for the wind-like scenario we
choose to assume an ISM-like density prole and 2:4 throughout this work.

We note the possibility of a wind-like environment withp < 2 and a spectral
break . between the optical and X-rays. Such a scenario would not change the
predicted optical and NIR emission and it would be unable to account for the late
GMOS i-band detection without an additional component. However, this scenario
may allow for a better t of the afterglow X-ray evolution, which would decay at

a rate shallower than the optical by = 0:25. We do not consider this scenario

further because of the theoretically disfavored value i
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3.3.3.2 Bayesian afterglow modeling

We now use Bayesian inference to analyze the X-ray, optical, NIR, and radio
counterpart. We use two independent pipelines, one using Markov chain Monte
Carlo (MCMC) based on theEMCERBython package (Foreman-Mackey et al., 2013)
and one using nested sampling based &yMultinest (Buchner et al., 2014). The
pipelines use di erent priors and implementations, but arrive at consistent results.
Both utilize the afterglowpy python package (Ryan et al., 2020) to estimate the
physical parameters of the multi-wavelength afterglow.afterglowpy is a public,
open-source computational tool which models forward shock synchrotron emission
from relativistic blast waves as a function of jet structure and viewing angle. De-
scriptions of the MCMC implementation may be found in Refs. (Cunningham et al.,
2020; Troja et al., 2018) and the nested sampling implementation in Dietrich et al.
2020.

For this work we assume Gaussian statistics for the optical and radio data,
while assuming Poissonian statistics (via the C-statistic; Cash 1979) for the X-
ray data due to low detector counts. Theafterglowpy model is parametrized by
the isotropic kinetic energy,Ex .iso; jet collimation angle, .; viewing angle, ,; the
circumburst constant density, n; the spectral slope of the electron distributionp;
the fraction of energy imparted to both the electrons,., and to the magnetic eld,

s, by the shock. The redshift and luminosity distance of the source are held xed.

Our modelling of the host indicates a small galaxy of stellar mass5 10°M

with moderate extinction Ay = 0:34%33 (see§3.3.2 for details). In the MCMC
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implementation, we incorporate a Small Magellanic Cloud-like host extinction cor-
rection with total-to-selective extinction Ry = 2:93 (Pei, 1992) implemented with
the dust-extinction  software package (Robitaille et al., 2013). We leave the color
excesE (B V) as a free parameter, with a prior distribution computed from the
Ay posterior found from modelling the host galaxy. This posterior is similar to the
distribution of host extinction values observed in LGRBs with well-sampled multi-
band photometry (Littlejohns et al., 2015; Schady, 2015; Zafar et al., 2018). The
nested sampling implementation performs no extinction correction.

Using a top hat model for the jet structure, we perform a search over the
parameter space by allowing all the parameter&«.so, ¢ v, N, P, e 8, and
E(B V) to vary with broad priors. We report only the MCMC results, although
the nested sampling results are consistent. Given both the highly degenerate nature
of the afterglow tting and the low number of observations available, some of the
parameters are not particularly constrained. One exception is the spectral slope
of the electron distribution, for which we nd p = 2:4 0:04, consistent with the
analytical results. The uncertainty in the circumburst density,n = 5:5%73
10 ?2cm 3, includes typical ranges for both SGRBs and LGRBs. We nd very little
reddening from the host,E(B V) = 2:5"%% 10 2. The posterior probability

distributions are shown in Fig. 3.8 and the parameter estimates are listed in 3.7.

3.3.3.3 Bayesian model selection

In addition to an afterglow-only model, we consider an afterglow plus a KN

and an afterglow plus a SN.
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Kilonova. We use SEDs simulated by the multi-dimensional Monte Carlo
radiative transfer codePOSSISBulla, 2019). The simulations are performed over
a grid of KN parameters: dynamical ejectavi g.y“, disk wind ejectaMg“j"”d, opening
angle , and the observation angle s (see Dietrich et al. 2020 for details). We use
Gaussian process regression (Coughlin et al., 2018, 2020a) to interpolate the model,
enabling rapid parameter inference.

Supernova.The SN model starts with a bicubic spline in time and frequency,
LSN(t; ), that interpolates a K-corrected SN1998bw template (Clocchiatti et al.,
2011). We apply to the template a scale factork, and a stretch factor, s, which
are drawn from a bivariate normal distribution that is consistent with a historical

sample of GRB-SNe (Cano et al., 2017; Klose et al., 2019). The model for the

observed ux density is

(1 + Z)kLSN tobs

4dL2 (l+z)sa(l+z) obs

F SN (tobs; obs) =

We perform Bayesian model selection to determine which model best explains
the data. We used the nested sampling pipeline to calculate the Bayesian evidence
for each of the three models. The Bayes factor, or the ratio of the evidences, be-
tween the afterglow-plus-KN model and the afterglow-only model is 1, indicating
that neither model is strongly favored over the other, because the KN contributes
negligible ux compared to the afterglow at the time of the GMOS observation. The
Bayes factor between the afterglow-plus-SN model and the afterglow-only model is

10, strongly favoring the presence of a SN.

To better understand the source of discriminating power between models, we
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carry out a posterior predictive check. Here, we sample the posterior while excluding
the GMOS i-band data point and then predict its value using the rest of the data.
The posterior predictive distribution of the AB magnitude for the GMOSi-band
detection both with and without the inclusion of a SN contribution is shown in Fig.
3.9. The t with the SN is consistent with the observation, while the t without
the SN is inconsistent at the 5 level. Therefore, inclusion of the GMOS-band
data point requires a SN component, con rming a collapsar origin.

We compared our GMOS-N detection against extinction-correctaeband uxes
of three GRB-KN candidates found in the literature (Kasliwal et al., 2017b); using
photometry from GRB 130603B (Berger et al., 2013) and GRB 160821B (Kasliwal
et al., 2017a; Troja et al., 2019), and the compiled light curve of AT2017gfo (Coul-
ter et al., 2017; Villar et al., 2017), we correct to the redshift of GRB 200826A. We
t each light curve to the best-t 2D model of GW170817 (Dietrich et al., 2020)
from POSSISusing SNCosmo (Barbary et al., 2016) and extract the corresponding
i-band magnitude at a rest-frame time of 16 days. Az = 0:748, both AT2017gfo
and GRB 160821B would be at M 10mag, 8mags fainter than our detection.
GRB 130603B does not have enough late-time detections at the same phase for
comparison.

Our detection of a source with an extinction-corrected absolute magnitude
in the i-band with M; = 180 is consistent with the population of collapsars
associated with LGRBs. A typical SN Ic reaches its peak magnitude 10 to 20 days
post-burst, at Mg = 17:66 1:18 mag (Richardson et al., 2014). Fig. 3.3 shows
K-corrected light curves for three well-sampled GRB-SNe: SN1998bw, one of the
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brightest; SN2006aj and SN2010bh, among the faintest.
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Figure 3.4: The AstroSat and Konus- Wind gamma-ray detections. (left)
Upper panel: The de-trended light curve (blue) for GRB 200826A obtained from
AstroSat CZTI data. We combined data from all four CZTI quadrants and binned

it in 0.05 s bins. We t and subtract a quadratic trend from the background to
obtain zero-mean data. The shaded green region and corresponding green symbols
denote a conservative GRB time span excluded from background trend estimation.
Similarly red points denote outliers that are automatically agged and rejected from
the background estimate. Lower panel: A cumulative light curve (blue) obtained
by summing the de-trended data, and normalised such that the median post-GRB
value is 1.0. The dashed horizontal lines denote the 5% and 95% intensity levels.
The corresponding vertical dotted black lines denotd@ys and Tgs, yielding Tgg of
0:94%72 s, (right) Rest-frame energetics of 331 Konugtind GRBs (SGRB: trian-
gles, LGRB: circles) with known redshift in theEiso| Epeak, plane, with Eyeax, the
rest frame Epeak. The hardness-intensity ("Amati’) relation for LGRBs is plotted
with its 68% and 90% prediction intervals (dark and light gray regions, respectively).
GRB 200826A, as a red star, appears not to be consistent with the SGRB popula-
tion.
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Figure 3.5: The Host Galaxy. (left) In the upper panel, we show the GTC
spectrum of the host galaxy and the lines used to determine a redshift of 0.748.
In the bottom panel, the photometry of the host galaxy qgrizJ, see Table 3.2)
in the AB system is presented in red circles. The SED model and photometry
from Prospector are shown in green. right) The pPXF host galaxy model results
described in Sec. 3.3.2. (top) The integrated spectrum (black) overlaid with the
best-t spectrum (orange), which sums the contributions of stars and gas in the
modeled galaxy. The red spectrum shows the gas contribution to the spectrum, and
the blue diamonds show the residuals to the t. The gas is o set by 1.59e-18 erg's
cm 2. (bottom) The pPXF weights (color bar) of the di erent stellar population
templates used to construct the best- t galaxy.
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