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Abstract

Although many of the most energetic phenomena in the universe display changes in their
brightness over time, the study of these variable and transient events in the radio sky is
a relatively new field with many questions waiting to be answered. Within this thesis, I
began tackling some of these inquiries using a new, deep-field survey, COSMOS HI Large
Extragalactic Survey (CHILES) being conducted at the Karl G. Jansky Very Large Array
(VLA). CHILES serves as a unique data set from which we can statistically understand the
radio transient and variable universe. Within this thesis, I give a general overview of what
was observed within the CHILES time domain and focus on the uniqueness of a few of the
most variable sources. These findings provide previously unprecedented data with which
to explore low-luminosity active galactic nuclei, the evolution of active galactic nuclei, and
introduce some potentially unique radio sources for future studies.

In addition to my work with CHILES, I also explored potential new radio transients:
gamma-ray bursts (GRBs) that have an associated supernova (SN). As the GRB radio
emission begins to fade away over time, it has been theorized that the SN’s ejecta will
begin to sweep up the interstellar medium and the remnant will eventually outshine the
GRB within tens of years after the initial explosion. A detection of this rebrightening
would allow us to not only better understand the phenomena of GRB-SNe, but would also
be a connection between the death of a star and its evolution into a supernova remnant.

Although I was unable to detect the emission of this rebrightening, my measurements allow
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for a better understanding of the environments of these sources and constrains multiple
parameters that are vital in our current models.

Together, this information about individual sources and a summary of the variable
sources within a blind radio study, help to address what can be found in upcoming surveys

and the faint radio time domain.
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Quotes

‘The measure of time has something to do with me.” — STown Podcast, Chapter VII

‘The present, I have no place in it.” — Hop Along, ‘Look of Love’

‘Here we are, trapped in the amber of the moment. There is no why.” — Kurt Vonnegut

‘I have realized that the past and future are real illusions, that they exist in the
present, which is what there is and all there is.” — Alan Wilson Watts

‘For my part I know nothing with any certainty, but the sight of the stars makes me
dream.” — Vincent Van Gogh

‘Eternity is in love with the productions of time.” — William Blake

‘It is looking at things for a long time that ripens you and gives you a deeper meaning.’
— Vincent Van Gogh

‘It is not in the stars to hold our destiny but in ourselves.” — William Shakespeare
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Chapter 1

Introduction



Within the last ten years, there has been a significant increase in telescopes and
surveys that observe the sky in ways that allow for the study of astronomical sources and
how they change in brightness over time. With telescopes such as the Zwicky Transient
Facility (ZTF) (Bellm 2014)), PanSTARRS (Kaiser & Burgett|[2012), and Large Synoptic
Survey Telescope (LSST) (Lvezic et al.[2008), the dynamic, time domain sky is rapidly
opening up, revealing some of the most energetic and enigmatic phenomena in the universe.
The era of time domain studies is upon us. However, many of these surveys have been in
optical wavelengths, which only represents a fraction of the emission that many of these
phenomena produce. Additionally, as multi-wavelength time domain studies come of age,
we need to have an understanding of what kinds of events display brightness changes and
classify them into corresponding events so that we have an idea of the rate at which different
kinds of phenomena occur. The inclusion of multiple wavelengths is also a key component
in understanding how the physics, emission, and energy evolve over time.

It is clear from previous and ongoing surveys that there are many sources that change
in luminosity over time. Differentiating between the types of sources responsible for these
changes in brightness can be a difficult task, especially when the amplitudes of brightness
on which the changes occur are similar. To complicate matters more, the time scales
over which sources change differ dramatically, from milliseconds to tens of years or longer
depending on the type of phenomena occurring.

There is a wide range of extragalactic phenomena that create events with time-varying
brightnesses, and these are broken into two types based on how the light changes over time:
transient and variable. Transient events mark a discrete episode (or event), wherein the
brightness of a source drastically changes and fades out over time. Examples of transients
include gamma-ray bursts (GRBs), supernovae (SNe), and tidal disruption events (TDEs;

events when a star is ripped apart by a black hole, e.g., Rees|[1988)). Variable sources refer



to objects that have regular or aperiodic changes in brightness, such as binary stars and
active galactic nuclei (AGN; the accretion of matter onto a supermassive black hole at the
center of a galaxy).

As mentioned, the processes responsible for the transient and variable behavior
emit radiation across the entire electromagnetic spectrum. Understanding the physical
processes responsible for these emissions requires the use of multi-wavelength observations,
as each wavelength reveals different information (e.g., mass accretion emits X-rays, wind-
like outflows are revealed via optical and infrared, and relativistic outflows produce radio
emission). Despite having emission over a wide range of wavelengths, the difficulties of
classifying and quantifying variability and transient behavior have resulted in little work
on systematically differentiating between these events, especially in blind surveys. It is
particularly difficult to differentiate between true transient events like TDEs and SNe from
AGN flares, as all three events can occur near the center of a galaxy (e.g., Dong et al.
2016)). Sometimes, AGN variability can dwell below our current detection threshold but
suddenly peak in brightness, perhaps due to variations in the accretion of matter onto the
black hole and therefore appear to mimic a TDE. In order to fully understand and map

out the time domain sky, we need to include all wavelengths.

1.1 Current Status of Radio Time Domain

The radio sky is nearly completely unexplored in the time domain. Most blind radio
transient surveys have turned-up non-detections because they have not been deep or wide
enough or covered a broad range of time scales ([Frail et al.|[2012; Mooley et al.|2016; Hancock
et al|[2016)), as seen in Figure [1.1l Many events are expected to emit radio variability or
transient behavior, including AGN, SNe, TDEs, extreme scattering events (Fiedler et al.

1994)), and even gravitational wave creating events (binary neutron star mergers and black



hole-neutron star mergers) (Hotokezaka et al.2016). Improving our understanding of the
nature of radio transients and variable sources requires a deep radio continuum survey with
a large range of observation cadences.

Sparse sampling has made it difficult to quantify what the expected range of
variability should be or what the density of variable and transient events are in the radio
sky. There is a trade-off between having a large number of observing epochs over shorter
time scales and the sensitivity of the individual epochs. In order to be sensitive to lower
luminosity variables or to cover a wider area of sky, observations are only carried out within
a few epochs (e.g., Hancock et al.|2016; |[Falcke et al.2001). Often, this also means that
the sample sizes are small and comprised of bright, hand-selected sources (e.g., [Barvainis

et al.[2005; Mundell et al.[2009).
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Figure 1.1 Cumulative areal density verses peak flux density for all major transient
surveys taken from [Frail et al.| (2012). Most of the surveys are upper limits and the allowed
phase space is above and to the right of the L-shaped symbol.



To complicate matters, there are still many questions and opinions on what kinds
of sources are expected and the phenomena responsible for creating the changes in radio
emission. Miley| (1980) and |Condon| (1992)) demonstrated that galaxies in the radio sky
can be divided into one of two groups: AGN and star forming galaxies (SFGs. At GHz
wavelengths, this emission either rises from supernova remnants (suggesting star-formation
in the galaxy) or from the relativistic jets of plasma near supermassive black holes (based on
the standard model of AGN) (Condon|/1992; Burbidge| 1956; [Sadler et al.|[1989). However,
not all radio AGN seem to follow the classical unified model of AGN, which occurs from
accretion onto a supermassive black hole from a thin but optically thick accretion disk that
is surrounded by a torus of dust (Shakura & Sunyaev|1973)). Of the radio-AGN, there
seem to be two main types: high- and low-excitation radio AGN (Hine & Longair||1979;
Hardcastle et al.[20006l, 2007; |Allen et al.|2006; Smol¢ic2009; [Smolcic et al.|2015); [Heckman
& Best|[2014). The high-excitation AGN appear to follow the unified model of AGN and
can be identified in many wavelengths, including X-ray, infrared, and optical, which again
demonstrates how important multi-wavelength coverage is. Low-excitation radio AGN are
different in that they are only able to be identified in radio wavelengths and are found in
quiescent, red galaxies (Hine & Longair|[1979; |Smoléi¢| 2009; Laing et al. |1994). Rather
than following the unified AGN model, it is thought that these low-excitation radio AGN
arise from inefficient accretion that comes from a geometrically thick but optically thin
structure (Heckman & Best|2014).

There is still work to be done to understand the nature of sources found in blind radio
surveys that probe sub-mJy levels. Until recently, it was believed that SFGs would be the
primary source below that threshold; however, the work of |Gruppioni et al.| (1999)) was able
to show that, of a sample of 68 faint radio sources, most of the sample were identified as

early-type galaxies. Smolci¢ et al.| (2009) also showed that in the 1.4GHz VLA-COSMOS



survey, that only ~30 — 40% of sources in the 50 pJy — 0.7 mJy range were identified as
SFGs. Even more recently, |[Padovani et al. (2015) showed that in 1.4 GHz, a sample of
680 radio sources detected with the Extended Chandra Deep Field South (E-CDFS) had
equal populations of AGN and SFGs between 32 pJy and 1 mJy and that SFGs only tend
to dominate below ~100 uJy.

The few surveys that have been conducted have one common conclusion: more
observations are needed to better understand the radio time domain. There’s some great
news though! There are some substantial up-coming radio surveys (e.g., the SKA (Dewdney
et al.2009) and VAST (Murphy et al.2013)), which will help us finally address some of
these questions. The optical (and other wavelengths) time domain has also seen a surge of
research, which provide many tools for quantitative understanding of how our sky changes
over time, such as machine learning analysis and pipelines to reduce data quickly.

Although there are up-coming radio surveys that will have the potential to provide
us with a better understanding of the radio time domain, the radio time domain has some
unique problems that need to be addressed differently from analysis of other wavelengths.
One major problem being that radio observations can take up much more data storage
compared to other wavelengths and may require more detailed reduction methods before
images can be produced and made science-ready. The astronomy community needs to have
a plan on how to properly prepare data quickly for quick responses and will need tools
to analyze these data for real-time follow-up that’s specific to synchrotron emission. This
thesis provides some insights that addresses some of the fundamental skills for up-coming,
deep, high-cadence radio surveys and provides some background on what types of behavior

we expect from sources within a blind radio survey.



1.2 Research Within This Thesis

A good place to begin developing our understanding of the mysteries of the radio-time
domain is to know exactly what is to be expected in the radio sky, including when and how
often certain sources appear. While we are aware of many radio emission sources, questions
such as whether the brightness of emissions change over time and when should we expect
certain phenomena to generate radio emissions require additional exploration.

The second chapter of this thesis focuses on understanding a particular type of
transient, gamma-ray bursts with associated supernovae (GRB-supernovae). These are
unique sources that have extreme luminosities (releasing ~10°! erg of kinetic energy in
seconds) that allow them to be detected even when they are at very large distances away
(e.g., [van Paradijs et al.||2000; Frail et al|2001; |[Mészaros|2002; Gehrels et al.|2009)). They
are bright in many wavelengths that span the entire electromagnetic spectrum, including
radio emission that can last hours to years after the initial explosion that produces their
extreme luminosities (Costa et al.|[1997; [van Paradijs et al.||[1997; Frail et al.||{1997). Because
so much energy is released during this time, the light fades. Theoretical work by (Barniol
Duran & Giannios 2015 Kathirgamaraju et al.|2016]) predicted that there should be a re-
brightening approximately tens of years after the initial explosion. By understanding the
nature of these sources, we can understand the link between supernovae and their remnants,
as detecting this rebrightening would be the first time that a SN has been seen to transform
into a supernova remnant. Within Chapter [2, we describe our search for these transient
events.

The following two chapters of this thesis focus on a new 1.4 GHz survey that was
conducted at the Karl G. Jansky Very Large Array (VLA), the COSMOS H I Large

Extragalactic Survey (CHILES), and offers a unique opportunity to study some of the many



questions surrounding radio transient and variable events. In the third chapter of this thesis,
I have given an overview of the survey and conducted a general analysis of the CHILES
observations’ sources and presented my results, including identifying and analysing three
different populations related to variable sources. This survey provides the most detailed
understanding of the radio time domain from a blind study ever over timescales of tens of
seconds to years.

In addition to the observations conducted (in both radio and optical), CHILES was
specifically chosen to point at a part of the sky (within the well-studied COSMOS field) with
multi-wavelength coverage. From these previously conducted surveys, I cross-matched the
CHILES variable sources with those in other multi-wavelength catalogs, and my findings
are discussed in Chapter [3|

Continuing the analysis of CHILES, the fourth chapter of this thesis takes a deeper
dive into individual, most variable sources within the CHILES field and introduces some
projects that the CHILES data can begin to answer. [ also present some additional
observations that I conducted, which allow for a longer timeline to study specific events,
such as low-luminosity active galactic nuclei (AGN), which were poorly studied preceding
this survey.

Each of the following chapters in this thesis discusses an important step toward
developing an understanding of what is expected in future radio blind surveys and hints at

the extreme nature of the physical sources within the radio-time domain.
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Abstract

We present a search for late-time rebrightening of radio emission from three supernovae
(SNe) with associated gamma-ray bursts (GRBs). It has been previously proposed
that the unusually energetic SNe associated with GRBs should enter the Sedov-Taylor
phase decades after the stellar explosion, and this SN “remnant” emission will outshine
the GRB radio afterglow and be detectable at significant distances. We place deep
limits on the radio luminosity of GRB980425/SN 1998bw, GRB 030329/SN 2003dh and
GRB 060218/SN 2006aj, 10 — 18 years after explosion, with our deepest limit being L,
< 4 x10% erg s7! Hz! for GRB980425/SN 1998bw. We put constraints on the density of
the surrounding medium for various assumed values of the microphysical parameters related
to the magnetic field and synchrotron-emitting electrons. For GRB 060218/SN 2006aj and
GRB980425/SN 1998bw, these density limits have implications for the density profile of
the surrounding medium, while the non-detection of GRB 030329/SN 2003dh implies that

its afterglow will not be detectable anymore at GHz frequencies.
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2.1 Introduction

Due to the extreme luminosities of gamma-ray bursts (GRBs), releasing ~ 10°!
erg of kinetic energy on a timescale of seconds, they can be detected out to very large

redshifts and provide a unique way to study physics in extreme conditions (e.g.,

et al.|[2000; [Frail et al.[2001}; [Mészaros| 2002 |Gehrels et al.[[2009). GRBs can emit long-

lasting synchrotron emission spanning X-ray to radio frequencies, known as afterglows

(Costa et al.||1997; van Paradijs et al.||1997; [Frail et al.|[1997). The radio emission of a

GRB, sometimes spanning hours to years after the initial outburst, is dominated by this

synchrotron emission produced by the GRB ejecta, which start out as a collimated jet and

gradually spread to expand more isotropically (e.g., Rhoads||1999; Frail et al.2000). When

the ejecta interact with the ambient medium, they amplify the magnetic field and accelerate

particles to relativistic speeds (Sari et al.||1998). Radio observations play an essential role

in understanding GRB afterglows, as they provide information about the energetics of the

explosion, the ambient medium, shock physics, and the relativistic expansion velocity in

the jets (for a review, see Granot & van der Horst|[2014)).

Jets are not the only ejecta expelled in the GRB event; if there is an associated
supernova (SN), a spherical outflow is also present. Long-duration GRBs, unlike short

GRBs, have been found to have associated SNe and may provide insights into the deaths

of massive stars (Galama et al.[1998; Hjorth et al.|[2003). The SNe associated with GRBs

are of Type Ic and feature broad lines in their optical spectra, implying fast moving ejecta

with velocities ~ 0.1 times the speed of light ¢ (Mazzali et al.2007b; Hjorth & Bloom|

2012). These broad-line Type Ic SNe display kinetic energies that are ~10 times greater

than those of GRBs or normal Type Ic SNe (~ 10°? erg; Matheson et al.[|2001; Woosley &/




14

Bloom!| 2006} Drout et al. 2011} Hjorth & Bloom|2012; |[Melandri et al|2014).

Although the SN ejecta have a slower maximum velocity, they are much more massive

(~ 1 —12 Mg, [Zhang et al|2018; Taubenberger et al. 2011} Tomasella et al|[2018) than

GRB jets (~ 107% Mg; [Panaitescu & Kumar|2002) and are expected to coast a longer time

before decelerating. After the explosion, the SN ejecta will remain in free expansion for
a few decades, and will sweep up material from the surrounding medium. The SN ejecta
interact with the surrounding medium, accelerating particles to relativistic speeds and

amplifying the magnetic field, producing radio synchrotron emission much like in a typical

SN remnant (Dubner & Giacani/[2015; Barniol Duran & Giannios 2015; Kathirgamaraju|

2016).

This radio emission peaks when the SN has swept up an equivalent mass to the initial

ejected mass, at the Sedov-Taylor time (Taylor 1950 Sedovi|1959). For typical SNe, the

Sedov-Taylor time is ~ 1,000 years after the explosion (e.g., Berezhko & Volk 2004). The

Sedov-Taylor time may be ~2 orders of magnitude shorter for the more energetic GRB/SNe,

due to their large expansion velocities (Barniol Duran & Giannios 2015)). Because of the

likeness to typical SN remnants (SNRs), we refer to GRB/SN radio emission on decades-
long scales as “SNR emission” throughout the rest of this work. After peaking at the

Sedov-Taylor time, the radio emission will decline throughout the Sedov-Taylor phase, as

the SNR blast wave decelerates (Berezhko & V0lk|2004; Barniol Duran & Giannios|2015;

Kathirgamaraju et al.|[2016; [Sarbadhicary et al.|2017).

In the first few years after a GRB/SN explosion, while the SN ejecta coast in a
free expansion phase, the GRB shock decelerates from ultra-relativistic to non-relativistic
speeds. Around 10 years after the burst, the radio emission from the SN shock approaches

the same prominence as the emission from the GRB shock. Ultimately, the SNR emission

dominates the total emission due to its higher kinetic energy. Barniol Duran & Giannios
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(2015) and Kathirgamaraju et al.| (2016) modeled the GRB afterglow and SNR emission,
and find that SNRs accompanying nearby GRBs should become detectable with sensitive
modern radio telescopes some ~20-50 years after explosion (assuming that the GRB/SN is
interacting with a 1 cm~3 medium, and is at a nearby distance of z < 0.2; see Barniol Duran
& Giannios| 2015)). Here we present our search for the radio SNRs associated with three
nearby, well-studied GRB/SNe: GRB980425/SN 1998bw, GRB 030329/SN 2003dh, and
GRB060218/SN 2006aj. Radio emission on timescales from days to years has previously
been detected in these GRB/SN systems.

Detecting the radio rebrightening of a GRB/SN would mark the first time that
we have watched a SN transform into an SNR. Although there have been efforts to
detect the radio re-brightening which defines the start of the SNR phase decades after
SN explosion (e.g., Stockdale et al. 2006; Dittmann et al.| 2014), this has yet to be
done successfully. Our study focuses on sources that should reach the Sedov-Taylor time
faster and have higher luminosity, compared to SNe with more typical energetics (i.e.
~ 10°! erg). Indeed, GRB/SNe may present some of the best prospects for detecting
this rebrightening radio emission, despite being much further away than the SNe in the
Stockdale et al.| (2006) sample. Detection of the SNR radio emission would also develop
our understanding of particle acceleration and magnetic field amplification in ~ 0.1 ¢ shocks.
Finally, the radio rebrightening offers a chance to study the properties of a GRB/SN system,
including constraining the density of the ambient medium and potentially settling if the
SNe associated with GRBs truly are extra-energetic.

In Section [2.2] we describe the models for radio SNR emission from a GRB/SN.
Section introduces our sample of three GRB/SN sources, and the observations of these

sources are described in Section The results of the observations and analysis are
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discussed in Section and our conclusions are laid out in Section [2.6]

2.2 Models of early SNR radio emission

When we began this study of GRB/SN systems, we followed the predictions by Barniol
Duran & Giannios (2015]) to estimate radio emission from the SN ejecta at the time of
our observations (~ 10 — 20 years after explosion). While our observations were being
conducted, more sophisticated models of the SNR emission from GRB/SN systems were
published (Kathirgamaraju et al. [2016). Within this work, we use our deep limits and
the models of Kathirgamaraju et al. (2016)), which build on the models of Barniol Duran
& Giannios (2015)); Barniol Duran et al.| (2015)), to constrain parameters which determine
the SNR radio luminosity. Here we outline the details of the calculations and models
of |[Kathirgamaraju et al| (2016). We discuss the implications of these models with our
observational limits in more detail in Section 2.5

The flux from an SNR reaches a maximum flux density (£),) at the deceleration time
of the SN (tgec; essentially, the Sedov-Taylor time). The equations for these quantities are

given in Barniol Duran & Giannios (2015) as:

taec =~ 29 5§§/i31 (ESN,52.5/n0)1/3 (1+2)yr (2.1)
14p 14p 1+p 1—p _
F, ~440¢, 1 e5"y Bet 1 Bsnaosng® vah, (1+2) 7 dy? ply (2.2)

Here, €. and ep are the fraction of the post-shock energy transferred to the relativistic
electrons and amplified magnetic field, respectively (in the above equation, they are scaled
to convenient values, eg_o = €p/0.01 and €1 = €/0.1). The power-law index of
the non-thermal electron energy distribution accelerated by the SN blast wave is p, and
€e—1 =4€c_1(p—2)/(p —1). The volume number density of the external medium is ng in

units of cm~3. Egn 525 1s the energy of the SN normalized to 105%% erg, and Bsn,—1 is the
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ratio of the mass-averaged speed of the SN ejecta and the speed of light (v/c) normalized
to 0.1. The observing frequency in GHz is vqn,, do7 is the luminosity distance normalized
to 10*” cm, and z is the redshift. The above equations assume we are observing within
max (v, V) < V < V., with v,, vy, and v. being the self-absorption frequency, peak
frequency, and cooling frequency, respectively. We note that the numerical pre-factor of
equation has a p dependence and p = 2.5 has been assumed. We do not include the
pre-factor’s p-dependence in Equations 2, 4, or 5 for simplicity. The effect of changing p
on this pre-factor can be easily incorporated, and we refer interested readers to the work
of [Sironi & Giannios (2013) for more information. Throughout the analysis in this work,
We assume p = 2.5, but leave p in our equations for readers to see where this dependence
occurs.

We assume the ejecta are homologously expanding with a range of velocities, meaning
that the velocity of the ejecta is linearly proportional to the radius (i.e., the fastest moving
ejecta are outermost, while the inner ejecta expand slowest). The ejecta expanding with
B = v/c have associated energy F, this energy is distributed as E o (fv)~* for 8 > Psn,
and the integrated energy distribution is normalized to Esy. Here, we take o = 5, consistent
with the theory for outer SN ejecta (Matzner & McKee|1999; Tan et al.[2001)).

The radio light curve of the SN both before and after tg4.. can be expressed as
F, = F,(t/taec)”®, where s depends on the energy distribution of mass in the SN blast

wave. Then s becomes

/

PBEE0Y f < tge; non-relativistic phase
s = %, t < tgec; deep Newtonian phase (2.3)
3(1
( 1‘gp) , t > tdec

These expressions for s and the corresponding fluxes are given in |[Kathirgamaraju et al.
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Figure 2.1 Radio light curves of GRB030329/SN 2003dh at 1.85 GHz (left) and 6 GHz
(right), including the published GRB afterglow and our late-time upper limits (black
triangles). Model radio light curves of the radio SNR rebrightening are superimposed
as blue and grey bands; each panel shows six models with varying eg and ngy. For eg, we
adopt values of 0.1 (grey lines) and 107 (blue lines). For the ambient density, we adopt
values of ng = 0.1 cm™* (dot-dashed lines), ng = 1 cm™ (dashed lines), and ny = 10 cm™®
(solid lines). For these models, we use the SN energy and velocity of SN 2003dh given in
Table (the bands surrounding each model line represent the uncertainties in the SN
energy), and assume ¢, = 0.1, p = 2.5 and o = 5. GRB 030329 afterglow data (filled circles
and squares) are from [Berger et al.| (2003); [Frail et al. (2005)); [Resmi et al.| (2005)); [van der
Horst et al. (2005, [2008); Mesler et al.| (2012).

(2016). The deep Newtonian phase sets in when the speed of the blast wave decreases to
BpN = 0.26;1/ ® a few years after explosion (Sironi & Giannios|2013)).
During the deep Newtonian phase, when tpy < t < tgee, the flux density in plJy

increases with time as:

1+p a(l14p) 114p 3+5a+p(B+a) 1—p
_ - - 10+2a 10+2a 20+4a 5
F, ~440¢€. €B,—2 5SN,—1 ESN,52.5 Un) VaHe
6a—3(1+p) (24)
8—5a—p(a+2) _9 t 10+2a
X (1 + Z) T0+2a d27 K
yr

If t is greater than fgec gy, the flux density decreases with time as:

14p 114p 3(14+p) 1-—p 4—p 2 t _3(110+p>
~ = 4 10 20 2 5 JA( —
F, = 4406 reg’ 5 EgNlsysno ™ Vai(1+2)75 dy (29 yr>

(2.5)

In this work, we create model light curves by melding together equations [2.4] and
at their intersection point, which is approximately the Sedov-Taylor time. The combination

of these equations is what we refer to as our model radio light curves and are shown in
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Figures 2.2] and 2.3l Each figure assumes the appropriate explosion parameters for
the observed GRB/SN (Table [2.1). The range of model parameter values (ep and ng) are
chosen specifically to allow the figures to center and focus on the observational upper-
limits for each GRB/SN. We explore a larger parameter space in Figure . Given our
observation times, we typically expect to be in the deep Newtonian phase (tpy < t < fqec);
hence equation [2.4] would be the relevant equation for the flux density evolution.

We can use this theoretical framework to constrain parameters like €., €g, Egn, and

ngo from a measurement of F,,. Rearranging equation and taking o = 5, we find

3(p—9

)
I+p  T4+2p F t 20 _ (55+5p)
= 4 0 < v 20

_(1+p)  p—1 17+7p
20 2 ——=£ 2
X Egngos Vai, (1+2)720 dy;

Figure demonstrates the degeneracies between eg, Fgy, and ng, given observational

constraints on GRB 980425/SN 1998bw. We discuss Figures , , and in more

detail in §Section [2.5]

2.3 Sample

In an effort to detect the predicted radio emission from the GRB/SN remnant, we
considered the sample of long GRBs with associated SNe. We calculated which of these
were most likely to show a detectable radio re-brightening using the methods outlined
in §3.1 of Barniol Duran & Giannios (2015). We took sources that had a time since
explosion of over 10 years and were nearby (z < 0.1). This narrowed the pool down
to two events: GRB980425/SN 1998bw and GRB 060218/SN 2006aj. We also included
GRB 030329/SN 2003dh, which is also >10 years old but further away (z = 0.17), as it is
a very well-monitored event with the longest radio afterglow ever detected (van der Horst
et al.|2008; [Mesler & Pihlstrom|[2013)). For all other GRB/SNe, the radio SNR is predicted

to be faint due to the explosion being either too distant or too recent Barniol Duran &
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Figure 2.2 Radio upper limits (black triangles) for GRB 060218/SN 2006aj at 1.85 GHz
(left) and 6 GHz (right), overplotted on model radio light curves. The light curve models,
assumptions, and symbols are the same as for Figure [2.1] except we use the SN energy
and velocity of SN 2006aj from Table Observations of the GRB 060218 afterglow are
not shown, as the GRB flux decreased rapidly and would not be visible over the timescales

featured in this plot.

\Giannios| (2015)). Our target sample can be found in Table along with redshifts, SN

ejecta velocities at ~ 10 days after explosion (Mazzali et al.2007b), and SN energies.

GRB 030329/SN 2003dh is at a low redshift, z = 0.1685 (Greiner et al.[2003),

for a GRB with typical luminosity (compared to the low-luminosity GRBs that are often

Table 2.1. Basic Data on Target GRB/SNe

GRB SN z v [10° km/s] Esy [10°! erg]

030329 2003dh 0.1685* 29 + 5.87 40 £ 10¢
060218 2006aj 0.0335° 19 + 3.8¢ 24 0.5/
980425 1998bw 0.0083¢ 24 + 4.87 o0 £+ 597

aGreiner et al| (2003); “Mirabal et al.| (2006);
dLidman et al.| (1998); “Mazzali et al.| (2007a) errors
are taken as 20%; 9Mazzali et al. (2003); /Mazzali
et al. (2006); YIwamoto et al.| (1998)); Mazzali et al.
(2007b); *Value confirmed via private communica-
tion with Mazzali.
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detected at such low redshifts). It is one of the most well-studied GRB afterglows with
radio coverage between 0.64 and 95 GHz from only a half day out to almost a decade after
the initial gamma-ray detection (Berger et al.|2003; Frail et al. 2005; Resmi et al.|[2005;
van der Horst et al. [2005, 2008; Mesler et al.|2012)). We show the radio observations of
the afterglow in Figure 2.1 Original data were obtained at 1.4 and 4.9 GHz; we scaled
them respectively to our observing frequencies of 1.85 and 6 GHz using the observed radio
spectral index, F, oc v7%51 (van der Horst et al.[2008).

VLBI observations complement the radio light curve data and provide measurements
of the source size and evolution (Taylor et al.[[2004] 2005; Pihlstrom et al. 2007). There
has also been detailed optical study of the associated SN 2003dh (e.g., Stanek et al.[2003),
which had a high kinetic energy of 4 x 1052 erg (Mazzali et al.|2003)).

GRB 060218/SN 2006aj is located at a redshift of z = 0.0335 (Mirabal et al.
2006). Despite being closer than GRB 030329, it had a lower intrinsic luminosity (Cobb
et al[2006). The GRB radio afterglow has been detected, but was faint and had sparse

sampling over time (Soderberg et al|2006; Kaneko et al.|2007)). Therefore the GRB blast

Table 2.2.  Log of Radio Observations of Target GRB/SNe

Source RA (h:m:s) Telescope UT Date Band & Central Bandwidth Time
Dec (° ") Observed Frequency (GHz) on Source

GRB 030329/ 10:44:50.02 VLA 2016 Mar 23 C-band (6 GHz) 4 GHz 30 min
SN 2003dh +21:31:18.10(C-config) L-band (1.5 GHz) 1GHz 54 min

GRB 060218/ 03:21:39.67 VLA 2016 Feb 18 C-band (6 GHz) 4 GHz 30 min
SN 2006aj -+16:52:02.20(C-config) L-band (1.5 GHz) 1 GHz 54 min

GRB980425/ 19:35:03.17 LBA 2015 Nov 16L-band (1.65 GHz) 32 MHz 320 min
SN 1998bw  —52:50:46.1




22

wave parameters are not well constrained. However, SN 2006aj was well-studied at optical
wavelengths (e.g., |Sollerman et al.|2006)), yielding a measurement of the SN kinetic energy
substantially lower than SN 2003dh (2 x 10°! erg; [Mazzali et al.[2006)).
GRB980425/SN 1998bw The third GRB with associated SN in our sample is
GRB 980425 /SN 1998bw, at a redshift of 0.0083 (Lidman et al.[1998)). This was the first
GRB found to have an associated SN (Galama et al.[[1998), and a radio counterpart was
well-detected and monitored at radio wavelengths (Kulkarni et al.|[1998), although we do
not show it in Figure because it had faded by 1 year after explosion (Frail et al.[2003).
Modeling of the GRB data is consistent with a viewing angle misaligned with the GRB jet
axis (loka & Nakamura2001; Yamazaki et al.2003)). Optical observations and modeling of
SN 1998bw imply a kinetic energy comparable to SN 2003dh, 5 x 105% erg (Iwamoto et al.

1998).

2.4 Observations

In order to detect the radio re-brightening of GRB/SNe, we observed the three
objects described in Section in 2016. Both GRB 030329/ SN 2003dh and GRB 060218/
SN 2006aj were observed using the NSF’s Karl G. Jansky Very Large Array (VLA).
GRB980425/SN 1998bw is a southern source not visible to the VLA, and the host galaxy
has bright radio emission, so we observed it with the Australian Long Baseline Array (LBA;
Table [2.2)).

Below is a summary of the observations conducted at each telescope. Each GRB/SN
was observed in L band (1 — 2 GHz) and both GRB 030329/ SN 2003dh and GRB 060218/
SN 2006aj were observed in C band (4 — 8 GHz). These particular bands were chosen as a
trade-off between sensitivity, resolution, and brightness. Higher frequencies (e.g., C band)

are more sensitive than lower frequencies at the VLA, and provide higher resolution on
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the GRB/SN while resolving out the host galaxy flux. However, the GRB/SNe should be
emitting optically-thin synchrotron, and should therefore be brighter at lower frequencies
(e.g., L band). To improve our chances of detection, we therefore observe in both L and C
bands with the VLA, as the image resolution is limited. Observations with the LBA are
much higher resolution but are limited in sensitivity, so in this case we focus on L band

observations.

2.4.1 VLA Observations

During the VLA’s 2016 C-configuration, we observed GRB030329/SN 2003dh and
GRB 060218/SN 2006aj with the VLA (Program ID VLA/16A-309). Both GRB/SNe were
observed for 54 minutes in L band (1 — 2 GHz) and 30 minutes in C band (4 — 8 GHz).
The L-band observations had 16 spectral windows with a width of 64 MHz each. The

C-band observations had 32 spectral windows, each 128 MHz wide. All spectral windows

Table 2.3.  Measurements Summary of Target GRB/SNe Radio Observations

Source Frequency Image r.m.s. 30 Upper Time since Luminosity®
(GHz)  (uJy/beam) Limit (uJy) SN (yr) (10*7 erg s™' Hz™ ')

GRB 030329/ 6 5.0 17.6 13.0 < 13.8
SN 2003dh 1.85 95 170 13.0 < 133

1.22 80 245 13.0 < 192
GRB 060218/ 6 5.1 15.3 10.0 <04
SN 2006aj 1.85 95 165 10.0 <41

1.22 91 281 10.0 <6.9
GRB 980425/ 1.65 90 270 17.6 < 0.42
SN 1998bw

#30 limit on the spectral luminosity assuming redshifts listed in Table
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were sampled with 64 channels, and all observations were carried out in full polarization
mode.

For GRB 030329/SN 2003dh, we used 3C286 as the flux calibrator and J11034-2203
as the phase calibrator. For GRB 060218 /SN 2006aj, we used 3C147 as the flux calibrator
and JO318+1628 as the phase calibrator. The data were edited and reduced using standard
routines in both AIPS and CASA (McMullin et al. 2007, |Greisen| [2003)). Images were
created in AIPS, using a Briggs Robust value of 0. We split the data from each receiver
band into two or more frequency chunks and imaged them separately, to assuage imaging
artifacts borne of the large fractional bandwidths. As all images yield non-detections, in
each receiver band we smoothed the higher-frequency image to the resolution of the lower-
frequency image, and then averaged the images together using appropriate noise-based
weights in AIPS’ comb.

GRB 060218/SN 2006aj has a very bright source less than a degree away (~8 Jy
at 1.4 GHz; |Condon et al. [1998)), so our images of this GRB/SN suffered from strong
artifacts and dynamic range issues. We intensively self-calibrated images to reach the noise
thresholds listed in Table 2.4} note that the L-band data were much more severely affected
by this source than the C-band data.

GRB 030329/SN 2003dh is surrounded by many sources, but none comparable in flux
to the bright source in the GRB060218/SN 2006aj images. Again, we self-calibrated our
images to reach the noise thresholds listed in Table 2.4] and the L-band data were more
severely affected by imaging artifacts than the C-band data.

A summary of the observations can be seen in Table 2.2] and the results are listed
in Table [2.4] Our observations were conducted 10 and 13 years after the initial explosions
of GRB060218/SN 2006aj and GRB 030329/SN 2003dh, respectively. Neither GRB/SNe

were detected in either L. or C band, so our observations provide 3¢ upper-limits on the
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flux densities (Table [2.4). These upper-limits are plotted on top of light curve models in

Figures [2.1] and 2.2}

2.4.2 LBA Observations

GRB 980425 /SN 1998bw was observed with the LBA using an array comprising the
Australia Telescope Compact Array (ATCA; phased array of five 22-meter dishes), Ceduna,
Hobart and Parkes, on 16 November 2015 (Program ID V541A). The observing setup used
2x16 MHz subbands in dual polarization, Nyquist sampled with 2 bits (256 Mbps data
rate), and centred on a sky frequency of 1.65 GHz. A summary of the observations can be
seen in Table [2.2] and the results are listed in Table

The observation had a duration of 12 hours, and GRB 980425/SN 1998bw was phase
referenced to J1934—5053 which has 290 mJy of unresolved flux at a separation of 2°
from the target. Fringe finders 3C273, 1921—293 and 0208—512 were regularly observed
to provide delay calibration; and a compact source, 1519—273, was used to bootstrap
the intra-array flux calibration. The calibrator J1923—5329, located 3° from J1934-
5053, was observed in a few scans in a phase referencing style similar to that used for
GRB980425/SN 1998bw, to confirm that phase transfer over a few degrees was successful.

All four Stokes parameters were correlated and, after calibration overheads, an on-
source time of approximately 5 hours and 20 minutes on GRB980425/SN 1998bw was
achieved. Due to a partial disk failure at ATCA, about 35% of the data from that station,
randomly distributed throughout the experiment, were lost prior to correlation. The data
were correlated on the LBA DiFX correlator (Deller et al.2011) and calibrated in NRAO’s
ATIPS package in the standard way for LBA phase referencing using a pipeline implemented
in the ParselTongue interface (Kettenis et al.|2006).

The resultant naturally-weighted image noise was 90 pJy/beam. GRB 980425/
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Figure 2.3 Model radio light curves of GRB980425/SN 1998bw at 1.85 GHz, with our
observational limit over-plotted (black triangle). The light curve models, assumptions,
and symbols are the same as for Figure [2.1] except we use the SN energy and velocity of
SN 1998bw from Table 2.1} Observations of the GRB 980425 afterglow are not shown, as
the GRB flux decreased rapidly and was not observed over the timescales featured in this
plot.

SN 1998bw was not detected, giving a 3-0 upper limit of 0.27 mJy, 17.6 years after the initial
explosion. Analysis of the quality of phase transfer from the check source, J1934—5053,
indicate that phase calibration was good and thus the non-detection can be safely ascribed
to weakness of the source rather than instrumental issues. This upper limit is the lowest
limit published for GRB980425/SN 1998bw (cf. [Michatowski et al. |2012), and shown on

top of light curve models in Figure [2.3

2.5 Analysis

Here, we interpret our radio upper limits in the context of the radio rebrightening

during the transition to the Sedov-Taylor phase. We note that non-detections of these
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Figure 2.4 Given our radio upper limit on GRB980425/SN 1998bw, 17.6 years after
explosion, we can constrain the possible parameter space of €5, ng, and Fsy using Equation
2.0, The three panels illustrate how these three parameters depend on each other, assuming
p =25 a=2>5 €6 = 0.1, and v = 24,000 km s~'. The points on the plot refer to the
fiducial values we assume in our previous figures. Color of the markers represents values
of e, where black symbols correspond to ez = 0.1, blue symbols to eg = 0.001, and gray
symbols assume nothing about eg. The shape of markers corresponds to the values of ny,
where circles are 0.1 cm™3, squares are 1 cm ™2, diamonds are 10 cm™3; and crosses are
assuming nothing about the density. The arrows attached to each marker point to the
regions of the parameter space allowed by our radio upper limits. For example, the square
marker in the second panel assumes ng = 1 cm™ and FEgy = 10°%% erg (the energy for
SN 1998bw in Table ; our radio upper limit therefore implies e < 107 for those values
of o and ESN'

GRB/SN sources also imply non-detections of GRB counter jets (the light emitted from a
GRB jet that is expelled in a direction away from an observer, which means that the light
will reach an observer at a later date than the jet expelled in the direction of the observer).
We also conclude that the GRB radio afterglow is no longer detected at GHz frequencies for
any of the three GRB/SN—even for GRB 030329, where the afterglow was traced for almost
a decade (Figure 2.1). Our observation of GRB030329/SN 2003dh was made almost five
years after the last of these observations, and our non-detection presented here demonstrates
that any future radio detection of GRB030329/SN 2003dh at GHz frequencies will likely

originate from the SN ejecta rather than the GRB afterglow.
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2.5.1 Interpreting Radio Upper Limits

Figures , and show model light curves (described in for each of the
target GRB/SNe and our observational limits on flux density. In each of these figures we
vary eg and ng, while keeping the other model parameters fixed. For eg we adopt values
of 0.1 and 10~3—the former being equal to the assumed value for ¢, (i.e., equipartition)
and the latter in the range of values that has been derived from GRB afterglow modeling
(e.g., |Granot & van der Horst|2014). For GRB afterglows, it has been shown that €. is
fairly narrowly distributed around 0.1 (e.g., Beniamini & van der Horst|2017)), and e, = 0.1
is also commonly used for SNe Ib/c (Chevalier & Fransson|2006). We note that for the
slower shocks in “normal” SNRs (with velocities around a few thousand km s™'), €. and
ep can be one to two orders of magnitude lower than assumed here (e.g., Sarbadhicary
et al.|2017)). The ejecta of the GRB/SNe have high kinetic energies and should therefore
maintain large velocities (around an order of magnitude faster than the velocities seen in
typical SNRs), even as they transition to the Sedov-Taylor phase (Kathirgamaraju et al.
2016)). Therefore, we take e, = 0.1, but upper limits can be interpreted with other values of
€. using Equation 6. For lower €. or eg, we place less stringent constraints on the ambient
density or SN energy with our radio upper limits (Equation , Figure .

For ng we adopt values of 0.1, 1 and 10 cm™3, spanning a range of most common
values found in GRB afterglow modeling (Granot & van der Horst/[2014). We can use our
radio upper limits to constrain the density of the ambient medium surrounding a GRB/SN.
Figures[2.]] and demonstrate how variations in ng affect the radio luminosity. We see
that the density of the surrounding medium plays a large role in not only the Sedov-Taylor
time but also the light curve peak flux.

The predicted radio light curves also depend on the energy and ejecta velocity of
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the SN. With higher velocities, we expect that the radio luminosity would peak at earlier
times and higher luminosities (Equations 1 and 2). For larger ejecta masses, the radio
luminosity would peak at later times and higher luminosities. While ejecta velocities
are well constrained by observations, measurements of ejecta mass and Egy are model-
dependent and have substantial uncertainty, with possible values for SN 2003dh ranging by
an order of magnitude (Table [2.2). We take the SN energies listed in Table as fiducial
parameters, but can quantify how our upper limits depend on Egy (Figure . Note
that we assume p = 2.5 and o = 5, which are both typical for SN modeling (Chevalier &
Fransson| 20006]).

Clearly, the light curves depend on multiple uncertain parameters, e.g., €., €5, ng, and
Egn. If we assume values for three of these parameters, we can then place clear constraints
on the fourth. In Figure , we use our 1.65 GHz upper limit for GRB 980425/SN 1998bw
to constrain the three more uncertain input parameters (ep, ng, and Egy) and illustrate
the degeneracies between them, while fixing the other parameters (p = 2.5, a = 5, and
€. = 0.1). The three different panels demonstrate how a third parameter depends on the
other two. For example, if a viewer of the the left panel of Figure selected a value for
FEsn and eg, they could read off the value of the corresponding density contour to place
an upper limit on ng. The blue point in this panel marks fiducial values of ez = 0.001

and Egy = 10°%° erg, and lands between the ng = 1 ecm™® and ny = 0.1 cm ™3

contours,
implying that ng < 0.3 ecm™ under these assumptions.

Although we do not include similar plots for GRB 030329/SN 2003dh and GRB 060218
/SN 2006aj, the same ideas can be followed and we can calculate the range of expected
densities for these sources. For these calculations, we turn to the C-band (6.0 GHz)

observations, as they are more constraining than the L-band. We keep the same assumed

parameter range for eg (0.1 and 0.001) and FEgy is allowed a range that spans the
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uncertainty on the measurements from Table [2.1, For both GRB 030329/SN 2003dh and

GRB 060218 /SN 2006aj we find ng < 0.3 — 9 cm™3,

2.5.2 Implications for GRB/SN Environments

Our radio upper limits probe the density of the circumstellar material (CSM)
or interstellar medium (ISM) at the location of the SN forward shock at the time of
observation. By estimating the radii of the ejecta and using our upper limits to constrain
ng, we can comment on the environments of GRB/SNe.

We estimate the radius of the SN shock as R, = vt,,s, where v is the SN ejecta
velocity and t.ps is the time elapsed between explosion and observations (10.0-17.6
yT; Table. We find radii of Rs =~ 0.2 pc for GRB 060218/ SN 2006aj and R, ~ 0.4 pc for
GRB 980425/SN 1998bw and GRB 030329/SN 2003dh. These radii are in fact lower limits,
with the true blast-wave velocity a factor ~3 larger, as the SN has not yet reached the
Sedov-Taylor stage, implying that the velocity of the fastest SN ejecta are faster than fgy.

In order to place constraints on the density of the sources that we have observed, we
turn to what environments are found around similar sources. Several authors have shown
that there is a wide range of densities surrounding long GRBs, spanning many orders
of magnitude (Cenko et al.|2011; Granot & van der Horst|2014). |Chandra & Frail (2012)
suggest that GRB radio samples are biased to a narrow range of CSM densities (1-10 cm™3),
as the radio emission will be weak at low densities and self-absorbed at high densities. In
a fraction of cases, the radio light curves of long GRBs can be well-fit by expansion into
a uniform medium, and this is what we assume here (Section . However, a uniform-
density CSM is almost certainly over-simplistic, as the environments of GRB/SNe should
be strongly affected by the evolution and mass loss from the progenitor star (e.g., Ramirez-

Ruiz et al.|[2005; Starling et al.|2008)).
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A simple model for the progenitor’s evolution in the years leading up to explosion
might be a fast wind (~1000 km s™!) sustained for ~ 10° years, as expected for a Wolf-
Rayet star (Crowther|[2007). Such a progenitor should blow a bubble filled with a p oc 772
wind, implying low densities at radii ~0.1-10 pc (Weaver et al.[[1977). More realistic stellar
progenitors yield substantially more complex circumstellar environments. Take for example
the 29 Mg, star whose late stages of evolution are modeled in Figure 3 of Ramirez-Ruiz
et al. (2005). The star is surrounded by a Wolf-Rayet wind-blown bubble, but the bubble
is both smaller and denser than one might naively expect because it is expanding into a
dense wind from the red supergiant phase that preceded the Wolf-Rayet phase. In this

particular simulated CSM, the Wolf-Rayet bubble has a diameter of ~0.3 pc and density

4 3

~10 cm~3, and is surrounded by a dense shell of material of density ~ 10? — 10* cm™3.
These examples highlight how difficult it is to predict the CSM around a GRB/SN. Even a
question as simple as whether the ejecta are expanding into a medium that is enhanced in
density over the ISM or evacuated of ISM is difficult to answer and depends on the detailed
mass loss of the progenitor star.

Adding to the complexity of the CSM, the SN blast waves studied here are expanding
into a medium that has already been shaped by the lower-mass, higher-velocity GRB ejecta.
For example, the afterglow of GRB 030329 is best modeled by interaction with a uniform
density medium, with ngy values ranging about an order of magnitude around 1 cm™2 out to
a radius 21 pc (e.g., van der Horst et al.|2008; Mesler & Pihlstrom|2013). The SN ejecta
in GRB 030329/SN 2003dh has a radius <0.8 pc at the time of our observations, 13 years
after explosion. Therefore, our observations probe the SN blast wave while it is interacting
with the GRB-evacuated cavity. Figure [2.1|shows that for equipartition with ¢, = eg = 0.1

the density should be below 1 cm ™3, consistent with only some of the density values found

in broadband modeling of the GRB emission. For ¢, = 0.1 and eg = 1072 the density is
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less well constrained, ng < 10 em™3, which is consistent with all the density values derived
from modeling GRB 030329.

The radio afterglow of GRB 060218 can be fit with a stellar wind density profile or a
uniform density medium of ng ~ 10? cm ™3 (Soderberg et al.2006; Toma et al.[2007; [[rwin
& Chevalier|[2016). Our upper limit shown in Figure provides constraints on the density
similar to those for GRB030329: ng < 1 ecm™ for ¢, = eg = 0.1, and ny < 10 cm ™3 for
€. = 0.1 and eg = 10~3. Those limits on ng are still below the value derived from modeling
the GRB 060218 afterglow with a uniform density medium. This may indicate that the
density of the CSM drops with radius, implying a stellar wind density profile, which means
that our upper limit may be breaking the degeneracy between possible density profiles for
modeling this GRB afterglow. We emphasize that this depends on the ¢, and e values,
which can both be lower than the ones we show in Figure [2.2

Finally, the radio emission from SN 1998bw is best modeled by interaction with
a stellar wind rather than a uniform CSM (Li & Chevalier| [1999; Weiler et al. 2001)).
Predictions for the SNR emission associated with a GRB/SN expanding into a wind CSM
are outside the scope of this work. However, Figure shows strong constraints on the
density: even for €, = 0.1 and eg = 1073, the upper limit on ng is 0.1 cm~2 at R, = 0.4 pc;
see the right panel of Figure for the correlation between eg and ng. This would be
consistent with the density expected for a stellar wind with mass loss rate of M = 6 x 1077
Mg yr—! for an expansion velocity v,, = 1000 km s™! (Li & Chevalier|[1999). This mass
loss rate is quite low for typical Wolf-Rayet stars and mass loss rates derived from GRB

modeling, although not unprecedented for the latter (van der Horst et al.[2014).



33

2.6 Conclusion

In this chapter, we presented observations of three long GRBs with associated SNe in
an effort to detect rebrightening radio emission from the SN ejecta entering the Sedov-
Taylor phase. We observed GRB030329/SN 2003dh and GRB060218/SN 2006aj with
the VLA, and GRB980425/SN 1998bw with the LBA. Our observations resulted in non-
detections, with L, < [0.4 — 10%] x 10?" erg s~! Hz™!. By choosing fiducial values for
parameters describing the SN energetics and shock microphysics, we place upper limits on
the density surrounding the GRB/SNe at radii ~0.2-0.8 pc from the explosion site.

We find that the density limits for GRB 030329/SN 2003dh are similar to the density
values derived from afterglow modeling, while the limits for GRB 060218/SN 2006aj and
GRB980425/SN 1998bw are quite low. For GRB060218/SN 2006aj, the limits on ny may
break the degeneracy between possible density profiles for modeling the GRB afterglow, i.e.
they prefer a stellar wind profile over a homogeneous CSM, unless €, and eg are significantly
below 0.1 and 1073, respectively. In the case of GRB 980425/SN 1998bw, the limits on the
density imply a low but not unprecedented mass loss rate of the progenitor’s stellar wind.

While our observations resulted in non-detections, our upper limits are ruling out
significant fractions of parameter space for some of the physical parameters of GRB/SNe.
A future detection of the SNR emission from decades-old GRB/SNe will enable a better
understanding of the environments of long GRBs and illuminate the transition from SN to
SNR.
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Abstract

The COSMOS H I Legacy Extragalactic Survey, or CHILES, is an ambitious project using
the Karl G. Jansky Very Large Array (VLA) to obtain an H I deep field (Fernandez et al.
2013, [2016). While doing so, CHILES has provided deep continuum observations spread
over year-long timescales, which is ideal for studying the variability of the radio sky, and has
led to our project: CHILES VERDES (Variable and Explosive Radio Dynamic Evolution
Survey). With 1000 hours integration time and dump time of ~10 seconds, CHILES
VERDES is able to study variables and transients ranging from cadences of tens of seconds
to years. Within this work, we discuss how sources are extracted and define variability
indexes in which to separate our extracted sources into three populations: steady, variable,
and highly variable sources. We have conducted some preliminary statistical analysis of
these sources and cross-matched them to multi-wavelength catalogs. Overall, we find that
the CHILES VERDES sources provide an unprecedented data set with which to study the

radio time domain sky.
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3.1 Introduction

As discussed in the introduction of this thesis, despite there being many astronomical
events that are expected to emit radio variability or transient behavior, there has been little
work done to understand how the radio sky changes over time. Some of the most energetic
phenomena in the universe are expected to display substantial radio brightness changes,
including active galactic nuclei (AGN), supernovae (SNe), tidal disruption events (TDEs),
extreme scattering events (Fiedler et al.[1994)), and potentially even events responsible for
gravitational waves (e.g. binary neutron star mergers and black hole-neutron star mergers)
(Hotokezaka et al.[2016]). Most blind radio transient surveys have turned-up non-detections
because they have not been deep enough or over a wide range of time scales (Frail et al.
2012; Mooley et al.|2016; Hancock et al.2016).

In order to improve our understanding of the nature of radio transients and variable
sources, we need a deep radio continuum survey with a variety of observational cadences.
Sparse sampling has made it difficult to quantify what the expected range of variability
should be or what the density of variable and transient events are in the radio sky. There
is a trade-off between having a large number of observing epochs over shorter time scales
and the sensitivity of the individual epochs. For surveys to be sensitive to lower luminosity
variables, observations are generally carried out within a few epochs (e.g., [Hancock et al.
(2016); Falcke et al.| (2001)). Often, this also means that the sample sizes are small and
comprised of bright, hand-selected sources (e.g., Barvainis et al,| (2005); Mundell et al.
(2009)). The few surveys that have been conducted have one common conclusion: more
observations are needed to better understand the radio transient and variable sky.

The COSMOS H I Legacy Extragalactic Survey, or CHILES, is an ambitious project
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using the Karl G. Jansky Very Large Array (VLA) to obtain an H T deep field (Fernandez
et al.[|2013,2016)). CHILES is pointing along a portion of the COSMOS (Cosmic Evolution
Survey; Scoville et al.| (2007))) field. With its newest upgrades, the VLA is an extraordinarily
sensitive radio continuum telescope and the CHILES deep field will yield the deepest radio
continuum survey to date, allowing for the detection of transient and variable events out
to a redshift of z = 6 (Scoville et al. 2007; Hodge et al.|2013a; Zauderer et al.[2011).

CHILES was designed to search for neutral hydrogen (H I) at intermediate redshifts
and was conducted with two spectral windows which were dedicated to continuum science.
CHILES provides deep continuum observations spread over year-long timescales, which is
ideal for studying the variability of the radio sky and has led to our project: CHILES
VERDES (Variable and Explosive Radio Dynamic Evolution Survey).

CHILES VERDES is probing an unusual region of radio transient space when
compared with other radio time domain surveys. Most surveys pursue a wide-field strategy,
with relatively few, shallow epochs and surveys searching for variability most commonly
target very bright active galactic nuclei (AGN; (Wagner||1995))), or study only a few epochs
from wide-field shallow surveys to constrain the variability of a large number of mJy-
scale sources (Hodge et al[2013b). This survey offers a unique opportunity to improve
our understanding of radio transient and variable events because it includes many deep
observations conducted over a period of years.

Within this thesis chapter, there is an overview of the survey, CHILES, and the
variability and transient study of this survey, CHILES VERDES, which can be found in
Section [3.2] Following that will be the explanation of how sources were extracted from
images and how variability is defined in Section 3.3 The overall variability statistics found
within CHILES VERDES will be discussed in Section as well as the multi-wavelength

coverage from previous surveys to the sources within CHILES (Section . I refer the
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reader to the following chapter for additional information concerning individual and unique

sources within CHILES VERDES.

3.2 The Survey

3.2.1 The CHILES Survey

The COSMOS H I Legacy Extragalactic Survey, or CHILES, is an ambitious project
using the Karl G. Jansky Very Large Array (VLA) to obtain an H I deep field (Fernandez
et al. 2013, [2016). Because of the enormous correlator power of the updated VLA (Perley
et al.|[2011), we can now obtain large bandwidths at high spectral resolution, enabling a
survey for neutral hydrogen from z = 0.0 — 0.4 in a single observation. Because H T at
cosmological distances is very faint, CHILES obtained 1000 hours of VLA integration on a
single pointing.

The CHILES pointing was chosen to be in the COSMOS field (Scoville et al.|[2007)),
where it can enjoy significant multi-wavelength supporting data (e.g., Davies et al.[[2015}
Civano et al.| 2016; |Andrews et al|2017). It is centered at J2000 position, RA =
10h01m24.00s, Dec = +02°21'0.0”". The single L-band pointing yields a field of view
0.5° in diameter (half power beam width) at 1.5 GHz. The field of view varies linearly
with frequency; for the VLA, the half-power beam width is 45’ /v where v is the observing
frequency in GHz. Therefore, at 1.0 GHz, the field of view is 0.75° in diameter.

CHILES data were obtained in the VLA’s B configuration, which, at 1.5 GHz, yields
a resolution of 4.3"” and has sensitivity to scales as large as 2’ (again, these scale linearly
with frequency). Data were obtained under program ID VLA /13B-266 (PI J. van Gorkom)
during five phases of B configuration, spanning 2013 October — 2019 April.

Although CHILES is primarily invested in spectral line observations of H T at
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intermediate redshifts (out to z = 0.45), the new upgrades for the VLA also allow for
simultaneous wide-band continuum observations spanning 0.9 — 1.8 GHz. The spectral
line component consists of 15 spectral windows, each of 32 MHz bandwidth sampled with
2048 channels and dual polarization. These spectral windows are placed adjacent to one
another in frequency, and therefore span 952 — 1432 MHz. The continuum component of the
CHILES data is observed in full polarization mode and comprises four spectral windows,
each of 128 MHz bandwidth sampled by 64 channels. These spectral windows span L band
and are centered at frequencies relatively free of RFI, centered at 1032, 1416, 1672, and
1800 MHz. CHILES data were saved to disk with 10 second integration time. Data were
calibrated using 3C286 as a bandpass and absolute flux calibrator and J0943—0819 as a
complex gain calibrator.

CHILES provides deep continuum observations spread over year-long timescales,
which is ideal for studying the variability of the radio sky, and has led to our project:

CHILES VERDES (Variable and Explosive Radio Dynamic Evolution Survey).

3.2.2 The CHILES VERDES Project

The CHILES VERDES project is the study of transient and variable sources within
the CHILES deep field. Within this project, we do not make use of the spectral line
data, which was the principal objective of CHILES, but instead focus on the continuum
component. CHILES was collected over a total of 334 epochs of 3-hour integrations
spanning over six years, with each epoch being able to be broken up into timescales as
short as 10 seconds. This is an ideal survey for studying transient and variable events and
is the basis for CHILES VERDES.

During a given B-configuration phase, CHILES observations were obtained, on

average, every few days. These observations are obtained in scheduling blocks of durations
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ranging from 1-8 hr. We call each of these scheduling blocks an “epoch” throughout this
thesis. The observations yield a root mean square (RMS) noise of 8 uJy beam™ in a
typical 3-hour observing block. This translates to CHILES being able to go equally as deep
as previous surveys ten times faster. On longer (daily) time scales, the sensitivity is even
better; during a typical 4-month-long B configuration, CHILES observes almost daily for
several hours each day. Naturally, as we look at even longer time scale variability (months
to years), the sensitivity is even better. If all data obtained in a given B configuration are
co-added, the theoretical noise prediction for each of the three periods is 1 pJy beam™?.

The CHILES integration time implies that variability from this survey can be
studied on timescales as short as ~1 minute, while our data acquisition over multiple
B configurations implies that we can search for changes on timescales of years. Specifically,
CHILES data were observed over the time frames listed in Table 3.1l

The four continuum spectral windows are reduced using a custom pipeline, written
in CASA for another CHILES spin-off project, CHILES Con Pol. CHILES Con Pol has
created one of the deepest radio continuum images ever from the CHILES data and includes

full polarization calibration to study polarized sources on cosmological scales. One round

of phase-only self-calibration is carried out on each with 10-minute solution interval.

Table 3.1.  Log of CHILES VERDES Observations

Date Range Integration Time
(hr)

25 Oct 2013-21 Jan 2014 179.3

25 Feb 2015-04 May 2015 215.5

16 May 201627 Sep 2016 198.4

11 Nov 2017-29 Jan 2018 240.7

01 Mar 2019-11 Apr 2019 165.1
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We create an averaged Stokes I image for each epoch using clean in CASA (McMullin
et al.2007)). We use multi-frequency synthesis with nterms = 2 and a reference frequency of
1.45 GHz. Each image is substantially larger than the primary beam and calculated with w-
projection and wprojplanes = 128, but each image is truncated at a radius corresponding
to 20% of the sensitivity at image center. Images are created with Briggs weighting of
Robust=0.7, and pixels are 1” across. Image deconvolution was carried out with the multi-
scale multi-frequency synthesis algorithm on scales of [0,5,15] pixels (Rau & Cornwell 2011)),
and a clean threshold was set at 6x the image theoretical noise.

From the entirety of CHILES, we recovered a total of 210 images taken between
2013 and 2019. We created a ‘reference image’ by co-adding the visibility data during the
first (2013) semester. We fed the reference image and the 210 time-series images into our

transient and variable finding algorithm described in the next Section.

3.3 Finding Variables with the LOFAR Transients Pipeline

In order to identify sources and extract their light curves from our radio images,
we made use of the LOFAR Transients Pipeline (TraP; Swinbank et al|2015). TrAP is
used to systematically extract radio sources across multiple images and identify transients
and variables with a set of uniform and quantifiable selection criteria. The pipeline has
been tested on LOFAR data (Rowlinson et al.|2019)), and is currently under further active
development for transient search projects related to LOFAR, ASKAP and SKA.

The details of TrAP stages are described in Swinbank et al. (2015), but the main
steps are described below with short descriptions for the convenience of the reader. The

parameters used at each step are summarized in Table [3.2]

1. QUALITY CONTROL - In this step, images are flagged for having insufficient quality

for transient search if: (i) RMS noise is above or below some threshold limit of the
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Figure 3.1 CHILES field showing the 370 variable candidates (Section . The dashed
circle has a radius of 22.5’, and roughly 1.5 times the L-band primary beam FWHM. Red

circles indicate all the variable candidates, while blue shows the most variable candidates
based on the analysis in Section [3.4.2

theoretical noise (defined by high bound and low_bound) (ii) restoring beam that is
over-sampled (defined by oversampled x) or under-sampled (< 2 pixels per FWHM)

or highly elliptical (defined by elliptical x) (iii) within some threshold distance of

known bright sources in radio sky (defined by min_separation).
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In addition to images flagged by the automated quality control, we visually checked
the remaining images and removed those containing conspicuous imaging artifacts
across the image (as a result of the data-reduction process). Images taken during
the B—A move time during the end of 2016 semester show a systematic decline in
integrated fluxes of all the sources due to the smaller and more elliptical synthesized

beam, so these images were also removed for consistency.

. SOURCE IDENTIFICATION - Identifying sources begins with making a background
RMS map. This is done by dividing the field into a grid of user-specified size, and
calculating the RMS per grid cell using a method of iterative clipping around the
median (see Section 4.3.1 in|Swinbank et al.| (2015))). The RMS map is then multiplied
by a threshold n and subtracted from the original map to isolate significant pixel
“islands”. These islands are then “deblended” (as discrete pixel islands may be part of
the same source) by finding contiguous pixels around islands that are above a (where
a < n) times the RMS map. Once significant islands have been identified, the peak
flux (C), integrated flux (), source location («, d) and their associated uncertainties
(0c,01,04,05) are recovered by least-square fitting of an elliptical Gaussian to each

source island.

We use the reference image as the first image searched by TrAP, which is created by
co-adding the visibility data during the first semester, an image that is deeper than
subsequent images. This allows TrAP to reliably identify sources in the CHILES field
with accurate positions, and then search for them in the subsequent images. This
process results in the detection of a large number of sources that are too faint or
are detected at marginal signal-to-noise in images subsequent to the reference image,

due to the subsequent images having a higher RMS. TrAP recovers the relevant
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measurements for these sources (I, C, «, d, 0y, 0¢, 04, 0s) using a pre-defined technique
of “null-detection”, where, instead of finding significant islands, TrAP forces the
elliptical Gaussian to fit for these sources at the known source locations from the
reference image. A majority of these sources return large o, 05, which then get

filtered out with our variability criteria defined in Section [3.4]

3. SOURCE ASSOCIATION — The islands and source parameter in each image gets
stored in a running catalog. To associate sources in each iteration of the running
catalog, TrAP uses the definition of the de-Ruiter radius, 7;;. A source 7 and its
counterpart j in the subsequent image are said to be associated if the position is no
greater than the semi-major axis of the restoring beam, and if r;; < ry (where 7y
is a threshold set by deruiter radius=5.68 in Table so that the probability of
missing an associated source is < 1077). While this association procedure is able to
identify most sources unambiguously in all the images, a small fraction of sources get
split into multiple sources. Visual inspection revealed that this mostly happens to
resolved sources, sources in crowded regions, or very faint sources. These show up as
multiple entries in the running catalog for the same catalog, but get automatically

filtered out in the variable selection criteria further applied by us in Section (3.4}

For CHILES VERDES, TrAP was ran on the non-primary beam corrected images
that extend beyond the FWHM of the L-band primary beam. This is because a) there
were slightly different pblimit radii applied to different images and b) we might be missing
interesting things in the outer parts of an image. Once the final catalog of sources are
extracted by TrAP, we apply the primary beam correction on the fluxes as a function of
their separation from the phase-center (Perley|2016]). Sources are astrometrically matched

between images by TRaP, and light curves are created measuring how each source’s flux
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density varies across image epochs.

For this work, we restrict our analysis to epoch-by-epoch and yearly variability. The
goal is to identify variability on both short and long timescales, which is characteristic of
both galactic and extragalactic variables (Metzger et al.||1997; Mooley et al.|[2016). The
epoch-by-epoch variability is carried out by simply feeding in the reduced observations of
each scheduling block/epoch into the TrAP pipeline. Calculating the yearly variability was
carried out by co-adding each semester of B-configuration data on the uv-plane and creating
a set of 5 stacked images, which were then fed into TrAP. In a future survey, we will carry
out a more detailed search of variables using images co-added on different timescales — from
as short as 10 seconds (i.e., the dump time of the observations) to as long as months — in

order to compare with previous work.

3.4 Epoch-By-Epoch Variability Statistics

TrAP was successful in picking out a substantial number of sources and returning
their light curves for analysis. Although many of these sources display implications of
variability, we had to conduct some additional analysis before determining a final list of

variable sources within the CHILES observations.

3.4.1 Selecting Variable Candidates

TrAP searched a total of 172 images between 2013 and 2019 that passed quality
control, and yielded a catalog of 6821 sources with light curves. The distribution of
these sources as a function of distance from the phase center is shown in Figure [3.2l The
concentration of sources detected is highest near the phase center, and drops off rapidly as
the point-source sensitivity decreases with separation. For the subsequent analysis of the

variable population in CHILES, we restrict ourselves to sources within 1.5x the primary
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beam radius (pp = 15), which is the half width at half maximum. Beyond this, the
source density undergoes a noticeable flattening. Sources outside 1.50pp are more likely
affected by the lower RMS sensitivity, which increases their chances of being false positives

or artifacts. However, there are interesting bright sources outside this region, and we will

discuss them in the Chapter [4] of this thesis.

Table 3.2. TRaP Parameter Values

Parameter Description Value
rms_est_sigma Sigma value used for iterative clipping in RMS estimation 4
rms_est_fraction Determines size of image subsection used for RMS estimation 10
rms_est_history Amount of images used for calculating rms histogram 2002
rms_est_max Global maximum acceptable rms 1002
rms_est_min Global minimum acceptable rms 0.0®
bandwidth_max If non-zero, override bandwidth of image; determines 0.0

which images fall in same band
low_bound Multiplied with noise to define lower threshold 12
high_bound Multiplied with noise to define upper threshold 802
oversampled x Threshold for oversampled check 30
elliptical x Threshold for elliptical check 2.0
min_separation Minimum distance to a bright source (in degrees) 10
detection_threshold  Extraction threshold (S/N) 5
analysis_threshold 3
back_size x 180
back_size_y 180
margin 10
deblend _nthresh Number of subthresholds for deblending 32
extraction_radius_pix 12500
force_beam True
box_in_beampix 10
ew_Sys_err 10
ns_sys_err 10
expiration 2507
deruiter_radius 5.68
beamwidths 1imit 1.0

2Defined generously so as not to exclude images.
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Figure 3.2 Surface density of sources found by TrAP within the non-pbcor images, versus
their separation from the phase center. The dashed lines show multiples of the radius of
the L-band primary beam 0pp = 15'. Since the surface density begins to flatten roughly
at 1.50pp, we include all sources within this radius for our variability analysis.

We find a total of 2173 sources inside the 1.50pp region. These sources contain
a mixture of resolved and unresolved sources, which makes picking variable candidates
tricky. The resolved or extended objects (e.g. jets, filaments, multiple lobes) are too big to
produce intrinsic variability on our epoch-by-epoch timescales, and thus their variability
is likely instrumental. TrAP also fits for the fluxes of sources with an elliptical Gaussian
which assumes a point-source model for sources, and thus likely fails on extended sources.

Finally, many of the dim sources in the reference image are too faint to be detected in the
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Figure 3.3 Mean flux uncertainties of the variable candidates o; versus their position
uncertainties Af,o, as defined in Section [3.4.1 The color-bar indicates the fraction of flux
measurements for each objects that are above 5o (i.e. I;/or,; > 5).

epoch-by-epoch images, and therefore the positional accuracy of these sources identified in
the epoch-by-epoch is also likely compromised.

From the 2173 sources, we further removed sources that have issues of poor fitting
or being coincident with extended objects, using the positional uncertainties Af,,s, and
the average flux uncertainties (o), returned by TrAP. As seen in Figure , we used the

following cutoffs,
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1. Abps < 0.9” — As mentioned earlier, TrAP provides the uncertainties of the RA
and Dec of the sources, which we refer to as o,, and og4.. respectively. We define
Abpos = \/0raOdec, the geometric mean of the RA and Dec uncertainties. The average
synthesized beam size of our images is about 4.5”, so for sources observed at signal-
to-noise of 5, their positional accuracy should be ~ 4.5/5 ~ 0.9”. We therefore
restrict ourselves to sources with Af,,, < 0.9”. This criteria largely removes all the
aforementioned faint sources on which our Gaussian fitter produced large o,, and

O4ec, as well as a few sources centered on extended objects.

2. (o7) < 25 pJy — This roughly includes the sources that have uncertainties within
25% of the mean RMS of the images (~ 20 pJy). For uncrowded fields, the flux
uncertainties are expected to be roughly the order of the image RMS. A few sources
however have much larger uncertainties because they are associated with extended
emission or a close-proximity bright source within the box region where background

RMS is calculated.

3.4.2 Variability Statistics

Our selection criteria in the previous section yielded a final catalog of 370 variable
candidates inside the CHILES 1.5 FWHM primary beam (Figure [3.1). The non-pbcor
fluxes were divided by a factor F'(x) to account for primary beam attenuation. Based on

Perley| (2016)[} we used the following form,
F(z) =1+ a1z + apa’® + azx® (3.1)

where z is the separation from the phase center in units of (arcmin x frequency in GHz)?,

a; = —1.34 x 1073, ay = 6.58 x 1077 and az = —1.19 x 107!V for observing frequency of

Thttp://www.aips.nrao.edu/cgi-bin/ZXHLP2.PL?PBCOR
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1.465 GHz. The median flux of the sources is ~0.504 mJy, and the max flux ranges from
0.102 — 11.7 mJy. Note that the full source population and flux distribution in the CHILES
field will be explored in future work, in which the full 1000-hour image has been co-added.

We assess the variability of the sources using two parameters, the flux coefficient of
variability (V) and the reduced x? statistic (7). We follow the same definition of these

parameters as in Swinbank et al.| (2015),

vz%%\/% (F-7) (3.2)

and

N 2
1 Z I; —
where &; is weighted mean of the flux measurements I; defined as,

N

Zi:l [i/f’%i
N

Zi:1 1/0-?,i

Here, s refers to the standard deviation of the flux measurements I;, I is the arithmetic

&r= (3.4)

mean of I;, N is the number of measurements (or scheduling blocks in which a source has
a significant detection, which is 172 for most sources), and oy, is the uncertainty in I;.
Figure shows the V-n distribution of the 370 sources that have potential to
have variability detectable within our survey; we will refer to these sources as ”variable
candidates”. Most of the sources with n < 1 are distributed as a clumpy population with
V = 0.115 £ 0.055 and n = 0.43 £ 0.13. The population roughly matches the region
occupied by steady sources in the LOFAR data explored in Rowlinson et al.| (2019). We
use n = 1 as the dividing line between ‘steady’ and ‘variable’ sources in our paper. This
is based on Eq where 7 = 1 can be interpreted as sources where, on average for
large number of observations (N >> 1), I — & ~ oy, i.e. the amplitude of variability is

within the uncertainties in the individual flux measurements. So statistically sources found
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with n < 1 cannot be considered ‘variable’ in our epoch-by-epoch images; however, when
images are co-added to study variability on longer timescales, which would yield a higher
signal-to-noise, it may be possible these sources show statistically significant variability.

We are left with 58 sources with n > 1, and we divided them into ‘variable’ and
‘high-variability’ categories using the dividing line of V' = 0.1. This value of V' roughly
corresponds to 10% variability in the 172 observations. Out of the 58 sources, 18 are
classified as highly variable.

In general, we find V is inversely correlated with brightness (Figure , consistent
with observations in lower-frequency LOFAR data. This is because most of the flux
measurements have uncertainties ~ 20uJy (the average RMS noise in the images), so
the standard deviation of the flux measurements is s ~ 20uJy. From equation we
know that if s is constant, then V o< 1/1. We do however see that a fraction of the source
population deviates from this correlation, showing a flatter V' vs flux relation. A majority
of these are sources we picked as variables in Figure with n > 1. A steady source (i.e.
with constant flux vs time) in radio images will at least exhibit variability with amplitude
on the order of the image RMS. The sources designated as variables show 10-30 times larger
variability than expected from our simple model of steady source. We note however that
steady sources can still show variability that is not intrinsic to the source (e.g. scintillation),
or can be systematic in nature (e.g. the calibration applied to different images).

As mentioned, from the 370 sources within the CHILES field, 58 (15.7%) were
identified as having at least some indication of variability (n > 1) and 18 (4.86%) were
identified as highly variable (n > 1 and V' > 0.1). Within these populations, we can
begin to understand the differences between these sources by first describing some general
statistics of their light curves. In Table[3.3] we have included the mean and median of each

populations’ variability indexes, V' and 7.



o6

E e CHILES sources
1 .
E ® Phase Calibrator L 075
|
i
0 J
10 ] E - 0.50
1
1
Steady E Highly Variable
i 0.25 =
10
€
(J t.‘ ° ';'
o © 0.00 E
[ J
> E.'. o o c
1071 - me - e DB L EEEEES g
] "0 e ° -0.25 @
S 1 o 9 =
* oo, %
\.. (L od 3
s 1 ¢ Variable —0.50
o ! L °
..|P
1 -0.75
i
1072 1 :
] 1
E ° -1.00
1
:
102 107! 10° 10! 102 103 10*

n

Figure 3.4 V-7 distribution of the variable candidates, color-coded by their median flux.
The grey region are sources that don’t have statistically significant variability, and are
designated ‘steady’. The rest are classified as ‘variable’ and ‘high-variability’ based on
V =0.1. The red dot shows the V-n of the phase calibrator, J0943-0819.

As noted, steady sources can exhibit variability on amplitudes on the order of an
image’s RMS. To demonstrate the range of fluxes within these populations, we have first
calculated the median flux of each sources’ light curve and then taken the mean (‘mean
median flux’) and median (‘median median flux’) for each population. The disparities in
these values indicate the skew that certain sources have on the entire population’s mean.

A summary of these results are shown in Table [3.3] Of the 370 total sources in CHILES,
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and the red dotted line shows the V' = 0.1 boundary.

314 are bright sources, meaning that the median flux is > 0.1 mJy (with a mean median
flux of 0.580 mJy). As are 57 of the 58 variables sources (with a mean median flux of 2.09
mJy) and 17 of 18 of the highly variables (with a mean median flux of 1.23 mJy). Figure
demonstrates how each population compares to one another in the variability indexes

(n and V) and flux. Individual sources are discussed in more detail in Chapter [4| and the

multi-wavelength components of these sources are discussed in more detail in Section [3.5
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Figure 3.6 A comparison the two variability indexes (V' and 1), and maximum flux and
ratio of maximum flux to median flux of each of the variable candidates in CHILES. Here,
the three colors correspond to the variability populations.

3.5 Multi-wavelength Cross-matching

As previously discussed in Section [3.2], by design, CHILES was purposefully pointed in
the COSMOS field where there are multi-wavelength, deep-field, multi-epoch observations.
This provides an ideal opportunity to match sources found in CHILES VERDES. The

wavelengths covered by these surveys range from X-rays to optical wavelengths, including

optical from Hubble (Scoville et al.|2007; [Koekemoer et al.2007), infrared from Spitzer

(Sanders et al.|[2007), UV from GALEX (Zamojski et al.[2007), X-ray from Chandra (Elvis

2009) and XMM-Newton (Hasinger et al.|[2007; |Cappelluti et al|2009), and many

others. From the extensive coverage of other COSMOS observations, it is clear that there

is a wide range of sources in the CHILES field, some of which have been identified and
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classified. This additional information helps us better understand what some of the CHILES
VERDES sources are and gives a glimpse on how particular kinds of sources behave in radio
wavelengths (e.g. low luminosity AGN, AGN at redshifts greater than 0.5). Information
about the potential research that can be conducted with these data is laid out in more
detail in Chapter [df Within this section, we go into detail on how this cross-matching
was completed and a summary of the cross-matching of the sources that were identified in
other wavelengths and catalogs (including analysis for the different variability populations
within CHILES VERDES). We should note that the cross-matching is not all-inclusive in
this paper; this is simply a summary of some of the data-mining that can be conducted

with these data.

3.5.1 Finding Multi-wavelength Counterparts

To identify which of the CHILES sources had multi-wavelength counterparts in other
catalogs, we used TOPCAT (Taylor et al.[2005). TOPCAT is a GUI analysis package for
working with and analysing tabular data, especially meant for large catalogs. It has been

tested and used by numerous projects; however, for the purposes of this work, we have only

Table 3.3.  Summary of CHILES Variability Populations

CHILES Variabile Highly-Variable

Sources Sources Sources
Amount of Sources 370 58 18
Average Median Flux (mJy)  0.687 2.05 1.17
Median Median Flux (mJy)  0.187 1.28 0.330
Average V 0.122 0.090 0.172
Median V 0.116 0.0643 0.141
Averagen 6.65 39.9 74.4

Mediann 0.449 2.81 1.92
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used it to match our CHILES sources to other catalogs and performed analysis outside of
that.

The source extraction from TrAP (see more detail on this in Section produces
RA and dec measurements for each source. The RA and dec for each CHILES source
were matched to other catalogs using the sky-algorithm, with a max error of 1 arcsec,
symmetric best-match and joining from both catalogs. The choice of 17 was made based
on the geometric mean of the RA and Dec uncertainties fro TrAP. As previously mentioned
in our source selection, the average synthesized beam size of our images is about 4.5” and
for sources observed at signal-to-noise of 5, their positional accuracy should be ~ 4.5” /5 =
0.9”, which we rounded up to 1”7 for our matching.

Although there are many catalogs that the CHILES survey could be matched to, here
we focus on those from the COSMOS G10 Legacy Spectroscopic Catalogue (V04) (Davies
et al.2015), Chandra COSMOS Legacy (Civano et al.|2016), and the VLA-COSMOS AGN
3 GHz Large Project (Smolci¢ et al.[2017). Although these surveys are only representative
of some of the optical, x-ray, and AGN classifications, they provide an opportunity for us
to understand the sources in the CHILES field and how that changes with the variability
populations of CHILES VERDES. Some of the information from these catalogs is included

and analyzed for individual sources in Chapter [4

3.5.2 Overview of Multi-wavelength Cross-matching

In Table [3.5.2] we summarize how many sources were detected in each catalog and
how that changes for each of our variability populations. Although only a handful of
sources are matched in all three cross-matched catalogs (15.7%), the coverage of highly-
variable sources is more impressive, with 94.4% of the CHILES highly-variable sources

having optical counter-parts from the COSMOS G10 Legacy , 38.9% with Chandra, 88.9%
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in the VLA-COSMOS AGN 3 GHz Large Project, and 22.2% being in all three catalogs.

COSMOS G10 Legacy Cross-matches — the COSMOS G10 Legacy Spectroscopic
Catalogue (V04) includes information from multiple surveys and contains redshift and
archival optical photometric data for sources (Davies et al.2015)). Although most sources
have spectroscopic redshifts in this survey, not all have spectroscopic coverage, so they may
be calculated photometrically. For the purposes of this work, we take the ‘best-fit’ redshift,
which prioritizes the spectroscopic measurements. Of the entirety of CHILES VERDES
variable candidates (370), 306 match to sources in this catalog. Of these matches, there
was a maximum separation of 0.995 arcsec and a median of 0.210 arcsec. 301 of these
sources have confirmed redshifts. From these, we take the best-fit redshifts, which have a
range from 0.001 to 2.94. Additionally, this catalog contains stellar masses. Of the entirety
of CHILES VERDES variable candidates, the masses range from 1058 to 1020 Mg and
have a mean and median of 10'%® M. This distribution can be shown in the histogram
plot of Figure [3.7]

Within the sources that are classified into the variable and highly-variable populations

of CHILES VERDES, of which there are 58 in total, 47 (81.0%) match to sources within the

Table 3.4. Summary of CHILES Variability Populations Cross-matched to Other
Catalogs

CHILES Variable Highly-Variable
Sources Sources Sources
(Total: 370)  (Total: 58) (Total: 18)

COSMOS G10 Legacy 306 (82.7%) 47 (81.0%) 17 (94.4%)
Chandra COSMOS Legacy 69 (18.6%) 13 (22.4%) 7 (38.9%)
VLA-COSMOS 3 GHz Large Project 316 (85.4%) 49 (84.5%) 16 (88.9%)
All Previous Catalogs 58 (15.7%) 11 (19.0%) 4 (22.2%)
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COSMOS catalog. From these matches, the max separation is 0.777 arcsec and a median
of 0.171 arcsec. All but one of these sources have best-fit redshifts, which range from 0.124
to 2.52, which is truncated from the range of the entire sample but only by ~14%. The
masses of this population range from 10%%' to 10'® M, and has a mean and median of
1010 M. This distribution can be seen in Figure When compared to the sample of
variable candidates, there is a slight shift to higher masses (the lowest mass increases by
nearly three orders of magnitude but the mean and median mass of the sample increases
only by a factor of ~1.6).

Of the population of sources classified as highly variable, 17 of the 18 match to sources

in COSMOS (94.4%). There is a max separation of 0.445 arcsec and a median of 0.152
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Figure 3.7 The host-galaxy stellar mass range for sources matched to the COSMOS
catalog. The variable and highly variable populations’ counts are multiplied by a factor of
three.
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arcsec. All but one of these sources has a redshift and mass. The full range of best-fit
redshifts for this population is from 0.124 to 1.3 and a mean of 0.681 and median of 0.668.
The maximum redshift truncates by nearly a factor of two compared to the entire variable-
candidate sample. This makes sense as it becomes more difficult to distinguish variability
as source distances increase. The masses of the highly-variable sources range from 10%!24
to 10136 My, with a mean of 10%%8! and a median of 10%%%® M. This can be seen in Figure
B.1

X-ray Cross-matches — Chandra COSMOS Legacy catalog ((Civano et al.[2016)) has
a wealth of information on COSMOS X-ray sources, including hard (H-band; 2 — 7 keV),
soft (S-band; 0.5 — 2 keV), and full-band (F-band; 0.5 — 10 keV) fluxes. Although there are
additional X-ray surveys that cover the COSMOS field, we have found that this particular
catalog provides the most matches to the CHILES VERDES sources within a single survey
due its depth and extensive coverage. Overall, we find that of the 370 CHILES sources,
69 (18.6%) are detected in this catalog (with a max separation of 0.9399 arcsec, a mean
of 0.4206 and median of 0.3733 arcsec). Of the sources that are classified as as variable,
there are 14 (24.1%) have X-ray counter-parts. Of the highly-variable sources, 7 (38.9%)
are matched to sources in this catalog.

Although the Chandra COSMOS Legacy catalog includes a lot of information
regarding X-ray emission, there are no redshifts. In order to have an idea of the distances
of these sources, we also matched to the COSMOS G10 Legacy Spectroscopic Catalogue
(V04). Of the sources within the CHILES field, 64 (17.3%) are found in both catalogs, as
well as 13 (22.4%) of the variable sources and 6 (33.3%) of the highly variable sources.

With redshifts, we are able to calculate the X-ray luminosities, using L = 47SD?,
where S is the X-ray flux and D is the luminosity distance. The distribution of these

luminosities and redshifts are shown in Figure 3.8, We have also plotted the z — Lx curve,
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where Ly corresponds to the knee of the AGN luminosity function (black dashed line),
computed following the Flexible Double Power-Law (FDPL) and equation 3 of
et al][2016). This line is the conventional threshold used to separate clear AGN from
galaxies with no or low nuclear emission, low-luminosity AGN or very obscured AGN. We
discuss AGN-classification of sources with the following catalog, but from this, we are able
to see that most of our sources fall below this line and would be considered low-luminosity
AGN. In Chapter [ we describe and discuss in more detail the previous lack of research

on radio variability of low-luminosity AGN.
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Figure 3.8 Comparison of the X-ray luminosities (from |Civano et al.| (2016])) and redshifts
of CHILES VERDES sources (from Davies et al. (2015))). The three X-ray bands here are
calculated from the hard (H-band; 2 — 7 keV), soft (S-band; 0.5 — 2 keV), and full-coverage
(F-band; 0.5 — 10 keV) fluxes. The dashed black line is the conventional threshold used to
separate clear AGN from galaxies with no or low nuclear emission, low-luminosity AGN or
very obscured AGN (Marchesi et al.||[2016)).
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Even with such a small sample size of X-ray sources, when comparing the X-ray
and radio luminosities from CHILES, as seen in Figure we can see that our sample
covers a large range of luminosities (spanning over five orders of magnitude for both X-ray
luminosity and mean radio luminosity). This is an ideal sample to better understand the
behavior of AGN in both radio and X-ray.

AGN Cross-matches — the VLA-COSMOS AGN 3 GHz Large Project catalog is
easily the most extensive catalog that we match to in this work. This project is a survey

with the intention of classifying faint (uJy-level) radio sources into AGN or star-forming
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Figure 3.9 Comparison of the radio and X-ray luminosities of CHILES VERDES sources
and the X-ray luminosity of those identified in the Chandra COSMOS Legacy catalog
(Civano et al.|2016)). The three X-ray bands here are calculated from the hard (H-band; 2
— 7 keV), soft (S-band; 0.5 — 2 keV), and full-band (F-band; 0.5 — 10 keV) fluxes. These
sources span over five orders of magnitude in their X-ray luminosities and a similar range
in their median radio luminosity.
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galaxies using multi-wavelength observations. It is the most recent and pulls information
from the COSMOS G10 Legacy catalog while also including new and updated redshifts and
optical coverage. Additionally, it has the most matches to each population of the CHILES
sources. For the purposes of the work here, we have attempted to use the redshifts within
the VLA-COSMOS catalog as often as possible, as it pulls from the COSMOS G10 Legacy
work but contains additional observations and revisions. The VLA-COSMOS catalog has
the additional advantage of having AGN classifications. For this work, we will refer to this
catalog as the VLA-COSMOS AGN catalog. Within this section, we discuss a summary
of the populations; however, in Chapter [ we discuss the highly-variable population as
individual sources and their classifications from this catalog in more detail.

The VLA-COSMOS AGN catalog pulls information from multiple surveys and
wavelengths and includes information such as the integrated 3 GHz radio flux density
(Fsgm. in pJy), the rest-frame 3 GHz radio luminosity (log(Ligen) in units of log(W
Hz™')), the rest-frame 1.4 GHz radio luminosity (log(Laier,) in units of log(W Hz™')),
which is obtained using 1.4 — 3 GHz spectral index, the star-formation related infrared
luminosity (8 — 1000 pm rest-frame) derived from SED-fitting (log(Lrrsr) in units of
log(Ly)), and the star formation rate (SFR in units of My yr—!) obtained from the total
infrared luminosity. Sources are also identified as single- or multi-component radio sources.

As mentioned, the VLA-COSMOS AGN catalog also contains information regarding
AGN classification. Some of this information includes AGN identified using X-ray wave-
lengths and mid-infrared (MIR) wavelengths, and AGN which meet the criteria of matching
spectral energy distribution (SED) model fitting based on their host galaxies’ rest-frame
optical colors. Sources are also separated into moderate-to-high radiative luminosity AGN
(HLAGN), which are selected based on a combination of X-ray, MIR color-color, and SED-

fitting criteria, and the remaining are classified as low-to-moderate radiative luminosity



67

AGN (MLAGN). Of the MLAGN, sources are also distinguished based on their star for-
mation rate. This is determined based on the rest-frame near ultraviolet (NUV) minus
rt-band colors corrected for internal dust extinction (Myyy — M,.). Sources are classi-
fied as quiescent (of star formation) MLAGN if their dust-extinction corrected rest frame
color follows such that Myyy —M,+ > 3.5 and there is no detection at > 50 in any of
the Herschel bands. This catalog also notes star-forming galaxies (SFGs) by drawing from
the sample leftover after HLAGN where galaxies have either Myyy —M,; < 3.5 or Myyy
~M,+ > 3.5 but has a detection in the Herschel bands. Radio-excess objects are selected
based on the ratio of the 1.4 GHz rest-frame radio luminosity and SFR derived from the
total IR emission in the host galaxies; those with a log(L14qn./SFRig) > 30 are deemed
to have radio-excess. Clean SFGs are defined as galaxies with < 3¢ radio-excess. All of
these classifications are described in detail in [Smolci¢ et al.| (2017).

Within all of the CHILES VERDES sources, there are 316 (85.4%) matches to the
VLA-COSMOS AGN catalog, with a max separation of 0.846 arcsec, a mean of 0.208
arcsec, and a median of 0.162 arcsec. The redshift for these sources ranges from 0.0736
to 3.86. The full distribution can be seen in Figure [3.10l Table lists the mean,
minimum, and maximum values for a few of the parameters within the catalog for each of
the CHILES VERDES populations. Table summarizes the number of sources in each
CHILES VERDES population classified as specific AGN types from the VLA-COSMOS
AGN catalog.

From all of the sources that qualify as variable in CHILES VERDES, there are 49
(84.5%) that have matches to sources within the VLA-COSMOS AGN catalog, with a max
separation of 0.664 arcsec, a mean of 0.181 arcsec, and a median of 0.134 arcsec. The
redshifts for these sources range from 0.123 to 2.625. The full distribution can be seen

in Figure |3.10} Table |3.5] and Table [3.6| summarize a few of the parameters within the
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AGN catalog for this population. Additionally, 3 of these sources are marked as being
multi-component radio sources.

Finally, of the 18 sources marked as highly-variable in CHILES VERDES, 16 (88.9%)
match to sources within the VLA-COSMOS AGN catalog. The maximum separation is
0.3818 arcsec, with a mean of 0.124 arcsec, and a median of 0.107 arcsec. The redshifts
for these sources range from 0.124 to 1.56, with a median of 0.702, which can be seen in
Figure Only one of these sources is marked as being a multi-component radio source.
Information about the parameters of each of these sources from the VLA-COSMOS AGN
catalog can be found in Table[3.5 and [3.6] Additionally, these sources are looked into more

detail in Chapter [4] where we discuss the classifications of each separately; this includes
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Figure 3.10 Redshift range of CHILES VERDES sources from the VLA-COSMOS AGN
catalog. Colors correspond to each of the variability populations. The variable and highly
variable populations’ counts are multiplied by a factor of two.
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the two sources that are not matched to any sources in this catalog.

Summary of Cross-Matching There is a wealth of information from CHILES
VERDES sources once matched with multi-wavelength catalogs. From those that match
to sources within the VLA-COSMOS AGN catalog, we can see that 140 sources (~ 38% of
the total sample) are high redshift (z > 1) and spans all the way out to z = 3.86. Of our
highly-variable sources, 3 are high redshift and span out to z = 1.56. Of the total sources,

69 (18.6%) have X-ray counterparts and 58 (15.7%) are found in all of three catalogs

Table 3.5. Summary of CHILES Variability Populations’ Properties

CHILES Variable Highly-Variable

Sources Sources Sources
| - Mean: 378 1730 336
(uJy) Minimum: 16.9 67.5 67.5
Maximum: 11400 11400 11400
log(Lioem)? Mean: 23.6 24.3 23.4
(log(W Hz™ 1)) Minimum: 21.0 21.9 21.9
Maximum: 26.0 26.0 25.8
log(La1em)© Mean: 23.8 24.5 23.4
(log(W Hz™1)) Minimum: 21.2 22.2 22.2
Maximum: 26.3 26.3 25.8
log(Lyrrsr)?  Zero-valued Sources: 33 4 1
(log(La)) Mean*: 11.4 11.0 10.6
Minimum®*: 9.38 9.38 9.82
Maximum*: 13.2 12.7 12.1
SFR* Zero-valued Sources: 33 4 1
(Mg yr™1) Mean*: 97.3 34.8 8.73
Minimum®*: 0.240 0.240 0.668
Maximum®*: 1540 502 131

aIntegrated 3 GHz radio flux density; *Rest-frame 3 GHz radio luminos-
ity; “Rest-frame 1.4 GHz radio luminosity; Star-formation related infrared
(8 — 1000 pm rest-frame) luminosity; “Star formation rate; *Calculation
only reflects those sources with non-zero values.
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mentioned in this work. Of those detected in X-ray, we see that their radio and X-ray
luminosities span over five orders of magnitude.

Of the CHILES sources, ~84% of the sources are expected to be AGN based on
classifications from the VLA-COSMOS AGN catalog. Nearly a quarter (14 of the 58;
24.1%) of the variables have x-ray counter-parts and all but one of those sources also have
confirmed redshifts. As seen in Figure most of these sources are considered below
the conventional threshold of AGN X-ray luminosities, which makes them low-luminosity
AGN. Within Chapter [l we explore the highly-variable population of sources in more
detail, including an analysis of the AGN classifications, X-ray luminosities, masses, and
more. We also describe some of the work that can be done with these data.

It is clear that there is a wide range of AGN classifications within each variability

population of CHILES VERDES. The diversity of sources in this field makes it ideal

Table 3.6. Amount and Percent of AGN and Other Classifications of CHILES VERDES
Sources

CHILES Variable Highly-Variable

Sources® Sources? Sources®
X-ray AGN 55 (17.4%) 13 (26.5%) 4 (25.0%)
MIRAGN 35 (11.1%) 5 (10.2%) 1 (6.25%)
SEDAGN 51 (16.1%) 6 (12.2%) 2 (12.5%)
SFG 155 (49.1%) 10 (20.4%) 2 (12.5%)
Clean SFG 109 (34.5%) 0 (0.00%) 0 (0.00%)
HLAGN 83 (26.3%) 16 (32.7% 4 (25.0%)

)
MLAGN 100 (31.6%) 31 (63.3%) 11 (68.8%)
QMLAGN 54 (17.1%) 21 (42.9%) 9 (56.3%)
Radio Excess 141 (44.6%) 44 (89.8%) 14 (87.5%)

?A total of 316 matched in the VLA-COSMOS catalog;
YA total of 49 matched in the VLA-COSMOS catalog; “A
total of 16 matched in the VLA-COSMOS catalog.
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for studying and comparing variability, which can help distinguish the physical processes

occurring in each type, and is an ideal data set to explore the radio time domain universe.

3.6 Conclusion

CHILES has provided unmatched data with which to study the radio time domain.
With 1000 hours of VLA integration on a single pointing within the COSMOS field, for
the first time we have coverage of 370 sources that can be analyzed on timescales ranging
from 10 seconds to years. This has lead to the creation of CHILES VERDES, the study of
the transient and variable sources of CHILES. These sources were extracted using TrAP
and classified into three populations based on variability indexes: steady sources, variable
sources, and highly-variable sources.

The COSMOS field has been covered by numerous surveys and boasts abundant
multi-wavelength coverage. We have cross-matched the sources of CHILES VERDES to a
couple of these surveys to better understand the population of sources within this field. The
sources span over five orders-of-magnitude in both X-ray and radio luminosities, ranging in
redshifts from 0.0736 to 3.86, and approximately 85% of the sources are some type of AGN
based on the classifications of the VLA-COSMOS AGN catalog. Of the variable sources,
~84% of the sources are classified as at least one type of AGN.

The results are the first of their kind and give insight into what we may expect
from some future surveys. There is a wealth of data available to better understand radio
variability, evolution of AGN, and connections between different types of emission. In the
next chapter, I dive deeper into some of the most variable and unique sources and discuss
some of the possible work that can be done with the CHILES VERDES data.
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Abstract

The COSMOS H I Legacy Extragalactic Survey (CHILES), is a project that obtained 1000
hours of integration time at the Karl G. Jansky Very Large Array (VLA) meant to obtain
an H I deep field (Fernandez et al.[2013| [2016). This survey lends itself to the study of the
variable radio sky and has led to the creation of CHILES Variable and Explosive Radio
Dynamic Evolution Survey (CHILES VERDES). This survey has detected 370 sources in
each of its epochs, of which 18 sources were indicated to have high variability. Within
this chapter, we have conducted an overview of this sample and their multi-wavelength
counterparts, including optical from the COSMOS G10 Legacy Spectroscopic Catalogue
(V4) (Davies et al.[|2015]), X-ray from the Chandra COSMOS Legacy catalog (Civano et al.
2016)), and AGN classifications from the VLA-COSMOS 3 GHz Large Project catalog
(Smolcic et al.[2017). We discuss the properties of each individual source, as well as trends
and outliers of the entire sample. These data are extensive and a full analysis of the sample
is outside the purview of this thesis. However, we conclude with some future projects that

could be conducted using CHILES VERDES to better understand the radio time domain.
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4.1 Introduction

Understanding the radio time domain is a huge feat. There is still a lot of work to
be done to understand the expected rates of sources in different surveys and how different
phenomena change in brightness over time (Frail et al.|[2012; [Mooley et al.|2016; Hancock
et al.|2016). The COSMOS H I Legacy Extragalactic Survey, or CHILES, is an ambitious
project using the Karl G. Jansky Very Large Array (VLA) to obtain an H I deep field
(Fernandez et al. 2013, [2016). While obtaining the sprectral observations, CHILES has
also provided deep continuum observations spread over year-long timescales, which is ideal
for studying the variability of the radio sky, and has led to our project: CHILES VERDES
(Variable and Explosive Radio Dynamic Evolution Survey). With 1000 hours integration
time on a single pointing, CHILES VERDES is able to study variables and transients
ranging from cadences of tens of seconds to years. Within the survey, 370 sources are
detected and able to be monitored within a single 3-hour integration epoch, of which there
are 334 spanning six years. The readout time is ~10 seconds.

As described in the previous chapter, CHILES VERDES has provided an unprece-
dented data set with which to understand and analyze the variability of many radio sources.
Within this chapter, I dive into some of the more exceptional sources, including an overview
of the 18 highly variable sources previously mentioned. Some of these sources, and oth-
ers within CHILES VERDES, may be the key to unlocking some of the many questions
concerning how variability changes over time for particular types of sources (often called
quasi-periodic variability), the variability of low-luminosity sources, and what are the most
radio-variable sources within the CHILES field and their optical counter-parts. Their light

curves, variability indices, redshifts, X-ray and radio luminosities, masses, star formation
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rates, AGN classifications, and many other parameters are shared for each source when
available.

I refer the reader back to Chapter [3| for a more detailed description of CHILES
VERDES, how the sources and their variability are determined, and the general statistics
of the entire survey. Additionally, information regarding the cross-matching of CHILES
sources to other catalogs is described in more detail there. However, I will provide general

information on these topics as needed.

4.1.1 CHILES VERDES Highly Variable Sources

Of the 370 sources detected in CHILES VERDES, we have analyzed each light curve
and calculated variability indices for each source. Following the definitions of parameters
as in |Swinbank et al| (2015, we assess the variability of the sources using two parameters,

the flux coefficient of variability (V) and the reduced x? statistic (n), as

S 1 N — —2
== e— = = — 2 —
V=2 7\/N_1<1 I) (4.1)
and
N 2
1 (5 —¢&1)
=5 > 7 (4.2)

=1

where &7 is weighted mean of the flux measurements I; defined as,

Zij\il Ii/o-%,i
N
Zz’:l 1/‘7?,2‘

Here, s refers to the standard deviation of the flux measurements I;, I is the arithmetic

&= (4.3)

mean of [;, N is the number of measurements (=172 for most sources), and oy, is the
uncertainty in I;.

Based on these variability indexes, we divided the entire sample into three different
populations: steady sources, sources demonstrating variability, and sources demonstrating

high-variability. We use n = 1 as the dividing line between ‘steady‘ and ‘variable® sources.
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This is based on Equation [4.2, where n = 1 can be interpreted as sources where, on average
for large number of observations (N >> 1), I — &, ~ oy, i.e. the amplitude of variability
is within the uncertainties in the individual flux measurements. Statistically these sources
cannot be considered ‘variable in our epoch-by-epoch images, although it maybe possible
that in images with higher signal-to-noise (e.g. images co-added on longer timescales) these
sources show statistically significant variability.

Of the 58 sources with n > 1, we divided out those sources demonstrating ‘high-
variability* by using the dividing line of V' = 0.1, as described in Equation 4.1} This value
of V roughly corresponds to 10% variability in the 172 observations. Out of the 58 sources,
18 are classified as highly variable and are a primary focus of this chapter.

As described in Chapter [3] looking at the entire sample of CHILES VERDES sources,
we find V' is inversely correlated with brightness; however, many of the highly-variable
sources deviate from this correlation and a flatter V' vs flux relation. The highly-variable
sources show 10-30 times larger variability than expected from a steady source (i.e. a
source that has a constant flux over time, meaning variability amplitudes happening on
scales less than the order of the image RMS). What makes these sources different? Perhaps
by looking for trends within these highly-variable sources and understanding them on a
more individual basis, we can begin to put together a picture of what to expect of radio
variable sources.

It should also be noted that per design, CHILES VERDES was conducted in the
COSMOS field, where there is substantial multi-wavelength coverage. Although there are
many surveys that cover sources detected in CHILES VERDES, we have matched the
sources to the COSMOS G10 Legacy Spectroscopic Catalogue (V4) (Davies et al.|[2015),
the Chandra COSMOS Legacy catalog (Civano et al|2016), and the VLA-COSMOS 3

GHz Large Project catalog (Smolci¢ et al.|2017) (this catalog will be refered to as the
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VLA-COSMOS AGN catalog). Again, general statistics, classifications, and an overview
of these results for each of the CHILES VERDES populations are detailed in Chapter

We find that of the highly variable sources, many have multi-wavelength counterparts
in these other catalogs. Although our sample is comprised of only 18 sources, we can
begin to understand how these sources are different from those within the total of CHILES
VERDES and look at them individually to understand them as unique sources.

An entire analysis of the CHILES VERDES sources is outside the purview of this
thesis; however, we introduce some of the topics and projects that the CHILES VERDES

data can address in the future in Section (4.3l

4.2 CHILES VERDES Highly Variable Sources

As mentioned, of the 18 highly variable sources of CHILES VERDES, we find
that many have multi-wavelength counterparts in other catalogs, including the COSMOS
G10 Legacy Spectroscopic Catalogue (V4) (Davies et al.|2015), the Chandra COSMOS
Legacy catalog (Civano et al.[2016)), and the VLA-COSMOS 3 GHz Large Project catalog
(Smolcic et al.|2017)) (this catalog will be referred to as the VLA-COSMOS AGN catalog).
We describe the findings of each source in these catalogs and include our own optical
observations to have full coverage of all 18 sources. We begin by exploring the highly
variable sources as a group and note possible trends and outliers from all of the collected
and calculated data of CHILES VERDES.

CHILES VERDES Data — Our previous work with CHILES VERDES provides
two variability indices (V' and n) from which we have selected our highly variable sources
as a unique population, where all sources have V' > 0.1 and n > 1. Table lists all 18
highly-variable sources and their variability indices’ values. It should be noted that there

is a substantial range of 1 values (ranging from 1.00 to 803), where the average n value
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is 74.4 but the median is only 1.92. As the n values decrease, this may imply that their
variability is not as substantially significant as those with higher values (e.g. sources 40993
and 42948). There are four sources that have n values at least one order of magnitude
larger than the median: source 41757 (n of 803), source 43031 (n of 343), source 42507
(n of 145), and source 42233 (n of 15.0). We note these as being the most significantly
variable sources of this sample. In Figures [£.1] [£.3] 4.5 and [4.7] you can see each of the
light curves for these sources as obtained from CHILES VERDES. Furthermore, we have
included photometric images for each of these sources from the CHILES continuum source
reference image, Hubble Space Telescope (HST; F814W I-band filter) (Davies et al.|2015),
Chandra (0.5 - 7 keV) ((Civano et al.|2016), and Spitzer (3.6 um) (Davies et al.|2015). These
images can be found in Figures [4.2] [4.4] [£.6] and At the end of this chapter, we include
the other remaining 14 highly variable sources’ light curves and postage stamp images in
Figures to . They appear in descending order of variability (as determined by
their variability indices, ranking by 7 then V).

COSMOS G10 Legacy Data — Table also includes information from the source
matches from the COSMOS G10 Legacy Spectroscopic Catalogue (V4) (Davies et al.[2015),
including redshifts and masses. Of the 18 highly-variable CHILES VERDES sources, 17

matched to objects in the COSMOS catalog (CHILES source 41757 was not matched,
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Figure 4.2 Multi-wavelength postage-stamp images of source 41757
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Figure 4.4 Multi-wavelength postage-stamp images of source 43031
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potentially because it doesn’t seem to have any optical counter part as seen in Figure .
Of these 17 sources all had redshifts and masses except for source 43031. After inspecting
photometric images of this source, as seen in Figure [£.4] there is a bright source in the
foreground that may have interfered with analysis of the mass and redshift. We address

this later in this section. These sources span redshifts of 0.124 to 1.36, with four sources

Table 4.1. Properties of the Highly Variable CHILES VERDES Sources From the
COSMOS G10 Legacy Catalog.

CHILES Maximum  Median Stellar Mass COSMOS
VERDES ID" Flux [mJy] Flux [mJy] V n [log(M)] z
41757* 10.4 7.99 0.112 803 - -
43031* 7.79 5.75 0.110 343 - 0.1222
42507 3.67 2.77 0.109 145 10.95 0.405
42233 0.802 0.558 0.125 15.0 10.63 0.665
42099 0.671 0.493 0.123 8.11 11.09 0.124
42672 0.885 0.677 0.106 6.75 11.16 0.890
42448 0.275 0.167 0.209 2.61 11.13 1.25
41823 0.302 0.189 0.148 2.09 10.94 1.36
41227 0.438 0.291 0.176  2.04 11.24 0.668
41080 0.551 0.395 0.113 1.79 11.05 0.668
41045 0.321 0.199 0.238 1.56 10.94 0.347
40790 0.237 0.128 0.262 1.47 11.05 0.898
41396 0.608 0.426 0.135 1.37 11.27 0.909
41850 0.167 0.0915 0.298 1.23 10.67 0.215
41278 0.251 0.133 0.265 1.21 10.80 0.680
40650 0.497 0.368 0.112 1.12 10.95 0.426
42948 0.303 0.166 0.221 1.05 11.50 1.16
40993 0.336 0.192 0.243 1.00 10.82 0.222

*No optical counterpart in the COSMOS G10 Legacy catalog; **Has an optical
counterpart, however the mass and redshift were unable to be determined from
these observations; “Obtained from the Southern Astrophysical Research (SOAR)
Telescope’s Goodman Spectrograph; fOrdered by variability significance, with the
top being the most variable.
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having redshifts > 1. Of the sources that have stellar masses, we can see that they range
between log(M [M]) of 10.63 and 11.50. There appears to be a slight trend that the mass
increases with redshift but difficult to confirm given the small-number sample.

VLA-COSMOS AGN Data — Although the COSMOS G10 Legacy catalog is an
abundant source of information, the VLA-COSMOS AGN catalog (Smolcié¢ et al.|2017)
takes, expands, and updates the data of COSMOS G10 Legacy. The COSMOS-VLA
AGN catalog was a study of the composition of the faint radio sky in 3GHz. This
catalog provides newer, more accurate reshifts, measurements of 3 GHz radio fluxes, radio
luminosities, star-formation related infrared luminosities, star formation rates (SFR), and
AGN classifications. With a majority of the CHILES VERDES sources matching to sources
within this catalog (16 of the 18 sources), it is an ideal way to better understand the
composition of the CHILES VERDES variables. Because of the extensive work done to
improve this catalog over the COSMOS G10 Legacy catalog, we use the redshifts from the
VLA-COSMOS catalog when possible.

As mentioned, the VLA-COSMOS AGN catalog also contains information regarding
AGN classification. Some of this information includes AGN identified using X-ray wave-
lengths and mid-infrared (MIR) wavelengths and spectral energy distribution (SED) AGN,

which meet the criteria of matching SED model fitting based on their host galaxies’ rest-
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Figure 4.6 Multi-wavelength postage-stamp images of source 42507
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frame optical colors. There is a distinction between AGN with moderate-to-high radiative
luminosity AGN (HLAGN) and low-to-moderate radiative luminosity AGN (MLAGN). Af-
ter the HLAGN are selected, additional criteria are met to select the star-forming galaxies
(SFGs) and quiescent (of star formation) MLAGN. Sources are also classified as being
radio-excess objects and clean SFGs. All of these classifications are described in detail in
Smolci¢ et al.| (2017)).

Smolcic¢ et al.| (2017) separates MLAGN and HLAGN based on a combination of X-
ray, MIR color-color, and SED-fitting criteria. Additionally, of the MLAGN, there are two
more possible classifications based on star formation rate: QMLAGN and SFG. Sources
are classified as quiescent (of star formation) MLAGN if their dust-extinction corrected
rest frame color, the rest-frame near ultraviolet (NUV) minus r*-band colors corrected for
internal dust extinction (Mypy — M,), follows such that Myyy - M, > 3.5 and there is no
detection at > 5o in any of the Herschel bands. SFGs are have either Myyy - M, < 3.5 or
Myyv - M, > 3.5 but has a detection in the Herschel bands. From the CHILES VERDES
high-variability sources, a majority of them are MLAGN (11 of the 16), with 9 of these
also being QMLAGN. Both sources 41823 and 42233 are the only two to not be classified
as both MLAGN and QMLAGN, but are marked to be the only two SFGs (their SFRs

are 24.6 and 3.58 Mg, yr!, which are not the highest in this sample, as seen in Table .
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With the exception of source 40993, all other sources (41278, 41045, 41396, and 41757)
were classified as HLAGN and X-ray AGN. All of this can be seen in Table [4.3]

Within the VLA-COSMOS AGN catalog, only sources 42507 and 43031 did not have
matches. Table lists the redshift, the maximum integrated 3 GHz radio flux density,
the rest-frame 3 GHz radio luminosity, the rest-frame 1.4 GHz radio luminosity, the star-
formation related infrared (8 — 1000 pm rest-frame) luminosity, and the star formation rate
for each of the CHILES VERDES highly-variable sources.

Values from the COSMOS-VLA 3 GHz Large Project’s catalog (Smolci¢ et al.|2017)),
including the best redshift (note some of these may be different from those listed in Table
, the maximum integrated 3 GHz radio flux density (Fsgg.), the rest-frame 3 GHz
radio luminosity (log(Lipem)), the rest-frame 1.4 GHz radio luminosity (log(Laiem)), the
star-formation related infrared (8 — 1000 pm rest-frame) luminosity (log(Lrrsr)), and the
star formation rate (SFR) for each of the CHILES VERDES highest variables. Sources
42507 and 43031 do not have counterparts in this catalog. The sources are ordered from
the top to the bottom by the most variable to the least.

Table includes the AGN classifications for each of the CHILES VERDES highly-
variable sources. Of all of the sources that have matches in the VLA-COSMOS AGN

catalog, all but one have at least one AGN classification (source 40993 being the only
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Figure 4.8 Multi-wavelength postage-stamp images of source 42233
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one without any classification). Of all of the sources, only two were flagged as coming
from a COSMOS2015 masked area (sources 40993 and 42099), which may complicate the
classification analysis.

It can also be noted from that a majority of the sources are radio-excess objects.

Table 4.2.  Properties of the Highly Variable CHILES VERDES Sources From the
VLA-COSMOS AGN Catalog

CHILES

VERDES Best Fiow,  log(Ligem)© log(Lotem)?  log(Lrrrsr)¢  SFRS
IDT Redshift® [uJy] [log(W Hz™')] [log(W Hz™')]  [log(Le)] [Me yr!]
41757 1.56 11400 25.80 25.77 12.12 131
43031* - - - - - -
42507* - - - - - —
42233 0.666 430 23.79 23.92 10.55 3.58
42099 0.124 434 22.21 22.34 10.01 1.02
42672 0.890 583 24.22 24.39 10.40 2.52
42448 1.25 210 23.84 23.76 11.58 37.7
41823 1.36 146 23.97 24.08 11.39 24.6
41227 0.668 232 23.46 23.51 10.78 6.07
41080 0.669 380 23.91 24.31 10.73 5.34
41045 0.347 310 22.87 22.63 9.992 0.983
40790 0.900 140 23.48 23.49 10.72 5.23
41396 0.972 1170 24.17 23.84 11.04 10.9
41850 0.215 67.5 21.95 22.22 9.825 0.668
41278 0.671 196 23.35 23.33 9.870 0.742
40650 0.426 293 23.20 23.37 10.29 1.96
42948 1.15 297 23.79 23.58 11.32 20.9
40993 0.222 149 22.23 22.17 0.000 0.00

*These may differ from those listed in Table[4.1} *The maximum integrated 3 GHz radio
flux density; “The rest-frame 3 GHz radio luminosity; “The rest-frame 1.4 GHz radio
luminosity; “The star-formation related infrared (8 — 1000 pum rest-frame) luminosity;
fThe star formation rate; *No counterpart in this catalog; 'Ordered by variability
significance, with the top being the most variable.
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Radio-excess is defined as sources with a > 30 radio-excess in the redshift-dependent
distribution of log(Ly4gr./SF Rrr). Additionally, sources may be classified as a clean
SFG if it does not have a > 30 radio-excess in the log(L 4gu./SF R;r), which is noted to
be the contamination of such a selected star forming galaxy sample by (> 30 radio-excess)
AGN. Within the CHILES VERDES high-variability sources, 14 have radio excess, with

only sources 40993 and 42448 not being distinguished as such. There are no clean SFGs in

Table 4.3. Classifications of the Highly Variable CHILES VERDES Sources From the
COSMOS-VLA AGN Catalog

CHILES X-ray MIR SED Clean HL ML Radio QML
VERDES ID AGN AGN AGN SFG SFG AGN AGN Excess AGN
41757 T T T F F T F T F
43031* - - - - - - - — —
42507 - - - - - - - - -
42233 F F F T F F T T F
42099 F F F F F F T T T
42672 F F F F F F T T T
42448 F F F F F F T F T
41823 F F F T F F T T F
41227 F F F F F F T T T
41080 F F F F F F T T T
41045 T F F F F T F T F
40790 F F F F F F T T T
41396 T F T F F T F T F
41850 F F F F F F T T T
41278 T F F F F T F T F
40650 F F F F F F T T T
42948 F F F F F F T T T
40993 F F F F F F F F F

*No counterpart in this catalog; ®The maximum integrated 3 GHz radio flux
density; TOrdered by variability significance, with the top being the most variable;
We mark "T” for a positive classification and 'F’ if not.
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this sample, which is consistent with the semi-empirical simulation of the Square Kilometre
Array Design Study (SKADS). Within this simulation, SFGs will only start to dominate
the total amount of radio sources with fluxes below 100 pJy at 1.4 GHz (Wilman et al.
2008)). From Table [4.1] all of the CHILES VERDES high-variable sources have a median
flux near or greater than 100 pJy. It should be noted that there are many sources below
this threshold in CHILES, but they are not as variable as this particular population within
the epoch-to-epoch cadences. We discuss this in more detail later in Section

Furthermore, the VLA-COSMOS AGN catalog includes classifications of AGN into
X-ray AGN, MIR AGN, and SED AGN. From the entire CHILES VERDES highly-variable
sources, only one source is considered an MIRAGN (source 41757), which is interesting as
it is the most variable source of the sample. Only two sources are identified as being SED
AGN (sources 41757 and 41396). As previously mentioned, sources 41278, 41045, 41396,
and 41757 were classified as X-ray AGN and HLAGN.

Supplementary Redshift Data — There is only one source within this sample
that does not have a redshift between the COSMOS G10 Legacy and VLA-COSMOS AGN
catalog. Unfortunately, this is source 43031, which is the second most variable source. This
source was matched to a counterpart in the COSMOS G10 Legacy catalog, but did not have
a confirmed redshift or mass. After inspecting photometric images of this source, as seen in
Figure it is clear that there is a bright source in the foreground that may have interfered
with analysis. In order to have redshifts for each of the CHILES VERDES high-variable
sources, we obtained a 40 minute (completed with two 20-minute exposures) spectra
of the source with the Southern Astrophysical Research (SOAR) Telescope’s Goodman
Spectrograph on November 4, 2019 with a 400 1/mm grating. A first-order flux calibration
was completed but not a barycentric correction. The source was observed at a high airmass,

so the bluer-side of the spectrum may not be reliable. The spectrum (observed wavelengths)
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can be seen in Figure We obtained a redshift for this source (z = 0.122) by cross-
correlating with an emission-line galaxy template from XCSA(ﬂ and cross correlation with
stellar population model templates.

Chandra COSMOS Data — In order to understand the X-ray counterparts of

these sources, we matched our 18 highly-variable sources to the Chandra COSMOS Legacy

catalog (Civano et al./2016)), of which seven have matches. Of these sources, four of the five

most-variable sources have X-ray counterparts (sources 41757, 43031, 42507, and 42099).
In Table we list the measured F-band (0.5-10 keV), S-band (0.5-2 keV), and H-band

(2-7 keV) fluxes. We converted fluxes into luminosities using the best redshift available,

thttp:/ /tde-www.harvard.edu/iraf /rvsao/Templates
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Figure 4.9 Optical spectrum (observed wavelength) of CHILES VERDES source 43031
from SOAR’s Goodman Specrtrograph.
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i.e. from the VLA-COSMOS AGN and COSMOS G10 Legacy catalogs when available and
our own spectroscopic redshift for source 43031. Additionally, we include the measured
median flux from CHILES VERDES and computed the radio luminosity from this.

Of these sources, only 42099 and 41045 have S-band X-ray luminosities less than 1042
erg s~! and only 42099 has an H-band X-ray luminosity less than 10*2 erg s*. This is the
conventional threshold with which AGN are separated from galaxies with no or low nuclear
emission, low-luminosity AGN or very obscured AGN (Marchesi et al.[2016; Basu-Zych
et al.| 2013} [Paggi et al.[2016). From the VLA-COSMOS AGN catalog matching, we know
that source 42099 is classified as an ML and QML AGN and source 41045 is classified as
an HL. AGN. A more detailed time-analysis of these two sources may give insight into the

variability of low-luminosity AGN. We discuss this in more detail in Section [4.3]

4.2.1 Overview of the Sample and Unique Individual Sources

From the information presented, it is clear that this is a unique data set that can be
used to understand highly-variable radio sources, specifically AGN (of which our sample
consists of at least 15). Although there are only 18 sources in this sample, they extend in
redshift from 0.124 to 1.56; their masses span over nearly an order of magnitude; the radio
luminosities span 4 orders of magnitude and X-ray luminosities over 3 orders of magnitude;
there are sources with no star formation all the way to a SFR of 131 My yr~!; and there
are is a range of AGN classifications. In total, we find that of the 16 sources that have
matches in the VLA-COSMOS AGN catalog, four are X-ray AGN, one is an MIR AGN,
and two are SED AGN. There are no clean SFGs in this sample, but there are two SFGs.
There are also four HL AGN and 11 ML AGN (of which 9 are also classified as QML).
All but two of the sources (40993 and 42448) are noted as having radio excess emission as

compared to their MIR emission (as described by [Smolci¢ et al.| (2017))). Besides the three



91

"9[qerreA jsouwr oYy Jutoq doj oy} Yiim ‘eouedyIuSIs Ajijiqerrea Aq paropi(), -Joreyed Aoedor]
015 SOINSOD 2Y) Wwolj usye) Yryspay],, yderdoroedg uewrpoor) s 2doosafa], (Yy(S) YoIeasay [eorsAydor)sy wieyinog
O} WOIJ paure}q(), :poIoU SSIMIOYIO sso[unl J0[3ed NHV SOINSOD-VTA U3} WOL], ‘XN pueq-f] 9} WOIj Poje[nore)),
g (A L-¢) PUR-Hp XN PURQ-S 9Y) WO PIYR[NI[R) ; XN (A ¢-G'0) PUR(-S, ‘XN[J PUR(-] 91} WO PR[IO[R)),
xng (A 0T-¢°0) PUeq-g, “XNJj werpsaut SHIH) O} WO PaYe[nore)), -OAmd S SHTIHD O} WO PoImsed]y,

I1L9°0  gOTXV6'T  -0TXEE6  0IX8C'T  gi—0TX9T'9  £0TX98C  ¢-0IXBET ¢c0IX9LC  €ET0 8LCTY
L0  g0IX90C ¢-0IXT0OTV  gHOIXTTT  9-0IX66°L ¢OIXIT'T ¢-0IXGC°C ,c0IX61C 9V 0 96€TY
LVE0  OTX96'T  ¢-0TX9GF  p0TX00'8 ¢ -0TX98T 0IX6CC ¢-0IXCEG  ¢0TXVE8  661°0 GroTy
VCl'0  0IXG9C  ¢-0TX6T'9  O0TX88C o -0TXTL9 OTXCTL  3-0TX99'T ¢ 0IXCI'C €670 660C¥
w3070 g 0TX6LT  o-0TXGLL  O0TXGLT ¢ -0IX89'L  OTXEET 3;-0IXGTC ,0TXTILT  LL°C L0Scy
GO0 OIX68' T ¢-0TX94T7  0IX08'G  ¢—0IX0V'T OIX69' T ¢ -0IX60F oc0TX8EC  GL'G RE0;57
99T  g0IXG6'9 o -0IXVCT  ¢OTXCIC -0TX09'T 5 0TXL0'T  ¢-0TXPG9 4 O0IXIET 6674 LGLTV
N/ [s/310] s, /S10] [s/310] [s,u0 /310] [s/810] s, /S10] [s/310] [Aru] Wl
1s9g GAsouTINT  pX0[ pAysowmn XN pANsourmn  Xnf  pApsowrnm] X0 SHAYHA
pued-H pued-H purd-S pued-S pued-4 pued-od orped WeIpo]N  SH'TIHD

Borere) SOINSOD ©IpUey)
oy} wox $00mog SHAYAA SHTIHD OIqeLeA A[YStH oy jo sonmedord 7 o[qel,



92

most variable sources, most of the sample ranges within about an order of magnitude in
both maximum and median fluxes, radio luminosity, and masses. None of them are MIR
AGN, all but four of them are MLL AGN, and all but two have radio excess emission.

Outside of the trends that we see within these sources, it is interesting to also point
out the sources which do not seem to conform to the rest of the sample. Within the entire
sample, only two sources were unmatched in the VLA-COSMOS AGN catalog, sources
42507 and 43031, two of the three most variable sources in the sample. Source 42507 does
have a counterpart in the COSMOS G10 Legacy catalog and both have X-ray counter-parts
in the Chandra COSMOS catalog. The most variable source of the sample, source 41757,
is also an anomaly in that it is the only source to be classified as an MIR AGN and one
of only two to be classified as an X-ray and SED AGN (source 41396 being the other).
Additionally, it should be noted that source 40993 has no AGN classification but has radio
excess emission. We discuss each of these sources in more detail below but admit that the
work here is far from extensive and complete.

Source 41757 — The most variable source in this sample is unique in that it is the
only source to be classified as an X-ray, MIR, and SED AGN. It is also an HL. AGN with
radio excess emission. It has the highest radio and X-ray luminosities (in all bands) of the
sample. It also boasts the highest SFR (131 Mg, yr™') and the highest redshift (z = 1.56).
Unfortunately, we do not have a mass for this object from the cross-matching performed
here. From its light curve in Figure 4.1, we can see that not only is the source changing
in brightness slowly over years (with an amplitude change spanning nearly 5 mJy), but we
also see changes happening on week-long timescales (specifically during the first semester,
where there is an amplitude change of over ~2 mlJy).

Source 43031 — The second most variable source, 43031, is more of an enigma which

warrants more research. Although this source has a COSMOS G10 Legacy counterpart,
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the mass and redhsift were unable to be determined likely due to the bright source nearby,
as seen in the postage stamp images in Figure £.4. This source had no match in the
VLA-COSMOS AGN catalog, but is found to have an X-ray counterpart in the Chandra
COSMOS catalog. Of the sources with X-ray counterparts, it has the lowest radio and
X-ray luminosities (in all bands). As previously noted, we conducted some additional
observations to obtain a redshift of this source using SOAR and found it to be at z =
0.122. The spectrum (observed wavelengths) can be seen in Figure 4.9 This is the closest
object in this sample. Its light curve (as seen in Figure is also unique in that we
see a steady decrease in its flux over years (dropping over 2.5 mlJy over five and a half
years) while also seeing quasi-periodic variability on daily-to-week-long cadences. Could
this potentially be some sort of changing-look AGN? If it is not an AGN, is this some new
type of radio variable?

Source 42507 — Source 42507 is the third most variable source in this sample and
has counterparts in both the COSMOS G10 Legacy and Chandra COSMOS catalogs. Like
source 43031, this source does not have a counterpart in the VLA-COSMOS AGN catalog,
which may be due to it having a bright source near it, as seen in Figure [£.6] Its radio light
curve has the third largest maximum and median fluxes, but has daily (epoch-to-epoch)
changes on the order of ~1 mJy, as seen in Figure [4.5| This arguably makes it more quasi-
periodic than the two most variable sources, which both demonstrate changes happening
on longer timescales. Did this source not qualify as an AGN source in the VLA-COSMOS
AGN catalog because it was observed during a time when it was at a particularly low-flux?

Source 40993 — Source 40993 is the least variable source in our sample and is the

only source to have a SFR of 0 Mg yr—1.

Additionally, it is not classified as any kind
of AGN and does not seem to have an excess of radio emission compared to its MIR

emission. Within the VLA-COSMOS AGN catalog, it is noted that this source is found in



94

a COSMOS2015 masked area, which may have led to complications in the analysis. Figure
[4.38 shows that this has a relatively bright MIR counterpart, which may be why it is lacking

an AGN classification in the VLA-COSMOS AGN catalog.

4.3 Future CHILES VERDES Projects

The sensitivity of CHILES VERDES has pushed beyond the current threshold of
radio-faint and AGN monitoring and provides deep, multi-wavelength, multi-cadence data
with which to explore the radio time domain. As demonstrated in Chapter [3| and the
previous section, CHILES’s unprecedented sensitivity observes a plethora of sources (370
in a single two-hour epoch) with a wide-range of classifications and has the capability to

study these sources on timescales of tens of seconds to years. These data open up the radio-
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time domain universe and allow for research of low-luminosity AGN, faint radio sources,
detailed time-series analysis of radio variables and AGN, and so much more. Although
this thesis was unable to complete a full analysis of the CHILES VERDES data, I present
some of the research that could be completed with CHILES VERDES data that has the
potential to substantially further the understanding of the radio time domain.

There are still many questions and opinions on what kinds of sources are expected
and the phenomena responsible for creating this emission. Miley| (1980)); |Condon| (1992)
demonstrated that galaxies in the radio sky can be divided into one of two groups: AGN and
SFGs. At GHz wavelengths, this emission either rises from supernova remnants (suggesting
star-formation in the galaxy) or from the relativistic jets of plasma near supermassive black
holes (based on the standard model of AGN) (Condon!|1992; Burbidge|[1956; [Sadler et al.
1989). However, not all radio AGN seem to follow the classical unified model of AGN,
which occurs from accretion onto a supermassive black hole from a thin but optically thick
accretion disk that is surrounded by a torus of dust (Shakura & Sunyaev||1973). Of the
radio-AGN, there seem to be two main types: high- and low-excitation radio AGN (Hine
& Longair|1979; Hardcastle et al.|2006, 2007; |Allen et al.|2006; [Smolci¢|2009; Smolcic et al.
2015; Heckman & Best|2014). The high-excitation AGN appear to follow the unified model
of AGN and can be identified in many wavelengths, including X-ray, infrared, and optical.
Low-excitation radio AGN are different in that they are only able to be identified in radio
wavelengths and are found in quiescent, red galaxies (Hine & Longair||1979; [Smoléic|2009;
Laing et al.[[1994)). Rather than following the unified AGN model, it is thought that these
low-excitation radio AGN arise from inefficient accretion that comes from a geometrically
thick but optically thin structure (Heckman & Best|2014).

There are also questions regarding the nature of sources found in blind radio surveys

that probe sub-mJy levels. Until recently, it was believed that SFGs would be the primary
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source below that threshold; however, the work of Gruppioni et al.| (1999)) was able to show
that, of a sample of 68 faint radio sources, most of the sample were identified as early-type
galaxies. Smolci¢ et al|(2009) also showed that in the 1.4GHz VLA-COSMOS survey, that
only ~30 — 40% of sources in the 50 uJy — 0.7 mJy range were identified as SFGs. Even
more recently, [Padovani et al.| (2015]) showed that in 1.4 GHz, a sample of 680 radio sources
detected with the Extended Chandra Deep Field South (E-CDFS) had equal populations
of AGN and SFGs between 32 pJy and 1 mJy and that SFGs only tend to dominate below
~100 pJy.

As discussed in Chapter [3, CHILES has observed 370 sources in a single two-hour
long epoch. The detection threshold of sources decreases as integration time is increased,
so as CHILES epochs are co-added, CHILES will be able to detect many more faint sources
and will add to our current understanding of the populations and rate of sources found in
the faint radio sky. Throughout this thesis, I have only discussed sources picked out in
the epoch-to-epoch observations of CHILES, but a similar population analysis could be
done on epochs with integration times of days or weeks or even over the full 1000 hours of
CHILES. As these faint sources are found, we may also find some keys into understanding
the difference between the low- and high-excitation radio AGN and modify our models.

With there still being questions about the population of faint radio sources, there are
definitely questions about the variability of faint radio sources. Very little is known about
variability of the ~mJy — pJy radio sources that dominate modern surveys (Hodge et al.
2013; (Ofek et al.|2011)). Previous studies of radio AGN have suffered from small number
statistics and have focused on longer (month to year) variability. For example, |Mundell
et al. (2009) observed eleven radio-quiet Seyfert galaxies with two epochs separated by
seven years. While they were able to conclude that variability in Seyferts is a common

phenomenon, they recognize that variation is likely to occur on smaller timescales than
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what they probed. [Falcke et al. (2001) observed 30 quasars every month for eight epochs,
and found that 80% of their sources displayed at least some marginal evidence for variability.
Barvainis et al.| (2005)) extended this work with a few ”spotty” epochs of two-week to month
separations. It can be difficult to characterize and understand the processes leading to
variability on week to month-long timescales when only observing for four months at a
time, as demonstrated by Hancock et al| (2016). From Hancock et al.| (2016)), they used
archival Phoenix Deep Survey data to determine the density of variable sources. They were
able to probe timescales of six months to eight years, and concluded that radio variability
peaks on timescales of two to five years. However, their sample included a mere eight
sources, with an average of 4.25 data points to compose the light curves. All three of these
papers are successful in showing that quasars have large amplitude variations on timescales
of months or less, but note that more observations are needed to fill in the smaller cadences.

An additional drawback of previous surveys is that they often focused on bright
sources, which means that little is known about low-luminosity AGN variability, e.g.
Barvainis et al.| (2005)); Falcke et al.| (2001)); Mundell et al.| (2009); Trump et al. (2009).
Hovatta et al.| (2008a) observed 90 AGN to study long-term variability with observations
happening monthly and spanning out to 30 years; however, their sample was comprised
of very bright sources that have a flux density > 1 Jy. |[Hovatta et al| (2008b)) studied
AGN flares, significant peaks in brightness spanning from day or longer timescales, from 55
sources in eight frequency bands. They found that at 4.8 GHz, there is a relative smaller
mean flare peak flux density and admitted that at these lower frequencies the flares are
more superimposed and the most extreme objects stand out. They concluded that in order
for a survey to catch a typical flare, it should last between five to seven years.

Surveys with the ability to probe fainter sources have only made observations with

a few epochs spanning years. [Falcke et al| (2001) observed several tens of low-luminosity
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AGN with just 2 — 3 epochs spaced over years; they concluded that low-luminosity AGN are
significantly more variable than quasars, and hypothesize that this high variability could be
tied to lower-mass black holes or a more violently fluctuating accretion rate. These results
are very preliminary and based on only a small number of sources and epochs.

The long time baseline, dense cadence, and good sensitivity of CHILES VERDES will
provide unprecedented insight into the variability of the “normal”, radio-faint AGN that
are a daunting contaminant in surveys for radio transients. The sensitivity and timescales
that CHILES VERDES probes are ideal for catching these long-term and short-term flares
even for the lower luminosity AGN, as our selection of variable candidates on the epoch-to-
epoch cadences reaches down to 25 pJy. This threshold will decrease as longer timescales
(weeks, months, and years) are co-added and analyzed. Within the epoch-to-epoch study,
CHILES VERDES’s AGN span six orders of magnitude in radio and X-ray luminosity, and
our observations have the sensitivity to flesh out full light curves for low-luminosity AGN,
sampling a wide range of timescales. CHILES VERDES already has good cadence on the
minute, hour, and day scales, but in order to have a full understanding of AGN variability,
observations are needed on a weekly basis with coverage spanning months.

Although CHILES VERDES has set the stage for unparalleled observations of long-
term radio variability and it has the sensitivity to observe events previously undetectable,
there are significant, yearlong gaps between 4-month observing blocks (the time between
VLA B configurations). As a primary investigator, I was awarded time to continue
observing the CHILES field in the A-configuration following the 2016 CHILES semester
observations. The main goal of these observations was to extend the light curves of variable
sources for continuous weekly coverage for nearly eight months (from the beginning of
the CHILES semester in May 2016 through late January 2017). These extension data

lengthen the light curves of many of the CHILES VERDES sources by partially filling
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in the time between CHILES observing blocks, probing week — month long timescales.
Like CHILES, the observations used L band receivers (1 — 2 GHz) in one-hour scheduling
blocks, spaced approximately once a week throughout the A array (four months), for a
total of 18 hours. Weekly observations ensured coverage needed where previous studies
had not probed, ultimately, to better understand the physical processes occurring for
different types of events. These weekly observations throughout the B and A configurations
provides a baseline where previous studies have not probed. Within a single observing block,
nearly all 370 sources within the CHILES field were monitored for changes in brightness,
including some of the most variable sources discussed in this chapter. In addition to better
understanding sources such as low-luminosity AGN, these extension data allow for a more
detailed and longer baseline for understanding of any of the interesting CHILES VERDES
variable sources. To date, there has not been radio coverage of this extent for low luminosity
AGN. These data have been obtained but have yet to be fully reduced and included in the
analysis given in this thesis. These data are expected to be included in future work. The
extended observations in combination with CHILES monitoring will allow us to quantify
how the characteristics of AGN variability vary with AGN luminosity.

In addition to the VLA extensions observations of CHILES, I was successfully
awarded time on multiple optical telescopes to augment CHILES VERDES with nearly-
simultaneous optical coverage from both the Sutherland, South Africa node of the Korea
Microlensing Telescope Network (KMTNet — SAAO) and Las Cumbres Observatory (LCO).
These data were collected over the end of 2018 and early 2019. There were additional
optical observations performed at the Liverpool 2-meter telescope throughout 2013 — 2016.
Although these data have been collected, they are still in the process of being reduced and
have yet to be included in any analysis. Despite this, the results from these observations

may be imperative for future analysis of CHILES VERDES variable and transient events,
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including understanding the physical processes that produce emission in both radio and
optical wavelengths.

Understanding the full range of variability on multiple timescales, especially for a
range of sources with different luminosities, can potentially help to better understand
certain transients. For example, Tidal Disruption Events (TDEs) occur when a star
approaches too near a supermassive black hole, and is torn apart by tidal forces (e.g., Rees
(1988)). The rapid increase in accretion rate has been predicted to produce a powerful
jet (Giannios & Metzger| 2011), which has been observed as a radio transient event in at
least one case (Swift J1644 + 57; (Zauderer et al. 2011))). Under some predictions, TDEs
are the dominant transient sources at radio wavelengths (Frail et al. 2012)—and yet, their
nuclear positions in galaxies can make them difficult to distinguish from AGN activity.
Complicating the picture, the optically-identified TDE ASASSN-141li occurred on an AGN,
and actually led to a decrease in radio luminosity, consistent with the abrupt termination of
the radio jet (van Velzen et al.|2016)). To have any hope of identifying TDEs in radio time
domain surveys, we must first fully characterize the variable radio light curves of AGN and
other radio variables, so that we can recognize unusual activity that may indicate TDEs.
We may also be able to answer questions, such as how common are Swift J1644 + 57-like
increases, or ASASSN-14li-like decreases in radio flux density amongst AGN?

Analyzing the hundreds of radio light curves of CHILES VERDES sources, finding
patterns and trends in the many classifications and data from multi-wavelength cross-
matching, and simultaneous analysis of optical light curves is a daunting task for any
human. With the recent advancements in machine learning, many techniques from data
science are emerging as useful tools for astronomy, especially time domain studies (Longo
et al[2019). The light curves of the highest variable sources within CHILES VERDES

have many unique features (e.g. sources 41757, 43031, 42507, and 42233) that may only



101

be understood by employing computers.

4.4 Conclusions

The results of this chapter are the first of their kind and give insight into what we
may expect from future radio surveys and what research could be conducted in the future
with CHILES VERDES.

Of the CHILES VERDES 18 highly variable sources, we can see that there are a wide-
range of sources. They extend in redshift from 0.124 to 1.56; their masses span nearly an
order of magnitude; and have a wide range of AGN classifications. Their radio luminosities
span four orders of magnitude and the x-ray luminosities span three orders of magnitude.
There are two SFGs, but there are no clean SFGs in the sample. Overall, the SFRs span
from zero to 131 Mg, yr—!. Most of the sources (11) are classified as ML AGN, with 9 of
those also being QML AGN, but there are also four HL. AGN, one MIR AGN, and two
SED AGN.

Despite the wide-range of properties of the sources, we can also see that there are
trends within these data. We found that at least 15 of the sources are AGN-powered based
on the classifications of Smolci¢ et al| (2017). All but two of the sources are noted as
having radio-excess emission (compared to their MIR emission). Most of the sources are
also classified as ML and/or QML AGN, meaning that these sources are lacking in star
formation. This is in agreement with the semi-empirical simulations of SKADS and Wilman
et al.| (2008), as our sources have a median radio flux greater than 100 uJy. Discounting
the three most significantly variable sources, the sample’s radio luminosities and masses
range only about an order of magnitude.

There are some oddities in the sample, especially the most significantly variable

source, 41757. It is the only source to be classified as an X-ray, MIR, and SED AGN,
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and it is an HL. AGN with radio excess emission. It has the highest SFR, redshift, radio
and X-ray luminosities (in all bands) of the entire sample. It also seems to display amplitude
changes of ~5 mJy over years and ~2 mJy over weeks in the first semester. Sources 43031
and 42507 are also different in that they were the only two sources in the sample that
did not have counterparts in the VLA-COSMOS AGN catalog. They both appear to have
bright optical and infrared sources near them.

The analysis of this sample and the entirety of CHILES VERDES is outside the
purview of this thesis. However, we have introduced some possible projects that could be
conducted with these data that would substantially progress our understanding of the radio
time domain. Some of the topics include the differences between high- and low-excitation
radio AGN, the rate and variability of sources found in the faint (sub-mJy) radio sky, and
low-luminosity AGN variability on month-long cadences.
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Figure 4.32 Multi-wavelength postage-stamp images of source 41278
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Figure 4.37 Light curve of source 40993
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Chapter 5

Summary and Conclusions
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The radio time domain is a relatively new field of study, with many recent devel-
opments in the last decade. The work in this thesis has made an important step toward
developing a better understanding of the events and phenomena expected in the radio sky.

In Chapter [2| T observed three supernovae with associated gamma-ray bursts in
an effort to detect the proposed rebrightening of their radio emission as the super-
nova ejecta enters the Sedov-Taylor phase. We observed GRB030329/SN 2003dh and
GRB060218/SN 2006aj with the VLA, and GRB 980425/SN 1998bw with the LBA. While
our observations resulted in non-detections, with L, < [0.4 — 10%] x 10°" erg s™' Hz ™!,
our upper limits rule out significant fractions of parameter space for some of the physical
parameters of GRB/SNe. We were able to place upper limits on the surrounding density
of the sources at radii ~0.2-0.8 pc from the explosion site. We find that the density limits
for GRB 030329/SN 2003dh are similar to the density values derived from afterglow model-
ing, while the limits for GRB 060218/SN 2006aj and GRB 980425/SN 1998bw are quite low.
GRB 060218/SN 2006aj’s constraints may break the degeneracy between possible density
profiles for modeling the GRB afterglow, i.e. they prefer a stellar wind profile over a homo-
geneous circumstellar material, unless the fraction of the post-shock energy transferred to
the relativisitc electrons and amplified magnetic field are significantly below what is cur-
rently expected for these sources. The density limits of GRB980425/SN 1998bw imply a
low but not unprecedented mass loss rate of the progenitor’s stellar wind. These constraints
on the environments of these sources help to bridge our understanding of supernovae and
GRBs to their remnants.

In Chapter [3, we introduce the COSMOS H I Legacy Extragalactic Survey, or
CHILES. While obtaining a 1000-hour H I deep field from the Karl G. Jansky Very Large
Array (VLA) (Fernandez et al.2013| 2016)), it has provided deep continuum observations

spread over year-long timescales, which is ideal for studying the variability of the radio
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sky. CHILES VERDES (Variable and Explosive Radio Dynamic Evolution Survey) is the
study of the variables and transients within this field with cadences ranging tens of seconds
to years. Within this chapter, we discuss how sources are extracted and define variability
indexes, which are used to define three populations: steady sources, variable sources, and
highly variable sources.

CHILES VERDES is conducted in the COSMOS field, which has abundant multi-
wavelength observations. We cross-match the sources to three different catalogs: the
COSMOS G10 Legacy Spectroscopic Catalogue (V04) (Davies et al.| |2015), Chandra
COSMOS Legacy (Civano et al.[[2016]), and the VLA-COSMOS AGN 3 GHz Large Project
(Smolcic¢ et al.|2017). Although these surveys are only representative of some of the multi-
wavelength coverage of the field, they provide an opportunity to understand the sources in
the CHILES field, including how populations change given differences in variability. From
this information, we found that the sources span over five orders-of-magnitude in both X-
ray and radio luminosities, they range in redshifts from 0.0736 to 3.86, and approximately
85% of the sources are AGN-powered based on the AGN classifications. Of the variable
sources, ~84% of the sources are classified as at least one type of AGN. Overall, we find
that the CHILES VERDES sources provide an unprecedented data set with which to study
the radio time domain.

In Chapter 4] we continue our analysis of CHILES VERDES by doing an in-depth
analysis of the highly variable population. Although CHILES VERDES has a substantial
amount of multi-wavelength coverage, a couple of the highly variable sources did not have
multi-wavelength matches. We conducted an additional observation to have confirmed
redshifts to all of the sources. We found that at least 15 of the 18 highly variable
sources are AGN powered. They extend in redshift from 0.124 to 1.56; their masses

span nearly an order of magnitude; the radio luminosities span four orders of magnitude;
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the x-ray luminosities span three orders of magnitude; and have a wide range of AGN
classifications and star formation rates. Nearly all of the sources have radio-excess emission
(compared to the MIR emission) and are classified as MLAGN. We also describe the three
most significantly variable sources in detail. Two of these sources did not match to a
counterpart in the VLA-COSMOS AGN catalog, but this may be due to having bright
near-by sources. The most variable source, source 41757 is unique from the rest of the
sample in that it was the only source to be classified as an X-ray, MIR, and SED AGN.
It has the highest radio luminosities, X-ray luminosities (in all bands), redshift, and SFR
of the sample. Its lightcurve seems to be slowly changing in brightness over years (with
an amplitude change of nearly 5 mJy) and brightness changes happening on week-long
timescales (amplitude changes up to ~2 mJy). We also provide a list of future projects
that could be conducted with the CHILES VERDES data, including being able to explore
variability of low-luminosity AGN and faint (sub-mJy) radio sources.

Although this thesis was not able to provide a full analysis of CHILES VERDES, the

work here provides major steps towards understanding the mysterious radio time domain.



116

References

Civano, F., Marchesi, S., Comastri, A., et al. 2016, The Astrophysical Journal, 819, 62
Davies, L. J. M., Driver, S. P., Robotham, A. S. G., et al. 2015, MNRAS, 447, 1014
Fernandez, X., van Gorkom, J. H., Hess, K. M., et al. 2013, ApJ, 770, L.29

Fernandez, X., Gim, H. B., van Gorkom, J. H., et al. 2016, ApJ, 824, L1

Smolcié¢, V., Delvecchio, 1., Zamorani, G., et al. 2017, A&A, 602, A2



	Abstract
	Acknowledgments
	Quotes
	Contents
	List of Tables
	List of Figures
	Introduction
	Current Status of Radio Time Domain
	Research Within This Thesis
	References

	Late-Time GRB-Supernovae
	Abstract
	Introduction
	Models of early SNR radio emission
	Sample
	Observations
	VLA Observations
	LBA Observations

	Analysis
	Interpreting Radio Upper Limits
	Implications for GRB/SN Environments

	Conclusion
	References

	Chapter3
	Abstract
	Introduction
	The Survey
	The CHILES Survey
	The CHILES VERDES Project

	Finding Variables with the LOFAR Transients Pipeline
	Epoch-By-Epoch Variability Statistics
	Selecting Variable Candidates
	Variability Statistics

	Multi-wavelength Cross-matching
	Finding Multi-wavelength Counterparts
	Overview of Multi-wavelength Cross-matching

	Conclusion
	References

	Chapter4
	Abstract
	Introduction
	CHILES VERDES Highly Variable Sources

	CHILES VERDES Highly Variable Sources
	Overview of the Sample and Unique Individual Sources

	Future CHILES VERDES Projects
	Conclusions
	References

	Summary and Conclusions
	References


