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ABSTRACT

Astrophysical transients are a class of variable sources often associated with
some of the most cataclysmic phenomena in the universe, such as compact object
(neutron stars and black holes) mergers and explosions of massive stars. Obser-
vations over the last few decades have shown that the radio sky is very dynamic
on short timescales. Radio studies of transients uniquely unveil key information
on the physics at play in these events, as well as important clues on the proper-
ties of their surroundings. For example, radio observations of extreme transients
are an effective tool to probe particle acceleration in relativistic shocks; charac-
terize the properties (such as speed and energy) of their ejecta; study the mass
loss history of pre-supernova progenitors; constrain the density of the insterstel-
lar medium (ISM) in which fast ejecta expand and/or the structure and density of
the circumstellar environment; distinguish engine-powered relativistic transients
from non-relativistic ones powered by strong circumstellar interaction; and pro-
vide hints on the equation of state of neutron stars. Hence, radio observations
bring us a complementary view of the transient universe to that obtained through
observations at other wavelengths of the electromagnetic spectrum, or via other
messengers (such as gravitational waves). This thesis focuses on the detailed study
of a few radio transients that are related to the birth of compact objects, either via
the merger of other compact objects in binary systems, or via massive star explo-
sions. Specifically, I focus on: (i) GW170817, the first binary neutron star merger to
be observed in both gravitational waves and electromagnetic waves, and the late-
time search for a kilonova radio afterglow as a tool to characterize the nature of
the compact object left over after the merger; (ii) Radio follow-up observations of
candidate binary neutron stars mergers identified during the latest observing run
of ground-based gravitational wave detectors; (iii) SN 2004dk, a stripped-envelope
core-collapse supernova representative of the class of radio-loud massive star ex-
plosions in which radio observations can disentangle relativistic ejecta powered
by a compact object engine, from non-relativistic strong circumstellar interaction

related to the pre-supernova progenitor mass loss history.
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CHAPTER 1
INTRODUCTION

The term “transient” in the astrophysical context is used to refer to sources that
evolve over short timescales - from fractions of seconds to sometimes a few years,
as opposed to the longer timescales that characterize e.g., the steady evolution of
stars and galaxies (millions to tens of billions of years). Time domain astronomy
is a branch of astronomy which deals with the study of the temporal evolution of
transient astronomical sources.

Space-based high-energy (X-ray and gamma-ray) instruments such as the Vela
Satellites, BATSE, BeppoSAX, Fermi, Swift, and Chandra have played a key role in
discovery and characterization of the type of transients that are the subject of this
Thesis (see e.g., Charles and Shaw, 2013; Strong et al.,[1974; Fishman et al., 1994; de
Pasquale et al., 2006; |Paciesas et al., 2012} Krimm et al., 2013). The development of
CCD (charge-coupled device) technology in the later half of the 20th century and
the ability to manufacture efficient and cost effective large CCDs has ushered in
a new era for time domain optical astronomy (Charles and Shaw) 2013). This has
assisted in the building of telescopes with larger fields of view to monitor larger
regions of the sky with a faster cadence (short times between consecutive obser-
vations). Nowadays, the study of transients is not just limited to high energy or
optical astronomy, with observations from other wavelengths of the electromag-
netic (EM) spectrum, as well as other messengers (gravitational waves, GWs, and
neutrinos), contributing vital information about the physics at play in these inter-
esting phenomena. The 2020 decadal astronomy survey has declared time-domain
astronomy as a priority science area for the next decade (National Academies of
Sciences and Medicine, 2021).

Observations of changing objects in the radio sky began with the discovery of
pulsating radio sources now termed pulsars. The study of the transient radio sky,
in particular, can provide us with invaluable information on the physics at play
in some of the most cataclysmic phenomena in the universe. Non-thermal radio
emission is particularly well suited for studying fast explosions, and more gen-

erally for probing relativistic particles embedded in regions of strong (amplified)
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magnetic fields (e.g., Bower et al., 2007; Mooley et al,,2013a; Lacy et al., 2020, and
references therein). Radio observations at frequencies of a few GHz are also not
affected by extinction (the absorption and scattering of electromagnetic radiation
by gas and dust), and can provide information that complements optical observa-
tions (e.g.,[Mooley et al.,2016). Radio transients can be broadly classified into two

categories based on their emission properties:

¢ Incoherent or slow transients (minutes to days to years): explosive and ac-
creting sources like supernovae (SNe), gamma ray bursts (GRBs) and coun-
terparts to gravitational wave (GW) sources.

* Coherent or fast transients (milliseconds to seconds): objects like rotating
radio transients (RRATs) and fast radio bursts (FRBs).

This Thesis focuses on transients belonging to the first class above (incoherent,
slow) and they have been hypothesized to be linked, or directly observed in asso-
ciation with GRBs.
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Figure 1.1. Bimodal distribution of the duration (7 .s) of gamma-ray flashes from
GRBs observed by the Swift observatory. The vertical line is at Tyy = 2s. Figure
from Zhang and Choi (2008).

GRBs are some of the most energetic explosions known in the universe, asso-
ciated with bright flashes of gamma-rays followed by emission in radio-to-X-ray
wavelengths from the interaction of the ejecta with the surrounding interstellar
medium, known as the afterglow emission (see Mészaros| 2006; |Piran, 2004). The
duration of the observed gamma-ray emission from GRBs follows a bimodal dis-
tribution (e.g., Zhang and Choi, 2008): short GRBs of gamma-ray flash duration
< 2s and long GRBs of gamma-ray flash duration of > 2s (see Figure [L.I)). Fig-
ure shows the histogram of the duration (7 s, duration between when the
GRB emits 5% of its total flux to 95%) of GRBs as seen by the Swift observatory.
While the duration of the gamma-ray flash may not be intrinsic to GRBs, there are
attempts to provide physical reasons for the two different categories by referring
to different progenitor mechanisms (see Figure[1.2).

3
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Figure 1.2. The two possible progenitors of GRBs : merger of compact objects
resulting in short GRBs and core-collapse SNe resulting in long GRBs. Figure from
Gomboc|(2012).

The consensus is that the short GRBs are emitted from merging compact objects
and long GRBs are emitted from the collapse of a massive star (core-collapse SNe).
GW170817, the first confirmed compact object merger to be observed with both
gravitational waves and electromagnetic waves, verified that mergers of compact
objects emit short GRBs (see Chapter [2). SNe are classified based on their origin
(thermonuclear vs core-collapse) and certain features in their spectra. Figure
shows a flow chart describing the classification method of SNe. The objects of
interest here are the core-collapse SNe. They are called core-collapse because the
core of the star contracts after sequentially burning its H, He, C, Ne, O and Si layers
as the energy of the fusion can no longer counteract gravity. As the star contracts,
shock waves that move outward through the stellar material are produced. These
shock waves rip apart the star resulting in the SN, leaving behind a highly dense
remnant. On the other hand, thermonuclear explosions occur when the fusion to

heavier elements heats the core, causing an explosion without collapse of the core.
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Figure 1.3. Classification of Supernovae. Chart adapted from https:/ /astronomy.
swin.edu.au/cosmos/s/supernova+classification.

A rare fraction of core-collapse SNe also power long GRBs with bright radio
afterglows (e.g., Chevalier| [1998; Soderberg et al., 2006; Chandra and Frail, 2012;
Corsi et al, 2016, and references therein). It is still not clear what separates these
special SNe from regular core-collapse SNe.

Many fundamental questions remain unanswered about the physics of GRBs.
The general picture is that the catastrophic event (merger or SN) causes a release
of large amounts of energy in one or a combination of the following forms: ra-
diation, thermal energy and electromagnetic energy. The right portion of Figure
shows the well accepted “fireball” model for gamma-ray bursts. During the
expansion of the plasma, most of the thermal energy is transferred to baryons,
accelerating them to relativistic speeds. If the outflow is not homogeneous, then
the expanding plasma is stratified in to several shells, with faster shells on the in-
side colliding with external slower shells to cause internal shocks. The emission of
non-thermal radiation from these shocks is termed as the prompt GRB emission.
The exact physical mechanism of this emission is still an active area of research.
Eventually, these shocks interact with the material in the surrounding medium
producing non-thermal emission (like sychrotron radiation), which is referred to
as the EM afterglow emission (see Appendix |A| for a discussion on synchrotron
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afterglow radiation). This model also predicts that the emission should fade over
time depending on various physical parameters of the matter surrounding the pro-
genitor (e.g., density of the medium, magnetic field strength) and the progenitor
itself (e.g., energy injected in the jet). The central engine that drives the GRB can
theoretically be a black hole with an accretion disk or a rapidly spinning magne-
tar (neutron star endowed with strong magnetic fields). The energy dissipation
and particle acceleration mechanisms are not fully understood. The reader is re-
ferred to Gomboc (2012) for a more complete review of GRBs and open questions

regarding them.

1.1 Scientific justification and goals of this work

The goal of this Thesis is to use GHz radio observations of a variety of astrophys-
ical transients to understand the underlying physics and help constrain relevant
emission models for their progenitors and ejecta. Specifically, this work focuses
on compact object mergers of neutron stars (NSs) and black holes (BHs), and on
stripped-envelope core-collapse supernovae (also referred to as type Ibc SNe). As
discussed above, these two rather different classes of astrophysical sources share
a common observational feature: at least a fraction of them have been associated
with GRBs (e.g., Chandra and Frail, 2012). In this context, this thesis is organized

as follows:

1. Chapter[]discusses the radio observations of the binary NS merger, GW170817,
that I carried out in Balasubramanian et al.[(2021b} 2022), with the goal of bet-
ter characterizing the properties of its ejecta. Such studies will improve our
understanding of binary NS mergers, their ejecta, and remnants. Specifically,
the late-time radio follow-up of GW170817 provides clues into the nature of
the merger remnant and the equation of state (EoS) of NSs, as well as into
particle acceleration theory in relativistic and non-relativistic regimes (e.g.,

Chevalier, 1998; Sironi et al., 2015, and references therein).

2. Chapter (3| describes my contributions to searches for radio counterparts of
selected compact binary merger candidates detected during the third observ-
ing run (O3) of LIGO (e.g., |Abbott et al., 2020a)), to constrain the physics
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of their progenitors and ejecta, and their link to short GRBs (Bhakta et al.,
2021, Hinna et al. in prep, GW190814 paper in prep). The radio follow-up
of O3 LIGO candidate binary merger events was aimed at hunting for other
EM+GW discoveries, to further understand the zoo of possible EM counter-
parts to GWs and inform future searches for such counterparts in upcoming

GW observing runs.

3. Chapter[describes the work I have carried out on a peculiar stripped-envelope
core-collapse SN, SN 2004dk (Balasubramanian et al.,2021a)). This work sheds
light on the pre-SN mass-loss history, and clarifies the origin of its radio
emission as related to interaction of the SN shock waves with the circum-
stellar medium (CSM) rather than an off-axis GRB jet. The study of radio
emission from core-collapse SNe like SN 2004dk is particularly important to
understand the pre-SN evolution of massive stars by tracking the mass-loss
histories of their progenitors (e.g., Soderberg et al., 2005;Wellons et al., 2012;
Palliyaguru and Corsi, 2019; Palliyaguru et al., 2019). This, in turn, can po-
tentially help us understand the dividing line between ordinary core-collapse
SNe and long-duration GRBs (Chevalier, 1998; Soderberg et al., 2006; Chan-
dra and Frail|, 2012; Corsi et al., 2016). In the future, with more sensitive GW
detectors such as Cosmic Explorer (see Reitze et al., 2019a, and references
therein), extreme stripped-envelope core-collapse SNe may become sources
of interest also for multi-messenger studies (see Reitze et al., 2019b| and ref-

erences therein).

1.2 A brief introduction to radio interferometry

This section briefly describes the fundamentals of radio interferometry as dis-
cussed in Marr et al.|(2015). The resolution of a telescope scales as # ~ A/D in the
diffraction limit, where ) is the wavelength of observation and D is the diameter of
the collecting area of the detector. Optical telescopes generally have resolution of
the order of 1arcsec. If we require similar resolution while observing at A = 10cm
(radio wavelength), we will require a dish or diameter 20 km! It is not practical to
build and maneuver such a large dish to make our high resolution observations.

So, an idea to use smaller radio dishes that act in unison to function as a virtual
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large dish was envisioned. This collection of radio dishes is called a radio interfer-
ometer. There are many such radio interferometers in operation around the world
(e.g., Janksy Very Large Array, ASKAP). The process of imaging a source using a

radio interferometer is known as aperture synthesis or synthesis imaging.

~ . Radiation

Radiation

Antenna 1 Antenna 2

Figure 1.4. Two element interferometer observing a distant point source. Figure
from Marr et al.| (2015) chapter 5.

I will first discuss the simple case of a two element interferometer. Figure
shows two antennae, separated by a distance b (baseline), that are observing a
distant point source. The data collected by the two dishes (electric fields) are sent to
a cross-correlator (box at the bottom of Figure[1.4). The cross-correlator multiplies
the electric fields and performs a time average over an integration time (much
greater than 1/v where v is the observation frequency) and outputs a detected
power. The power can be calibrated and converted to flux density (energy per unit
area, per unit time, per unit frequency) by observing a flux calibrator (a source that
has a known flux density). Let us assume a point source shining at an angle 6 to

the vertical, as shown in Figure The electric fields of frequency v as seen by

8
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Antenna 1 and Antenna 2 at time ¢ can be expressed as
E; = Eycos(2mvt) Ey = Egcos(2mv(t + 7)) (1.1)

where 7 is the time delay between the receipt of radiation in Antenna 1 and

Antenna 2.
B As  bsinf B bsinf

c c AV

(1.2)

T

Because of the rotation of the earth, the position of the source changes with time as
0 = wgt, where wg, is the angular rotation rate of the earth. So, the time average of
the product of E; and E; is

E? i E2 bsi t
(EVE3) tt times1/v = 70 cos (27rbsm9) = 70 cos (QW%) (1.3)

A

So, the response of the interferometer to a point source oscillates with time and
this response is called the fringe function. This response (2) can then be calibrated
and will result in the amplitude of the fringe function being equal to the flux den-
sity (F,) of the point source.

R = F, cos (ZWI)S%(WE‘;)) (1.4)

For a point source located at a small angle A® away from the reference 6 = wgpt,
the response is

b sin(wgt)

R =F,cos (27r

N Ad)) _ P cos (27rb sin(wgt) bAG)

2 —— 1.5
+2r— (1.5)

If the telescope can track the reference point, then the first time dependent part of
the above equation goes away. Then, the response R is called the visibility function
Vi/x (@ function of b/ )), the flux density F,,, is called the visibility amplitude V4 and
the phase of the cosine term is called the visibility phase ®y .

bA#
Via = F, cos (QWT) = V cos®vy (1.6)
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hase center

Radig$ource

s .
d=dist to source

,)‘5’ Earth

Figure 1.5. The observer plane (u,v) and the source plane (x,y) for a general ex-
tended source

The data from any astrophysical object is stored as these visibities. This response
can be generalized to case where we are observing an extended object with the
baseline vector rotating as function of time due to the rotation of the earth. The
visibility (a function of baseline) is the Fourier transform of the sky intensity (func-
tion of position on the sky). The visibility is a function on a u (b, /), v(b,/)) (base-
lines on the u,v plane), while the brightness of the source I, is a function of x,y
(positions on the sky). The final generalized visibility function can be written as

V(u,v) = //],w(x,y) 2w tvy) dy dy (1.7)

The observed visibilities can then be converted to brightness as a function of
position on the sky I, using an inverse Fourier transformation. In practice, we need
to have a well sampled u,v plane to perform the inverse Fourier transformation.
By utilising the motion of the earth and a large number of antennas, we will be
able to sample the u,v plane adequately. The holes in the u-v plane are the reason
for artifacts in the final image. The Fourier transform of sampled visibilities yields
the true sky brightness convolved with the point spread function, i.e., the “dirty
image” is the true image convolved with the “dirty beam”. There are algorithms

10
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(e.g., CLEAN algorithm, see Hogbom! (1974)) that perform a deconvolution of the
dirty image to finally give us a map of the sky brightness.

1.3 The Karl G. Jansky Very Large Array (VLA)
The Karl G. Jansky Very Large Array (VLA is one of the most sensitive radio

telescopes currently operating on the Earth. It is a radio interferometer located in
Socorro, New Mexico, composed of 27 radio dishes in a Y-shaped configuration
that operate in unison to behave like one large virtual dish. These dishes can be
moved around to form four different configurations, A through D, with A being
the most extended configuration and D being the most compact. Extended con-
figurations allow for large baselines, helping to study the small-scale structure of
sources by improving the resolution. On the other hand, compact configurations
assist in studying large-scale structures H This instrument is sensitive to radio
emission in frequencies ranging from 74 MHz to 45 GHz.

Figure 1.6. The Janksy Very Large Array. Image credits : NRAO/AUI/NSF

http:/ /www.vla.nrao.edu/|
2I'ht’cps: / /science.nrao.edu/facilities /vla/docs /manuals/oss/performance/ resolution|
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Most observations discussed in this thesis have been obtained from approved

programs on the VLA (20A-185, 20B-208, 21B-057, 22A-168, 22A-463; PI: Balasub-

ramanian).
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CHAPTER 2
LATE TIME RADIO FOLLOW-UP OF GW170817

2.1 Background

GW events such as the collision of compact objects (e.g., NS-NS mergers) are
proposed to be accompanied by emission from across the electromagnetic (EM)
spectrum. GW170817 was one such event, the first NS-NS merger to be observed
in both GWs (Abbott et al., 2017b)) and light by many observatories all around the
world (e.g., Coulter et al., 2017} [Troja et al., 2017; Margutti et al., 2017a; Hallinan
et al., 2017). GW170817 enabled the EM community to test various theoretical
predictions made about such mergers over the last 40 years (Metzger, 2017).

A 60° B Right ascension ;X
=
309 g
HL ; 5
/// a
7t
/
/7
HLV ol |
0° Xl
/ D
IPN GBM
§
-30° £
3
16h o 12h e
i 8h
i
AN
-60° NN\

Right ascension

Figure 2.1. Schematic showing the combined effort of localizing GW170817. A :
localization patches of GW170817 and associated GRB from LIGO (light green),
LIGO and Virgo (dark green) and Fermi (orange). B and C : three-dimensional po-
sition of discovered counterpart. D : Optical image showing the GW170817 coun-
terpart along with the central bright host galaxy, NGC 4993. Figure from Kasliwal
et al. (2017).
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GW170817 was discovered at 12:41:04 UTC on 2017 August 17. The GW detec-
tion was followed almost immediately (~ 2's after the merger) by a GRB, confirm-

ing that EM waves and GWs travel at the speed of light in vacuum (to better than 1

part in ~ 10'6, see Abbott et al., 2017c). As the GW localization areas are generally

large, the astronomical community began a search for the host galaxy (see
2017¢). The source was located to be associated with the galaxy NGC 4993
by the Swope Supernova team (Coulter et al} 2017), which prompted immediate
follow-up observations in wavelength bands across the spectrum.

A On-axis Weak sGRB B Slightly Off-Axis Classical sGRB

Weak Afterglow A Afterglow
> (Xray/Radio) . ‘ § (X-ray/Radio)

Weak

sGRB
% Macronova
%, (IVOIR)

Weak y-rays

Macronova
% (UVOIR)

,
.

C Cocoon with Choked Jet D On-axis Cocoon with Off-Axis Jet

A Afterglow A Afterglow
. é;(X-ray/Radio) % (X-ray/Radio)

Weak y-rays : : Weak y-rays

% Macronova .. Macronova
% UVOIR) (UVOIR)

Figure 2.2. Initial proposed models for GW170817. UVOIR refers to UV optical IR
emission.Figure from Kasliwal et al.[(2017).

14



Texas Tech University, Arvind Balasubramanian, August 2022

Observations of the quasi-thermal UV /optical/IR emission (dubbed kilonova)
from the GW170817 slow (~ 0.1c — 0.3c), neutron-rich, isotropic, ejecta were suc-
cessful in verifying that mergers of NSs in binaries are production sites of heavy
elements such as gold and platinum (e.g., Kasliwal et al, 2017; Kasen et al., 2017;
Pian et al., 2017; Metzger, 2017). Subsequently, a delayed non-thermal afterglow
was also observed in the X-rays (radio) at ~ 9days (=~ 12days) after the merger
(e.g., Troja et al., 2017; Haggard et al., [2017; Margutti et al., 2017a}; Hallinan et al.,
2017).

NS-NS mergers have been theorized to be progenitors of short GRBs as dis-
cussed above. Given the early electromagnetic emission, astronomers began think-
ing of models that could explain the observations. Figure 2.2/ shows a representa-
tion of some such models. In the case of GW170817, it was very unlikely that we
are looking into the axis of a weak (low luminosity) short GRB (Model A in Figure
given that the mass of the ejected material in the direction of the jet deduced
from the UV /optical /IR observations were larger than expected. If we were ob-
serving a wide short GRB from a direction off the jet axis (Model B in Figure [2.2),
the delayed emission in radio and x-ray wavelengths cannot be explained as the
non-thermal emission is expected to be seen earlier if the jet slows down suffi-
ciently. So, it was more likely that the jet was surrounded by intermediate velocity
ejecta, termed the cocoon. As the non-thermal emission continued to rise, it was yet
to be determined if the jet was strong enough to have bored through the cocoon
and interact with the interstellar medium (ISM) to produce non-thermal emission
or not.

Continued radio monitoring of the jet+cocoon emission helped in confirming
that the jet was structured with the velocity of the ejecta varying as a function of
angle from the jet axis (deduced from the slow rise of the jet+ cocoon emission
leading up to the peak, see Figure and that the relativistic jet successfully bore
through the cocoon (Corsi et al., 2018 Dobie et al,, 2018; Alexander et al., 2017}
Margutti et al., 2018} Mooley et al., 2018b,d; Hajela et al.,[2019; Mooley et al., 2018a;
Lazzati et al., 2018; Ren et al., 2020). The jet+cocoon emission can be modeled by
the smooth-broken power law model (see Makhathini et al., 2021, and references
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therein) where, the flux density at a time ¢ and at an observation frequency v is

given by:
1/s

- ()] e

where F), is the peak flux density, ¢, is the epoch at which the light curve peaks, s is

the smoothness parameter, 3 is the spectral power law index, oy and «a; represent

the power-law index of rise and decay of the light curve.

100 1

Flux density (uJy)

24 ® GMRT0.67GHz ® ATCA 7.25 GHz
® GMRT/MeerKAT/VLA 1.3-1.6 GHz ¢ VLA 10 GHz
VLA 3 GHz ® VLA 15 GHz
VLA 4.5 GHz W HST F814W
gVLBA/eMERLIN 5.1 GHz B HST F606W
® VLA 6 GHz M Chandra/XMM-Newton 1keV
— r r r — r r r ——
EeBIAN] Q S D Q L D
N 3 ko) \,Q (OQ %Q \QQ

Time after merger (days)

Figure 2.3. Panchromatic light curve of the non-thermal jet+cocoon emission. Fig-
ure from Makhathini et al. (2021).

Figure 2.3|shows the multi-wavelength observations of the jet+cocoon emission
(all following the same spectral power law index of -0.584!) along with the best fit
smooth-broken power law model and the 1 o uncertainty region (see Appendix [B).

As seen above, all observational evidence points to Model D in Figure The
radio observations also helped constrain physical parameters like the angle of ob-
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servation, jet opening angle and the density of the interstellar medium (Mooley
et al} 2018a). At ~ 2years since merger, the radio emission from the structured
jet has faded below sensitivities that can be achieved with a few hours of observa-
tion with the VLA (Makhathini et al.,2021). Several theoretical scenarios, however,
predict the possible emergence of detectable electromagnetic emission associated
with the afterglow of the kilonova ejecta itself at late times (~ a few years since
merger. See e.g., Nakar and Piran, 2011; Piran et al., 2013; Hotokezaka and Pi-
ran, |2015; Kathirgamaraju et al., 2019; Hotokezaka et al., 2018; Margalit and Piran,
2020). Indeed, numerical simulations show that during the NS-NS merger, a mod-
est fraction of a solar mass is ejected from the system, and the total ejecta mass
and velocity distribution of such ejecta depend on the total mass, mass ratio, and
the nuclear equation of state (EoS) of the compact objects in the binary. While
optical-UV observations are mostly sensitive to the low-end of the ejecta velocity
distribution, radio (and X-rays) can probe the fastest moving ejecta tail, shedding
light on whether NS-NS ejecta are broadly distributed in energy and velocity (as
simulations seem to suggest) and providing indirect constraints on the nuclear
EoS.

2.2 Search for GW170817 kilonova afterglow 3.5 years after merger
Motivated by the above theoretical /simulated predictions of the kilonova after-
glow, we carried out late time observations of the GW170817 field with the VLA.
In our publication Balasubramanian et al. (2021b), we discuss the following obser-

vations of GW170817 that we carried out at the epoch of 3.5 years after the merger.

2.2.1 Observations

Radio observations of the GW170817 field were carried out with the VLA on
the dates listed in Table at S band (2-4 GHz, nominal central frequency of
3 GHz) with the array in its B (September 2020) and A configurations (Decem-
ber 2020 - February 2021). These are the most extended configurations of the
VLA, which allows us to get the highest resolution images. Each observation
was calibrated in CASA (McMullin et al., 2007b) using the automated VLA cali-
bration pipeline. The calibrated data were then manually inspected for further
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radio frequency interference (RFI) excision. We interactively imaged each obser-
vation using the CASA task t clean with one Taylor term (nterms=1) and robust
weighting (robust=0.5), and derived the rms measurements (root-mean-square
flux density) using imstat. Table lists the rms sensitivity reached in each
observation, estimated within a region of 20 synthesized beams around the posi-
tion of GW170817 (ov = 13h09m48.069s, § = —23d22m53.39s, J2000; Mooley et al.,
2018a). We find no significant (> 3xrms) excess in a region of one synthesized
beam around the position of GW170817 in any of the individual images. Next, we
co-added and interactively imaged as above (nterms=1 and robust=0.5) all A-
configuration 3 GHz VLA observations listed in Table An rms of 1.3 uJy was
reached at 2.8 GHz (Table within a region of size approximately equal to 20
synthesized beams centered on the position of GW170817. Within one synthesized
beam centered on the location of GW170817, we measure an imstat peak flux
density value of ~ 2.8 pJy at 2.8 GHz. With this procedure, several of the bright, ex-
tended sources present in the field left substantial deconvolution residuals. Thus,
to mitigate the effects of deconvolution residuals, test the robustness of our mea-
surement, and further improve our sensitivity, we imaged all 3 GHz data (both A
and B configurations of the VLA) listed in Table[2.Ijnon-interactively with two Tay-
lor terms (nterms=2), robust weighting (robust=0.5), single phase-only selfcal
(solution interval of 4 minutes), and a cleaning threshold of 4 iJy. This yielded
an image rms noise of 0.99 ]y (in a region of size equal to 20 synthesized beams
around the position of GW170817; theoretical thermal noise ~ 0.85 iJy) and a peak
flux density value of 2.86 1]y (Table within one synthesized beam centered on
the location of GW170817.

A late-time VLA observation of the GW170817 field was also carried out in U
band (nominal central frequency of 15 GHz) on 10 February 2021 (Table 2.1). We
calibrated this dataset and interactively imaged the field (with nterms=1 and
robust=0.5). No significant emission is found at the location of GW170817 (Table
2.2). The rms measured in a region of size equal to 20 synthesized beams centered
around the position of GW170817 is of ~ 1.9 p/Jy at 15 GHz.
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2.2.2 Results and Conclusions

As is evident from Figure[2.4} our late-time radio observations (orange data point
in gray shaded region) of GW170817 do not provide evidence for radio emission in
excess to what is expected from the very late time tail of a structured jet afterglow
model (black solid line). The X-ray observations (purple data point in gray shaded
region), on the other hand, suggest a more pronounced statistical fluctuation or
the possible emergence of a new component at higher frequencies (bottom panel
in Figure[2.4).

The radio-to-X-ray spectral index as derived from the measured ratio of the late-
time radio-to-X-ray flux densities (see Table is [Nagio—x + 1 = —0.535 £ 0.024,
within ~ 2.10 of the value adopted in Figure (—0.584 £ 0.002) derived by
Makhathini et al.| (2021). The current measurements still carry too large uncer-
tainties for claiming any clear evidence for a change in spectral behavior at late
times. It may be possible however that the non-detection of a radio re-brightening
associated with a kilonova afterglow, together with the tentative X-ray excess, sug-
gest a flattening (reduce is the negative spectral index value) of the radio-to-X-ray
spectrum at late times.

In general terms, it is not difficult to envision a scenario in which the electron
index (p = —2I" — 1) for the ejecta responsible for the late-time X-ray excess differs
from the one used to model the structured jet afterglow at earlier times (p = 2.07 —
2.14; Makhathini et al., 2021). The predictions of Fermi particle acceleration imply
that the power-law index p expected at non-relativistic shock speeds is close to
p ~ 2, while at ultra-relativistic velocities one can have p ~ 2.2 (e.g., [Sironi et al.,
2015, and references therein). Thus, a flattening of the radio-to-X-ray spectral index
in GW170817, if confirmed by further follow-up, could support the idea that a non-
relativistic ejecta component is starting to dominate the emission.

In addition to the the above results, theoretical predictions for particle accelera-
tion, non-relativistic ejecta observed in radio-emitting core-collapse SNe typically
have p = 2.5 - 3.2 (e.g., Chevalier, 1998), pointing to steeper radio-to-X-ray spectra
than that suggested by the X-ray excess observed in GW170817. Cases where a
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Figure 2.4. Comprehensive 3 GHz light curve of GW170817 as presented in our
recent work Makhathini et al. (2021)), which includes data from Fong et al.|(2019);
Ghirlanda et al.|(2019); Nynka et al.| (2018), together with our latest measurement
in the radio (3 GHz, latest yellow data point in the grey, shaded region) and X-rays
(latest purple data point in the grey, shaded region) extrapolated to 3 GHz using
the spectral index derived in Makhathini et al|(2021). The best fit structured jet
model for GW170817 is also plotted (top panel, black line) along with the associ-
ated 1o error region (blue shaded region). As evident from the lower panel, our
radio measurement is compatible with the tail of the GW170817 jet within the large
errors. On the other hand, the X-rays show a ~ 2o excess and could indicate the
onset of a new component (Hajela et al., 2020a, [2021b; [Iroja et al., 2020).
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transition of the ejecta from the relativistic to the non-relativistic regime has been
observed include GRB 030329 (e.g., Frail et al., 2005; van der Horst et al.,|2008) and
TDE Swift J1644+57 (Cendes et al., 2021). These two cases pointed to a slowly-
increasing or constant value of p in the relativistic-to-non-relativistic transition,
which again would correspond to a spectral steepening rather than a spectral flat-
tening.

One key difference between GW170817 and previously observed non-relativistic
flows is that we have seen a single power-law spectrum from radio, optical, and
X-rays, i.e., synchrotron radiation from electrons with different Lorentz factors in
many orders of magnitude. In this case, the spectral index should represent p.
On the other hand, in other non-relativistic flows, we often determine p from the
radio spectra closer to the minimum Lorentz factor +,, of the electron energy dis-
tribution, where the synchrotron emission may be dominated by thermal electrons
around the typical Lorentz factor rather than accelerated electrons (e.g.,[Park et al.,
2015; Maeda, |2013). Thus, GW170817 offers an opportunity to test particle accel-
eration theory, and continued monitoring from radio-to-X-rays is key to this end.
We also note that continued X-ray observations may offer an opportunity to probe
the evolution of the cooling frequency in the Newtonian limit, when v, o« g73¢t72
(Hotokezaka et al., 2018)), and thus constrain 3 (velocity of the ejecta in units of c)
and the kinetic energy of the fast tail of the ejecta (see also Linial and Sari, 2019).

An alternative explanation for the excess in X-rays (as compared to the radio)
observed in GW170817 might be the possibility of a Compton echo of the X-rays
from the prompt emission of GRB 170817A, scattering off surrounding dust (Beni-
amini et al., 2018). Given currently large uncertainties in the X-ray result, hereafter
we focus on the constraints that the lack of a radio excess set on kilonova ejecta
models.

Following |[Kathirgamaraju et al.| (2019), the kilonova blast wave drives a shock
through the interstellar medium, resulting in synchrotron emission. Electrons are
accelerated to a power-law distribution of Lorentz gamma factors v, > 7., with
power-law index p. The energy in the kilonova blast wave is distributed as E(>
By) x (Bvy)~* (with v the Lorentz factor of the shocked fluid) and normalized to
the total energy E at some minimum velocity 5, such that E(> fyy) = E. Itis
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reasonable to assume that radio (GHz) observations are in between the minimum
frequency, v, (corresponding to v,,, see Nakar and Piran, 2011), and the cooling
frequency, v.. In this case, the kilonova peak flux density reads (Nakar and Piran,
2011):
ptl  ptl  5pT 1-p

Fope ~ (1522 pdy) e e gn b By ® Esivgl dyg, (2.2)
where ), = (/10" is followed for all quantities () (all expressed in cgs units);
ep and ¢, are the fractions of the total energy in the magnetic field and electrons
respectively; n, the number density of the medium; d is the distance to the source;
the normalization constant is calculated for p = 2.1. The time at which the kilonova

afterglow emission peaks can be calculated as (Kathirgamaraju et al., 2019):

Eiso, % -2 2+«
Laec = tpk = (3-3yr) < 77,25)1) 60 s (m — 1) . (23)

where Ei, is the isotropic equivalent energy of the blast wave. The blast wave can
be approximated to be mildly relativistic before this peak, and therefore the rising
part of the kilonova ejecta light curve can be easily modeled as (see Kathirgamaraju
et al., 2019, and references therein):

FV,KN (t) - Fu,pk (i> s 5 (24)

ok

where:
. 3a—6(p—1)

8 + « (25)
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Figure 2.5. 3GHz radio light curve of GW170817 with our recent radio mea-
surement (red star) along with predictions for the rising part of the kilonova af-
terglow light curve as a function of « (see §2.4) with the assumption that the
minimum speed of the ejecta is 5, = 0.3. The solid lines assume p = 2.1,
€e=78%x1073, g =9.9x 1074, n = 9.8 x 10~3cm 3 (as in Makhathini et al.,[2021)
and o = 5, 10, 20, 30, co. These values of « are all compatible with our latest radio
measurement (red star), while smaller values of o would produce radio emission
in excess to it. For comparison, the dashed lines show the case ¢, = 1071, eg = 1073,
n = 10"%cm™?, p = 2.2 (as in Kathirgamaraju et al., 2019), with « = 20, 30, co (see
text for discussion.)

In Figure[2.5, we plot the rising portion (as discussed by the equations above) the
3 GHz kilonova light curves obtained following the above prescriptions, and set-
ting By = 0.3. This choice is motivated by the fact that observations in UV /optical /IR
of the early kilonova, which only probe the slowest-moving material, point to
speeds of ~ 0.1c — 0.3c. Since we expect the radio to probe the fastest tail of the
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kilonova ejecta, we consider 3, ~ 0.3 a reasonable choice. We note however that
smaller values of 3, though unlikely, would shift the radio light curve peak to later
times, thus allowing for less steep values of a. We set Ei, = 10°! erg, d = 40 Mpc,
while varying the power-law index « of the energy-speed distribution of the kilo-
nova ejecta. The solid lines correspond to the choice p = 2.1, ¢, = 7.8 x 1073,
eg = 9.9x107* n = 9.8 x 10 %cm* as derived from the modeling of the earlier-time
panchromatic afterglow of the GW170817 structured jet (Makhathini et al., 2021).
For comparison, the dashed lines show the case ¢, = 107}, eg = 1072 n = 10~%cm 3,
p = 2.2, which corresponds to the generic case discussed in Kathirgamaraju et al.
(2019). As evident from this Figure, to explain the absence of a kilonova detection
in the radio one needs o 2 5 for the case where the density and micro-physical
parameters are set equal to the ones measured for the structured jet afterglow.
This constraint on « agrees with the predictions from numerical simulations de-
scribed in Hotokezaka et al. (2018) and X-ray observations discussed in Hajela et al.
(2020b). For the more generic parameters as in Kathirgamaraju et al.|(2019), o 2 20.

For an equal mass ratio binary, a steeper energy-velocity distribution at a given
B correlates with a stiffer NS EoS for a given cold, non-rotating maximum mass
(compare e.g., SF'Ho and L5220 in Figures 1 and 9 of Radice et al., 2018). For EoS
with the same stiffness (i.e., with the same radii at NS masses of 1.4 M), larger val-
ues of the cold, non-rotating maximum NS mass also correlate to steeper energy-
velocity ejecta distribution (as long as a NS is formed even if for a short timescale
of order ~ 1 ms; compare e.g., BHBA¢ and D D2 in Fig. 9 of Radice et al.,2018). On
the other hand, if a fast tail exists in the ejecta, one can robustly exclude stiff EoS
and relatively high mass ratio scenarios due to the weak or absent core bounce in
these scenarios (Nedora et al., 2021b). Taken together, if future radio observations
reveal a kilonova afterglow, these trends would favor moderate stiffness and mass
ratio models. Given these considerations, the constraints we are setting here on
a shed some light on the possible EoS, but cannot uniquely pinpoint it. An inde-
pendent measurement of 3 via direct size imaging (once the ejecta becomes bright
enough in the radio) together with constraints on o derived from light curve mod-

eling, may help to reduce degeneracies.
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2.3 Constraining energy-speed distribution of ejecta and EoS of neutron stars

using radio observations of GW170817 4.5 years after merger

We conducted follow-up observations similar to at the epoch of 4.5 yr from
merger and published our results in Balasubramanian et al.| (2022) (in review for

Ap]JL). The following is a summary of the observations and results obtained.

2.3.1 Observations

We carried out radio continuum observations of the GW170817 field with the
VLA. Our observations were executed with the standard VLA S band setup, with
a nominal central frequency of 3 GHz, and split in 12 observations (each provid-
ing approximately 2.5hours on source) between December 2021 and March 2022.
The first four epochs were observed with the VLA in its B configuration, while
the subsequent eight epochs were carried out with the array in its most extended
A configuration. These observations are listed in Table After calibration was
performed with the automated VLA calibration pipeline, we manually inspected
the data and performed further flagging for radio frequency interference (RFI) as
needed. We then imaged the data using the CASA (McMullin et al,, 2007a) task
tclean with one Taylor term (nterms=1) and robust weighting (robust=0.5;
see also Balasubramanian et al., 2021b), and derived the sensitivity RMS mea-
surements running imstat on the residual images within a circular region of ra-
dius equal to 10 nominal synthesized beamg!| around the position of GW170817
(ov = 13h09m48.069s, § = —23d22mbH3.39s, J2000; Mooley et al., 2018a). Because this
region may include residuals associated with the host galaxy light (see Figure[2.6),
we also list in parentheses in Table 2.3| the RMS values we obtain using a circular
region of the same size in a source-free portion of the image. We find no signifi-
cant (> 3xRMS) excess in a region of one synthesized beam around the position of
GW170817 in any of the individual epochs.

Next, we co-add the four B configuration observations, and the eight A config-
uration observations separately; finally, we co-add the full multiple configuration
data set (all in the visibility domain) for a total of 12 observations. The imaging

for these co-added datasets was performed similar to what is described above,

1 As recommended by|[Hancock et al. (2012) and Mooley et al. (2013b).
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with the CASA task tclean but using nterms=2 to better clean the emission from
bright radio sources in the field. To estimate the RMS sensitivity for the co-added
observations in the A and B configurations, we conservatively use a circular region
of radius 10 times the nominal synthesized beam width of the B configuration, cen-
tered on the location of GW170817 in the residual images. We list our findings in
Table In our deepest co-added image, we reach an RMS sensitivity of 1.1 pJy
at 3.0GHz. No emission in excess to 3 times the co-added image RMS is found
in a circular region of radius 2.1 arcsec (FWHM of the nominal VLA synthesized
beam in B configuration at 3 GHz) around the location of GW170817. Specifically,
at the location of GW170817 we measure a 3 GHz flux of 2.1£1.1 uJy. Therefore, we
constrain the radio emission from GW170817 to < 3.3 iJy at 4.5 years since merger

(see Figure[2.7).
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Figure 2.6. Image of the GW170817 field at ~ 4.5 yrs since merger, as derived from
our deepest co-added dataset (see Table 2.4). The small circle has a radius of 2.1”
and is centered on the position of GW170817. The larger circle has a radius of 217,
equal to the radius of the circular region used to calculate our RMS sensitivity in
the residual image of the field. The host galaxy of GW170817 is enclosed in this
larger circular region. Several sources unrelated to GW170817 are also visible. The
synthesized beam ellipse is shown in the bottom left. The color bar gives the flux
density in Jy.
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2.3.2 Results and Conclusions

In Figure we show the 3 GHz light curve of GW170817 (see the panchro-
matic afterglow data webpagé?| for a compilation of the full dataset). The black
data points are the previous radio observations (Hallinan et al., 2017; Mooley et al.,
2018d,b; Makhathini et al., 2021)) that follow the jet+cocoon afterglow model (black
line with gray 1o error region). The red star shows our previous radio detection at
3.5 years since merger (Balasubramanian et al., 2021b). The radio upper limit from
this work is shown with a downward pointing red triangle. As evident from this
figure, we do not find any significant evidence for emission in excess to the ex-
pectations from a decaying jet-+cocoon afterglow model, confirming our previous
results (Balasubramanian et al., 2021b).

For comparison, in Figure[2.7we also show the X-ray flux measurements derived
from Chandra observations of the GW170817 field are shown as purple squares (see
e.g.,Haggard et al., 2017; Margutti et al., 2017a; Troja et al., 2017} |Hajela et al., 2022;
Troja et al., 2022, and references therein) extrapolated to the radio band using a
radio-to-X-ray spectral index of § = —0.584 (see Makhathini et al., 2021). Recently,
O’Connor and Troja/ (2022) also reported a measurement of ~ 0.6 x 10 erg cm s~
for the 0.3 — 10keV flux of GW170817 at ~ 4.8 years after the merger, using ob-
servations carried out with the Chandra observatory (O’Connor and Troja, 2022;
Hajela et al,, |2021a). We convert this flux into a flux density at 1keV (see Ta-
ble and, by combining it with the radio upper-limit presented here, we de-

2ht’cp:/ /www.tauceti.caltech.edu/kunal/gw170817 /gw170817_afterglow_data_full.txt and
https:/ /github.com/kmooley /GW170817 /
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rive a radio-to-X-ray spectral index of 3 2 —0.608. This is compatible with the
best fit value obtained via previous observations of the structured jet afterglow
(8 = —0.584 £ 0.002; Makhathini et al., 2021), and with the results of our analysis
at 3.5 years after merger (5 = —0.535 £ 0.024 ; Balasubramanian et al., 2021b).

Hereafter, we discuss the implications of our latest radio observations in the
context of the kilonova ejecta model, following the formulation of Kathirgamaraju
et al. (2019) as described in Section[2.2.2]

For a = oo, Equations reduce to the case of a spherical outflow of total
energy F with uniform velocity 5, (Nakar and Piran| 2011). In this case, our flux
upper-limit at 4.5 yr constrains the energy £ and speed 3, for a given choice of
the density and micro-physical parameters. Indeed, setting these parameters as in
Makhathini et al. (2021), an energy of E ~ 10°° erg and speed of 5, ~ 0.5 would
produce a radio peak flux comparable to our 3o upper-limit at 4.5 yrs since merger.
Hence, single-speed ejecta more energetic than £ ~ 10°° erg must be slower than
Bo ~ 0.5. Else, radio emission from such ejecta would have peaked before 4.5 yrs
in the radio, at a flux level above 3.3 pJy.

Next, in Figure we consider the case of a stratified ejecta with an energy-
speed distribution described by the parameter . In this case, we can use our
observations to constrain o under specific assumptions on the energy and mini-
mum speed of the ejecta, and of the density and micro-physical parameters. The
blue and green curves in the left panel of Figure [2.8|show the rising portion of the
predicted kilonova afterglow. Specifically, the shades of solid blue curves assume
the parameters £ = 10 erg, By = 0.3, p = 2.1, ¢, = 7.8 x 1073, e = 9.9 x 1074,
n = 9.8 x 107%cm™?, d = 40 Mpc (as in Makhathini et al., 2021); the dotted green
and red curves assume the parameters F = 10> erg, 5y = 0.3, p = 2.2, ¢. = 107},
eg = 1073, n = 10"%cm™?, d = 40 Mpc (as in Kathirgamaraju et al., 2019). The radio
observations presented here (red downward pointing triangle for our 30 upper-
limit, and grey cross and dashed error bars for the flux measurement at the location
of GW170817) constrain a to a 2 6 if we assume the parameters as in Makhathini
et al.[(2021). For the more general choice of micro-physical parameters (Kathirga-

maraju et al., 2019), our latest upper-limit is compatible only with the more extreme
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cases of very steep values of a or with a kilonova blast wave comprised of a single
velocity component (o = 00).
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Figure 2.7. 3 GHz radio light curve of GW170817 with the best fit structured jet
model from Makhathini et al.| (2021). Radio data are shown as black data points.
The Chandra 1keV data scaled to 3 GHz with a power-law index of § = —0.584 (in-
cluding the latest measurement by O’Connor and Troja, 2022) are shown as purple
squares (see e.g., Haggard et al., 2017; Margutti et al., 2017a; Troja et al., 2017, Ha-
jela et al., 2022; Troja et al., 2022, and references therein). Our previous observation
3.5 years since merger is marked with a red star (Balasubramanian et al., 2021b).
The 3 o upper limit from this work is shown as red downward pointing triangle.

The results presented here can also improve on the constraints discussed in Ne-
dora et al.| (2021c) regarding the NS EoS. In the right panel of Figure 2.8 we show
a plot of the EoS-dependent model radio light curves from Nedora et al.| (2021c),
compared with the radio upper-limit derived in this analysis. As evident from

this figure, our radio observations at 4.5yrs since merger add new constraints
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on the possible EoSs, disfavoring the softer EoS SFHo (with p = 2.05, ¢, = 0.1,
eg = 0.01 — 0.001 and n = (4 — 5) x 1072 ecm™3), as well as the stiffer L5220 (with
p =205 =0.1,eg = 0.01 —0.001 and n = 5 x 1072 ecm~?) in moderate mass ratio
scenarios (¢ < 1.43). The SFHo and LS220 EoSs predict the same maximum mass of
the cold non-rotating NS, but LS220 correlates with a steeper ejecta energy-speed
distribution for ¢ = 1 (Radice et al.,|2018)). On the other hand, scenarios like a DD2
EoS with ¢ = 1, that predict a larger value of the cold, non-rotating maximum NS
mass, are still possible.

We finally note that all the models used to generate the numerically simulated
light curves (from Nedora et al.,|2021a) and shown in the right panel of Figure
are derived from EoS that predict the stellar parameters (NS mass and radius) and
tidal deformability parameter within the constraints obtained from GW and other
astrophysical observations (Abbott et al., 2017b} 2018, 2019; De et al., 2018).
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Figure 2.8. Late-time observations of the GW170817 field at 3GHz from
Makhathini et al.|(2021) (black dots), | Balasubramanian et al.|(2021b) (red star), and
from this work (red downward pointing triangle for our 30 upper-limit; and grey
cross for the maximum flux measured around the GW170817 position). We com-
pare these observations with predicted kilonova afterglow light curves. Left: The
solid lines in various shades of blue are the predicted kilonova afterglow light
curves as a function of « (see with the assumption that the minimum speed
of the ejecta is 3y = 0.3, for the parameters £ = 10°' erg, p = 2.1, ¢, = 7.8 x 1073,
eg = 9.9%x107%, n = 9.8 x 10%cm ™3, d = 40Mpc (as in Makhathini et al., [2021)
and o = 5,6,7,10,20. For comparison, the green and red dashed line show the
case £ = 10°erg, e, = 107!, eg = 107%, n = 10 2cm ™, p = 2.2, d = 40 Mpc (as in
Kathirgamaraju et al., 2019), with o = 20, oo; Right: Predicted radio light curves of
BNS ejecta for different EoS and mass ratios reproduced from Nedora et al. (2021c)
(see their Figure 4 and Table 2). See text for discussion.
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CHAPTER 3
FOLLOWUP OBSERVATIONS OF GRAVITATIONAL WAVE EVENTS AS A
PART OF JAGWAR

3.1 JAGWAR - Jansky VLA mapping of Gravitational Wave bursts as
Afterglows in Radio

With the discovery of GWs from merging compact objects (BHs and NSs), a
new chapter has begun in the field of time domain astronomy. The LIGO (LIGO
Scientific Collaboration et al., 2015) and Virgo (Acernese et al., 2015) (with KA-
GRA (Akutsu et al., 2021) joining them for the upcoming observation cycle) detec-
tors generally have large localization areas in the sky. This has prompted multi-
wavelength follow-up observations of the GW localization region to identify the
source of the GW emission and study the physics of the remnant through the af-
terglow emission. As seen in the previous chapter of this thesis, observation in the
radio wavelengths can be used to find afterglows resulting from ultra-relativistic
and sub-relativistic ejecta. The Jansky VLA mapping of Gravitational Wave bursts
as Afterglows in Radio (]AGWAREI) is a collaboration focused on devising strate-
gies to improve chances of discovering radio counterparts of GW events using
observations from the sensitive Janksy VLA instrument. The two alternative ba-
sic strategies adopted for the identification of a radio counterpart with maximum

sensitivity are :

* Targeted search - search for already discovered afterglow (other wavelengths)
- single deep pointing in C (4 — 8 GHz) or S (2 — 4 GHz) bands.

* Blind search - radio only search - multiple pointings in S band with maximum

survey speed.

The program also partners with other leading radio telescopes around the globe
like ASKAP (Johnston et al., 2008), ATCA (Middelberg et al., 2006), GMRT (Swarup,
1990), MeerKAT (Jonas, 2009) and AMI-LA (Zwart et al., 2008).

1h’ctp: / /www.tauceti.caltech.edu/jagwar/
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Figure 3.1. Observation strategies adapted by JAGWAR

The LIGO and Virgo collaborations have successfully completed three observa-
tion cycles and identified numerous GW candidates (The LIGO Scientific Collab-
oration et al., 2021). In the following sections, I discuss a selection of some of the
candidates from the third observing run (O3), for which follow-up observations
were made by the JAGWAR team.

3.2 GW191216 : Search for an EM counterpart of a BH-BH merger

GW191216 was observed on 16 December 2019 by the LIGO and Virgo collabo-
rations. It was first classified as a mass-gap event (one of the constituent objects in
the binary has a mass in between that of the heaviest NS and the lightest BH), but
later on (about a week after the GW event) was re-classified as a binary BH merger
(LIGO Scientific Collaboration and Virgo Collaboration, 2019c,d). Although EM
emission from a binary BH merger is unlikely due to the absence of tidally dis-
rupted material that can power EM emission, a possible detection of a gamma-ray
counterpart to GW150914 (Connaughton et al., 2016) inspired several theoretical
scenarios for EM emission. Those typically invoke the existence of some material
(e.g., from the progenitor stars, AGN disks) in the merger environment whose ac-
cretion can power jets (Perna et al., 2019). The GW localization region of GW191216
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was also rather large, as seen in many such observations. The High-Altitude Wa-
ter Cherenkov Observatory (HAWC) reported a possible TeV counterpart detected
80s after the GW191216 GW trigger (HAWC Collaboration, [2019). There were no
other EM counterparts detected. The region of the sky from where the HAWC

neutrino was detected was about 0.28 deg?, a region feasible for a blind, radio only

search (as described above).

Our team carried out deep C-band VLA observations of the field over 3 epochs
each of 37 pointings to create a 0.38 deg” mosaic (3.2} see Bhakta et al., 2021} for
details).

T T T T T
21h50™ 40m 21M35™ 34m 33™

L —

—-40 -20 0 20 40 60
Wy beam~1

Figure 3.2. The LIGO/ Virgo sky localization of GW191216 (left) localization region
for the HAWC event (smaller circle of 0.28 deg? in middle panel). The right panel
shows the sky coverage of our VLA follow up observations of the HAWC 68% con-
tainment region. The 0.38 deg? image mosaic is from our third epoch. The larger
black circle corresponds to the 0.28 deg? HAWC region, while the smaller circles
correspond to the primary beams (half-power beam width of about 7 arcminutes)
of the 37 pointings at C band (central frequency of 6 GHz). Figure from

etal| C021).

A sudden release of energy in the form of EM radiation is often thought to be
due to the formation of a relativistic shock wave that interacts with the surround-
ing medium to produce multi-wavelength radiation. This outflow is mostly as-
sociated with jets, as confirmed by simulations and observations (an example of

jet+cocoon emission seen from GW170817 was discussed in the previous chapter).
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In the case of a binary BH merger, given the absence of tidally disrupted material
during the merger, alternative ideas for EM emission were inspired by the afore-
mentioned possible gamma-ray counterpart detection to binary BH (BBH) merger,
GW150914. They all require some source of pre-existing material related to a pro-
genitor star, an accretion disk or many other such examples (see |Perna et al., 2019,
and references therein for details). Mergers with one component being a NS can
have tidally disrupted material that interacts with the jet (the “cocoon” seen in
GW170817), while this is not likely for a binary BH merger, making it improbable
to observe from larger angles. So, we may be able to observe a possible jet from a
binary BH of the right energy, Lorentz factor and opening angle. Perna et al.|(2019)
have performed simulations of a population of BBH mergers assuming a range of
energies and Lorentz factors for the possible jets emanating from the binary BH

site at the time of merger.

10T I
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— t=10d !
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Figure 3.3. Constraints on the parameters of possible jets from binary BH mergers
from our 5191612ap upper limits (horizontal lines). These model predictions also
assume a Lorentz factor of I' = 100, and density of medium of njgyy = 0.01cm™3
and that the jet is pointed directly at the observer. Colors represent different epochs
(in days from GW event) of observation (see legend). Figure from Bhakta et al.
(2021).
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Our observations did not yield any transients associated with GW191216 (Bhakta
et al., 2021), the flux density upper limits derived are a significant improvement (a
factor of two lower) over previous limits for radio counterparts from binary BHs
(e.g.,Mooley et al., 2018c; Artkop et al., 2019). Figure3.3/shows the constraints that
our upper limits (horizontal lines) place on a jet that is pointed directly at the ob-
server, with a Lorentz factor of I' = 100 and density of medium of njgy = 0.01 cm™3.
Therefore, for observations as deep as ours, jets as energetic as 10*° erg cannot be

detected if the jet opening angles are < 20 deg.

3.3 Radio follow-up of AT2019wxt

The LIGO and Virgo collaborations reported 5191213g, a GW compact binary
merger candidate on 12 December 2019 at 04:34:08.1 UTC (LIGO Scientific Col-
laboration and Virgo Collaboration, |2019a). Initial classification of the GW event
was that it was either a binary NS merger (77% probability) or a terrestrial event
(23% probability, not astronomical but instrumental or environmental noise), with
a false alarm rate of one in 10 months. Using all three detectors, the event was
localized to a 50% localization region of area 259 deg? and a 90% localization re-
gion of area 1393 deg?, while a posterior luminosity distance estimate from the GW
amplitude was estimated to be 195+59 Mpc. A revised skymap and distance was
posted by the LIGO and Virgo collaborations with a huge 90% localization region
of area 4480 deg? and luminosity distance estimate of 201+81 Mpc (LIGO Scien-
tific Collaboration and Virgo Collaboration, 2019b). No counterpart candidates
were found in searches of this area at X-ray or gamma-ray wavelengths (Diego
et al., 2019; Sugita et al., 2019; Verrecchia et al., 2019; |Wilson-Hodge et al., 2019;
Barthelmy et al., 2019; Cutini et al., 2019; |Shenoy et al., 2019), nor were any found
in neutrino searches (IceCube Collaboration, 2019; Ageron et al| 2019; Alvarez-
Muniz et al., 2019). The Zwicky Transient Facility (ZTF) partially imaged the re-
vised localization area (29%), and identified a number of initial candidates (An-
dreoni et al.,, [2019; Stein et al., 2019). After extensive follow-up spectroscopy and
photometry (e.g., Perley et al.,, 2019} Fremling et al., 2019; Elias-Rosa et al., 2019;
Smith et al, 2019; Brennan et al., 2019; |Castro-Tirado et al., 2019), it was concluded
that none of the optical transients were likely related to the S191213g GW event.
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The Pan-STARRS collaboration reported a potential transient (PS19hgw) within
the GW localization area as part of a larger search for kilonova candidates (McBrien
et al., 2019). The object was at a right ascension (J2000)=01h 55m 41.94 s and Dec-
lination=+31d25m04.4s, and was detected with an i-band (central wavelength
806 nm with bandwidth 149 nm) magnitude of 19.440.1 mag on 16 December 2019,
PS19hgw or AT2019wxt was noted to lie close to the galaxy KUG 0152+311 at a red-
shift z = 0.036 (144 Mpc, NED). AT2019wxt showed narrow lines consistent with
the host galaxy redshift of z=0.037, and a blue, relatively featureless continuum
with a broad feature at 5400 - 6200 Angstroms. [Vogl et al|(2019) identified the
broad feature as being due to Hel lines, and suggested that AT2019wxt was either
a young type Ib or perhaps type ITb SN (refer to Chapter I|for classification of SNe).
The similarities of the spectra to SN 2011fu (Kumar et al., 2013) prompted |Vallely
(2019) to classify AT2019wxt as a type IIb. This SN classification was subsequently
supported by |Valeev et al.|(2019) and Becerra-Gonzalez and a larger Collaboration
(2019).

Photometric measurements around this same time showed that AT2019wxt re-
mained constant for several days after discovery (Fremling, 2019; Oates and Swift
Team), 2019; Kong, 2019), before declining approximately two weeks after the 5191213g
GW event (Huber et al., 2019; Hopp et al., 2020). The consensus view at that time
was that AT2019wxt was a type IIb SN and was unlikely to be related to the GW
event S191213g (Becerra-Gonzalez and a larger Collaboration, 2019).

The latest catalog (released after ~2 years from the GW event) of candidate
sources of GWs (The LIGO Scientific Collaboration et al., 2021) from the LIGO
VIRGO third observation run (O3) has declared that this GW event is no longer a
candidate. However, the SN type IIb classification and the peculiar optical emis-
sion (see our paper Hinna et al. in prep) was still a source of interest. The optical
i-band light curve shows a double peak structure that is characteristic of stripped
envelope core-collapse SNe (SESN). No variable source has been detected in the
X-ray observations of the field. We observed the source in the X (10 GHz), Ku
(15GHz) and K (22 GHz) bands of the VLA from ~ 4 days to ~ 263 days since the
first optical detection (reference epoch: MJD 58833.335) in the D, C and B configu-
ration of the VLA array (see Table[3.1).
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All K band (22 GHz) observations of the source were upper limits and so, only
the X (10 GHz) and Ku (15 GHZ) band data were used for further analysis. Figure
shows the radio light curves of AT2019wxt (top panel) and the host galaxy
KUG 01524311 (bottom panel). Observations with significance < 3 o are shown as
downward pointing triangles to indicate upper-limits.

30 1 AT2019wxt
—,: ® X-band (10 GHz)
= Ku-band (15 GHz)
-g 20 C config
3 B config
X
= 1
L 101 T v
75 100 125 150 175 200 225 250
KUG 0152+311
> -
2 300f X-band (10 GHz)
g Ku-band (15 GHz)
2 .
2 C config
3 200+ B config |
X
™
100 :

75 100 125 150 175 200 225 250
Time since first observed (days)

Figure 3.4. Radio light curve of AT2019wxt compared to the light curve of the host
galaxy, KUG 0152+311.
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Figure 3.5. Location of AT2019wxt with respect to its host galaxy. The im-
age is a Pan-STARRS i-band optical archival image of the field, with the circle
(radius=2.1 arcsec) centred at the optical position of AT2019wxt.
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Figure 3.6. Comparison of images in C configuration (left panels) and B configu-
ration (right panels). The top panels are the X (10 GHz) band observations and the
bottom panels are the Ku (15 GHz) observations. White circles are the region in
which the flux density for AT2019wxt are calculated.

The host galaxy appears resolved in all images. Figure (3.6 shows the images
from the two different configurations (left panels: C configuration and right pan-
els: B configuration) and two observation bands (top panels: X band and bottom
panels: Ku band). This figure indicates that there is the possibility of host galaxy
flux leaking into the source region (white circles) in the C configuration measure-
ments (left panels). This is clearly noticed as there are only non-detections of the
source in the B config observations that do not capture the large scale emission
from the host galaxy. So, it is highly probable that all “detections” (significance
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> 30) of the source may be excess flux density from the host galaxy. To test
whether the flux measured at the location of AT2019wxt is dominated by the host,
we compute the Pearson correlation coefficient and obtain the result that the host
and AT2019wxt flux densities are 99.32% correlated in the X band and 98.71% cor-
related in Ku band. To visually reiterate the correlation between AT2019wxt and
host galaxy flux densities, we plot them against each other in Figure

To further quantify the variability of AT2019wxt, we compute some variability
statistics as described in Swinbank et al.| (2015). We use N, F, and o, to represent
the number of observations, flux density measurements and the corresponding
errors at frequency v (see Table respectively. The flux density coefficient of

variation can be calculated as:

Assuming weights of w, = 1/02, the weighted average flux density is calculated

as:

2]‘\11 Wy iFV %
= =" 3.2
€Fu Z z]\i } Wy ( )
Further, we calculate the reduced-y? using the above defined weighted mean flux
density
N 2
= ’ . 3.3

i=1 vyt

Using this metric we can calculate the probability for the source to be a variable as:

P..=1- / p(n,/,N —1)dn, (3.4)
n

I —
v =My

where p(z,n) is the x? probability density function for x over n degrees of freedom.
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Figure 3.7. This figure visually illustrates the correlation between AT2019wxt and
host galaxy flux densities at 10 GHz (top panel) and 15 GHz (bottom panel).
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Table 3.2. Radio variability metrics for AT2019wxt compared with the host galaxy
and type IIb SN, SN 1993] in X (10 GHz) and Ku (15 GHz) bands excluding upper
limits.

AT2019wxt Host SN 1993]
Vi Pear (%) Vi P (%) VP (%)

Freq. band

X(10GHz) 03 56 01 22 02 484
Ku(15GHz) 02 33 02 326 02 42x1073

Table3.2|lists the variability statistics of AT2019wxt excluding upper limits along
with those for the host galaxy KUG 01524311 and a well sampled type IIb SN,
SN 1993] (this comparison is motivated by the fact that AT2019wxt was initially
classified as a type IIb SN). In the X band, we see that the statistics indicate that
AT2019wxt and the host galaxy show similar variability that is much less com-
pared to the variability of SN 1993]. This result taken with the fact that the host
and AT2019wxt fluxes are strongly correlated points to the conclusion that the
AT2019wxt flux measurements may be contaminated from excess emission from
the host galaxy in X band. The U band variability is much more complicated.
SN 1993] does not vary much in the time scales of interest. However, we see that
the host galaxy variability far exceeds the variability of AT2019wxt. The variability
of the host galaxy itslef needs to be explored further in the future as there are no
previous observations/studies of this galaxy and its properties. Therefore, we con-
clude that there is no evidence of a significant variable radio source in the region
of AT2019wxt.

3.4 Preliminary results on GW190814

The first half of the third observing run (O3a) of Advanced LIGO - Advanced
Virgo collaboration reported 39 candidate compact merger events (Abbott et al.,
2021). One of these candidates, GW190814, is the most asymmetric system ob-
served to date with the component objects weighing ~ 26 Mg and ~ 2.6 M. This
source was discovered on on 2019 August 14, 21:11:00 UTC (Abbott et al., 2020b)
and was finally localized to an incredible 19 deg® with 90% confidence (50% con-
fidence area = 4 deg® Abbott et al., 2021). Although this event has been classified
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as a neutron star-black hole (NSBH) merger (The LIGO Scientific Collaboration
et al., 2021), the nature of the second mass remains elusive - is it the heaviest NS or
lightest BH to ever be observed? While EM emission is expected when one com-
ponent is a NS (e.g., Hotokezaka et al., 2016; Rosswog et al., 2017), the detection
of gamma-rays from a source possibly related to another BBH event GW150914
(Connaughton et al., 2016) has excited the community. This justifies the need to
make follow-up observations of GW190814 even if the nature of the second mass
is unknown (see also Section [3.2).

Numerous searches for an EM counterpart for GW190814 have not been success-
tul (e.g., Page et al., 2020; Gompertz et al., | 2020; Watson et al., 2020; |/Antier et al.,
2019; Gomez et al, 2019; |Andreoni et al., 2020; Morgan et al., 2020; Vieira et al.,
2020; Thakur et al., 2020; |Ackley et al., 2020; Dobie et al., 2019). A shallow, galaxy
targeted search in the radio frequencies at 4 GHz was made with the help of the
VLA, not yielding a detection of any potential radio counterpart (Alexander et al.,
2021). In addition, a deep 944 MHz search using the Australian Square Kilometre
Array Pathfinder (ASKAP) also did not reveal potential counterparts (Dobie et al.,
2022).
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Figure 3.8. Left : The LIGO Virgo localization of the source with black solid outlines
representing the 90% confidence region. Inset : Zoomed in portion of the localiza-
tion region showing the mosaic of observations from this work (white translucent
region) covering the 50% confidence area of 4 deg®. The mosaic is composed of 28
individual pointings (circles making up the white translucent region).

We conducted a deeper, blind survey of the 50% confidence region at 1.5 GHz us-
ing VLA with observations spanning over 3 epochs, with the image in each epoch
made by mosaicking 28 pointings (observations of a field). Figure (3.8 shows the
coverage of the 50% localization we achieve by our observations. We are in the pro-
cess of imaging these observations. The imaging for such large mosaics is a chal-
lenge and new methods are being developed to quickly generate such mosaicked
radio images (for e.g., in the case of the congoing VLA Sky Survey. See Lacy
et al., 2020) Once imaged, we will create point source catalogs from each epoch
and cross-match these catalogs to obtain a master catalog. For each source on this
master catalog, we will examine its flux variability and select the sources that show
significant variability. Next, these selected sources are queried on databases of
variable sources to determine if they are already known sources and remove them
from the selected list. If any source remains in this list after the comparison with
databases, we will test that the source satisfies expected models for light curves
from merging compact objects, thereby constraining the physical parameters of
the models.
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CHAPTER 4
LATE TIME RE-BRIGHTENING OF RADIO-BRIGHT SN 2004DK

Having discussed the radio emission from merging compact objects in Chapter
and Chapter |3} here I turn my attention to stripped-envelope (Type Ib/c) core-
collapse SNe, another class of transients that have been linked to long GRBs and
the formation of compact objects in single star explosions (see Figure[1.2).

Type Ibc SNe, which constitute ~ 16.3% of the local core collapse SNe (Perley
et al, 2020), are the class of core-collapse SNe which lack Hydrogen (H) lines in
their spectra (Ib = He-rich; Ic = He-poor; see Figure[1.3). Many aspects of the mass
loss and progenitor physics of such explosions are still unanswered (e.g.,Wellons
et al.,2012;|Soderberg et al.,2006). The study of the structure of the medium (CSM)
in the vicinity of the explosion provides insights into the last stages of evolution of
the pre-SN progenitor. After the core collapses, shock waves produced due to the
collapse travel outward and eventually interact with material ejected by the star
before its explosion (layers are shed at many stages during the different burning
cycles). Radio (and X-ray) observations can help study such interactions, mapping
out the mass loss history of the progenitor (e.g., Soderberg et al., 2005, 2006 Corsi
et al., 2014; Margutti et al., 2017b; Rivera Sandoval et al., 2018; Palliyaguru et al.,
2019). In addition, because non-thermal radio emission probes the fastest moving
ejecta, we can discover the most relativistic type Ibc explosions associated with
long GRBs (i.e., relativistic jets) via their bright radio emission. Basically, for a
similar CSM density, how radio bright a SN is and how early its emission peaks in
the radio constrain the speed of the fastest components of its ejecta (Berger et al.,
2003). However, what exact mechanisms make some (a small fraction of the total)
Ibc SNe power relativistic ejecta (GRBs) is still a mystery. Thus, studying and
characterizing the entire zoo of possible radio transients associated with Ibc events
may help us shed light on such unknown explosion physics (Berger et al., 2003;
Corsi et al., 2016).
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4.1 Observations of SN 2004dk

As part of our investigation of stripped-envelope core-collapse SNe we have car-
ried out late-time (~ 14 years since explosion) observations of radio-bright SN 2004dk
with the VLA and VLA Low Band Ionosphere and Transient Experiment (VLITE[]
Clarke et al.2016) in order to investigate the presence/absence of signatures of jet
emission. SN 2004dk is a type Ibc event with a peculiar radio light curve character-
ized by a late-time re-brightening (Balasubramanian et al.,[2021a). Low frequency
radio observations help in probing absorption mechanisms and CSM structure.
SN 2004dk was discovered by the Katzman Automatic Imaging Telescope (KAIT)
on 2004 August 1.19 UT (Graham and Li, 2004) at RA = 16 h21m48.87s, Dec =
—02d16m17.6s in the galaxy NGC 6118, at a distance of ~ 23 Mpc (average dis-
tance for Nasa Extragalactic Database distances calculated using Hubble constant
Hy=72—-"75kms ! Mpc™1).

A brief description of the observations of the SN, discussed in Balasubramanian
et al.| (2021a)), follows.

4.1.1 VLA observations

SN 2004dk was first observed at GHz radio frequencies at about 8 days after ex-
plosion, with the Karl G. Jansky Very Large Array (VLA). Follow-up observations
with the VLA continued until 2009 (At ~ 1912 days since explosion; Stockdale
et al., 2009; Wellons et al., 2012). A summary of the radio observations carried out
with the VLA between 4.9 GHz and 22.5 GHz is reported in the first section of Ta-
ble (adapted from Wellons et al., 2012). The 8.5 GHz light curve of SN 2004dk
peaks at ~ 14 days from the SN explosion, with a flux density F,, ~ 2.5m]y. At an
epoch of At ~ 1700 days since explosion, a re-brightening is observed at 4.9 GHz
and 8.5 GHz.

A more recent GHz radio observation of the SN 2004dk field was carried out on
2018 April 7.4 UT (At ~ 5000 days since explosion) with the VLA in its A configura-
tion (VLA /18A-119, PI: Margutti; see Table. 3C286 was used as flux calibrator
and J1557-0001 was used as complex gain calibrator (to calibrate phase/position).
We calibrated this data in CASA (McMullin et al., 2007b)) using the standard VLA

Thttps:/ /vlite.nrao.edu/
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calibration pipeline, and then manually inspected and flagged the calibrated data
for Radio Frequency Interference (RFI). After imaging the field with the clean
task interactively, we used the CASA task imfit to obtain the integrated flux den-
sity of SN 2004dk (and the associated statistical error) within a circular region of
radius 0.33” (nominal VLA resolution at the observed frequency for A-array con-
tiguration) centered on the optical position of the SN. A 5% absolute flux calibra-
tion error was added in quadrature to the flux density error returned by imfit to

account for error as the fluxes are dynamic range limited (e.g., Ofek et al., 2011).

4.1.2 VLITE observations

VLITE is a commensal, low-frequency system on the VLA that runs in parallel
since 2014, with nearly all observations above 1GHz. VLITE provides real-time
correlation of the signal from a subset of VLA antennas using the low-band re-
ceiver system (Clarke et al., 2011) and a dedicated DiFX-based software correlator
(Deller et al., 2007). The VLITE system processes 64 MHz of bandwidth centered
on 352 MHz, but due to strong RFI in the upper portion of the band, the usable
frequency range is limited to an RFI-free band of ~40 MHz, centered on 338 MHz.
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SN 2004 dk

Figure 4.1. Top: VLT MELIPAL+VIMOS image (www.eso.org/public/images/es
00436b /) of the spiral galaxy NGC 6118 and SN 2004dk taken on 21 August 2004.
Bottom-left: Radio contours observed using VLITE (white —10 ¢ outermost contour,
see Table [4.1|for the data) on 01 Jan 2021 UT and Bottom-right: VLASS (green —7 o
outermost contour, see Table for the data) on 21 May 2019, both overplotted on
an r-band Pan-STARRS] image of the field (Flewelling et al., 2020) with the help of
SAOImageDS9 (Joye and Mandel, 2003).
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SN 2004dk was observed by VLITE on 2018 April 8, 2019 August 30, 2020 De-
cember 28 and 2021 January 1 UT. The VLITE data are reported in the bottom
section of Table SN 2004dk is the first SN to be detected at sub-GHz frequen-
cies by VLITE. VLITE data were processed using a dedicated calibration pipeline
based on a combination of Obit (Cotton, 2008) and AIPS (van Moorsel et al., 1996)
data reduction packages. The calibration pipeline uses standard automated tasks
for the removal of RFI and follows common techniques of radio-interferometric
data reduction, including delay, gain, and bandpass calibration (for details on the
pipeline data reduction see Polisensky et al. (2016)). The flux density scale is set us-
ing Perley and Butler|(2017). The final VLITE images have restoring beams (resolu-
tion) of approximately 6” x4” and rms noise 0.5 — 1 mJy beam ™' (10). Flux densities
were measured with PyBDSF (Mohan and Rafferty, 2015) via the VLITE Database
Pipeline (Polisensky et al., 2019). We conservatively adopt 20% flux density errors

that include local image noise as well as fitting and flux-scale uncertainties.

4.1.3 VLASS archival observation

The VLA Sky Survey (VLASS) is an ongoing 2 — 4 GHz survey of the entire sky
visible to the VLA i.e., § > —40 deg for a total of about 33,885 deg? of the sky (Lacy
et al., 2020).

We queried the VLASS quick look image archive for fields centered at < 1deg
from the optical position of SN 2004dk. We manually inspected the retrieved VLASS
images and identified a source coincident with the optical position of SN 2004dk.
The VLASS field containing the SN (observed in VLASS epoch 1.2%) was then an-
alyzed using the CASA task imfit to obtain the integrated source flux density
(and corresponding statistical error), using a circular region of radius 2.5” (nomi-
nal VLASS resolution) centered at the optical SN position. In order to account for
absolute flux calibration errors, we added in quadrature to the integrated flux error
returned by imfit a fractional 10% error (as VLASS Epoch 1 total flux densities
are estimated to have systematic errors of order 10%*). Our results are reported
in the bottom section of Table and Figure 4.1 (right panel) shows the VLASS
radio contours of SN 2004dk.

*https:/ /science.nrao.edu/science/surveys/ vlass/vlass-epoch-1-quick-look-users-guide
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4.2 Synchrotron Self Absorption model

The Synchrotron Self Absorption (SSA) model (Chevalier, 1998; Chevalier and
Fransson, 2006) has been used successfully to describe late-time radio emission
powered by SN ejecta-CSM interaction (e.g., Soderberg et al., 2005; Wellons et al.,
2012 Palliyaguru et al., 2019). Within the SSA model, for a smooth CSM profile
such as the one predicted to arise from a constant mass-loss rate, constant velocity
pre-SN wind, the observed radio emission is characterized by a smooth turn-on
tirst at higher frequencies, and later at lower frequencies. This evolution can be
explained as a consequence of a self-absorption frequency which decreases with
time as the SN shock propagates toward lower density regions. Modifications to
this scenario include an initial exponential rise of the low-frequency radio flux due
to free—free absorption (electrons gain energy by absorbing photons after colliding
with ions) in the ionized CSM (an effect usually relevant at early times; see e.g.,
Weiler et al., 1990; Chevalier, 1998)), as well as flux variations associated with a
non-smooth CSM profile, perhaps associated with eruptive mass-loss from the SN
progenitor (Wellons et al., 2012; |Corsi et al., 2014; Palliyaguru et al., 2019). A de-
tailed description of the SSA model focused on its application to radio SNe can be
found in Soderberg et al.|(2005). In what follows, we summarize briefly the model
so as to introduce notation relevant for our analysis of the SN 2004dk data. Here, I
describe the SSA model in brief, as discussed in Balasubramanian et al.|(2021b).

Within the SSA model, we consider emission produced at a certain epoch ¢ since
explosion (i.e., ¢ = 0 at the time of the explosion of the SN, t.) from a thin shell of
radiating electrons of radius r, and thickness /7. The electrons are accelerated to a
power-law distribution of Lorentz factors N(vy) x 777, above a minimum Lorentz
factor v,,. The temporal evolution of the radius of the shell, of the magnetic field

strength, and of the minimum Lorentz factor are assumed to follow the relations:

r(t) =ro (%) : (4.1)

B(t) = By (i> , (4.2)
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to
where ¢ is an arbitrary reference epoch, ¢ is the epoch since explosion t., and ry,
By, Ym0 are the values of the shell radius, magnetic field, and electron minimum
Lorentz factor at this reference epoch, respectively. Also, the density profile of the
radiating electrons within the shocked CSM is assumed to be n, oc r~*. Assuming
also equipartition, i.e.,, ¢, = €p for the fraction of energy going into relativistic
electrons and magnetic field respectively (see e.g., Wellons et al., 2012), one has:

(2—5)
2

ap =

a,—1 and o, =2(a, —1). (4.4)

The flux density at a certain epoch ¢ and frequency v is given by:

t (40(7-—043)/2 1/6
i€ _
f,,—cf(%> [1- O] o2 my ) By ), (4.5)

where the optical depth 7, (t) reads:

; (p—2)ay+(3+p/2)ap+ar
—n oo, e

and where ¢ € [0, 1] controls the sharpness of the spectral break between optically
thin and thick regimes. In the above equations, F, and Fj are Bessel functions of
x = 2/3(v/vy,) with v, the critical synchrotron frequency of electrons with Lorentz
factor equal to ,,. This frequency, v,,, evolves with time as:

y (100 —sar—10)/2
Vm = Vm,0 <t_> ) (47)

0

where

0= Tmos .
MO mec

(4.8)

Um

The normalization constants for the flux density and optical depth, C'y and C;, are

themselves functions of By, v, , 1o (see Equations (A13)-(A14) in Soderberg et al.,
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2005): , o
2mme [ 1o 2Tmec
Cy = — 4.9
_ ‘ 2
(0+2)(0 - 298" B2 By [ eBy \"
C, = —0 , (4.10)
41 81 m2c*ymo \ 2mmec

where d is the distance to the source.
At high frequencies, the observed spectral flux density needs to be corrected for
the effects of synchrotron cooling, which occurs at frequencies above the cooling

frequency (v,.), defined as:
_ 18mmece

Ve = .
2+52 B3
t?0%.B

(4.11)

Overall, the resulting spectral shape and temporal evolution of the flux density
from Equation (#.5), corrected for the effects of synchrotron cooling, can be approx-

imated as:
(
12420 +ay UV < Up,
p1/3¢(4ar—agp)/2 U < UV < Vg,
£, (4.12)
y—(0=1)/24[40r —ap+(4+p)ay,]/2 Vg < U < Vg,
P 24200+ (1=8p)ap+(2+p/Dav,—20+1] 1, 5 )

\

where v, << v, (self-absorption frequency), typically a good assumption at late

times, and:

; [2(p—2)ay+2(3+p/2)ap+2ar]/ (p+4)
Vg Va0 (;)
0

:yao(i> o 4.13)
olz

Note that in the above Equation, v,y can be calculated using the condition 7, ,(ty) =
1.
Based on the above considerations, for a given t., via comparison with flux den-

sity observations at different times and frequencies, one can determine the set of
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parameters (By, &, p, Um0, To, S, §). These, in turn, constrain the physics of the emit-
ting shell and the properties of the CSM. Specifically, one can derive constraints

(see e.g., Soderberg et al., 2006) on the ejecta energy,

4 B2 ; (bar—sar—2)
T
n 8mee \ T
electron density,
—2) B2 h
Ne = (p ) 0 i ’ (415)
(p—1) 87Tme02%n,0 7o
and the mass loss rate,
8N omyTivy, (p — 2) B2 r e
M= —°STProw 0 — . (4.16)
n (p— 1) 8mmec®Ymo \ 7o

In the above Equation, v,, is the wind (stellar material expelled my massive stars)
velocity and n. is the value of n. at t = t,. Hereafter, we take v,, = 1000kms™*,

the typical value for Galactic Wolf-Rayet stars (see Wellons et al.,2012).

4.3 Results and Conclusion

Using all detections reported in Table we perform a x? fit of the SN 2004dk
radio observations within the SSA model described in the previous Section. For
all fits, we set {y = 10 days from the explosion time t. and, following |Wellons et al.
(2012), n = 4. Table shows the best fit results obtained for various scenarios.
The orange fit (and corresponding orange lines in Figures 4.2 and considers
only data obtained within the first ~ 100 days from the SN 2004dk explosion, so as
to exclude the radio re-brightening phase. For this fit, following the “standard” fit
by Wellons et al.| (2012)), we fix a, = 0.9, p = 3.0, s = 2.0, and { = 1.0. We further set
Vm,0 = 0.02GHz (Soderberg et al,, 2006) and allow B, and r( to vary. The obtained
best fit values for By and r, agree with those by Wellons et al. (2012). This fit yields
a x?/dof ~ 174/18.
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Figure 4.2. The radio light curves of SN 2004dk (data points) with the best fit SSA models
(see Balasubramanian et al, 2021a). Upper limits are shown as downward pointing trian-
gles and are not included in the fits. The orange curve is the best fit SSA model for early
times (< 100 days), which agrees with the fit obtained by Wellons et al. (2012). Curves at
later times (red and blue) are independent SSA fits derived assuming a smooth radial evo-
lution of the SN ejecta. The last panel of the plot shows the temporal evolution of v, (solid
lines) and v, (dashed lines) and the color code is the same as that of the light curves. The
extent of the light blue patch covers the observation frequencies from the lowest 340 MHz

to the highest 22.5 GHz.
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Figure 4.3. Plot of physical parameters for various fits using the same colors as the light
curve plot (Figure £.2). The panels on the left show the temporal evolution of the shocked
shell properties, while the panels on the right show the radial evolution of the ambient
medium and magnetic field (see Balasubramanian et al., 2021a, for detailed discussion).

Next, we perform an independent analysis of the late-time (¢ 2 1000d since
explosion) radio observations of SN 2004dk within the SSA model. All the fits
assume a smooth radial evolution of the SN 2004dk ejecta with o, = 0.9 and ry =
5.0 x 10" cm (as derived from the fit of the early-time data). For the red fit (and
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corresponding red lines in Figures4.2land .3) we fix v, 0 = 0.02 GHz, and p = 3.0,
and vary By and s and £. The best fit result yields s &~ 0 and a x*/dof ~ 101/11. For
comparison, we also report a blue fit (and corresponding blue lines in Figures
and where we set s = 2 (standard case of a smooth CSM shaped by a constant
mass-loss rate from the progenitor). We see in Figure 4.2| that the blue curve does
not fit the data well (y?/dof ~ 495/12).

Table 4.2. The best fit results for SN 2004dk within the SSA model. See text for
discussion.

Parameters  Orange fit Red fit Blue fit
By (G) 1.06 0.02 3.27
a, 097 09/ 0.9/
D 3.07 3.07 3.0/
Um0 (GHz) 0.02 / 0.02 / 0.02/
o (x10'° cm) 5.0 5.07 5.07
s 207 0.0 207
te JD) 2453216.7 7 2453216.7 /  2453216.7 7
13 1.0/ 0.2 0.9

x?/dof 173.80/18  100.98/11  495.45/12

Ym0 2.6 20.1 15
Ey (erg) 1.8 x10*7 49 x10*® 1.7 x108
v () 0.17 0.17 0.17

Neo (cm™3) 1.0 x10* 3.8 x107! 1.8 x10°
My (Mg/yr)  44x107% 1.6 x107° 7.4 x107°

! fixed parameter

We finally note that the results reported in Table 4.2|are somewhat dependent on
the assumed value of 7, given the scalings B, oc n*/!7 7 —2
(see Equations (5)-(7) inSoderberg et al., 2006).

From the outcome of the fits reported in the previous Section, it is evident that

s To XN /and’Ym,OO(n

the standard s = 2 (constant mass-loss rate) and p = 3 scenario of the SSA model
for radio SNe fits the SN 2004dk radio data well at early times (¢ < 100 days since
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explosion, orange fit in Figure. and agrees with the fit obtained by Wellons
et al. (2012). However, interpreting the SN 2004dk late-time radio re-brightening
within the SSA scenario requires a modified CSM profile which approaches the
s = 0 case of a constant density CSM (compare the blue fit with the red one).

Changes in the mass-loss rate profile at late times have been observed in other
SNe with peculiar and variable radio light curves (e.g.,[Montes et al., 1998; Wellons
et al., 2012; Corsi et al., 2014; Palliyaguru et al.,, 2019) and can be attributed to
a significant evolution in the mass-loss history of the SN progenitor in the years
before explosion, perhaps related to precursor eruptions to the main SN event. In
Figure we show the evolution of the mass-loss rate with radius (bottom right
panel) for the late-time best fit models of SN 2004dk radio light curves, compared
to that derived from the early-time data (orange).

It is particularly interesting that the fit providing the best x?/dof pushes the pa-
rameter s to s = 0, so that a constant ISM density profile seems to be favored over
a stellar wind one (see (Chevalier, 1982, for a discussion of the s = 0 case). To
better understand the reasons behind this result, the following considerations are
useful. As shown in the bottom-right panel in Figure our observing radio fre-
quencies v (light blue patch) are such that, for all best fit models considered here,
Um < Vg <V < 1. Thus, from Equation (4.12), we expect the flux to scale as:

fl/ x t%(Gar—5sa,«+10par—10p—spar+6)' (417)

As is evident from the above Equation, when s = 0 (and for o, = 0.9 and p = 3), f,
increases with time in this frequency regime, while for s = 2 (blue fit in Figure
the flux decrease with time, thus making it hard to fit a re-brightening behavior
such as the one observed in SN 2004dk (see Figure[4.2).

From Equations (4.16)-(.17), when s # 2 we can further derive the following
scaling of the observed flux with the mass-loss rate:

[or (6—55+10p—sp)—10p+6]

M (ar(2—5))
f, x <—> ) (4.18)

UV
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For a,, = 0.9, p = 3. and s = 0, one gets:

M +1.2
£, (-) (4.19)

w

which shows how an increase in mass-loss rate corresponds to a re-brightening of
the observed flux (see Figure. 4.3|for the radial evolution of the mass-loss rate, and
Figure 4.2/ for the temporal evolution of the flux density).

Now, we can compare our results with those reported in Mauerhan et al.| (2018),
where the velocity measurements from late-time observations of the Ha profiles
yielded v,, =~ 400 km s~'. Assuming this to be the speed of an H-rich CSM outflow
from the progenitor system, we find that the H-rich material was ejected ~ 400
years before explosion (since the SN shock meets this CSM outflow at a radius of
r ~ 5% 10'" cm. The last is derived using the radius of the shell as predicted by the
best fit models shown in red and blue in Figure 4.3} at the time of the earliest radio
data used in those fits). This is an approximate estimate of the boundary of the
H-rich CSM medium. This estimate closely agrees with the ~ 320 years found by
Mauerhan et al. (2018), which suggests a “superwind” related to pulsations of the
partially ionised H envelope during the red supergiant phase (Heger et al., 1997).
Computational studies of such a mechanism show that winds can cause episodic
mass loss from the star, all in a timescale of < 10° years before the explosion (Yoon
and Cantiello, [2010).

Pooley et al. (2019) interpret the late-time X-ray and optical behavior of SN 2004dk
in the “wind bubble model”, where the emission is a result of interaction with a
CSM prepared by inner fast winds interacting with a previous slow wind. In this
framework, the inner CSM density follows the usual radial dependence, p o< r72,
agreeing with the SSA fit obtained at early times in this work and in Wellons et al.
(2012). However, the shock will then interact with a nearly constant density region
before reaching the cold, dense shell (CDS), which is formed due to radiative cool-
ing of matter in the region where the fast and slow winds collide. While a detailed
comparison with the model by Pooley et al. (2019) is beyond the scope of our anal-
ysis, we note that our best fit SSA model at late-times (red curves in Figure
also hints at a constant density medium.
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Figure 4.4. 8.5 GHz light curve of SN 2004dk (data points in black with the best fit
light curves for both early and late times as plotted in[4.2) compared with late-time
light curves of other SNe (type II in shades of red, type Ib in shades of blue and
type Ic BL in shades of green). Data for SN 1993] from Weiler et al.|(2007); SN 1995N
from Chandra et al.|(2009); SN 2001em from Chandra et al. (2020); SN 2003gk from
Bietenholz et al.|(2014); and SN 2014C from |/Anderson et al.| (2017):SN 2007bg from
Salas et al| (2013); and PTF11qcj from Corsi et al|(2014) and Palliyaguru et al.
2019).

In Figure 4.4/ we compare the radio light curve of SN 2004dk with other radio
SNe whose light curves have been monitored on long timescales. The radio light
curve of the Type IIb SN 1993] has been modelled via a combination of free-free ab-
sorption and synchrotron self-absorption (see Section {4.2| and |Weiler et al., 2007).
The bumpy radio light curve of the Type IIn SN 1995N has been explained by in-
voking density enhancements in the CSM (Chandra et al., 2009). SN 2001em, ini-

tially classified as a Type Ib explosion, has shown evidence for late-time interac-
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tion with an H-rich CSM (ejected by the progenitor a few thousand years before
explosion). It has thus been re-classified as a Type IIn SN and also as the second
brightest explosion of this type in the radio (Chandra et al., 2020). In the case of the
Type Ib SN 2003gk, a decaying late-time radio emission has been observed several
years after explosion (Bietenholz et al.,[2014). SN 2014C represents another case of
a Type IIn explosion with two distinct phases of mass loss invoked for its progen-
itor, on timescales similar to that of SN 2004dk (Anderson et al., 2017). PTF11qcj
and SN 2007bg are the most radio-loud Type Ic with broad lines, showing evidence
for interaction with a CSM of varying density (Corsi et al., 2014; Palliyaguru et al.,
2019; Salas et al., 2013), again qualitatively similar to the case of SN 2004dk. We
note that the 8.5 GHz radio peak luminosity of SN 2004dk during its first peak of
emission is comparable to the peak luminosities of the first peak of SN 2014C and
SN 1993] (Figure [4.4).

In conclusion, the VLITE observations reported in this paper, combined with
previously collected VLA data, favor an interpretation of SN 2004dk as a strongly
CSM-interacting radio SN going through an environment shaped by the progeni-
tor wind at first, and then followed by an ISM-like profile. The re-brightening as-
sociated with this change in density profile was first probed in 2009 (see Stockdale
et al., 2009; Wellons et al., 2012 Pooley et al.,2019). Our VLITE observations con-
tirm such re-brightening episode and suggest that the radio emission of SN 2004dk
will likely continue to brighten at GHz frequencies until a second peak in the light
curve is reached. However, our conclusions are also limited by the simplifica-
tions inherent in the spherically symmetric SSA model we adopted. Continued
VLA/VLITE observations will be able to further test this hypothesis (or else spur

a more complex theoretical modeling of this peculiar radio SN light curve).
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CHAPTER 5
SUMMARY AND FUTURE PROSPECTS

In this Thesis I have discussed observations and analyses of a variety of radio
transients from merger of compact objects like NSs and BHs to deaths of massive
stars also known as SNe. In Chapter [1, I have introduced the concept of tran-
sients as fast changing events. The importance of studying transients in radio
wavelengths lies in the unique perspective it gives on the study of fast explosions,
helping to probe relativistic particles in often strong magnetic environments. Such
studies can help unveil properties of the ejecta from explosive transients, physi-
cal parameters of the medium surrounding the transients, etc. In this chapter, I
have also emphasized GRBs as some of the most energetic explosions in the cos-
mos. While many aspects of the physics of GRBs are well known, there still re-
mains many questions about them, from their energetics to the properties of the
central engines that drive the jets that make the GRBs, and subsequently emit the
afterglows. We also saw the possible links of these energetic emissions to two cat-
aclysmic events: mergers of compact objects and core collapse SNe. Continued
study of these related groups of transients at various wavelengths is likely to help
us solve some of the open problems.

In Chapter 2, I presented my work on the radio follow-up studies of GW170817,
the first binary NS merger to be observed both in GWs and across all bands of the
EM spectrum. I summarized the detection of both GWs and the two types of EM
emission, the non-thermal jet+cocoon emission and the quasi-thermal kilonova
emission. The importance of radio observations in understanding the morphology
of GW170817 cannot be understated. The radio non-thermal emission seen from
the jet+cocoon had faded below detection limits at the epoch of about 3 years
since merger. Models predicted a re-brightening to be visible at X-ray and radio
wavelengths due to the interaction of the isotropic kilonova ejecta with the inter-
stellar medium after a few years from merger. I have worked on observational
campaigns with the Jansky VLA to look for this proposed re-brightening (Bala-
subramanian et al., 2021b, 2022). While no re-brightening has been detected as

of 4.5 years after merger, my work has placed strong constraints on particle accel-
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eration mechanisms, the energy-speed distribution of kilonova ejecta and on the
equation of state of NSs. I also made predictions on what to expect from observa-
tions of similar sensitivity at 7.5 years from merger.

In Chapter 3T have summarized my contributions to radio follow-up observa-
tions of GW events from the third observing run (O3) of LIGO and Virgo. The
tirst event we studied was S191216ap (Bhakta et al., 2021), a binary BH merger.
Although it is not very likely for binary BH mergers to emit EM waves, the dis-
covery of a possible EM counterpart to GW150914 has excited the community to
come up with plausible models. No counterpart for S191216ap was found in our
observations, but we placed deeper constraints on the physical parameters of a
possible jet from binary BHs. The next transient I studied was AT2019wxt (Hinna
et al. 2022 in prep) which was discovered in followup campaigns for the GW event
S5191213bg. S191213bg was later dropped as a possible high-confidence GW event
after off-line analysis of the GW data. However, the peculiar AT2019wxt was still
an interesting source. The optical light curve shows a double peak structure char-
acteristic of stripped envelope core collapse SNe. The radio and X-ray observa-
tions do not show evidence of a variable source in the location of the transient.
Lastly, I have carried out radio observations of the 50% confidence region of the
GW event GW190814, a probable NSBH merger with the most extreme difference
in the masses of the constituent objects observed to date. At the time of writing, I
am finalizing this work (paper in prep). These follow-up campaigns have helped
inform future GW observations and prepare the community for follow-up obser-
vations in the upcoming runs of the LIGO and Virgo detectors.

My work with the observations of the late-time re-brightening of the radio loud
SN 2004dk (Balasubramanian et al., 2021a)) was described in Chapter 4 The study
of radio bright core-collapse SNe is motivated by the fact that a small fraction of
these emit jets, and we don’t know what separates normal core collapse SNe from
these special ones. SN2004dk shows a peculiar light curve with a re-brightening in
radio still observed ~15 years after the SN. Combined with late-time optical spec-
tra, we have shown the evidence of the SN shock wave interacting with envelopes
of the massive star ejected before the star collapsed in a SN. This study also helped
us map the mass loss of the progenitor up to ~400 years before the SN explosion.

72



Texas Tech University, Arvind Balasubramanian, August 2022

With the updates to existing GW detectors, and upcoming third generation GW
detectors like the Einstein Telescope (ET) and Cosmic Explorer (CE; see e.g.,|Abbott
et al., 2017a; Mills et al 2018} Singh et al., 2021), the number of candidate merger
events which may be accompanied with EM counterparts will grow by orders of
magnitude. To keep up with the rising number of sources, new radio facilities like
the next generation VLA (ngVLA) will play a vital role in helping with follow-up
observations like the ones described in Chapters 2and 3 A population of multi-
messenger sources will help us paint a better picture about the physics of mergers
and short GRBs. Finally, with more sensitive GW detectors such as CE, extreme
stripped-envelope core-collapse SNe may become sources of interest also for multi-
messenger studies across the GW spectrum (see e.g., Michaely and Perets| 2018;
Nakamura et al., 2016).
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APPENDIX A
SYNCHROTRON AFTERGLOW RADIATION

A.1 Synchrotron emission from accelerated charges
Consider a charge g of mass m moving with a velocity ¢ in a magnetic field. The
relativistic equations describing the motion of such a charge (in Gaussian units)
are (See Lorentz four force (Rybicki and Lightman) 1979)):

d(ymv)  q,. =
—2(ox B
dt c( x B)
d(yme®) =
—gi-E=0
dt v

The second equation is zero as there is no E in our problem. This implies that ~ =

constant or that |]> = constant. Now, ¢ can be broken up into two components, v

parallel to Band @ | perpendicular to B. This in turn implies :

dl_}’” dv L q =

Wi_g =LY% xB

dt gy = X B
We have already seen that |¢] is constant and from the first equation above, 9 is a
constant. Therefore, we have |0, | is a constant, i.e., the charge moves in a helix of
constant radius. The frequency of gyration is given by :

B
wg = 3 (A1)

yme

and the acceleration is perpendicular to velocity with a magnitude of a; = wgv;.

We have seen in class, that we can obtain the following radiated fields from the
Liénard-Wiechert potentials (see Jackson| (1998), Chapter 14):

\_/l

g e G R O B

B(7 1) = [ﬁ x B(7, t)] (A.3)
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where R(t') = 7 — 7o(t'), i = B/R and § = 7/c.

A.1.1 Classical cyclotron

For non-relativistic particles, 5| << 1 and therefore the magnitude of the fields
from[A.2]above become (Rybicki and Lightman) [1979)

.
|Erad| = |Brad| = Rl—cism\lf (A.4)

where ¥ is the angle between #(= @) and 7. This in turn gives us the radiation

pattern and hence the power radiated

dP  ¢*a® . 2q¢%a?

Sl P =
dQ)  Awcd s — 3c3

(A.5)

From the above discussion on the motion of the charge, we already have a, in
terms of wp ~ ¢B/mc (as for the non-relativistic case 7 — 1) which we can plug
in to obtain the total power radiated by a non-relativistic particle moving in a con-
stant B field (Larmor Power) :

P 2‘-74C<9£>2_B? (A.6)

3mct\ ¢

and is emitted solely at the frequency wp (Rybicki and Lightman), 1979).

A.1.2 Relativistic generalization

Let us now see how to generalize what we saw above to a relativistic case. We
defined the following four vectors in class already : four-velocity - n* = (vye,vV);
four-momentum - P* = mgn*; and four-acceleration a* = dn*/dr. It can be shown

that this four-acceleration and four-velocity are orthogonal (Rybicki and Lightman,
1979):
dn* 1d 1d
Bog — 2 0 22 [k — () =
@t = G = 5 g7 (1) = 5 () =0
So, in the rest from of the particle (* = (c, 0)), we have a) = 0 and |d’|> = ¢/-a’ (only

the spatial components). So, the Larmor Power (See modifies to (See Jackson
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(1998) Section 14.2. It can be proven that P is a Lorentz invariant, and hence has

the form):
2¢> (dP,dP*\ 2%~ -
P = i = g.d A7

3m203<d7 dT) 303a “ (A7)

Going to the inertial frame (primed coordinates are in particle frame):

2¢>
d| =%, = P= @74@1 (A.8)
Substituting the value of a; from scattering cross-section o7 = 8m¢*/m?*c*
using an isotropic distribution of velocities < 37 >= 23%/3 with the approximation
B — 1, the power emitted can be written as a function of +y (Sari et al., [1998):

4 B?
P(y) = §0T0'728_ (A9)
U

A.2 Application to GRB afterglows

Delayed electromagnetic emission seen from a merger remnant or other cata-
clysmic events like Supernovae is known as afterglow. It has been seen that emis-
sion of this type in radio wavelengths can be explained by synchrotron emission
from a slowing down relativistic shell that collides with the external medium.
Here, we will look at the broad band spectrum and light curve of synchrotron ra-
diation from a power-law Lorentz factor distribution of electrons in the relativistic
shock (Sari et al., [1998).

A.2.1 Assumptions and predictions

A relativistic shell propagates through a cold, uniform medium of particle den-
sity n. If the shock waves have a Lorentz factor of v with respect to the observer
frame, the number density of the particles behind the shock wave can be written
as 4yn (this can be shown using p = 0 for the cold fluid and the ultra-relativistic
equation of state implies the pressure behind the shock is p = u/3, u is the energy
density. See Blandford and McKee| (1976); Rybicki and Lightman (1979) and hence
the energy density behind the shock is 4y?nm,c* (as there is possibility of particle
creation, n must be the density of particles that are conserved like baryons, hence
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the use of m,(Blandford and McKee, [1976). Assuming that electrons in the shock
are distributed in a powerlaw distribution of their Lorentz factor -, with respect to
the shocked fluid ie. N(v.)d7. x 7. ?dy. for 7. > 7., some minimum Lorentz factor

given by :

p—2\m
S

Tm = €e ( ]: m.
where ¢, is the fraction of the shock energy with the electrons and p > 2 to keep the
energy of the electrons finite. Let e be the fraction of the shock energy density in
the magnetic field behind the shock. Therefore, this energy density and hence the
magnetic field strength (assumed to be perpendicular to the shock wave) can be written
as:

ug = i|B’|2 = epdy*nm,c

8m
The Lorentz factor of the shock with respect to the observer is v and we have seen

> — B = (32rmyepn) e

in that class that the magnetic field transforms as B’, = vB. Now, we can go ahead

and write down the radiation power (in the rest frame of the observer) as follows

(seelA.9):
4 B?
P — - 2.2
(ﬁye) BO'TCF}/ fye 87T
The observer will see a pulse for a duration much smaller than the gyration pe-
riod (see and period= 27 /wg) and the spectrum will be spread over a much
broader region around the gyration frequency, unlike the monochromatic cy-

clotron emission.

Power per frequency gives more information than the total power. The critical
frequency w, beyond which there is negligible radiation at any angle is defined as
(See Jackson! (1998) section 14.6):

We 9 q.B

s = v()
wc = — ew 1% e) = — = .
27 B 7 2m 2Tmec

The spectral power, P, (Power per frequency), varies as v'/3 for v < v(y.) and

cuts off exponentially for v > v(7.) (Rybicki and Lightman, 1979). The maximum
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value of P, is
Py,max ~ P(’}/e) = meczUT
v(7e) 3qe

P, describes the emitted spectrum when the electron does not lose a large frac-

vB.

tion of its energy to radiation, which requires ~, to be less than a critical value ~,
given by:

6mTmec 3me, 1

Yo = oryB?t - 16egormycty’n’

Therefore, the instantaneous flux density at the observer consists of three seg-
ments:
(V/Vm)l/SFl/,mam V< Vpy
F, = (V/Vm)_(p_l)/QFu,mm v << v,

(Vc/ym)i(pil)/2 (V/Vc)ip/2 Fl/,max V>V

where v, = v(ym), Ve = v(Ve), Fomar = NePyax/47D?* (N, = total number of
electrons and D = distance to the source).

At a given frequency, v, many of the quantities discussed above, like v, v, and
NP, maz, change with time. Let us assume a spherical shock of radius R(t) propa-
gating in a medium of density n. Then:

4
N, = ngwR?’

Here, we will consider the case where ¢, << 1 or 7. >> 7,,, an adiabatic evo-
lution. The constant energy of the spherical shock is (Blandford and McKee, [1976;
Sari et al., [1998):

16
E = 1—77T72R3nmp02
Define L = [17M/(16mm,n)]*/3, is the radius at which the mass swept up from the
external medium equals the initial mass M of the ejecta. M = E/~oc?, where v is
the initial Lorentz factor of the ejecta. Therefore, we can calculate observed time ¢,
R(t) and v(t) as follows (Sari et al., [1998):
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17TEt \1/4
o= (25
4rmpnc
() = ( 17E )1/8
M= 1024mnm,cdt?

With these values, we can then calculate the following values that can be used to
obtain the functional form of the light curve:

v, = 27X 101261_33/2E5_21/2n1_1t51/2 Hz,
Vp = 57X 10146113/265E;2/2t;3/2 Hz,

Fymaz = 1.1x10%)*Esyny* D32 ply,

where t, is the time in days, Es» = E/10°2 ergs, ny is n in units of cm™® and Dag =
D/10% cm.

b T T T T T T T
I 1/3 (o slow cooling
. VPR tt,
L | | _
10 | F | G
W I I
— | | |
3 102 - E | | | g
— | | | -p/2
§ I I I v
T 0 ! _3/2 l -1/2 l
10° e ]
| | |
| | |
| | |
107 o |
Va Vm Ve
| 1 L | | . | . | . J
10° 10" 10'? 10" 10" 10"
v (Hz)

Figure A.1. Synchrotron emission spectrum assuming adiabatic expansion for later
times ¢ > ¢,. Figure from Sari et al. (1998).
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Figure A.2. The afterglow light curve for low frequencies. Figure from Sari et al.
(1998). Ignore the time dependence in square brackets at early times for our dis-
cussion.
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APPENDIX B
GW170817 SMOOTH-BROKEN POWER LAW MODEL 1 0 ERROR REGION
CALCULATION

The jet4-cocoon emission can be modeled by the smooth-broken power law model
(see Makhathini et al} 2021, and references therein) where, the flux density at a

time ¢ and at an observation frequency v is given by:

. Y
s Y 8 ¢ s " sao
F(t,v) =2V (3GHZ) F, [(t—> + (t—) ] (B.1)

p p

where F), is the peak flux density, ¢, is the epoch at which the light curve peaks, s is
the smoothness parameter, 5 is the spectral power law index, oy and «; represent
the power-law index of rise and decay of the light curve.

Using the notation that 6@ is the error in the quantity () in the Equation we
can derive the error on the flux density in terms of the parameters £}, t,, s, 8, a3

and o, as

5F(t,v) = {(‘M

2
dF(t,v)
i)+ (%

dt,

2
(SOél)

. (B2)

2
dF(t,v)
)+ (|

dF (t,v) 2 dF(t,v)| . \° dF(t,v) 21
+ (‘—d&z (5oz2> + (‘—ds os ) + —dﬁ 0p
where dF(t.v) Flt.)
 V _ v
' iF §F, = 0F, 3 (B.3)
- Csay (Z1/9)-1)
dF(t,v) ) v o\8 -1 t\ t\
’ = 0t [2Y/° E,[— - —
‘ dt, Oty = 0ty <3GHZ> p( $ ) [(tp) * (tp) ]
sag [t Y say [t
: [? (t_) T (t‘) ]
(B.4)
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s o () () [ () "+ ()]
A6 =G e
(B.5)
‘M Sy = By [2/° (7 >BF (i) [(i)ml v (i) Sa?] e
Qg 3GHz/ P\ s t t,
) () )
(B.6)
‘&’;’”) 5s = 6s {;—21111 (2)F(t, y)}
e (3= ()7 (7))
() e (1) () o)
()77
and finally
‘% 55:55‘1%’ v)ln <3GVHZ> (B.7)
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