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Before their eyes in sudden view appear
The secrets of the hoary Deep—a dark
Illimitable ocean, without bound,
Without dimension...
—Paradise Lost, 11.890-91

He touched the brim of his hard hat and glanced back at the dome, white and round
like an ancient temple, while a thought crossed his mind, by no means for the first

time, that he was only paying his respects to a temple of science.

—First Light by Richard Preston
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ABSTRACT

For the last half-century, relativistic outflows accompanying the final collapse of
massive stars have predominantly been detected via high-energy emission (i.e.,
gamma-ray bursts, or GRBs). From wide-field optical and radio time-domain
surveys, there have been hints of related phenomena at lower energies (e.g., X-
ray flashes). For my thesis, I used the Zwicky Transient Facility to conduct the
first large-scale optical survey dedicated to finding relativistic stellar explosions. I
successfully detected a suite of GRB-related phenomena without relying on a GRB
trigger, and followed them up with facilities across the electromagnetic spectrum
including ALMA: relativistic afterglows at cosmological distances, broad-lined Ic
(Ic-BL) supernovae with X-ray and radio emission, and fast-luminous transients
powered by circumstellar interaction. Based on the rate of fast (intra-night) optical
transients, I showed that a “clean” jet seems central to the phenomenon of collimated
energetic outflows, i.e., there is no evidence for afterglow-like optical transients
whose area (sky) rate greatly exceed the classical GRB rate. With a radio and
millimeter-wave investigation of AT2018cow, and the discovery of a similar event
in ZTF, I established a new class of engine-driven stellar explosions that arise
from different progenitors to GRBs and explode embedded in dense circumstellar
material. I showed that fast-luminous thermal emission can arise from late-stage
eruptive mass-loss and is not necessarily linked to the presence of relativistic ejecta,
complicating searches for choked jets in Ic-BL SNe. My work sets the stage
for discovering and characterizing relativistic stellar explosions in large numbers
during the era of ZTF Phase II, the Large Synoptic Survey Telescope (LSST), and
millimeter-band facilities like ALMA and NOEMA.
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compared to LLGRBs and energetic SNe. Lines of constant mass-loss
rate (scaled to wind velocity) are shown in units of 107* Mg yr~! /1000 km s~.
Data for PTF14dby are from 7.4 GHz light curve in Corsi et al. (2016).
Data for PTF11cmh and PTF11qcj are from 5 GHz light curve in Corsi
et al. (2016). Data for iPTF17cw are from the 2.8 GHz light curve
in Corsi et al. (2017). Data for ZTF18aaqgjovh are from Ho et al.
(2020c). For details on all other sources, see caption to Figure 5 and
Appendix Cin Hoetal. (2019¢). . . .. ... ... ... ... ... 80
The 0.3-10keV X-ray light curve of SN 2020bvc (black connected
squares) compared to that of nearby Ic-BL. SNe associated with LL-
GRBs. Data on GRB-SNe taken from Campana et al. (2006), Corsi
etal. (2017), and D’Eliaetal. (2018). . . . . . ... ... ... ... 82



4.16

4.17

5.1

5.2

53

The SED from radio to X-rays at At = 13d. The empty diamonds
are VLA data points from 17-28 d. The solid line is the blackbody
fit to the optical SED. The dotted line shows an extrapolation of
L, o< y~(P=D/2 \where p = 2.2, and the dashed curve shows the
predicted emission from inverse Compton scattering (calculated in
Appendix4.9). . . . ...
Early (At < 4d) light curves of nearby Ic-BL SNe observed as part of
ZTF’s high-cadence surveys, from forced photometry on P48 images
(Yao et al., 2019). The B-band light curve of SN 2006aj is shown
as a grey line for comparison. Epochs of follow-up spectroscopy are
marked with ‘S’ along the top of the panel. . . . . . ... ... ..
Image of the host galaxy of ZTF18aagjovh (SN 2018bvw), con-
structed from g, r, and i-band SDSS cutouts. The position of
ZTF18aaqjovh is shown with a white cross, 4.71” from the center of
the galaxy, or 5.68 kpc assumingd =249Mpc. . . . . .. ... ..
The optical light curve of ZTF18aagjovh, corrected for Milky Way
extinction, with P48 r-band in orange circles and P48 g-band in black
squares. The light curve of SN 1998bw from Table 2 of Clocchiatti et
al. (2011) is shown for comparison as thick black (B-band) and thick
orange (Rc-band) lines, shifted to the redshift of ZTF18aaqjovh and
also corrected for Milky Way extinction. The same SN 1998bw light
curves are shifted by 0.4 mag for closer comparison and are shown
as thin dotted lines. The vertical line on the left-hand side indicates
the relative time of the GRB 980425, the low-luminosity gamma-ray
burst associated with SN 1998bw. The epochs of optical spectra of
ZTF18aagjovh are marked with ‘S’ along the top of the figure. . . .
Optical spectra of ZTF18aagjovh. Full spectra are shown in light grey
and smoothed spectra are shown in thick black lines. For comparison,
we show spectra of SN 1998bw at similar phases as thin black lines.
The SN 1998bw spectra were taken from the Open Supernova Catalog
(https://sne.space/) and are originally from Patat et al. (2001).
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54

5.5

5.6

Evolution of the photospheric velocity of ZTF18aaqgjovh over time
as measured from Fe II absorption features in the Ic-BL spectra. For
comparison, we show the velocity evolution of several LLGRB-SNe
(SN 1998bw / GRB 908425, SN 2010bh / GRB 100316D, SN 2006aj
/ GRB 060218) and radio-loud relativistic SNe lacking a coincident
GRB detection (SN 2009bb, SN 2012ap, iPTF 17cw). Each panel
shows measurements for ZTF18aagjovh as black squares, the pop-
ulation of comparison events as light grey lines in the background,
and one comparison SN highlighted in orange. Data were taken
from Modjaz et al. (2016) and explosion times were estimated from
Bufano et al. (2012), Campana et al. (2006), Galama et al. (1998),
Milisavljevic et al. (2015), and Soderberg et al. (2010), and Corsi

etal. (2014). . . . . . .

Radio light curve of ZTF18aagjovh compared with LLGRB-SNe
(SN 1998bw / GRB 980425, SN 2010bh / GRB 100316D, SN 2006aj /

GRB 060218) and relativistic SNe (SN 2009bb, SN 2012ap, iPTF17cw).

Each panel shows observations of ZTF18aaqjovh (connected sym-
bols), the population of comparison events as light grey lines in the
background, and one SN highlighted as colored lines for comparison.
Note that ZTF18aaqgjovh lacks data in the 8—12 GHz range. Data were
taken from Chakraborti et al. (2015), Corsi et al. (2017), Kulkarni
et al. (1998), Margutti et al. (2014), and Soderberg et al. (2006b,

2010). . .

Upper limit on the X-ray luminosity of ZTF18aaqjovh from our
first Chandra observation (black square) compared to the X-ray lu-
minosity at similar epochs of LLGRBs (SN 1998bw, SN 2010bh,
SN 2006aj) and Ic-BL SNe with relativistic outflows discovered in-
dependently of a y-ray trigger (iPTF17cw, SN 2009bb, SN 2012ap).
Each panel shows the full set of comparison events in light grey, with

one event highlighted in orange. Data were taken from Campana

et al. (2006), Corsi et al. (2017), and Margutti et al. (2014). . . . . .
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5.7 The peak radio luminosity of ZTF18aagjovh compared to other en-
ergetic stellar explosions, cf. Chevalier (1998), Ho et al. (2019c¢),
and Soderberg et al. (2010). In Ho et al. (2019c) we showed that the
peak luminosity is directly proportional to U/R, the energy swept
up per unit radius; we display this value on the right-hand side.
Error bars reflect the estimated SSA peak (20-30 uly, 3—-15 GHz)
at At = 20d. Lines of constant velocity are shown, as well as
lines of constant mass-loss rate (scaled to wind velocity) in units of
107* Moyr~'/1000 km s~!. The radio luminosity for GRB 171205A
was taken from VLA observations reported by Laskar et al. (2017)
but we note that this is a lower limit in luminosity and in peak fre-
quency because the source was heavily self-absorbed at this epoch.
The radio luminosity for other sources is from, or derived using data
from, Corsi et al. (2014, 2017), Kulkarni et al. (1998), Margutti et al.
(2013), Salas et al. (2013), and Soderberg et al. (2005, 2006b, 2010).
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5.8 Theradio luminosity and upper limit on X-ray luminosity of ZTF18aaqgjovh

at At = 33d. From these measurements, we constrain the spectral
index from the radio to X-ray frequencies to be f§ < —0.6 where
L,ocvB.
6.1 The position of SN2018gep (white crosshairs) in its host galaxy.
Images from the Canada-France-Hawaii Telescope Legacy Survey
(2004-2012), combined using the prescription in Lupton et al. (2004).
6.2 The rapid rise in the first few minutes and first few days after the ZTF
discovery of SN 2018gep. We also show an r-band point from prior
to discovery that was found in retrospect by lowering the detection
threshold from 5-0 to 3-0. Top left: the rise in magnitudes gives
an almost unprecedented rate of 1.4 + 0.1 maghr~!. Bottom left: the
rise in flux space together with the quadratic fit and definition of 7.

Right: the rise in flux space showing the quadratic fit. . . . ... ..

132



6.3

6.4

6.5

6.6

6.7

UV and optical light curves from Swift and ground-based facilities.
The arrow marks the last non-detection, which was in r-band. The
red cross marks the peak of the r-band light curve, which is 16.3 mag
at At = 4d. The full set of light curves are shown as grey lines
in the background, and each panel highlights an individual filter in
black. We correct for Galactic extinction using the attenuation curve
from Fitzpatrick (1999) and Ep_y = Ay/Ry = 0.01 for Ry = 3.1 and
Ay = 0.029 (Schlafly and Finkbeiner, 2011). . . . . . ... ... ..
The rise time and peak absolute magnitude of SN 2018gep, iPTF16asu
(a high-redshift analog), and unclassified fast-luminous transients
from Drout et al. (2014), Arcavi et al. (2016), Rest et al. (2018), and
Perley et al., 2019. When possible, we report measurements in rest-
frame g-band, and define “rise time” as time from half-max to max.
For iPTF16asu, we use the quadratic fit to the early g-band light curve
from Whitesides et al. (2017) as well as their reported peak magni-
tude, but caution that this is rest-frame r-band. For KSN2015K, there
are only observations in the Kepler white filter (Rest et al., 2018).
Swift/UVOT grism spectrum shifted to the rest frame. Black line
shows the data binned such that each bin size is 10 A. Light grey
represents 1-o- uncertainties after binning. The spectrum has been
scaled to match the UVOT u-band flux at this epoch (integrated from
3000 A to 3900 A), which was determined by interpolating the Swift
u-band lightcurve. . . . . .. .. ... ... L
Sample pre-explosion subtractions of deep PTF/iPTF references from
ZTF science images stacked in 3-day bins (see Section 6.2). Each
cutout is centered on the location of SN 2018gep. The subtractions
show clear emission at the location of the SN in both g and r-bands
days to weeks before the discovery of the SNinZTF. . . . . ... ..
Full r and g-band light curves of SN 2018gep. 3-0 upper limits are
shown as horizontal lines. Points at ¢t < 0 are from 3-day stacks of
ZTF/P48 data as described in Section 6.2. Sample subtractions from
two of these stacks are shown in the bottomrow. . . . . . ... ...
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6.8

6.9

6.10

6.11

3-0 upper limits from GBM GRB search, which we performed for
three hours prior to #9. The red vertical bars indicate epochs when
GBM was not taking data due to passing through the South Atlantic
Anomaly. The time of 7y was estimated from a fit to the early data
(Figure 6.7), and is 26 = 5 minutes prior to the first detection.
Evolution of blackbody properties (luminosity, radius, temperature)
over time compared to the Ic-BL SN iPTF16asu and the luminous fast-
rising optical transient AT2018cow. The light gray circles are derived
from optical data only. The outlined circles are derived from UV and
optical data. Middle panel: dotted line shows v = 0.1¢. Note that R #
0 at 1y, and instead R(¢ = 0) = 3 x 10'* cm. Due to the scaling of our
plot we do not show the radius evolution of AT2018cow, which drops
from 8 x 10'* cm to 10'* cm on this timescale. Bottom panel: dotted
horizontal line shows 5000 K, the recombination temperature for
carbon and oxygen. Once this temperature is reached, the photosphere
flattens out (and potentially begins torecede). . . . . . .. .. .. ..
Rise to peak bolometric luminosity compared to other classes of
transients. Modified from Figure 1 in Margutti et al. (2019). . . . . .
Spectra of SN2018gep taken in the first five days. Broad absorp-
tion features are consistent with ionized carbon and oxygen, which
evolve redward with time. Spectra highlighted in orange are shown

compared to other early SN spectra in Figure 6.12. . . . . . ... ..
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6.12

6.13

6.14

Top panel: an early spectrum of 18gep compared to spectra from
other stellar explosions at a comparable phase. Middle panel: The
spectrum at At = 4.2d shows a “W” feature, which we compare to
similar “W” features seen in an early spectrum of SN2008D from
Modjaz et al., 2009, and a typical pre-max spectrum of a SLSN-I
(PTF12dam, from Nicholl et al. 2013). We boost the SLSN spectrum
by an additional expansion velocity of ~ 15000kms~!, and apply
reddening of E(B — V) = 0.63 to SN 2008D. Weak features in the
red are also similar to what are seen in PTF12dam, and are consis-
tent with arising from CII and CIII lines, following the analysis of
Gal-Yam, 2019. The lack of narrow carbon features as well as the
smooth spectrum below 3700 A suggest a large velocity dispersion
leading to significant line broadening, compared to the intrinsically
narrow features observed in SLSNe-I (Gal-Yam, 2019; Quimby et al.,
2018). Bottom panel: a spectrum of 18gep when it resembled an
ordinary Ic-BL. SN, compared to spectra at similar phases of Ic-BL
SNe accompanying GRBs. . . . . . ... ... ... L.
Observed spectrum (red) at 4.2 d, compared to our model spectrum
(black) from the spectral synthesis code JEKYLL configured to run in
steady-state using a full NLTE solution. The model has a C/O compo-
sition, an inner border at 22,000kms~!, a density of 4 X 10712 g cm™3,
and a density profile with a power-law index of —9. The absolute (but
not relative) flux of the spectrum was calibrated using the interpo-
lated P48 g and r magnitudes. We also show the O II, C II, C III, and
Si IV lines discussed in the text shifted to the velocity of the model
photosphere. . . . . . . .. ...
Comparison of model (filled circles) and observed (unfilled circles)
mean fluxes through the Swift UVW1 (blue), UVM2 (green), UVW2
(red), and the SDSS u (black), g (green), and r (red) filters. We also

show the model spectrum inblack. . . . . . ... ... ... .....
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6.15

6.16

6.17

Velocity evolution over time as measured from spectral absorption
features. Open symbols for SN 2018gep come from C/O velocities
measured from line minima. Closed symbols come from the Fe II
feature in the Ic-BL spectra. The velocities are comparable to those
measured for Ic-BL SNe associated with low-luminosity GRBs (LL-
GRBs). The velocity evolution for SN2017iuk is taken from Izzo
et al. (2019). Velocities for iPTF16asu are taken from Whitesides
et al. (2017). Velocities for the other Ic-BL SNe are taken from
Modjaz et al. (2016) and shifted from V-band max using data from
Galama et al. (1998), Campana et al. (2006), Malesani et al. (2004),
and Bufano etal. (2012). . . . . . . . ... ... ... ...
The spectral energy distribution of the host galaxy of SN 2018gep
from 1,000 to 60,000 A and the best fit (solid line) in the observer
frame. Filled data points represent photometric measurements. The
error bars in the ‘x’ direction indicate the full-width half maximum
of each filter response function. The open data points signify the
model-predicted magnitudes. The quoted values of the host proper-
ties represent the median values and the corresponding 1-o- errors.

Top: BPT diagram. The host of SN2018gep is a low-metallicity
galaxy with an intense ionizing radiation field (green shaded region
indicates extreme emission line galaxies). The majority of Ic-BL SNe
and long-duration GRBs are found in more metal enriched galaxies
(parameterized by [N II]/Ha), and galaxies with less intense radiation
fields (parameterized by [O IlI]/Ha). Field galaxies from SDSS
DR15 are shown as a background density distribution. The thick solid
line separates star formation- and AGN-dominated galaxies (Kewley
etal., 2001). The thick dashed lines encircle the region of composite
galaxies (Kauffmann et al., 2003). Bottom: The mass-metallicity-
star-formation-rate plane. The bulk of the the SN-Ic-BL and GRB
host populations are found in hosts that are more metal enriched. For
reference, the host of AT2018cow had log M —0.33 xlog SFR = 9.4.
The black line is the fundamental metallicity relation in Mannucci
etal. (2010). . . . . . ...
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6.18

6.19

6.20

6.21

6.22

6.23

The bolometric light curve of SN 2018gep compared to (left) other
Ic-BL SNe from the literature (Cano, 2013) and (right) to AT2018cow
(Perley et al., 2019). The dotted line shows the expected contribution
from the radioactive decay of *°Ni, for a gamma-ray escape time of
30d and Mn;=0.28 M. In order of decreasing Ly, the three Ic-BL
SNe are SN1998bw, SN2010bh, and SN2006aj. . . . ... ... ..
To test whether a light curve is powered by radioactive decay, the
ratio of the bolometric luminosity to the time-weighted integrated
bolometric luminosity should converge to model tracks, as described
in Katz et al. (2013) and Wygoda et al. (2019). This enables a
direct measurement of the gamma-ray escape time #, and the nickel
mass My;. However, our data have not converged to these tracks,
suggesting that either radioactive decay is not dominant, or that we
are not yet in a phase where we can perform this measurement.
Best-fit CSM interaction model with the light curve of the Ic-BL
SN 2010bh (Cano, 2013) scaled up by a factor of two. The model
parameters are Mej = 8 M, Ej = 2 X 1072 erg, Mcsm = 0.02 M,
and Rcsm = 3 x 10 cm. As in Figure 6.9, the outlined circles are
derived from UV and optical data, while the light grey circles are
derived from optical dataonly. . . . . ... ... ... ... .. ..
Estimated CSM and explosion properties using models from Piro
(2015). The shell mass is much larger than the one in iPTF14gqr,
which is the reason for the more extended shock-cooling peak. . . . .
The radio luminosity of SN 2018gep compared to AT2018cow and
radio-loud Ic-BL SNe (assuming €, = eg = 1/3, cf. Chevalier
1998; Ho et al. 2019¢c; Soderberg et al. 2010). Lines of con-
stant mass-loss rate (scaled to wind velocity) are shown in units of
1074 Mo yr~! /1000 km s~!. The radio luminosity for GRB 171205A
was taken from VLA observations reported by Laskar et al. (2017),
but we note that this is a lower limit in luminosity and in peak fre-
quency because the source was heavily self-absorbed at this epoch.
A “color-magnitude” diagram of AT2018cow and SN 2018gep, show-
ing the evolution of color with time from first light (z9). Like
AT2018cow, the fast transient KSN2015K stayed persistently blue
even after it had faded to half-maximum. SN2018gep has more
typical SN evolution, reddening with time (cooling in temperature). .
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6.24

6.25

6.26

Blackbody fits to Swift/UVOT and optical photometry for SN 2018gep.

Since the UVOT and ground-based observations were taken at slightly
different epochs, we interpolated the data in time using UVOT epochs
at early times and LT epochs at later times. . . . . . . .. ... ..
Ground-based optical spectra of SN 2018gep. The light grey repre-
sents the observed spectrum, interpolating over host emission lines
and telluric features. The black line is a Gaussian-smoothed version
of the spectrum, using a Gaussian width that is several times the
width of a galaxy emission line at that resolution. For more details
on the smoothing procedure, see Section 2.1 of Ho et al. (2017).

Host spectrum of SN 2018gep obtained with Keck/LRIS on 9 Novem-
ber 2018, about two months after explosion. Strong emission lines
from the host galaxy are labeled. The low host metallicity of 0.1
solar is reflected by very small N II/He flux ratio. The large rest-
frame [O III]A5007 equivalent width of > 160 A puts the host also in
regime of extreme emission-line galaxies. These galaxy class consti-
tute < 2% of all star-forming galaxies at z < 0.3 in the SDSS DR15
catalogue. The undulations are due to the supernova. The spectrum
is truncated at 7250 A for presentation purposes, and it is corrected

for Galactic reddening. . . . . . .. ... .o L.
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7.1

7.2

(Top panel) Submillimeter (SMA) through radio (ATCA) light curves
of AT2018cow, with a timeline of the evolution of the UVOIR spectra
(based on Perley et al., 2019) shown above. There were four SMA
observations with no frequency tunings in the ranges shown. For
these, we took the closest value to 231.5 GHz (243.3 GHz for Days
9, 10, and 11; 218 GHz for Day 19) and scaled them to 231.5 GHz
assuming a spectral index F, o v~'. We scaled all SMA fluxes so that
the reference quasar 1635+381 would have the value of its mean flux
at that frequency. The uncertainties shown on the SMA data represent
a combination of formal uncertainties and 15% systematic uncertain-
ties, which is a conservative estimate. Non-detections are represented
as a 3-o0 upper limit (horizontal bar) and a vertical arrow down to the
measurement. The upper limit measurement at 350.1 GHz is —0.32,
below the limit of the panel. The error bars shown on the ATCA
data are a combination of formal uncertainties and an estimated 10%
systematic uncertainty. The ATCA 34 GHz measurements rise as
1%, shown as a dotted line. The full set of SMA light curves for all
frequency tunings are shown in Appendix 7.7. The letters ‘S’ on the
top demarcate the epochs with spectra shown in Figure 7.3. (Bottom
panel) X-ray light curve from Swift/XRT together with four epochs
of NuSTAR observations. The last two NuSTAR epochs have a non-
detection in the highest-frequency band (40-80 keV). We denote two
distinct phases of the X-ray light curve, the plateau phase and the
decline phase, discussed in detail in Section 7.3. . . . . . ... ..
Zoomed-in light curves for the first five days of SMA observations.

These were the only tracks long enough for binning in time. . . . .
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7.3 Spectrum of AT2018cow at three epochs. In the top panel, we plot
the Day 10 data as presented in Table 7.1. In the middle panel, we
plot the ATCA data from Day 13 and the SMA and ALMA data
from Day 14. In the bottom panel, we plot the ALMA data from
Day 22, interpolate the SMA data between Day 20 and Day 24 at
215.5 GHz and 231.5 GHz, and interpolate the ATCA data at 34 GHz
(since it varies smoothly; Figure 7.1). We also show the Band 9
measurement from Day 24 as a star. The ATCA data is consistent
with a self-absorbed spectral index (F, o /%) with an excess at
lower frequencies. The peak frequency is resolved on Day 22 with
ALMA observations at Band 3 (see inset). To measure the optically
thin spectral index, we performed a least squares fit in log space. To
estimate the uncertainty on the spectral index, we performed a Monte
Carlo analysis, sampling 10* times to measure the standard deviation
of the resulting spectral index. On Day 10, we used an uncertainty
of 15% for each SMA measurement. On Days 14 and 22, we used
10% uncertainty for each ALMA measurement and 20% for each
SMA measurement (to take into account the much longer length of
the SMA tracks). Uncertainties are too small to be visible on this

plot, except for the inset panel, where we do not display them. . . . . 211
7.4 AT2018cow in velocity-energy space, compared to other classes
of radio-luminous transients: TDEs (filled circles), Ibc supernovae
(crosses), SNe associated with LLGRBs (filled squares), and Type II
supernovae (open circles). For reference, GRBs lie above the plot at
10%erg < U < 10°%erg, and the relativistic TDE Swift J1644 lies
at ~ 103! erg in this framework. For all sources, we take values of
peak frequency and peak luminosity at some time (described in detail
in Appendix 7.7) and estimate velocity and energy using the same
prescription that we use for AT2018cow. Estimates of energy are
sensitive to the choice of €p, as illustrated with the secondary axis on

the right-hand side. . . . . . .. .. .. ... oo 221



7.5

7.6

The peak luminosity of AT2018cow on two different epochs, com-
pared to classes of energetic transients (cf. Chevalier, 1998; Soder-
berg et al., 2010). The value at At = 22d comes from our work.
The value at A7 = 91 d comes from Margutti et al. (2019) and shows
that the velocity has not slowed significantly. For other sources, we
choose values of peak frequency and peak luminosity as described
in Appendix 7.7. AT2018cow is unusual in having a large radio
luminosity as well as a high v,, and we discuss the physical in-
terpretation of both of these characteristics in the text. Lines of
constant mass-loss rate (scaled to wind velocity) are shown in units
of 107 My, yr‘1 /1000km s~!. Note that the dotted lines assume that
the radio peak is due to synchrotron self-absorption rather than free-
free absorption (FFA), but that FFA has been the preferred fit in some
cases, such as for SN 1979C and SN 1980K (Chevalier, 1984)

Luminosity evolution for different transients, measured at high fre-
quencies (v > 90 GHz; left panel) and low frequencies (v < 10 GHz;
right panel). Classes are GRBs (orange open circles; Berger et al.,
2003; Perley et al., 2014; Sheth et al., 2003), TDEs (purple open
squares; Alexander et al., 2016; Berger et al., 2012; Eftekhari et al.,
2018; Zauderer et al., 2011, 2013), non-relativistic supernovae (light
blue filled circles; Horesh et al., 2013; Krauss et al., 2012; Salas et al.,
2013; Soderberg et al., 2005, 2006¢; Weiler et al., 1986; Weiler et al.,
2007), and relativistic supernovae (red filled squares; Kulkarni et al.,
1998; Soderberg et al., 2010). Thus there are a number of transients
measured with radio telescopes (relativistic SN 2009bb, energetic su-
pernovae 2003L, 2003bg, and 2007bg) that could have been bright
millimeter transients but were not observed at high frequencies. The
late-time low-frequency AT2018cow point is from Margutti et al.
(2019). . . o

XXixX

. 223



7.7

7.8

7.9

8.1

The full radio to X-ray SED. Since the ATCA data vary smoothly
over the course of our observations, we fit a power law to the existing
light curves (see Figure 7.1) and plot the values for the given day
at 5.5GHz, 9GHz, and 34 GHz. For the SMA data, we interpo-
late the spectrum for the given day and plot the value at 231.5 GHz
and 345 GHz. We plot the ALMA data as measured, including the
single Band 9 measurement (white star) which seems to show an
excess above the other radio data. We plot the best-fit blackbody
and nonthermal component from Perley et al. (2019), and show that
the nonthermal component could be an extension of the excess seen
in Band 9 on Day 24. We plot the Swift/XRT data as follows: we
interpolate the light curves to estimate the integrated 0.3—10 keV flux
at the given epoch. We use the geometric mean of (0.3 keV, 10keV)

and the spectral index v** to solve for the normalization coefficient

XXX

for the spectrum. We display the spectrum across the full XRT range. 227

ALMA flux measurements of secondary calibrators J1540+1447 and
J1606+1814, validating the absolute flux calibration of the Band 9
data. The solid symbol shows our ALMA Band 9 measurement on 10
July 2018. The open symbols represent the estimated flux densities in
Bands 3 and 7 on July 10, derived by interpolating between archival
values measured by ALMA on 18 May and 9 Aug 2018. Error bars
represent 10% uncertainties for the archival data and 20% for our
measured Band 9 data. The straight dashed lines have been added for

purpose of visualization and do not represent an actual fit to the data.

ALMA bands B3-B9 are shown at the top for reference. . . . . . ..

Full SMA light curves of AT2018cow for each individual frequency

Phase-space of luminosity and rise time considered in this paper; see
Table 8.1 for data sources. We do not show the transient Dougie
(Vink¢ et al., 2015), which had a peak absolute magnitude of —23.
Note that the peak mag of iPTF15ul includes a large host-galaxy
extinction correction, whereas the other sources have zero host ex-
tinction correction. Also note that SN 2011kl was associated with an
ultra-long duration GRB 111209A (Kann et al., 2018), and the light-

curve properties shown here reflect the afterglow-subtracted light

curve (Kannetal.,2019). . ... ... .. ... ...........



8.2

8.3

8.4

8.5

8.6

8.7

8.8

Number of epochs obtained by the ZTF one-day cadence survey from
3 April 2018 to 18 October 2019 . . . . . . . . .. .. ... ... ..
Histogram of times between successive observations of a field in the
same filter for the ZTF one-day cadence survey. Intervals greater
than 10 days are not shown. . . . . . .. ... ... ... ......
Light curve of ZTF18abvkwla in P48 g (filled green squares) and r
(open orange circles) with a comparison to AT2018cow at similar rest
wavelengths, both corrected for Galactic extinction. The ‘S’ at the
top of the inset indicates the epoch of our DBSP spectrum. Dashed
lines show ®Ni-powered light curves for two different nickel masses.
The spectrum of ZTF18abvkwla at the peak of the g-band optical
light curve (black), which was 1 day after the first detection. The
source is extremely hot and blue with no spectral features except those
associated with the host galaxy. Overplotted in pink is a rescaled late-
time spectrum of the host galaxy with a 40,000 K blackbody added. .
Spectrum of the host galaxy of ZTF18abvkwla. The scale on the
bottom half has been zoomed in to show the galaxy continuum and
weak emission lines. The feature at 9500 A is a sky-subtraction
residual. . ... L
The radio light curve of ZTF18abvkwla with the spectral energy
distribution at At =~ 350d (rest-frame At ~ 275d) shown inset.

The upper limit at 3 GHz comes from a serendipitous observation by
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Chapter 1

INTRODUCTION AND SUMMARY

1.1 Landscape Overview

In the traditional picture of massive-star (M > 10 M) evolution, there is assumed
to be a direct mapping between stellar mass, supernova type (and corresponding
output of momentum, energy, and metals into the interstellar medium), and compact
remnant (a neutron star or a black hole). This scheme is important to many areas of
astrophysics: the formation of black holes, the birth of the first stars, the evolution of
galaxies, and the build-up of most of the mass of the elements heavier than helium in
the universe. Yet we are still ignorant of basic questions: What are the progenitors
of different classes of core-collapse supernovae (Smartt, 2009)? What mechanisms
explode stars as supernovae (Janka, 2012)? What are the progenitors of neutron
stars and black holes (Heger et al., 2003)?

To make matters worse, massive stars shed a significant fraction of their mass through
winds and violent eruptive episodes (Smith, 2014). Mass-loss is an interesting
process in itself (for example, the prevalence of late-stage eruptions may result from
an unrecognized form of energy transport in stars) but is a confounding factor in
the mapping outlined above, both observationally (circumstellar interaction masks
the nature of the underlying explosion) and theoretically (how much mass a star
ejects and over what timescale plays a key role in determining its inner structure,

evolutionary path, and lifetime).

For my PhD thesis, I focused on the most energetic and luminous stellar endpoints:
explosions powered by a bipolar outflow from a newborn compact object, the best-
studied subset being long-duration gamma-ray bursts (hereafter ‘GRBs’; Kouve-
liotou et al. 2012; Piran 2004) which are associated with high-velocity (“‘broad-
lined”, BL) energetic (10°2 erg) supernovae of Type Ic-BL (Woosley and Bloom,
2006).

The GRB View
Over the past half-century, thousands of GRBs have been discovered by high-energy
satellites. In the traditional GRB model, a massive star that is stripped of its hydrogen

and helium envelopes (Figure 1.1) collapses into a black hole or a highly magnetized
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neutron star. Accretion onto the black hole or rotational spindown of the neutron star
accelerates material to ultrarelativistic speeds (initial Lorentz factor Iy > 100). As
illustrated in Figure 1.2, the outflow becomes narrowly collimated (opening angle
0o = 10°) as it tunnels through the star, and produces an “afterglow” observable
across the electromagnetic spectrum as it collides with the circumstellar medium,
or CSM (Panaitescu and Kumar, 2002; van Paradijs et al., 2000). The same “central
engine” that launches the jet also unbinds the stellar material in a Ic-BL SN (Barnes
et al., 2018; Sobacchi et al., 2017).

Fe Sj OC

L & 1

Figure 1.1: Structure of stripped-envelope SN progenitor

Finit ~ 100 —
classical GRB

d

Finit ~5—
dirty fireball

prompt emission

Tinit &~ 100 — ~-rays

Tinit & 5 — X-rays

CSM

ISM

Figure 1.2: Geometry of GRBs and associated Ic-BL SNe. Classical GRBs come from
on-axis jets with a large initial Lorentz factor (I'p; = 100). A jet with a lower Lorentz factor
(T'init = 10) is called a dirty fireball. For clean or dirty jets, an off-axis observer will observe
an orphan afterglow (an afterglow lacking prompt emission) and a Ic-BL SN.
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GRBs appear to represent a rare endpoint of stellar evolution. As shown in Table 1.1,
the local (z = 0) observed GRB rate is a factor of 10 to 107 times the local CC
SN rate. Assuming that GRBs are produced exclusively by Ic-BL SN progenitors!
the GRB beaming fraction would have to be 1073 to 107 in order for all Ic-BL SNe

to produce a GRB in some direction.

There are large uncertainties in the GRB beaming fraction: estimates are based on
observations of breaks in afterglow light curves, and as shown in Table 1.2 beaming
fraction estimates vary from 1072 to 1073. More reliable estimates of the beaming
fraction will be available once radio and optical surveys have the sensitivity to detect
afterglow emission from large numbers of off-axis jets in the local universe. The
appearance of an off-axis jet is very different from an on-axis jet. Due to relativistic
beaming, there will be no bright gamma-ray emission from an off-axis jet, and the
afterglow will be invisible at first. Over time, as the shock slows and the relativistic
beaming cone widens to include Earth, the afterglow will become brighter (Rhoads,
1997).

So, taking into account the large uncertainties in both the local GRB rate and the
GRB beaming fraction, it is clear that most CC SNe do not produce a GRB, but
it is not yet clear what fraction of Ic-BL SNe produce a GRB in some direction.
However, it is widely believed that most Ic-BL SNe do not produce a GRB, due to
the non-detection of off-axis afterglows by radio follow-up observations of nearby
Ic-BL SNe.

A major outstanding question is: do GRBs represent an unusual and distinct end-
point, or are they the extremum of a broad continuum of relativistic stellar ex-
plosions? It is easy to imagine variations on the traditional GRB model, since a
number of stringent conditions must be met to produce a GRB. First, the jet must
be nearly baryon-free—or else the available energy is insufficient to accelerate the
ejecta to ultra-relativistic velocities, and gamma-ray emission will be stifled by pair-
production. A jet with too many baryons (> 10™* M) could only attain a moderate
Lorentz factor (I' ~ 5-10) and would therefore not produce significant gamma rays
and thus not trigger Fermi/GBM or Swift/BAT (Dermer et al., 1999). This “dirty

fireball” would still produce a luminous afterglow, illustrated in Figure 1.2.

I'To date, 13 nearby GRBs have a spectroscopically confirmed Type Ic-BL SN, and a dozen more
have “bumps” in the late-time light curve consistent with a nickel-powered SN (Cano et al., 2017b).
However, two GRBs lack an accompanying SN to deep limits (Fynbo et al., 2006), and one ultra-long
duration GRB had an accompanying transient that does not fit into any traditional SN spectroscopic
class (Greiner et al., 2015). So, clearly GRB progenitors are diverse.



Table 1.1: Local (z = 0) rates of core-collapse supernovae and GRBs. Approxi-
mately 30% of CC SNe arise from a progenitor stripped of its hydrogen envelope.
Among these stripped events, there are roughly equal numbers of IIb, Ib, and Ic
events. Of the Ic events, ~ 20% are “broad-lined” with photospheric velocities
220,000 km/s. The beaming factor for LLGRBs is highly uncertain, but is probably
~a few.

Class Rate/Fraction Ref.
SN Ia 3.01 £0.62x 10 yr 'Mpc™  [1]
CC SN 7.05+1.57 x 107 yr~! Mpc ™3
.. SN I 447 +139%x 107 yr ' Mpe™  [1]
... SN Ibc 258 £0.72x 10 yr ' Mpc™  [1]
Ic-BL SN 3.6 £ 1.4 x 1076 yr~! Mpc~3
2.63’% X 1076 yr~! Mpc~3
... Frac. of Ibc SN that are Ic 0.69 = 0.09 [2]
... Frac. of Ic SN that are Ic-BL 0.21 £0.05 2]
... Frac. of CC SNe that are Ic-BL 0.037‘:%8%% [3]
LLGRB Robs = 2.3710 X 1077 yr ' Mpe™  [4]
Robs = 3.3513 x 1077 yr ' Mpe™  [5]
(GRB Rops = 4.2750 % 10710 yr ' Mpc™  [6]
sGRB Rops = 1078 yr ' Mpc™  [7]
fy' =270 (8]
NS-NS (GW 170817) 1.5443-29 x 10 yr' Mpc™  [9]

Table 1.2: Estimates of the beaming fraction, where f, = 1 — cos 6y and 6y is the
estimated jet opening angle. The “true” GRB rate is Ryps fb_l.

Class Rate/Fraction References
(GRB  Rops = 4.2750 x 10710 yrT Mpc ™ [6]
fr=19+03x1073 [10]
fr=13+04x1072 [11]
fr=95+9.1x10™* [12]

Table 1.3: Breakdown of Ic-BL subtypes.

Class Rate/Fraction References
Ic-BL SN 3.6+ 1.4%x 10 yr TMpc™? Table 1
Frac. w/ opt. LC like 18gep < 0.1 [13]
Frac. w/ opt. LC like 06aj <02 [14]
Frac. w/ strong late radio emission ~ 0.2 [15]
Frac. w/ radio LC like 98bw <0.14 [15]

[1] Li et al. (2011), [2] Kelly and Kirshner (2012), [3] Shivvers et al. (2016), [4] Soderberg
et al. (2006b), [5] Liang et al. (2007), [6] Lien et al. (2014), [7] Nakar et al. (2006), [8]
Fong et al. (2015), [9] Abbott et al. (2017), [10] Frail et al. (2001), [11] Guetta et al.
(2005), [12] Wang et al. (2018), [13] Ho et al. (2019d), [14] Ho et al. (2020e), [15] Corsi
et al. (2016)
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Second, the jet must successfully escape the star without being choked by the stellar
envelope (Mészaros and Waxman, 2001). In this case, the jet energy may be
transferred into a shock wave that propagates through the star and breaks out at the

surface.

It is possible that dirty fireballs and choked jets have already been observed. In the
local universe, a distinct population of “low-luminosity” GRBs (LLGRBs) have been
identified?, sometimes referred to as sub-energetic GRBs (Margutti et al., 2014).
LLGRBs are distinguished by isotropic peak luminosities Lis, ~ 10%-10¥ ergs~!,
substantially lower than the values for cosmological GRBs (Lis, > 10%7 ergs™!),
and a relativistic energy release that is 2-3 orders of magnitude smaller than the

10°! erg from GRBs with fully relativistic outflows.

Due to their lower intrinsic luminosities, LLGRBs are only discovered at low red-
shifts (z < 0.1). Thus, despite the fact that they might be 10—100 times more com-
mon than classical GRBs (Table 1.1) only seven have been discovered to date. The
first LLGRB established the GRB-SN association: LLGRB 980425 and SN 1998bw
at d = 40 Mpc (Galama et al., 1998; Kulkarni et al., 1998). The second event,
XRT 020903 (Bersier et al., 2006; Sakamoto et al., 2004; Soderberg et al., 2004a).
The third event, LLGRB 031203/SN 20031w (Malesani et al., 2004; Soderberg et al.,
2004b; Thomsen et al., 2004; Watson et al., 2004), was discovered at z = 0.1 and
like the other members of its class had a simple smooth gamma-ray light curve.
LLGRB 060218/SN 2006aj (Mirabal et al., 2006; Pian et al., 2006; Soderberg et
al., 2006a), and LLGRB 100316D/SN 2010bh (Bufano et al., 2012; Starling et al.,
2011) have properties that set them apart as their own class: a long y-ray prompt
emission phase, and long-lived soft X-ray emission that might arise from contin-
ued activity of the central engine (Margutti et al., 2013; Soderberg et al., 2006a)
or dust echoes (Irwin and Chevalier, 2016; Margutti et al., 2015). More recently,
GRB 171205A/SN 2017iuk (D’Elia et al., 2018; Wang et al., 2018) was argued to
be cocoon emission from an off-axis jet (Izzo et al., 2019) or relativistic shock
breakout into dense CSM (Suzuki et al., 2019). The most recent LLGRB was
LLGRB 190829A (Chand et al., 2020).

Modeling of the radio emission from LLGRBs suggests quasi-spherical ejecta cou-
pled to mildly relativistic material, with no off-axis components. Thus, it seems

that LLGRBs arise from a fundamentally different mechanism from cosmological

2In fact, of the thirteen nearby GRBs with a spectroscopically confirmed Ic-BL SN, half were
LLGRBs.
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GRBs. One suggestion is that they represent failed or choked-jet scenarios, and
that the gamma rays arise from shock breakout (Bromberg et al., 2011). This is
supported by the early light curve of 060218, which shows a double peak modeled as
shock breakout into a dense stellar wind (Campana et al., 2006) or into an extended
envelope (Margutti et al., 2015; Nakar, 2015). However, work I assisted with during
my thesis suggests that observed CSM densities would be insufficient to choke an
ordinary high-power GRB jet (Duffell and Ho, 2019)—perhaps instead LLGRBs are

dirty fireballs, with lower-power, wider-angle jets than their “clean” counterparts.

The Ic-BL SN View

Type Ic-BL SNe are a subclass of stripped-envelope core-collapse supernovae (CC
SNe) characterized by fast ejecta and large kinetic energies. While typical Type
Ic SNe have photospheric velocities vp, = 10, 000kms~! (measured from Fe II
absorption features), Type Ic-BL SNe have vy, ~ 20,000 km s~ at maximum light
(Modjaz et al., 2016), resulting in very broad absorption features (see Figure 1.3).
The kinetic energy release of Ic-BL SNe is typically ~ 10°2 erg (Cano, 2013; Lyman
et al., 2016; Prentice et al., 2016), an order of magnitude greater than traditional
CC SNe (Woosley and Janka, 2005), although this measurement is highly model-
dependent.
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Figure 1.3: Example spectra of Type Ic and Type Ic-BL SNe near peak light. Spectra
obtained from the UC Berkeley Supernova Database (Silverman et al., 2012)
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Figure 1.4: Early light curves of Ic-BL SNe with high-cadence optical observations,
which in the past were most commonly obtained for events associated with GRBs.

Only ~ 100 Ic-BL SNe have been classified to date, and most lack detailed observa-
tions. From well-studied events, it is clear that Ic-BL SNe are a diverse class, which
I helped to elucidate in my thesis work and which I tentatively group into several
subtypes (Table 1.3). Most Ic-BL SNe appear “ordinary”: their optical light curves
are modeled as the radioactive decay of SONi (Taddia et al., 2019) and they lack
detected radio emission (Corsi et al., 2016). However, two events show fast, lumi-
nous, and blue light curves that likely arise from shock breakout into extended CSM
(Ho et al., 2019d; Whitesides et al., 2017). A subset of events have double-peaked
optical light curves, and radio and X-ray emission (Ho et al., 2020e), including the
Ic-BL SNe associated with LLGRBs (Figure 1.4). Some show late-rising radio and
X-ray emission from circumstellar interaction (Corsi et al., 2014; Salas et al., 2013;
Soderberg et al., 2005, 2006¢). Finally, only a small number show evidence for

relativistic ejecta.

In general, the explanation for the fast velocities and high kinetic energies in Ic-BL.
SNe is unknown. Due to the connection between Ic-BL SNe and GRBs (Cano
et al., 2017b; Hjorth et al., 2012; Woosley and Bloom, 2006) it has been suggested
and borne out in simulations (Barnes et al., 2018; Sobacchi et al., 2017) that the
mechanism that produces the GRB can also produce the Ic-BL. SN. However, it is

not clear whether this mechanism is at work in all or just a subset of Ic-BL SNe.

Radio Unification Efforts

A major focus of scientific investigation over the past 20 years has been to unify the
diverse array of phenomena laid out in the previous sections: “extreme” supernovae
with successful, observed jets, mildly relativistic explosions, and ordinary (non-

relativistic) supernovae. Searching for relativistic explosions via the detection of a
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GRB is severely limited: dirty fireballs, choked jets, and orphan afterglows will not

produce a classical high-luminosity GRB.

Prior to my thesis, the landscape of relativistic stellar explosions was explored
primarily at radio wavelengths. Radio surveys uncovered events with relativistic
outflows and no detected GRB, starting with SN 2009bb (Soderberg et al., 2010) at

d ~ 40 Mpc, which had a minimum energy of 10

erg coupled to relativistic ejecta.
From radio observations a picture has emerged of a fixed energy budget 1072 erg
with varying amounts of energy coupled to relativistic ejecta. Recently there has

also been a promising candidate for an off-axis afterglow (Law et al., 2018).

Today, radio follow-up efforts are limited by sensitivity, and the classification rate
of Ic-BL SNe has plateaued. With the commissioning of wide-field high-cadence
optical surveys such as the Zwicky Transient Facility (ZTF), large fractions of
the sky are being monitored at optical wavelengths on nightly or faster cadences,
enabling the first systematic optical exploration of the landscape of relativistic stellar

explosions, expected to manifest themselves as fast and luminous optical transients.

1.2 Summary of Thesis

Prior to my thesis, optical surveys demonstrated that they could discover afterglow
emission without relying on a GRB trigger: iPTF14yb (Cenko et al., 2015) and
ATLAS 17aeu (Bhalerao et al., 2017; Stalder et al., 2017) turned out to be afterglows
to regular long GRBs3. PTF11agg had no detected GRB counterpart, and its nature

remains uncertain because its redshift is unknown.

For my thesis, I expanded on these discoveries by conducting a search for fast-rising

and luminous optical transients, summarized in Figure 1.5.

Part I of my thesis concerns cosmological afterglows. Using the ZTF high-cadence
(1600 deg?, 6x/night) and one-day cadence (3000 deg?, 1x/night in each of g and
r) surveys I found two cosmological afterglows, one of which had no detected GRB
(Ho et al., 2020f) and one of which had a bright Fermi/LLAT-associated GRB (Yao et
al. in prep). Via rate estimates, I showed that the rate of afterglow-like events is not
significantly higher than the rate of classical GRBs (Ho et al., 2020f), in agreement
with previous results from optical (Cenko et al., 2015; Ho et al., 2018c) and X-ray
(Nakar and Piran, 2003) surveys. So, if dirty fireballs exist, they are either rare or

3The association for ATLAS 17aeu is not fully secure because the redshift of the afterglow was
not measured.
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Figure 1.5: The phase-space of fast-rising and luminous transients. A significant
number of the fastest and most luminous transients have turned out to be engine-
driven stellar explosions, perhaps due to their fast shock velocity.

look significantly different from classical GRB afterglows; perhaps they result in

wider-angle, lower-power outflows like LLGRBs.

Part II of my thesis concerns LLGRBs. LLGRBs seem to be accompanied by
double-peaked Ic-BL SNe (Figure 1.4), but since high-cadence optical data was
more commonly obtained for GRB-SNe, it was unclear whether this was a selection
effect. Using the ZTF high-cadence survey I discovered the first optically identified
double-peaked Ic-BL SN, and showed that it has radio and X-ray emission similar to
LLGRB 060218/SN 2006aj (Ho et al., 2020e). I also showed that most Ic-BLL SNe
with high-cadence data do not have early peaks as luminous as that in SN 2006a;j.
The intriguing implication is that a double-peaked optical light curve is somehow
related to the mechanism that produces the LLGRB.

Part III of my thesis concerns Ic-BL SNe more broadly. With systematic radio follow-

up observations, I found one Ic-BL SN with radio emission similar to LLGRBs (Ho
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et al., 2020c). I corroborated previous results showing that radio emission like
SN 1998bw is rare, and that at least some Ic-BL SNe do not appear to produce
a classical GRB in any direction. I delineated a class of Ic-BL SNe in dense
circumstellar material (Ho et al., 2019d) and showed that CSM is an important yet
neglected complication in the quest for GRB-SN unification (Duffell and Ho, 2019).

Finally, after my candidacy exam in May 2017 my thesis committee warned me
that all would probably not go as planned, and that I should remain open to new
avenues as they arise. Part IV of my thesis describes one such avenue: a new
class of engine-driven stellar explosions (Ho et al., 2019¢, 2020d), the prototype
of which was AT2018cow. Together, LLGRBs and AT2018cow-like explosions are
two classes of energetic explosions shocking a dense medium that at early times are
most readily observed at millimeter wavelengths; these systems are a prime target
for millimeter observatories such as ALMA. (Ho et al., 2019c). The presence of
dense and confined circumstellar material in Ic-BL. SNe and AT2018cow-like events
suggests that late-stage eruptive mass-loss may be present in a greater variety of

massive stars than had been previously thought.

To conclude the summary, I provide a map of a tentative GRB-SN unification scheme
in Figure 1.6 and list major open questions in the field.

* What are the local rates of classical GRBs, LLGRBs, and Ic-BL SNe?

* What powers LLGRBs?

* Why do some Ic-BL SNe produce GRBs and others LLGRBs?

* What is the origin of the dense confined CSM in AT2018cow-like events and
LLGRB-SNe?

* How prevalent is late-stage eruptive mass-loss in massive stars?

* If dirty fireballs are common, why don’t they look like classical GRB after-
glows?

* If dirty fireballs are rare, why is a “clean” jet intrinsic to phenomenon? Are
LLGRBs dirty fireballs?
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Part I. Afterglows at Cosmological Distances

Your mission, should you choose/decide to accept it, is the search for dirty
fireballs. http://adsabs.harvard.edu/abs/2013ApJ...769..130C As
always, should you or any of your colleagues be found making a mistake, the

Secretary will disavow any knowledge of your actions. This email will self-destruct
in five seconds.
Good luck
The Secretary

—SHRI KULKARNI, 18 APRIL 2016
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ZTF20AAJNKSQ (AT 2020BLT): A FAST OPTICAL TRANSIENT
AT z = 2.9 WITH NO DETECTED GAMMA-RAY BURST
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Abstract
We present ZTF20aajnksq (AT 2020blt), a fast-fading (Ar = 2.4 mag in At = 1.3d)

red (g — r =~ 0.6mag) and luminous (M6 = —25.9 mag) optical transient at
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z = 2.9 discovered by the Zwicky Transient Facility (ZTF). AT 2020blt shares several

features in common with afterglows to long-duration gamma-ray bursts (GRBs): (1)
an optical light curve well-described by a broken power-law with a break atz; = 1d
(observer-frame); (2) a luminous (Ly = 10% erg s7h X-ray counterpart; and (3)
luminous (L, = 4 x 103! erg s"'Hz™! at 10 GHz) radio emission. However, no
GRB was detected in the 0.74 d between the last ZTF non-detection (r > 20.64)
and the first ZTF detection (r = 19.57), with an upper limit on the isotropic-
equivalent gamma-ray energy release of Ey jso < 7 X 10°2 erg. AT 2020blt is thus
the third afterglow-like transient discovered without a detected GRB counterpart
(after PTF11agg and ZTF19abvizsw) and the second (after ZTF19abvizsw) with a
redshift measurement. We conclude that the properties of AT 2020blt are consistent
with a classical (initial Lorentz factor Iy = 100) on-axis GRB that was missed
by high-energy satellites. Furthermore, by estimating the rate of transients with
light curves similar to that of AT 2020blt in ZTF high-cadence data, we agree with
previous results that there is no evidence for an afterglow-like phenomenon that
is significantly more common than classical GRBs. We conclude by discussing
the status and future of fast-transient searches in wide-field high-cadence optical

surveys.

2.1 Introduction

Over the past half-century, thousands of long-duration gamma-ray bursts (GRBs;
Kouveliotou et al. 2012; Mészéaros 2006; Piran 2004; Zhang and Mészaros 2004)
have been discovered by high-energy satellites. In the traditional GRB model, a
collapsing massive star launches a collimated (opening angle 6y ~ 10°) and ultra-
relativistic (initial Lorentz factor Iy > 100) outflow (MacFadyen et al., 2001) that
tunnels through the stellar material and collides with the ambient medium, pro-
ducing an “afterglow” across the electromagnetic spectrum (Panaitescu and Kumar,
2002; van Paradijs et al., 2000).

Through follow-up observations of well-localized GRB triggers, hundreds of optical
afterglows have been detected!. There are several reasons why optical surveys
should also detect “orphan” afterglows, i.e., optical afterglows without associated
GRBs. First, for an outflow with Lorentz factor I', relativistic beaming precludes
the observer from seeing emission outside a cone of width 8 = 1/I". The outflow
decelerates between the time of the GRB detection and the time of the optical

afterglow detection, so the optical afterglow should be visible over a wider observing

! An up-to-date list is maintained at http: //www.mpe .mpg.de/\~jcg/grbgen.html
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angle than the GRB (Mészdros et al., 1998; Rhoads, 1997). Second, an outflow must
entrain very little mass (M. ~ 107 My,) to produce a GRB. If GRBs represent the
extreme of a continuum of baryon-loading in relativistic jets, then “dirty fireballs”

should exist, which would produce an afterglow but not a GRB (Dermer et al., 1999).

To discover orphan afterglows and dirty fireballs, surveys must be able to find
afterglows without relying on a GRB trigger. Independently discovering optical
afterglow emission is challenging because of the need for high-cadence observations
over a wide field-of-view, as well as rapid follow-up. Furthermore, there is a
formidable fog of more common fast-fading transients like stellar flares (Berger
etal., 2013; Ho et al., 2018c; Kulkarni and Rau, 2006; Rau et al., 2008; van Roestel
et al.,, 2019). Of the three optically discovered afterglows in the literature, two
turned out to have associated classical GRBs: iPTF14yb (Cenko et al., 2015) was
the counterpart to GRB 140226A, and ATLAS17aeu (Bhalerao et al., 2017; Stalder
et al., 2017) was likely the counterpart to GRB 170105A.2

The first optically discovered afterglow, PTF11lagg (Cenko et al., 2013), had no
detected GRB counterpart. The redshift was constrained to be 1 < z < 2, and
Cenko et al. (2013) argued that it could represent the first dirty fireball. It has
since become clear that the rate of such events is not significantly higher than the
rate of classical GRBs (Cenko et al., 2015; Ho et al., 2018c¢); the same conclusion
was reached by Nakar and Piran (2003) based on X-ray afterglows. So, if dirty
fireballs exist, they are either rare or look significantly different from classical GRB

afterglows.

Making the discovery of optical afterglows routine is one of the primary scientific
goals of the Zwicky Transient Facility (ZTF; Bellm et al. 2019b; Graham et al.
2019) high-cadence surveys (Bellm et al., 2019a). To that end, we have devised a
set of filters for identifying afterglow emission in real-time, and obtaining prompt
follow-up observations to measure the redshift and any accompanying X-ray and
radio emission. Here we describe the first afterglow detected as part of this effort,
ZTF20aajnksq (AT 2020blt) at z = 2.9. Since then, we discovered a second after-
glow: ZTF20abbiixp (AT 2020kym; Ho et al. 2020b) turned out to be the afterglow
to Fermi/LAT GRB 200524A (Yao et al in prep). In September 2019, ZTF also
serendipitously discovered a cosmological afterglow (ZTF19abvizsw at z = 1.26;
Burdge et al. 2019a; Ho et al. 2019a) in follow-up observations of gravitional-wave

trigger S190901ap (Perley et al. in prep). Finally, ZTF detected the afterglow

2The association is not fully secure, because the redshift of the afterglow was not measured.
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to GRB 190106A as ZTF19aabgebm; the detection was in low-cadence data and

therefore the transient did not pass the fast-transient filter.

This paper is organized as follows. In §2.2 we present the discovery and follow-up
observations of AT 2020blt. In §2.3 we model the outflow using the light curve and
the spectral energy distribution (SED). We discuss possible interpretations in §2.4,
and conclude that we cannot rule out the possibility that AT 2020blt was a classical
GRB missed by high-energy detectors. We summarize and look to the future in
§2.5.

2.2 Observations

ZTF Discovery

The ZTF Uniform Depth Survey (Goldstein et al. in prep) covers 2000 deg? twice
per night in g-, r-, and i-band using the 48-inch Samuel Oschin Schmidt telescope
at Palomar Observatory (P48). The ZTF observing system is described in Dekany
et al. (2020). The pipeline for ZTF photometry makes use of the image subtraction
algorithm of Zackay et al. (2016) and is described in Masci et al. (2019).

AT 2020blt was discovered at r = 19.57 + 0.14 mag (all magnitudes given in AB)
in an image obtained on 2020 Jan 28.283, at the position @ = 12h47m04.875,
6 = +45912m02.3% (J2000). One and a half hours later, the source had faded to
r =20.01 £ 0.16 mag.

AT 2020blt passed a filter that searches the ZTF alert stream (Patterson et al., 2019)

for young and fast transients. More specifically, the filter identifies transients that:
* have an upper limit from the previous night that is at least one magnitude
fainter than the first detection,

* have no historical detections in the Catalina Real-Time Transient Survey (Djor-
govski et al., 2011; Drake et al., 2009; Mahabal et al., 2011), ZTF, or the
predecessor to ZTF the Palomar Transient Factory (Law et al., 2009),

* have a real-bogus score drb > 0.9 (Duev et al., 2019),

* have two detections separated by at least half an hour (to remove asteroids),

and

* have no stellar counterpart (sgscore < (.76; Tachibana and Miller 2018).

3 All times in this paper are given in UTC.
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AT 2020blt fulfilled the criteria listed above: the last upper limit from the high-

cadence survey was (.74 d prior to the first detection with an upper limit of r >
20.73 mag. There is no source within 15” of the position of AT 2020blt in ZTF
r-band and g-band reference images, with a 5-0- limiting magnitude in the PSF-fit

reference image catalog of r = 23.17 mag and g = 22.77 mag.

Motivated by the fast rise and lack of a detected host galaxy counterpart in ZTF
reference images (as expected for cosmological GRBs; the median magnitude of
the TOUGH sample of 69 Swift GRB host galaxies (Hjorth et al., 2012) was R =
25.52+0.23 mag) we immediately triggered a series of follow-up observations (§2.2)
which were coordinated through the GROWTH “Marshal” (Kasliwal et al., 2019).
All observations will be made available on WISeREP, the Weizmann Interactive

Supernova Data Repository (Yaron and Gal-Yam, 2012).

Follow-up Observations

Optical Imaging

In searches for extragalactic fast transients, the primary false positives are stellar
flares in the Milky Way (Berger et al., 2013; Ho et al., 2018c; Kulkarni and Rau,
2006; Rau et al., 2008). At optical frequencies, stellar flares can be distinguished
from afterglow emission by color. At peak, stellar flares have typical blackbody
temperatures of ~ 10, 000 K (Kowalski et al., 2013), so optical filters will be on the
Rayleigh-Jeans tail and colors will obey f, o v*? (g —r = —0.17 mag). By contrast,
in optical bands synchrotron emission obeys £, oc v~ or steeper (Sari et al., 1998),
corresponding to g—r > 0.24 mag (even without extinction). To measure the color of
AT 2020blt, we triggered target-of-opportunity (ToO) programs on the [0:O imager
of the Liverpool Telescope* (LT; Steele et al. 2004) and with the Spectral Energy
Distribution Machine®> (SEDM; Blagorodnova et al. 2018; Rigault et al. 2019) on
the automated 60-inch telescope at Palomar Observatory (P60; Cenko et al. 2006).
LT image reduction was provided by the basic 10:0 pipeline. P60 and LT image
subtraction was performed following Fremling et al. (2016), using PS1 images for
griz and SDSS for u-band.

LT griz observations on Jan 29.17 and P60 gri observations 3 hours later confirmed
that AT 2020blt had red colors. Furthermore, forced photometry (Yao et al., 2019)

on P48 images revealed two g-band detections that were below the 5-o threshold

“PIL: D. Perley
SPI: A. Ho
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Figure 2.1: Left: The optical (colored points), X-ray (black plus), and radio (black
cross) light curves of AT 2020blt, shown in observer-frame days on the bottom x-
axis and rest-frame days on the top x-axis. The X-ray and radio upper limits are
at 3-0. The estimated time of first light zo=Jan 28.15 comes from fitting a broken
power-law to the optical light curve (§2.3). The fitted function is shown as dashed
lines. For the radio light curve, we show a dotted line with the same temporal index
as the post-break optical light curve (+72-°%). The ‘S’ along the top indicates the
epoch of our LRIS spectrum. Right: the spectral energy distribution of AT 2020blt.

of the nominal ZTF pipeline, which give g —r = 0.79 £ 0.16 mag. Photometry was
corrected for Milky Way extinction following Schlafly and Finkbeiner (2011) with
E(B-V) = Ay/Ry = 0.034 mag, using Ry = 3.1 and a Fitzpatrick (1999) extinction
law. The full light curve of AT 2020blt is shown in the left panel of Figure 2.1, and
the photometry is listed in Table 2.1.

To monitor the light curve, we triggered a ToO program® with the Wafer-Scale Imager
for Prime (WaSP) on the 200-inch Hale telescope at the Palomar Observatory (P200)
and obtained 2x 180 s exposures in each of g-, r-, and i-bands. The WaSP reductions
were performed using a pipeline developed for Gattini-IR, described in De et al.
(2020). The measurement established a rapid fade rate of 2.5 magnitudes in 1.25
days and confirmed the red colors (g —r = 0.63 + 0.12 mag).

For a final photometry measurement, we triggered a ToO observation with the
Gemini Multi-Object Spectrograph (GMOS; Hook et al. 2004) on the Gemini-
North 8-meter telescope on Mauna Kea?. In 8 X 200s exposures on Feb 01.52,

®PI: I. Andreoni
7PI: L. Singer; Program ID GN-2019B-Q-130
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Table 2.1: Summary of observations of AT 2020blt. Time given relative to ¢ as
defined in §2.3. Optical magnitudes have been corrected for Milky Way extinction.
P48 values were measured using forced photometry (Yao et al., 2019). X-ray
uncertainties are 1-0- and upper limits are 3-0-. Radio upper limits are 3x the image
RMS. Uncertainties on radio measurements are given as the quadrature sum of the
image RMS and a 5% uncertainty on the flux density due to flux calibration.

Optical Photometry
Obs. Date At (days) Instrument Filter Mag
Jan 28.28 0.15 P48+ZTF r 19.60 + 0.08
Jan 28.35 0.18 P48+ZTF r 19.97 + 0.08
Jan 28.39 0.19 P48+ZTF g 20.74 £ 0.14
Jan 28.51 0.31 P48+ZTF g 20.70 £ 0.13
Jan 29.17 0.97 LT+I0:0 g 21.52 +£0.21
Jan 29.17 0.97 LT+I0:0 r 21.29 +0.18
Jan 29.17 0.97 LT+I0:0 i 21.15+£0.25
Jan 29.17 0.97 LT+I0:0 b4 20.82 £ 0.40
Jan 29.21 1.01 LT+IO:O0 g 21.83 +£0.21
Jan 29.21 1.01 LT+I0:0 r 21.00 £ 0.16
Jan 29.21 1.01 LT+IO:0 i 21.15+0.27
Jan 29.45 1.25 P48+ZTF i 21.52+0.32
Jan 29.47 1.27 P48+ZTF i 21.45+0.25
Jan 29.51 1.31 P48+ZTF r 21.58 +£0.26
Jan 29.53 1.33 P200+WaSP g 22.53+0.10
Jan 29.55 1.35 P200+WaSP r 21.90 = 0.07
Jan 29.55 1.35 P200+WaSP i 21.56 £0.05
Feb 01.53 4.33 Gemini-N+GMOS r 25.09 +0.26
Optical Spectrum with LRIS on Keck-I
Obs. Date At (days) Observing Setup Exposure Time
Jan 30.64 2.44 17 slit, 400/3400 grism, 400/8500 grating, D560 dichroic 900s
0.3-10 keV X-ray Observations with Swift/XRT
Obs. Date At (days) Count Rate Flux
Jan 29.70 2.1 (3.9671-30) x 1073 571 1339098 x 10 Pergs T cm™?
Jan 31.04 3.4 <3.95%x 1073571 <133%x 107 Bergs™!em™2
VLA Radio Observations at 10 GHz
Obs. Date At Flux Density Flux at 10 GHz
Feb 07.24 9.96 52.1 +6.5uly (5.21 £0.65) x 10~ B ergs~Tem ™2
Feb 23.54 26.34 <15 uly <15%x10 8 ergs~lem2
Apr 29.98 92.78 <21 uly <21x107 8 ergs~! em2

calibrating against PS1 DR1 (Chambers et al., 2016), we detected the source at
r =25.20 = 0.05 (Singer et al., 2020). Data were reduced using DRAGONS (Data
Reduction for Astronomy from Gemini Observatory North and South), a Python-
based reduction package provided by the Gemini Observatory. In §2.3 we model
the full optical light curve of AT 2020blt and compare it to GRB afterglows in the

literature.

Optical Spectroscopy
We triggered ToO observations® using the Low Resolution Imaging Spectrometer
(LRIS; Oke et al. 1995) on the Keck I 10-m telescope. The observation details are

8PL: M. Kasliwal
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listed in Table 2.1. The spectrum was reduced with LPipe (Perley, 2019) and is
shown in Figure 2.2. The spectrum showed features consistent with the Lyman break
(rest-frame 912 A) and Lyman-a absorption (rest-frame 1216 A)atz = 2.90t8:%i
(luminosity distance 25 Gpc?), although the S/N is low due to the short exposure
time and the fact that the observation started close to morning twilight. The redshift
sets the rest-frame UV magnitude at the time of discovery as Mg = —25.91 mag,
assuming a distance modulus of 46.99 mag and a central wavelength of the ZTF
r-band filter of 6340 A. We searched for narrow lines consistent with z = 2.9 with

no convincing detections.
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Figure 2.2: Spectrum of AT 2020blt at Ar = 2.4d (top panel) with a spectrum
of a GRB at a similar redshift in the literature for comparison (bottom panel).
The spectrum of AT 2020blt was obtained with the blue arm of LRIS; there was
negligible signal in the red arm. The spectrum of GRB 111107A is from Selsing et al.
(2019). In each panel, the full spectrum is shown in grey and a smoothed spectrum
is overplotted in black. The Lyman-a and Lyman break absorption features are
marked with vertical dashed lines. We show f; = 0 with a horizontal dotted line.

9 ACDM cosmology of Planck Collaboration et al. (2016) used throughout.
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X-ray Observations

We triggered ToO observations!©® with the X-Ray Telescope (XRT; Burrows et al.
2005) on board the Neil Gehrels Swift observatory (Gehrels et al., 2004). We
obtained two epochs of 4 ks exposures and reduced the data using the online tool!!
developed by the Swift team (Evans et al., 2009). In the first epoch (Jan 29.70;
At = 2.1d) a source was detected at the position of AT 2020blt with a 0.3-10keV
count rate of (3.96t11%%) x 1073 s~!. Assuming a neutral hydrogen column density
ng = 1.69 x 10°°cm=2 and a photon index I' = 2 the unabsorbed flux density
is 2.1J:11'.(2’ x 107 B ergs™' cm™. The source was not detected in the second epoch
(Jan 31.04; At = 3.4d) with a 3-0 upper limit of < 4.57 x 1073s7!. We used
webpimms!? with I' = 2 and the same value of ny from the first observation to
convert the upper limit on the count rate to an upper limit on the flux density
of < 1.57 x 107 ergs~!cm™. A log of our X-ray observations is provided in

Table 2.1, and we model the X-ray to radio SED in §2.3.

Radio Observations

On Feb 03 we triggered our ToO program on the Karl G. Jansky Very Large Array
(VLA; Perley et al. 2011) for fast-rising and luminous transients'>. We obtained
an X-band observation on Feb 7.24 (At = 9.96) in C configuration, using 3C286
as the bandpass and flux density calibrator and J1219+4829 as the phase calibrator.
We calibrated the data using the automated pipeline available in the Common
Astronomy Software Applications (CASA; McMullin et al. 2007), and performed
additional flagging manually before imaging. Imaging was performed using the
CLEAN algorithm (Hogbom, 1974) implemented in CASA. The cell size was 1/10
of the synthesized beamwidth, and the field size was the smallest magic number
(10x2™") larger than the number of cells needed to cover the primary beam. A source
was detected at the position of AT 2020blt with a flux density of 47 £ 5 pJy. In the
next X-band image (Feb 24; At ~ 27 d) the source was not detected with an RMS
of 5 uJy. In the final observation (Apr 29; At =~ 92 d) the source was not detected
with an RMS of 7 uJy. A log of our radio observations is provided in Table 2.1. In
§2.3 we model the X-ray to radio SED and in §2.3 we put the radio luminosity in
the context of GRB afterglows.

19PI: A. Ho, Target ID 13197

Uhttps://www.swift.ac.uk/user_objects/
Zhttps://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
BVLA/20A-374; PI: A. Ho
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Search for Associated GRB

The third Interplanetary Network (IPN4) consists of six spacecraft that provide
all-sky full-time monitoring for high-energy bursts. The most sensitive detectors in
the IPN are the Swift Burst Alert Telescope (BAT; Barthelmy et al. 2005) the Fermi
Gamma-ray Burst Monitor (GBM; Meegan et al. 2009), and the Konus instrument
on the WIND spacecraft (Aptekar et al., 1995).

We searched the Fermi GBM Burst Catalog?®s, the Fermi-GBM Subthreshold Trigger
list'e (with reliability flag not equal to 2), the Swift GRB Archive'’, and the Gamma-
Ray Coordinates Network archives'® for an associated GRB between the last ZTF
non-detection (Jan 27.54) and the first ZTF detection (Jan 28.28). There were no
GRBs coincident with the position and time of AT 2020blt.?®

The position of AT 2020blt was visible2? to GBM only 65% of the time: 27% of
the time it was occulted by the Earth, and 8% of the time GBM was not observ-
ing due to a South Atlantic Anomaly passage. By contrast, Konus-WIND is in
interplanetary space, not Earth orbit, and therefore had complete coverage. Konus-
WIND found no detection with a 90% confidence upper limit on the peak flux of
1.7 x 1077 ergecm™2s~! for a typical long-GRB spectrum?! (Ridnaia et al., 2020).
At the distance of AT 2020blt, this corresponds to an upper limit on the isotropic

gamma-ray luminosity of L, ;5o < 1.3 X 1032 ergs!.

Overall, the IPN detects bursts with a 50-300 keV fluence of 1-3x107° erg cm~2 at
50% efficiency. Following Cenko et al. (2013) we take 107% erg cm =2 as a nominal
fluence threshold and obtain a limit on the isotropic gamma-ray energy release of
E,yiso <TX 1032 erg. We put the limit on E, 5, in the context of classical GRBs in
§2.3.

2.3 Comparison to GRB Afterglows
AT 2020blt shares a number of features in common with classical GRBs in the
literature. The redshift is typical of GRBs detected by Swift (Gehrels et al., 2009)

and the absorption features seen in the spectrum are often seen in afterglows at

http://ssl.berkeley.edu/ipn3/index.html

https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html

16https ://gcn.gsfc.nasa.gov/fermi\_gbm\_subthresh\_archive.html

https://swift.gsfc.nasa.gov/archive/grb\_table/

8https://gen.gsfc.nasa.gov/gen3\_archive.html

19 AT 2020blt was originally in the localization map of GRB 200128A because Earth occultation
had not been taken into consideration (Hamburg and Fermi-GBM Team, 2020).

20Search conducted using https://github.com/annaygho/HE_Burst_Search

2120-1500 keV, 2.944 s scale, Band spectrum with @ = 1, 8 =2.5, E,, = 300 keV
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these distances (Fynbo et al., 2009; Selsing et al., 2019). Given the low S/N of our

spectrum we are not able to detect common metal lines at this redshift (e.g. C IV,
Si IV) and we do not attempt to use the Ly-a absorption feature to measure the host

hydrogen column density.

In Figure 2.3 we compare the X-ray, optical and radio luminosity of AT 2020blt
to GRB afterglows (Chandra and Frail, 2012; Nysewander et al., 2009), and show
that a classical GRB cannot be ruled out based on the limit from Konus-Wind (in
general, at cosmological redshifts Konus-Wind only detects the brightest GRBs). In

the following sections we discuss the optical light curve and SED in more detail.

Optical Light Curve

As shown in Figure 2.1, the light curve of AT 2020blt has a clear break well-described
by a broken power law. Optical afterglows with “classical” breaks like this were
commonly observed prior to the Swift era (Harrison et al., 2001; Klose et al., 2004;
Kulkarni et al., 1999; Zeh et al., 2006), so it was a surprise when relatively few
such breaks were detected in the X-ray afterglows of Swift GRBs (Gehrels et al.,
2009). Suggestions for why breaks are rarely detected include that observations do
not extend long enough after the burst time (Dai et al., 2008), that the breaks are
present in the data but missed in fitting (Curran et al., 2008), that bursts are viewed
from a range of viewing angles (Zhang et al., 2015), and that Swift GRBs are on
average more distant (Gehrels et al., 2009) and less energetic (Kocevski and Butler,
2008). Furthermore, in X-ray as well as optical bands, the search for breaks can be
complicated by the presence of flares or rebrightening episodes (e.g. Kann et al.
2010).

To make a direct comparison to afterglows in the literature with breaks (Kann et al.,
2010; Wang et al., 2018; Zeh et al., 2006) we fit the light curve using a conventional
smooth broken power law, modifying it to take into account the fact that we do not

know the burst time #q:

-1
10-0:4m (t —1t9) ™" .\ (t —to) wzn]) /n | 2.1)

tp tp

In Equation 2.1, m(t) is the apparent magnitude as a function of time, n parameterizes

the smoothness of the break (where n = oo is a sharp break), @, is the power-law
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Figure 2.3: Optical, X-ray, and radio afterglow luminosity of classical GRB after-
glows in the literature, compared to the isotropic gamma-ray energy release E, 5o
(grey circles). The optical and X-ray afterglow values were taken from Figure 5
and Figure 6 of Nysewander et al. (2009), and the radio afterglow values were taken
from Figure 20 of Chandra and Frail (2012). The region shaded in grey indicates
the phase-space ruled out for AT 2020blt based on an upper limit on E, j, from
Konus-Wind. We cannot rule out the possibility that AT 2020blt was a classical
GRB afterglow missed by high-energy detectors.
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index before the break, a; is the power-law index after the break, ¢, is the time of
the break, and m, is the magnitude at the time of the break assuming n = co. Note
that the original equation also includes terms for the underlying supernova and the
host galaxy, which we take to be zero—a reasonable assumption given that we do

not observe any flattening in the optical light curve.

First we fit Equation 2.1 to the r-band light curve, because it has the most extensive
temporal coverage and we cannot necessarily assume constant colors across the
optical light curve. Using the Levenberg-Marquardt algorithm implemented in
scipy we find m, = 20.99 + 5.01, o = 2458876.69 + 0.42, 1, = 1.00 + 1.84d,
a1 =0.52 £2.81, ap = 2.59 + 0.26, and a smoothing parameter that is very poorly
constrained (large error bars). The fit has a reduced y?/v = 3.6/v where v = 1 is
the number of degrees of freedom (number of data points minus number of fitted

parameters).

In §2.2 we show that constant colors are a reasonable assumption at optical fre-
quencies. So, to obtain more precise parameters we fit Equation 2.1 to the g-, -,
and i-band light curves simultaneously, assuming constant g — r and r — i offsets.
The result is m, = 20.95 + 0.84, 1o = 2458876.65 + 0.18, 1, = 1.00 = 0.43d,
a1 = 0.59 £ 0.68, and a; = 2.56 + 0.28 (the smoothing parameter is still poorly
constrained; n = 5.54 + 14.2). Note that we cannot assume a single spectral index
across the optical band because the g-band flux is attenuated by the Ly-a absorption
feature and the Lyman forest. The fit has a reduced y?/v = 11.8/v = 1.32 where
v = 9 is the number of degrees of freedom. Throughout the paper, we use the
parameters resulting from the multi-band fit, which results in a best-fit light curve
shown in the left panel of Figure 2.1.

The best-fit ¢y is Jan 28.15 + 0.18, 3.1 hours before the first detection and 14.6 hours
after the last non-detection. The best-fit ; = 1.00 + 0.43 d after 7o (observer-frame)
is typical of optical afterglows with breaks (e.g. Kann et al. 2010; Wang et al. 2018;
Zeh et al. 2006). In Figure 2.4 we show the resulting value of Aa = 1.97 £ 0.74
compared to the distribution in Zeh et al. (2006) and Kann et al. (2010). The value
of A« appears to be large compared to afterglows in the literature, but given the

uncertainties we cannot conclude that it is truly unusual.

The origin of breaks in afterglow light curves is still debated. A leading hypothesis
is that a break results from a collimated jet (Rhoads, 1997; Sari et al., 1999). The
traditional argument is that while I'(#) > 6~!, the emission cannot be distinguished

from an isotropic outflow, because relativistic beaming confines the viewing angle to



26

I

|

|

8 - I

|

" |
=i i
o |
: i
2 41 !
= I
= |
~ !
2 - I

|

|

|

|

O' T T 1

0.5 1.0 1.5 2.0 2.5
9 — (X1

Figure 2.4: The difference between the post-break and pre-break temporal index,
compared to a sample of GRBs with jet breaks from the literature (Kann et al., 2010;
Zeh et al., 2006). The solid vertical line is the best-fit value of @, — @ from §2.3.
The dashed vertical lines represent the error bars on the best-fit value.

a small region that is expanding too quickly to interact sideways. As I'(¢) decreases
to I'(¢) ~ 67!, two effects become important: the jet begins expanding sideways
(Rhoads, 1997), and the edge of the jet becomes visible (Mészaros and Rees, 1999).
However, “textbook’ achromatic breaks are rarely observed, and simulations suggest
that breaks can be chromatic (van Eerten et al., 2011) and that sideways expansion
can take place significantly later than when the edge of the jet becomes visible
(Granot and Piran, 2012; Panaitescu et al., 1998).

If the break in the light curve of AT 2020blt is a jet break—and we caution that it is
rare to see breaks that actually behave in the way one would expect for jet breaks,
e.g. Liang et al. (2008)—we can use the timing of the break to estimate the opening
angle of the jet 8y. For a constant-density ISM we have from Sari et al. (1999) that

et ~ 6.2(Es2/m)'(60/0.1)% hr, 2.2)
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where Es; is the kinetic energy release of the explosion in units of 10°2 erg, 6y is in
radians, and n; is the ambient density in units 1 cm™. Using our rest-frame value
tiee = 0.26 £ 0.11d (6.24 + 2.64 hr) we have

1.0+ 0.4 = (Esa/n1) 3 (60/0.1)%" hr. (2.3)

We do not have an independent constraint on E5, and ny, but the Es/n; term has
a much weaker dependence than the opening angle term. Taking (Esy/n1) to be
unity, we find an opening angle of 6y = 0.10 + 0.07 = 5.7 + 4.0 degrees, typical of
opening angles inferred from optical jet breaks (Panaitescu and Kumar, 2001; Wang
et al., 2018; Zeh et al., 2006).

If the break is due to the material spreading sideways, then the temporal index after
the break is F, (1) oc t77 (Sari et al., 1999) where p is the power-law index of the
electron energy distribution. Using the value of a; above we have p = @y =2.9+0.4,
which is large but consistent with values expected for shock acceleration (Jones and
Ellison, 1991) given the uncertainties, and furthermore is within the normal range

of values inferred from optical afterglows in the literature (Wang et al., 2018).

If the steepening is due solely to detecting the edge of the jet, the expected post-
break slope?22 is the slope of a spherically expanding outflow (#73(P~1/4; Sari et al.
1999) with two additional powers of I oc r73/8. The resulting temporal slope is
F,(t) o 17374 50 3p/4 = ap = 2.9 + 0.4. The value of p = 3.9 + 0.5 is larger
than what is predicted for shock acceleration (Jones and Ellison, 1991) so in what

follows we assume p = 2.9 + 0.4.

Spectral Energy Distribution

The spectrum of an afterglow is determined by the kinetic energy of the explosion, the
ambient density, and the fraction of the energy in magnetic fields ez and relativistic
electrons €, (Sari et al., 1998). The spectrum is characterized by several break
frequencies: the cooling frequency v, the characteristic frequency v,,, and the self-
absorption frequency v,. The spectral index in any region of the spectrum therefore
depends on physical properties of the explosion and on the position of the observing

frequency relative to the break frequencies.

In §2.3 we found p = 2.9 + 0.4 based on the post-break light curve power-law

index. Because the g-band measurement is attenuated by Lyman-a and Lyman forest

22Here we assume that the optical frequency v is in the regime v,, < v < v., motivated in §2.3
and §2.3.
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absorption, we use the r—i color from the WASP observation (r—i = 0.34+0.09 mag)
to estimate that the optical spectral index Bo, = 1.5 + 0.4. Such a steep spectral
index is only ever observed as a result of absorption (Cenko et al., 2009; Greiner
et al., 2011): at this redshift even i-band is well into the far-ultraviolet, so it takes
relatively little extinction to significantly alter the flux and color. If B,y were the
“true” (unextincted) spectral index, that would indicate that the cooling frequency
v lies below the optical bands (Sari et al., 1999). Taking v, < 10'*Hz at#; ~ 0.5d
we have, following Sari et al. (1998)

26 > €5 *EZ)*n. (2.4)

Using eg < 3 x 107* and Es» = 1 (§2.3) we find a very large CSM density of

n>7x103cm™3.

Furthermore, as shown in the right panel of Figure 2.1, the
optical to X-ray spectral index is Bop,x =~ 0.7, inconsistent with Boy. It seems
natural that the optical spectral index is steepened by dust attenuation, and Bop x is

the “true” spectral index.

The value of Bop,x is consistent with (p — 1)/2 but not with p/2, so the cooling
frequency v, lies above the X-ray band (Sari et al., 1999). For adiabatic evolution
we have (Sari et al., 1998)

ve =270 x 1026, 2EZ)*n7'r ) He, 2.5)

where t, is the time (in days) after the explosion. Taking v, > 10"® Hzand ¢, = 0.5d

(time of the X-ray observation; rest-frame), we have

2.6x10° < &5 E)*n7t. (2.6)

Using ep < 3 X 10™* and Esp = 1 (§2.3) we find n < 0.7 cm™3, which is typical for
GRBs (Chandra and Frail, 2012; Panaitescu and Kumar, 2001).

Radio Light Curve
In §2.3 we showed that the optical light curve of AT 2020blt is fairly typical for
classical GRBs. However, In the radio light curve of AT 2020blt (left panel of

=23, which is unusual for GRBs

Figure 2.1) we detect a decay steeper than F, o
with detected radio afterglows in general (Chandra and Frail, 2012), including

PTF11lagg (Cenko et al., 2013).
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Early fast-evolving emission in GRB radio afterglow light curves can arise from
reverse shocks or diffractive scintillation in the interstellar medium (Alexander et
al.,2017,2019; Laskar et al., 2013; Laskar et al., 2016, 2018; Perley et al., 2014). To
determine whether scintillation could be the origin in this case, we use the NE2001
model of the ISM (Cordes and Lazio, 2002). For context, scintillation results from
small-scale inhomogeneities in the ISM, which change the phase of an incoming
wavefront. As the Earth moves, the line of sight to a background source changes,
so the net effect is an observed change in flux. The effect is greatest for sources
observed at a frequency vgps that is close to the transition frequency vg, which

separates strong scattering (vops < Vo) from weak scattering (vops > Vo).

Using the NE2001 map, we determine that the line-of-sight towards AT 2020blt has
a transition frequency vo = 7.12 GHz, which is close to our observing frequency.
Furthermore, we can estimate the timescale for flux changes. Using D = 100 pc as
the characteristic scale height of the ISM, and A4 = 3 cm as our observing wavelength,
the Fresnel length is rp = VAD ~ 10'"cm. Assuming that Earth moves at v =
30kms~!, we obtainz ~ r i /v =~ 1hr. In conclusion, the flux could easily change
by an order of magnitude due to scintillation over the large time window (16d)
between our observations. Note that the timescale is close to our time on-source
(~ 30 minutes), so there could be some damping of the scintillation over the course
of our observation. However, the signal-to-noise of the data is not high enough for

us to search for scintillation within the observation.

If, on the other hand, the rapid change in flux is due to a truly steep power-law decay
in the radio emission, there would be implications for the ambient density and the
value of €. In particular, the characteristic frequency v,, must lie below the radio

band. For adiabatic evolution we have (Sari et al., 1998)

v = 5.7 x 1042 2EL* Y Ha. 2.7)

Requiring v,, < 10 GHz (39 GHz rest-frame) at ¢; = 2 d (time of the radio detection;
rest-frame) and adopting €, = 0.1 (Beniamini and van der Horst, 2017; Kumar and
Zhang, 2015) we find

0.02 > ) *EL’. 2.8)

Assuming Es> = 1, we find ez < 3 x 107, which is also typical for GRBs based on

high-energy and optical afterglow modeling (Beniamini and van der Horst, 2017;
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Kumar and Zhang, 2015). So, although an early steep-decaying radio light curve
is unusual for GRBs with detailed raido observations, we have no reason to believe
that the radio behavior of AT 2020blt is unusual for the population of GRBs as a

whole.

2.4 Interpretation

In §2.3 we found that the optical and radio light curve of AT 2020blt is similar to that
of classical GRB afterglows. The fact that we observed an achromatic steepening
suggests that there was a jet break, which requires that our observing angle was

within the jet opening angle.

Three possibilities remain for the origin of AT 2020blt. The first (and simplest)
possibility is that AT 2020blt was a classical GRB viewed directly on-axis (65 < 60)
for which the high-energy emission was simply missed by GRB satellites. As
discussed in §2.3, the on-axis scenario is entirely possible. With an eye to the
future, when larger samples of optical afterglows will be available (including some
with more stringent limits on associated GRB emission), we consider two additional
possibilities: that AT 2020blt is a classical GRB observed slightly oft-axis fqps = 09
(§2.4) and that AT 2020blt is a dirty fireball (§2.4).

A Slightly Off-Axis GRB

Here we consider the possibility that AT 2020blt was a classical GRB viewed slightly
outside the jet opening angle. Beniamini and Nakar (2019) argued that the vast
majority of GRBs observed so far must have been observed close to or within the
jet core, implying that GRB emission is not produced efficiently away from the
core. So, as discussed in §2.1, there is a natural expectation for X-ray and optical
afterglows without detected GRB emission (Mészédros and Rees, 1997; Nakar and
Piran, 2003; Rhoads, 1997). The slightly off-axis model has been invoked to
explain low-luminosity GRBs or X-ray flashes (Ramirez-Ruiz et al., 2005) as well
as plateaus observed in X-ray afterglow light curves (Beniamini et al., 2020b; Eichler
and Granot, 20006).

One signature of a slightly off-axis afterglow could be an early shallow decay and
a large value of Aa (Beniamini et al., 2020a; Ryan et al., 2019). This can be
understood as follows. In on-axis events, the early stage of the light curve is set by
two competing effects: the shock is decelerating, but the beaming cone is widening
to include more material. In a slightly off-axis event, there is a third effect, which

is that the beaming cone widens to include material of increasing energy per solid
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angle—hence a shallower decay.

A larger number of events would help to test this hypothesis: the luminosity function
of the early afterglow should be different from the luminosity function of directly
on-axis afterglows, and the distribution of limits on Ej, would eventually make it
unlikely that the afterglows are drawn from the same population as classical GRBs.
With more events, we could hope to make the first measurement of the optical
beaming factor in GRB afterglows (Nakar and Piran, 2003).

A Dirty Fireball

Here we consider the possibility that AT 2020blt was a “dirty fireball,” i.e., a jet with
lower Lorentz factor (I' ~ 10) that did not produce any GRB emission, as proposed
for PTF11agg (Cenko et al., 2013). The basis for the dirty fireball argument for
PTF11agg was the rate: at the time, it seemed that the rate of PTF11agg-like events
may have been significantly higher than the rate of classical GRBs (Cenko et al.,
2013), although this was later shown to not be the case (Cenko et al., 2015; Ho et al.,
2018c). Taking a similar approach to Cenko et al. (2015) and Ho et al. (2018c),
we searched high-cadence (6x/night) ZTF survey data (Bellm et al., 2019a) from
2018 March 1 to 2020 May 12 to estimate the areal exposure in which an event like
AT 2020blt would have passed our filter.

We folded the light curve of AT 2020blt through all r-band exposures in the ZTF
high-cadence fields, varying the burst time by 0.01 d intervals, to see over what
duration the transient would have had two r-band detections above the limiting
magnitude, with a first detection over one magnitude brighter than the last non-
detection. We found a total exposure of 855 field-nights. We assume a 100%
detection efficiency, so our result is somewhat of a lower limit, particularly at these
fainter magnitudes; the efficiency as a function of limiting magnitude has not yet
been characterized for ZTF. The 92 high-cadence survey fields included in our search
have a combined footprint of 3307 deg” after removing the overlap between fields.

So, we estimate the all-sky rate of transients similar to AT 2020blt to be

Nrel
R =
Aeff
2
_ 1 y 365.25d y 41,253 deg (2.9)
30,734 deg>d year sky

=490 yr!
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with a 68% confidence interval from Poisson statistics of 85-1611 yr~!'. For com-
parison, the all-sky rate of Swift GRBs out to z = 3 has been estimated to be
145589 yr~! (Lien et al., 2014). The Swift GRB rate is larger than the rate of opti-
cal afterglows, since only a subset of GRBs show bright optical afterglow emission
(Cenko et al., 2009). So, within the uncertainties, the rate of optical afterglows
in ZTF is compatible with the GRB rate. We therefore concur with the conclu-
sion in Cenko et al. (2015) and Ho et al. (2018c) that there is no evidence for an

afterglow-like phenomenon that is significantly more common than classical GRBs.

Of course, this assumes that a dirty fireball would look like a classical optical
afterglow. We caution, however, that the light curve of a dirty fireball should take
longer to rise to peak. The rise time of an afterglow is the time it takes the shock
to sweep up material of mass 1/I7y times the ejecta mass (the “deceleration” time).

For a uniform-density medium, the expression (observer-frame) is

taee = 30 EL 0™ /2 sec. (2.10)

So, an outflow with Iy = 100 will have an afterglow that rises to peak in 300 s, but an
outflow with I'g = 10 will have an afterglow that rises to peak in 1.2d. We have no
evidence for such a long rise time in AT 2020blt; the last non-detection was 0.74 d
prior to the first detection. A slower-rising event might not pass our fast-transient
filter (§2.2) so the limit we set on the rate would not be correct, i.e., the rate could

be larger.

2.5 Summary and Conclusions

To summarize, we used a filter for extragalactic fast transients together with fast-
turnaround follow-up observations to discover a cosmological afterglow (z ~ 2.9) in
ZTF high-cadence data. Our search strategy (§2.2) is to find fast-appearing transients
with no host galaxy and red colors, inconsistent with the thermal emission expected
for the foreground fog of stellar flares. Additional photometry obtained within 24
hours confirmed rapid fading, and a spectrum obtained within three days established
the cosmological origin (§2.2). AT 2020blt is one of only a few optical afterglows
discovered independently of a high-energy trigger, and one of only two events with

both a redshift measurement and no detected GRB.

One lesson from our work is that for a single event, it is very difficult to rule out a

classical GRB missed by high-energy detectors. The most sensitive detectors have
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the smallest probability of observing the field over the relevant time interval, given

the typical cadence of optical observations.

We consider what might be possible with a large sample of events. From existing
survey data, it is already clear that the rate of afterglow-like events cannot be
significantly higher than the rates of classical GRBs (§2.4). Dirty fireballs could
have a significantly longer duration (§2.4), in which case they would not pass our
fast-transient filter and the rate could be significantly higher than the limits set by
intra-night fast-transient searches. The appearance of slightly off-axis events (§2.4)
depends on the structure of the jet, currently unknown, but the luminosity function

should be different (with lower overall luminosity) than that of classical GRBs.

Perhaps the strategy of searching for intra-night transients is too restrictive, given the
likelihood that dirty fireballs would be longer-duration transients and the uncertainty
in the appearance of a slightly off-axis jet. A more agnostic strategy could be to
search for relativistic explosions on the basis of luminosity. If dirty fireballs have an
intrinsically lower redshift distribution, then their host galaxies are more likely to be
detected; in fact, of the three afterglows with ZTF detections, two (ZTF19aabgebm
and ZTF19abvizsw) have detected host galaxies in the Legacy Survey DR8 (Dey
et al., 2019) with high photometric redshifts. In a search for luminous transients,
interlopers like superluminous supernovae could be easily ruled out by light-curve
duration. A search for luminous transients using host-galaxy photometric and
spectroscopic catalogs during ZTF Phase II could help set the stage for a similar

search strategy during LSST.
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Abstract

There has been speculation of a class of relativistic explosions with an initial Lorentz
factor Ijy;; smaller than that of classical Gamma-Ray Bursts (GRBs). These “dirty
fireballs” would lack prompt GRB emission but could be pursued via their optical
afterglow, appearing as transients that fade overnight. Here we report a search
for such transients (transients that fade by 5-0 in magnitude overnight) in four
years of archival photometric data from the intermediate Palomar Transient Factory
(iPTF). Our search criteria yielded 50 candidates. Of these, two were afterglows to

GRBs that had been found in dedicated follow-up observations to triggers from the
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Fermi GRB Monitor (GBM). Another (iPTF14yb; Cenko et al. 2015) was a GRB

afterglow discovered serendipitously. Eight were spurious artifacts of reference
image subtraction and one was an asteroid. The remaining 38 candidates have
red stellar counterparts in external catalogs. The photometric and spectroscopic
properties of the counterparts identify these transients as strong flares from M dwarfs
of spectral type M3-M7 at distances of d ~ 0.15-2.1 kpc; three counterparts were
already spectroscopically classified as late-type M stars. With iPTF14yb as the only
confirmed relativistic outflow discovered independently of a high-energy trigger, we
constrain the all-sky rate of transients that peak at m = 18 and fade by Am = 2 mag
in At = 3hr to be 680 yr~! with a 68% confidence interval of 119-2236 yr~!. This
implies that the rate of visible dirty fireballs is at most comparable to that of the

known population of long-duration GRBs.

3.1 Introduction

The focus of this letter is fast (significant fading in < 1night) optical transients.
The sky is poorly characterized on these timescales, in part because a short cadence
comes at the cost of a decrease in sky coverage. These difficulties are exacerbated
by the need for rapid follow-up. By contrast, novae and supernovae (SNe) evolve
on timescales of days to weeks. It is therefore not surprising that they are the

best-characterized classes of transients in the optical sky.

The dominant population of fast optical transients (FOTSs) is flares from Galactic
low-mass main sequence stars, particularly M dwarfs (e.g., Berger et al. 2013;
Kulkarni and Rau 2006; Rau et al. 2008). These flares are thought to arise from
magnetic reconnection events in convective envelopes. Behind this foreground
of stellar flares is a population of extragalactic relativistic explosions: the optical
afterglows to gamma-ray bursts (GRBs).! GRBs can be explained by the “collapsar”
model: a star of mass M > 30 Mg, collapses to form a black hole, and the resulting
accretion disk powers a jet (Piran, 2004). The burst of y rays arises from within the
jet, while the optical afterglow is synchrotron emission from the jet shocking the

circumstellar medium.

Searching for optical or radio afterglows could yield relativistic explosions that are

related to GRBs but lack high-energy emission. One example is the hypothesized

'In this paper we focus on transients related to long duration GRBs because, due to their
higher energetics and larger volumetric rates, these events dominate the observed population of
relativistic explosions. However, short GRB afterglows also produce fast optical transients that could
conceivably pass our selection criteria.
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class of “dirty fireballs” (Dermer et al., 1999): explosions with a lower I'jy;; than
those of classical GRBs but with similar Ejs, (energy released per unit solid angle).
Classical GRBs are “clean” in the sense that they have a very low baryon loading
fraction, which enables matter to be accelerated to hyper-relativistic (initial Lorentz
factor, ['jn;; = 100) speeds. The primary motivation to consider dirty fireballs is the
absence of a compelling reason for all relativistic explosions to have the requisite
low baryon loading. The prompt emission from a dirty fireball would peak at
energies below the range of y-ray detectors. However, like a classical GRB, a dirty
fireball would produce a rapidly fading (on-axis) optical afterglow and long-lived
radio emission (Rhoads, 2003).

Another class of optical afterglows that would lack prompt high-energy emission are
off-axis (“orphan”) afterglows (Rhoads, 1997). Unlike for classical (on-axis, Oops <
1/Tinit) GRBs, an observer to an off-axis burst would not see the prompt high-energy
emission, nor the initial afterglow. However, as the jet slows down it also expands
sideways and as a result the afterglow becomes visible to an off-axis observer. While
classical GRBs can be seen across the Universe due to relativistic beaming and
Doppler boosting, orphan afterglows would be seen to shorter distances. However,
the larger opening angle means that the solid angle of visibility is significantly larger
than that of on-axis bursts (Ghirlanda et al., 2015; Nakar et al., 2002).

Wide-field optical surveys have already demonstrated the technical capability to find
optical afterglows independently of a GRB trigger. For example, iPTF14yb (Cenko
et al., 2015) and ATLAS17aeu (Bhalerao et al., 2017; Stalder et al., 2017) were
optical afterglows to GRBs identified via fading broadband afterglow emission;
in both cases, only later was the “parent" GRB identified (ibid). Then there is
the curious PTF11agg (Cenko et al., 2013), which had no identified high-energy
counterpart but had other characteristic features of a GRB afterglow: a rapidly-
fading optical source, a long-lived scintillating radio counterpart, and coincidence

with a dwarf galaxy with an estimated redshift of 0.5 < z < 3.0.

In this Letter, we report a search for fast optical transients in the intermediate Palomar
Transient Factory (iPTF). This is similar to the search by Berger et al. (2013) for
“fast optical transients" (defined as transients on timescales of 0.5 hr to 1day) in 1.5
years of data from the PanSTARRS-1 Medium Deep Survey (PS1/MDS). Relative
to our search PS-1 is deeper (100 of 22.5 mag in the equivalent of g and » bands).
They found 19 transients; of these, eight were most reasonably explained as main-

belt asteroids at their turning points, and the remaining eleven were identified with
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quiescent M-dwarf counterparts. This work emphasized the importance of avoiding
low ecliptic latitudes for future searches and highlighted the significant foreground
of M-dwarf flares.

By focusing on fast transients, our search is sensitive to on-axis sources (dirty
fireballs) and not off-axis events (orphan afterglows). The latter will be investigated
in subsequent work, in which we search for transients that evolve rapidly on a
timescale of days, like those in Drout et al. (2014) and Yang et al. (2017). §3.2
describes the survey, data, and search procedure, and §3.3 outlines the properties
of the iPTF FOTs. In §3.4 we use the results of our search to constrain the rate of
extragalactic FOTs. We conclude with a view to the upcoming Zwicky Transient
Facility (ZTF; Bellm and Kulkarni 2017).

3.2 Data and Candidate Selection

The intermediate Palomar Transient Factory (iPTF) ran from 1 January 2013 to 2
March 2017 as the successor to the Palomar Transient Factory (PTF; Law et al. 2009).
iPTF used a camera with a 7.26 deg? field-of-view on the 48-inch Samuel Oschin
Schmidt Telescope at Palomar Observatory (P48) and a real-time image subtraction
pipeline (Cao et al., 2016) that was run at the National Energy Research Scientific
Computing Center (NERSC) to search for transient and variable activity in the night
sky. The iPTF transient surveys generally emphasized higher-cadence observations

than the PTF surveys, making them well-suited for searches for fast-fading events.

The full set of candidates were saved in a database at NERSC, and the subset that
passed human inspection were saved in the iPTF database at Caltech. Light curves
could also be obtained using the PTF IPAC/iPTF Discovery Engine (PTFIDE) tool
(Masci et al., 2017), although PTFIDE has only been run on a small subset of the

iPTF database due to computational expense.

Significant improvements to the image differencing pipeline (see Section 3.2) were
made on 1 February 2013. We therefore selected this as the start date for our search.
We then performed our search in four steps, listed below. The motivation for (a) and
(c) is that the afterglows discovered by optical surveys thus far manifest themselves
as sources that fade overnight: iPTF14yb faded by ~ 0.7 mag/hr, ATLAS17aeu
faded by ~ 0.7 mag/hr, and PTF11lagg faded by ~ 0.2mag/hr. With an initial
magnitude of r = 18 mag, all three of these sources would become undetectable by
iPTF (typical limiting mag r ~ 20.5 mag) within a night (14 hours, or 0.6 days). We

chose to search for sources that have at least one pair of fading detections in order
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to accommodate the diversity of observed afterglow light curve shapes (e.g., Kann
et al. 2010).

1. Query the NERSC database for candidates that have two detections? with
magnitudes m,m, separated by Af. This pair must satisfy the following

criteria:

a) Fading (m, > m) within At < 1 night (0.6 day)
b) Real-bogus (RB3) score > 0.3

c) All detections confined to 1 night (0.6 day) 4

d) All detections spatially coincident to within 1.5”

e) Nobadimage or bad subtraction flags (image_id > —1, sub_flag # 0)

2. Save all candidates from (1) to the iPTF database of named transients at
Caltech. Many of these candidates were not in the iPTF database because
they were not saved by human scanners (for example, because they fell below
the RB threshold used during the survey).

3. Search the iPTF database (existing named transients as well as the ones added
in step [2]) for candidates exhibiting afterglow behavior: significant fading,

my > my at 5-0-.

4. For all candidates in (3), generate forced PSF photometry on the difference
image using PTFIDE to confirm the significance of the fading.

Of the 14,961 sources with a pair of detections separated by At < 0.6 days, there
were 1,371 sources with no detections outside this window. Of these non-repeating
sources, there were 680 sources that were fading. Of these 680 sources, there were
50 that had significant (5-0°) fading.

Of the candidates, one has two detections arising from two separate asteroids’
and eight are artifacts of image subtraction identified in visual inspection. Note
that the rate of false positives is what one would expect from the raw classifier

performance (Bloom et al., 2012). Removing the asteroids and artifacts, we have

21f there are > 2 detections, there must exist a pair of detections satisfying (a) and (b)
3Brink et al. (2013)

“This eliminates periodic or repeating sources like AGN and variable stars.
Shttps://www.minorplanetcenter.net/cgi-bin/checkmp.cgi
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41 candidates. In Figure 3.1 we show the At = fepg — fgtare and Am = meng — Mggare
for these 41 candidates. For reference, we show PTF11agg as well as a sample of
GRB afterglows from the literature (Kann et al., 2010) sampled between three hours
and nine hours after peak. iPTF14cva and iPTF14cyb were afterglows discovered
by PTF in searches of the Fermi GBM error regions (Singer et al., 2015); they
correspond to the events GRB 140620A (Kasliwal et al., 2014) and GRB 140623A
(von Kienlin, 2014) respectively. Note that there were six more afterglows detected
by iPTF in following up Fermi GBM triggers (Singer et al., 2015) but these did not
pass the search criteria because they were detected late after the trigger time and

thus were not fading significantly (all below 5-0).

The remaining 38 have red stellar hosts in external catalogs and can thus be identified
as M-dwarf flares; we spectroscopically confirm these and discuss their properties
in Section 3.3. Fortunately, all of the M dwarfs in our sample have red counterparts
in external catalogs (described in Section 3.3) whereas none of the afterglows
have detectable hosts. Indeed, of the 16 M-dwarf flares that were saved to the iPTF
database during the survey (that s, prior to our search) 12 had red stellar counterparts
in SDSS. The transients were thus readily classified as M-dwarf flares, although one

was assigned for spectroscopic follow-up due to being faint (r = 23.4 mag).

3.3 Properties of the iPTF M-dwarf Flares

Figure 3.2 shows the light curves of all 38 M-dwarf flares, superimposed with the
two afterglows discovered in survey mode (as opposed to in follow-up to GRBs).
The positions and classifications can be found in Table 3.2 and the spectra can be

found in Figure 3.6 and Figure 3.6.

For each candidate, a counterpart was present in the Panoramic Survey Telescope and
Rapid Response System (PanSTARRS; Chambers et al. 2016). For most (31 of 38)
candidates, a counterpart was detected in WISE (Wright et al., 2010). PanSTARRS
host IDs and peak flare magnitudes are listed in Table 3.1, and a color-magnitude
diagram based on PanSTARRS i and WISE W1 magnitudes is shown in Figure 3.3.

Of the 38 M dwarfs, three had spectra from the Sloan Digital Sky Survey (Albareti
etal., 2017). For eight of the sources that were accessible in the night sky while this
work was conducted, we obtained host spectra using the Double Spectrograph on the

200-inch Hale telescope at Palomar and the Low Resolution Imaging Spectrometer
(LRIS) on Keck.

In Table 3.1 we present derived properties of the flare stars. Note that this is not
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Figure 3.1: The (At, Am) for the 41 candidates that show significant (5-0°) intra-
night fading (asteroids and artifacts of bad subtractions have been removed). The
grey unlabeled points are a sample of GRB afterglows from Kann et al. (2010). For
candidates with > 2 points in their light curves, we show the change in magnitude
from the first observation after 3 hours to the last observation before 9 hours (times
measured since the burst): Af = fend — fstart AN Am = Mepng — Mgtare. M-dwarf
flares typically fade faster and are detected in PanSTARRS (see Table 3.1) with a
characteristic red color. Thus, in our sample, filtering out sources with red hosts
exclusively identifies iPTF14yb, the GRB discovered serendipitously by iPTF, as
well as two afterglows found in follow-up to Fermi GRB triggers. PTF1lagg is
shown for reference. There is one M-dwarf with a At below the lower limit on the
plot.

a complete sample of flaring M dwarfs in iPTF, because many were filtered out by
the criterion of no prior of subsequent activity (criterion [c] in Section 3.2). To
determine spectral type, we fit the spectra using the PyHammer software package
(Kesseli et al., 2017). When a spectrum was not available, we used the quiescent
PanSTARRS colors and the relations in West et al. (2011) and Berger et al. (2013).

To estimate absolute magnitude, we used the relation between SDSS r — z and M,
in Bochanski et al. (2011). More precisely, we interpolated between the values in

Table 5 of that paper, assuming that the stars are active and have subsolar metallicity.
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Figure 3.2: r-band light curves for the 38 M-dwarf flares in our sample (grey,
background) overlaid with light curves of iPTF14yb and PTF11agg

Because some sources are outside the SDSS footprint, we used the r — z color from
PanSTARRS instead. Using the sample in our work and in Berger et al. (2013), we
find that in this magnitude range (r =16-22 mag) the r — z colors are equal to within
0.1 mag between SDSS and PanSTARRS.

Note that the values in Table 3.1 are subject to large uncertainties. In general,
M-dwarf classifications are only reliable to within one spectral type. Taking into
account uncertainties in color, metallicity, and in the interpolation tables in Bochan-
ski et al. (2011), the uncertainty on absolute magnitude M, is roughly 25%. This
translates into a factor of 3-4 uncertainty in distance d, a factor of 3-4 uncertainty in
absolute height above the Galactic plane |z|, and an order of magnitude uncertainty
in the peak luminosity of the flare Lyeax fiare. The u-band magnitude enhancement
Au is robust to uncertainties in spectral type to within 10% and the percentile values

are robust to uncertainties in spectral type to within 1%.

The fraction of active stars and the flare rate have been found to increase with later

spectral type (Kowalski et al., 2009; West et al., 2011), so it is not surprising that
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Figure 3.3: A color-magnitude diagram for 31 of the 38 M dwarfs in our sample
using PanSTARRS i for the magnitude and WISE W1 — PanSTARRS i for the color.
All of the M-dwarfs have red counterparts in PanSTARRS, and most (31) have
detected counterparts in WISE.

most of the stars in our sample are spectral type M5 or M6. Furthermore, these stars
are all located at small vertical distances from the Galactic plane, consistent with
the finding in Kowalski et al. (2009) that flare rate decreases strongly with distance
from the plane (stars lying close to the plane are younger, which may be associated

with stronger activity).

Next, we compare the flare amplitudes to the sample in Kowalski et al. (2009) and
list the percentile in the last column of Table 3.1. Kowalski et al. (2009) measure
flare luminosities in # band®. To estimate the Au of the flares in our sample, we
convert Ar or Ag to Au using the model in Davenport et al. (2012). The flares in our
sample are large compared to those from most active stars of this spectral type. This

is because of our selection criteria: the typical uncertainty on an iPTF magnitude

®M-dwarf flares are typically studied in the u band because this holds the greatest contrast
between the blue flare and red host.
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is ~ 0.1, so a 5-0 change in magnitude is typically Ar > 0.5 or Ag > 0.5. A
magnitude change of Ar > 0.5 corresponds to Au > 3 in the Davenport et al. (2012)
model, which is already at the 92nd percentile of the distribution in Kowalski et al.
(2009).

3.4 Rate of Relativistic Fast Optical Transients in iPTF

With iPTF14yb remaining the only confirmed afterglow in iPTF discovered inde-
pendently of a high-energy trigger, we can constrain the rate of transients that exhibit
the same fading behavior (peak at m = 18, fade by Am = 2mag in At = 3 hr). With
our selection criteria and observations from 1 February 2013 through 2 March 2017,
we follow a similar procedure to that in Section 5 of Cenko et al. (2015). We take
all of the iPTF observations over this four-year period. We insert the light curve
of iPTF14yb (for simplicity) stepping through a range of burst times. Using the
limiting magnitude of the exposure and the brightness of the source at the time of
observation, we determine whether the event would have been detected using our

search criteria, i.e., two detections with a 5-¢0- difference in magnitude.

This gives a total areal exposure of Acg = 22, 146 deg® days. So, we constrain the

all-sky rate of on-axis relativistic transients similar to iPTF14yb to be

Nra 1 365.25d 41,253 deg?

R = X
Ae  22,146deg?d yr sky

=680yr! (3.1

with a 68% confidence interval from Poisson statistics of 119-2236yr~!. The
expected rate of classical optical afterglows that can be detected by (i)PTF is two-
thirds of the rate of on-axis Swift GRBs, or R = 970fgi yr~! (Cenko et al., 2015).
Thus, our search sets a limit on the relative rate of visible dirty fireballs to classical

on-axis afterglows and suggests that it is at most comparable.

We now estimate the volumetric rate of transients with these characteristics (peak
at m = 18, fade by Am = 2mag in At = 3hr). iPTF14yb was observed at redshift
z = 1.9733 + 0.0003 with spectral index S = 1.3 £ 0.1 and apparent magnitude
mp = 18.16 £ 0.03 in its first discovery image. Applying a standard K-correction
(Hogg et al., 2002), this corresponds to an absolute magnitude M, = —-27.5 + 0.1
in the r-band some ~300 s after the initial outburst, which is fairly typical of the
afterglows of Swift long GRBs (Cenko et al., 2009). Assuming iPTF14yb represents
a population of standard candles (which is not really the case; see Kann et al. 2010)

an identical explosion would appear with magnitude m =~ 21 if it occurred at redshift
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z ~ 3; thus we infer a volumetric rate of 0.395 Gpc ™ yr~! with a 1o~ credible interval
of (0.022-0.708) Gpc™> yr~!' . This is roughly consistent with 1/3-2/3 the rate of
long-duration Swift GRBs in the local universe (1.3 Gpc™ yr~!; Wanderman and
Piran 2010) without accounting for beaming. A more detailed analysis of this

volumetric rate is forthcoming (Urban et al., in prep.).

3.5 Conclusions

The Zwicky Transient Facility (ZTF; Bellm and Kulkarni 2017) has just achieved first
light, and with its 47 deg? field of view and faster readout will represent on average a
12-fold increase in volumetric survey speed over PTF. Thus, in one routine semester
of ZTF, we will be able to reproduce the coverage of iPTF, setting very strong limits
on the rates of extragalactic fast optical transients, or potentially providing the first

confirmed detection of afterglows lacking prompt high-energy emission.

So far, it seems that M-dwarf flares are the only astrophysical contaminant in
searching for afterglows via rapidly-fading emission. In particular, our selection
criteria identify flares from late-type M-dwarfs in the top decile of flare amplitude.
Such events are rare due to the intrinsic faintness of late-type M dwarfs and the
anti-correlation of flare frequency with flare energy (e.g., Davenport 2016). Wide-
area, high-cadence surveys like PTF and ZTF are thus well-suited for identifying the
most extreme examples of flaring activity (so-called “hyperflares"), aiding studies

of chromospheric activity and stellar dynamos.

That said, the cadence of these wide-field surveys (PTF, ZTF, LSST) is not well-
suited for constraining detailed physics of flares. Instead, the cadence is more suited
to flare population statistics. The spatial distribution of these extreme examples of
flaring activity is interesting because flares are typically an indicator of stellar youth.
The same ZTF data (and other such surveys) can be used to measure rotation rates
and therefore estimate stellar ages (gyrochronology). Therefore, properly modeling
the transient contribution for flares could result in a relation between activity and

rotation period for these stars. The latter is usually taken as a proxy for age.

It is a pleasure to thank Yi Cao, Jim Davenport, Adam Miller, Yuguang Chen, Har-
ish Vendantham, Lynne Hillenbrand, and Trevor David for helpful discussions and
assistance. We are grateful to the anonymous referee for constructive feedback that
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System of Taiwan, and the Kavli Institute for the Physics and Mathematics of the
Universe. This research made use of Astropy, a community-developed core Python

package for Astronomy (Astropy Collaboration et al., 2013).

3.6 Appendix



Table 3.2: Table of iPTF Fast Optical Transients

PTF ID RA Dec UT Date Classification
13agt 17:03:26.07  +23:30:48.0 2013-04-04 M-dwarf
13asy 12:27:14.53  +17:08:27.2  2013-05-04 M-dwarf
13bde 16:30:25.03  +39:44:25.5 2013-05-15 M-dwarf
13bku 13:27:11.00  +12:13:05.2 2013-06-01 M-dwarf
13dqr 02:22:41.74  +25:17:22.6  2013-10-04 M-dwarf
13gt 13:36:12.43  +32:24:15.8 2013-02-18 M-dwarf
13nn 07:44:57.71  +52:24:31.4 2013-03-06 M-dwarf
13qz 12:02:07.82  +01:22:50.8 2013-03-13  Bad Subtraction
l4cva 18:47:29.00  +49:43:51.7  2014-06-20 Afterglow
l4cyb 15:01:53.41  +81:11:29.0 2014-06-23 Afterglow
14q 07:52:05.86  +46:41:03.2 2014-01-03 M-dwarf
14ts 10:05:47.69  +10:25:52.2  2014-02-22 Rock
14yb 14:45:58.01  +14:59:35.3  2014-02-26 Afterglow
15bgf 20:40:38.04  +39:40:12.7 2015-06-12 M-dwarf
15bm 07:56:29.27  +19:55:02.9 2015-01-18 M-dwarf
15dto 00:29:38.21  +03:41:48.9 2015-11-09 M-dwarf
15ell 03:40:45.01 +18:17:35.2 2015-11-20 M-dwarf
16bse 20:40:45.14  +41:18:08.9 2016-07-11 M-dwarf
16bxw  00:21:45.47  -00:58:43.1 2013-10-01 M-dwarf
16¢ced 02:59:54.41  +60:25:06.7 2016-11-23 M-dwarf
16hdn 00:58:13.16  +06:24:00.9 2016-10-13  Bad Subtraction
17ady 14:11:30.65 +30:41:00.7 2013-03-15 M-dwarf
17ahn 16:41:44.86  +40:36:23.0 2013-05-21 M-dwarf
17alz 02:29:42.04  +19:18:22.5 2013-09-04 M-dwarf
17amj 01:26:08.20  +35:33:52.6  2013-09-07 M-dwarf
17bub 05:42:06.04  +70:09:35.1 2017-03-02 M-dwarf
17eur 08:01:32.94  +18:08:21.3 2014-01-07 M-dwarf
17hce 02:07:37.89  +13:55:31.5 2014-11-17 M-dwarf
17hhv 07:27:56.48 +18:07:49.0 2015-01-15 M-dwarf
17hmf  09:30:25.74  +11:46:53.1 2015-02-21 M-dwarf
17hmz  08:05:57.36  +15:40:54.2 2015-03-10 M-dwarf
17ipt 13:34:42.67 +05:59:02.4 2013-03-14 M-dwarf
17iwk 15:33:13.10  +57:15:36.8  2013-04-22 M-dwarf
17jlt 15:13:44.32 +20:07:36.6  2013-03-15 M-dwarf
17jq 03:22:21.67 +26:44:23.2 2014-02-11 M-dwarf
17jqb 15:06:08.11  +13:48:59.9 2013-03-15 M-dwarf
17jvl 11:42:54.48  +27:55:46.7 2013-03-14 M-dwarf
17knl 08:31:05.76  +16:09:51.7 2014-05-19 M-dwarf
17mlj 07:49:00.62  +21:01:35.7 2014-01-20 M-dwarf
17py 16:29:22.15  +33:56:45.5 2013-03-14 M-dwarf
17qfn 10:34:22.32  +09:10:40.9 2015-02-26 M-dwarf
17rzn 08:41:15.87 +18:16:28.0 2015-01-19 M-dwarf
17tq 04:57:50.59  +00:27:30.8  2013-12-14  Bad Subtraction
17ufp 08:01:27.39  +18:08:07.0  2015-01-19  Bad Subtraction
17u0 07:18:12.25 +64:21:19.6  2014-01-18 Bad Subtraction
17whs 01:54:27.77  +20:29:35.9 2013-10-05 Bad Subtraction
17wok  05:15:28.12  +01:30:47.1 2013-12-14  Bad Subtraction
17wsv 08:09:42.13  +19:45:05.3 2015-01-19  Bad Subtraction
17yz 10:46:39.27  +32:39:16.4 2013-03-11 M-dwarf
17z¢ 13:15:06.05  +43:04:01.5 2013-03-12 M-dwarf
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Figure 3.4: DBSP spectra of three of the M dwarfs in our sample
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Figure 3.5: LRIS spectra of five of the M dwarfs in our sample



Part II. Low-Luminosity Gamma-Ray Bursts

...the hour will come
When all these splendours bursting on my sight
Shall stand unveil’d

—*“A SUMMER EVENING’S MEDITATION”
ANNA LAETITIA BARBAULD (1743-1825)
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Chapter 4

SN 2020BVC: A BROAD-LINED TYPE IC SUPERNOVA WITH A
DOUBLE-PEAKED OPTICAL LIGHT CURVE AND A
LUMINOUS X-RAY AND RADIO COUNTERPART

Ho, A. Y. Q. et al. (2020). “SN2020bvc: a Broad-lined Type Ic Supernova with a
Double-peaked Optical Light Curve and a Luminous X-ray and Radio Counter-
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Abstract

We present optical, radio, and X-ray observations of SN 2020bvc (=ASASSN20bs;
ZTF20aalxlis), a nearby (z = 0.0252; d = 114 Mpc) broad-lined (BL) Type Ic
supernova (SN) and the first double-peaked Ic-BL discovered without a gamma-
ray burst (GRB) trigger. Our observations show that SN 2020bvc shares several
properties in common with the Ic-BL SN 2006aj, which was associated with the low-
luminosity gamma-ray burst (LLGRB) 060218. First, the 10 GHz radio luminosity
(Lradio ~ 10%7 ergs™1) is brighter than ordinary core-collapse SNe but fainter than
LLGRB-SNe such as SN 1998bw (associated with LLGRB 980425). We model
our VLA observations (spanning 13—43 d) as synchrotron emission from a mildly
relativistic (v 2 0.3¢) forward shock. Second, with Swift and Chandra we detect X-
ray emission (Lx ~ 10*! ergs™!) that is not naturally explained as inverse Compton
emission or as part of the same synchrotron spectrum as the radio emission. Third,
high-cadence (6x/night) data from the Zwicky Transient Facility (ZTF) shows a
double-peaked optical light curve, the first peak from shock-cooling of extended
low-mass material (mass M, < 1072 M, at radius R, > 10'?> cm) and the second
peak from the radioactive decay of ®Ni. SN 2020bvc is the first double-peaked
Ic-BL SN discovered without a GRB trigger, so it is noteworthy that it shows X-
ray and radio emission similar to LLGRB-SNe. For four of the five other nearby
(z £ 0.05) Ic-BL SNe with ZTF high-cadence data, we rule out a first peak like
that seen in SN 2006aj and SN 2020bvc, i.e., that lasts ~ 1d and reaches a peak
luminosity M ~ —18. X-ray and radio follow-up observations of Ic-BL. SNe with
well-sampled early optical light curves will establish whether double-peaked optical

light curves are indeed predictive of LLGRB-like X-ray and radio emission.

4.1 Introduction

It is well-established that most long-duration gamma-ray bursts (GRBs) arise from
massive-star explosions (see Woosley and Bloom (2006) for a detailed review, and
Hjorth et al. (2012) and Cano et al. (2017b) for recent updates). The traditional
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model (reviewed in Piran 2004) is that a massive star, stripped of its hydrogen
and helium envelopes, collapses and forms a black hole or neutron star. Through
rotational spindown or accretion, the newborn compact object launches an outflow
that tunnels through the star, breaks out from the surface as a narrowly collimated
jet, and appears as a GRB when viewed on-axis from Earth. The jet shocks the
circumburst medium, producing a long-lived “afterglow” across the electromagnetic
spectrum. The same “central engine” that launches the GRB also unbinds the
stellar material in a supernova (SN) that has a greater kinetic energy (10°2 erg)
and photospheric velocity (3 20,000kms~!) than ordinary core-collapse SNe do
(Barnes et al., 2018; Sobacchi et al., 2017). These high-velocity, high-energy SNe
were originally called “hypernovae” (e.g. Iwamoto et al. 1998) but a more common
term today is “broad-lined Type Ic” (Ic-BL) SNe (Gal-Yam, 2017).

Thousands of GRBs have been discovered, with hundreds of afterglows and a dozen
Ic-BL SNe (GRB-SNe) identified in follow-up observations. Half of known GRB-
SNe are associated with low-luminosity GRBs (LLGRBs), defined as having an
isotropic gamma-ray luminosity of L, < 10% ergs™! rather than the L, ;5o >
1049 erg s~! of cosmological GRBs (Cano et al., 2017b; Hjorth, 2013). Although
LLGRBs are 10-100 times more common than cosmological GRBs (Liang et al.,
2007; Soderberg et al., 2006b), the discovery rate by GRB detectors is much lower
(one every few years) due to the small volume in which they can be detected. So, the
sample size remains small, and the connection between classical GRBs, LLGRBs,

and Ic-BL SNe remains unknown.

To make progress on understanding the GRB-LLGRB-SN connection, wide-field
high-cadence optical surveys can be used in conjunction with radio and X-ray
follow-up observations to discover GRB-related phenomena without relying on a
GRB trigger (e.g. Cenko et al. 2013; Corsi et al. 2017; Margutti et al. 2014;
Soderberg et al. 2010). To this end, for the past two years we have been conducting
a systematic search for engine-driven explosions using the (6x/night) and nightly
cadence (2x/night) surveys of the Zwicky Transient Facility (ZTF; Bellm et al.
2019b; Graham et al. 2019), which have a combined area of 5000 deg2 (Bellm et al.,
2019a).

Here we present the most recent event detected as part of the ZTF engine-driven SN
program: SN 2020bvc (=ASASSN-20bs) was first reported to the Transient Name
Server (TNS?!) by the All-Sky Automated Survey for SuperNovae (Shappee et al.,

]https ://wis-tns.weizmann.ac.il/
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2014), and the discovery announcement noted the rapid rise and likely CC SN origin
(Stanek, 2020). It was also reported by ATLAS (Tonry et al., 2018) as ATLAS20feh
(on Feb 05.61). The first detection of SN 2020bvc was in ZTF high-cadence data
on Feb 04.34. We classified the event as a Type Ic-BL SN (Perley et al., 2020),
and the high-cadence data showed a double-peaked light curve. Recognizing the
similarity to the Ic-BL SN 2006aj associated with LLGRB 060218 (Ferrero et al.,
2006; Mirabal et al., 2006; Pian et al., 2006; Soderberg et al., 2006b; Sollerman
et al., 2006), we triggered X-ray (Ho et al., 2020a) and radio (Ho, 2020) follow-up

observations.

This paper is structured as follows. We present our observations of SN 2020bvc in
§4.2. In §4.3 we measure basic light-curve properties and the blackbody evolution.
In §4.4 we discuss the evolution of the optical spectra. In §4.5 we show that the
optical light curve can be explained as a combination of shock-cooling emission from
extended low-mass material (M, < 1072 M at R, > 10'? cm) and radioactive decay
of °Ni. In §4.6 we model the forward shock, and show that the radio emission can
be explained with velocities that are only mildly relativistic. In §4.7 we show ZTF
light curves of five other nearby (z < 0.05) Ic-BL SNe in the high-cadence surveys,
and rule out a luminous first peak like that seen in SN 2006aj and SN 2020bvc for
four events. We conclude in §4.8 by summarizing the properties of SN 2020bvc and
discussing its implications for the GRB-LLGRB-SN connection.

4.2 Observations

ZTF Detection and Classification

SN 2020bvc was first detected on 2020 Feb 04.342 at i = 17.48 + 0.05 mag> at
a = 14"33m57701, § = +40914™37”5 (J2000), as part of the ZTF Uniform Depth
Survey# (Goldstein et al. in prep) with the 48-inch Samuel Oschin Schmidt telescope
at Palomar Observatory (P48). The ZTF observing system is described in Dekany
et al. (2020). The identification of SN 2020bvc made use of machine learning-based
real-bogus classifiers (Duev et al., 2019; Mahabal et al., 2019) and a star-galaxy
separator (Tachibana and Miller, 2018).

The last non-detection by ZTF was 1.78 d prior (r > 20.67 mag), with more recent
limits from ATLAS (0.67d, o > 19.4 mag) and ASAS-SN (0.74d, g > 18.6 mag).
Throughout the paper, we use the time of the ATLAS non-detection (Feb 03.67) as

2All times given in UTC
3 All magnitudes given in AB
445 fields (2000 deg?) twice per night in each of g-, r-, and i-band
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our reference epoch #p. Our estimate of the “epoch of first light” #¢ is supported by
aligning the light curves of SN 2020bvc and SN 2006aj, discussed in §4.3.

Two hours after the first detection, we obtained a spectrum using the Spectral
Energy Distribution Machine (SEDM; Blagorodnova et al. 2018; Rigault et al.
2019), a low-resolution spectrograph on the automated 60-inch telescope at Palomar
Observatory (P60; Cenko et al. 2006). The spectrum is dominated by a thermal
continuum, with hydrogen emission lines from the host galaxy and possible weak
absorption features that we discuss in §4.4. On Feb 08.24, a spectrum we obtained
using the Spectrograph for the Rapid Acquisition of Transients (SPRAT; Piascik
et al. 2014) on the Liverpool Telescope (LT; Steele et al. 2004) showed features
consistent with a Type Ic-BL SN (Perley et al., 2020). We discuss the spectroscopic
evolution of SN 2020bvc in §4.4. Follow-up observations were coordinated through
the GROWTH Marshal (Kasliwal et al., 2019), and the optical photometry and
spectroscopy will be made public through WISeREP, the Weizmann Interactive
Supernova Data Repository (Yaron and Gal-Yam, 2012).

Host Galaxy

The position of SN 2020bvc is 13” (7.2 kpc3) from the center of UGC 09379 (z =
0.025201 + 0.000021 from NED®), which also hosted PTF13ast (Gal-Yam et al.,
2014). UGC 09379 is a massive galaxy: Chang et al., 2015 estimate a stellar mass
log;o(M/Mg) = 10.28*09% while the NASA-SDSS Atlas value (Blanton et al. 2011)
islog;o(M/My) = 10.26, comparable to the Milky Way and other large spirals. The
stellar mass of UGC 09379 is larger than that of all known GRB-SN host galaxies
(Hjorth et al., 2012; Taggart and Perley, 2019) and similar only to the host galaxy
of LLGRB 171205A/SN 2017iuk (D’Elia et al., 2018; 1zzo et al., 2019; Wang et al.,
2018), which had log;,(M/My) = 10.1 £ 0.1 (Perley and Taggart, 2017). The
stellar mass of UGC 09379 is also larger than that of most Ic-BL SN host galaxies

(Modjaz et al., 2020), with the exception of SN 2002ap? and SN 1997ef3.

As shown in Figure 4.1, SN 2020bvc is 1.46 + 0.34” (804 + 187 pc) from a bright

H II region. We leave a detailed analysis of the SN site to future work, but note

that two nearby LLGRB-SNe, LLGRB 980425/SN 1998bw (Galama et al., 1998;

Kulkarni et al., 1998) and LLGRB 020903 (Bersier et al., 2006; Sakamoto et al.,
> ACDM cosmology of Planck Collaboration et al. (2016) used throughout.
ned.ipac.caltech.edu

"M74: log,y(M /M) = 11.52*0:0% (Kelly and Kirshner, 2012)

8 UGC4107: logo(M/Ms) = 10.55*0-97 (Kelly and Kirshner, 2012)
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2004; Soderberg et al., 2004a), were located 800 pc and 460 pc, respectively, from
similar bright compact regions in the outskirts of their host galaxies (Hammer et al.,
2006; Sollerman et al., 2005). Because these events took place outside the nearest
massive-star cluster, it has been argued that the progenitors were Wolf-Rayet stars
ejected from the cluster (Cantiello et al., 2007; Eldridge et al., 2011; Hammer et al.,
2006; van den Heuvel and Portegies Zwart, 2013). We also note that the metallicity
of the SN site is quite low (we infer 12+log[O/H] = 8.2 from the underlying nebular
emission in our March 22nd LRIS spectrum using the N2 diagnostic from Pettini
and Pagel 2004), making the appearance of a SN of this type in such a massive
galaxy less surprising. This metallicity estimate is consistent with the measurement
of Izzo et al. (2020).

Legacy Survey grz

?

Figure 4.1: The position of SN2020bvc (white crosshairs) in its host galaxy
UGCO09379. g-, r-, and z-band images from the DESI Legacy Survey (Dey et
al., 2019) were combined using the prescription in Lupton et al. (2004).

Optical Photometry
As shown in Figure 4.2, SN 2020bvc was observed almost nightly in gri by the P48

for the first month post-explosion. We obtained additional ugriz and gri photometry
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using the 10:0 on LT and the SEDM on the P60, respectively. The pipeline for
P48 photometry is described in Masci et al. (2019), and makes use of the the image
subtraction method of Zackay et al. (2016). LT image reduction was provided by
the basic I0:O pipeline. P60 and LT image subtraction were performed following
Fremling et al. (2016), using PS1 images for griz and SDSS for u-band. Values
were corrected for Milky Way extinction following Schlafly and Finkbeiner (2011)
with E(B —V) = Ay/Ry = 0.034 mag, using Ry = 3.1 and a Fitzpatrick (1999)
extinction law. The full set of photometry is provided in Table 4.6 in Appendix 4.9,

and plotted in Figure 4.3.
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Figure 4.2: g-, r-, and i-band light curves of SN 2020bvc from the ZTF Uniform
Depth Survey (ZUDS), and an upper limit from ATLAS. Measurements have been
corrected for Milky Way extinction. Epochs of follow-up spectroscopy are indicated
with an ‘S’ along the bottom of the figure. Epochs of blackbody fits (Section 4.3)
are indicated with ‘B’ along the top of the figure. For comparison, we show B
and V-band light curves of SN 2006aj (z = 0.033) transformed to the redshift of
SN 2020bvc (z = 0.025201). The SN 2006aj light curve was taken from the Open
Supernova Catalog and corrected for Milky Way extinction; the data is originally
from Modjaz et al. (2006), Bianco et al. (2014), and Brown et al. (2014). We indicate
the relative time of LLGRB 060218 compared to the light curve of SN 20064a;j.

Spectroscopy

We obtained 13 ground-based optical spectra using the SEDM, the Andalusia Faint
Object Spectrograph and Camera (ALFOSC?®) on the Nordic Optical Telescope
(NOT; Djupvik and Andersen 2010), the Double Beam Spectrograph (DBSP; Oke

“http://www.not.iac.es/instruments/alfosc/
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Figure 4.3: UV and optical light curves of SN 2020bvc from Swift and ground-based
facilities. The arrow marks the last upper limit, which was in ATLAS o-band. The
red cross marks the peak of the r-band light curve. The full set of lightcurves are
shown as grey lines in the background, and each panel highlights an individual filter

in black.
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and Gunn 1982) on the 200-inch Hale telescope at Palomar Observatory, SPRAT on
LT, and the Low Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) on the
Keck I 10-m telescope. The SEDM pipeline is described in Rigault et al. (2019),
the SPRAT pipeline is based on the FrodoSpec pipeline (Barnsley et al., 2012), the
P200/DBSP pipeline is described in Bellm and Sesar (2016), and the Keck/LRIS
pipeline Lpipe is described in Perley (2019).

Epochs of spectroscopic observations are marked with ‘S’ in Figure 4.2, and ob-
servation details are provided in Table 4.1. The spectral sequence is shown in
Figure 4.4, and discussed in more detail in §4.4. Both raw and smoothed versions
of the spectra will be made available on WISeREP.

Table 4.1: Spectroscopic observations of SN 2020bvc. Epochs given since 7y as
defined in §4.2. Velocities are derived from Fe II absorption features as described
in §4.4.

Date At Tel.+Instr. Exp. Time Vph
UTC (d) (s) (10*°kms™)
Feb 04.43 0.76 P60+SEDM 1800 —
Feb 07.36 3.7 P60+SEDM 1800 51+0.1
Feb 08.25 4.6 LT+SPRAT 600 2.58 +0.51
Feb 09.36 5.7 P60+SEDM 1800 -
Feb 12.51 8.8 P200+DBSP 600 1.83+0.32
Feb 13.33 9.7 P60+SEDM 1800 -
Feb 15.33 11.7 P60+SEDM 1800 -
Feb 16.14 12.5 NOT+ALFOSC 1200  1.90 +0.25
Feb21.43 17.7 P60+SEDM 1800 -
Feb 29.42 25.8 P60+SEDM 1800 -
Mar 02.14 27.5 NOT+ALFOSC 1200 -
Mar 17.19 42.6 LT+SPRAT 900 1.72+0.32
Mar 22.50 47.9 Keck1+LRIS 300 1.79 +0.39

UV and X-ray Observations

We obtained ten observations of SN 2020bvc© with the UV/optical (UVOT; Roming
et al. 2005) and X-Ray Telescope (XRT; Burrows et al. 2005) on board the Neil
Gehrels Swift observatory (Gehrels et al., 2004) under a target-of-opportunity pro-
gram (PI: Schulze). The first observation was on Feb 05.02 (At = 1.35). We also
obtained two 10 ks observations with the Chandra X-ray Observatory under Direc-
tor’s Discretionary Time (PI A. Ho), one epoch on Feb 16! (At = 13.2) and one

10The target name was PTF13ast, a previous SN hosted by UGC 09379.
0bsId 23171
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Figure 4.4: Optical spectra of SN 2020bvc. Phase is relative to 7, defined in §4.2 as
the time of last non-detection by ATLAS. The first spectrum is dominated by a blue
continuum. By Az = 5.7d the spectrum strongly resembled a Ic-BL SN. The raw
spectrum is shown in light grey, and a smoothed spectrum (with host emission lines
removed) is overlaid in black. Spectra highlighted in orange are plotted compared
to LLGRB-SNe at similar phases in Figure 4.10.

epoch on Feb 2912 (At = 25.4).

UVOT photometry was performed using the task UVOTsource in HEASoft!? version

120bsId 23172
13http ://heasarc.gsfc.nasa.gov/ftools
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6.25 (Blackburn et al., 1999), with a 3”-radius aperture. For host subtraction, a
template was constructed from data prior to 2014 Dec 09. Host-subtracted, Milky
Way extinction-corrected values are provided in Table 4.6 in Appendix 4.9. XRT
data were reduced using the online tool** from the Swift team (Evans et al., 2007,
2009), with default values except for centroiding, which was turned off, and the
binning method, which was set to by observation. Chandra data were reduced using
the Chandra Interactive Analysis of Observations (CIAO) software package (v4.12;
Fruscione et al. 2006).

Stacking the first 2.2 ks of XRT observations (four nightly 0.6 ks exposures) we
detected 4 counts with an expected background of 0.16 counts. The resulting count
rate is (2.9t31'_
we used a hydrogen column density ny = 9.90 x 10"”cm=2 (HI4PI Collaboration

g) x 1073 57! (90% confidence interval). To convert count rate to flux,

et al., 2016) and a photon power-law index of I' = 2. The resulting unabsorbed
0.3-10keV flux is (9.31%6) x 10" % ergs~! cm™2, and the luminosity is (1.4’:(1)';) X
104 ergs™!. From prior Swift observations of the position of SN2020bvc, we

measured a 90% upper limit of < 7.8 x 10™* s~!, suggesting that the emission is not
from the host. We note that there is a discrepancy between our Swift measurements

and those in [zzo et al. (2020), who find a significantly higher XRT flux value.

In the first epoch of our Chandra observations, a total of eight counts were detected
in a 1”-radius region centered on the source. To measure the background, we set
an annulus around the source with an inner radius of 3” and an outer radius of 10”.
The average background was 0.21 arcsec™2, so the expected number of background
counts within the source region is 0.65. The 90% confidence interval for the number
of detected counts from the source is 3.67-13.16 (Kraft et al., 1991), so we conclude

that the detection is significant.

We used CIAO to convert the count rate from the first observation ((5.93'.13) X

10~ s71) to flux, assuming the same photon index and ny value as for the Swift
observations, finding an unabsorbed 0.5-7 keV flux of (7.2f2';) x107 P ergs™! ecm™2.
In the second epoch, seven counts were detected, with a count rate of (5.93'.12) X
10~*s™! and an unabsorbed 0.5-7keV flux of (7.2*¢:2) x 10~ ergs™ cm™2. The
corresponding luminosity is (l.l’j)"%) x 10*ergs! in each epoch. In §4.6 we
compare the X-ray light curve to that of other Ic-BL SNe. Again, we note a
discrepancy with the measurements of [zzo et al. (2020), who find a significantly

higher flux value than we do (as shown in their Fig. 2).

Bhttps://www.swift.ac.uk/user_objects/
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Submillimeter and Radio Observations

As listed in Table 4.2, we obtained eight observations of SN 2020bvc!’> with the
Karl G. Jansky Very Large Array (VLA; Perley et al. 2011), while the array was
in C configuration. 3C286 was used as the flux density and bandpass calibrator
and J1417+4607 as the complex gain calibrator. Data were calibrated using the
automated pipeline available in the Common Astronomy Software Applications
(CASA; McMullin et al. 2007), with additional flagging performed manually, and
imaged ¢ using the CLEAN algorithm (Hogbom, 1974).

Table 4.2: Submillimeter- and centimeter-wavelength radio observations of
SN 2020bve. The 230 GHz measurement was obtained using the Submillimeter
Array (upper limit given as 100 RMS) and the lower-frequency measurements were
obtained using the Very Large Array.

Start Date  Time on-source At v Flux Density
UTC hr days GHz (uly)
Feb 09.42 4.7 5.8 230 < 250
Feb 16.67 0.4 13.0 10 636
Feb 20.64 0.4 170 6 83+ 6
Feb 27.64 0.4 240 3 111+ 10
Mar 02.63 0.4 28.0 15 33+4
Mar 09.60 0.4 350 10 50+5
Mar 13.59 0.4 390 3 106 + 10
Mar 17.33 0.4 427 6 636

Motivated by the detection of LLGRB 980425/SN 1998bw (Galama et al., 1998)
at 2 mm (Kulkarni et al., 1998) and of LLGRB 171205A/SN 2017iuk at 3 mm and
1 mm (Perley et al., 2017), we also observed!” SN 2020bvc with the Submillimeter
Array (Ho et al., 2004), which was in its compact configuration.'® The phase and
amplitude gain calibrators were J14194383 and J1310+323, the passband calibrator
was 3C84, and the flux calibrator was Uranus. Data were calibrated using the SMA
MIR IDL package and imaged using MIRIAD (Sault et al., 1995).

No source was detected by the SMA, with a spectral channel-averaged 100 RMS of
0.25 mJy. A source was detected at the position of SN 2020bvc in all epochs of VLA

SProgram VLA/20A-374; PI A. Ho

16Cell size was 1/10 of the synthesized beamwidth, field size was the smallest magic number
(10 x 2™) larger than the number of cells needed to cover the primary beam.

17Program 2019B-S026; PI A. Ho

I8RxA and RxB receivers were tuned to a local-oscillator frequency of 223.556 GHz, providing
16 GHz of overlapping bandwidth: 211.56 GHz-219.56 GHz in the lower side-band and 227.56—
235.56 GHz in the upper side-band with a spectral resolution of 140.0 kHz per channel.
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observations, and no sources were detected elsewhere in the host galaxy. Using the
task imfit, we confirm that the radio source is a point source at all frequencies, and
that the centroid is at the position of the optical transient. In Figure 4.5 we show
the centroid of the radio emission and the position of the optical transient, and that

both are offset from the nearby H II region.
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Figure 4.5: Image of the I0GHz and 6 GHz VLA observations of SN2020bvc. The
background image of UGC 09379 is from Pan-STARRS1 (Chambers et al., 2016;
Flewelling et al., 2016). The radio data is overlaid as contours and the size of the
synthesized beam is shown as an ellipse on the bottom left. The position of the
optical transient is shown as cross-hairs in the zoom-in panels.

In the first observation (At = 13 d) the 10 GHz peak flux density was 63 + 6 uly,
corresponding to a luminosity of 1.0 x 10?” ergs™' Hz~! (Ho, 2020). The source
was brighter at lower frequencies, and there is marginal (20) evidence for fading at
6 GHz (F, o ~023*0-15) and 10 GHz (F, o« t~023*0:16) but no evidence for fading
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at 3 GHz. The radio SED is shown in Figure 4.6. In §4.6 we compare the 10 GHz
light curve to that of other Ic-BL. SNe and use the SED to model the forward shock.
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Figure 4.6: Radio SED of SN 2020bvc from VLA observations spanning two months
post-explosion.

Search for a Gamma-ray Burst

The third Interplanetary Network (IPN') consists of six spacecraft that provide
all-sky full-time monitoring for high-energy bursts. The most sensitive detectors in
the IPN are the Swift Burst Alert Telescope (BAT; Barthelmy et al. 2005) the Fermi
Gamma-ray Burst Monitor (GBM; Meegan et al. 2009), and the Konus instrument
on the WIND spacecraft (Aptekar et al., 1995).

We searched the Fermi GBM Burst Catalog?° (Gruber et al., 2014; Narayana Bhat
et al., 2016; von Kienlin, 2014), the Fermi-GBM Subthreshold Trigger list?! (with
reliability flag !=2), the Swift GRB Archive??, the IPN master list?3, and the Gamma-
Ray Coordinates Network archives2# for a GRB between the last ZTF non-detection
(Feb 02.56) and the first ZTF detection (Feb 04.34). The only bursts consistent with
the position of SN 2020bvc were detected by Konus-WIND, but likely arose from

Phttp://ssl.berkeley.edu/ipn3/index.html
20https://heasarc.gsfc.nasa.gov/WBBrowse/fermi/fermigbrst.html
21https://gcn.gsfc.nasa.gov/fermi\_gbm\_subthresh\_archive.html
Dnttps://swift.gsfc.nasa.gov/archive/grb\_table/
Zhttp://ipn3.ssl.berkeley.edu/masterli.txt
2*https://gen.gsfc.nasa.gov/gen3\_archive.html
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an X-ray binary system that was active at the time. We conclude that SN 2020bvc
had no detected GRB counterpart.

Given the lack of a detected GRB, we can use the sensitivity of the IPN spacecraft
to set a limit on the isotropic-equivalent gamma-ray luminosity L, js, of any coun-
terpart. During the time interval of interest (16 h) the position of SN 2020bvc was
within the coded field-of-view of the BAT for only 5.25 hours?>. So, we cannot set

a useful limit using BAT.

Fermi/GBM had much better coverage?¢, with the position of SN 2020bvc visible
most of the time (12.7h). Fermi/GBM is in a low-Earth (~ 1.5 hr) orbit, and the
position was occulted by the Earth for ten minutes per orbit, although in six out of
ten of these occultations the position was visible to Swift/BAT. During the interval
of interest Fermi went through five South Atlantic Anomaly passages ranging from
10-30 min in duration. Since SN 2020bvc was visible to GBM most of the time, it
is worthwhile to use the GBM sensitivity to place a limit on an accompanying GRB.
For a long and soft template?’ the GBM sensitivity is a few x 1078 erg s~ cm™2 (see
the discussion in §2.7 of Ho et al. 2019d), so the isotropic equivalent luminosity

Lyiso < few x 10% ergs™!.

We obtain our most conservative lower limit on accompanying GRB emission using
Konus-WIND, which had continuous visibility of the SN 2020bvc position due to
its position beyond low-Earth orbit. Assuming a Band spectral model with @ = —1,
B =-2.5,and Eyx = 50-500keV, the limiting 20-1500keV peak energy flux for a
2.944 s timescale is 1-2x10*7 erg s~!, corresponding to an upper limit on the peak

047

isotropic-equivalent gamma-ray luminosity of 1.7-3.4x10%" ergs~!.

For reference, classical GRBs have L, ;o > 10493 erg s~! (Cano et al., 2017b).
LLGRBshave L, 5o < 10* ergs™!: LLGRB 060218 had L, ;50 = 2.6x10% erg s™!
(Cano et al., 2017b). However, GBM would be unlikely to detect a GRB like
LLGRB 060218 accompanying SN 2006aj because of the low peak energy Epx ~
5keV and long duration 7oy ~ 2100 s (Cano et al., 2017b). Weak signals longer than
100 s look like background evolution to GBM because the detector background can
change significantly over 100-200s. Therefore, although a classical GRB is clearly
ruled out (both by the lack of GRB and the lack of strong afterglow emission) we

25Search conducted using https://github.com/lanl/swiftbat\_python.

26Search conducted using https://github.com/annaygho/HE\_Burst\_Search

27a smoothly broken power law with low-energy index —1.9 and high-energy index —2.7, and
Epk =70keV
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cannot rule out the possibility that SN 2020bvc had prompt emission identical to an
LLGRB like 060218.

4.3 Light Curve Analysis

Comparisons to Other Ic-BL SNe

The P48 light curve of SN 2020bvc is shown in Figure 4.2, aligned with the light
curve of SN2006aj. The relative time of LLGRB 060218 is close to the time of
the ATLAS non-detection, supporting our choice of the ATLAS non-detection as
our estimated epoch of first light #9. In both SN 2006aj and SN 2020bvc, the first
peak fades on the timescale of one day, followed by the rise of the main peak of
the light curve. In §4.5 we model the first peak as arising from shock-cooling of
extended low-mass material and discuss the implication of the fact that SN 2006aj
and SN 2020bvc have similar first peaks.

The second peak has a rise time from first light of 13—-15d in r-band (M, ,x = —18.7)
and 10-12d in g-band (M, ;x = —18.3). In Figure 4.7 we compare the light curve
to several LLGRB-SNe. The timescale of the second peak is most similar to that
of SN 1998bw in r-band and most similar to SN 2006aj and SN 2017iuk in g-band.
The peak luminosity is intermediate to SN 2006aj and SN 1998bw. We discuss the
implications in §4.3, when we use the light curve of the main peak to measure

properties of the explosion such as the nickel mass, ejecta mass, and kinetic energy.

Blackbody Fits

We fit blackbody functions to the photometry of SN 2020bvc in order to measure the
evolution of the bolometric luminosity Ly, photospheric radius Ry, and effective
temperature T.g. First we manually selected 23 time bins as close as possible to
epochs with observations in multiple filters. We binned the P48 light curve such that
observations in a single band clustered within a few hours were averaged together.
For each time bin, we constructed an SED by linearly interpolating the UV and
optical light curves shown in Figure 4.3. For each SED, we used the nonlinear least
squares routine of curve_fit in scipy (Virtanen et al., 2020) to fit a blackbody. To
estimate uncertainties, we performed a Monte Carlo simulation with 600 realizations
of the data. The size of the error bar on each point is a 30% fractional systematic

uncertainty, chosen to obtain a combined y?/dof ~ 1 across all epochs.

The fits are shown in Figure 4.8. The best-fit parameters are listed in Table 4.3 and
plotted in Figure 4.9. Ly, peaks after At ~ 12-14d at Lyoipk = 4 x 10% ergs™!,
and Rpy, increases by vy = 0.06 ¢, which is consistent with the 18,000 km s~! that
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Figure 4.7: Comparison of the light curve of SN 2020bvc to nearby LLGRB-SNe,
shifted to a common redshift. The SN 1998bw light curve was taken from Table 2 of
Clocchiatti et al. (2011), which uses data from Galama et al. (1998) and Sollerman
et al. (2002), and corrected for Milky Way extinction. The SN 2006aj light curve
was taken from the Open SN catalog and corrected for MW extinction, with original
data from Modjaz et al. (2006), Bianco et al. (2014), and Brown et al. (2014). The
SN 2010bh data were taken as-is from Cano et al. (2011). The SN 2017iuk data
were taken from D’Elia et al. (2018) and corrected for MW extinction.

we measure from the spectra in §4.4. Using trapezoidal integration we find a total
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radiated energy E;,g = 7.1 X 10™ erg.

In the top panel of Figure 4.9 we show the evolution of Ly, compared to nearby
LLGRB-SNe. For the second (main) peak, we chose bolometric light curves con-
structed using similar filters: UBVRI for SN 2006aj and SN 1998bw, and BVRI
for SN 2010bh (Cano, 2013). We could not find a similar bolometric light curve
for SN 2017iuk, so we used Ly, from the spectral modeling of 1zzo et al. (2019)
and caution that this is not a direct comparison. For SN 2006aj we used an early
measurement of the bolometric luminosity from the UVOT data (Campana et al.,
2006). SN 2020bvc and SN 2017iuk have a similarly fast-declining first peak;
early detailed UV observations were not obtained for SN 1998bw and SN 2010bh.
Overall, SN 1998bw is the most luminous LLGRB-SN, followed by SN 2006aj and
SN 2020bve, which are similar to one another. SN 2010bh is significantly less lu-
minous. We revisit these comparisons when we calculate the explosion parameters
of SN 2020bvc in §4.5.
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Figure 4.8: Blackbody fits to optical and Swift/UVOT photometry of SN 2020bvc.
Photometry has been interpolated onto common epochs as described in §4.3. Fit
was run through a Monte Carlo with 600 realizations of the data. Individual fits are
shown as thin grey lines; dispersion corresponds to overall uncertainties in the fits.

4.4 Spectroscopic Properties

Spectroscopic Evolution and Comparisons

As outlined in §4.2, we obtained 13 spectra of SN 2020bvc in the 50 days following
discovery, shown in Figure 4.4. Here we discuss the spectroscopic evolution in more
detail and compare it to LLGRB-SNe.

The first spectrum (At = 0.7 d) is shown in the top panel of Figure 4.10, together
with two blackbody fits. The spectrum is best described by a blackbody with
Lol = (5.62 £ 0.25) x 10%ergs™!, Teg = (13.21 £ 0.27) x 10°K, and Ry, =

(5.09 + 0.10) x 10'*cm. Here we are reporting statistical errors on the fit, but
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Table 4.3: Blackbody evolution of SN 2020bvc. The first epoch is from fitting
the optical spectrum (§4.4). The remaining epochs are from fitting multi-band
photometry (§4.3).

At Lol Tes Rph
(d (10%ergs™) (10°K) (10*cm)
0.67 56+03 132+03 5.1+0.1
0.9 542 13.3t6 5.0729
1.4 3807 120413 4g¥03
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' e S
9.1 3.3 6.4107  16.673%5
9.8 3.440% 6.1+05 18.7f§~§
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11.1 3.5j§~j 5.9t§-§ 20.5+61
4 . 54
11.8 3.5+ 57000 21.6%%
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21.8 2.8i§5§ 52004 23,5037
23.8 2.6+04 5205 9p 4+38
28.7 2:1f§5§ 3:6’E§~§ 40.797%
4 2 6.9
29.5 2.040% 3.6 40.6'%

there is also considerable systematic uncertainty due to being on the Rayleigh-Jeans
tail. We repeated the fit fixing T.g = 20,000 K, and found R = 3.4 X 10 cm and
L =1.3x10"ergs™'. Assuming that the value of Rph = 5 X 10" cmat At =0.7d
is much larger than the value of Ry, at 79, we can estimate that the mean velocity
until 0.7 d is 5x 10 cm/0.7d = 0.3 ¢. Taking the last ZTF non-detection as tg, the

mean velocity is reduced to 5 x 104 cm/1.8d = 0.1 c.

For comparison, in the top panel of Figure 4.10 we show a higher-resolution spectrum
obtained at At = 1.9 and presented in Izzo et al. (2020). We mark the Fe Il and Ca II
at vexp = 70,000 km s~! that Izzo et al. (2020) identified in their analysis, which

are not clearly distinguishable in the SEDM spectrum. We also show early spectra
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Figure 4.9: Blackbody evolution of SN2020bvc. Top panel: bolometric light
curve compared to LLGRB-SNe: SN 2006aj and SN 1998bw (UBVRI; Cano 2013),
SN 2010bh (BVRI; Cano 2013), SN 2017iuk (spectral modeling; 1zzo et al. 2019).
We add early Ly, measurements of SN 2006aj from Campana et al. (2006). Second
panel: bolometric light curve in log-log space. Third panel: photospheric radius,
with a dotted line indicating v = 18,000kms~!. Bottom panel: effective tem-
perature, with a horizontal line marking 5000 K, the recombination temperature of
carbon and oxygen.

of LLGRB-SNe: a spectrum of LLGRB 171205A/SN 2017iuk at At = 1.5 hr from
Izzo et al. (2019) and a spectrum of LLGRB 060218/SN 2006aj at At = 2.6d from
Fatkhullin et al. (2006). Both spectra are dominated by continuum, with a broad
absorption feature near 5900 A that is not clearly seen in the early spectrum of
SN 2020bvc.

The next spectrum of SN 2020bvc was obtained at At = 3.7 d, which we show in
the middle panel of Figure 4.10. A broad absorption feature is present at 7300 A,
which in Figure 4.4 appears to shift redward with time. For comparison, and to
assist with identification of this feature, we compare the spectrum to two LLGRB-
SN spectra obtained at a similar epoch, LLGRB 060218/SN 2006aj (Fatkhullin et
al., 2006) and LLGRB 171205A/SN 2017iuk (Izzo et al., 2019). The spectrum of
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Figure 4.10: Spectra of SN 2020bvc compared to spectra of two LLGRB-SNe,
SN 2017iuk (Izzo et al., 2019) and SN 2006aj (Fatkhullin et al., 2006; Modjaz et al.,
2006), at similar epochs. In the top panel, we show the blackbody fits described
in §4.4, and the spectrum of SN2020bvc at At = 1.9d (Hiramatsu et al., 2020)
obtained by the FLOYDS-N instrument on Faulkes Telescope North (Brown et al.,
2013). The identification of Fe II and Ca II at 70,000 kms~! is from Izzo et al.
(2020).
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SN 2020bvc most closely resembles that of SN 2017iuk. We show two features
in the SN 2017iuk spectrum identified by Izzo et al. (2019), Ca II and Si II at
very high velocities (105,000kms~! for Ca II). Based on the similarity between
the spectra, we also attribute the broad absorption feature to Ca II. To measure
the expansion velocity we measure the minimum of the absorption trough, finding
Vexp = 60,000km s~! (based on the Gaussian center) and a full-width at half-
maximum (FWHM) of 0.16 ¢, or 48,000 kms~!. The spectrum of SN 2006aj shows
hints of broad absorption features at similar wavelengths, but the lack of coverage

on the red side makes it difficult to confirm the Ca II absorption.

After 3.7d, the spectra of SN 2020bvc can be readily classified as Type Ic-BL. A
spectrum of SN 2020bvc near peak optical light (A7 = 13 d) is shown in the bottom
panel of Figure 4.10 compared to SN 2006aj and SN 2017iuk at a similar epoch. The
Si I and Ca II absorption lines are clearly broader in the spectrum of SN 2020bvc
than in the spectrum of SN 2006aj, although the centroids are at a similar wavelength,
suggesting that the expansion velocities are similar. The absorption lines are at a
higher expansion velocity in the spectrum of SN 2017iuk than in the spectrum of
SN 2020bvc, although they do not appear broader.

Velocity Estimates from Fe II Features

For each spectrum after At = 5d, we used publicly available code?® from Modjaz
et al. (2016) to measure the absorption (blueshift) velocities of the blended Fe II
features at 114924,5018,5169, which are a proxy for photospheric velocity. The
resulting velocities are listed in Table 4.1. Note that the fit did not converge for the
NOT spectrum on Mar 02.14, and that we were unable to obtain satisfactory fits for
the SEDM spectra.

In Figure 4.11 we compare the velocity evolution of SN 2020bvc to that of nearby
LLGRB-SNe. Only SN 2017iuk and SN 2020bvc have spectral velocity estimates
at early times, and both exhibit a steep drop during the transition from the first
to the second optical peak. During the second peak, the velocities of all but
SN 2010bh are similar to the velocities of Ic-BL SNe associated with GRBs, which
are systematically higher than the velocities of Ic-BL SNe lacking associated GRBs
(Modjaz et al., 2016).

Z8https://github.com/nyusngroup/SESNspectraLib
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Figure 4.11: Velocity of SN2020bvc (black) compared to LLGRB-SNe. Open
symbol corresponds to Ca II velocity measured from absorption-line minimum, and
closed symbols correspond to velocities measured by fitting the Fe II absorption
complex. Velocities come from Izzo et al. (2019) for SN 2017iuk and Modjaz et al.
(2016) for all other SNe. Modjaz et al. (2016) reports velocities from the peak of
the optical light curve, so we shifted to time since GRB using Galama et al. (1998)
for SN 1998bw, Campana et al. (2006) for SN 2006aj, and Bufano et al. (2012) for
SN 2010bh.

4.5 Modeling the Light Curve

Double-peaked optical light curves have been observed in all types of stripped-
envelope SNe: Type Ic-BL (with SN 2006aj as the prime example), Type Ic (De
et al., 2018; Taddia et al., 2016), Type Ib (Chevalier and Fransson, 2008; Mazzali
et al., 2008; Modjaz et al., 2009), and Type IIb (Arcavi et al., 2011; Bersten et al.,
2018; Bersten et al., 2012; Fremling et al., 2019b). The leading explanation for
double-peaked light curves in these systems is that the progenitor has as non-standard
structure, with a compact core of mass M, and low-mass material with M, < M,
extending out to a large radius R, (Bersten et al., 2012; Nakar and Piro, 2014; Piro,
2015), although Sapir and Waxman (2017) have argued that a non-standard envelope
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structure is not required.

After core-collapse, a shockwave runs through the thin outer layer, and in its wake
the layer cools (the “post-shock cooling” or “cooling-envelope” phase), producing
a short-duration first peak. The remnant is heated from within by the radioactive
decay of “®Ni to >Co, which dominates the light curve after a few days, producing
the second peak.

In Type IIb SNe, the extended material is thought to be the stellar envelope. By
contrast, Type Ic-BL SNe such as SN 2006aj and SN 2020bvc are thought to arise
from compact stars, so the envelope is more likely to be extended material that was
ejected in a mass-loss episode (Smith, 2014). It is unknown why Ic-BL progenitors
would undergo late-stage eruptive mass-loss; possibilities include binary interaction
(Chevalier, 2012) and gravity waves excited by late-stage convection in the core
(Quataert and Shiode, 2012).

Motivated by the similarity between SN 2006aj and SN 2020bvc, we assume that the
light curve of SN 2020bvc is also powered by these two components, and calculate

the properties of the explosion and the extended material.

Nickel Decay

We use the luminosity and width of the second peak of the SN 2020bvc light curve
to estimate the nickel mass My; and the ejecta mass Me;, by fitting an Arnett model
(Arnett, 1982). Building on the Arnett model, Valenti et al. (2008) give an analytic
formula for Ly (?) as a function of My; and a width parameter 7,,, which assumes
complete trapping of gamma-rays (not significant in the regime we deal with here).
Fitting the Valenti et al. (2008) light curve to the bolometric light curve from 4.3,
we obtain My; = 0.13 £ 0.01 and 7, = 8.9 + 0.4. The fit is shown in Figure 4.12.

The value of My; we obtain for SN 2020bvc is similar to literature estimates for
SN 2006aj (Mn;i = 0.20 + 0.10 Mg; Cano et al. 2017b) and smaller than the nickel
mass of SN 1998bw (0.3-0.6 M; Cano et al. 2017b), which is consistent with the
relative luminosity of the bolometric light curves (Figure 4.9).

Next, we solve for M. and the explosion energy Ej using Equations (2) and (3) in
Lyman et al. (2016). Taking the opacity x = 0.1 cm? g~! (close to the value found
from spectral modeling of Ic-BL SNe near peak; Mazzali et al. 2000) and vp, =
18,000 kms~!, we find M.j = 2.2 + 0.4 M, where the uncertainty is dominated by

the 20% uncertainty on v,,. The resulting kinetic energy is Ex = 0.5 M; vlzjh ==
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7.1 +2.8 x 10°! erg. The explosion parameters for SN 2020bvc are summarized in

Table 4.4.

1043

Ly (erg s71)

1042

Post-shock cooling (SC)
Radioactive decay (RD)
—— SC+RD

B
Rest-frame days since last non-detection

Figure 4.12: Bolometric luminosity evolution of SN 2020bvc. The shock-cooling
model from §4.5 is shown as a dotted orange line. The radioactive decay model
from §4.5 is shown as a dashed line. The black line is the sum of the two models.

Shock cooling

Table 4.4: Explosion properties of SN 2020bvc

Parameter

Value

Ex (10°Terg)

7.1+£28
22+04
0.13 +0.01
< 0.01

> 1012

The mass M, and radius R, of the material surrounding the progenitor can be

estimated using the timescale and luminosity of the first peak. In §4.4 we measured

a lower limit on the peak bolometric luminosity Ly, > 5.62 X 1

0% ergs!, with

an upper limit on the time to peak of 0.7 d. From our calculation in Appendix 4.9,

we obtain an upper limit on M, < 1072 My and a lower limit on R, > 10'%cm.

In Figure 4.12 we show that the bolometric light curve is well described by the
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sum of the shock cooling model from Appendix 4.9 with R, = 4 x 10'?2cm and
M, = 107> M, and a “®Ni-powered light curve with the properties calculated in
§4.5. The shock-cooling light curve only describes the decline after peak; we do not
attempt to model the rise. The properties of the ambient material are summarized
in Table 4.4.

The values of M, and R, we measured for SN 2020bvc are consistent with what was
inferred for SN 2006aj, which had much more detailed early UV and optical data:
M, =4x 1073 Mg and R, = 9 x 10'2cm (Irwin and Chevalier, 2016). A similar
low-mass shell was inferred for the Ic-BL SN 2018gep (Ho et al., 2019d): in that
case, the shell (M, = 0.02 M) was at a larger radius (R, = 3 x 10'*cm), which
prolonged the shock-interaction peak and blended it with the >°Ni-powered peak.
A similarly low-mass, large-radius shell may also explain the luminous light curve
of the Ic-BL SN iPTF16asu (Whitesides et al., 2017). With these four events, we
may be seeing a continuum in shell properties around Ic-BL SNe, resulting from

different mass-loss behavior shortly prior to core-collapse (Smith, 2014).

4.6 Modeling the Fast Ejecta

One of the key features of LLGRB 060218/ SN 2006aj was radio and X-ray emission
that peaked earlier and was more luminous than that of ordinary CC SNe. Here
we compare the early (1-50 d) radio and X-ray properties of SN 2020bvc to that of
SN 2006aj and other LLGRB-SNe.

Radio Emission

We have several reasons to believe that the radio emission is dominated by the
transient rather than by the host galaxy. First, the flux density is observed to decline
at 6 GHz and 10 GHz, albeit marginally. Second, in §4.2 we found that the source
is unresolved (i.e., a point source) at all frequencies. Third, at all frequencies the
centroid of the radio source is consistent with the position of the optical transient,
and there is no other radio source detected in the vicinity of the galaxy. (There
is a nearby H II region, but this would produce free-free emission and therefore a
flat spectral index, which is inconsistent with our observations.) Late-time radio

observations will be used to be secure, and to subtract any host contribution.

If the emission at 3 GHz were entirely from the underlying host-galaxy region (the
synthesized beamwidth at this frequency is 7”) the flux density at this frequency
can be used to estimate a star-formation rate of 0.2 My, yr~! using the prescription
in (Greiner et al., 2016; Murphy et al., 2011):



78

FR i Fv —
(m) — 0.059 ( ) (1 +z)~(@D
uly

Mg yr!
2 -
(o) (i)

where we use F, = 120 uJy, v = 3 GHz, and @ = —0.9 for F, o« v*.

(4.1)

For now, we assume that the radio emission is primarily from the transient. In
Figure 4.13 we show the 10 GHz radio light curve of SN 2020bvc. The luminosity
is similar to that of SN 2006aj and SN 2010bh, and significantly fainter than that of
SN 2017iuk, SN 1998bw. In Ho et al. (2019c) we found that the radio luminosity is
directly proportional to U/R, the (thermalized) energy of the blastwave divided by
the shock radius. So, the lower radio luminosity of SN 2006aj and SN 2020bvc could
correspond to a lower explosion energy. This is consistent with the finding in §4.5
that SN 2006aj and SN 2020bvc have a similar kinetic energy, which is significantly
smaller than the kinetic energy of SN 1998bw and SN 2017iuk.

From the radio SED, we estimate that the peak frequency is < 3 GHz at At = 24d,
with a peak flux density > 113 uJy. We use these values and the framework
described in Chevalier (1998) to estimate properties of the forward shock and
ambient medium. We list the results in Table 4.5, discuss the implications here, and
provide the calculation in Appendix 4.9. In Figure 4.14 we show the peak frequency
and time compared to the peak luminosity, with lines indicating how these values

correspond to ambient density (mass-loss rate) and energy.

Table 4.5: Properties of the forward shock in SN 2020bvc derived from radio and
X-ray observations at At = 24d

Parameter Value
va = v, (GHz) <3
Fyp (pdy) > 110
R (cm) > 1.7 %106
v/c >0.3
B (G) <0.34
U (erg) 1.5 x 1047
ne (cm™) 160
ve (Hz) 1.4x 10"

First, we find a forward shock radius of 1.7 x 10'® cm, implying a mean velocity up
to 24 d of (I'8 > 0.28). As shown in Figure 4.14, the lower limit on the velocity we



79

10%2 5
3 CC SN GRB
: GRB030329 Ie-BL SN —— GRB-SN
1041 5
1040 -
— ; GRB130427A
lm ]
a0 _
& 10% 3 SN2017iuk_/./.\'_‘ ' s
— 5 2009bb
1 1998bw
§ 1038 - 2006aj
= § 2010bh./\\- SN2003L
§ . 18jovh SN2003bg
£ 1077 5
= ]
]
= ]
10%6
: SN2011dh
1035 4 SN1979C
1 SN1993J
10° 10! 102 103

Time [days; rest frame]

Figure 4.13: 10 GHz radio light curve of SN 2020bvc (points) compared to low-
luminosity GRBs and relativistic Ic-BL SNe. Light curve of GRB 130427A is the
6.8 GHz light curve from Perley et al. (2014). Data point for SN 2017iuk is at 6 GHz
(Laskar et al., 2017). SN 2006aj data is at 8.5 GHz from Soderberg et al. (2006b).
ZTF18aaqgjovh data is from Ho et al. (2020c). SN 2010bh light curve is at 5.4 GHz
from Margutti et al. (2014). PTF 11qcj light curve is at 5 GHz from Corsi et al.
(2014). All other sources are as described in Appendix C of Ho et al. (2019c¢).

infer is similar to the mildly relativistic velocities inferred for some LLGRB-SNe, in
particular SN 2010bh. It is also possible that the velocity approaches the relativistic
speeds inferred for SN 2006aj and SN 1998bw.

Second, we find a lower limit on the energy thermalized by the shock of 1.3x10*" erg.
As shown in Figure 4.14, SN 2020bvc appears to have an energy most similar to
that of SN 2006aj and a radio-loud Ic-BL SN recently discovered in ZTF (Ho et al.,
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Figure 4.14: Luminosity and peak frequency of the radio light curve of SN 2020bvc
compared to LLGRBs and energetic SNe. Lines of constant mass-loss rate (scaled to
wind velocity) are shown in units of 10™* Mg yr=!/1000 km s~!. Data for PTF14dby
are from 7.4 GHz light curve in Corsi et al. (2016). Data for PTF11cmh and
PTF11qcj are from 5 GHz light curve in Corsi et al. (2016). Data for iPTF17cw
are from the 2.8 GHz light curve in Corsi et al. (2017). Data for ZTF18aagjovh are
from Ho et al. (2020c). For details on all other sources, see caption to Figure 5 and
Appendix C in Ho et al. (2019c).

2020c).

Third, we find an ambient density of n, = 160 cm~3, which we show in Figure 4.14
as a mass-loss rate of ~ 107 M, yr~!, assuming a wind velocity v,, = 1000 kms~".
As shown in the figure, this mass-loss rate is within an order of magnitude of
LLGRB-SNe, including SN 2006aj, SN 1998bw, and SN 2010bh.
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Fourth, we find that the cooling frequency is v. = 1.0 x 10'* Hz, below the X-ray

band. We discuss the implications in §4.2.

Finally, we address the model proposed in 1zzo et al. (2020), that SN 2020bvc
represents a GRB jet with energy 2 x 10°! erg viewed at an angle of 23 degrees
(Oops = 0.4), propagating into a power-law density profile R=!3. The authors argue
that this event has similar early optical behavior to LLGRB 171205A / SN 2017iuk
and that the X-ray emission is consistent with the predicted light curve from Granot et
al. (2018). We point out that the same model predicts an 8.5 GHz radio light curve
that exceeds 10*° ergs™! Hz™! over the period of our VLA observations, several
orders of magnitude more luminous than our measurements. An off-axis jet cannot
be entirely ruled out; future radio observations will be needed to determine whether
a highly off-axis jet could be present. However, for now we find that no off-axis jet
is required to explain the 1-50d radio light curve, as was the case for SN 2006aj
(Soderberg et al., 2006b). To our knowledge only one radio data point has been
published for SN 2017iuk, and the radio emission compared to off-axis models was

not discussed in Izzo et al. (2019).

In conclusion, the radio properties of SN 2020bvc are similar to what has been
observed for LLGRB-SNe. Although we do not have evidence for relativistic ejecta
or a GRB, the radio light curve is unlike what has been seen for “ordinary” core-
collapse SNe, suggesting that SN 2020bvc is related to the LLGRB phenomenon,
i.e., an LLGRB-like event discovered optically.

X-ray Emission
In this section we compare the X-ray light curve, and the X-ray to radio SED, of
SN 2020bvc to that of SN 2006aj and other LLGRBs in the literature.

The X-ray light curve of LLGRB 060218 / SN 2006aj had two components: the
prompt emission itself, which lasted until 10*s (often called a GRB, but given
the low peak energy is also called an X-Ray Flash or XRF) and an afterglow that
decayed as 1 where @ = 1.2 + 0.1 until 10°s (Campana et al., 2006; Soderberg
et al., 2006b). The 0.3-10keV luminosity was 8 x 10*! ergs~! at three days post-
explosion (Campana et al., 2006). In Figure 4.15 we show the 0.3-10keV light
curve of SN 2020bvc compared to that of SN 2006aj and nearby LLGRB-SNe. We
find that the X-ray luminosity is within an order of magnitude of SN 2006aj, as well
as SN 1998bw and SN 2010bh.

Next we consider the radio to X-ray spectral index. At At = 13 d the radio to X-ray
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Figure 4.15: The 0.3—10keV X-ray light curve of SN 2020bvc (black connected
squares) compared to that of nearby Ic-BL SNe associated with LLGRBs. Data on
GRB-SNe taken from Campana et al. (2006), Corsi et al. (2017), and D’Elia et al.
(2018).

spectral index of SN 2020bvc is Sgx = 0.5, where F,, oc v™#. Given that the cooling
frequency lies below the X-ray band (§4.6) the value of Sgx is too shallow for the
X-rays to be an extension of the radio synchrotron spectrum. The same was true of
SN 2006aj, which had a very similar value of Bgrx = 0.5 (Fan et al., 2006; Irwin and
Chevalier, 2016; Soderberg et al., 2006b).

Furthermore, for the X-rays to be an extension of the synchrotron spectrum we would
require v, > 1017 Hz at t ~ 30d and therefore B < 0.01 G, which is over an order
of magnitude smaller than the value of B measured in any known SN (Chevalier,
1998; Chevalier and Fransson, 2006; Corsi et al., 2016). This is another argument
for why the X-rays are unlikely to arise from the same synchrotron spectrum as the

radio emission.

Finally, from the ratio of the optical to radio luminosity, we can estimate the expected

contribution of X-rays from inverse Compton scattering. We find (Appendix 4.9) that
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Figure 4.16: The SED from radio to X-rays at At = 13d. The empty diamonds are
VLA data points from 17-28d. The solid line is the blackbody fit to the optical
SED. The dotted line shows an extrapolation of L, o v~ (P=D/2 where p =2.2,and
the dashed curve shows the predicted emission from inverse Compton scattering
(calculated in Appendix 4.9).

the contribution is not sufficient to explain the X-ray luminosity that we observe,
which again was also the case in SN2006aj. The X-ray “excess” observed in
SN 2006aj has been attributed to the long-lived activity of a central engine (Fan et
al., 2006; Soderberg et al., 2006b) and to dust scattering (Irwin and Chevalier, 2016;
Margutti et al., 2015). On the other hand, Waxman et al. (2007) argued that the long-
lived X-ray emission could be explained naturally in a model of mildly relativistic
shock breakout into a wind, and that it was the radio emission that required a separate
component. The data we have are less detailed than that obtained for SN 2006aj,

and so are not useful in distinguishing between these different possibilities.

4.7 Early ZTF Light Curves of Nearby Ic-BL SNe

As discussed in §4.5, the timescale and luminosity of the shock-cooling peak is
most sensitive to the shell properties (mass, radius) and the shock velocity. By
contrast, the timescale and luminosity of the radioactively-powered peak is set by

the nickel mass, the ejecta mass, and the explosion energy. So it is not obvious
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that the properties of the second peak (which are heterogeneous; Taddia et al. 2019)
should be correlated with the properties of the first peak.

In Figure 4.17 we show early (< 4d) light curves of five nearby (z < 0.05) Ic-BL
SNe observed as part of ZTF’s high-cadence surveys, which were spectroscopically
classified as part of the ZTF flux-limited (Fremling et al., 2019¢) and volume-limited
(De et al., 2020) experiments. The light curves shown are from forced photometry
on P48 images (Yao et al., 2019), and epochs of spectroscopy are marked with
‘S.” For the two most luminous events, we show the light curve of SN 2006aj for
comparison. We can rule out a first peak like that of SN 2006aj (duration ~ 1 d, peak
luminosity ~ —18) for all events except one (ZTF19ablesob). Note that the faintest
LLGRB-SN, SN 2010bh, peaked at M = —17 mag: with the ZTF flux-limited survey
we would be over 90% complete for such events out to z = 0.03. SN 2020bvc peaked
brighter than M = —18.5, so the flux-limited survey would be over 90% complete

for such events out to z = 0.06.

Our high-cadence optical observations provide the first evidence that Ic-BL SNe like
LLGRB 060218/SN 2006aj are not the norm. Radio follow-up observations have
only been sensitive enough to show that events like LLGRB 980425/SN 1998bw
are uncommon (Corsi et al., 2016), and in most cases have been unable to rule out
emission like that seen in SN 2006aj and SN 2020bvc.

There are many degeneracies that complicate the interpretation of Figure 4.17. Rise
time and peak luminosity are sensitive to the velocity of the shock. The shock
velocity when it breaks out of the star is sensitive to the outer density gradient in the
stellar envelope and the energy of the explosion. Even if all Ic-BL progenitors were
identical, there could be a strong dependence with observing angle. Ic-BL SNe are
expected to be asymmetric and bipolar, so the ejecta directed along the poles will
move faster than along the equator. Thus, an event viewed along the poles could

have a much brighter shock-interaction peak.

Even assuming identical and spherically symmetric explosions for the Ic-BL SNe,
there could be wide diversity in properties of the ambient material, i.e., mass,
radius, and geometry. The CSM itself could be asymmetric (e.g. a disk rather
than a spherical wind) introducing even more complicated viewing-angle effects.
Finally, as we discussed in our analysis of another fast-rising luminous Ic-BL SN,
SN 2018gep (Ho et al., 2019d), it can be difficult to know when it is appropriate
to model such emission as arising from shock breakout in low-mass, large-radius

material, and when it is appropriate to model such emission as arising from post-
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Figure 4.17: Early (At < 4d) light curves of nearby Ic-BL SNe observed as part
of ZTF’s high-cadence surveys, from forced photometry on P48 images (Yao et al.,
2019). The B-band light curve of SN 2006aj is shown as a grey line for comparison.
Epochs of follow-up spectroscopy are marked with ‘S’ along the top of the panel.

shock cooling in higher-mass, smaller-radius material (e.g. Nakar and Piro 2014;
Piro 2015). In short, it is extremely difficult at present to explain why we see such
diversity in the early light curves of Ic-BL SNe. A model grid of different explosion
and CSM properties, with resulting light curves, is in preparation (Khatami et al.
in prep) and will be useful in understanding what configurations are ruled out or

allowed for each of the objects in Figure 4.17.

4.8 Summary and Discussion
We presented optical, X-ray, and radio observations of SN 2020bvc, which shares
key characteristics with the Ic-BL SN 2006aj associated with LLGRB 060218. Both

events had:
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* A double-peaked optical light curve. The first peak is fast (= 1d), luminous
(M = —-18), and blue (g—r ~ —0.3 mag), and can be modeled as shock-cooling
emission from low-mass (M, < 1072 M) extended (R, > 10'2 cm) material;

» Radio emission (103’ ergs~! at 10 GHz) from a mildly relativistic (v > 0.3c)
forward shock, much fainter than that observed in LLGRB-SNe such as
SN 1998bw and SN 2017iuk; and

* X-ray emission of a similar luminosity (10*! ergs™') that likely requires a

separate emission component from that producing the radio emission.

When our paper was nearly complete, [zzo et al. (2020) presented an interpretation
of SN2020bvc as a classical high-energy (2 x 10°! erg) GRB viewed 23 degrees
off-axis on the basis of (1) the fast expansion velocities (vexp =~ 70,000 km s7h)
measured from the early optical spectra, similar to those observed in the Ic-BL
SN 2017iuk accompanying LLGRB 171205A, (2) the X-ray light curve, and (3) the
double-peaked UVOT light curve, where the first peak was argued to arise from the
cocoon expanding and cooling after breaking out of the progenitor star. In our work
we found that from the perspective of the radio observations obtained so far (1-50d
post-discovery), no off-axis jet is required. In particular, the faint radio light curve
is not consistent with the model in Granot et al. (2018) invoked by 1zzo et al. (2020)
to explain the X-ray data.

Instead, the simplest explanation from our data is that SN 2020bvc is a similar
event to LLGRB 060218/SN 2006aj. LLGRB 060218/SN 2006aj has been exten-
sively modeled and a summary of leading interpretations can be found in Irwin
and Chevalier (2016). Here we outline the different models, then discuss how
high-cadence optical surveys, together with early spectroscopy and X-ray and radio
follow-up observations, can help distinguish between them.

(a) Mildly relativistic shock breakout into a wind. Campana et al. (2006) and
Waxman et al. (2007) proposed that this single mechanism was responsible
for the LLGRB, the shock-cooling emission, and the X-ray afterglow, in which
case all three would be isotropic (a different low-energy component would be

needed for the radio emission).

(b) Choked jet. Nakar (2015) expanded on the model above by suggesting that
the shock breakout is powered by an energetic GRB-like jet that is choked
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in extended low-mass material surrounding the progenitor star. Again, all

emission components would be expected to be isotropic.

(¢c) On-axis low-power jet. Irwin and Chevalier (2016) proposed that the LLGRB
and the shock-cooling emission are decoupled: the LLGRB was produced
by a successful collimated low-power jet, and the shock-cooling emission by
spherical SN ejecta. In that case, the LLGRB would only be observable within

a small viewing angle, while the shock-cooling emission would be isotropic.

In all cases, the optical shock-cooling emission is expected to be isotropic, but in
§4.7 we found that a number of Ic-BL lack luminous early peaks. If X-ray and radio
observations of such events reveal LLGRB-like X-ray and radio emission, this would
argue against a single mechanism for the shock-cooling emission and the afterglow.
If, on the other hand, a double-peaked optical light curve is predictive of LLGRB-like
X-ray and radio emission, and single-peaked events lack such emission, that would
support models in which these components are produced by the same mechanism.
Another test is the relative rates: if the LLGRB is only observable within a small
viewing angle, the rate of double-peaked Ic-BL SNe should significantly exceed the
rate of LLGRBs.

The key argument that LLGRB 171205A / SN 2017iuk arose from a jet was the
presence of iron-peak elements in the early spectra, thought to have been transported
to the surface by the jet (Izzo et al., 2019). SN 2017iuk was discovered via a
GRB trigger, but with SN 2020bvc we have demonstrated that high-cadence optical
surveys can enable similarly early spectroscopic observations. So, it should be
possible to search for these cocoon signatures for a larger sample of events, without
relying on the detection of an LLGRB. For events with detected cocoon emission,
the long-term radio light curve is crucial for distinguishing between off-axis jets and
choked jets.

We point out that based on estimated rates of GRBs and LLGRBs, the rate of off-axis
GRBs in the local universe (z < 0.05) is only one order of magnitude smaller than
the rate of LLGRBs (Liang et al., 2007; Soderberg et al., 2006b), which are detected
routinely (if infrequently—see the discussion below regarding why). The estimated
rate of on-axis GRBs at z = 0 is 0.42*9% yr~! Gpc™, as measured from the Swift
sample of classical GRBs (Lien et al., 2014). Taking a beaming fraction of 0.01
(Guetta et al., 2005) the expectation is for two (and up to six) GRBs in the local
universe per year. Recently, Law et al. (2018) identified a candidate off-axis GRB
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afterglow in data from the VLA Sky Survey. Their estimate of the rate of events
similar to this off-axis candidate is consistent with the expected off-axis GRB rate

in the local universe.

Unfortunately, bursts like LLGRB 060218 are difficult to detect with ongoing GRB
satellites, which are tuned to finding cosmological GRBs. First, the low luminosity
(Liso = 2.6x10% erg s~!) means that an LLGRB like 060218 can only be detected in
the nearby universe. Second, the long timescale (Tog = 2100 s) makes it difficult to
detect the event above the background evolution of wide-field detectors. Third, the
low peak energy (Epk = 5keV) means that the burst is at the bottom of the energy
range for sensitive wide-field detectors like Fermi/GBM and the Interplanetary
Network (Hurley et al., 2010). Finally, the fact that a burst like 060218 would only
be detected in the local universe means that the number N detectable above a flux
threshold S goes as log(N > S) o $73/2: the number detected is very sensitive to
the threshold used. Going forward, it would be useful to have a wide-field mission
optimized for the detection of low-luminosity, long-duration bursts that peak in the
soft X-ray band.

Due to the low LLGRB discovery rate and the small sample size, the LLGRB
rate is highly uncertain; it is currently roughly consistent with the rate of Ic-BL
SNe (Kelly and Kirshner, 2012; Li et al., 2011). An outstanding question is
therefore whether all Ic-BL. SNe harbor an LLGRB. The effort to answer this
question has been led by radio follow-up observations: by following up dozens of
Ic-BL SNe found in wide-field optical surveys, Corsi et al. (2016) limited the fraction
harboring SN 1998bw-like radio emission to < 14% (Corsi et al., 2016). However,
as shown in Figure 4.13, SN 1998bw was the most radio-luminous LLGRB-SN.
Radio observations have generally not been sensitive enough to rule out a radio

counterpart like that accompanying SN 2006aj.

High-cadence optical surveys provide a novel opportunity to measure the rate of Ic-
BL SNe that are similar to SN 2006aj. Optical shock-cooling emission is expected
to be isotropic, and should not depend on the explosion properties that determine
the second peak (ejecta mass, nickel mass). From the events in ZTF with early
high-cadence light curves, it appears that SN 2006aj-like events are uncommon, but

more events will be needed to measure a robust rate.

It is a pleasure to thank the anonymous referee for detailed feedback that greatly

improved the clarify and thoroughness of the paper.
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4.9 Appendix
Photometry Table



Table 4.6: UVOIR photometry for SN 2020bvc, corrected for
Milky Way extinction. Epochs given in observer-frame since
to (defined in §4.2)

Date At Inst. Filt. Mag
(MJD) (d) (AB)
58883.3406  0.67 P48+ZTF i 17.44 +0.05
58883.3901  0.72 P48+ZTF i 17.46 +0.04
58883.4763  0.81 P48+ZTF g 16.82+0.04
58883.4966  0.83 P48+ZTF g 16.83 +0.05
58883.524 0.85 P48+ZTF r 17.19 +£0.04
58884.0245 1.35 Swift+UVOT UVWI1 17.15+0.01
58884.0253  1.36 Swift+UVOT U 17.08 £0.01
58884.0257 1.36 Swift+UVOT B 17.23+0.01
58884.0268 1.36 Swift+UVOT UVW2 17.90+0.01
58884.028 1.36 Swift+UVOT vV 17.12 +0.01
58884.0297 1.36 Swift+UVOT UVM2 17.39+0.01
58884.1362  1.47 LT+I00 g 17.30+0.01
58884.3634 1.69  P60+SEDM i 17.50 +£0.03
58884.38890  1.72 P48+ZTF i 17.66 +0.05
58884.4109 1.74 P48+ZTF i 17.63+0.04
58884.4212 1.75 P48+ZTF g 17.40+0.06
58884.469 1.8 P48+ZTF g 17.38+0.05
58884.4754  1.81 P48+ZTF g 17.37+0.05
58884.5473  1.88 P48+ZTF r 17.58 +0.06
58884.5533  1.88 P48+ZTF r 17.57+0.04
58885.3891  2.72 P48+ZTF i 17.67+0.06
58885.4111 2.74 P48+ZTF i 17.65+0.04
58885.429 2.76 P48+ZTF g 17.40+0.05
58885.4774  2.81 P48+ZTF g 17.44+0.07
58885.5211  2.85 P48+ZTF r 17.51+0.04
58885.538 2.87 P48+ZTF r 17.52 +0.05
58885.5533  2.88 Swift+UVOT UVWI1 19.48 £0.01
58885.554 2.88 Swift+UVOT U 18.33+0.01
58885.5543  2.88 Swift+UVOT B 17.48 £0.01
58885.5553  2.89 Swift+UVOT UVW2 20.03 £0.01
58885.5563  2.89 Swift+UVOT vV 17.19 £ 0.01



58885.5577
58886.3926
58886.4112
58886.4337
58886.4354
58886.437
58886.4768
58886.4809
58886.4816
58886.4819
58886.4829
58886.4839
58886.4854
58886.4941
58886.5229
58886.5506
58887.2802
58887.2808
58887.2812
58887.2821
58887.2829
58887.2842
58887.3208
58887.429
58887.468
58887.4751
58887.5039
58887.5305
58887.5314
58888.3553
58888.357
58888.36
58888.3928
58888.4746
58888.4892
58888.5373

2.89
3.72
3.74
3.76
3.77
3.77
3.81
3.81
3.81
3.81
3.81
3.81
3.82
3.82
3.85
3.88
4.61
4.61
4.61
4.61
4.61
4.61
4.65
4.76

4.8
4.81
4.83
4.86
4.86
5.69
5.69
5.69
5.72

5.8
5.82
5.87

Swift+UVOT
P48+ZTF
P48+ZTF
P60+SEDM
P60+SEDM
P60+SEDM

P48+ZTF

Swift+UVOT

Swift+UVOT

Swift+UVOT

Swift+UVOT

Swift+UVOT

Swift+UVOT
P48+ZTF
P48+ZTF
P48+ZTF

Swift+UVOT

Swift+UVOT

Swift+UVOT

Swift+UVOT

Swift+UVOT

Swift+UVOT
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF

P60+SEDM
P60+SEDM
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF

20.30 = 0.01
17.52 £ 0.04
17.52 £ 0.03
17.20 £ 0.01
17.34 £ 0.02
17.47 £ 0.01
17.29 £ 0.04
19.17 £ 0.01
18.17 £ 0.01
17.55+0.01
20.05 £ 0.01
17.55 +0.01
20.87 £ 0.01
17.29 + 0.05
17.29 £ 0.05
17.33 £ 0.04
19.48 + 0.01
17.94 £ 0.01
17.54 £ 0.01
20.47 £ 0.01
17.10 £ 0.01
20.63 + 0.01
17.33 £ 0.05
17.07 £ 0.04
17.10 £ 0.05
17.10 £ 0.05
17.07 £ 0.05
17.08 £ 0.05
17.05 £ 0.04
16.81 £0.02
16.98 + 0.03
17.16 £ 0.04
17.14 £ 0.05
16.88 +£0.04
16.87 £ 0.05
16.92 + 0.05
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58888.9397
58888.9404
58888.9408
58888.9418
58888.9428
58888.9444
58890.3717
58890.3941
58890.4565
58890.4747
58890.4756
58890.5276
58890.5588
58890.5597
58891.3937
58891.4157
58891.4552
58891.4626
58891.7595
58891.7608
58891.7615
58891.7634
58891.7654
58891.7683
58892.3651
58892.3832
58892.4559
58892.5181
58892.534
58893.3186
58893.4023
58893.4715
58893.4965
58893.4974
58893.521
58893.53

6.27
6.27
6.27
6.27
6.27
6.27
7.7
7.72
7.79
7.8
7.81
7.86
7.89
7.89
8.72
8.75
8.79
8.79
9.09
9.09
9.09
9.09
9.1
9.1
9.7
9.71
9.79
9.85
9.86
10.65
10.73
10.8
10.83
10.83
10.85
10.86

Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
Swift+UVOT
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
Swift+UVOT

UVW1
U

B
Uuvw?2
Vv
UVM?2
[

[

r

~

S

~ 0 0 O

19.06 + 0.01
18.29 £ 0.01
17.09 £ 0.01
20.72 £ 0.01
17.08 £ 0.01
20.37 £ 0.01
16.93 +£0.03
16.94 + 0.03
16.65 + 0.04
16.62 + 0.06
16.62 + 0.04
16.74 £ 0.05
16.75 £ 0.05
16.75 + 0.05
16.84 £ 0.03
16.88 +0.03
16.71 £ 0.04
16.70 £ 0.04
19.49 + 0.01
18.22 + 0.01
17.02 £ 0.01
20.37 £ 0.01
16.44 + 0.01
20.77 £ 0.01
16.68 + 0.05
16.69 + 0.04
16.83 £0.03
16.46 + 0.04
16.45 + 0.04
20.06 = 0.01
16.80 £ 0.03
16.67 + 0.04
16.67 + 0.04
16.67 £ 0.04
16.41 £ 0.04
16.49 + 0.01

93



58893.5325
58893.5338
58893.7579
58893.759
58893.7595
58893.7604
58894.3388
58894.4351
58894.4554
58894.5153
58894.535
58894.5468
58895.137
58895.1377
58895.138
58895.1391
58895.14
58895.1417
58895.4968
58895.4972
58896.3318
58896.3934
58898.1568
58898.1576
58898.1585
58898.1593
58898.445
58898.4558
58898.4955
58898.5119
58898.5128
58898.5335
58898.5463
58899.4051
58899.4351
58899.4828

10.86
10.86
11.09
11.09
11.09
11.09
11.67
11.77
11.79
11.85
11.87
11.88
12.47
12.47
12.47
12.47
12.47
12.47
12.83
12.83
13.66
13.72
15.49
15.49
15.49
15.49
15.77
15.79
15.83
15.84
15.84
15.86
15.88
16.74
16.77
16.81

Swift+UVOT
P48+ZTF
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
LT+IOO
LT+I00
LT+IO00O
LT+IO00O
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF

N R R S R

~

=N

N R R X

20.90 = 0.01
16.43 £ 0.03
19.63 + 0.01
18.40 £ 0.01
17.11 £ 0.01
20.43 £ 0.01
16.68 +0.04
16.75 £ 0.03
16.74 £ 0.03
16.38 + 0.04
16.37 £ 0.04
16.70 £ 0.03
19.89 + 0.01
18.63 + 0.01
17.35 £ 0.01
20.41 £ 0.01
16.35 £ 0.01
20.97 £0.01
16.35 £ 0.03
16.33 £ 0.04
16.72 £ 0.03
16.70 £ 0.03
16.32 £ 0.02
16.76 £ 0.02
16.75 £ 0.02
18.66 + 0.04
16.92 £ 0.04
16.90 £ 0.03
16.38 £ 0.03
16.39 £ 0.04
16.35 £ 0.04
16.36 + 0.03
16.93 + 0.04
16.92 +£0.04
16.94 + 0.04
16.34 + 0.04
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58899.5057
58899.5302
58900.3929
58900.4467
58900.4499
58900.4516
58900.4532
58900.4787
58900.4938
58900.5289
58901.4137
58901.4335
58901.4546
58901.4546
58902.6701
58902.6715
58902.6725
58902.6748
58902.6772
58902.6791
58903.36
58903.412
58903.4217
58903.4571
58903.4605
58903.4953
58903.4962
58903.5079
58903.5409
58904.3954
58904.4029
58904.4461
58904.489
58906.3392
58906.4339
58906.4868

16.84
16.86
17.72
17.78
17.78
17.78
17.78
17.81
17.82
17.86
18.74
18.76
18.78
18.78

20.0

20.0

20.0

20.0
20.01
20.01
20.69
20.74
20.75
20.79
20.79
20.83
20.83
20.84
20.87
21.73
21.73
21.78
21.82
23.67
23.76
23.82

P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P60+SEDM
P60+SEDM
P60+SEDM
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF

SN R N

S

~

16.36 + 0.03
16.95 £ 0.05
16.98 + 0.05
16.26 £ 0.04
16.38 £ 0.01
16.98 +0.02
16.64 +0.02
16.35 £ 0.03
16.34 + 0.04
16.98 + 0.07
16.38 £ 0.03
16.39 £ 0.03
16.37 £ 0.03
16.37 + 0.03
20.56 £ 0.01
19.52 £ 0.01
17.82 +0.01
20.22 £0.01
16.49 + 0.01
22.23 +£0.01
17.21 £ 0.06
16.48 £ 0.03
16.45 + 0.03
16.48 + 0.03
16.46 £ 0.05
16.47 + 0.03
16.51 £0.04
16.45 + 0.04
17.22 £ 0.05
16.79 £ 0.03
16.81 £ 0.02
17.28 £ 0.05
16.50 + 0.03
17.44 £ 0.05
16.89 £ 0.02
16.56 + 0.04
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58906.4878
58906.5057
58906.5381
58906.539

58906.5551
58908.3226
58908.3236
58908.3243
58908.3259
58908.3275
58908.3288
58908.4122
58908.4158
58908.4258
58908.4624
58908.4949
58908.5315
58908.5565
58909.175

58909.1758
58909.1766
58909.1775
58909.1789
58911.2535
58911.3516
58911.4256
58911.4265
58911.4766
58911.4826
58911.4836
58911.551

58911.5515
58911.5533
58911.5538
58912.1515
58912.1523

23.82
23.84
23.87
23.87
23.89
25.65
25.65
25.65
25.66
25.66
25.66
25.74
25.75
25.76
25.79
25.82
25.86
25.89

26.5
26.51
26.51
26.51
26.51
28.58
28.68
28.76
28.76
28.81
28.81
28.81
28.88
28.88
28.88
28.88
29.48
29.48

P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
Swift+UVOT
P48+ZTF
P60+SEDM
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
LT+100
LT+IOO
LT+I00
LT+IO00O
LT+IOO
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
LT+IO00O
LT+IO00O
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16.57 £ 0.03
16.57 £ 0.03
17.41 £ 0.05
17.45 £ 0.06
16.88 + 0.04
19.63 £ 0.01
20.53 £ 0.01
18.19 £ 0.01
20.45 +0.01
16.99 + 0.01
21.54 +0.01
16.98 £ 0.03
16.77 £ 0.02
16.99 + 0.03
16.73 £ 0.04
16.76 £ 0.04
17.46 £ 0.09
17.45 £ 0.05
16.75 £ 0.02
17.03 £ 0.02
17.54 £ 0.02
19.98 + 0.07
16.66 + 0.01
17.07 £ 0.05
17.14 £ 0.03
17.85 + 0.06
17.89 + 0.07
16.87 £ 0.04
16.87 £ 0.04
16.85 £ 0.04
17.85 £ 0.07
17.81 £ 0.08
17.73 £ 0.07
17.79 £ 0.06
16.94 £ 0.02
17.21 £0.02
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58912.1532 29.48 LT+IOO g 17.75+0.01
58912.154  29.48 LT+IO0O u 20.15+0.10
58912.1554 29.49 LT+IO0O z 16.81 £0.02
58912.3746  29.7 P48+ZTF i 17.19+0.03
58912.3792 29.71 P48+ZTF i 17.16 £0.04
58912.4747  29.8 P48+ZTF r 16.95+0.04
58912.4973 29.83 P48+ZTF r 16.96 + 0.04
58912.5209 29.85 P48+ZTF g 17.93+£0.08
58912.5468 29.88 P48+ZTF g 17.94+0.07

Details: mass and radius of the extended material
This calculation closely follows that of Kasen (2017) and Nakar and Piro (2014).

Assume that the layer undergoing shock cooling has mass M, and radius R,. Photons
diffuse from this layer on a timescale tg;¢ ~ TR./c. The layer itself is moving at a
characteristic velocity v,: the timescale of expanding is fexp ~ R./v..The bulk of

photons emerge from the layer where TR, /c ~ R./c,or T ~ c¢/v,.

At a given radius, the optical depth 7 drops due to expansion: 7 ~ kpR where
p ~ M,/(4nR3/3). The radius increases as R ~ v.t, so we find that 7 ~
3kM, /(4 (v.t)?). Setting this equal to ¢/v,,

12
r~ ( 3 KMe) . 4.2)

A v.c

For SN2020bvc, we have an upper limit on the time to peak of 7, < 1d. From the
spectra, we estimate v, ~ 0.1c. We take k = 0.2cm™2 g~! for a hydrogen-poor gas.
Altogether, we find M, ~ 107> M. Note that this is an upper limit, because the
rise time was likely much faster than what we could measure. So, we conclude that
M, < 1072 M,

Next we estimate R,. We assume that the shock deposits energy Egepin to the layer.
Then the layer cools from expansion, Ecool ~ Egep(Re/vct). The luminosity from

COOling is Leool ~ Ecool/tcool ~ EdepRO/Vet2~

Assuming that the deposited energy is half the kinetic energy Exg of the shock,
Egep ~ Exg/2 = nR2dRpv?, where dR and p are the width and density of the layer.
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Taking dR ~ R, and p ~ Me/(47rR§dR) we find Egep ~ nge /4. So, our expression

for the luminosity is

veR.M,

Lcool ~ 4[2

4.3)

Taking M, < 1072 My, t < 1d,v, =0.1c, and L > 104 erg s~! we find R, >
10'2cm. We can only measure a lower limit on the radius because the true peak

luminosity is likely much higher than what we can measure.

Details: properties of the forward shock
The framework described in Chevalier (1998) assumes that the radio emission arises
from a population of relativistic electrons with Lorentz factors that follow a power

law of index p down to a cutoff y,,,

dN(ye.)

g <y, " Y = Y, (4.4)
Ye

where 2.3 < p < 3 (Jones and Ellison, 1991; Pelletier et al., 2017). The expression

for the typical electron Lorentz factor y,, is

2
mpv

Ym =1~ €=, (4.5)

where €, is the fraction of energy in relativitic electrons, m,, is the proton mass, v is

the shock velocity, m, is the electron mass, and c is the speed of light.

/2 aty < v, and v~(P~D/2

The resulting spectrum is a broken power law where v
at v > v,, and v, is called the self-absorption frequency (Rybicki and Lightman,
1986). By observing the peak frequency v, and peak flux F,, and assuming that
V), = V4, We can estimate the outer shock radius R, and magnetic field strength B,,.
We take p = 3 (the results do not depend strongly on the value of p), a filling factor
f = 0.5, and assume equipartition (@ = €,/eg = 1, where €,/€p is the ratio of the

energy density in relativistic electrons to the energy density in magnetic fields).

Assuming that the radio emission is dominated by the transient, we have an upper
limit on the peak frequency of v, < 3GHz and a lower limit on the peak flux
density of F, > 113 uJy at Ar = 24 d. We use Equations (13) and (14) of Chevalier
(1998) (C98) to solve for R and B, and find R > 1.7 x 10'°cm, B < 0.34 G, and

a mean shock velocity up to 13d of v > 0.3c. Expressions for the total energy
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thermalized by the shock U and the ambient density n, are given in Ho et al. (2019¢)
(H19), following the same framework as in C98. Using Equation (12) in H19 and
taking eg = 1/3 we find U = 1.3 x 10*’ erg. Using Equation (16) in H19 we find

ne ~ 160 cm™, which corresponds to a mass-loss rate (Equation (23) of H19) of

M ( 1000kms~!
M (—ms ) 02, (4.6)
Vi \ 1074 Mg yr~!
where v,, is the wind velocity.
The cooling frequency is defined as
2
Ve =YV, “4.7)
where
6rm,c
.= 4.8
Y or B2 (4.8)
and
q.B
= . 49
Vs 2rmec (4.9)
Combining Equations 4.7, 4.8, and 4.9, we have
18
ve = —2ede 1.0 10" GHz. (4.10)
o7 B31?

Finally, we find that the bulk of the electrons have Lorentz factor y,, = 22.

Inverse Compton Scattering
The luminosity from inverse Compton scattering of optical photons from the rela-

tivistic electrons is

Lic _ tpn 4.11)
Lsyn ugp’

where upy, is the photon energy density (which we measure from our UVOIR ob-

servations) and up is the magnetic energy density (which we measure from our
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radio observations; Rybicki and Lightman 1986). Taking R,, = 2 X 10" cm and
Liol > 2 X 10%2 erg s~! we have

T Lo
PR 4nR3)3

> 0.07 ergcm™>. (4.12)

Using B < 0.34 G we have

32
ug = e < 0.005ergcm™. (4.13)

So, the dominant cooling mechanism is inverse Compton scattering rather than
synchrotron radiation, and Lic is an order of magnitude greater than Ly, (the radio
luminosity). Photons emitted at frequency v that are upscattered by electrons at y,,

will emerge with an average frequency vic where

4
{(vic) = gy,’im. (4.14)
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Part III. Ic-BL Supernovae

Jingde reign period, third year, [=AD 1006—1007], there was a huge (ju) star seen
in the sky in the west of Di (lunar lodge). Its bright rays were like a golden disc.
No-one could determine its significance. Zhou Keming, the chief official of the
Spring Agency reported that according to the (star manuals) Tianwen Lu and the
Jingzhou Zhan, the star was a Zhoubo. Its form was like the half Moon and it had
pointed rays. It was so brilliant (huang huang) that one could really see things
clearly (ran ke yi jian wu) (by its light.)

—THE WENXIAN TONGKAO

Translation from Stephenson and Green (2002)
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Chapter 5

THE BROAD-LINED IC SUPERNOVA ZTF18AAQJOVH
(SN 2018BVW): AN OPTICALLY DISCOVERED
ENGINE-DRIVEN SUPERNOVA CANDIDATE WITH
LUMINOUS RADIO EMISSION

Ho, A. Y. Q. et al. (2020). “The Broad-lined Ic Supernova ZTF18aaqjovh (SN
2018bvw): An Optically Discovered Engine-driven Supernova Candidate with

Luminous Radio Emission”. In: ApJ 893.2, p. 132. por: 10.3847/1538-4357/
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Abstract

We present ZTF18aagjovh (SN 2018bvw), a high-velocity (“broad-lined”) stripped-
envelope (Type Ic) supernova (Ic-BL SN) discovered in the Zwicky Transient Facility
one-day cadence survey. ZTF18aagjovh shares a number of features in common
with engine-driven explosions: the photospheric velocity and the shape of the
optical light curve are very similar to that of the Type Ic-BL SN 1998bw, which was
associated with a low-luminosity gamma-ray burst (LLGRB) and had relativistic
ejecta. However, the radio luminosity of ZTF18aagjovh is almost two orders of
magnitude fainter than that of ZTF18aaqgjovh at the same velocity phase, and the
shock velocity is at most mildly relativistic (v = 0.06-0.4c). A search of high-energy
catalogs reveals no compelling GRB counterpart to ZTF18aaqjovh, and the limit on
the prompt GRB luminosity of Ly jso = 1.6 X 10" ergs~! excludes a classical GRB
but not an LLGRB. Altogether, ZTF18aaqjovh represents another transition event

between engine-driven SNe associated with GRBs and “ordinary” Ic-BL SNe.

5.1 Introduction

Broad-lined Type Ic supernovae (Ic-BL SNe) are a subclass of stripped-envelope
core-collapse supernovae (CC SNe) characterized by fast ejecta and large ki-
netic energies. While typical Type Ic SNe have photospheric velocities vy, ~
10,000 kms~! (measured from Fe II absorption features), Type Ic-BL SNe have
vph = 20,000 km s~ at maximum light (Modjaz et al., 2016). The kinetic energy
release of Ic-BL SNe is typically ~ 1052 erg (Cano, 2013; Lyman et al., 2016; Pren-
tice et al., 2016), an order of magnitude greater than traditional CC SNe (Woosley
and Janka, 2005), although this measurement is highly model-dependent.

A clue to the high energies and fast velocities present in Ic-BL. SNe is their connection
to long-duration gamma-ray bursts, reviewed in Cano et al. (2017b), Hjorth et al.
(2012), and Woosley and Bloom (2006). The association began with the coincident
discovery of GRB 980425 and SN 1998bw at d = 40 Mpc (Galama et al., 1998;
Kulkarni et al., 1998). However, GRB 980425 was different from typical GRBs: it
was under-luminous in y-rays (L, jso ~ 53X 10* erg s~! compared to typical values of
10°1-10°3 erg s~!) and sub-energetic, with an isotropic equivalent energy four orders
of magnitude smaller than that of typical GRBs. Thus, it took the discovery of the
cosmological GRB 030329 (z = 0.1685) in association with SN 2003dh (Hjorth
et al., 2003; Stanek et al., 2003) to solidify the relationship between GRBs and SNe.

Since then, ~ 20 SNe accompanying GRBs have been spectroscopically confirmed.
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All show broad Type Ic-BL features near maximum light, with two exceptions:
SN 2011kl had a relatively featureless spectrum, and SN 2013ez more closely re-
sembled a Type Ic (Cano et al., 2017b). The GRB-SN association has led to the
suggestion GRBs and Ic-BL SNe are powered by a single central engine (Barnes et
al., 2018; Lazzati et al., 2012; Sobacchi et al., 2017). However, a systematic search
for radio emission from Ic-BL SNe constrained the fraction harboring a relativistic
outflow as bright as that of SN 1998bw to be at most 30-40% (Corsi et al., 2016).

Complicating matters, additional underluminous GRBs have been discovered since
GRB 980425 and are collectively referred to as low-luminosity GRBs (LLGRBs).
LLGRB:s are distinguished by isotropic peak luminosities Lis, ~ 10*-10*8 erg s~!
and a relativistic energy release that is 2-3 orders of magnitude smaller than the
10°! erg from GRBs with fully relativistic outflows (Cano et al., 2017b). Due to
their lower intrinsic luminosities, LLGRBs are discovered at low redshifts (z <
0.1). Thus, despite the fact that their measured rates might be 10-100 larger
than that classical GRBs (Pian et al., 2006; Soderberg et al., 2006b), only seven
have been discovered: LLGRB 980425/SN 1998bw, XRF 020903 (Bersier et al.,
2006; Sakamoto et al., 2004; Soderberg et al., 2004a), LLGRB 031203/SN 20031w
(Malesani et al., 2004; Soderberg et al., 2004b; Thomsen et al., 2004; Watson
et al., 2004), LLGRB 060218/SN 2006aj (Mirabal et al., 2006; Pian et al., 2006;
Soderberg et al., 2006b), LLGRB 100316D/SN 2010bh (Bufano et al., 2012; Starling
etal., 2011), LLGRB 171205A/SN 2017iuk (D’Elia et al., 2018; Wang et al., 2018),
and most recently LLGRB 190829A (Chand et al., 2020). LLGRB 060218 and
LLGRB 100316D have their own distinct properties: a long y-ray prompt emission
phase, and long-lived soft X-ray emission that might arise from continued activity

of the central engine (Margutti et al., 2013).

Modeling of the radio emission from LLGRBs suggests quasi-spherical ejecta cou-
pled to mildly relativistic material, with no off-axis components (Kulkarni et al.,
1998; Margutti et al., 2013; Pian et al., 2006; Soderberg et al., 2006b). Thus, it
seems that LLGRBs arise from a fundamentally different mechanism to cosmolog-
ical GRBs. One suggestion is that they represent failed or choked-jet events, and
that the gamma rays arise from shock breakout (Bromberg et al., 2011). This is
supported by the early light curve of the LLGRB 060218, whose double peak in
ultraviolet and optical filters has been modeled as shock breakout into a dense stellar
wind (Campana et al., 2006) or into an extended envelope (Margutti et al., 2015;
Nakar, 2015).
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A major focus of scientific investigation over the past 20 years has been to unify
this diverse array of phenomena: “extreme” SNe with successful, observed jets
(classical GRBs), mildly relativistic explosions (LLGRBs or radio-emitting SNe),
and ordinary (non-relativistic) SNe. The traditional avenue to discovering central
engines—the detection of a GRB—is severely limited because a number of con-
ditions must be met for a central engine to produce a GRB. First, the jet must
be nearly baryon-free—or else the available energy is insufficient to accelerate the
ejecta to ultra-relativistic velocities, and gamma-ray emission will be stifled by pair-
production (Piran, 2004). Next, the jet must successfully escape the star without
being choked by the stellar envelope (MacFadyen et al., 2001). Finally, the jet must
be directed at Earth.

Today, wide-field optical time-domain surveys have the field-of-view and cadence
to discover engine-driven explosions without relying on a high-energy trigger (e.g.
Corsi et al. 2017). Radio observations are central to this effort, because they trace
the fastest-moving ejecta. The Zwicky Transient Facility (ZTF; Bellm et al. 2019b;
Graham et al. 2019) is conducting several different surveys (Bellm et al., 2019a)
using a custom mosaic camera (Dekany et al., 2016) on the 48-inch Samuel Oschin
Telescope (P48) at Palomar Observatory. ZTF discovers one Ic-BL SN per month,
and we are conducting a follow-up campaign of a subset of these events with the
Very Large Array (VLA). Here, we present our first detection of radio emission from
the Ic-BL ZTF18aaqgjovh (SN 2018bvw). In Section 5.2 we describe our optical,
radio, and X-ray observations, as well as our search for contemporaneous gamma-
ray emission. In Section 3 we constrain the physical properties of the explosion

(energy, velocity, ejecta mass). We present our conclusions in Section 4.

Throughout the paper we use the ACDM cosmology from Planck Collaboration
et al. (2016).

5.2 Observations

Zwicky Transient Facility Discovery

ZTF images are processed and reference-subtracted by the IPAC ZTF pipeline (Masci
etal., 2019) using the method described in Zackay et al. (2016), and every 5-0 point-
source detection is saved as an “alert.” Alerts are distributed in Apache Avro format
(Patterson et al., 2019) and can be filtered based on a machine learning real-bogus
metric (Duev et al., 2019; Mahabal et al., 2019), host characteristics (including a
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star-galaxy classifier; Tachibana and Miller 20181), and light-curve properties. The
ZTF collaboration uses a web-based system called the GROWTH marshal (Kasliwal
etal., 2019) to identify, monitor, and coordinate follow-up observations for transients

of interest.

ZTF18aagjovh was discovered in an image obtained on 2018 May 5 UT as part of the
ZTF one-day cadence survey, which covers 3000 deg? in two visits (one g, one ) per
night (Bellm et al., 2019a). The alert passed two filters, as part of two systematic
surveys being conducted by ZTF: a filter for transients in the local universe that
cross-matches sources with a catalog of nearby galaxies (Cook et al., 2019), and a
filter for bright transients (Fremling et al., 2019¢). Because it passed these filters,
the source was reported to the Transient Name Server (TNS?; Fremling 2018) and
received the designation SN 2018bvw. After being reported, it was spectroscopically
classified (Section 5.2; Fremling et al. 2019a).

The discovery magnitude was r = 18.65 + 0.02 mag, where the error bar is a 1-o
estimate of the background RMS, derived using a pixel-uncertainty map created for
the difference image (Masci et al., 2019). The source position was measured to be
a = 11"52M43.625, 6 = +25940™30.1° (J2000). The position is 4.71” from SDSS
J115244.11+254027.1, a star-forming galaxy at z = 0.05403+0.00001 (248.85 Mpc;
Alam et al. 2015). The transient position with respect to the host galaxy is shown
in Figure 5.1, with the host galaxy image constructed from SDSS g, r, and i-band
cutouts using the method in Lupton et al. (2004). At this distance, the projected
offset between ZTF18aagjovh and the center of the host corresponds to d = 5.68 kpc.
This offset is larger than the typical offset of Ic-BL SNe accompanied by GRBs,
which is 1.54?1:1238 kpc (1-0 confidence), and more consistent with the offsets of
Ic-BL SNe without detected GRBs, measured to be (3.083232) kpc (Japelj et al.,
2018).

The full light curve, corrected for Milky Way extinction, is provided in Table 5.1
and shown in Figure 5.2. The P48 measurements come from forced photometry
(Yao et al., 2019). The g-band reference image was constructed from data taken
between 2018 April 22 and 2018 May 16, so we had to subtract a baseline flux to
account for SN light in the reference. To calculate the baseline flux, we measured

the mean flux of photometry in images where the SN light was not present: a set of

'In this context TM18 define star as an unresolved point source and galaxy as an extended
unresolved source
Zhttps://wis-tns.weizmann.ac.il
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images at At ~ —50d and a set of images at At ~ 400d. We confirmed that this
baseline level was consistent, i.e., that by 400 d the SN light had returned to a level

consistent with the pre-explosion level.

We obtained two epochs of photometry from the Spectral Energy Distribution Ma-
chine (SEDM; Blagorodnova et al. 2018; Rigault et al. 2019) mounted on the
automated 60-inch telescope at Palomar (P60; Cenko et al. 2006). Digital image
subtraction and photometry for the SEDM was performed using the Fremling Auto-
mated Pipeline (FPipe; Fremling et al. 2016). Fpipe performs calibration and host
subtraction against SDSS reference images and catalogs (Ahn et al., 2014).

The peak r-band absolute magnitude is typical of Ic-BL light curves compiled from
untargeted surveys (Taddia et al., 2019), and the light curve of ZTF18aaqjovh is
very similar in shape to the light curve of SN 1998bw (Figure 5.2). Assuming that
the time from explosion to peak is the same in ZTF18aagjovh as in SN 1998bw, we
can estimate that the explosion time #( is about the time of the last non-detection,
2018 April 25 UT. The optical spectra of ZTF18aagjovh (Section 5.2) suggest that
this ¢ is accurate to within a few days: the spectrum of ZTF18aagjovh on May 9
was most similar to that of SN 1998bw at 16 d post-explosion. With this #q, the first
detection of ZTF18aaqjovh by ZTF was at At = 10 days. Throughout the paper, we

use this definition of ¢y and report all times A¢ with respect to this reference point.

Figure 5.1: Image of the host galaxy of ZTF18aagjovh (SN 2018bvw), constructed
from g, r, and i-band SDSS cutouts. The position of ZTF18aagjovh is shown with a
white cross, 4.71” from the center of the galaxy, or 5.68 kpc assuming d = 249 Mpc.



Table 5.1: Optical light curve of ZTF18aagjovh from forced
photometry on P48 images (Yao et al., 2019). Values have

been corrected for Milky Way extinction. Phase is relative to

to defined in Section 5.2.

108

Date (MJD) At Instrument Filter AB Mag Errorin AB Mag
58243.170324  9.99 P48 r 18.59 0.03
58244.170880 10.99 P48 r 18.47 0.02
58245.171447 12.00 P48 r 18.32 0.02
58245.172384 12.00 P48 r 18.31 0.02
58246.233762 13.06 P48 r 18.32 0.03
58247.234363 14.06 P48 r 18.28 0.02
58247.358800 14.18 P60 r 18.30 0.04
58248.235324 15.06 P48 r 18.21 0.02
58248.236250 15.06 P48 r 18.17 0.02
58248.335300 15.16 P60 r 18.21 0.03
58249.234444 16.06 P48 r 18.23 0.03
58250.234803 17.06 P48 r 18.17 0.03
58254.191401 21.02 P48 r 18.31 0.02
58254.192338 21.02 P48 r 18.26 0.02
58255.238356 22.06 P48 r 18.32 0.02
58256.217651 23.04 P48 g 19.02 0.05
58256.218113 23.04 P48 g 18.98 0.05
58256.218565 23.04 P48 g 19.06 0.06
58256.219028 23.04 P48 g 19.05 0.05
58256.219479 23.04 P48 g 19.05 0.04
58256.219942 23.04 P48 g 19.02 0.03
58256.220393 23.04 P48 g 19.03 0.02
58256.220845 23.04 P48 g 19.07 0.03
58256.221308 23.05 P48 g 19.11 0.02
58256.221759 23.05 P48 g 19.05 0.02
58256.222222 23.05 P48 g 19.04 0.03
58256.222674 23.05 P48 g 19.04 0.03
58256.223125 23.05 P48 g 19.04 0.03
58256.223588 23.05 P48 g 19.12 0.03
58256.244317 23.07 P48 r 18.40 0.03
58256.278032 23.10 P48 r 18.43 0.02
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58257.233877
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18.42
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19.32
18.72
19.53
18.64
18.74
19.81
19.02
19.08
20.08
18.91
20.13
19.20
19.08
19.28
19.37
19.26
19.45
19.67
19.50
20.51
20.56
20.75
19.51
20.32
19.62
19.63
19.63
20.63
20.60
19.63
20.85
19.76
20.65
19.77

0.03
0.03
0.04
0.04
0.08
0.05
0.03
0.11
0.07
0.07
0.29
0.07
0.24
0.07
0.06
0.05
0.04
0.04
0.05
0.05
0.05
0.11
0.11
0.15
0.06
0.13
0.07
0.08
0.06
0.13
0.12
0.09
0.15
0.07
0.14
0.07
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58282.194699 49.02 P48 r 19.82 0.07
58282.243113  49.07 P48 g 20.51 0.14
58282.244039 49.07 P48 g 20.58 0.15
58283.215544 50.04 P48 r 19.81 0.07
58283.237836 50.06 P48 g 20.45 0.13
58284.203982 51.03 P48 r 19.80 0.08
58284.214236 51.04 P48 g 20.83 0.17

Spectral Classification
A log of our spectroscopic follow-up observations of ZTF18aagjovh is provided in
Table 5.2.

On 9 May 2018 UT we obtained a spectrum of ZTF18aagjovh using the SEDM
and compared it to a set of spectral templates from the publicly-available Supernova
Identification code (SNID; Blondin and Tonry 2007). The best match was to a
spectrum of SN 1998bw taken at 16 days post-explosion. As shown in Figure 5.2, a
comparison with the light curve of SN 1998bw suggests that these two spectra were
obtained at comparable phases. So, we classified ZTF18aaqjovh as Type Ic-BL.

On 14 May 2018 UT, we observed ZTF18aagjovh using the Low Resolution Imaging
Spectrometer (Oke et al., 1995) on the Keck I 10-m telescope. The spectrum was
reduced and extracted using LPipe (Perley, 2019). The next day, we observed the
source using the Andalusia Faint Object Spectrograph and Camera (ALFOSC?3)
on the Nordic Optical Telescope (NOT; Djupvik and Andersen 2010). The NOT
spectrum was reduced in a standard way, including wavelength calibration against an
arc lamp, and flux calibration using a spectrophotometric standard star. We obtained
another spectrum on 8 June 2018 UT using the Double Beam Spectrograph (DBSP;
Oke and Gunn 1982) on the 200-inch Hale telescope at Palomar Observatory. The
DBSP spectrum was reduced using a PyRAF-based pipeline (Bellm and Sesar,
2016). We obtained a final spectrum one month later using LRIS.

The spectral sequence obtained via our follow-up for ZTF18aagjovh is shown in
Figure 5.3, compared to spectra of SN 1998bw at similar phases post-explosion.
We used our spectra to estimate the photospheric velocity of ZTF18aagjovh as a

function of time. In typical Ic SNe, photospheric velocity is measured using the

3http://www.not.iac.es/instruments/alfosc/
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Figure 5.2: The optical light curve of ZTF18aagjovh, corrected for Milky Way
extinction, with P48 r-band in orange circles and P48 g-band in black squares. The
light curve of SN 1998bw from Table 2 of Clocchiatti et al. (2011) is shown for
comparison as thick black (B-band) and thick orange (Rc-band) lines, shifted to
the redshift of ZTF18aaqgjovh and also corrected for Milky Way extinction. The
same SN 1998bw light curves are shifted by 0.4 mag for closer comparison and are
shown as thin dotted lines. The vertical line on the left-hand side indicates the
relative time of the GRB 980425, the low-luminosity gamma-ray burst associated
with SN 1998bw. The epochs of optical spectra of ZTF18aaqgjovh are marked with
‘S’ along the top of the figure.

width of the Fe II 45169 line (e.g., Branch et al. 2002). However, due to the high
velocities in Ic-BL. SNe, the Fe II 45169 line is blended with the nearby Fe II
A14924,5018 lines. So, to perform our velocity measurements, we use the publicly
available code# based on the method in Modjaz et al. (2016), which convolves a Ic
spectrum with Gaussian functions of varying widths until a best match is reached.

For the SEDM measurements, we subtracted the contribution to the velocity from

“https://github.com/nyusngroup/SESNspectraL.ib
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+ AvZ  and that

the resolution of the spectrograph, assuming that Av:, = Av inst

real
Avinse = 3000kms~!. The resulting velocities are listed in Table 5.2, and we show

the velocity evolution compared to other Ic-BL SNe in Figure 5.4.

Table 5.2: Spectroscopic observations of ZTF18aagjovh

Date At Tel.+Instr. Exp. Time Vph
(MID) (d) (s) (10*kms™)
58247.359 14 P60+SEDM 1800 2.12 +0.46
58252322 19 Keck1+LRIS 920 1.74 +0.28
58253.977 20 NOT+ALFOSC 2400 1.84 +0.54
58277.253 44 P200+DBSP 2700 1.12+0.33
58338.249 105 Keck1+LRIS 1720 N/A

Radio Observations

Upon classifying ZTF18aaqgjovh as a Type Ic-BL SN (Section 5.2) we triggered
the NSF’s Karl G. Jansky Very Large Array (VLA; Perley et al. 2011) for radio
follow-up observations under the program VLA/18A-176 (PI: A. Corsi). A log of

our observations is provided in Table 5.3.

We observed the field of ZTF18aaqjovh with the VLA over several epochs using the
S, C, and Ku bands. We used J1150+2417 as our complex gain calibrator, and 3C286
as our flux density and bandpass calibrator. Data were calibrated using the VLA
calibration pipeline available in the Common Astronomy Software Applications
(CASA; McMullin et al. 2007). After calibration, we inspected the data manually
for further flagging. Images of the field were created using the CLEAN algorithm
(Hogbom, 1974) available in CASA.

In our VLA images, we found a radio point source consistent with the optical position
of ZTF18aaqjovh. Although the radio emission from this source remained fairly
constant during the three epochs of our monitoring in C-band (see Table 5.3), its
transient nature was confirmed by a non-detection about 280 days after the SN optical
discovery. The radio peak flux densities are reported in Table 5.3. Flux density
errors are calculated as the quadrature sum of the image RMS and a fractional 5%

absolute flux calibration error.

The radio light curve of ZTF18aaqgjovh is shown in Figure 5.5, compared to several
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Figure 5.3: Optical spectra of ZTF18aaqjovh. Full spectra are shown in light grey
and smoothed spectra are shown in thick black lines. For comparison, we show
spectra of SN 1998bw at similar phases as thin black lines. The SN 1998bw spectra
were taken from the Open Supernova Catalog (https://sne.space/) and are originally

from Patat et al. (2001).
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Figure 5.4: Evolution of the photospheric velocity of ZTF18aaqjovh over time as
measured from Fe II absorption features in the Ic-BL spectra. For comparison, we
show the velocity evolution of several LLGRB-SNe (SN 1998bw / GRB 908425,
SN 2010bh / GRB 100316D, SN 2006aj / GRB 060218) and radio-loud relativistic
SNe lacking a coincident GRB detection (SN 2009bb, SN 2012ap, iPTF 17cw).
Each panel shows measurements for ZTF18aaqjovh as black squares, the population
of comparison events as light grey lines in the background, and one comparison SN
highlighted in orange. Data were taken from Modjaz et al. (2016) and explosion
times were estimated from Bufano et al. (2012), Campana et al. (2006), Galama
et al. (1998), Milisavljevic et al. (2015), and Soderberg et al. (2010), and Corsi et al.
(2014).
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other Ic-BL SNe. At the distance of ZTF18aaqjovh, the 6 GHz radio luminosity

density at Az ~ 20d since explosion is 2 x 10?7 erg s~ Hz~!. This is over an order
of magnitude fainter than SN 1998bw at a similar epoch, and most similar to the

luminosity of iPTF17cw at similar frequencies.

Table 5.3: Radio flux density measurements of ZTF18aaqgjovh

Start Date Time on-source At S3GHz S¢ GHz Si5GHz  Array config.

uT hr days (udy) (1dy) (Wy)

11 May 2018 0.67 16 - 325+7.1 - A
16 May 2018 0.67 21 26.0+6.9 - 15.1+52 A
17 May 2018 0.67 22 - 29.6 +5.3 - A
29 May 2018 0.67 34 - 26.6 +5.4 - A
31 May 2018 1.5 36 34.6+48 - - A
26 Jan 2019 1.5 276 - <15 - C

X-ray Observations

A log of our X-ray observations is provided in Table 5.4.

On 31 May 2018 UT we obtained a 2.5 ks Swift/XRT target-of-opportunity obser-
vation of ZTF18aagjovh. We built the XRT light curve using the online generator
(Evans et al., 2009). On the web form>, we used the default values except for Try
to centroid? which was set to No. The source was not detected with a 3-o
upper limit of 7.2 x 1073 cps. To convert the upper limit from count rate to flux, we
assumed a Galactic neutral hydrogen column density® of ny = 1.37x10?° cm™2 and
a power-law spectrum f o E~T where f is flux (photons cm™s™1), E is energy, and
I = 2 is the photon index. This gives an unabsorbed upper-limit on the 0.3—10 keV

2 1 042

flux of 2.3 x 10713 ergcm™2 57!, corresponding to a luminosity of 1.7 x 10*? erg s ™.

We also obtained two epochs of observations of ZTF18aaqgjovh with the Advanced
CCD Imaging Spectrometer (ACIS; Garmire et al. 2003) on the Chandra X-ray
Observatory via our approved program (No. 19500451, PI: Corsi). The first epoch
began at 11:07 on 28 May 2018 UT (At =~ 33 d) under Obsld 20315 (integration time
9.93 ks), and the second began at 11:10 on 24 July 2018 UT (At = 90 d) under Obsld
20316. No X-ray emission was detected at the location of ZTF18aagjovh in either
epoch, with a 90% upper limit on the 0.5-7.0keV count rate of 2.52 x 10™*cts™!
and 2.32x 10™* cts™!, respectively. For the same Galactic ny and power-law source

model that we used in the Swift data, we obtain an upper limit on the unabsorbed 0.3—

>https://www.swift.ac.uk/user_objects/
®https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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Figure 5.5: Radio light curve of ZTF18aagjovh compared with LLGRB-SNe
(SN 1998bw / GRB 980425, SN 2010bh / GRB 100316D, SN 2006aj / GRB 060218)
and relativistic SNe (SN 2009bb, SN 2012ap, iPTF17cw). Each panel shows obser-
vations of ZTF18aagjovh (connected symbols), the population of comparison events
as light grey lines in the background, and one SN highlighted as colored lines for
comparison. Note that ZTF18aaqgjovh lacks data in the 8—12 GHz range. Data were
taken from Chakraborti et al. (2015), Corsi et al. (2017), Kulkarni et al. (1998),
Margutti et al. (2014), and Soderberg et al. (2006b, 2010).
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10keV flux of 3.4x 1075 erg s™' cm~2 in the first epoch and 3.1x 10~ erg s~! cm™
in the second epoch. At the distance of ZTF18aagjovh, these correspond to upper
limits on the X-ray luminosity of 2.5 x 10* ergs™! and 2.3 x 10*? ergs™!. These

upper limits are compared with the X-ray luminosity of radio-loud Ic-BL SNe in

Figure 5.6.
Table 5.4: X-ray observations of ZTF18aagjovh
Start Date At Instr.  Int. Flux
(UT) (d) (ks) (ergs~'cm™?)

2018-05-28 11:07:06 33 Chandra/ACIS 9.93 <3.4x1071
2018-05-31 00:33:57 36 Swift/XRT 2.5 <23x10713
2018-07-24 11:10:42 90 Chandra/ACIS 993 <3.1x1071

Search for Gamma-Rays

We searched for any gamma-ray burst (GRB) coincident with the position and
estimated time of first light of ZTF18aaqjovh. As shown in Figure 5.2 and discussed
in more detail in Section 5.3, we can use the relative time between GRB 980425
and the r-band peak of SN 1998bw to estimate the time of a GRB associated with
ZTF18aaqjovh. If this relative time is the same between the two SNe, then the
associated GRB would have been approximately at the time of the last non-detection
(to = 2018 April 25 UT), ten days prior to the first detection on 2018 May 5 UT.

To be conservative, we set our search window to be 7y + 10d. In Table 5.5 we list
all 20 GRBs detected in this window. Of the 20, all but one are ruled out based
on the position of the SN. The only possible counterpart is a GRB on 2018 May
3 03:41:01 (At = 8) detected by Konus-Wind while Fermi/GBM was offline. The
duration of this burst was 35s. Modeling the spectrum with a cutoff power law
model with £, = 107tg‘§ keV and 20-1500 keV fluence 2 x 1078 erg cm™2 we obtain
an Li, = 8 x 10%7 ergs™!, which is typical of LLGRBs (Cano et al., 2017b).

Table 5.5: Gamma-ray bursts within 10 days of the estimated time of first light of

ZTF18aagjovh
Date Name Ar Instr.? Pos.P Verdict®
(UT) ()
20180416  180416D -9 KAI N N(a)
20180416  180416A -9 KGI 113.65, +49.120 N(b)
20180416  180416B -9 KGAC 354.233,+78.433 N(b)
20180417 -8 K S N(c)
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20180420 -5 KG 93.510, -28.320 N(b)
20180420 -5 KGI 83.230, -25.250 N(b)
20180421 -4 K N N(c)
20180423 2 KGI 208.680, +9.840 N(b)
20180425  180425A 0 KS 64.452, -32.952 N(b)
20180426 1 KGI  251.240, +81.390 N(b)
20180426 1 KG 202.410, +58.170 N(b)
20180426 1 K N N(c)
20180426 1 K S N(b)
20180427  180427A 2 KGI  283.330, +70.300 N(b)
20180428 3 KGI 92.120, +54.780 N(b)
20180428 3 K N N(c)
20180429 4 KI S N(b)
20180503 8 K N Y
20180504 9 KGI  220.230, +38.720 N(b)
20180504  180504A 9 KSI  331.144, -14.658 N(b)

4K: Konus-Wind, A: Astrosat, I: INTEGRAL SPI-ACS, G: Fermi/GBM, S: Swift/BAT.

PN and S: position is localized to the Northern and Southern ecliptic hemispheres, respectively
“N:association ruled out because SN position (a) Earth-occulted for Astrosat and GBM,

(b) inconsistent with the localized burst position, (c) visible to GBM but not detected.

Y: association is possible.

However, due to the coarse localization and the implication that the light curve
of ZTF18aaqjovh increased to peak brightness much more steeply than the light
curve of SN 1998bw, we consider the association with the GRB on May 3 unlikely.
Assuming it is not related, we can set a limit on the fluence and corresponding
isotropic equivalent energy of a prompt burst associated with ZTF18aaqgjovh. The
Interplanetary Network (IPN) has essentially a 100% duty cycle across the sky,
and detects GRBs with Epx > 20keV down to 6 X 107 ergem™2 at 50% efficiency
(Hurley et al., 2010, 2016). Using Konus-Wind waiting mode data near 7y and
assuming a typical GRB spectrum (a Band function with @« = —1,8 = -2.5, and
E, = 300keV; Band et al. 1993; Preece et al. 2000), we estimate a peak limiting
flux of 2.1 x 1077 ergem™s™! (20-1500keV, 2.944s scale). At the distance of
ZTF18aagjovh, this corresponds to an upper limit on a GRB peak luminosity of
Liso ~ 1.6 x 10¥ ergs™, two orders of magnitude less luminous than classical
GRBs but similar to LLGRBs (Cano et al., 2017b). We note that the IPN would not
be sensitive to LLGRBs such as LLGRB 060218 associated with SN 2006aj (Cano
et al., 2017b) because of their soft spectra (Epx < 20keV for 060218).
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Figure 5.6: Upper limit on the X-ray luminosity of ZTF18aagjovh from our first
Chandra observation (black square) compared to the X-ray luminosity at similar
epochs of LLGRBs (SN 1998bw, SN 2010bh, SN 20064aj) and Ic-BL. SNe with rela-
tivistic outflows discovered independently of a y-ray trigger (iPTF17cw, SN 2009bb,
SN 2012ap). Each panel shows the full set of comparison events in light grey, with
one event highlighted in orange. Data were taken from Campana et al. (2006), Corsi
et al. (2017), and Margutti et al. (2014).

5.3 Analysis and Discussion

Modeling the Optical Light Curve

As shown in Figure 5.2, the r-band light curve of ZTF18aagjovh declines slightly
faster than the light curve of SN 1998bw, and is 0.4 mag fainter. For a SN with an
optical light curve powered by radioactive decay, the “stretch” (width) of the light

curve scales with the kinetic energy and ejecta mass as (Lyman et al., 2016; Valenti
et al., 2008)
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M2 1/4
T X Ev , 5.1

where 7, is the width of the light curve, M,; is the ejecta mass, and E| is the kinetic
energy of the explosion. The degeneracy between M. and Ej is broken by the
photospheric velocity (see Eq. 2 in Lyman et al., 2016):

Ph ™3 My

v (5.2)

As shown in Figure 5.2 and Figure 5.4, ZTF18aaqjovh has a photospheric velocity
close to that of SN 1998bw, and its light curve is narrower. So, we expect the
ejecta mass and kinetic energy of ZTF18aagjovh to be slightly smaller to that of
SN 1998bw, which had M,; ~ 4.4*[%2 M and E; ~ 9.9%3% x 10°! erg, respectively
(Lyman et al., 2016), values typical of Ic-BL SNe from untargeted surveys (Taddia
etal., 2019).

Finally, assuming that the dominant powering mechanism for the optical light curve
is radioactive decay, we have the following energy deposition rate from °Ni (Kasen,
2017):

My; i _ o
M—N) [3.9¢77/™0 40,678 (7170 — e/ ) ergs™!, (5.3)

Lson; (1) = 2 x 10 (
©

where the decay lifetimes of Y°Ni and °Co are 7n; = 8.8d and ¢, = 113.64d,
respectively. Arnett’s law (Arnett, 1982) states that the instantaneous energy depo-
sition rate is equal to the SN luminosity at peak. Under this assumption, the peak

luminosity is simply equal to Lssy; at that time, so is directly proportional to My;.

Taking L ~ vL, ~ 6.9 x 10* ergs™! at peak light (t ~ 15d) we find that My; ~
0.3 M. For reference, the nickel mass of SN 1998bw has been estimated to be
My = 0.54f%‘%§ Mg (Lyman et al., 2016). These values are typical for GRB-SNe
(Cano et al., 2017b) and for Ic-BL SNe in general (Taddia et al., 2019).

Properties of the Fastest (Radio-emitting) Ejecta
As shown in Figure 5.5, the radio luminosity of ZTF18aaqjovh is between that of
SN 2006aj and that of iPTF17cw. Due to the faintness of the SN it is unfortunately

difficult to measure the true rate of change of the flux, but the slow temporal
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evolution of the 3-6 GHz flux during the first four epochs of observation (A = 16d
to At = 36d) may imply that the synchrotron self-absorption (SSA) frequency is
passing through these frequencies at this time. This is supported by the 3—15 GHz
observations at Az = 21 — 22d, which suggest that the SSA peak is below 15 GHz
and close to 3—-6 GHz. Altogether, we conclude that the SSA peak is 3—15 GHz at
At ~ 20d, and that the peak flux is 20-30 wJy.

With these estimates of the SSA peak frequency and peak flux, we use the framework
laid out in Chevalier (1998) to estimate the shock energy U (the amount that has been
converted into pressure by the ambient medium), the ambient density, and the mean
shock velocity at At ~ 20 d. The assumption is that the synchrotron spectrum arises
from a population of relativistic electrons with a power-law number distribution in

Lorentz factor y, and some minimum Lorentz factor y,,:

dN(y.)

d x 'ye_p’ Ye = Ym- (5.4)
Ye

For typical radio SNe, 2.5 < p < 3 (Jones and Ellison, 1991). Here we assume
p =~ 3, as in Chevalier (1998). Under this assumption, expressions for the shock
radius and magnetic field strength are given in Equations 13 and 14 of Chevalier
(1998). The magnetic field strength can then be used to estimate the magnetic
energy density, assuming that equal amounts of energy are partitioned into electrons,

magnetic fields, and protons (Soderberg et al., 2010).

These relations between observables and physical properties are summarized in
Figure 5.7, adapted from Ho et al. (2019¢). The mean velocity of the shock we derive
for ZTF18aaqjovh is v = 0.06-0.4c. So, the outflow associated with ZTF18aaqgjovh
could have been as fast as that observed in the GRB-associated SN 2010bh. The
implied mass-loss rate is 0.1-3 x10™*(v,, /1000 km s™!) My, yr~!, which could be as
high as that of the strongly CSM-interacting SN PTF 11qcj (Corsi et al., 2014).

Modeling the Radio to X-ray SED

In SN explosions, the shockwave that accelerates electrons into a power-law dis-
tribution and produces synchrotron radiation, detected as radio emission, can also
produce X-rays (Chevalier and Fransson, 2006) via several mechanisms. X-rays
can have the same origin as the radio emission (lying along the same synchrotron
spectrum). However, X-rays can also arise from inverse Compton scattering of

the optical photons by the electrons producing the radio emission (Chevalier and
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Figure 5.7: The peak radio luminosity of ZTF18aaqgjovh compared to other ener-
getic stellar explosions, cf. Chevalier (1998), Ho et al. (2019c), and Soderberg et al.
(2010). In Ho et al. (2019c) we showed that the peak luminosity is directly pro-
portional to U/R, the energy swept up per unit radius; we display this value on the
right-hand side. Error bars reflect the estimated SSA peak (20-30 wJy, 3—15 GHz)
at At ~ 20d. Lines of constant velocity are shown, as well as lines of constant
mass-loss rate (scaled to wind velocity) in units of 107* Mgyyr~!/1000 kms~!. The
radio luminosity for GRB 171205A was taken from VLA observations reported
by Laskar et al. (2017) but we note that this is a lower limit in luminosity and in
peak frequency because the source was heavily self-absorbed at this epoch. The
radio luminosity for other sources is from, or derived using data from, Corsi et al.
(2014, 2017), Kulkarni et al. (1998), Margutti et al. (2013), Salas et al. (2013), and
Soderberg et al. (2005, 2006b, 2010).

Fransson, 2006, 2017). For a number of Ic-BL SNe, it seems that the simple syn-
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chrotron scenario is insufficient to explain the radio and X-ray observations — in
other words, there is an excess of X-ray emission (Corsi et al., 2014; Margutti et al.,
2013; Soderberg et al., 2006b).

As described in Section 5.2, we do not detect X-ray emission from ZTF18aagjovh,
corresponding to upper limits of Ly < 3.4 x 10*ergs™' at At ~ 33d and Ly <
3.1x10*ergs~' at At ~ 90d. At At ~ 33d, this is smaller than the luminosity of X-
ray emission associated with iPTF17cw, SN 1998bw (GRB 980425), and SN 2010bh
(GRB 031203) at a similar epoch. The 0.3-10keV luminosity of SN 2010bh at
At = 38d was 2.4 x 10" ergs™' (Margutti et al., 2014), which was already the
least X-ray luminous LLLGRB at this phase (second only to GRB 980425). Due to
a lack of data later than 10d we cannot rule out a luminosity similar to SN 20064aj,
SN 2009bb, and SN 2012ap (Margutti et al., 2014).

Figure 5.8 shows the radio luminosity and X-ray upper limit at At ~ 33 days, from
our observations of ZTF18aaqjovh with the VLA and Chandra on 2018 May 28—
29 UT. The spectral index is constrained to be 8 < —0.6 where L, o« v, A
common optically thin spectral index for radio SNe is 8 ~ —0.5 to —1 (Chevalier,
1998) where F, o v#. Above the cooling frequency, this steepens to 8 ~ —1
or f ~ —1.5. Thus we cannot conclude whether there is X-ray emission from an
extension of the synchrotron spectrum, or whether there is an excess from some other
mechanism such as cosmic ray-dominated shocks (Chevalier and Fransson, 2006),
which has been observed in a number of engine-driven SNe including iPTF17cw
(B = —0.6; Corsi et al. 2017), GRB 060218 (5 = —0.5; Soderberg et al. 2006b), and
GRB 100316D (8 < —0.6; Margutti et al. 2014).

Gamma-Ray Burst
In Section 5.2 we searched for coincident GRBs and found one possible counterpart,
although the association is highly unlikely due to the close proximity of the burst

time with the first detection of the light curve.

Here we work under the hypothesis that ZTF18aaqjovh was associated with a GRB
that we missed, and attempt to derive possible constraints on the y-ray emission
based on the SN properties. From four GRB-SNe, Li (2006) found the following
relation between the peak spectral energy of the GRB and the peak bolometric
luminosity of the associated SN:
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Figure 5.8: The radio luminosity and upper limit on X-ray luminosity of
ZTFl18aaqgjovh at At ~ 33d. From these measurements, we constrain the spec-
tral index from the radio to X-ray frequencies to be 8 < —0.6 where L, o« vA.

LSN,peak )4.97 (5 5)

E =90.2keV | —————
y.peak ( 108 ergs™!

From the peak of the r-band light curve of ZTF18aaqjovh, we can estimate LsN peak ~
vf, ~ 1.7 x 10° Lo, which gives Ey peax ~ 15keV. Using the so-called Amati
relationship between a GRB peak energy and its isotropic equivalent energy (Amati,
2006; Li, 2006):

0.49
Ey,iso ) ( 5 6)

E =97keV | ———
v-peak ( 1052 ergs™!

we find an expected Ej, ~ 2 x 10°%erg for a potential GRB associated with
ZTF18aaqjovh. These values of E, ,cx and Ejg, are similar to what has been
measured for LLGRBs (Cano et al., 2017b), and would not have been detectable by
the IPN.
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5.4 Summary and Conclusions

We presented optical, X-ray, and radio observations of ZTF18aaqgjovh, a Ic-BL SN
discovered by ZTF as part of our campaign with the VLA to search for engine-driven
explosions. ZTF18aagjovh shares a number of features in common with relativistic
SNe: an optical light curve similar to SN 1998bw and early-peaking radio emission
similar to iPTF17cw. The limits on X-ray and gamma-ray emission rule out a
classical GRB but cannot rule out an LLGRB. Due to the low signal-to-noise of
our measurements, we can only constrain the velocity of the forward shock to be
0.06-0.4c. Thus, this is at most a mildly relativistic explosion, and we have no

definitive evidence of a long-lived central engine.

From radio follow-up observations of Ic-BL SNe discovered by PTF and now ZTF,
it has become clear that emission as luminous as that accompanying SN 1998bw
is rare. Without a GRB trigger it is challenging to discover explosions similar to
SN 2006aj, which had a low-frequency radio light curve that peaked within the first
five days and faded more quickly than the light curve of SN 1998bw. In the case of
ZTF18aaqjovh, X-ray observations within the first ten days may have enabled us to
detect an X-ray light curve like that accompanying SN 2006aj, but we were unable
to observe with Swift due to the proximity of ZTF18aaqjovh to the Sun at the time.

At present, Ic-BL SNe are discovered and classified via brute-force spectroscopy,
so unless they are very nearby they are typically not recognized until a week after
explosion. It would be useful to develop strategies for discovering Ic-BL SNe earlier
in their evolution, perhaps based on the properties of their host environment, or—in
higher-cadence surveys—from the presence of an early (< 1d) peak in the optical
light curve, like that seen in SN 2006aj and SN 1998bw. These could perhaps
be distinguished from double-peaked light curves of other SN progenitors (e.g.
Fremling et al. 2019b) by the luminosity of this first peak, if the redshift to the SN

is known.

When the paper has been accepted for publication the data will be made publicly
available via WISeREP, an interactive repository of supernova data (Yaron and Gal-
Yam, 2012). The code to produce the figures in this paper has been released under
10.5281/zenodo.3634931.

We would like to thank the anonymous referee for taking the time to do a thor-
ough reading of the manuscript, and for providing detailed and useful comments.
A.Y.Q.H. thanks Kevin Hurley for maintaining the IPN master burst list (ssl.
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Chapter 6

EVIDENCE FOR LATE-STAGE ERUPTIVE MASS LOSS IN THE
PROGENITOR TO SN 2018GEP, A BROAD-LINED IC
SUPERNOVA: PRE-EXPLOSION EMISSION AND A RAPIDLY
RISING LUMINOUS TRANSIENT
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Abstract

We present detailed observations of ZTF18abukavn (SN 2018gep), discovered in
high-cadence data from the Zwicky Transient Facility as a rapidly rising (1.4 +
0.1 mag/hr) and luminous (M peax = —20 mag) transient. It is spectroscopically
classified as a broad-lined stripped-envelope supernova (Ic-BL SN). The high peak
luminosity (Lpe 2 3X 10% erg s~1), the short rise time (i = 3 din g-band), and the
blue colors at peak (g —r ~ —0.4) all resemble the high-redshift Ic-BL iPTF16asu, as
well as several other unclassified fast transients. The early discovery of SN 2018gep
(within an hour of shock breakout) enabled an intensive spectroscopic campaign,
including the highest-temperature (7. > 40, 000K) spectra of a stripped-envelope
SN. A retrospective search revealed luminous (M, ~ M, ~ —14 mag) emission
in the days to weeks before explosion, the first definitive detection of precursor
emission for a Ic-BL. We find a limit on the isotropic gamma-ray energy release
Eyio < 4.9 X 1048 erg, a limit on X-ray emission Lx < 1040 erg s7!, and a limit
on radio emission vL, < 10*7ergs™!. Taken together, we find that the early
(< 10d) data are best explained by shock breakout in a massive shell of dense
circumstellar material (0.02 M) at large radii (3 X 10" cm) that was ejected in
eruptive pre-explosion mass-loss episodes. The late-time (> 10d) light curve

requires an additional energy source, which could be the radioactive decay of Ni-56.
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6.1 Introduction

Recent discoveries by optical time-domain surveys challenge our understanding of
how energy is deposited and transported in stellar explosions (Kasen, 2017). For
example, over 50 transients have been discovered with rise times and peak lumi-
nosities too rapid and too high, respectively, to be explained by radioactive decay
(Arcavi et al., 2016; Drout et al., 2014; Poznanski et al., 2010; Pursiainen et al.,
2018; Rest et al., 2018; Shivvers et al., 2016; Tanaka et al., 2016). Possible pow-
ering mechanisms include interaction with extended circumstellar material (CSM;
Chevalier and Irwin 2011), and energy injection from a long-lived central engine
(Kasen and Bildsten, 2010; Kasen et al., 2016; Woosley, 2010). These models
have been difficult to test because the majority of fast-luminous transients have been

discovered post facto and located at cosmological distances (z ~ 0.1).

The discovery of iPTF16asu (Wang et al., 2019; Whitesides et al., 2017) in the
intermediate Palomar Transient Factory (iPTF; Law et al. 2009) showed that at
least some of these fast-luminous transients are energetic (10°2 erg) high-velocity
(“broad-lined”; v > 20,000kms™") stripped-envelope (Ic) supernovae (Ic-BL SNe).
The light curve of iPTF16asu was unusual among Ic-BL SNe in being inconsistent
with “®Ni-decay (Cano, 2013; Taddia et al., 2019). Suggested power sources include
energy injection by a magnetar, ejecta-CSM interaction, cooling-envelope emission,
and an engine-driven explosion similar to low-luminosity gamma-ray bursts — or
some combination thereof. Unfortunately, the high redshift (z = 0.187) precluded a

definitive conclusion.

Today, optical surveys such as ATLAS (Tonry et al., 2018) and the Zwicky Transient
Facility (ZTF; Bellm et al. 2019b; Graham et al. 2019) have the areal coverage to
discover rare transients nearby, as well as the cadence to discover transients when
they are young (< 1d). For example, the recent discovery of AT2018cow at 60 Mpc
(Prentice et al., 2018; Smartt et al., 2018) represented an unprecedented opportunity
to study a fast-luminous optical transient up close, in detail, and in real-time.
Despite an intense multiwavelength observing campaign, the nature of AT2018cow
remains unknown—possibilities include an engine-powered stellar explosion (Ho
et al., 2019c; Margutti et al., 2019; Perley et al., 2019; Prentice et al., 2018), the
tidal disruption of a white dwarf by an intermediate-mass black hole (Kuin et al.,
2019; Perley et al., 2019), and an electron capture SN (Lyutikov and Toonen, 2019).
Regardless of the origin, it is clear that the explosion took place within dense material
(Ho et al., 2019¢c; Margutti et al., 2019; Perley et al., 2019) confined to < 10'%cm
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(Ho et al., 2019¢).

Here we present SN 2018gep, discovered as a rapidly rising (1.4 + 0.1 maghr™')
and luminous (M peak = —20) transient in high-cadence data from ZTF (Ho et
al., 2018b). The high inferred velocities (> 20, OOOkms‘l), the spectroscopic
evolution from a blue continuum to a Ic-BLL SN (Costantin et al., 2018), the rapid
rise (tyise = 3d in g-band) to high peak luminosity (Lpo = 3 X 10+ erg s71) all
suggest that SN 2018gep is a low-redshift (z = 0.03154) analog to iPTF16asu. The
early discovery enabled an intensive follow-up campaign within the first day of
the explosion, including the highest-temperature (7eg = 40,000 K) spectra of a
stripped-envelope SN to-date. A retrospective search in ZTF data revealed the first

definitive detection of pre-explosion activity in a Ic-BL.

The structure of the paper is as follows. We present our radio through X-ray data
in Section 6.2. In Section 6.3 we outline basic properties of the explosion and its
host galaxy. In Section 6.4 we attribute the power source for the light curve to shock
breakout in extended CSM. In Section 6.5 we compare SN 2018gep to unidentified
fast-luminous transients at high redshift. Finally, in Section 6.6 we summarize our
findings and look to the future. Throughout the paper, absolute times are reported
in UTC and relative times are reported with respect to #y9, which is defined in
Section 6.2. We assume a standard ACDM cosmology (Planck Collaboration et al.,
2016).

6.2 Observations

Zwicky Transient Facility Discovery

ZTF observing time is divided between several different surveys, conducted using
a custom mosaic camera (Dekany et al., 2016) on the 48-inch Samuel Oschin
Telescope (P48) at Palomar Observatory. See Bellm et al. (2019b) for an overview
of the observing system, Bellm et al. (2019a) for a description of the surveys and

scheduler, and Masci et al. (2019) for details of the image processing system.

Every 5-0 point-source detection is saved as an “alert.” Alerts are distributed in avro
format (Patterson et al., 2019) and can be filtered based on a machine learning-based
real-bogus metric (Duev et al., 2019; Mahabal et al., 2019), light-curve properties,
and host characteristics (including a star-galaxy classifier; Tachibana and Miller
(2018)). The ZTF collaboration uses a web-based system called the GROWTH

marshal (Kasliwal et al., 2019) to identify and keep track of transients of interest.

ZTF18abukavn was discovered in an image obtained at 2018-09-09 03:55:18 (start
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of exposure) as part of the ZTF extragalactic high-cadence partnership survey,
which covers 1725 deg? in six visits (3g, 3r) per night (Bellm et al., 2019a). The
discovery magnitude was r = 20.5 + 0.3 mag, and the source position was measured
to be @ = 16143M48.225, 5 = +41902™43.4% (J2000), coincident with a compact
galaxy (Figure 6.1) at z = 0.03154 or d ~ 143 Mpc. As described in Section 6.2,
the redshift was unknown at the time of discovery; we measured it from narrow
galaxy emission lines in our follow-up spectra. The host redshift along with key

observational properties of the transient are listed in Table 6.1.

CFHTLS /urz .

Figure 6.1: The position of SN 2018gep (white crosshairs) in its host galaxy. Images
from the Canada-France-Hawaii Telescope Legacy Survey (2004-2012), combined
using the prescription in Lupton et al. (2004).

As shown in Figure 6.2, the source brightened by over two magnitudes within the
first three hours. These early detections passed a filter written in the GROWTH
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Table 6.1: Key observational properties of SN 2018gep and its host galaxy

Parameter Value Notes
Z 0.03154 From narrow host emission lines
Lpeak 2 3x 108 erg Peak UVOIR bolometric luminosity
trise 0.5-3d Time from 7 to Lpeak
Erad 10 erg UVOIR output, Ar = 0.5-40d
My prog -15 Peak luminosity of pre-explosion emission
Ey iso <4.9%10™ erg Limit on prompt gamma-ray emission from Fermi/GBM
Ly <25%x10% ergs™! X-ray upper limit from Swift/XRT at At = 0.4-14d

< 10" ergs™!  X-ray upper limit from Chandra at At = 15 and At = 70d
vL, ~10%7 ergs™! 9 GHz radio luminosity from VLA at A7 = 5 and At = 16
M, host 1.3 x 108 Mg Host stellar mass
SFRy st 0.12 Mg yr~! Host star-formation rate
Host metallicity 1/5 solar Oxygen abundance on O3N?2 scale

marshal that was designed to find young SNe. We announced the discovery and fast
rise via the Astronomer’s Telegram (Ho et al., 2018b), and reported the object to
the IAU Transient Server (TNS?!), where it received the designation SN 2018gep.

We triggered ultraviolet (UV) and optical observations with the UV/Optical Tele-
scope (UVOT; Roming et al. 2005) aboard the Neil Gehrels Swift Observatory
(Gehrels et al., 2004), and observations began 10.2 hours after the ZTF discovery
(Schulze et al., 2018). A search of IceCube data found no temporally coincident
high-energy neutrinos (Blaufuss, 2018).

Over the first two days, the source brightened by two additional magnitudes. A
linear fit to the early g-band photometry gives a rise of 1.4 + 0.1 maghr~!. This rise
rate is second only to the IIb SN 16gkg (Bersten et al., 2018) but several orders of

magnitude more luminous at discovery (M, gisc ¥ —17 mag).

To establish a reference epoch, we fit a second-order polynomial to the first three
days of the g-band light curve in flux space, and define ¢( as the time at which the
flux is zero. This gives ¢ as being 25 + 2 minutes prior to the first detection, or 7y =
UTC 2018-09-09 03:30. The physical interpretation of #y is not straightforward,
since the light curve flattens out at early times (see Figures 6.2 and 6.3). We proceed

using fo as a reference epoch but caution against assigning it physical meaning.

Photometry

From At =~ 1d to At = 60d, we conducted a photometric follow-up campaign at
UV and optical wavelengths using Swift/UVOT, the Spectral Energy Distribution
Machine (SEDM; Blagorodnova et al. 2018) mounted on the automated 60-inch

"https://wis-tns.weizmann.ac.il
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Figure 6.2: The rapid rise in the first few minutes and first few days after the ZTF
discovery of SN 2018gep. We also show an r-band point from prior to discovery that
was found in retrospect by lowering the detection threshold from 5-0 to 3-0. Top
left: the rise in magnitudes gives an almost unprecedented rate of 1.4+0.1 maghr™!.
Bottom left: the rise in flux space together with the quadratic fit and definition of
to. Right: the rise in flux space showing the quadratic fit.

telescope at Palomar (P60; Cenko et al. 2006), the optical imager (I0:0) on the
Liverpool Telescope (LT; Steele et al. 2004), and the Lulin 1-m Telescope (LOT).

Basic reductions for the LT 10:0 imaging were performed by the LT pipeline?2.
Digital image subtraction and photometry for the SEDM, LT and LOT imaging was
performed using the Fremling Automated Pipeline (FPipe; Fremling et al. 2016).
Fpipe performs calibration and host subtraction against Sloan Digital Sky Survey
reference images and catalogs (SDSS; Ahn et al. 2014). SEDM spectra were reduced
using pysedm (Rigault et al., 2019).

The UVOT data were retrieved from the NASA Swift Data Archive? and reduced
using standard software distributed with HEAsoFt version 6.194. Photometry was
measured using UvVOTMAGHIST with a 3” circular aperture. To remove the host

contribution, we obtained a final epoch in all broad-band filters on 18 October 2018

Zhttps://telescope.livim.ac.uk/TelInst/Pipelines/\#ioo
3https://heasarc.gsfc.nasa.gov/cgi—bin/W3Browse/swift.pl
“https://heasarc.nasa.gov/lheasoft/
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and built a host template using uvotiMsum and UVOTSOURCE with the same aperture

used for the transient.

Figure 6.3 shows the full set of light curves, with a cross denoting the peak of the
r-band light curve for reference. The position of the cross is simply the time and
magnitude of our brightest r-band measurement, which is a good estimate given our
cadence. The photometry is listed in Table 6.5 in Appendix 6.7. Note that despite
the steep SED at early times, the K-correction is minimal. We estimate that the
effect is roughly 0.03 mag, which is well within our uncertainties. In Figure 6.4
we compare the rise time and peak absolute magnitude to other rapidly evolving

transients from the literature.

Spectroscopy

The first spectrum was taken 0.7 d after discovery by the Spectrograph for the Rapid
Acquisition of Transients (SPRAT; Piascik et al. 2014) on the Liverpool Telescope
(LT). The spectrum showed a blue continuum with narrow galaxy emission lines,
establishing this as a luminous transient (Mg peak = —19.7). Twenty-three optical
spectra were obtained from At = 0.7-61.1 d, using SPRAT, the Andalusia Faint Ob-
ject Spectrograph and Camera (ALFOSC) on the Nordic Optical Telescope (NOT),
the Double Spectrograph (DBSP; Oke and Gunn 1982) on the 200-inch Hale tele-
scope at Palomar Observatory, the Low Resolution Imaging Spectrometer (LRIS;
Oke et al. 1995) on the Keck I 10-m telescope, and the Xinglong 2.16-m telescope
(XLT+BFOSC) of NAOC, China (Wang et al., 2019). As discussed in Section 6.3,
the early At < 5d spectra show broad absorption features that evolve redward with
time, which we attribute to carbon and oxygen. By At ~ 8 d, the spectrum resembles
a stripped-envelope SN, and the usual broad features of a Ic-BL emerge (Costantin
et al., 2018).

We use the automated LT pipeline reduction and extraction for the LT spectra. LRIS
spectra were reduced and extracted using Lpipe (Perley, 2019). The NOT spectrum
was obtained at parallactic angle using a 1” slit, and was reduced in a standard
way, including wavelength calibration against an arc lamp, and flux calibration
using a spectrophotometric standard star. The XLT+BFOSC spectra were reduced
using the standard IRAF routines, including corrections for bias, flat field, and
removal of cosmic rays. The Fe/Ar and Fe/Ne arc lamp spectra obtained during
the observation night are used to calibrate the wavelength of the spectra, and the

standard stars observed on the same night at similar airmasses as the supernova
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Figure 6.3: UV and optical light curves from Swift and ground-based facilities. The
arrow marks the last non-detection, which was in r-band. The red cross marks the
peak of the r-band light curve, which is 16.3 mag at At = 4d. The full set of light
curves are shown as grey lines in the background, and each panel highlights an
individual filter in black. We correct for Galactic extinction using the attenuation
curve from Fitzpatrick (1999) and Egz_y = Ay/Ry = 0.01 for Ry = 3.1 and
Ay = 0.029 (Schlafly and Finkbeiner, 2011).

were used to calibrate the flux of spectra. The spectra were further corrected for
continuum atmospheric extinction during flux calibration, using mean extinction
curves obtained at Xinglong Observatory. Furthermore, telluric lines were removed

from the data.

Swift obtained three UV-grism spectra between 2018-09-15 3:29 and 6:58 UTC
(At = 6.4d) for a total exposure time of 3918 s. The data were processed using the
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Figure 6.4: The rise time and peak absolute magnitude of SN 2018gep, iPTF16asu
(a high-redshift analog), and unclassified fast-luminous transients from Drout et al.
(2014), Arcavi et al. (2016), Rest et al. (2018), and Perley et al., 2019. When
possible, we report measurements in rest-frame g-band, and define “rise time” as
time from half-max to max. For iPTF16asu, we use the quadratic fit to the early
g-band light curve from Whitesides et al. (2017) as well as their reported peak
magnitude, but caution that this is rest-frame r-band. For KSN2015K, there are
only observations in the Kepler white filter (Rest et al., 2018).

calibration and software described by Kuin et al. (2015). During the observation,
the source spectrum was centered on the detector, which is the default location for
Swift/'UVOT observations. Because of this, there is second-order contamination
from a nearby star, which was reduced by using a narrow extraction width (1.3”

instead of 2.5”). The contamination renders the spectrum unreliable at wavelengths
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longer than 4100 A, but is negligible in the range 2850-4100 A due to absorption

from the ISM. Below 2200 A, the spectrum overlaps with the spectrum from another

star in the field of view.

The resulting spectrum (Figure 6.5) shows a single broad feature between 2200 A
and 3000 A (rest frame). One possibility is that this is a blend of the UV features
seen in SLSNe. Line identifications for these features vary in the SLSN literature,
but are typically blends of Ti III, Si III, C II, C III, and Mg II (Howell et al., 2013;
Mazzali et al., 2016; Quimby et al., 2011; Yan et al., 2017).

At = 6.4 days
10—16 i

Flux (erg cm™2 s~ A-1)

10—17_
2250 2500 2750 3000 3250 3500 3750 4000
Rest-Frame Wavelength (A)

Figure 6.5: Swift/UVOT grism spectrum shifted to the rest frame. Black line
shows the data binned such that each bin size is 10 A. Light grey represents 1-o-
uncertainties after binning. The spectrum has been scaled to match the UVOT u-
band flux at this epoch (integrated from 3000 A to 3900 A), which was determined
by interpolating the Swift u-band light curve.

The spectral log and a figure showing all the spectra are presented in Appendix
6.7. In Section 6.3 we compare the early spectra to spectra at similar epochs in the
literature. We model one of the early spectra, which shows a “W” feature that has
been seen in superluminous supernovae (SLSNe), to measure the density, density
profile, and element composition of the ejecta. From the Ic-BL spectra, we measure

the velocity evolution of the photosphere.



139

Search for Pre-discovery Emission

The nominal ZTF pipeline only generates detections above a 5-o threshold. To
extend the light curve further back in time, we performed forced photometry at
the position of SN 2018gep on single-epoch difference images from the IPAC ZTF
difference imaging pipeline. The ZTF forced photometry PSF-fitting code will be
described in detail in a separate paper (Yao, Y. et al. in preparation). As shown in

Figure 6.2, forced photometry uncovered an earlier 3-0- r-band detection.

Next, we searched for even fainter detections by constructing deeper reference
images than those used by the nominal pipeline, and subtracting them from 1-to-
3 day stacks of ZTF science images. The reference images were generated by
performing an inverse-variance weighted coaddition of 298 R-band and 69 g-band
images from PTF/iPTF taken between 2009 and 2016 using the CLIPPED combine
strategy in SWarp (Bertin, 2010; Gruen et al., 2014). PTF/iPTF images were used
instead of ZTF images to build references as they were obtained years prior to the
transient, and thus less likely to contain any transient flux. No cross-instrument
corrections were applied to the references prior to subtraction. Pronounced regions
of negative flux on the PTF/iPTF references caused by crosstalk from bright stars

were masked out manually.

We stacked ZTF science images obtained between 2018 Feb 22 and 2018 Aug 31 ina
rolling window (segregated by filter) with a width of 3 days and a period of 1 day, also
using the CLIPPED technique in SWarp. Images taken between 2018 Sep 01 and 7
were stacked in a window with a width of 1 day and a period of 1 day. Subtractions
were obtained using the HOTPANTS (Becker, 2015) implementation of the Alard
and Lupton (1998) PSF matching algorithm. Many of the ZTF science images
during this period were obtained under exceptional conditions, and the seeing on the
ZTF science coadds was often significantly better than the seeing on the PTF/iPTF
references. To correct for this effect, ZTF science coadds were convolved with their
own point spread functions (PSFs), extracted using PSFEX, prior to subtraction.
During subtraction, PSF matching and convolution were performed on the template
and the resulting subtractions were normalized to the photometric system of the

science images. We show two example subtractions in Figure 6.6.

Using these newly constructed deep subtractions, PSF photometry was performed
at the location of SN 2018gep using the PSF of the science images. To estimate
the uncertainty on the flux measurements made on these subtractions, we employed

a Monte Carlo technique, in which thousands of PSF fluxes were measured at
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r-band, 2018-08-24-2018-08-26

g-band, 2018-09-03-2018-09-05

Figure 6.6: Sample pre-explosion subtractions of deep PTF/iPTF references from
ZTF science images stacked in 3-day bins (see Section 6.2). Each cutout is centered
on the location of SN 2018gep. The subtractions show clear emission at the location
of the SN in both g and r-bands days to weeks before the discovery of the SN in
ZTF.

random locations on the image, and the PSF-flux uncertainty was taken to be
the 1o dispersion in these measurements. We loaded this photometry into a local
instance of SkyPortal (van der Walt et al., 2019), an open-source web application that

interactively displays astronomical datasets for annotation, analysis, and discovery.

We detected significant flux excesses at the location of SN 2018gep in both g and
r bands in the weeks preceding #y (i.e., its first detection in single-epoch ZTF
subtractions). The effective dates of these extended pre-discovery detections are
determined by taking an inverse-flux variance weighted average of the input image
dates. The detections in the week leading up to explosion are mg ~ m, ~ 22,
which is approximately the magnitude limit of the coadd subtractions. However,
in an r-band stack of images from August 24-26 (inclusive), we detect emission at

m, ~ 21.5 at 5o above the background.

Assuming that the rapid rise we detected was close to the time of explosion, this is

the first definitive detection of pre-explosion emission in a Ic-BL SN. There was a
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tentative detection in another source, PTF 11qcj (Corsi etal., 2014), 1.5 and 2.5 years
prior to the SN. In Section 6.4 we discuss possible mechanisms for this emission,
and conclude that it is likely related to a period of eruptive mass-loss immediately
prior to the explosion. We note that it is unlikely that this variability arises from

AGN activity, due to the properties of the host galaxy (Section 6.3).

With forced photometry and faint detections from stacked images and deep refer-
ences, we can construct a light curve that extends weeks prior to the rapid rise in the

light curve, shown in Figure 6.7.
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Figure 6.7: Full r and g-band light curves of SN 2018gep. 3-o upper limits are
shown as horizontal lines. Points at # < 0 are from 3-day stacks of ZTF/P48 data as
described in Section 6.2. Sample subtractions from two of these stacks are shown
in the bottom row.

Radio Follow-up

We observed the field of SN 2018gep with the Karl G. Jansky Very Large Array
(VLA) on three epochs: on 2018 September 14 UT under the Program ID VLA/18A-
242 (PI: D. Perley; Ho et al. 2018a), and on 2018 September 25 and 2018 November
23 UT under the Program ID VLA/18A-176 (PI: A. Corsi). We used 3C286 for flux
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calibration, and J1640+3946 for gain calibration. The observations were carried out
in X- and Ku-band (nominal central frequencies of 9 GHz and 14 GHz, respectively)
with a nominal bandwidth of 2 GHz. The data were calibrated using the automated
VLA calibration pipeline available in the CASA package (McMullin et al., 2007)
then inspected for further flagging. The CLEAN procedure (Hogbom, 1974) was
used to form images in interactive mode. The image rms and the radio flux at the
location of SN 2018gep were measured using imstat in CASA. Specifically, we
report the maximum flux within pixels contained in a circular region centered on the
optical position of SN 2018gep with radius comparable to the FWHM of the VLA
synthesized beam at the appropriate frequency. The source was detected in the first
two epochs, but not in the third (see Table 6.2). As we discuss in Section 6.4, the first
two epochs were conducted in a different array configuration than the third epoch,

and may have had a contribution from host galaxy light.

We also obtained three epochs of observations with the AMI large array (AMI-LA;
Hickish et al. 2018; Zwart et al. 2008), on UT 2018 Sept 12, 2018 Sept 23, and
2018 Oct 20. AMI-LA is aradio interferometer comprised of eight, 12.8 m diameter
that extends from 18 m up to 110 m in length and operates with a 5 GHz bandwidth

around a central frequency of 15.5 GHz.

We used a custom AMI data reduction software package reduce_dc (e.g. Perrott
et al. 2013) to perform initial data reduction, flagging, and calibration of phase
and flux. Phase calibration was conducted using short interleaved observations of
J1646+4059, and for absolute flux calibration we used 3C286. Additional flagging
and imaging were performed using CASA. All three observations resulted in null-
detections with 3-0- upper limits of ~ 120 pJy in the first two observations, and a

3-0 upper limit of ~ 120 pJy in the last observation.

Finally, we observed at higher frequencies using the Submillimeter Array (SMA;
Ho et al. 2004) on UT 2018 Sep 15 under its target-of-opportunity program. The
project ID was 2018A-S068. Observations were performed in the sub-compact
configuration using seven antennas. The observations were performed using RxA
and RxB receivers tuned to LO frequencies of 225.55 GHz and 233.55 GHz re-
spectively, providing 32 GHz of continuous bandwidth ranging from 213.55 GHz to
245.55 GHz with a spectral resolution of 140.0 kHz per channel. The atmospheric
opacity was around 0.16-0.19 with system temperatures around 100-200 K. The
nearby quasars 1635+381 and 3C345 were used as the primary phase and amplitude

gain calibrators with absolute flux calibration performed by comparison to Neptune.
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Passband calibration was derived using 3C454.3. Data calibration was performed
using the MIR IDL package for the SMA, with subsequent analysis performed in
MIRIAD (Sault et al., 1995). For the flux measurements, all spectral channels
were averaged together into a single continuum channel and an rms of 0.6 mJy was

achieved after 75 minutes on-source.
The full set of radio and sub-millimeter measurements are listed in Table 6.2.

Table 6.2: Radio flux density measurements for SN 2018gep. For VLA measure-
ments, the quoted errors are calculated as the quadrature sums of the image rms,
plus a 5% nominal absolute flux calibration uncertainty. When the peak flux density
within the circular region is less than three times the RMS, we report an upper limit
equal to three times the RMS of the image. For AMI measurements, non-detections
are reported as 3-0 upper limits. For SMA measurements, non-detections are
reported as a 1-o- upper limit.

Start Time At Inst. v fy Ly, OpwuaMm  Int. time
(UTC) (d) (GHz) (uly) (ergs™'Hz™!) ” (hr)
2018-09-1217:54 3.6 AMI 15 <120 <29x1077 43.53%30.85 4
2018-09-23 15:35 145 AMI 15 <120 <29x10%7  39.3x29.29 4
2018-10-20 14:01 414  AMI 15 <120 <29x10%7 43.53x30.85 4
2018-09-1502:33 6.0 SMA 230 <590 <14x10% 4.828x3.920 1.25
2018-09-1401:14 49 VLA 9.7 34+4 8.3 x 1020 7.06 x 5.92 0.5
2018-09-2500:40 159 VLA 9 244+6.8 6.0 x 1026 7.91 x 6.89 0.7
2018-09-2500:40 159 VLA 14 26.8+6.8 6.6 x 1020 4.73%x4.26 0.5
2018-11-23 13:30 754 VLA 9 <16 <3.9x10% 3.52%2.08 0.65
2018-11-23 13:30 754 VLA 14 <17 <42x10% 2.77x1.32 0.65

X-ray Follow-up

We observed the position of SN 2018gep with Swift/XRT from At ~ 0.4-14d. The
source was not detected in any epoch. To measure upper limits, we used web-based
tools developed by the Swift-XRT team (Evans et al., 2009). For the first epoch,
the 3-0- upper limit was 0.003 ct/s. To convert the upper limit from count rate to
flux, we assumed’ a Galactic neutral hydrogen column density of 1.3 x 10%° cm™2,
and a power-law spectrum with photon index I" = 2. This gives® an unabsorbed
0.3-10keV flux of < 9.9 x 10~ ergem™2s7!, and Lx < 2.5 x 10" ergs™!.

We obtained two epochs of observations with the Advanced CCD Imaging Spec-
trometer (ACIS; Garmire et al. 2003) on the Chandra X-ray Observatory via our
approved program (Proposal No. 19500451; PI: Corsi). The first epoch began at
9:25 UTC on 10 October 2018 (At =~ 15d) under ObsId 20319 (integration time
12.2 ks), and the second began at 21:31 UTC on 4 December 2018 (Ar ~ 70d)

5https ://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
®https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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under Obsld 20320 (integration time 12.1 ks). No X-ray emission is detected at the
location of SN 2018gep in either epoch, with 90% upper limits on the 0.5-7.0 keV
count rate of ~ 2.7 x 10~ cts~!. Using the same values of hydrogen column density
and power-law photon index as in our XRT measurements, we find upper limits on
the unabsorbed 0.5-7 keV X-ray flux of < 3.2 x 10" ergcm™2s7!, or (for a direct
comparison to the XRT band) a 0.3—10keV X-ray flux of < 4.2x 1075 ergem™2s71.
This corresponds to a 0.3—10 keV luminosity upper limit of Ly < 1.0x 10% ergs~!.

Search for Prompt Gamma-ray Emission

We created a tool to search for prompt gamma-ray emission (GRBs) from Fermi-
GBM (Gruber et al., 2014; Narayana Bhat et al., 2016; von Kienlin, 2014), the Swift
Burst Alert Telescope (BAT; Barthelmy et al. 2005), and the IPN, which we have
made available online’. We did not find any GRB consistent with the position and
to of SN 2018gep.

Our tool also determines whether a given position was visible to BAT and GBM
at a given time, using the spacecraft pointing history. We use existing code? to
determine the BAT history. We find that the position of SN2018gep was in the
BAT field-of-view from UTC 03:13:40 to 03:30:38, before Swift slewed to another

location.

We also find that at 7o SN2018gep was visible to the Fermi Gamma-Ray Burst
Monitor (GBM; Meegan et al. 2009). We ran a targeted GRB search in 10-1000 keV
Fermi/GBM data from three hours prior to 7y to half an hour after #5. We use the
soft template, which is a smoothly broken power law with low-energy index —1.9
and high-energy index —2.7, and an SED peak at 70 keV. The search methodology
(and parameters of the other templates) are described in Blackburn et al. (2015)
and Goldstein et al. (2016). No signals with a consistent location were found. For
the 100's integration time, the fluence upper limit is 2 x 1078 ergcm™2. This limit
corresponds to a 10-1000keV isotropic energy release of E, i, < 4.9 X 10M erg.

Limits for different spectral templates and integration times are shown in Figure 6.8.

Host Galaxy Data
We measure line fluxes using the Keck optical spectrum obtained at At ~ 61d
(Figure 6.26). We model the local continuum with a low-order polynomial and each

emission line by a Gaussian profile of FHWM ~ 5.3 A. This is appropriate if Balmer

7https ://github.com/annaygho/HE\_Burst\_Search
8https://github.com/lanl/swiftbat\_python
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Figure 6.8: 3-0- upper limits from GBM GRB search, which we performed for
three hours prior to 79. The red vertical bars indicate epochs when GBM was not
taking data due to passing through the South Atlantic Anomaly. The time of 7y was
estimated from a fit to the early data (Figure 6.7), and is 26 + 5 minutes prior to the
first detection.

absorption is negligible, which is generally the case for starburst galaxies. For the
host of SN 2018gep, the Balmer decrement between HB, Hy, and Hé does not show
any excess with respect to the expected values in Osterbrock and Ferland (2006).

The resulting line fluxes are listed in Table 6.7.

We retrieved archival images of the host galaxy from Galaxy Evolution Explorer
(GALEX) Data Release (DR) 8/9 (Martin et al., 2005), Sloan Digital Sky Survey
(SDSS) DR9 (Ahn et al., 2012), Panoramic Survey Telescope And Rapid Response
System (PanSTARRS, PS1) DR1 (Chambers et al., 2016), Two-Micron All Sky
Survey (2MASS; Skrutskie et al., 2006), and Wide-Field Infrared Survey Explorer
(WISE; Wright et al., 2010). We also used UVOT photometry from Swift, and NIR
photometry from the Canada-France-Hawaii Telescope Legacy Survey (CFHTLS;
Hudelot et al., 2012).

The images are characterized by different pixel scales (e.g., SDSS 0740/px, GALEX



146
1”/px) and different point spread functions (e.g., SDSS/PS1 1-2", WISE/W2 6"5).

To obtain accurate photometry, we use the matched-aperture photometry soft-
ware package LAMBDA ADAPTIVE MULTI-BAND DEBLENDING ALGORITHM IN R
(LAMBDAR; Wright et al., 2016) that is based a photometry software package
developed by Bourne et al. (2012). To measure the total flux of the host galaxy, we
defined an elliptical aperture that encircles the entire galaxy in the SDSS/r’-band
image. This aperture was then convolved in LAMBDAR with the point-spread
function of a given image that we specified directly (GALEX and WISE data) or that
we approximated by a two-dimensional Gaussian (2MASS, SDSS and PS1 images).
After instrumental magnitudes were measured, we calibrated the photometry against
instrument-specific zeropoints (GALEX, SDSS and PS1 data), or as in the case of
2MASS and WISE images against a local sequence of stars from the 2MASS Point
Source Catalogue and the AIIWISE catalogue. The photometry from the UVOT
images were extracted with the command uvorsourck in HEAsort and a circular
aperture with a radius of 8”. The photometry of the CFHT/WIRCAM data was
done performed the software tool presented in Schulze et al. (2018)°. To convert the
2MASS, UVOT, WIRCAM and WISE photometry to the AB system, we applied
the offsets reported in Blanton and Roweis (2007), Breeveld et al. (2011) and Cutri
et al. (2013). The resulting photometry is summarized in Table 6.8.

6.3 Basic Properties of the Explosion and its Host Galaxy

The observations we presented in Section 6.2 constitute some of the most detailed
early-time observations of a stripped-envelope SN to date. In this section we use
this data to derive basic properties of the explosion: the evolution of bolometric
luminosity, radius, and effective temperature over time (Section 6.3), the velocity
evolution of the photosphere and the density and composition of the ejecta as
measured from the spectra (Section 6.3), and the mass, metallicity, and SFR of the

host galaxy (Section 6.3). These properties are summarized in Table 6.1.

Physical Evolution from Blackbody Fits

By interpolating the UVOT and ground-based photometry, we construct multi-band
SEDs and fit a Planck function on each epoch, to measure the evolution of luminosity,
radius, and effective temperature. To estimate the uncertainties, we perform a
Monte Carlo simulation with 600 trials, each time adding noise corresponding to a

15% systematic uncertainty on each data point, motivated by the need to obtain a

https://github.com/steveschulze/aperture_photometry
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combined y?/dof ~ 1 across all epochs. The uncertainties for each parameter are
taken as the 16-to-84 percentile range from this simulation. The SED fits are shown
in Appendix 6.7, and the resulting evolution in bolometric luminosity, photospheric
radius, and effective temperature is listed in Table 6.3. We plot the physical evolution

in Figure 6.9, with a comparison to iPTF16asu and AT2018cow.

The bolometric luminosity peaks between At = 0.5d and Ar = 3d, at > 3 X
10* ergs~!. In Figure 6.10 we compare this peak luminosity and time to peak lu-
minosity with several classes of stellar explosions. As in iPTF16asu, the bolometric
luminosity falls as an exponential at late times (+ > 10d). The total integrated
UV and optical (= 2000-9000A) blackbody energy output from Az = 0.5-40d is
~ 10°" erg, similar to that of iPTF16asu.

The earliest photospheric radius we measure is ~ 20 AU, at Ar = 0.05d. Until
At ~ 17d the radius expands over time with a very large inferred velocity of
v = 0.1c. After that, it remains flat, and even appears to recede. This possible
recession corresponds to a flattening in the temperature at ~ 5000 K, which is
the recombination temperature of carbon and oxygen. This effect was not seen in
iPTF16asu, which remained hotter (and more luminous) for longer. Finally, the
effective temperature rises before falling as ~ r~!. We interpret these properties in

the context of shock-cooling emission in Section 6.4.

Spectral Evolution and Velocity Measurements

Comparisons to Early Spectra in the Literature

We obtained nine spectra of SN 2018gep in the first five days after discovery. These
early spectra are shown in Figure 6.11, when the effective temperature declined
from 50,000 K to 20,000 K. In Figure 6.12 we show selected spectra compared to
other early SN spectra in the literature. To our knowledge, our early spectra have
no analogs in the literature, in that there has never been a spectrum of a stripped-
envelope SN at such a high temperature (excluding spectra during the afterglow
phase of GRBs).1% Two of the earliest spectra in the literature, one at At = 2d
for Type Ic SN PTF10vgv (Corsi et al., 2012) and one at A = 3d for Type Ic SN
PTF12gzk (Ben-Ami et al., 2012) are redder and exhibit more features than the
spectrum of SN 2018gep. We show the comparison in Figure 6.12.

At At ~ 4d, a “W” feature emerges in the rest-frame wavelength range 3800—

10There is however a spectrum of a Type II SN at a comparable temperature: iPTF13dqy was
~ 50,000 K at the time of the first spectrum (Yaron et al., 2017).
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Figure 6.9: Evolution of blackbody properties (luminosity, radius, temperature)
over time compared to the Ic-BL SN iPTF16asu and the luminous fast-rising optical
transient AT2018cow. The light gray circles are derived from optical data only. The
outlined circles are derived from UV and optical data. Middle panel: dotted line
shows v = 0.1c. Note that R # 0 at #, and instead R(¢ = 0) = 3 x 10'*cm. Due to
the scaling of our plot we do not show the radius evolution of AT2018cow, which
drops from 8x10'* cm to 10'* cm on this timescale. Bottom panel: dotted horizontal
line shows 5000 K, the recombination temperature for carbon and oxygen. Once
this temperature is reached, the photosphere flattens out (and potentially begins to
recede).
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Table 6.3: Physical evolution of SN 2018gep from blackbody fits.

At L(10Ly,) R (AU) T (kK)
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4350 A. In the second-from-bottom panel of Figure 6.12 we make a comparison to
“W” features seen in SN 2008D (e.g. Modjaz et al. 2009), which was a Type Ib
SN associated with an X-ray flash (Mazzali et al., 2008), and in a typical pre-
max stripped-envelope superluminous supernova (Type I SLSN; Gal-Yam 2019;
Moriya et al. 2018). The absorption lines are broadened much more than in
PTF12dam (Nicholl et al., 2013) and probably more than in SN2008D as well.
Finally, SN 2018gep cooled more slowly than SN 2008D: only after 4.25 days did it
reach the temperature that SN 2008D reached after < 2 days.

Origin of the “W” Feature

The lack of comparison data at such early epochs (high temperatures) motivated
us to model one of the early spectra, in order to determine the composition and
density profile of the ejecta. We used the spectral synthesis code JEKYLL (Ergon
et al., 2018), configured to run in steady-state using a full NLTE-solution. An inner

blackbody boundary was placed at an high continuum optical depth (~50), and the
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Figure 6.10: Rise to peak bolometric luminosity compared to other classes of
transients. Modified from Figure 1 in Margutti et al. (2019).

temperature at this boundary was iteratively determined to reproduce the observed
luminosity. The atomic data used is based on what was specified in Ergon et al.
(2018), but has been extended as described in Appendix 6.7. We explored models
with C/O (mass fractions: 0.23/0.65) and O/Ne/Mg (mass fractions: 0.68/0.22/0.07)
compositions taken from a model by Woosley and Heger (2007)!! and a power-law
density profile, where the density at the inner border was adjusted to fit the observed
line velocities. Except for the density at the inner border, various power-law indices

were also explored, but in the end an index of -9 worked out best.

Figures 6.13 and 6.14 show the model with the best overall agreement with the

I The model was divided into compositional zones by Jerkstrand et al. (2015) and a detailed
specification of the C/O and O/Ne/Mg zones is given in Table D.2 therein.
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Figure 6.11: Spectra of SN 2018gep taken in the first five days. Broad absorption
features are consistent with ionized carbon and oxygen, which evolve redward with
time. Spectra highlighted in orange are shown compared to other early SN spectra
in Figure 6.12.

spectra and the SED (as listed in Table 6.6 the spectrum was obtained at high
airmass, making it difficult to correct for telluric features). The model has a C/O
composition, an inner border at 22,000 kms~! (corresponding to an optical depth
of ~50), a density of 4x107'> g cm™ at this border and a density profile with a
power-law index of —9. In Figure 6.13 we show that the model does a good job
of reproducing both the spectrum and the SED of SN 2018gep. In particular, it is
interesting to note that the “W" feature seem to arise naturally in C/O material at the
observed conditions. A similar conclusion was reached by Dessart (2019), whose
magnetar-powered SLSN-I models, calculated using the NLTE code CMFGEN,
show the “W” feature even when non-thermal processes where not included in the

calculation (as in our case).

In the model, the “W" feature mainly arises from the O II 2p2(3P)35 4P & 2p2(3P)3p
4D° (4639-4676 A), O11 2p?(3P)3s 4P <> 2p*(3P)3p 2D (4649 A)andOTI 2p*(3P)3s
4P > 2p*(3P)3p 4P° (4317-4357 A) transitions. The departure from LTE is modest
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Figure 6.12: Top panel: an early spectrum of 18gep compared to spectra from other
stellar explosions at a comparable phase. Middle panel: The spectrum at At = 4.2d
shows a “W” feature, which we compare to similar “W” features seen in an early
spectrum of SN2008D from Modjaz et al., 2009, and a typical pre-max spectrum
of a SLSN-I (PTF12dam, from Nicholl et al. 2013). We boost the SLSN spectrum
by an additional expansion velocity of ~ 15000kms~!, and apply reddening of
E(B —V) = 0.63 to SN2008D. Weak features in the red are also similar to what
are seen in PTF12dam, and are consistent with arising from CII and CIII lines,
following the analysis of Gal-Yam, 2019. The lack of narrow carbon features as well
as the smooth spectrum below 3700 A suggest a large velocity dispersion leading to
significant line broadening, compared to the intrinsically narrow features observed
in SLSNe-I (Gal-Yam, 2019; Quimby et al., 2018). Bottom panel: a spectrum of
18gep when it resembled an ordinary Ic-BL SN, compared to spectra at similar
phases of Ic-BL SNe accompanying GRBs.
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Figure 6.13: Observed spectrum (red) at 4.2d, compared to our model spectrum
(black) from the spectral synthesis code JEKYLL configured to run in steady-state
using a full NLTE solution. The model has a C/O composition, an inner border at
22,000kms~!, a density of 4 x 10712 gcm™, and a density profile with a power-law
index of —9. The absolute (but not relative) flux of the spectrum was calibrated
using the interpolated P48 g and r magnitudes. We also show the O II, C II, C III,
and Si IV lines discussed in the text shifted to the velocity of the model photosphere.

in the line-forming region, and the departure coefficients for the O II states are
small. The spectrum redward of the “W” feature is shaped by carbon lines, and the
features near 5700 and 6500 A arise from the C II 3s 2S < 3p 2P° (6578,6583 A)
and C III 2s3p 1P° < 2s3d 1D (5696 A) transitions, respectively. In the model, the
C II feature is too weak, suggesting that the ionization level is too high in the model.
There is also a contribution from the C III 2s3s 3S < 2s3p 3P° (4647—4651 A)
transition to the red part of the “W” feature, which could potentially be what is
seen in the spectra from earlier epochs. In addition, there is a contribution from
Si IV 4s 2S & 4p 2P° (4090, 4117 A) near the blue side of the “W” feature, which
produce a distinct feature in models with lower velocities and which could explain

the observed feature on the blue side of the “W” feature.
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Figure 6.14: Comparison of model (filled circles) and observed (unfilled circles)
mean fluxes through the Swift UVW1 (blue), UVM?2 (green), UVW?2 (red), and the
SDSS u (black), g (green), and r (red) filters. We also show the model spectrum in
black.

In spite of the overall good agreement, there are also some differences between
the model and the observations. In particular the model spectrum is bluer and the
velocities are higher. These two quantities are in tension and a better fit to one of
them would result in a worse fit to the other. As mentioned above, the ionization
level might be too high in the model, which suggests that the temperature might be
too high as well. It should be noted that adding host extinction (which is assumed
to be zero) or reducing the distance (within the error bars) would help in making
the model redder (in the observer frame), and the latter would also help in reducing
the temperature. The (modest) differences between the model and the observations
could also be related to physics not included in the model, like a non-homologous

velocity field, departures from spherical asymmetry, and clumping.

The total luminosity of the model is 6.2x10* erg s~!, the photosphere is located
at ~33,000kms~! and the temperature at the photosphere is ~17,500 K, which is
consistent with the values estimated from the blackbody fits (although the blackbody
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radius and temperature fits refer to the thermalization layer). As mentioned, we have
also tried models with a O/Ne/Mg composition. However, these models failed to
reproduce the carbon lines redwards of the “W” feature. We therefore conclude that
the (outer) ejecta probably has a C/O-like composition, and that this composition
in combination with a standard power-law density profile reproduce the spectrum
of SN 2018gep at the observed conditions (luminosity and velocity) 4.2 days after

explosion.

In our model, the broad feature seen in our Swift UVOT grism spectrum is dominated
by the strong Mg II (2796,2803 A) resonance line. However, a direct comparison
is not reliable because the ionization is probably lower at this epoch than what we

consider for our model.

Photospheric Velocity from Ic-BL Spectra

At At > 7.8d, the spectra of SN 2018gep qualitatively resemble those of a stripped-
envelope SN. We measure velocities using the method in Modjaz et al. (2016),
which accommodates blending of the Fe 1115169 line (which has been shown to
be a good tracer of photospheric velocity; Branch et al. 2002) with the nearby
Fe 11114924,5018 lines.

At earlier times, when the spectra do not resemble typical Ic-BL SNe, we use
our line identifications of ionized C and O to measure velocities. As shown in
Figure 6.15, the velocity evolution we measure is comparable to that seen in Ic-
BL SNe associated with GRBs (more precisely, low-luminosity GRBs; LLGRBs)
which are systematically higher than those of Ic-BL SNe lacking GRBs (Modjaz

et al., 2016). However, as discussed in Section 6.2, no GRB was detected.

Properties of the Host Galaxy

We infer a star-formation rate of 0.09 + 0.01 Mg yr~! from the Ha emission line
using the Kennicutt (1998) relation converted to use a Chabrier initial mass function
(Chabrier, 2003; Madau and Dickinson, 2014). We note that this is a lower limit
as the slit of the Keck observation did not enclose the entire galaxy. We estimate
a correction factor of 2-3: the slit diameter in the Keck spectra was 1.0”, and the
extraction radius was ~ 1.75” in the February observation and ~ 1.21” in the March

observation. The host diameter is roughly 4.

We derive an electron temperature of 13, 100i91%80 K from the flux ratio between

[O 1II]A4641 and [O III]A5007, using the software package PYNEB version 1.1.7
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Figure 6.15: Velocity evolution over time as measured from spectral absorption
features. Open symbols for SN 2018gep come from C/O velocities measured from
line minima. Closed symbols come from the Fe II feature in the Ic-BL spectra.
The velocities are comparable to those measured for Ic-BL. SNe associated with
low-luminosity GRBs (LLGRBs). The velocity evolution for SN2017iuk is taken
from Izzo et al. (2019). Velocities for iPTF16asu are taken from Whitesides et al.
(2017). Velocities for the other Ic-BL SNe are taken from Modjaz et al. (2016)
and shifted from V-band max using data from Galama et al. (1998), Campana et al.
(2006), Malesani et al. (2004), and Bufano et al. (2012).

(Luridiana et al., 2015). In combination with the [O 11]113226,3729, [O 111]14364,
[O 1II]A4960, [O III]A5008, and HB flux measurements, we infer a total oxygen
abundance of 8.01f8‘})8 (statistical error; using Egs. 3 and 5 in Izotov et al. 2006).
Assuming a solar abundance of 8.69 (Asplund et al., 2009), the metallicity of the

host is ~ 20% solar.

We also compute the oxygen abundance using the strong-line metallicity indicator
O3N2 (Pettini and Pagel, 2004) with the updated calibration reported in Marino et al.
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(2013). The oxygen abundance in the O3N2 scale is 8.05+0.01 (stat) £0.10 (sys).!2

We also estimate mass and star-formation rate by modeling the host SED; see
Appendix 6.7 for a table of measurements, and details on where we obtained them.
We use the software package LEPHARE version 2.2 (Arnouts et al., 1999; Ilbert
et al., 2006). We generated 3.9 x 10° templates based on the Bruzual and Charlot
(2003) stellar population-synthesis models with the Chabrier initial mass function
(IMF; Chabrier, 2003). The star formation history (SFH) was approximated by a
declining exponential function of the form exp(—z/7), where 7 is the age of the stellar
population and 7 the e-folding time-scale of the SFH (varied in nine steps between
0.1 and 30 Gyr). These templates were attenuated with the Calzetti attenuation
curve (Calzetti et al., 2000) varied in 22 steps from E(B — V) =0to 1 mag .

The SED (Figure 6.16) is well characterized by a galaxy mass of log(M/My) =
8.11*(0% and an attenuation-corrected star-formation rate of 0.12*00% Mg yr™'. The
derived star-formation rate is comparable to measurement inferred from Ha. The
attenuation of the SED is marginal, with E(B — V)s,r = 0.05, and consistent with

the negligible Balmer decrement 6.2.

Figure 6.17 shows that the host galaxy of SN 2018gep is even more low-mass and
metal-poor than the typical host galaxies of Ic-BL SNe, which are low-mass and
metal-poor compared to the overall core collapse SN population to begin with. The
figure uses data for 28 Ic-BL SNe from PTF and iPTF (Modjaz et al., 2020; Taddia
et al., 2019) and a sample of 11 long-duration GRBs (including LLLGRBs, all at
7 < 0.3). We measured the emission lines from the spectra presented in Taddia et al.
(2019) and used line measurements reported in Modjaz et al. (2020) for objects
with missing line fluxes. The photometry was taken from Schulze, S. et al. (in
preparation). Photometry and spectroscopy were taken from a variety of sources!3.
The oxygen abundances were measured in the O3N2 scale like for SN 2018gep and
their SEDs were modelled with the same set of galaxy templates. For reference,
the mass and SFR of the host of AT2018cow was 1.4 x 10° Mg, and 0.22 M, yr‘l,
respectively (Perley et al., 2019). The mass and SFR of the host of iPTF16asu was

2Note the oxygen abundance of SN2018gep’s host lies outside of the domain calibrated by
Marino et al. (2013). However, we will use the measurement from the O3N2 indicator only to put
the host in context of other galaxy samples that are on average more metal-enriched.

B3Gorosabel et al. (2005), Bersier et al. (2006), Margutti et al. (2007), Ovaldsen et al. (2007)
Kocevski et al. (2007), Thone et al. (2008), Michatowski et al. (2009), Han et al. (2010), Levesque
et al. (2010), Starling et al. (2011), Hjorth et al. (2012), Thone et al. (2014), Schulze et al. (2014),
Kriihler et al. (2015), Stanway et al. (2015), Toy et al. (2016), Izzo et al. (2017), and Cano et al.
(2017a)



158

o ' 16
103k SN2018gep
g - log M/M,, = 8.111’8:8;

e SFR/Moyr~! = 012798 1173
= Age/Myr = 56730} =
N E(B = V)ga = 0.05 o
o X2 /n.of. = 36.64/21 18 8
N 2 O
2 10} 19 2
T5 R=
oD
Z =
= 20/

21

5
Observed wavelength (A)

Figure 6.16: The spectral energy distribution of the host galaxy of SN 2018gep
from 1,000 to 60,000 A and the best fit (solid line) in the observer frame. Filled
data points represent photometric measurements. The error bars in the ‘x’ direction
indicate the full-width half maximum of each filter response function. The open
data points signify the model-predicted magnitudes. The quoted values of the host
properties represent the median values and the corresponding 1-o errors.

4.63‘% x 103 M and 0.7 Mg yr~!, respectively (Whitesides et al., 2017).

6.4 Interpretation
In Sections 6.2 and 6.3, we presented our observations and basic inferred properties
of SN 2018gep and its host galaxy. Now we consider what we can learn about the

progenitor, beginning with the power source for the light curve.

Radioactive Decay

The majority of stripped-envelope SNe have light curves powered by the radioactive
decay of Ni. As discussed in Kasen (2017), this mechanism can be ruled out for
light curves that rise rapidly to a high peak luminosity, because this would require
the unphysical condition of a nickel mass that exceeds the total ejecta mass. With a
peak luminosity exceeding 10* erg s~! and a rise to peak of a few days, SN 2018gep
clearly falls into the disallowed region (see Figure 1 in Kasen 2017). Thus, we rule
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Figure 6.17: Top: BPT diagram. The host of SN 2018gep is a low-metallicity galaxy
with an intense ionizing radiation field (green shaded region indicates extreme
emission line galaxies). The majority of Ic-BL SNe and long-duration GRBs are
found in more metal enriched galaxies (parameterized by [N II]/Ha), and galaxies
with less intense radiation fields (parameterized by [O III]/Ha). Field galaxies
from SDSS DR15 are shown as a background density distribution. The thick solid
line separates star formation- and AGN-dominated galaxies (Kewley et al., 2001).
The thick dashed lines encircle the region of composite galaxies (Kauffmann et al.,
2003). Bottom: The mass-metallicity-star-formation-rate plane. The bulk of the
the SN-Ic-BL and GRB host populations are found in hosts that are more metal
enriched. For reference, the host of AT2018cow had log M —0.33 X log SFR =~ 9.4.
The black line is the fundamental metallicity relation in Mannucci et al. (2010).
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out radioactive decay as the mechanism powering the peak of the light curve.

We now consider whether radioactive decay could dominate the light curve at late
times (f > fpeak). The left panel of Figure 6.18 shows the bolometric light curve
of SN2018gep compared to several other Ic-BL SNe from the literature (Cano,
2013), whose light curves are thought to be dominated by the radioactive decay of
SONj (although see Moriya et al. (2017) for another possible interpretation). The
luminosity of SN 2018gep at t ~ 20d is about half that of SN1998bw, and double
that of SN2010bh and SN2006aj. By modeling the light curves of the three Ic-BL
SNe shown, Cano (2013) infers nickel masses of 0.42 M, 0.12 M, and 0.21 M,
respectively. On this scale, SN 2018gep has My; ~ 0.1-0.2 M.

1045
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Figure 6.18: The bolometric light curve of SN2018gep compared to (left) other
Ic-BL SNe from the literature (Cano, 2013) and (right) to AT2018cow (Perley et
al., 2019). The dotted line shows the expected contribution from the radioactive
decay of °Ni, for a gamma-ray escape time of 30 d and My;=0.28 M. In order of
decreasing Ly, the three Ic-BL SNe are SN1998bw, SN2010bh, and SN20064a;j.

The right panel of Figure 6.18 shows the light curve of SN 2018gep compared to that
of AT2018cow (Perley et al., 2019). To estimate the nickel mass of AT2018cow,
Perley et al. (2019) compared the bolometric luminosity at # ~ 20d to that of
SN2002ap (whose nickel mass was derived via late-time nebular spectroscopys;
Foley et al. 2003) and found My; < 0.05 Mg. On this scale, we would expect
Mni < 0.05 M, for SN 2018gep as well.
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Finally, Katz et al. (2013) and Wygoda et al. (2019) present an analytical technique
for testing whether a light curve is powered by radioactive decay. At late times,
the bolometric luminosity is equal to the rate of energy deposition by radioactive
decay Q(7), because the diffusion time is much shorter than the dynamical time:

Lpo1 (1) = Q(t). At any given time, the energy deposition rate Q(t) is

0(1) = 0,(1) (1= ™) + Opos 1), 6.1)

where Q, (?) is the energy release rate of gamma-rays and ¢ is the time at which the

ejecta becomes optically thin to gamma rays. The expression for Q, () is

2, - = il (6.45e—f/8-76d +1.38¢7"/ “1-4d) : (6.2)
108 ergs™ Mo
Opos (1) is the energy deposition rate of positron kinetic energy, and the expression

1S

Opos(7) _ 4.64@ (_e—z/8.76d +e—t/111.4d). 6.3)
104 ergs™! Mg

The dotted line in Figure 6.18 shows a model track with My; = 0.28 Mg and

to = 30d. Lower nickel masses produce tracks that are too low to reproduce the

data, and larger values of 79 produce tracks that drop off too rapidly. Thus on this

scale it seems that My; ~ 0.3 Mg, similar to other Ic-BL SNe (Lyman et al., 2016).

We can also try to solve directly for 7o and My; using the technique for Ia SNe in
Wygoda et al. (2019). The first step is to solve for 7y using Equation 6.1 and a second

equation resulting from the fact that the expansion is adiabatic,

/ o) dr = / Ly (¢) ' dt’. (6.4)
0 0

The ratio of Equation 6.1 to Equation 6.4 removes the dependence on My;, and
enables 7o to be measured. However, as shown in Figure 6.19, the data have not yet

converged to model tracks, so we cannot apply this method.

Interaction with Extended Material

One way to power a rapid and luminous light curve is to deposit energy into circum-
stellar material (CSM) at large radii (Nakar and Piro, 2014; Nakar and Sari, 2010;
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Figure 6.19: To test whether a light curve is powered by radioactive decay, the ratio
of the bolometric luminosity to the time-weighted integrated bolometric luminosity
should converge to model tracks, as described in Katz et al. (2013) and Wygoda
et al. (2019). This enables a direct measurement of the gamma-ray escape time ¢
and the nickel mass My;. However, our data have not converged to these tracks,
suggesting that either radioactive decay is not dominant, or that we are not yet in a
phase where we can perform this measurement.

Piro, 2015). Since this is a Ic-BL SN, we expect the progenitor to be stripped of its
envelope and therefore compact (R ~ 0.5 Ry ~ 10'° cm; Groh et al. 2013), although

there have never been any direct progenitor detections for a Ic-BL SN.

With this expectation, extended material at larger radii would have to arise from
mass-loss. This would not be surprising, as massive stars are known to shed a
significant fraction of their mass in winds and eruptive episodes; see Smith (2014)

for a review.

First we perform an order-of-magnitude calculation to see whether the rise time and
peak luminosity could be explained by a model in which shock interaction powers
the light curve (“wind shock breakout”). Assuming that the progenitor ejected

material with a velocity v,, at a time ¢ prior to explosion, the radius of this material



163

at any given time is

Ry = R, + vyt

, 6.5)
~ (8.64 x 10'2cm (V—W) 4.
( ) 1000 kms~! (d)

For material ejected 15 days prior to explosion, traveling at 1000 km s~!, the radius

would be Rcsm ~ 10'* cm at the time of explosion. The shock crossing timescale

IS Zeross:

R Vg \~1
Teross ™~ RCSM/VS ~ (0-4 d) (1014 cm) (OIC) ) (6.6)

where v; is the velocity of the shock. The shock heats the CSM with an energy
density that is roughly half of the kinetic energy of the shock, so e; ~ (1/2)(pv?/2).
The luminosity is the total energy deposited divided by ¢ s,

I EBO V? dM
PO feoss 4 dR 67
3 (dM drR \7! '
= 3x10%ergs™) () [T [ =
(8107 ergs™) ().lc) My )\ T0% em

assuming a constant density. Thus, for shock velocities on the order of the observed
photospheric radius expansion (0.1c¢), and a CSM radius on the order of the first
photospheric radius that we measure (3 x 10'# cm), it is easy to explain the rise time

and peak luminosity that we observe.

To test whether shock breakout (and subsequent post-shock cooling) can explain
the evolution of the physical properties we measured in Section 6.3, we ran one-
dimensional numerical radiation hydrodynamics simulations of a SN running into
a circumstellar shell with CASTRO (Almgren et al., 2010; Zhang et al., 2011). We
assume spherical symmetry and solve the coupled equations of radiation hydro-
dynamics using a grey flux-limited non-equilibrium diffusion approximation. The
setup is similar to the models presented in Rest et al. (2018) but with parameters
modified to fit SN 2018gep.

The ejecta is assumed to be homologously expanding, characterized by a broken

power-law density profile, an ejecta mass M., and energy E.j. The ejecta density
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profile has an inner power-law index of n = 0 (that is, p(r) o r~") then steepens
to an index n = 10, as is appropriate for core-collapse SN explosions (Matzner and
McKee, 1999). The circumstellar shell is assumed to be uniform in density with
radius Rcsv and mass Mcsv. We adopt a uniform opacity of x = 0.2 cm? g7/,

which is characteristic of hydrogen-poor electron scattering.

The best-fit model, shown in Figure 6.20, used the following parameters: M =
8 Mo, E¢j = 2 x 10°% erg, Mcsm = 0.02 Mg, and Resm = 3 X 10'* cm. The inferred
kinetic energy is consistent with typical values measured for Ic-BL SNe (e.g. Cano
etal. 2017b; Taddia et al. 2019), and Rcgsy is similar in value to the first photospheric

radius we measure (at Az = 0.05 d; see Figure 6.9).

The inferred values presented here are likely uncertain to within a factor of a few,
given the degeneracies of the rise time and peak luminosity with the CSM mass and
radius. Qualitatively, a larger CSM radius will result in a higher peak luminosity
and longer rise time. The peak luminosity is relatively independent of the CSM
mass, which instead affects the photospheric velocity and temperature (i.e., a larger
CSM mass slows down the post-interaction velocity to a greater extent and increases
the shock-heated temperature). A full discussion of the dependencies of the light
curve and photospheric properties on the CSM parameters will be presented in an

upcoming work (Khatami, D. et al., in preparation).

In this framework, the shockwave sweeps through the CSM prior to peak luminosity,
so that at maximum luminosity the outer parts of the CSM have been swept into a
dense shell moving at SN-like velocities (Vpos—shock ~ 3v/4). This scenario was
laid out in Chevalier and Irwin (2011) and discussed in Kasen (2017). This explains
the high velocities we measure at early times and the absence of narrow emission
features in our spectra. For another discussion of the absence of narrow emission
lines due to an abrupt cutoff in CSM density, see Moriya and Tominaga (2012).
Following Chevalier and Irwin (2011), the rapid rise corresponds to shock breakout
from the CSM, and begins at a time Rcsm/vsh after the explosion, where vy, is
the velocity of the shock. The time to peak luminosity (1.2d) is longer than this
delay time by a factor (R,,/R;). Given the best-fit R,, = 3 X 10'* cm, and assuming
Rs ~ R, we find vgy = 0.1c, and an explosion time ~ 1d prior to #9. This model
also predicts an increasing temperature while the shock breaks out (i.e., during the

rise to peak bolometric luminosity).

Other Ic SNe have shown early evidence for interaction in their light curves, but

in other cases the emission has been attributed to post-shock cooling in expanding



165

------ Model - 1011
1045_
e Y e N SN2010bh, x2
wn
@ 1044 —— Model 4+ SN2010bhx2 10—
8 O  SN2018gep 5
ERY -
< 10 B or 10°
1042_ B
10!
¢-600
= Q oo__9-_--9-9 ----- Q-
s ! T°®
w o =TT Q——— _400/-\
S 10 - 50 © z
Q:E ¢ - 200
------ Model
107!
=)
< 10

Days since t

Figure 6.20: Best-fit CSM interaction model with the light curve of the Ic-BL
SN 2010bh (Cano, 2013) scaled up by a factor of two. The model parameters are
Mg = 8 Mo, E¢j = 2 X 10°% erg, Mcsm = 0.02 Mo, and Resm = 3 x 101 em. As
in Figure 6.9, the outlined circles are derived from UV and optical data, while the
light grey circles are derived from optical data only.

material rather than shock breakout itself. For example, the first peak observed
in iPTF14gqr (De et al., 2018) was short-lived (< 2d) and attributed to shock-
cooling emission from material stripped by a compact companion. iPTF14gqr is
different in a number of ways from SN 2018gep: the spectra showed high-ionization

emission lines, including He II, and the explosion had a much smaller kinetic



166

energy (Ex ~ 10°° erg) and smaller velocities (10,000kms~!). The main peak in
iPTF16asu was also modeled as shock-cooling emission rather than shock breakout
(Whitesides et al., 2017).

Under the assumption that the light curve represented post-shock cooling emission,
De et al. (2018) and Whitesides et al. (2017) both used one-zone analytic models
from Piro (2015) to estimate the properties of the explosion and the CSM. This
approximation assumes that the emitting region is a uniformly heated expanding
sphere. In iPTF14gqr the inferred properties of the extended material were M, ~
8x 103 My at R, ~ 3 x 1013 cm. In iPTF16asu the inferred properties of the
extended material were M, ~ 0.45 Mg at R, ~ 1.7 x 10'?> cm. The fit also required
a more energetic explosion than iPTF14gqr (4 x 103! erg). By applying the same
framework to the decline of the bolometric light curve of SN 2018gep, we arrive at

similar values to those inferred for iPTF16asu, as shown in Figure 6.21.

104()'
—— My, =88 x 1073 Mg,Ry, = 3 x 10 em, B = 1.38 x 10 erg
\\ ——— My =88x107% My,Ry, = 3 x 108 cm, B = 10%% erg
\ —— My =0.5Mg,Rg, = 6 x 102 cm, B = 10°2 erg
\ ¥ iPTFl4gqr

\
\
10% 4 \ ®  SN2018gep
‘\
\
\

0 1 2 3 4 5 6 7 8
At (days)

Figure 6.21: Estimated CSM and explosion properties using models from Piro
(2015). The shell mass is much larger than the one in iPTF14gqr, which is the
reason for the more extended shock-cooling peak.

We model the main peak of SN 2018gep as shock breakout rather than post-shock

cooling emission. Our motivation for this choice is that the timescale over which
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we detect the precursor emission is more consistent with a large radius and lower
shell mass. From the shell mass and radius, we can also estimate the mass-loss rate

immediately prior to explosion,

: -1
M M R
~ 32 [ 2h Vw sh . (6.8)
Mg yr! Mo ) \1000km s~/ \ 10™*cm

For our best-fit parameters My, = 0.02 Mgy and Ry, = 3 X 10" cm, and taking
v,y = 1000kms™, we find M ~ 0.6 Mo yr‘l, 4-6 orders of magnitude higher than
what is typically expected for Ic-BL SNe (Smith, 2014).

In the shock breakout model, the shock sweeps through confined CSM and passes
into lower-density material. Thus, it is not surprising that we do not observe the
X-ray or radio emission that would indicate interaction with high-density material.
From our VLA observations of SN 2018gep, the radio flux marginally decreased
from At = 5d to At = 75d. This could be astrophysical, but could also be
instrumental (change in beamsize due to change in VLA configuration). Using the
relation of Murphy et al. (2011), the estimated contribution from the host galaxy

(for a SFR of 0.12*0-0% Mo yr™!; see Section 6.3) is

( Li4cH:z

SFR g
S _1) ~ 1.57 x 10% (ﬂ)
ergs” ' Hz

Mg yr!
~ 1.9 x 107 ergs~ ! Hz™!.

(6.9)

Taking a spectral index of —0.7 (a synchrotron spectrum), the expected 9 GHz
luminosity would be between 3.0 x 106 ergs™' Hz™! and 8.6 x 10*6ergs~! Hz 1.
From Table 6.2, the measured spectral luminosity is 8.3 x 10*6ergs™! Hz™! (at
10 GHz) in the first epoch, and 6 X 10%6 erg sV Hz™!' (at 9GHz) in the second
epoch. The slit covering fraction of our LRIS observations is again relevant here;
as discussed in Section 6.3, the true SFR is likely a factor of a few higher than what
we inferred from modeling the galaxy SED. So, it is plausible that the first two radio

detections are entirely due to the host galaxy.

In the third epoch, the luminosity is (at 9 GHz) is < 3.9x 10*% ergs~! Hz™!, although
the difference from the first two epochs may be due to the different array configu-
ration. Taking the peak of the 9—10 GHz light curve to be 8.3 x 10*6 ergs~! Hz™!
at At = 5d, Figure 6.22 shows that SN 2018gep would be an order of magnitude
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less luminous in radio emission than any other Ic-BL SN. If the luminosity truly
decreased, then the implied mass-loss rate is M ~ 3 x 107, consistent with the idea

that the shock has passed from confined CSM into much lower-density material.
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Figure 6.22: The radio luminosity of SN 2018gep compared to AT2018cow and
radio-loud Ic-BL SNe (assuming €, = eg = 1/3, cf. Chevalier 1998; Ho et al.
2019c; Soderberg et al. 2010). Lines of constant mass-loss rate (scaled to wind
velocity) are shown in units of 107* Mg yr~!/1000 km s~!. The radio luminosity for
GRB 171205A was taken from VLA observations reported by Laskar et al. (2017),
but we note that this is a lower limit in luminosity and in peak frequency because
the source was heavily self-absorbed at this epoch.

If the emission is constant and due entirely to the host galaxy, the point shown in
Figure 6.22 is an upper limit in luminosity. Assuming that the peak of the SED of

any radio emission from the SN is not substantially different from the frequencies we
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measure (i.e., that the spectrum is not self-absorbed at these frequencies), we have
a limit on the 9 GHz radio luminosity of L, < 10*7 ergs™' Hz ' at At ~ 5-15d.

The shell mass and radius also give an estimate of the optical depth: 7 ~ kM /r? ~
100 >> 1, which means that the shell would be optically thick. The lack of detected
X-ray emission is consistent with the expectation that any X-ray photons produced
in the collision would be thermalized by the shell and reradiated as blackbody

emission.

Finally, assuming that the rapid rise to peak is indeed caused by shock breakout, we
examine whether our model is consistent with our detections in the weeks prior to
explosion. Material ejected 10 days prior to the explosion at the escape velocity of a
Wolf-Rayet star (vegse ~ 1000 km s™1) would lie at R ~ 10" cm, which is consistent
with our model. Assuming that the emission mechanism is internal shocks between
shells of ejected material traveling at different velocities, we can estimate the amount

of mass required:

1
EeMv2 = Lt, (6.10)

where v ~ 1000kms~!, € ~ 0.5 is the efficiency of thermalizing the kinetic energy
of the shells, M is the shell mass, L ~ 10% erg s~! is the luminosity we observe, and
7 =~ 10 dis the timescale over which we observe the emission. We find M =~ 0.02 M,

again consistent with our model.

We conclude that the data are consistent with a scenario in which a compact Ic-BL
progenitor underwent a period of eruptive mass-loss shortly prior to explosion. In
the terminal explosion, the light curve was initially dominated by shock breakout

through (and post-shock cooling of) this recently-ejected material.

Finally, we return to the question of the emission detected in the first few minutes,
which showed an inflection point prior to the rapid rise to peak (Figure 6.2). Given
the pre-explosion activity and inference of CSM interaction, it is not surprising
that the rise is not well-modeled by a simple quadratic function. One possibility
is that we are seeing ejecta already heated from earlier precursor activity. Another
possibility is that we are seeing the effects of a finite light travel time. For a sphere
of R ~ 3x 10" cm, the light crossing time is ~ 20 minutes. The slower rising phase
could represent the time for photons to reach us across the extent of the emitting

sphere.
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In Table 6.4, we summarize the key properties inferred from Section 6.4.

Table 6.4: Key model properties of SN 2018gep

Parameter Value Notes
trise 1.2d
Esn 2 X 1052 erg
M. 8 Mg
Mcsm 0.02 Mg
Resm 3x10"%cm
M 0.6 Mo yr~!  Assuming v,, = 1000 kms~!
My <0.2-0.3 M@

6.5 Comparison to Unclassified Rapidly Evolving Transients at High Redshift
In terms of the timescale of its light curve evolution, SN 2018gep is similar to
AT2018cow in fulfilling the criteria that optical surveys use to identify rapidly
evolving transients (e.g. Drout et al. 2014; Pursiainen et al. 2018; Tanaka et al.
2016). However, there are a number of ways in which SN 2018gep is more of a
“typical” member of these populations than AT2018cow. In particular, SN 2018gep
has an expanding photospheric radius and declining effective temperature. By
contrast, one of the challenges in explaining AT2018cow as a stellar explosion was
its nearly constant temperature (persistent blue color) and declining photospheric
radius. In Figure 6.23 we show these two different kinds of evolution as very different
tracks in color-magnitude space. We also show a late-time point for KSN2015K
(Rest et al., 2018), which shows blue colors even after the transient had faded to
half-max. The mass-loss rate inferred for Rest et al. (2018) was 2 x 1073 M, yr L.

Of the PS-1 events, most appear to expand, cool, and redden with time (Drout et al.,
2014). That said, there are few co-eval data points in multiple filters, even in the gold
sample transients. The transients are also faint; all but one lie at z > 0.1. Of the DES
sample, most also show evidence for declining temperatures and increasing radii,
although three show evidence of a constant temperature and decreasing radius:
15X3mxf, 16X1eho, and 15C3opk. The peak bolometric luminosities for these
three transients are reported as 3 x 104 ergs™, 9x 10* ergs™!, and 5x 10" ergs~!,

respectively (Pursiainen et al., 2018).

To estimate a rate of Ic-BL SNe that have a light curve powered by shock breakout,
we used the sample of 25 nearby (z < 0.1) Ic-BL SNe from PTF (Taddia et al.,
2019), because these were found in an untargeted survey. Of these, we could not

draw a conclusion about eight (either because the peak was not resolved or there was
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Figure 6.23: A “color-magnitude” diagram of AT2018cow and SN 2018gep, show-
ing the evolution of color with time from first light (#9). Like AT2018cow, the
fast transient KSN2015K stayed persistently blue even after it had faded to half-
maximum. SN 2018gep has more typical SN evolution, reddening with time (cool-
ing in temperature).

no multi-color photometry available around peak, or both). The remaining clearly
lacked the rise time or blue colors of SN2018gep. Furthermore, SN 2018gep is
unique among the sample of 12 nearby (z < 0.1) Ic-BL SNe from ZTF discovered
so far, which will be presented in a separate publication. From this, we estimate that
the rate of Ic-BL. SNe with a main peak dominated by shock breakout is no more
than 10% of the rate of Ic-BL SNe.

6.6 Summary and Future Work
In this paper, we presented an unprecedented dataset that connects late-stage eruptive
mass loss in a stripped massive star to its subsequent explosion as a rapidly rising

luminous transient. Here we summarize our key findings:

1. High-cadence dual-band observations with ZTF (six observations in 3 hours)

captured a rapid rise (1.4 + 0.1 mag/hr) to peak luminosity, and a corre-
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. The bolometric light curve peaks after a few days at > 3 x 1
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sponding increase in temperature. This rise rate is second only to that of
SN 2016gkg (Bersten et al., 2018), which was attributed to shock breakout in
extended material surrounding a Type IIb progenitor. However, the signal in

SN 2018gep is two magnitudes more luminous.

. A retrospective search in ZTF data revealed clear detections of precursor

emission in the days and months leading up to the terminal explosion. The
luminosity of these detections (M = —14) and evidence for variability sug-
gests that they arise from eruptive mass-loss, rather than the luminosity of a
quiescent progenitor. This is the first definitive pre-explosion detection of a
Ic-BL SN to date.

0*ergs™!. At

late times, a power-law and an exponential decay are both acceptable fits to
the data.

The temperature rises to 50,000 K in the first day, then declines as t~1 then

flattens at 5000 K, which we attribute to recombination of carbon and oxygen.
The photosphere expands at v = 0.1¢, and flattens once recombination sets in.

We obtained nine spectra in the first five days of the explosion, as the effective
temperature declined from 50,000 K to 20,000 K. To our knowledge, these
represent the earliest-ever spectra of a stripped-envelope SN, in terms of

temperature evolution.

The early spectra exhibit a “W” feature similar to what has been seen in
stripped-envelope superluminous SNe. From a NLTE spectral synthesis
model, we find that this can be reproduced with a carbon and oxygen compo-

sition.

The velocities inferred from the spectra are among the highest observed for
stripped-envelope SNe, and are most similar to the velocities of Ic-BL SNe

accompanied by GRBs.

. The host galaxy has a star-formation rate of 0.12 Mg yr™!, and a lower mass

and lower metallicity than galaxies hosting GRB-SNe, which are low-mass

and low-metallicity compared to the overall core collapse SN population.

The early light curve is best-described by shock breakout in extended but
confined CSM, with M = 0.02 My, at R = 3x 10'* cm. The implied mass-loss



173

rate is 0.6 M yr~! in the days leading up to the explosion, consistent with
our detections of precursor emission. After the initial breakout, the shock
runs through CSM of much lower density, hence the lack of narrow emission

features and lack of strong radio and X-ray emission.

11. Although SN 2018gep is similar to AT2018cow in terms of its bolometric light
curve, it has a very different color evolution. In this sense, the “rapidly evolv-
ing transients” in the PS-1 and DES samples are more similar to SN 2018gep
than to AT2018cow.

12. The late-time light curve seems to require an energy deposition mechanism
distinct from shock-interaction. Radioactive decay is one possibility, but

further monitoring is needed to test this.

The code used to produce the results described in this paper was written in Python
and is available online in an open-source repository. When the paper has been
accepted for publication, the data will be made publicly available via WISeREP, an

interactive repository of supernova data (Yaron and Gal-Yam, 2012).
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6.7 Appendix

Here we provide supplementary figures and tables. In Appendix 6.7 we provide the
full set of optical and UV photometry and the blackbody fits to this photometry. In
Appendix 6.7 we provide the log of optical and UV spectroscopic observations, as
well as a figure showing all of our optical spectra. In Appendix 6.7 we include more
details about the atomic data used for our spectral modeling. In Appendix 6.7 we
show the spectrum, line-flux measurements, and photometry that was used to derive

properties of the host galaxy.

UV and Optical Photometry
Here we provide our optical and UV photometry (Table 6.5) and the blackbody fits
to this photometry used to derive the photospheric evolution (Figure 6.24).

Table 6.5: Optical and ultraviolet photometry for SN 2018gep

Date (JD) At Instrument  Filter AB Mag Errorin AB Mag
2458370.6634  0.02 P48+ZTF r 20.48 0.26
2458370.6856  0.04 P48+ZTF g 19.70 0.14
2458370.6994  0.05 P48+ZTF g 19.34 0.11
2458370.7153  0.07 P48+ZTF g 18.80 0.08
2458370.7612  0.11 P48+ZTF r 18.36 0.08
2458370.7612  0.11 P48+ZTF r 18.36 0.08
2458371.6295 0.98 P60+SEDM r 16.78 0.01
2458371.6323  0.99 P60+SEDM g 16.39 0.02

2458371.6351  0.99 P60+SEDM i 17.01 0.01
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6.02
6.02
6.03
6.08
6.08

6.1

P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P60+SEDM
P60+SEDM
P60+SEDM
P60+SEDM
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P60+SEDM
P60+SEDM
P60+SEDM
P60+SEDM
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P60+SEDM
P48+ZTF
P60+SEDM
P60+SEDM
P60+SEDM
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
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15.91
16.30
16.30
16.32
16.30
16.29
16.03
16.45
15.92
16.29
16.29
15.91
15.91
15.93
15.92
15.91
15.91
16.31
16.07
16.43
15.98
16.33
16.33
15.97
15.97
15.99
16.37
16.37
16.37
16.16
16.44
16.09
16.36
16.10
16.10
16.09
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0.02
0.04
0.04
0.03
0.03
0.01
0.01
0.01
0.03
0.04
0.04
0.03
0.03
0.02
0.03
0.03
0.03
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2458376.7423
2458377.6186
2458377.6204
2458377.6221
2458377.6238
2458377.6301
2458377.6301
2458377.6513
2458377.6639
2458377.6639
2458377.6761
2458377.6761
2458377.6935
2458377.7038
2458377.7165
2458377.7165
2458377.7458
2458377.7458
2458378.6164
2458378.6437
2458378.665

2458378.665

2458378.6844
2458378.693

2458378.7039
2458378.7158
2458379.6623
2458379.6823
2458379.6823
2458379.6977
2458379.7176
2458379.7409
2458379.7577
2458380.6214
2458380.6251
2458380.6778

6.1
6.97
6.97
6.97
6.98
6.98
6.98

7.0
7.02
7.02
7.03
7.03
7.05
7.06
7.07
7.07

7.1

7.1
7.97

8.0
8.02
8.02
8.04
8.05
8.06
8.07
9.02
9.04
9.04
9.05
9.07
9.09
9.11
9.97
9.98

10.03

P48+ZTF
P60+SEDM
P60+SEDM
P60+SEDM
P60+SEDM

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF
P60+SEDM

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF

P48+ZTF
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16.09
16.40
16.27
16.51
16.29
16.41
16.41
16.41
16.40
16.40
16.41
16.41
16.21
16.20
16.20
16.20
16.22
16.22
16.45
16.46
16.33
16.33
16.32
16.41
16.32
16.47
16.44
16.43
16.43
16.44
16.51
16.52
16.52
16.63
16.66
16.56
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0.03
0.01
0.02
0.01
0.01
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.03
0.03
0.04
0.05
0.03
0.03
0.03
0.01
0.03
0.03
0.04
0.03
0.03
0.03
0.04
0.04
0.03
0.04
0.04
0.03



2458380.6778
2458381.6238
2458381.6289
2458381.659

2458381.6837
2458381.7053
2458381.7122
2458383.6141
2458383.6141
2458383.6342
2458383.6555
2458383.6829
2458383.6829
2458383.6838
2458383.6838
2458383.705

2458383.7143
2458383.7143
2458384.6451
2458384.6525
2458384.6741
2458384.717

2458384.717

2458384.7384
2458385.6151
2458385.633

2458385.633

2458385.6622
2458385.6622
2458385.6844
2458385.6844
2458385.6919
2458385.6919
2458385.7117
2458385.7117
2458386.6167

10.03
10.98
10.98
11.01
11.04
11.06
11.06
12.97
12.97
12.99
13.01
13.04
13.04
13.04
13.04
13.06
13.07
13.07

14.0
14.01
14.03
14.07
14.07
14.09
14.97
14.99
14.99
15.01
15.01
15.04
15.04
15.04
15.04
15.06
15.06
15.97

P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
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P48+ZTF
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P48+ZTF
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P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF

- 0Q 09 0Q =

- -

= 0Q 09 09 09 09 09 09 ~

-

= 0Q 09 09 09 09 09 09 09 =

—

16.56
16.58
16.59
16.59
16.69
16.69
16.71
16.72
16.72
16.68
16.70
17.05
17.05
17.05
17.05
17.01
17.05
17.05
16.80
16.80
16.80
17.26
17.26
17.24
17.45
17.45
17.45
17.46
17.46
16.92
16.92
16.92
16.92
16.93
16.93
17.62
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0.03
0.04
0.04
0.04
0.04
0.05
0.04
0.05
0.05
0.03
0.04
0.06
0.06
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.04
0.06
0.06
0.05
0.05
0.04
0.04
0.05
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.07



2458386.6242
2458386.6242
2458386.6404
2458386.6546
2458386.6994
2458386.6994
2458386.7013
2458386.7158
2458386.7377
2458387.6227
2458387.6227
2458387.6399
2458387.6541
2458387.6541
2458387.6822
2458387.6822
2458387.7041
2458387.7041
2458387.7232
2458387.7232
2458388.6124
2458388.6154
2458388.6154
2458388.6396
2458388.6396
2458388.6542
2458388.6542
2458388.6834
2458388.6936
2458388.7203
2458389.6156
2458389.6227
2458389.6317
2458389.6317
2458389.6416
2458389.6416

15.98
15.98
15.99
16.01
16.05
16.05
16.05
16.07
16.09
16.98
16.98
16.99
17.01
17.01
17.03
17.03
17.06
17.06
17.08
17.08
17.97
17.97
17.97
17.99
17.99
18.01
18.01
18.04
18.05
18.07
18.97
18.98
18.98
18.98
18.99
18.99
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P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P60+SEDM
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
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P48+ZTF
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17.67
17.67
17.65
17.60
17.02
17.02
17.04
17.04
17.00
17.14
17.14
17.14
17.15
17.15
17.85
17.85
17.83
17.83
17.88
17.88
17.22
18.04
18.04
17.99
17.99
18.04
18.04
17.30
17.30
17.25
17.39
17.40
18.20
18.20
18.20
18.20
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0.06
0.06
0.06
0.06
0.05
0.04
0.05
0.04
0.05
0.04
0.04
0.05
0.04
0.04
0.08
0.08
0.10
0.10
0.09
0.09
0.02
0.06
0.06
0.07
0.07
0.06
0.06
0.06
0.05
0.06
0.06
0.05
0.06
0.06
0.06
0.06



2458389.6804
2458389.6804
2458389.6947
2458389.6947
2458389.7166
2458389.7476
2458390.6228
2458390.6228
2458390.6326
2458390.6326
2458390.6797
2458390.7209
2458390.7347
2458399.5989
2458399.5989
2458400.6307
2458400.6638
2458400.6756
2458400.6756
2458400.6987
2458415.6169
2458415.6196
2458415.6223
2458420.593

2458420.5958
2458420.5984
2458420.6011
2458420.6038
2458423.584

2458423.5894
2458429.5848
2458429.5875
2458429.5902
2458371.3802
2458372.3561
2458373.3944

19.03
19.03
19.05
19.05
19.07

19.1
19.98
19.98
19.99
19.99
20.03
20.07
20.09
28.95
28.95
29.98
30.02
30.03
30.03
30.05
44.97
44.97
44.98
49.95
49.95
49.95
49.95
49.96
52.94
52.94
58.94
58.94
58.94

0.73

1.71

2.75

P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P48+ZTF
P60+SEDM
P60+SEDM
P60+SEDM
P60+SEDM
P60+SEDM
P60+SEDM
P60+SEDM
P60+SEDM
P60+SEDM
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P60+SEDM
P60+SEDM
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18.21
18.21
18.21
18.21
17.41
17.43
18.43
18.43
18.40
18.40
17.55
17.56
17.53
19.40
19.40
19.46
18.68
18.72
18.72
18.65
19.62
20.24
19.39
19.74
20.74
19.53
19.76
20.90
19.78
19.67
20.03
21.32
19.80
16.06
15.70
15.79
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0.08
0.08
0.09
0.09
0.05
0.04
0.06
0.06
0.06
0.06
0.04
0.07
0.05
0.19
0.19
0.13
0.11
0.10
0.10
0.14
0.10
0.20
0.06
0.03
0.06
0.03
0.04
0.08
0.10
0.13
0.06
0.11
0.04
0.01
0.01
0.01



2458380.3607
2458380.3612
2458381.3403
2458381.3409
2458382.3451
2458383.3399
2458383.3404
2458384.34
2458384.3405
2458385.339
2458386.3369
2458388.3375
2458388.338
2458391.3458
2458371.3794
2458372.3554
2458373.3951
2458380.3599
2458381.3396
2458382.3438
2458383.3391
2458384.3392
2458385.3377
2458386.3362
2458388.3367
2458389.3394
2458390.367
2458391.3445
2458393.3452
2458394.3463
2458395.3462
2458396.3496
2458397.3884
2458407.3531
2458407.3537
2458408.3179

9.71
9.71
10.69
10.69
11.7
12.69
12.69
13.69
13.69
14.69
15.69
17.69
17.69
20.7
0.73
1.71
2.75
9.71
10.69
11.7
12.69
13.69
14.69
15.69
17.69
18.69
19.72
20.7
22.7
23.7
24.7
25.7
26.74
36.71
36.71
37.67

LT
LT
LT
LT
LT
LT
LT
LT
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LT
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LT
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LT
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17.12
17.12
17.49
17.59
17.97
18.27
18.27
18.71
18.86
18.89
19.16
20.07
19.91
20.08
16.64
16.21
16.03
16.63
16.74
16.88
17.04
17.27
17.49
17.62
18.08
18.20
18.34
18.55
18.88
18.96
19.20
19.31
19.53
20.08
20.24
20.26
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0.02
0.02
0.03
0.04
0.04
0.06
0.06
0.08
0.10
0.11
0.17
0.22
0.28
0.24
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.05
0.01
0.01
0.06
0.01
0.02
0.01
0.03
0.03
0.04
0.06
0.07
0.10



2458408.3186
2458409.3255
2458409.3262
2458371.3787
2458372.3546
2458373.3958
2458380.3592
2458381.3389
2458382.3431
2458383.3384
2458384.3385
2458385.337

2458386.3354
2458388.336

2458389.3387
2458390.3663
2458391.3438
2458393.3444
2458394.3456
2458395.3455
2458396.3489
2458397.3877
2458407.3524
2458408.317

2458409.3246
2458371.378

2458372.3539
2458373.3965
2458380.3585
2458381.3381
2458382.3424
2458383.3377
2458384.3378
2458385.3363
2458386.3347
2458388.3353

37.67
38.68
38.68
0.73
1.71
2.75
9.71
10.69
11.7
12.69
13.69
14.69
15.69
17.69
18.69
19.72
20.7
22.7
23.7
24.7
25.7
26.74
36.71
37.67
38.68
0.73
1.71
2.75
9.71
10.69
11.7
12.69
13.69
14.69
15.69
17.69

LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
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LT
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LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
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20.14
20.15
20.34
16.89
16.43
16.28
16.51
16.54
16.60
16.68
16.78
16.91
17.07
17.31
17.40
17.59
17.70
17.93
18.07
18.14
18.31
18.41
19.20
19.29
19.41
17.30
16.90
16.62
16.81
16.82
16.88
16.92
16.99
17.04
17.10
17.28
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0.07
0.09
0.12
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.04
0.01
0.01
0.01
0.02
0.02
0.02
0.03
0.04
0.16
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.17
0.01
0.01
0.01



2458389.338

2458390.3656
2458391.3431
2458393.3437
2458394.3449
2458395.3448
2458396.3481
2458397.3869
2458407.3517
2458408.3162
2458409.3238
2458373.3972
2458380.3577
2458381.3374
2458382.3416
2458383.3369
2458384.337

2458385.3355
2458386.334

2458388.3345
2458389.3372
2458390.3648
2458391.3423
2458393.343

2458394.3441
2458395.344

2458396.3474
2458397.3862
2458407.3509
2458408.3155
2458409.3231
2458374.9769
2458375.9702
2458379.9736
2458381.0023
2458381.9909

18.69
19.72
20.7
22.7
23.7
24.7
25.7
26.74
36.7
37.67
38.68
2.75
9.71
10.69
11.69
12.69
13.69
14.69
15.69
17.69
18.69
19.72
20.7
22.7
23.7
24.7
25.7
26.74
36.7
37.67
38.68
4.33
5.32
9.33
10.36
11.34

LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
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LOT
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17.39
17.56
17.63
17.84
17.98
18.10
18.18
18.30
19.04
19.03
19.14
16.82
16.77
16.79
16.80
16.82
16.83
16.89
16.94
17.04
17.11
17.23
17.26
17.44
17.55
17.65
17.69
17.77
18.19
18.33
18.26
16.14
16.17
16.62
16.77
16.89
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0.01
0.04
0.01
0.01
0.01
0.04
0.01
0.02
0.03
0.07
0.07
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.12
0.01
0.01
0.02
0.05
0.02
0.03
0.03
0.06
0.07
0.01
0.01
0.01
0.01
0.01



2458386.0102
2458391.0243
2458391.9648
2458392.9823
2458393.9679
2458394.9508
2458395.9525
2458396.9584
2458406.9893
2458411.95
2458374.9847
2458379.9812
2458381.01
2458381.9986
2458386.018
2458391.0321
2458391.9726
2458392.9901
2458393.9756
2458394.9692
2458395.9603
2458396.978
2458406.9971
2458411.9578
2458374.9807
2458375.974
2458379.9774
2458381.0061
2458381.9947
2458386.014
2458391.0282
2458391.9686
2458392.9862
2458393.9717
2458394.9653
2458395.9564

15.36
20.38
21.32
22.34
23.32
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25.31
26.31
36.34

41.3

4.34

9.33
10.36
11.35
15.37
20.38
21.33
22.34
23.33
24.32
25.31
26.33
36.35
41.31

4.33

5.33

9.33
10.36
11.35
15.37
20.38
21.32
22.34
23.32
24.32
25.31

LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
LOT
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LOT
LOT
LOT
LOT
LOT
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LOT
LOT
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17.60
18.59
18.72
18.83
18.98
19.16
19.26
19.43
20.32
20.53
16.53
16.75
16.78
16.80
17.05
17.57
17.71
17.80
17.97
18.07
18.16
18.25
18.90
19.09
16.30
16.33
16.54
16.61
16.62
16.97
17.71
17.77
17.93
18.06
18.19
18.30
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0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.02
0.07
0.10
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.03
0.04
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01



2458396.9623
2458406.9932
2458411.9538
2458371.0917
2458371.1601
2458373.8837
2458374.0828
2458374.481
2458375.3416
2458376.48
2458376.599
2458379.2575
2458380.184
2458380.3172
2458380.7873
2458381.6447
2458381.7774
2458381.8438
2458383.3045
2458383.3705
2458384.3114
2458371.0908
2458371.1591
2458373.8834
2458374.0825
2458374.4806
2458375.3411
2458376.4794
2458376.5986
2458379.2569
2458380.1836
2458380.3168
2458380.7866
2458381.6444
2458381.7771
2458381.8435
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Figure 6.24: Blackbody fits to Swift/UVOT and optical photometry for SN 2018gep.
Since the UVOT and ground-based observations were taken at slightly different
epochs, we interpolated the data in time using UVOT epochs at early times and LT
epochs at later times.
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The observation log of our UV and optical spectra is provided in Table 6.6. A plot

showing the full sequence of optical spectra is shown in Figure 6.25.
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Figure 6.25: Ground-based optical spectra of SN 2018gep. The light grey represents
the observed spectrum, interpolating over host emission lines and telluric features.
The black line is a Gaussian-smoothed version of the spectrum, using a Gaussian
width that is several times the width of a galaxy emission line at that resolution. For
more details on the smoothing procedure, see Section 2.1 of Ho et al. (2017).

Atomic Data for Spectral Modeling

The atomic data used for the spectral modelling in Section 6.3 is the same as de-

scribed in Appendix A.4 of Ergon et al. (2018), but with the following modifications.

The stage II-IV ions where (whenever possible) updated to include at least 50 levels
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Table 6.6: Log of SN 2018gep optical spectra

Start Time (UTC) At Instrument  Exp. Time (s)  Airmass
2018 Sep 09 20:30:01 0.7 LT+SPRAT 1200 1.107
2018 Sep 10 04:28:51 1.0 P200+DBSP 600 1.283
2018 Sep 10 21:03:42 1.7 LT+SPRAT 900 1.182
2018 Sep 11 04:59:19 2.0 P200+DBSP 600 1.419
2018 Sep 11 20:22:35 2.7 LT+SPRAT 900 1.107
2018 Sep 12 06:09:59 3.1 P200+DBSP

2018 Sep 13 03:52:58 4.0 P200+DBSP 300 1.209
2018 Sep 13 09:17:25 4.2 Keck1+LRIS 300 3.483
2018 Sep 14 02:44:24.24 4.8 DCT+Deveny+LMI 300 1.11
2018 Sep 17 04:38:40 8.0 P60+SEDM 1440 1.435
2018 Sep 17 20:40:25.750 8.7 NOT+ALFOSC 1800 1.19
2018 Sep 18 05:21:58 9.1 P200+DBSP 600 1.720
2018 Sep 18 20:14:35 9.7 LT+SPRAT 1000 1.143
2018 Sep 21 11:15:10 12.3 XLT+BFOSC 3000 1.181
2018 Sep 21 20:58:21 12.7 LT+SPRAT 1000 1.293
2018 Sep 25 11:16:43 16.3 XLT+BFOSC 3000 1.225
2018 Sep 26 20:22:54 17.7 LT+SPRAT 1000 1.242
2018 Sep 27 02:42:29 17.9 P60+SEDM 1440 1.172
2018 Oct 02 04:34:35 23.0 P200+DBSP 600 1.780
2018 Nov 09 05:26:17 61.1 Keck1+LRIS 900 3.242

Gratings used: Wasatch600 (LT+SPRAT), Gr4 (NOT+ALFOSC), 600/4000 (P200+DBSP; blue side),
316/7500 (P200+DBSP; red side), 400/8500 (Keck1+LRIS; red side).

Filters used: 400nm (LT+SPRAT), open (NOT+ALFOSC), clear (Keck1+LRIS)

Wavelength range: 4020-7995 A (LT+SPRAT), 3200-9600 A (NOT+ALFOSC), 1759-10311 A
(Keck1+LRIS), 3777-9223 A (P60+SEDM)

Resolution: 20 (LT+SPRAT), 710 NOT+ALFOSC)

for N, Na, Al, Ar and Ca, at least 100 levels for C, O, Ne, Mg, Si, and S, and at least
300 levels for Sc, Ti, V, Cr, Mn, Fe, Co, and Ni. In addition we updated the C II -
C IV and O II - O III ions with specific recombination rates from the online table
by S. Nahar?s.

Data for Measuring Host Properties

In this section we provide the data that we used to derive properties of the host
galaxy of SN 2018gep: the host-galaxy spectrum (Figure 6.26), line fluxes extracted
from this spectrum (Table 6.7), and host-galaxy photometry (Table 6.8).

15 http://www.astronomy.ohio-state.edu/~nahar/_naharradiativeatomicdata/
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Table 6.7: Line fluxes from the host galaxy of SN2018gep extracted from the
Keck/LRIS spectrum obtained on 9 November 2018. All measurements are cor-
rected for Galactic reddening.

Transition

/l?bs
(A)

F

(1077 ergem=2s71)

[O 11]443726,3729 3848.17 + 0.05 334.5+6.23
[Ne II1]13869 3993.50 + 0.16 82.34 £ 6.18
He 113889,H-8 4014.49 £ 0.16 29.01 £4.73
[Ne III]A3968,He  4096.66 + 0.26 36.61 +3.98
Ho 4233.87 £0.13 44.88 +£2.59
Hy 4480.20 £ 0.10 81.95 +3.74
[O 11T]14364 4503.68 +£0.10 15.01 £2.69
Hp 5017.87 + 0.08 213.41 £10.53
[O 111]14960 5118.61 + 0.04 352.42 £ 6.50
[O 1II]A5008 5168.04 + 0.04 1066.70 + 19.50
He 115877 6064.21 + 0.20 27.04 £2.30
0 116302 6502.18 + 1.08 6.72 £2.94
[N I1]26549 6758.16 + 0.02 11.15+6.73
Ho 6773.40 + 0.02 723.85 £7.65
[N I1]J26585 6794.67 + 0.02 19.01 £5.76
[He 1116678 6890.29 + 0.14 7.88 +2.19
[S I1]16718 6931.83 +0.10 41.76 +£2.38
[S I1]16732 6946.68 + 0.10 28.15+2.19

Table 6.8: Brightness of the host galaxy from UV ot IR wavelenghts. All mea-
surements are reported in the AB system and are not corrected for reddening. For
guidance, we report the effective wavelengths of each filter.

Instrument/ Aot Brightness  Instrument/ Aot Brightness
Filter (A) (mag) Filter (A) (mag)
GALEX/FUV 1542.3 20.20 +0.03 SDSS/i’ 7439.5 18.62 +£0.04
GALEX/NUV 22744 20.09 +0.03 SDSS/7 8897.1 18.59+0.12
UVOT/w?2 2030.5 1991 +£0.12  PS1/gps; 4775.6 18.96 +0.04
UVOT/m2 2228.1 20.00+0.14  PSl/rps 6129.5 18.82+0.04
UVOT/wl 2589.1 20.11 £0.16  PSl/ips; 7484.6 18.88 +0.04
UVOT/u 3501.2 19.74+0.16  PS1/zpsi 8657.8 18.71 +£0.05
UVOT/b 4328.6 19.45+0.20 WIRCam/J 12481.5 18.99 +0.09
UVOT/v 5402.1 18.45+0.21 2MASS/H 16620.0 18.33 +0.36
SDSS/u’ 35949 1997 +0.12 WISE/W1 33526.0 19.39 +0.08
SDSS/g’ 46404 18.88+0.02 WISE/W2 46028.0 19.85+0.19

SDSS/r’ 6122.3 18.76 = 0.05
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Figure 6.26: Host spectrum of SN 2018gep obtained with Keck/LRIS on 9 November
2018, about two months after explosion. Strong emission lines from the host galaxy
are labeled. The low host metallicity of 0.1 solar is reflected by very small N I[I/He
flux ratio. The large rest-frame [O III]A5007 equivalent width of > 160 A puts the
host also in regime of extreme emission-line galaxies. These galaxy class constitute
< 2% of all star-forming galaxies at z < 0.3 in the SDSS DR15 catalogue. The
undulations are due to the supernova. The spectrum is truncated at 7250 A for
presentation purposes, and it is corrected for Galactic reddening.



Part IV. A New Class of Energetic Stellar Explosions

in a Dense Medium

...Was wir brauchen, ist ein Schwein,
Das Merinowolle trigt

Und dazu noch Eier legt...

—“DER KAMPF UM DAS EIERLEGENDE WOLLSCHWEIN”
LUDWIG RENN ZUM 70. GEBURTSTAG (1959)
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Chapter 7

AT2018COW: A LUMINOUS MILLIMETER TRANSIENT
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Abstract

We present detailed submillimeter- through centimeter-wave observations of the
extraordinary extragalactic transient AT2018cow. The apparent characteristics—the
high radio luminosity, the rise and long-lived emission plateau at millimeter bands,
and the sub-relativistic velocity—have no precedent. A basic interpretation of the
data suggests E; > 4 x 10*8 erg coupled to a fast but sub-relativistic (v ~ 0.13c)
shock in a dense (n, ~ 3 x 10° cm™>) medium. We find that the X-ray emission is
not naturally explained by an extension of the radio—submm synchrotron spectrum,
nor by inverse Compton scattering of the dominant blackbody UVOIR photons by
energetic electrons within the forward shock. By At = 20d, the X-ray emission
shows spectral softening and erratic inter-day variability. Taken together, we are led
to invoke an additional source of X-ray emission: the central engine of the event.
Regardless of the nature of this central engine, this source heralds a new class of

energetic transients shocking a dense medium, which at early times are most readily
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observed at millimeter wavelengths.

7.1 Introduction

The Transient Millimeter Sky

Although the sky is regularly monitored across many bands of the electromagnetic
spectrum (as well as in gravitational waves and energetic particles) the dynamic sky
at millimeter to sub-millimeter wavelengths (0.1-10 mm) remains poorly explored.
There has only been one blind transient survey specific to the millimeter band!
(Whitehorn et al., 2016); millimeter facilities are usually only triggered after an
initial discovery at another wavelength. Even when targeting known transients, the
success rate for detection is low, and to date only a few extragalactic transients? have
well-sampled, multifrequency light curves. This sample includes supernovae (SNe;
Horesh et al., 2013; Weiler et al., 2007), tidal-disruption events (TDEs; Yuan et al.,
2016; Zauderer et al., 2011) and gamma-ray bursts (GRBs; de Ugarte Postigo et al.,
2012; Laskar et al., 2013; Perley et al., 2014; Urata et al., 2014). There have also
been millimeter detections of galactic transient sources, primarily stellar flares (e.g.
Bower et al., 2003, Fender et al., 2015).

The paucity of millimeter transient studies can be attributed in part to costly receiver
and electronics systems and the need for excellent weather conditions, but it also
reflects challenges intrinsic to millimeter-wave transients themselves: most known
classes are either too dim (SNe, most TDEs) to detect unless they are very nearby,
or too short-lived (GRBs) to detect without very rapid reaction times (<1 day, and
even in these circumstances the emission may only be apparent from low-density

environments; Laskar et al., 2013).

An evolving technical landscape, together with rapid follow-up enabled by high-
cadence optical surveys, present new opportunities for millimeter transient astron-
omy. Lower-noise receivers and ultra-wide bandwidth capability have greatly in-
creased the sensitivity of sub-mm facilities (e.g. the Submillimeter Array or SMA;
Ho et al., 2004), and the Atacama Large Millimeter Array (ALMA), a flagship facil-
ity, recently began operations. Optical surveys are discovering new and unexpected
classes of transient events whose millimeter properties are unknown—and possibly

different from previously-known types—motivating renewed follow-up efforts.

IThe authors searched for transient sources at 90 GHz and 150 GHz. They found a single
candidate event, which intriguingly showed linear polarization.

ZHere we use “transient” as distinct from “variable”: millimeter observations are used to study
variability in protostars (e.g. Herczeg et al., 2017) and more commonly for active galactic nuclei
(e.g. Dent et al., 1983)
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AT2018cow

AT2018cow was discovered on 2018 June 16 UT as an optical transient (Prentice
etal., 2018; Smartt et al., 2018) by the Asteroid Terrestrial-impact Last Alert System
(ATLAS; Tonry et al., 2018). It attracted immediate attention because of its fast rise
time (fpeak < 3 days), which was established by earlier non-detections (Fremling,
2018; Prentice et al., 2018), together with its high optical luminosity (Mpeax ~ —20)
and its close proximity (d = 60 Mpc).

UVOIR observations (Perley et al., 2019; Prentice et al., 2018) revealed unprece-
dented photometric and spectroscopic properties. Long-lived luminous X-ray emis-
sion was detected with Swift/XRT (Rivera Sandoval and Maccarone, 2018), INTE-
GRAL (Ferrigno et al., 2018; Savchenko et al., 2018) and NuSTAR (Grefenstette
et al., 2018; Margutti et al., 2018). Early radio and sub-millimeter detections were
reported by NOEMA (de Ugarte Postigo et al., 2018), JCMT (Smith et al., 2018),
AMI (Bright et al., 2018), and by us using the ATCA (Dobie et al., 2018a,b). The
source does not appear to be a GRB, as no prompt high-energy emission was de-
tected in searches of Swift/BAT (Lien et al., 2018), Fermi/GBM (Dal Canton et al.,
2018), Fermi/LAT (Kocevski and Cheung, 2018), and AstroSat CZTI (Sharma et al.,
2018).

Perley et al. (2019) suggested that AT2018cow is a new member of the class of
rapidly rising (fjse < 5d) and luminous (Mpeax < —18) blue transients, which have
typically been found in archival searches of optical surveys (Drout et al., 2014;
Pursiainen et al., 2018; Rest et al., 2018). The leading hypothesis for this class was
circumstellar interaction of a supernova (Ofek et al., 2010), but this was difficult
to test because most of the events were located at cosmological distances, and not
discovered in real-time. AT2018cow presented the first opportunity to study a
member of this class up close and in real time, but its origin remains mysterious
despite the intense ensuing observational campaign. Possibilities include failed
supernovae and tidal disruption events, but although AT2018cow shares properties
with both of these classes, it is clearly not a typical member of either (Kuin et al.,
2019; Perley et al., 2019; Prentice et al., 2018).

Given the unusual nature of the source, we were motivated to undertake high-
frequency observations. We began monitoring AT2018cow with the SMA at
230GHz and 340 GHz and carried out supporting observations with the ATCA
from 5 GHz to 34 GHz. To our surprise the source was very bright and still ris-

ing at sub-millimeter wavelengths (and optically thick in the centimeter band) days
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after the discovery. Our extensive SMA observations represent the first millimeter

observation of a transient in its rise phase.

This finding led us to seek Director’s discretionary (DD) time with ALMA at even
higher frequencies, which enabled us to resolve the peak of the SED. A technical
highlight of the ALMA observations was the detection of the source at nearly
a terahertz frequency (Band 9). We present the sub-millimeter, radio, and X-
ray observations in Section 7.2, and our modeling of the radio-emitting ejecta in
Section 7.3. In Section 7.4 we put our velocity and energy measurements in the
context of other transients (7.4), attribute the high sub-mm luminosity of AT2018cow
to the large density of the surrounding medium (7.4), and discuss some problems
with the synchrotron model parameters (7.4). In Section 7.5 we attribute the late-
time X-ray emission to a powerful central engine. We look ahead to the future in
Section 7.6.

7.2 Observations

All observations are measured At (observer-frame) from the zero-point MJD 58285
(following Perley et al., 2019), which lies between the date of discovery (MJD
58285.441) and the last non-detection (58284.13; Prentice etal., 2018). AtAr = 14d
we find excellent agreement between the SMA and the ALMA data, showing that

the flux scales are consistent.

Radio and Submillimeter Observations
The Submillimeter Array (SMA)

AT2018cow was regularly observed with the SMA under its Director Discretionary
Time/Target of opportunity program. Observations took place over the period of
UT 2018 Jun 21-UT 2018 August 3 (At =~ 5-49d) in the Compact configuration,
with an additional epoch on UT 2018 August 31 (At =~ 76d). All observations
contained 6 to 8 antennas and cover a range of baseline lengths from 16.4 m to
77 m. A majority of these observations were short and were repeated almost nightly
by sharing tuning and calibration data with other science tracks. The SMA has
two receiver sets each with 8 GHz of bandwidth in each of two sidebands (32 GHz
total) covering a range of frequencies from 188—416 GHz. Each receiver can be
tuned independently to provide dual-band observations. Additionally, the upper
and lower sidebands are separated (center to center) by 16 GHz allowing up to four
simultaneous frequency measurements. During some observations, the receivers

were tuned to the same local oscillator frequency, allowing the lower and upper
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sidebands to be averaged together, thereby improving the signal-to-noise ratio. For
all observations, the quasars 1635+381 and 3C 345 were used as primary phase and
amplitude gain calibrators, respectively, with absolute flux calibration performed by
nightly comparison to Titan, Neptune, or (maser-free) continuum observations of
the emission-line star MWC349a. The quasar 3C 279 and/or the blazar 3C 454.3 was
used for bandpass calibration. Data were calibrated in IDL using the MIR package.
Additional analysis and imaging were performed using the MIRIAD package. Given
that the target was a point source, fluxes were derived directly from the calibrated
visibilities, but the results agree well with flux estimates derived from the CLEANed

images when the data quality and uv-coverage was adequate.

The Australia Telescope Compact Array (ATCA)

We obtained six epochs of centimeter-wavelength observations with the Australia
Telescope Compact Array (ATCA; Frater et al., 1992). During the first three
epochs, the six 22-m dishes were arranged in an east-west 1.5A configuration, with
baselines ranging from 153 m to 4469 m. During the latter three epochs, five of
the six dishes were moved to a compact H753 configuration, occupying a cardinally
oriented “T” with baselines ranging from 31 m to 89 m. Full-Stokes data were
recorded with the Compact Array Broadband Backend (Wilson et al., 2011) in a
standard continuum CFB 1M setup, simultaneously providing two 2.048 GHz bands
each with 2048 channels. Observations were obtained with center frequencies of
5.5GHz & 9 GHz, 16.7 GHz & 21.2 GHz, and 33 GHz & 35 GHz, with data in the
latter two bands typically being averaged to form a band centered at 34 GHz. The flux
density scale was set using observations of the ATCA flux standard PKS 1934—-638.
For observations below 33 GHz, PKS 1934—-638 was also used to calibrate the
complex time-independent bandpasses, and regular observations of the compact
quasar PKS 16074268 were used to calibrate the time-variable complex gains. For
the higher-frequency observations, a brighter source (3C 279) was used for bandpass
calibration (except for epochs 1 and 4), and the compact quasar 4C 10.45 was
used for gain calibration. In the H75 configuration, we only report results from
observations at 34 GHz, from baselines not subject to antenna shadowing. For all
34 GHz observations, data obtained with the sixth antenna located 4500 m from the
center of the array were discarded because of the difficulty of tracking the differential

atmospheric phase over the long baselines to this antenna. The weather was good for

3https://www.narrabri.atnf.csiro.au/operations/array_configurations/configurations.html
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all observations, with negligible wind and < 500 um of rms atmospheric path-length
variations (Middelberg et al., 2006).

The data were reduced and calibrated using standard techniques implemented in the
MIRIAD software (Sault et al., 1995). To search for unresolved emission at the
position of AT2018cow, we made multi-frequency synthesis images with uniform
weighting. Single rounds of self-calibration over 5—10 min intervals were found to
improve the image quality in all bands. For data at 5.5 GHz and 9 GHz, point-source
models of all strong unresolved field sources were used for self-calibration. For
data at the higher frequencies, self-calibration was performed using a point-source
model for AT2018cow itself, as no other sources were detected within the primary
beams, and AT2018cow was detected with a sufficient signal-to-noise ratio. We
report flux densities derived by fitting point-source models to the final images using
the MIRIAD task imfit.

The Atacama Large Millimeter/submillimeter Array (ALMA)

AT2018cow was observed with ALMA as part of DD time during Cycle 5 using
Bands 3, 4, 7, 8, and 9. Observations were performed on 30 June 2018 (At ~ 14 d;
Bands 7 and 8), 08 July 2018 (At = 22d; Bands 3 and 4) and on 10 July 2018
(At = 23d; Band 9).#

The ALMA 12-m antenna array was in its most compact C43-1 configuration, with
46-48 working antennas and baselines ranging from 12-312m. The on-source
integration time was 6—8 min for Bands 3-8, and 40 min for Band 9. The Band
3-8 observations used two-sideband (2SB) receivers with 4 GHz bandwidth each
centered on 91.5 and 103.5GHz (Band 3), 138 and 150 GHz (Band 4), 337.5
and 349.5 GHz (Band 7), 399 and 411 GHz (Band 8). The Band 9 observations
used double-sideband (DSB) receivers with 8 GHz bandwidth (2 times larger than
that for the Band 3-8 observation, by using 90 degree Walsh phase switching)
centered on 663 and 679 GHz. All calibration and imaging was done with the
Common Astronomical Software Applications (CASA; McMullin et al., 2007).
The data in Bands 3-8 were calibrated with the standard ALMA pipeline, using
J1540+1447, J1606+1814 or J1619+2247 to calibrate the complex gains, and using
J1337-1257 (Band 7), J1550+0527 (Band 3/4) or J1517—-2422 (Band 8) to calibrate

the bandpass response and apply an absolute flux scale. Band 9 observations were

“Band 9 observations were also performed on 09 July 2018, but these data were of too poor
quality to use as a result of weather conditions.



201

delivered following manual calibration by the North American ALMA Science
Center, using J1540+1447 for gain calibration, and J1517-2422 for bandpass- and
flux-calibration. We subsequently applied a phase-only self-calibration using the
target source (for Bands 3-8), performed a deconvolution, imaged the data, and
flux-corrected for the response of the primary beam. AT2018cow is unresolved in
our ALMA data, with a synthesized beam that ranges from 3.3” x 2.5” (PA = 29°)
in Band 3 to 0.50” x 0.36” (PA = —46°) in Band 9. The signal-to-noise ratio in
the resulting images ranges from ~500 in Bands 3 and 4 to ~80 in Band 9. Details
about the ALMA Band 9 data reduction can be found in Appendix 7.7.

Table 7.1: Flux-density measurements for AT2018cow. Time
of detection used is mean UT of observation. SMA measure-
ments have formal uncertainties shown, which are appropri-
ate for in-band measurements on a given night. However,
for night-to-night comparisons, true errors are dominated by
systematics and are roughly 10%—15% unless indicated oth-
erwise. ALMA measurements have roughly 5% uncertainties
in Bands 3 and 4, 10% uncertainties in Bands 7 and 8, and
a 20% uncertainty in Band 9. ATCA measurements have
formal errors listed, but also have systematic uncertainties of
roughly 10%. ¢ Systematic uncertainty 20% due to uncertain

flux calibration

At (d) Facility Frequency (GHz) Flux Density (mJy)

5.39 SMA 2155 15.14 £ 0.56
5.39 SMA 231.5 16.19 £ 0.65
6.31 SMA 215.5 31.17 £ 0.87
6.31 SMA 231.5 31.36 + 0.97
7.37 SMA 2155 40.19 £ 0.56
7.37 SMA 231.5 41.92 £ 0.66
7.41 SMA 330.8 36.39 +£2.25
7.41 SMA 346.8 30.7 £ 1.99
8.37 SMA 215.5 41.19 £ 0.47
8.37 SMA 231.5 41.44 + 0.56
8.38 SMA 344.8 26.74 £ 1.42
8.38 SMA 360.8 22.79 £ 1.63

9.26 SMA 243.3 35.21£0.75



9.26

9.28

9.28

10.26
10.26
10.26
10.26
11.26
11.26
13.3

13.3

14.36
14.36
14.37
14.37
15.23
15.23
15.23
15.23
17.29
17.29
18.4

18.4

19.25
19.25
19.25
19.25
20.28
20.28
20.28
20.28
24.39
24.39
244

24.4

26.26

SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA

259.3
341.5
357.5
243.3
259.3
341.5
357.5
243.3
259.3
2155
231.5
344.8
360.8
215.5
231.5
225.0
233.0
241.0
249.0
234.6
250.6
217.5
2335
193.5
202.0
209.5
218.0
215.5
231.5
267.0
283.0
2155
231.5
333.0
349.0
215.6

36.1+1.0
22.85+1.53
25.84+2.5
36.6 = 0.81
31.21 £0.92
19.49 + 1.47
17.42 £2.8
22.14 £ 1.05
20.02 + 1.28
35.67 +0.81
32.94 + 1.01
26.85 +£2.22
26.13 £2.77
42.05+0.5
38.71 £ 0.58
30.82 +2.41
28.64 +£4.0
27.41 £3.21
154 +4.74
36.57 + 1.55
34.04 + 1.81
52.52+0.55
49.32 +0.65
59.27 £ 1.49
56.03+1.5
55.09 + 1.39
54.54 £ 1.33
50.6 = 1.69
49.16 + 1.84
41.69 + 1.62
37.84 + 1.63
55.57£0.53
53.2+0.6
23.98 +1.39
28.46 + 1.37
38.83+1.2

202



26.26
31.2

31.2

35.34
35.34
36.34
36.34
39.25
39.25
39.26
39.26
41.24
41.24
41.24
41.24
44.24
44.24
44.24
44.24
45.23
45.23
45.23
45.23
47.24
47.24
47.24
47.24
48.31
48.31
76.27
76.27
76.27
76.27
10.48
10.48
10.48

SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
SMA
ATCA
ATCA
ATCA

231.6
230.6
246.6
215.5
231.5
2155
231.5
217.0
233.0
264.0
280.0
217.0
225.0
233.0
241.0
230.6
234.6
246.3
250.6
217.0
233.0
264.0
280.0
230.6
234.6
246.6
250.6
217.5
233.5
2155
231.5
335.0
351.0
5.5
9.0
34.0

34.1 +£1.33
36.76 + 1.12¢
31.41 +1.42¢

21.59 £ 0.89
20.63 + 1.04
2432 +1.19
20.79 £ 1.42
18.34 + 1.65
19.74 £ 1.76
17.61 £2.79

8.27+£2.93

12.58 £ 1.5

891+19
15.08 +1.73

9.64 +2.13

9.42 + 1.61

8.04 £2.51

10.43 £2.13
10.06 + 3.24
8.28 £2.24
10.55 £2.39
8.35+3.27

5.7+3.49
11.47 +2.81
10.81 +4.39
11.65 £3.76

5.6 £5.37

7.63 £ 1.11

5.73 +1.32

1.33 £0.55

0.61 +0.63
-2.27 + 1.87
-0.32+1.76

<0.15

0.27 £ 0.06

5.6 +0.16
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13.47
13.47
13.47
13.47
13.47
17.47
17.47
19.615
28.44
34.43
81.37
14.03
14.03
14.03
14.03
14.14
14.14
14.14
14.14
22.02
22.02
22.02
22.02
22.04
22.04
22.04
22.04
23.06

ATCA
ATCA
ATCA
ATCA
ATCA
ATCA
ATCA
ATCA
ATCA
ATCA
ATCA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA
ALMA

5.5
9.0
16.7
21.2
34.0
5.5
9.0
34.0
34.0
34.0
34.0
336.5
338.5
348.5
350.5
398.0
400.0
410.0
412.0
90.5
92.5
102.5
104.5
138.0
140.0
150.0
152.0
671.0

0.22 +0.05
0.52+0.04
1.5+0.1
23+0.3
7.6+£0.5
0.41 £0.04
0.99 £0.03
14.26 + 0.21
30.59+0.2
42.68 +£0.19
6.97 £ 0.09
294 £2.94
29.1 £2.91
28.49 £ 2.85
28.29 +£2.83
26.46 + 2.65
26.21 £ 2.62
25.69 +2.57
2595 +2.6
91.18 £4.6
92.31+4.6
93.97 +4.7
93.57 +4.7
85.1+4.3
84.58 +4.2
80.62 £4.0
79.71 £4.0
31.5+6.3

X-ray Observations

Swift/XRT
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The Neil Gehrels Swift Observatory (Swift; Gehrels et al., 2004 ) has been monitoring
AT2018cow since June 19, with both the Ultraviolet-Optical Telescope (UVOT,;
Roming et al. 2005) and the X-ray Telescope (XRT; Burrows et al. 2005). The
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transient was well-detected in both instruments (e.g. Rivera Sandoval et al. 2018).

We downloaded the Swift/XRT data products (light curves and spectra) using the
web-based tools developed by the Swift-XRT team (Evans et al., 2009). We used
the default values, but binned the data by observation. To convert from count rate to
flux, we used the absorbed count-to-flux rate set by the spectrum on the same tool,
4.26x 107" ergcm=2 ct~!. This assumes a photon index of I" = 1.54 and a Galactic
Ny column of 6.57 x 1029 cm™2.

NuSTAR

The Nuclear Spectroscopic Telescope Array (NuSTAR; Harrison et al., 2013) com-
prises two co-aligned telescopes, Focal Plane Module A (FPMA) and FPMB. Each is
sensitive to X-rays in the 3—79 keV range, with slightly different response functions.
NuSTAR observed AT2018cow on four epochs, and a log of these observations as
well as the best-fit spectral model parameters is presented in Table 7.2.

NuSTAR data were extracted using nustardas_06Jull7_v1 from HEASOFT 6.24.
Source photons were extracted from a circle of 60” radius, visually centered on the
object. We note that such a large region, appropriate for NuSTAR data, includes
the transient as well as the host galaxy. Background photons were extracted from
a non-overlapping circular region with 120" radius on the same chip. Spectra were
grouped to 20 source photons per bin, ignoring energies below 3 keV and above
80 keV.

Spectra were analysed in XSPEC (v12.10.0c), using NuSTAR CALDB files dated
2018 August 14. Rivera Sandoval et al. (2018) report a low absorbing column
density (Ng = 7.0 x 10*° cm™2), hence we ignore this component in fitting. We
opt for a simple phenomenological model to describe the spectrum. We do not
fit for a cross-normalisation constant between NuSTAR FPMA and FPMB. Epoch
1 (OBSID 90401327002) spectra are not consistent with a simple power law or a
broken power law, hence we fit it with the bkn2pow model (obtaining spectral breaks
at 9.0 +£ 0.3keV and 11.1 + 0.3keV). Spectra of the remaining three epochs are

well-fit by a simple, unabsorbed power law.

We calculate the flux directly from energies of individual source and background
photons detected, converted into flux using the Ancillary Response Files (ARF)
generated by the NuSTAR pipeline. We use a bootstrap method to estimate the error
bars: we draw photons from the data with replacement, and calculate the source
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flux from this random sample. By repeating this process 10000 times for each
OBSID and each energy range, we calculate the 1-sigma error bars on the fluxes.
This method gives answers consistent with xspec flux and cf1ux measurements for
bright sources (see for instance Kaspi et al., 2014), but has the advantage of giving
flux measurements without the need to assume a spectral model for the source. We
find that the source is not well-detected in the 40-80 keV band at the third and fourth

epochs.

7.3 Basic Properties of the Shock

Light Curve

The radio and X-ray light curves are shown in Figure 7.1. The 230 GHz light
curve rises (the first observation of a millimeter transient in its rise phase) and then
shows significant variability, presumably from inhomogeneities in the surrounding
medium. We have tentative evidence that the rise is at least in part due to a decreasing
peak frequency: at At = 5-6d, the flux is marginally higher at 231.5 GHz than at
215.5 GHz, and at At = 7-8 d, it seems that the peak may have been within the SMA
observing bands. However, the position of the peak is ill-constrained; future early

observations would benefit from observations at more frequencies.

By At = 504, the radio flux has diminished both due to the peak frequency shifting
to lower frequencies, and to a decay in the peak flux. Specifically, the peak of the
15 GHz light curve is 19 mJy around 47 days (A. Horesh, personal communication),
substantially less luminous than the peak of the 230 GHz or the 34 GHz light curve.
As we discuss in Section 7.4, this diminishing peak flux suggests that the interaction
itself is diminishing, and enables us to constrain the size of the “circum-bubble” of

material.

The X-ray light curve seems to have two distinct phases. We call the first phase
(At < 20 days) the plateau phase because the X-ray emission is relatively flat. The
second phase, which we call the decline phase, begins around At ~ 20 days. During
this period, the X-ray emission exhibits an overall steep decline, but also exhibits
strong variation (by factors of up to 10) on shorter timescales (see also Kuin et al.,
2019; Perley et al., 2019; Rivera Sandoval et al., 2018).

We use the shortest timescale of variability in the 230 GHz light curve to infer
the size of the radio-emitting region, and do the same for the X-ray emission in
Section 7.5. On Days 5-6, the 230 GHz flux changed by order unity in one day,
setting a length scale for the source size of AR = cAt = 2.6 x 10" cm (170 AU).
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Figure 7.1: (Top panel) Submillimeter (SMA) through radio (ATCA) light curves
of AT2018cow, with a timeline of the evolution of the UVOIR spectra (based on
Perley et al., 2019) shown above. There were four SMA observations with no
frequency tunings in the ranges shown. For these, we took the closest value to
231.5 GHz (243.3 GHz for Days 9, 10, and 11; 218 GHz for Day 19) and scaled
them to 231.5 GHz assuming a spectral index F, o v~!. We scaled all SMA fluxes
so that the reference quasar 1635+381 would have the value of its mean flux at
that frequency. The uncertainties shown on the SMA data represent a combination
of formal uncertainties and 15% systematic uncertainties, which is a conservative
estimate. Non-detections are represented as a 3-o- upper limit (horizontal bar) and a
vertical arrow down to the measurement. The upper limit measurement at 350.1 GHz
is —0.32, below the limit of the panel. The error bars shown on the ATCA data are a
combination of formal uncertainties and an estimated 10% systematic uncertainty.
The ATCA 34 GHz measurements rise as 72, shown as a dotted line. The full set of
SMA light curves for all frequency tunings are shown in Appendix 7.7. The letters
‘S’ on the top demarcate the epochs with spectra shown in Figure 7.3. (Bottom
panel) X-ray light curve from Swift/XRT together with four epochs of NuSTAR
observations. The last two NuSTAR epochs have a non-detection in the highest-
frequency band (40-80 keV). We denote two distinct phases of the X-ray light curve,
the plateau phase and the decline phase, discussed in detail in Section 7.3.
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We find no evidence for shorter-timescale variability in our long SMA tracks from

the first few days of observations (Figure 7.2).

Together with the 230 GHz flux density (S, = 30 mJy) and the distance (d = 60 Mpc)

we infer an angular size of 6 = 2.8 pas and a brightness temperature of

S, c?

=Y  >3x10'"K, 7.1
2kVIAQ 7.1

Tg
where AQ = 76>, This brightness temperature is close to the typical rest-frame
equipartition brightness temperatures of the most compact radio sources, Tp ~
5 x 10'°K (Readhead, 1994).
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Figure 7.2: Zoomed-in light curves for the first five days of SMA observations.
These were the only tracks long enough for binning in time.
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Modeling the Radio to Sub-millimeter SED

The shape of the radio to sub-millimeter SED (Figure 7.3), together with the high
brightness temperature implied by the luminosity and variability timescale (Sec-
tion 7.3), can only be explained by non-thermal emission (Readhead, 1994). The
observed spectrum is assumed to arise from a population of electrons with a power-
law number distribution in Lorentz factor y,, with some minimum Lorentz factor

vm and electron energy power index p:

dN (v, _
d(y ) oy, ”, Ye = VYm- (7.2)
Ye

As argued below, we expect an adiabatic strong shock moving into a weakly mag-
netized, ionized medium at a non-relativistic speed. First-order Fermi acceleration
gives p = (r +2)/(r — 1), where r is the compression ratio of the shock. A strong
matter-dominated shock has r = 4, hence p = 2 (Blandford and Eichler, 1987).
However the back-reaction of the accelerated particles decelerates the gas flow,
weakening the gas dynamic subshock and reducing the compression ratio from the
strong shock r = 3, so typical 2.5 < p < 3 are obtained in both simulations and
astrophysical data (Jones and Ellison, 1991). Quasi-perpendicular magnetized and
relativistic shocks are more subtle, since some particles cannot return along field
lines after their first shock crossing, but the limiting value is p ~ 2.3 (Pelletier et al.,
2017).

Equation 7.3 provides an expression for y,,. Behind the shock (velocity v) some
fraction €, of the total energy density goes into accelerating electrons. Conserving
shock energy flux (using the low-velocity approximation y ~ 1 + %ﬁz) gives

2

My V-

Ym — 1 ~ €e (73)

m, c?

The value of vy, is large for relativistic shocks, e.g. in GRBs. But we will see
that for this source (v/c ~ 0.1, €, ~ 0.1), the bulk of the electrons are just mildly
relativistic (y,, ~ 2—3). For ordinary supernova shocks vy,, is always non-relativistic
(ym — 1 < 1). Thus in the parameter estimations below, we follow supernova
convention and assume that the relativistic electrons follow a power-law distribution
down to a fixed vy, (Chevalier, 1982; Chevalier, 1998; Frail et al., 2000; Kulkarni
et al., 1998; Soderberg et al., 2005). We apply €, only to this relativistic power-
law, not to the nonrelativistic thermal distribution of shock-heated particles at lower

energy.
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Figure 7.3: Spectrum of AT2018cow at three epochs. In the top panel, we plot the
Day 10 data as presented in Table 7.1. In the middle panel, we plot the ATCA data
from Day 13 and the SMA and ALMA data from Day 14. In the bottom panel,
we plot the ALMA data from Day 22, interpolate the SMA data between Day 20
and Day 24 at 215.5 GHz and 231.5 GHz, and interpolate the ATCA data at 34 GHz
(since it varies smoothly; Figure 7.1). We also show the Band 9 measurement from
Day 24 as a star. The ATCA data is consistent with a self-absorbed spectral index
(F, o v>/?) with an excess at lower frequencies. The peak frequency is resolved on
Day 22 with ALMA observations at Band 3 (see inset). To measure the optically
thin spectral index, we performed a least squares fit in log space. To estimate the
uncertainty on the spectral index, we performed a Monte Carlo analysis, sampling
10* times to measure the standard deviation of the resulting spectral index. On
Day 10, we used an uncertainty of 15% for each SMA measurement. On Days
14 and 22, we used 10% uncertainty for each ALMA measurement and 20% for
each SMA measurement (to take into account the much longer length of the SMA
tracks). Uncertainties are too small to be visible on this plot, except for the inset
panel, where we do not display them.
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We now describe each of the break frequencies that characterize the observed spec-
trum. First, the characteristic synchrotron frequency v,, emitted by the minimum

energy electrons is

Vin = y,%qvg, (7.4)
where v, is the gyrofrequency,
q.B
= 7.5
Ve 2nm,c (7.5)

and ¢, is the unit charge, B is the magnetic field strength, m, is the electron mass,

and c is the speed of light.

Next, there is the cooling frequency v. = v(y.), the frequency below which electrons
have lost the equivalent of their total energies to radiation via cooling. In general, the
timescale for synchrotron cooling depends on the Lorentz factor as ¢ oc ;. Thus,
electrons radiating at higher frequencies cool more quickly. Separately, electrons
could also lose energy by Compton upscattering of ambient (low energy) photons
— the so-called Inverse Compton (IC) scattering. In Section 7.5, we find that IC
scattering dominates at early times and that synchrotron losses dominate at later

times, and that the transition is at t ~ 13 d.

At At > 13d, electrons with y, > 7y, cool principally by synchrotron radiation to

V¢ in a time ¢, where

_ 6m,c
Ye O'TB2Z‘ '

(7.6)

For t < 13 d, Compton cooling on the UVOIR flux exceeds the synchrotron cooling
rate by a factor ~ (¢/10d)™/2, and 7y, is correspondingly lowered. The cooled
electrons emit around the characteristic synchrotron frequency

Ve =y2v,. (1.7)

Next, the self-absorption frequency v, is the frequency at which the optical depth
to synchrotron self-absorption is unity. The rise at 34 GHz obeys a f, « t*> power
law (as shown in Figure 7.1), consistent with the optically thick spectral index we

measure (Figure 7.3). This indicates that the self-absorption frequency is above the
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ATCA bands (v, > 34 GHz). Figure 7.3 also shows that the emission in the SMA

bands is optically thin at At > 10d, constraining the self-absorption frequency to
be v, < 230 GHz.

On Day 22, we resolve the peak of the SED with our ALMA data. We denote the
peak frequency v, and the flux at the peak frequency F),, and find v, ¥ 100 GHz and
F, =~ 94mly. Motivated by the observation of optically thick emission at v < v,
we assume that v, = v,, and adopt the framework in Chevalier (1998) (hereafter
referred to as C98) to estimate properties of the shock at this epoch. These properties

are summarized in Table 7.3, and outlined in detail below.

Following equation (11) and equation (12) in C98, the outer shock radius R, can be

estimated as

D+5 =p+6 N 2p+12 1/(2p+13) 1
gy < | SO a)
T (el f(p - DrrSl OB 201
and the magnetic field can be estimated as
2/(2p+13)

36m3cs

(€c/es)f2(p = 2P E} VP F,D?

B, =

Vp
=) o

where, as in Equation 7.2, p is the electron energy index. Note that C98 use y for
the electron energy power index. We use p instead and y for the Lorentz factor.
The constant ¢; = 6.27 x 10!8 in cgs units, and the constants cs and cg are tabulated
as a function of p on page 232 of Pacholczyk (1970). D is the distance to the
source, E; = 0.51 MeV is the electron rest mass energy, and €, /ep is the ratio of
energy density in electrons to energy density in magnetic fields (in C98 this ratio
is parameterized as a, but we use « as the optically thin spectral index of the radio
SED.) Finally, f is the filling factor: the emitting region is approximated as a planar
region with thickness s and area in the sky 7R2, and thus a volume 7R2s, which can

be characterized as a spherical emitting volume V = 47 fR?/3 = nR>s.

On Day 22, we measure @ = —1.1 where F, « v*, which corresponds to p = 3.2.
Later in this section we show that our sub-millimeter observations lie above the
cooling frequency, and therefore that the index of the source function of electrons is
ps = 2.2. However the C98 prescription considers a distribution as it exists when the

electrons are observed, from a combination of the initial acceleration and the energy
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losses (to cooling). So, we proceed with p = 3.2, and discuss this unusual regime
in Section 7.4. The closest value of p in the table in Pacholczyk (1970) is p = 3, so
we use this value to select the constants (and note that, as stated in C98, the results
do not depend strongly on the value of p.) With this, equation 7.8 and equation 7.9

reduce to equation (13) and equation (14) in C98, respectively, reproduced here:

-1/19 -1/19 F 9/19 D 18/19 _1
R, =8.8x 10" [ S e My e ) em,
€B 0.5 Jy Mpc 5GHz
(7.10)

-4/19 -4/19 F -2/19 D -4/19
B, =058 [ S 2 =] (s)c @
€B 0.5 Jy Mpc 5GHz

Next we estimate the total energy U. For p = 3, equation 7.10 and equation 7.11
can be combined into the following expression for U = Up/€p,

1 47 5 (B?
U= —— —
€g 3 / (871')

~11/19 8/19 23/19 46/19
:(19><1046erg)i & / J / Ll / D / ( Vp )_1
’ €p \ €B 0.5 Jy Mpc 5GHz/
(7.12)

Following C98 we take f = 0.5, but the dependence on this parameter is weak. In
choosing e and €, there are several normalizations (or assumptions) used in the
literature. As a result the inferred energy can vary enormously (see Section 7.4
for further details). For now, we follow Soderberg et al. (2010) in setting €, =
eg = 1/3 (in other words, that energy is equally partitioned between electrons,
protons, and magnetic fields). With all of these choices, we find that at Ar = 22d,
R, = 7x10% cm and B, ~ 6G. We find that the total energy U ~ 4 x 10¥ erg.
Assuming 10% uncertainties in F, and v, and a 50% uncertainty in p, a Monte Carlo
with 10,000 samples gives uncertainties of 0.15-0.3 dex in these derived parameters.
Our results are robust to departures from equipartition given the large penalty in the

required energy (Readhead, 1994).

The mean velocity up to At = 22d is v = R,/t, = 0.13c. We can write a
general expression for v/c (taking L, = 4nF pD2, noting that 47Jy Mpc? = 1.2 x
10%7erg s~ 'Hz™!):
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-1/19 ~1/19 9/19 -1
v/c = fe / S / = | ( < )_1 V2 (7.13)
€B 0.5 102 ergs~! Hz™! 5GHz 1d) =

Furthermore, from the 7> rise at 34 GHz (Figure 7.1) we can infer that the radius
increases as R o t and therefore that the velocity v = dR/dt is constant. We put
this derived energy and velocity into the context of other energetic transients in
Section 7.4.

Next, we estimate the density of the medium into which the forward shock is
propagating. The ejecta expands into the medium with velocity v, producing
a shock front (a discontinuity in pressure, density, and temperature) with shock-
heated ejecta immediately behind this front. Conservation of momentum across this

(forward) shock front requires that

P +p1v% =P +p2V%, (714)

where P is pressure (not to be confused with p used as the power-law index for the
electron energy distribution). The subscript 1 refers to the upstream medium (the
ambient CSM) and the subscript 2 refers to the downstream medium (the shocked
ejecta). Far upstream, the pressure can be taken to be 0, and in the limit of strong

shocks (for a monatomic gas) p,/p1 = vi /v, = 4. Thus this can be simplified to

3p1v%
4

= P;. (7.15)

If the medium is composed of fully ionized hydrogen, u, = 1 and the number
densities of protons and electrons are equal (n, = n.). Using equation 7.15 together
with equation 7.11, as well as the relations P> = (1/eg)B?/87 and p| = MpMphe,

-6/19 -6/19 -22/19
ne ~ (20em™) (i) (—) / (i) / ( Lo ) /
ez \ep 0.5 1026 ergs~! Hz!
4 (t 2
*(sam) (13) -
5GHz 1d

We find that the number density of electrons at At ~ 22d is n, ~ 3 x 10° cm™. We

(7.16)

note that the strong jump conditions used here assume y = 5/3, and that there is
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Parameter €. =€ep=1/3 € =0.1,e5 =0.01
Va = v, (GHz) 100 100
F, , (mly) 94 94
r (1015 cm) 7 6
v/e 0.13 0.11
B (G) 6 4
U(10® erg) 4 35
ne (10° cm™) 3 41
ve (GHz) 2 8

Table 7.3: Quantities derived from Day 22 measurements, using different equipar-
tition assumptions. In the text unless otherwise stated we use €, = ez = 1/3

a correction for the contribution of a relativistic (y = 4/3) component. Chevalier
(1983) quantify this correction using the factor w, the ratio of the relativistic pressure
to the total pressure. In the most extreme case (w = 1) the correction is small, only

a factor of 1.14 in n,. This is negligible compared to our uncertainties.

At such a high density, the optical depth to free-free absorption ¢ might be expected
to have a significant effect on the shape of the spectrum at low radio frequencies
(Lundqvist and Fransson, 1988). From Lang (1999), we have

~1.35 2
T, y 21 N dl
- 2|z - e el
T = 8.235 x 10 ( ) ( Z) / (C _3) (pc) (7.17)

which, with our measured values of n, and R on Day 22, gives the characteristic

value

7o\IS o
Fr = . : 7.1
i = 08 (SOOOK) (GHz) (7.18)

However, in AT2018cow the gas through which the shock is propagating is not at
normal HII-region temperatures of ~ 10*K. The UV and X-ray photons emitted
at early times will completely ionize and Compton heat any surrounding gas: for
gas at the density and radius given in Table 7.3, the lifetime to photoionization of
a neutral hydrogen atom is less than 0.01 s, while the recombination time is years>.

Compton heating of the electrons increases their temperature at the rate

> For much lower temperatures T ~ 10*K, the Case B (high-density limit) recombination
coefficient is ag(T = 10*K) = 2.6 x 1073 cm?s™! (Draine, 2011), and the timescale is frecomb =
1/(agne). For n, = 3 x 10° cm™, trecomp = 250d. This timescale becomes even longer for the
expected higher temperatures.
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d(3/KT, _ o7 /"" WLy fin (hyjmec?) (7.19)
0

H =
dt mec? 47 R?

where the Klein-Nishina correction fiy(x) = 1 —21x/5 + O(x?).¢ Even though
the blackbody (7" = 30, 000 K) luminosity at Az = 3d is 100 times larger than the
coeval X-ray luminosity (Perley et al., 2019), the Compton heating is dominated by
the 10-100keV X-ray flux, and we find, for 3 < Ar < 20d, gas at the density and

radius given in Table 7.3 has

T,(t) ~ 1.0 x 10° K (¢/3 d)%5. (7.20)

Given the spectral evolution shown in Perley et al. (2019), the Compton temperature
(at which Compton heating balances Compton cooling) is T, ~ 2.5 x 10° K on day
3, hardening to 7, ~ 1.8 x 107 K on day 20 since the blackbody UV flux drops as
=2, while the hard X-ray flux drops much more slowly. At these high Compton-
heated temperatures 7, ~ 10°K, the free-free absorption optical depth given by
equation 7.18 only rises above unity below frequencies of 300 MHz, accessible to
facilities like LOFAR.

Next, we estimate the luminosity from free-free emission of the ionized gas (Lang,
1999):

L~143%x10"% nnT"?VZ*gergs™, (7.21)

where n; is the number density of ions, Z is the atomic number, and g =~ 1 is the
Gaunt factor, a quantum mechanical correction. Assuming that the gas is completely
ionized out to the light travel sphere at 22 days (R = 6 x 10'® cm), we have n, = n;
in the region of interest. We also take Z = 1. With the inferred density (Table 7.3)
we find L ~ 9 x 10%7 ergs™!, so the contribution to the observed X-ray luminosity

is negligible.

Finally, we estimate the different break frequencies, beginning with v,,. Using
equation 7.3, taking €, = 1/3 and using our inferred 8 = v/c from Day 22, y,,, = 5.
Next, using equation 7.5 and our measured value of B, v, ~ 17 MHz. Equation 7.4

thus gives v, ~ 0.4 GHz, substantially below our peak frequency. The spectral

®Expressions for fx n for cold electrons are given e.g., in equation (A1) of Sazonov et al. (2004)
and equation (5) of Madau and Efstathiou (1999), and for finite temperature electrons in equation (14)
of Guilbert (1986).
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index at v,, < v < v, is v/? (Rybicki and Lightman, 1986), which we show as
dotted lines in Figure 7.3. Clearly, the lowest frequency fluxes are in excess of v>/2
extrapolation. This naturally occurs if the source is inhomogeneous (e.g. magnetic
field and/or particle energy density decreasing outwards). It can also arise even
for a perfectly homogenous source because the energy spectrum of the radiating
electrons is not a pure power-law: note that v, > v, > v,, so even beyond the
Maxwellian-like peak at y,,, the spectrum is convex, steepening with energy above
ye. These both produce self-absorbed spectra flatter than v>/2 (see Section 6.8 in

Rybicki and Lightman (1986) and de Kool et al. (1989) for model calculations).

The cooling frequency due to synchrotron radiation is determined by equation 7.6
and equation 7.7. We find y. = 11, giving a cooling frequency v, ~ 2GHz.
The relative contributions to electron cooling from synchrotron radiation and 1C
scattering are determined by the ratio between the radiation energy density and
the magnetic energy density. On Day 22, the bolometric luminosity as measured
in the UVOIR is 5 x 10*? ergs™! (Perley et al., 2019), so the radiation density is
uph = 0.26 erg cm™>. The magnetic energy density on the same day is up = B>/87 ~
1.5ergem™3. Thus synchrotron radiation is the dominant cooling mechanism, with

a roughly 10% contribution from IC scattering.

At this epoch, the cooling timescale feoo1 = (Yennec?)/ (%(Tru BY2c) = 240d/y, for
an electron with ., which is roughly 80 for an electron radiating at 100 GHz. So on
Day 22 the cooling timescale is shorter than the timescale on which we are observing
the source. This means that continuous re-acceleration of the electrons is required,

which could be provided by ongoing shock interaction.

As stated in Section 7.3, it seems that v, during the rise phase (A7 ~ 5-8d) was
above or within the SMA observing bands. Using the peak observed flux and
frequency as a lower limit on the peak flux and peak frequency, respectively, we

consistently find that v ~ 0.1c¢, albeit with a decreasing n, (3 x 10cm™3 at Az ~ 5d).

7.4 Implications of Shock Properties

AT2018cow in Velocity-Energy Space, and a Discussion of Epsilons

It is challenging to directly compare the energy of AT2018cow to that of other
classes of radio-luminous transients, because there are several conventions that
produce discrepant results. In particular, the energy partition fractions €z and €, are
important for determining the total amount of energy in the shock, but are difficult

to measure.
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In the classical gamma-ray burst (GRB) literature, €, has been consistently measured
to be €, ~ 0.2, within a factor of 2, while values of eg have much wider spreads,
with a median value of 3 x 107> but a distribution spanning four orders of magnitude
(Kumar and Zhang, 2015). Kumar and Barniol Duran (2010) constrain e ~ 1076
for a CSM density of 0.1cm™, and an even smaller value for higher densities.
One of the best-observed GRB afterglows is GRB 130427A, and from modeling the
evolving spectrum Perley et al. (2014) find 0.03 < e < 1/3 and 0.14 < ¢, < 1/3.

There are different approaches to modeling for the handful of low-luminosity GRBs
(LLGRBs) discovered to date. For LLGRB 980425/SN 1998bw, Kulkarni et al.
(1998) invoke equipartition (epg = €, = 0.5). For LLGRB 031203/SN2003 Iw,
Soderberg et al. (2004b) use models from Sari et al. (1998) and Granot et al.
(2002) together with the cooling frequency inferred from X-ray observations to
estimate €, = 0.4 and ep = 0.2. For LLGRB 060218/SN 2006aj, Soderberg et
al. (2006b) use the same prescription as was used in SN 1998bw. Finally, for
LLGRB 100316D/SN 2010bh, Margutti et al. (2013) set eg = 0.01 and allow €, to
vary from 0.01-0.1.

For Type II and Type Ibc radio supernovae, approaches range from using the
SN 1998bw convention (i.e., eg = €, = 0.5; Horesh et al., 2013; Soderberg et
al., 2005) to eg = €, = 0.1 (e.g. Chevalier and Fransson, 2006; Salas et al., 2013;
Soderberg et al., 2006b) to ep = €, = 1/3 for the relativistic supernova SN 2009bb
(Soderberg et al., 2010).

In this work, we follow the convention in Soderberg et al. (2010) so that we can
compare our velocity-energy diagram to the corresponding diagram (Figure 4) in
that paper. To put all transients on the same scale, we take the peak frequency, peak
luminosity, and peak time for each event, and run them through the same equations
that we used to infer the shock properties of AT2018cow. Note that we do not vary
the values of cs, c¢, p, but these are all very small corrections, whereas the effect
of ep and the ratio €./€p in estimating the energy is large. The details of how we
selected the peak values for each event are in Appendix 7.7. When possible, we use
the peak of the SED at a particular epoch. However, for most events, we use the
peak flux density corresponding to a certain frequency, because well-sampled SEDs

are rare.

Our rederived velocity-energy diagram is shown in Figure 7.4. AT2018cow has
an energy comparable to mildly relativistic outflows (LLGRBs; e.g. SN 1998bw)

and energetic supernovae (e.g. SN 2007bg). We display vertical axes for two



220

different conventions (eg = 1/3 and ez = 0.01) to show how this affects the inferred
energy. Note that these values are not evaluated for a consistent epoch. However,
for AT2018cow, we have reason to believe that the values of velocity and energy do
not change significantly over the course of our observations. For other sources, it
would be necessary to have a well-sampled SED over multiple epochs in order to

trace the evolution of these values, and this is rare in the literature.

A Luminous Millimeter Transient in a Dense Environment

Here we compare the radio luminosity of AT2018cow to that of other transients,
as observed at the spectral peak frequency at time Af. As shown in Figure 7.5,
AT2018cow stands out as being several times more luminous than SN 1998bw, and
having a late peak at high frequencies. Over time, the peak luminosity diminishes to
the value reported in the low-frequency radio observations of Margutti et al. (2019),

supporting our inference that the velocity is not changing significantly.

On this diagram we also indicate lines of constant velocity (cf. Figure 3 of Soderberg
et al., 2010 and Figure 4 of C98) and lines of constant mass-loss rate scaled by
velocity M/v,,, as a diagnostic of density (cf. Figure 10 of Jencson et al., 2018).

Note that these lines assume v, = v,.

We now derive relations between the observational coordinates of the diagram in
Figure 7.4 and physical quantities: the ordinate, peak radio luminosity L, is simply
a power of the energy per unit radius U/R. We get an expression for U/R using

equation 7.12 and equation 7.10:

U 1 (e \ 1010\ L 14/19
— =(3x10¥ergem™! (—) (—e) (—) ( P ) .
R ( g ) es) \es 0.5 1026 ergs~! Hz™!

(7.22)

This translation between L, and U/R is shown on the left and right axis labels of

Figure 7.4.

We now show that the abscissa of Figure 7.5, (At/1d)(v,/5 GHz), is very nearly
proportional to the square root of the swept up mass per unit radius M /R, or
equivalently, if the surrounding medium was from a pre-explosion steady wind of
speed v,,, M /v,, o« M/R. A steady spherical wind of ionized hydrogen with velocity
vy, has n, = M/(4mm prsz), so we can reparameterize the density in terms of the

mass-loss rate:
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Figure 7.4: AT2018cow in velocity-energy space, compared to other classes of radio-
luminous transients: TDEs (filled circles), Ibc supernovae (crosses), SNe associated
with LLGRBs (filled squares), and Type II supernovae (open circles). For reference,
GRBs lie above the plot at 10°%erg < U < 10°%erg, and the relativistic TDE
Swift J1644 lies at ~ 10°! erg in this framework. For all sources, we take values of
peak frequency and peak luminosity at some time (described in detail in Appendix
7.7) and estimate velocity and energy using the same prescription that we use for
AT2018cow. Estimates of energy are sensitive to the choice of ep, as illustrated
with the secondary axis on the right-hand side.
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Notice the weak (—4/19 power) dependence on L, and the quadratic dependence

on v,1,, which means the lines of constant M /v,, are nearly vertical in Figure 7.5.

AT2018cow lies along the same velocity line as SN 2003bg and SN 2003L, but 7, is
a factor of a few to an order of magnitude larger.” Similarly, SN 1998bw lies along a
similar velocity line to SN 2006aj, but 1, (using our presscription) is 40 cm™3, while
the density inferred for 2006aj using the same prescription is 3 cm™>. For Ibc SNe in
general, Chevalier and Fransson (2006) attribute the large spread in radio luminosity
to a spread in circumstellar density, with the example that SN 2002ap (not shown in
Figure 7.5 due to its relatively low luminosity) is roughly three orders of magnitude
less luminous than SN 2003L, and its inferred ambient density is also a factor of
three smaller. In SN 2003L and SN 2003bg, the high density was attributed to a

stellar wind.

This is not the whole story: as we showed above, high peak radio luminosity just
corresponds to high U/R, i.e., high energy and/or small radius. Since U is the
converted energy, it represents only a lower limit to the actual driving kinetic energy
(becoming equal to it as the explosion transitions from free-expansion to the Sedov
phase). A higher-density medium more quickly converts the piston’s energy to
thermal energy than does a low density medium. Thus for a large fixed explosion
energy, a denser medium will indeed lead to larger peak radio luminosities. But the
direct correlation is with the (thermalized) energy per unit radius, U/R. Similarly,
equation 7.11 shows that (except for a very weak Ll_,z/ 19 dependence), v, o B).
Thus higher peak frequencies are directly indicative of a higher magnetic field, or
equivalently, pressures. Thus AT2018cow’s high v, and high L, are quite likely
mostly a consequence of it being energetic, and observed early, when the high wind
density at small radii led to high pressure, and enhanced U/R. As we discuss
below, this suggests that many other supernovae could have shown similar bright

mm-submm fluxes, had they been observed at those wavelengths in their first week.

On Day 22, the inferred density is pg = 4x107!? gem™ ataradius of rg = 7x10'> cm
(Table 3). From this we can infer M /v, = 2.4 x 10'* gcm™!. The mass swept up to
radius r is (M /vy)r. In Section 7.3 we argue that the blast wave reaches the edge

of the surrounding bubble around Az ~ 50d. If so, given our inferred velocity, the

7 The radial density profile inferred for SN 2003bg is n, ~ 2.2 X 10°(r/rg)~2 cm™ (Soderberg
et al., 2006¢) and the radial density profile inferred for SN 2003L is n, ~ 6.1 X 10*(r/rg) "2 cm™3
(Soderberg et al., 2005). In both cases, ry = 10% c¢m is the shock radius at 7o = 10 d. For SN 2003L,
we infer 7( using the result that 7 = 3 X 10%2 cm at 7 = 28 d, and that @, = 0.96 in the parameterization
r =ro(t/tg)* (Model 1 in Soderberg et al., 2005).
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Figure 7.5: The peak luminosity of AT2018cow on two different epochs, compared
to classes of energetic transients (cf. Chevalier, 1998; Soderberg et al., 2010). The
value at At = 22d comes from our work. The value at Az = 91d comes from
Margutti et al. (2019) and shows that the velocity has not slowed significantly. For
other sources, we choose values of peak frequency and peak luminosity as described
in Appendix 7.7. AT2018cow is unusual in having a large radio luminosity as well as
a high v,, and we discuss the physical interpretation of both of these characteristics
in the text. Lines of constant mass-loss rate (scaled to wind velocity) are shown in
units of 107+ My yr=! /1000 km s~!. Note that the dotted lines assume that the radio
peak is due to synchrotron self-absorption rather than free-free absorption (FFA),
but that FFA has been the preferred fit in some cases, such as for SN 1979C and
SN 1980K (Chevalier, 1984)
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radius of the “circum-bubble” is 1.7 x 10'® cm, and the mass of the circum-bubble
~2x1073 M. The mass loss rates for hot stars (v,, ~ 2,000 km s~!, Lamers and
Leitherer, 1993) and red supergiants (v,, ~ 20 km s~!, van Loon, 2010) range from
1074-107% M yr~! (Smith et al., 2018). Thus ro/v,, is ~ 1y for a hot star progenitor,
and ~ 100y for a red supergiant. Thus the circum-bubble could either have been
formed by normal mass loss in a red supergiant, or end-of-life enhanced mass loss

from a hot star or red supergiant (see, e.g., Smith et al., 2017 and references therein).

UVOIR observations of AT2018cow place strong constraints on the nature of the
surrounding medium (Perley et al., 2019). The high luminosity and fast rise can be
interpreted as shock-heating of a dense shell of material at R = 10'*cm or 10 AU,
qualitatively consistent with the inference of dense material given the properties
inferred from the radio shock. On the other hand, early spectra show no narrow
emission lines indicative of a shock and the light curve declines steeply after peak,
both of which suggest that this dense material must also be quite limited in extent,
with little material at larger radii. While the radio observations also suggest a cutoff
in the density distribution may exist, the 0.1¢ shock does not reach it for almost 20
days, a quite different timescale than the optical peak (reached in less than 3 days) or
early spectroscopy. This might be due to the 0.1c¢ shock being produced by breakout
from the R = 10'*cm shell which re-energized the (much slower) supernova shock.
Or there could be deviations from spherical asymmetry (for example, with the optical
heating a quasi-spherical shell but the radio shock passing through a denser toroidal

component or clouds along a bipolar jet).

Thus an energetic shock propagating into a dense environment could produce a radio
SED that peaks at sub-millimeter wavelengths at early times. However, as illustrated
in the left panel of Figure 7.6 searches at high frequencies at early times have been
rare, and primarily limited to transients with relativistic jetted outflows (GRBs,
TDEs). We suggest that these searches be expanded to other classes of transients:
luminous SNe such as SN 2003L and SN 2007bg, and luminous TDEs such as
ASASSN14li, all exploded into dense media and exhibited luminous centimeter-
wavelength emission at t > 10d. As time goes on, the SED peak shifts to lower
frequencies and diminishes in brightness, so these events could have been bright
millimeter transients at # < 10d. This is supported by Figure 7.5, which shows that
SN 2007bg, SN 2003bg, and SN 2003L could have appeared similar to AT2018cow
had they been observed earlier at higher frequencies.
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Figure 7.6: Luminosity evolution for different transients, measured at high fre-
quencies (v > 90 GHz; left panel) and low frequencies (v < 10 GHz; right panel).
Classes are GRBs (orange open circles; Berger et al., 2003; Perley et al., 2014;
Sheth et al., 2003), TDEs (purple open squares; Alexander et al., 2016; Berger et al.,
2012; Eftekhari et al., 2018; Zauderer et al., 2011, 2013), non-relativistic super-
novae (light blue filled circles; Horesh et al., 2013; Krauss et al., 2012; Salas et al.,
2013; Soderberg et al., 2005, 2006c; Weiler et al., 1986; Weiler et al., 2007), and
relativistic supernovae (red filled squares; Kulkarni et al., 1998; Soderberg et al.,
2010). Thus there are a number of transients measured with radio telescopes (rel-
ativistic SN 2009bb, energetic supernovae 2003L, 2003bg, and 2007bg) that could
have been bright millimeter transients but were not observed at high frequencies.
The late-time low-frequency AT2018cow point is from Margutti et al. (2019).

Novel Features of the Synchrotron Model Parameters

The ordering of the break frequencies, vg < v, < v¢ < V4, is an unusual regime
for long-wavelength observations. For a relativistic shock (GRBs), the typical
orderings are v, < v. < v, (the fast cooling regime) and v, < v,, < v, (the slow
cooling regime; Sari et al., 1998). For non-relativistic shocks, the ordering in most
cases seems to be v, < v, < v, at measured frequencies above 1.4 GHz, but can
also be v, < v, < v,; v, is typically considered unimportant for long-wavelength
observations (Nakar and Piran, 2011).
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The low cooling frequency is a consequence of a large magnetic field strength,
ve o B73 (reduced even further for ¢ < 10d by Compton cooling on the UVOIR flux,
which dominates over synchrotron cooling). This in turn presumably arises from
the injection of a large amount of energy into a small volume of material, consistent
with the low velocity we measure. From equation 7.11 we see that B), scales as
(68/63)_4/1914;2/191/[,. Changing e from 1/3 to 0.01 could increase v, by a factor of
8, still much lower than our observed frequencies. This regime is selectively probed
by sub-millimeter observations, because a low v, (high B),) gives rise to a v, that
falls in this wavelength regime. We note that in the same framework, the relativistic
TDE SwiftJ1644+57 (whose long-wavelength SED also peaked in the sub-mm for
the first few weeks) would also have had a cooling frequency below much of the

observed frequency range (v, ~ 6 GHz).

Since v, is below any of our measured frequencies, the injection spectrum (the
spectrum of the electrons prior to cooling) has a shallower power-law index than
what we measure, p; = p — 1. This suggests that p; ~ 2.2 on Day 22, when p ~ 3.2,
This is not unreasonable for Fermi acceleration from a strong shock. Typical young
Galactic supernova remnants have p = p; = 2.4 in the radio, flattening to p ~ 2 at

higher frequencies (UroSevi¢, 2014).

7.5 Origin of the X-ray Emission and Emergence of a Compact Source

During the plateau phase, the fluence in the Swift/XRT bands is f Fxdt =~ 1.7 %
10 ergecm™2. Integrating the Swift/XRT light curve until At = 22d, we find
7 x 10 erg. Using the NuSTAR spectra index o = 0.5, extrapolating this to 100 keV

would increase this energy by a factor of three.

The total X-ray energy emitted in the first three weeks is thus greater than the total
energy in the shock inferred from radio observations on Day 22, U ~ 4 x 10 erg.
If a significant proportion of the X-rays are produced by IC emission, then our
assumption of eg = €, = 1/3 clearly results in an underestimate of the total energy,
and an assumption of eg = 0.01 would be more appropriate. As shown in Figure 7.4,
U would be increased by a factor of 9 with the assumption ez = 0.01 and €, = 0.1,

just barely comparable to the total energy emitted in X-rays.

The luminosity of the UV/optical/IR (UVOIR) source declines o« 13, where 8 ~ 2.5
(Perley et al., 2019). Assuming a constant expansion speed for the shock of 0.13¢
(see Table 7.3 and related discussion in Section 7.3) the photon energy density of
the UVOIR source is
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Figure 7.7: The full radio to X-ray SED. Since the ATCA data vary smoothly over
the course of our observations, we fit a power law to the existing light curves (see
Figure 7.1) and plot the values for the given day at 5.5 GHz, 9 GHz, and 34 GHz.
For the SMA data, we interpolate the spectrum for the given day and plot the value
at 231.5 GHz and 345 GHz. We plot the ALMA data as measured, including the
single Band 9 measurement (white star) which seems to show an excess above the
other radio data. We plot the best-fit blackbody and nonthermal component from
Perley et al. (2019), and show that the nonthermal component could be an extension
of the excess seen in Band 9 on Day 24. We plot the Swift/XRT data as follows: we
interpolate the light curves to estimate the integrated 0.3—-10keV flux at the given
epoch. We use the geometric mean of (0.3keV, 10keV) and the spectral index v°->4
to solve for the normalization coefficient for the spectrum. We display the spectrum
across the full XRT range.
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Assuming that the magnetic field pressure scales with the ram pressure of the shock
(plv%) and assuming p o r~2, from equation 7.11, the magnetic energy density
up =7.4(1/10d)2(ep/e€.)% " ergem™. For eg = 0.01 and €, = 0.1,

uph t -2.5
by (_) , 725
Uup 10d ( )
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with only a rather weak dependence on the epsilons. This ratio is equal to unity
around ¢ = 13d, marking the transition from a regime dominated by Compton

cooling to a regime dominated by synchrotron cooling.

This ratio is much lower than the observed ratio Lx/L;.ioc = 30, and the X-
ray spectral index is also substantially flatter than the radio spectral index. We
conclude that the X-ray emission during the plateau phase does not naturally arise
from IC scattering of the UVOIR source by the electrons in the post-shocked region
(which also generate the radio to sub-millimeter emission via synchrotron radiation):
IC from the radio-mm emitting region alone underpredicts the X-ray luminosity,
predicts an X-ray luminosity declining much more rapidly than observed in the first
20 days, and predicts too steep a spectrum. It also does not naturally arise from an
extension of the @ ~ —1.1 radio-submm synchrotron spectrum: the X-ray emission
is some 25 times brighter than that extrapolation (see Figure 7.7), and has a much
flatter (@ = —0.5) spectral index. Further speculative modelling of the source of the

X-ray emission during the plateau phase is beyond the scope of this paper.

During the decline phase ¢ > 20d, the timescale of these fluctuations is around
0.05¢, while the diameter we infer for the radio-emitting region (see Section 7.3) is
~ 2% 0.13t = 0.26¢. Thus the X-ray emission must arise in a different and more

compact source than the radio-emitting shell.

From the plateau phase to the decline phase, the X-ray emission softens, as shown
in the bottom panel of Figure 7.1 and reported by Kuin et al. (2019). From the
NuSTAR data, measuring the flux using cflux, we infer a hardness ratio Lx(10-
200keV)/Lx(0.3-10keV)~ 26 on Epoch 1, similar to what is inferred by Kuin et
al. (2019) using a joint BAT/XRT analysis. From the NuSTAR data, we find a
hardness ratio of Lx(10-200keV)/Lx(0.3—10keV)~4-5 on Epochs 3 and 4. This is
consistent with other studies, which found negligible spectral evolution in the Swift
0.3-10keV band, but significant spectral evolution at higher energies (Kuin et al.,
2019; Margutti et al., 2019; Rivera Sandoval et al., 2018).

Thus these two changes, the onset of variability 5 times faster than the light-travel
time across the radio-emitting shell, and the striking change in the spectrum, lead
us to conclude that the beyond 20 d the X-ray emission arises from a different and
more compact source than during the plateau phase—in the decline phase we are,

arguably, probing regions closer to the central engine of the event.

The peculiarities of the UVOIR spectrum have led some to propose that AT2018cow
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is a tidal disruption event (TDE) of a white dwarf by a ~ 10°~%M,, black hole (Kuin
et al., 2019; Perley et al., 2019). Given its off-nucleus location (1.7 kpc; Perley
etal., 2019) in a star-forming galaxy, and the similarities of the radio-emitting shock
to those of other supernovae, it seems more natural to suppose that AT2018cow
originated in a stellar cataclysm. Ultimately, however, our radio observations only
require a v ~ 0.1c¢ shock wave propagating into a dense medium, which could very
plausibly arise in both TDE and supernova models. The radio observations do little
to distinguish them. In either picture, the striking late-time change in the X-ray
behavior suggests the emergence of a central engine. In the TDE case, this could
be an accretion disk around a black hole. In the stellar explosion case, this could
be a natal black hole accreting (fall-back) matter from the debris, or a magnetar.
The emergence could then be due to a channel between the interior and the surface
opened up by a collimated outflow (a “jet” or stifled jet’s cocoon breakout; Nakar,

2015), or to gaps in the photosphere opened by Rayleigh-Taylor instabilities.

We now briefly explore the magnetar model, which has been proposed for cosmo-
logical long-duration gamma-ray bursts (e.g. Thompson et al., 2004) and superlu-
minous supernovae (e.g. Kasen and Bildsten, 2010). Prentice et al. (2018) invoked
a magnetar model to explain the UVOIR observations of AT2018cow and found a
best-fit magnetic field strength of 2 x 10!> G and a best-fit spin period of 11 ms.
Note that the magnetar itself need not be directly visible: the X-rays we see could
be due to the emergence of bubbles of the magnetar-powered wind nebula (Kasen
et al., 2016). The spin-down luminosity of a magnetar with period P is L « ww
where w = 27/P is the angular frequency. The spin-down timescale is 7. = P/2P.
We set 7, = 20d, Ly = 5x 10% erg sandfindP=50msand P = 1.4x1078ss7!,
assuming that all the spin-down power goes into X-ray production. For a constant
spin-down rate, this would correspond to an initial spin period of 26 ms, similar to

the result in Prentice et al. (2018) for the model fit to the griz light curve.

With P and P in hand, using the standard dipole formula, we find a lower limit on
the magnetic field strength of 8 x 10'* G, which is consistent with the value found
in Prentice et al. (2018). Our modeling of the forward shock led to a lower limit
to the energy of U ~ 10* erg, depending on the value of ep. If this was supplied
0% erg)~1/2,

We end this discussion by noting that the spin-down luminosity in the dipole model

by a magnetar then the initial period of the magnetar is < 10ms (U/1

(with constant B-field) is oc #=2, which is roughly consistent with the slope of the

decay of the X-ray light curve. This is, however, not easily distinguished from the
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oc 1713 slope expected from accretion in a TDE (Phinney, 1989) or fallback (Michel,
1988).

If this is a stellar explosion, then the features in the UVOIR spectra and the rise time
point to an extended progenitor (10'* cm; Perley et al., 2019), comparable in size to
the largest red supergiants. This is not consistent with the compact, stripped stars
invoked as progenitors for other classes of engine-driven explosions like GRBs and
SLSNe (although see Smith et al. (2012) for a possible exception). As discussed
in Perley et al. (2019) and Section 7.4, a more likely scenario is that the progenitor
experienced a dramatic, abrupt episode of mass loss shortly before the explosion,
and the UVOIR photosphere lies within this “brick wall” which the supernova blast

wave struck and re-thermalized.

Regardless of the nature of the central engine, we have the following model: the
fastest-moving ejecta races ahead at vi = 0.13c¢ into a dense “circum-bubble"
of radius, R,. In the post-shocked gas electrons are accelerated into a power-law
spectrum and magnetic fields are amplified. We attribute decay of the resulting radio
emission at 7, = 50 d to the fast-moving ejecta reaching the edge of this circum-
bubble and infer a radius Rj, = vi#, ~ 1.7x10'® cm, and a mass of 107> M. Within
the radio-emitting shell is a long-lived engine which may inflate a bubble of plasma
and magnetic fields (Bucciantini et al., 2007). There is also slower ejecta heated
by a central source (or radioactivity) that expands and emits UVOIR radiation.
The photosphere of this component recedes with time, and at early times its large
Compton optical depth obscures direct emission from the vicinity of the central

engine. At later times, this central region emerges.

7.6 Conclusions and Outlook

Persuasive arguments can and have been made for both supernova and tidal dis-
ruption event origins for AT2018cow. Our extensive radio through sub-millimeter
observations enable us to draw definitive conclusions about the outer blast wave
launched following the event, independent of the origin of the event. The blast wave

3

is sub-relativistic (v/c = 0.13) and plows into a dense medium (n, = 3 X 10° cm™ at

R ~ 7x10cm). The energy contained within this blast wave is U ~ 10%9*0-3

erg. In
contrast to the UVOIR luminosity, which declines as Lyyvorg o t~> over the period
3d < t < 20d, the mm-submm and X-ray luminosities are both relatively constant
over the same period (with ~ 50% variations over timescales of a few days, com-

parable to the light-travel time across the radio-emitting shell, #;, = 2vt/c = 0.26t;
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see Figure 7.1).

The initially attractive idea of attributing the X-rays to IC scattering of the rapidly
declining flux of UVOIR photons by relativistic electrons (which give rise to the
radio and sub-millimeter flux) is not naturally consistent with the slow decline of
the X-ray and radio-submm flux, the X-ray luminosity, or the X-ray spectral index.
Thus we are forced to invoke an additional source of X-ray emission during both the
t < 20d plateau phase, and during the decline phase after 20 days, when the X-rays
begin to fade and show dramatic variations now on timescales several times shorter
than the light-travel time across the radio-emitting shell. These are suggestive of
power from a central engine, which could be consistent with either a stellar explosion
or a TDE. Future X-ray monitoring may be useful in differentiating between central
engine models; in particular, a power-law decay (+~2) is a distinct signature of the
magnetar model, although difficult in practice to distinguish from the r=>/3 expected

from fall-back or a tidal disruption event.

The radio source is remarkable even on purely observational grounds. The peak
radio luminosity (nearly 10*! erg s~!) greatly exceeds that of the most radio-luminous
supernovae and ‘normal’ TDEs, and is surpassed only by relativistic jetted transients
(GRBs and TDEs). The source remains luminous at sub-millimeter wavelengths for

nearly a month, with a self-absorption frequency v, ~ 100 GHz at At ~ 22 d.

The source is strongly detected at nearly a terahertz (ALMA Band 9; 671 GHz)
even three weeks post discovery. We note that the Band 9 flux is higher than the
extrapolation based from lower frequency bands (Figure 7.3, middle panel), and
intriguingly connects to the NIR non-thermal component suggested by Perley et al.
(2019). However, we readily admit that the apparent excess in the Band 9 flux is only

207, and also note that the case for the NIR non-thermal component is not secure.

Finally, it is worth re-iterating that AT2018cow is a mere 60 Mpc away. The proxim-
ity hints at an extensive population of which AT2018cow is the prototype. The key
distinction between AT2018cow and other fast transients is the strong millimeter and
sub-millimeter emission. In general, it is apparent from Figure 7.5 that an energetic
shock propagating into a dense medium will exhibit strong millimeter emission dur-
ing the first weeks. Many other supernovae would likely have had bright emission at
mm-submm wavelengths, had they been observed early at those wavelengths. Com-
bining velocities measured at very early times at such short wavelengths, with much
later observations at low frequencies could reveal the slowing of the shock associated

with the transition from free expansion to the Sedov phase, constraining the total
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energy in relativistic ejecta. Taken together, these two developments, given that we
are now squarely in the era of industrial optical time domain astronomy (e.g. PS-1,
PS-2, ASAS-SN, ATLAS, ZTF and soon BlackGEM), argue for a high-frequency

facility dedicated to the pursuit of transients.

The code used to produce the results described in this paper was written in Python

and is available online in an open-source repository?.

7.7 Appendix

ALMA Band 9 Calibration

For ALMA Band 9, due to the relatively low signal-to-noise of the data, all eight
spectral windows were combined to derive a combined phase solution, which was
then mapped to each individual spectral window. As a result, no in-band analysis
of the spectral index was done and a single flux value was derived for the Band
9 imaging. When fitting a Gaussian function to the Band 9 image, the source is
represented as a point-source, suggesting that the image is of good enough quality
to derive a meaningful flux densities. A phase-only self-calibration did not provide
good solutions, it decreased the phase coherence, and it resulted in an image that
could no longer be fitted with a point-source. Therefore, we did not apply a self-
calibration to the Band 9 data. To verify that changing weather conditions did not
affect the phase coherence in the data, we split the data in three different time-
bins and imaged each time-bin separately. The change in flux density between the
different time-bins was within 6%. Similarly, imaging the data from the short,
intermediate and long baselines by splitting the data in three bins in uv-range
(12-90m, 90-170m and 170-312m) showed a difference in flux density <13%,
despite the sparser antenna distribution and poor uv-coverage in the long-baseline
bin. Also, the XX and YY polarization images were similar to within 3%. To
examine the reliability of the absolute flux calibration of the Band 9 data, we imaged
the two secondary calibrators, the quasars J1540+1447 and J1606+1814, using the
same flux and bandpass calibrator as for AT2018cow. Figure 7.8 shows that the Band
9 flux densities of these two secondary calibrators are in reasonable agreement with
values from the ALMA calibrator catalog in the lower bands if there is no spectral
curvature, although uncertainties in absolute flux calibration may have led us to
slightly overpredict our derived Band 9 values. In all, our tests are consistent with
the ALMA Band 9 flux density being accurate to within a 20% uncertainty, which
is standard for high-frequency ALMA observations.

8https ://github.com/annaygho/AT2018cow
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Figure 7.8: ALMA flux measurements of secondary calibrators J1540+1447 and
J1606+1814, validating the absolute flux calibration of the Band 9 data. The solid
symbol shows our ALMA Band 9 measurement on 10 July 2018. The open symbols
represent the estimated flux densities in Bands 3 and 7 on July 10, derived by
interpolating between archival values measured by ALMA on 18 May and 9 Aug
2018. Error bars represent 10% uncertainties for the archival data and 20% for our
measured Band 9 data. The straight dashed lines have been added for purpose of
visualization and do not represent an actual fit to the data. ALMA bands B3-B9 are
shown at the top for reference.

Full SMA Light Curves
Figure 7.9 shows the full set of SMA light curves, grouped by frequency.

Selection of Peak Frequency and Peak Luminosity for Other Transients
* GRB 130427A (z = 0.340): For Figure 7.6, we use the 93 GHz light curve
and 5.1 GHz light curve from Perley et al. (2014).

* GRB 030329 (z = 0.1686): For Figure 7.6, we use the 250 GHz light curve at
high frequencies (Sheth et al., 2003), and at low frequencies the 8.5 GHz and
2.3 GHz light curves from Berger et al. (2003) and van der Horst et al. (2008)
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respectively.

SN 2009bb (d = 40Mpc): For Figures 7.4 and 7.5, we use the report in
Soderberg et al. (2010) that from their first spectrum at A¢ = 20d, they infer
v, = 6GHz and L, ~ 3.6 x 10® ergs™ Hz™!. For Figure 7.6, we use the
8.5 GHz light curve from Soderberg et al. (2010).

SN 1998bw (d = 38 Mpc): For Figures 7.4 and 7.5, we use the report in
Kulkarni et al. (1998) that on Day 10 the peak flux is 50 mJy at 10 GHz. For
Figure 7.6, we show the single 150 GHz measurement by SCUBA and the
2.3 GHz light curve from Kulkarni et al. (1998).

SN 2006aj (z = 0.03345): For Figures 7.4 and 7.5, we use the report in
Soderberg et al. (2006b) that at 5 d the radio spectrum peaks near 4 GHz. They
do not report the peak luminosity, so we use the reported flux of 4.86 GHz at
5d, which is 328 uJy.

SN 2010bh (z = 0.0593): For Figures 7.4 and 7.5, we use the report in
Margutti et al. (2013) that at 30d, v, ~ 5GHz and F, , = 130 uJy.

PTF 11qcj (z = 0.0287): For Figures 7.4 and 7.5, we use the report in Corsi
et al. (2014) that the peak luminosity at 5 GHz was 7 x 10®8 ergs™' Hz™! at
10d.

SN 2011dh (d = 8.03 Mpc): For Figure 7.6, we use the 107 GHz and 93 GHz
light curves at high frequencies (Horesh et al., 2013) and the 8.5 GHz and
6.7 GHz light curves at low frequencies (Horesh et al., 2013; Krauss et al.,
2012).

SN 2007bg (d = 152Mpc): For Figures 7.4 and 7.5, we use the report in
Salas et al. (2013) that in Phase 1 of the explosion, the peak luminosity was
4.1 x 102 ergs™' Hz™! at 8.46 GHz on Day 55.9. For Figure 7.6, we use the
8.5 GHz light curve from Salas et al. (2013).

SN 2003L (d = 92Mpc): For Figures 7.4 and 7.5, we use the report in
Soderberg et al. (2005) that at 30 days, the peak flux density was 3.2 mly at
22.5GHz. For Figure 7.6, we use the 8.5 GHz light curve because it is the
best-sampled over the largest range of time.

SN 2003bg (d = 19.6 Mpc): For Figures 7.4 and 7.5, we use the report in
Soderberg et al. (2006¢) that the peak flux density is 85 mJy at 22.5 GHz on
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Day 35. For Figure 7.6, we use the 8.5 GHz light curve from Soderberg et al.
(2006c¢).

* SN1993J (d = 3.63Mpc): For Figure 7.6, we use the 5 GHz light curve
at low frequencies and the 99.4 GHz light curve at high frequencies (Weiler
et al., 2007).

* SN 1988Z (z = 0.022): For Figures 7.4 and 7.5, we use the report in van Dyk
et al. (1993) that the 6 cm maximum flux density was 1.90 mJy, at 1253 d after

the explosion.

* SN1979C (20 Mpc): For Figure 7.6, we use the 1.4 GHz light curve at low
frequencies and the 99.4 GHz light curve at high frequencies (Weiler et al.,
1986; Weiler et al., 1991). For Figures 7.4 and 7.5, we simply use the peak of
the 1.4 GHz light curve, which is roughly 12 mJy at 1400 d.

* Swift J1644+57 (z = 0.354): For Figures 7.4 and 7.5, we use the reported
vp, ), on Day 15 (corrected to Day 18 in Eftekhari et al. (2018)). For
Figure 7.6, we use the 225 GHz and 230 GHz light curves from the SMA
(Berger et al., 2012; Zauderer et al., 2011), adding 3.04 days to the Zauderer
etal. (2011) points because (as described in Eftekhari et al., 2018) subsequent
analysis of the BAT data revealed emission earlier than had been previously
noticed. We use 4.9 GHz data from Berger et al. (2012), Zauderer et al.
(2013), and Eftekhari et al. (2018).
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Chapter 8

THE KOALA: A FAST BLUE OPTICAL TRANSIENT WITH
LUMINOUS RADIO EMISSION FROM A STARBURST DWARF
GALAXY AT z =0.27

Ho, A. Y. Q. etal. (2020). “The Koala: A Fast Blue Optical Transient with Luminous
Radio Emission from a Starburst Dwarf Galaxy at z = 0.27”. In: ApJ 895.1, p. 49.
por: 10.3847/1538-4357/ab8bcf. arXiv: 2003.01222 [astro-ph.HE].
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Abstract
We present ZTF18abvkwla (the “Koala”), a fast blue optical transient discov-
ered in the Zwicky Transient Facility (ZTF) One-Day Cadence (1DC) Survey.
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ZTF18abvkwla has a number of features in common with the groundbreaking tran-
sient AT 2018cow: blue colors at peak (g — r ~ —0.5 mag), a short rise time from
half-max of under two days, a decay time to half-max of only three days, a high
optical luminosity (Mg peax ~ —20.6 mag), a hot (2 40,000 K) featureless spec-
trum at peak light, and a luminous radio counterpart. At late times (Ar > 80d)
the radio luminosity of ZTF18abvkwla (vL, > 10%0 erg s~! at 10 GHz, observer-
frame) is most similar to that of long-duration gamma-ray bursts (GRBs). The host
galaxy is a dwarf starburst galaxy (M ~ 5 x 108 My, SFR ~ 7 Mg yr™!) that is
moderately metal-enriched (log [O/H] ~ 8.5), similar to the hosts of GRBs and
superluminous supernovae. As in AT2018cow, the radio and optical emission in
ZTF18abvkwla likely arise from two separate components: the radio from fast-
moving ejecta (I'B¢c > 0.38¢) and the optical from shock-interaction with confined
dense material (< 0.07 Mg in ~ 103 cm). Compiling transients in the literature
with 75 < 5d and Mpeax < —20 mag, we find that a significant number are engine-
powered, and suggest that the high peak optical luminosity is directly related to the
presence of this engine. From 18 months of the 1DC survey, we find that transients
in this rise-luminosity phase space are at least two to three orders of magnitude less
common than CC SNe. Finally, we discuss strategies for identifying such events
with future facilities like the Large Synoptic Survey Telescope, and prospects for

detecting accompanying X-ray and radio emission.

8.1 Introduction

Historically, the cadence of optical time-domain surveys was tuned to detecting
Type Ia supernovae (SNe), whose optical light curves rise from first light to peak in
15-20days (Miller et al., 2020). Recognizing that this observing strategy resulted
in “gaps” in timescale-luminosity phase-space, surveys such as the Palomar Tran-
sient Factory (Law et al., 2009; Rau et al., 2009) and the Pan-STARRS1 Medium
Deep Survey (Drout et al., 2014) sought to systematically chart the landscape of
short-timescale (< 10day) phenomena. These efforts delineated populations of
fast transients spanning many orders of magnitude in peak luminosity, from faint
calcium-rich transients (Kasliwal et al., 2012) to luminous relativistic explosions
(Cenko et al., 2013).

A population of particular recent interest is “fast evolving luminous transients” (Rest
et al., 2018) or “fast blue optical transients” (Margutti et al., 2019). A consistent
definition of this “class” does not yet exist; these terms typically refer to transients

with rise times and peak luminosities too fast and too luminous, respectively, to be
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explained by the radioactive decay of *°Ni. Although they likely arise from a variety
of progenitors, fast-luminous transients are primarily found in star-forming galaxies
(Drout et al., 2014; Pursiainen et al., 2018) and therefore are thought to represent a
variety of poorly understood endpoints of massive-star evolution. As summarized
in Kasen (2017), fast and luminous light curves may be powered by shock breakout
or shock-cooling emission from material that is closely confined to the progenitor
star at the time of explosion, or alternatively by a “central engine”: accretion onto a

black hole, or the rotational spindown of a magnetar.

Most fast-luminous optical transients have been found in archival searches of optical-
survey data, including PS1 (Drout et al., 2014), the Dark Energy Survey (Pursiainen
et al., 2018), Kepler (Rest et al., 2018), and the Supernova Legacy Survey (Arcavi
et al., 2016). A handful have been discovered while the transient was still active,
enabling prompt follow-up observations. For example, spectroscopic monitoring of
the fast-luminous transients iPTF16asu and ZTF18abukavn (SN 2018gep) revealed
that as the optical emission faded, the spectrum developed features typical of broad-
lined Ic SNe (Ho et al., 2019d; Wang et al., 2019; Whitesides et al., 2017).

The discovery of the fast-luminous transient AT2018cow (Prentice et al., 2018) gen-
erated considerable excitement because of its proximity (z = 0.0141) and therefore
the opportunity for detailed observations. AT2018cow had several remarkable fea-
tures: (1) near-relativistic ejecta velocities at early times, from optical spectroscopy
(Perley et al., 2019); (2) luminous and fast-varying X-ray emission suggesting an
exposed central engine (Ho et al., 2019¢c; Margutti et al., 2019; Rivera Sandoval
et al., 2018); (3) high-velocity emission lines of hydrogen and helium emerging at
late times (Perley et al., 2019); (4) no second peak that would indicate a significant
role for radioactive ejecta in powering the light curve (Perley et al., 2019); and (5)
luminous submillimeter emission indicating a large explosion energy injected into a
shell of very dense material (Ho et al., 2019¢; Huang et al., 2019). Despite extensive
observations across the electromagnetic spectrum, the progenitor of AT2018cow is
unknown. One suggestion is a massive-star explosion that resulted in the formation
of an accreting black hole or magnetar, which drove a mildly relativistic jet or wind
(Ho et al., 2019¢c; Margutti et al., 2019; Perley et al., 2019). Other suggestions
include an electron-capture SN (Lyutikov and Toonen, 2019) and a tidal disruption
event (TDE; Kuin et al. 2019; Perley et al. 2019; Vinko et al. 2015). If AT2018cow
was a massive-star explosion, the dense confined CSM points to eruptive mass-loss
shortly before core-collapse (Ho et al., 2019c¢), and indeed Fox and Smith (2019)
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pointed out the similarity between AT2018cow and interaction-powered Type Ibn
SNe.

Here we report the discovery of ZTF18abvkwlal, a fast-rising luminous optical
transient at z = 0.27 in Zwicky Transient Facility (ZTF) data.? In §8.2 we present
the key observational features of ZTF18abvkwla—a rest-frame g-band light curve
similar to that of AT2018cow, a luminous radio counterpart similar to gamma-ray
burst (GRB) afterglows, and a starburst dwarf host galaxy. In §8.3 we compare
ZTF18abvkwla to transients in the literature that have #je < 5d and M < —20 mag,
where ts is defined from 0.75 mag below peak to peak (half-max to max in flux
space). We use a cut of M < —20 mag to exclude “normal” Type Ibn SNe (Hossein-
zadeh et al., 2017) and we exclude the hundreds of optical afterglows discovered in
GRB follow-up observations (Kann et al., 2010). The comparison sample is shown
in Table 8.1 and Figure 8.1. Note that the Table 8.1 transients have thermal spectra

at peak, unlike GRB afterglows which arise from synchrotron radiation.

Table 8.1: Transients in the literature with t45c < Sdand M < —20 mag. Timescales
are presented in rest-frame and measured using the light curve that most closely
matches rest-frame g. Luminosity is corrected for Galactic extinction, assuming zero
host-galaxy extinction in all cases except for iPTF15ul and SN 2011kl. SN 2011kl
was associated with GRB 111209A, and the afterglow emission has been subtracted.

Name Redshift Mg max trise tfade  Ref
days days
Dougie 0.19 -23.03+0.13 3.92+0.14 9.69+1.19 [1]
SN 2011kl 0.677 -20.31+0.13 497+1.20 17.70+5.82 [2,3]
SNLS04D4ec 0.593 -20.26 +0.03 <3.81 8.60+0.43 [4]

SNLS05D2bk 0.699 -20.39+0.02 2.90+0.06 12.75+0.78 (4]
SNLS06D1hc 0.555 -20.28£0.03 4.59+0.06 12.35+0.45 (4]

iPTF15ul 0.066 -21.2+03 153+£0.05 3.72+0.08 [5]
DES16X1eho 0.76 -20.39+0.09 1.28-2.53 1.01+£0.27 [6]
iPTF16asu 0.187 -20.3+0.1 1.14+0.13 10.62 +0.55 [7]

AT2018cow 0.0141 -20.89+0.06 1.43+0.08 1.95+0.06 [8,9]

[1] Vinko et al. (2015), [2] Greiner et al. (2015), [3] Kann et al. (2019), [4] Arcavi
et al. (2016), [5] Hosseinzadeh et al. (2017), [6] Pursiainen et al. (2018) [7]
Whitesides et al. (2017), [8] Prentice et al. (2018) [9] Perley et al. (2019)

Inicknamed “Koala” on account of the last four letters of its ZTF ID
2 After the submission of our paper, Coppejans et al. (2020) published radio and X-ray observa-
tions of CSS161010, another transient in a dwarf galaxy with properties similar to AT2018cow.
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Figure 8.1: Phase-space of luminosity and rise time considered in this paper; see
Table 8.1 for data sources. We do not show the transient Dougie (Vinké et al., 2015),
which had a peak absolute magnitude of —23. Note that the peak mag of iPTF15ul
includes a large host-galaxy extinction correction, whereas the other sources have
zero host extinction correction. Also note that SN 2011kl was associated with an
ultra-long duration GRB 111209A (Kann et al., 2018), and the light-curve properties
shown here reflect the afterglow-subtracted light curve (Kann et al., 2019).

In §8.4 we model the optical emission from ZTF18abvkwla as thermal emission from
shock breakout in dense confined material, and in §8.4 we use the radio emission to
estimate properties of the forward shock (velocity, shock energy) and the ambient
medium. In §8.4, we discuss possible progenitor systems. Finally, in §8.5 we use 18
months of survey observations to estimate the rate of transients in the phase-space
of Figure 8.1, and find that the rate is 2-3 times smaller than the CC SN rate.

Throughout this paper, we use a standard ACDM cosmology (Planck Collaboration
et al., 2016) and times are reported in UT. Optical magnitudes are reported in the
AB system (Oke and Gunn, 1983), and corrected for foreground Galactic extinction

using reddening measurements in Schlafly and Finkbeiner (2011) and the extinction
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law from Fitzpatrick (1999).

8.2 Discovery and Basic Analysis
Optical
Photometry

Since April 2018, ZTF (Bellm et al., 2019b; Graham et al., 2019) has been conduct-
ing a wide-area (2000-3000 deg?) one-day cadence (1DC) survey in g and r (Bellm
et al., 2019a). The sky coverage of the 1DC survey is shown in Figure 8.2 and a
histogram of the typical time between exposures is shown in Figure 8.3.

The IPAC ZTF pipeline (Masci et al., 2019) uses the method described in Zackay
et al. (2016) to generate difference images using a coadded reference image. Every
So point-source detection is assigned a score based on a machine learning real-
bogus metric (Duev et al., 2019; Mahabal et al., 2019), and is cross-matched against
external catalogs to search for resolved and extended counterparts (Tachibana and
Miller, 2018). Alerts are distributed in Avro format (Patterson et al., 2019) and are
filtered by the ZTF collaboration using a web-based system called the GROWTH
Marshal (Kasliwal et al., 2019).

ZTF18abvkwla was discovered in an image obtained on 12 Sept 2018. The alert
passed a filter designed to look for rapidly-evolving transients, and as a result we
obtained a follow-up spectrum 24 hours later (§8.2). The discovery magnitude was
g = 19.73 £ 0.16 mag and the last non-detection was one day prior, with a limiting

magnitude g > 20.74.

The source position was measured to be @ = 02°00™15.19%, § = +16947™57.3¢
(J2000), which is 0728 + 0”13 from the nucleus of a blue (g — r = 0.32mag)
extended source that has a photometric redshift of 0.11 (68 percentile confidence
interval 0.08-0.29) in the eighth data release of LegacySurvey (DRS; Dey et al.
2019). At z = 0.2714 (§8.2) this offset corresponds to 1.9 + 0.9 kpc. The host is
approximately 2” (14 kpc) across.

The light curve (Figure 8.4; Table 8.2) has a similar timescale and peak luminosity
to that of AT2018cow. In rest-frame g-band, the rise time is 1.83 + 0.05 d, the fade
time is 3.12 + 0.22 d, and the peak magnitude is —20.59 + 0.07 mag.

We estimate that the onset of the optical emission was around the time of the last
non-detection (to = 2458372.9206 JD) and use this as a reference epoch for the
remainder of the paper.
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Figure 8.2: Number of epochs obtained by the ZTF one-day cadence survey from 3
April 2018 to 18 October 2019

Spectroscopy and Host Galaxy Properties

One day after discovery, we obtained a spectrum of ZTF18abvkwla using the Double
Beam Spectrograph (DBSP; Oke and Gunn 1982) on the 200-inch Hale telescope at
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Figure 8.3: Histogram of times between successive observations of a field in the
same filter for the ZTF one-day cadence survey. Intervals greater than 10 days are
not shown.
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Figure 8.4: Light curve of ZTF18abvkwla in P48 g (filled green squares) and r
(open orange circles) with a comparison to AT2018cow at similar rest wavelengths,
both corrected for Galactic extinction. The ‘S’ at the top of the inset indicates the
epoch of our DBSP spectrum. Dashed lines show *°Ni-powered light curves for two
different nickel masses.

Palomar Observatory. We used the D55 dichroic, a slit width of 1.5 arcseconds, the
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Table 8.2: Optical photometry for ZTF18abvkwla from forced photometry on P48
images (Yao et al., 2019). Values have not been corrected for Galactic extinction.
Phase At is defined from ¢, the last non-detection.

Date (MJD) At Filter AB Mag
58372.39 -1.02 r < 21.39
58372.42 -0.99 g < 21.56
58373.41 0.00 g 19.71 £0.05
58373.45 0.04 r 20.18+0.09
58374.39 0.98 r 20.00+0.07
58374.41 1.00 g 19.53+0.05
58375.37 1.96 r 19.92 +0.07
58375.37 1.96 r 20.02 +0.07
58375.43 2.03 g 19.65+0.04
58375.43 2.03 g 19.72 +£0.05
58376.42 3.01 r 20.15+0.07
58376.44 3.04 g 19.77 £0.05
58377.39 3.98 g 20.10+0.07
58377.43 4.02 r 20.29 +0.09
58378.40 4.99 r 20.50+0.10
58378.40 4.99 r 20.62+0.12
58378.45 5.04 g 20.64 +0.10
58378.45 5.05 g 20.42+0.09
58379.42 6.02 r 20.85+0.15
58379.44 6.04 g 20.72+0.12
58380.43 7.03 r 21.04+0.15
58382.34 8.93 r 21.06+0.27
58382.34 8.93 r 21.22+0.28
58382.43 9.03 g 21.35+0.19
58382.43 9.03 g 21.56+0.23
58383.48 10.07 g 21.51+0.21

600/4000 blue grating, and the 316/7500 red grating. The spectrum was reduced
using a PyRAF-based pipeline (Bellm and Sesar, 2016). As shown in Figure 8.5,
the spectrum shows a hot blue continuum with no broad features in emission or
absorption. Superimposed on the spectrum are a variety of narrow emission lines
typical of a star-forming galaxy (Ha, HB, O 111, S 11, O II) at a redshift of z = 0.2714
plus the Mg II UV doublet in absorption at consistent redshift.

A blackbody fit to the continuum (after subtracting a host-galaxy continuum model,
discussed later in this section) indicates an effective temperature 7 > 40, 000K,
although we caution that it could be significantly higher as the bulk of the energy was

clearly emitted in the UV (< 2750 A in the rest frame) and we have no firm constraint
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on the host-galaxy extinction. Together with the peak absolute magnitude of the
g-band light curve, we derive a bolometric luminosity of Ly, > vL, ~ 10* ergs™!.
Assuming T = 40,000K, the photospheric radius is R > 2 x 10'*cm. Since the
peak is 2 d after first light, assuming R (¢ = 79) = 0 gives V > 0.04c.

T T
ZTF18abvkwla at peak light
Host galaxy + 40000K blackbody

20
N

-
(&)

[om Ha

—_
o

Flux f, (ergs” cm2A™)

(&)

% i

1 1 1 1
4000 5000 6000 7000 8000 9000
Observed wavelength (A)

5

Figure 8.5: The spectrum of ZTF18abvkwla at the peak of the g-band optical light
curve (black), which was 1 day after the first detection. The source is extremely
hot and blue with no spectral features except those associated with the host galaxy.
Overplotted in pink is a rescaled late-time spectrum of the host galaxy with a
40,000 K blackbody added.

On4Jan 2019 (+115 d), we obtained a spectrum of the host galaxy of ZTF18abvkwla
using the Low Resolution Imaging Spectrometer (McCarthy et al., 1998; Oke et al.,
1995) on the Keck I 10-m telescope, with the 400/3400 grism in the blue camera
and the 400/8500 grating in the red camera. Exposure times were 940 and 900
seconds for the blue and red camera respectively. The spectrum was reduced and
extracted using Lpipe (Perley, 2019). The absolute calibration was established
independently for each camera (red vs. blue) by calculating synthetic photometry
of the output spectra in the blue and red cameras in the g and r bands, respectively,
and rescaling to match the g and r photometry from SDSS DR14 (Abolfathi et al.,
2018). The SDSS magnitudes (AB, converted to Pogson) are u = 21.74 + 0.20 mag,
g = 21.20 £ 0.04mag, r = 20.81 +£ 0.05mag, i = 20.92 + 0.09 mag, and z =
20.52 + 0.20 mag.

The host-galaxy spectrum (Figure 8.6) consists of a weak continuum and a series of
very strong emission lines. Line fluxes were extracted using an identical procedure
asin Perley et al., 2016. We first fit a model to the spectral energy distribution (SED).
We used a custom IDL routine based on the templates of Bruzual and Charlot (2003)
to fit the SDSS ugriz photometry, including the contribution of nebular lines. As
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only SDSS ugriz photometry is available to fit the host-galaxy SED it is difficult to

constrain the nature of the stellar population of the host galaxy in detail, and we were
only able to fit the simplest possible model (a continuous star-formation history).

However, the stellar mass is unambiguously low (~ 5 x 108 Mg, comparable to the
SMC).
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Figure 8.6: Spectrum of the host galaxy of ZTF18abvkwla. The scale on the bottom
half has been zoomed in to show the galaxy continuum and weak emission lines.
The feature at 9500 A is a sky-subtraction residual.

This model was then used to produce a synthetic galaxy continuum spectrum, which
was subtracted from the observed one (this correction is significant only for higher-
order Balmer lines, which overlay strong galaxy absorption features). Emission line
fluxes were then measured by fitting a Gaussian function to each emission line (plus
a linear baseline to fit any continuum residuals). Lines that were blended or very
nearby were fit in groups, and lines whose ratios are fixed from theory were tied

together in fitting. A list of all measured line fluxes is given in Table 8.3.

The SED fitting and the emission-line analysis produce consistent estimates of
7 Mg, yr~! for the star-formation rate, and a very high specific star-formation rate of
~1078 yr~!. This implies a stellar population dominated by young stars formed in a

recent triggered star-formation burst episode.

We used the host galaxy spectrum (Figure 8.6) to calculate standard emission-line
diagnostics, including metallicity estimates on a variety of scales using the Monte-
Carlo code of Bianco et al. (2016). These metallicity measurements are provided in

Table 8.4. The basic properties of the host galaxy are listed in Table 8.5.
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Table 8.3: Host emission line fluxes and equivalent widths

Species Wavelength Flux Eq. Width
A) (erg cm™>s") A)

Hea 6562.82 21474 £2.71 2059 +7.0
Hp 4861.33 57.57+1.07 413=+1.1
Hy 434047 2698 £1.03 17.6 £0.8
Ho 4101.74  13.92 £ 091 72+0.5
He 3970.08 11.44 +0.86 59+04
H¢ 3889.06 9.72 + 0.88 50+£0.5
[O1i] 3727 15944 +1.72 89.0+24
[Ne rii] 3868.76  16.00 + 0.94 83+0.5
[O1ii] 4363.21 <3.31 <2.1
[O1ii] 495891 6635+137 47.6+14
[O1ii] 5006.84 196.88 + 1.60 141.3 +3.1
He1 5875.62 6.76 = 0.72 57+0.6
[N1i] 6548.06 4.90 £+ 0.69 4.7+0.7
[N1i] 6583.57 1391+0.82 133+09
[S1i] 671644 27.86 £0.95 293 +1.2
[S1i] 6730.82 21.81+0.71 229+09
O1 6300.30 6.76 £ 0.71 72 +0.8
[Arii] 7135.79 5.49 +0.53 6.8 £0.7

4SFR is not from PyMCZ but is calculated directly from the corrected Balmer-line
fluxes based on the relation of Kennicutt et al. (1994)

Radio Observations

We obtained four epochs of observations of ZTF18abvkwla using the Karl G. Jansky
Very Large Array (VLA; Perley et al. 2011) under the program VLA/18B-242 (PI:
D. Perley), listed in Table 8.6. The first epoch was at At ~ 81d at X-band,
while the VLA was in C configuration. We used 3C138 as our flux density and
bandpass calibrator, and J0204+1514 as our complex gain calibrator. The next
three epochs were at At ~ 310d, At ~ 350d, and Ar ~ 400d, all while the VLA
was in A configuration. We continued to use 3C138 but switched to J0238+1636
as our complex gain calibrator. For each observation, we ran the standard VLA
calibration pipeline available in the Common Astronomy Software Applications
(CASA; McMullin et al. 2007). After calibration, we inspected the data manually
for further flagging. We imaged the data using the CLEAN algorithm (Hogbom,
1974) available in CASA, using a cell size that was 1/5 of the synthesized beamwidth.
The field size was set to be the smallest magic number (10 X 2") larger than the

number of cells needed to cover the primary beam.
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Table 8.4: Host galaxy properties (metallicities, mainly) from PyMCZ.

Area Count
SFR" 6.47 +1.3
E(B-V) 0.220*093
logR23 0.902{85812
D02 8.253f8-'%8
794 8.450f85011§
M91 821670020

PP04_N2Ha 8.20018-'8%8
PP04_O3N2 8.187j§{§§)§
P10_ONS 8.708%0 54
P10_ON 8.172+00.°
MO08_N2Ha 8.361j858§§
M08_0302 8.521i858“
M13_O3N2 8.174t§f§$§
M13_N2 8.194j83945
KD02_N202 7.567*;>
KK04_N2Ha 8.381j§{§%§
KK04_R23  8.390% 7!

0034
KD02comb  8.304*7' 5%

The SFR listed here is derived from the photometry, while the SFR in Table 8.4 was
derived from the spectrum. So, there is no expectation of identical values or errors.

Table 8.5: Properties of the host galaxy of ZTF18abvkwla. The stellar mass, star-
formation rate, maximum age, and extinction are from a fit to the galaxy SED; the
x? refers to that fit. The metallicity [O/H] was measured using the host galaxy
spectrum and is provided on the Z94 scale. This value corresponds to 0.6 solar.

Stellar mass M 51734 % 10% M,
Star-formation rate | SFR 6.8f§:2 Mg yr!
Maximum age age 7.530 x107 yr
Extinction Av 0.72f§'. 151 mag
y?/dof 1.6/2
Metallicity 12+log[O/H] | 8.5
4From VLASS

In addition, the position of ZTF18abvkwla was serendipitously covered by the VLA
Sky Survey (VLASS; Lacy et al. 2020), which has been mapping the entire sky
visible to the VLA at low frequencies (2—4 GHz) in three epochs at a cadence of 32
months. The Quicklook images are now available for the first epoch (17,000 deg™2).
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Table 8.6: Radio observations of ZTF18abvkwla with the VLA and the GMRT.
Upper limit is reported as 3x the image RMS.

At Facility  Obs. Date Config. v Flux Density
days UT) (GHz) (mlJy)
81 VLA 2018-12-01 C 10 0.364 + 0.006
188 VLA* 2019-03-19 B 3 <0.134
310 VLA 2019-07-19 BnA 10 0.061 +0.003
343 VLA 2019-08-21 A 6 0.089 +0.003
346 VLA 2019-08-24 A 3 0.068 £0.004
351 VLA 2019-08-29 A 1.5 0.146 £0.013
352 VLA 2019-08-30 A 10 0.045 +0.003
364 GMRT 2019-09-11 - 0.6 < 0.105
396 VLA 2019-10-13 A 10 0.031 +0.003
397 VLA 2019-10-14 A 6 0.033+0.003

We searched the existing Quicklook data using code available on Github3 that locates
the appropriate VLASS tile and subtile for a given RA and Dec and extracts a cutout
12 arcsec on a side. Given a non-detection we estimated an upper limit on the
flux density by taking the standard deviation of the pixel values in this cutout, after
performing initial 30~ clipping (removing pixels with a value greater than 3x the
standard deviation). The VLASS observation of ZTF18abvkwla is also listed in
Table 8.6.

We obtained one epoch of observations with the upgraded Giant Metrewave Radio
Telescope (GMRT; Gupta et al. 2017; Swarup et al. 1991) under a proposal for
Director’s Discretionary Time (Proposal # ddtC086; PI: A. Ho). For our GMRT
observations, we used 3C147 and 3C48 as our flux density and bandpass calibrators
and 0238+166 for our phase calibrator. We calibrated the GMRT data manually
using commands in CASA, with 6 rounds of phase-only self-calibration and 2 rounds

of amplitude and phase self-calibration.

The radio light curve from the VLA is shown in Figure 8.7. At the time of our first
observation, the 10 GHz (rest-frame 12 GHz) luminosity was 10°° erg s~ Hz~!, and
the in-band spectral index was @ = —0.16 + 0.05 where F, oc v~®. At late times
(At > 300d) the decline is very steep: at 6 GHz we find F), 1768209 "and at
10 GHz we find F, oc t73-2£14,

To estimate the contribution to the radio emission from the host galaxy, we use the
relation in Greiner et al. (2016), adapted from Murphy et al. (2011):

3https://github.com/annaygho/Query_VLASS
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Figure 8.7: The radio light curve of ZTF18abvkwla with the spectral energy distri-
bution at At ~ 350d (rest-frame A¢ ~ 275 d) shown inset. The upper limit at 3 GHz
comes from a serendipitous observation by VLASS.

SFRR.4i F
(—Radlf) = 0.059( 4 ) (1+z)~@*D
Mg yr~ ply
) (8.1)
) ()"
(Gpc) GHz/
In the final epoch of our radio observations, assuming @ = —0.75 (Condon, 1992)

where F, o v%, the 10 GHz flux density of 0.031 + 0.003 mJy predicts a SFR of
20 M, yr~'. So, we conclude that during the final observation the radio emission is
still dominated by the transient, but the host may contribute a non-trivial fraction of
the flux.

8.3 Comparison With Extragalactic Explosions

Optical Light Curve and Spectrum

As shown in §8.1, the fast rise time and high peak luminosity of ZTF18abvkwla is
shared by only a handful of transients in the literature. In this section we compare
the optical properties of ZTF18abvkwla to the transients in Table 8.1. We exclude

Dougie because it resided in an old stellar population with no signs of enhanced
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star formation (Vink¢ et al., 2015); the dominance of absorption features and much
lower star-formation rate were confirmed by additional LRIS spectroscopy (Arcavi
et al., 2016).

To compare light curves, we selected the light curve in a filter closest to rest-frame
g (the same filters used in constructing Figure 8.1). Following Whitesides et al.

(2017), we calculated absolute magnitudes using

Dy

M = mgps — 5 logy (Tpc

) +2.5 log,(1 +2). (8.2)

We cannot perform a true K-correction because most objects lack sufficient spec-
troscopic coverage. These equations will introduce systematic errors on the order

of 0.1 mag.

In Figure 8.8 we show the rest-frame g-band light curve of ZTF18abvkwla compared
to the light curves of transients in Table 8.1. The fast rise time of ZTF18abvkwla
is most similar to that of iPTF15ul, AT2018cow, and perhaps iPTF16asu: it is
faster than SN 2011kl and the SNLS transients. ZTF18abvkwla fades much more
quickly than iPTF16asu (which spectroscopically evolved into a Ic-BL. SN) and in
this sense is more similar to iPTF15ul and AT2018cow. In terms of peak luminosity,
ZTF18abvkwla is close to iPTF15ul, AT2018cow, DES16X1eho, and iPTF16asu,
and brighter than SN 2011kl and the SNLS transients. However, we caution that
the high peak luminosity of iPTF15ul results from a large host-galaxy extinction
inferred in Hosseinzadeh et al. (2017), without which the peak magnitude would be

—19.6 mag.

Next we consider color evolution. ZTF18abvkwla showed tentative evidence for red-
dening over time, from g —r = —0.47+0.09 mag at peak to g—r = —0.03+0.21 mag
in the final epoch a week later; however, this is only a 20 change. AT2018cow,
iPTF15ul, and DES16X1eho remained very blue throughout the evolution of their
optical light curves, whereas iPTF16asu reddened significantly as the SN became

the dominant component.

Finally, we consider the spectral evolution of the transients in Table 8.1. Peak-light
spectra were not obtained for DES16X1eho (Pursiainen et al., 2018) or the SNLS
transients (Arcavi et al., 2016). The peak-light spectra of iPTF16asu, AT2018cow,
and SN 2011kl were featureless (Greiner et al., 2015; Perley et al., 2019; Whitesides
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Figure 8.8: The rest-frame g-band (observer-frame r-band) light curve of
ZTF18abvkwla (black line), compared to light curves of other transients in the
literature in as close to the same rest-frame filter as possible. Each panel shows one
transient highlighted in orange for comparison, with the rest shown in grey in the
background.

et al., 2017), and iPTF15ul4 had a weak emission feature attributed to C III (Hos-
seinzadeh et al., 2017). After peak, iPTF16asu developed features of a Ic-BL SN
(Whitesides et al., 2017), and AT2018cow had a complex spectral evolution, with a
broad feature (v > 0.1¢) that appeared and disappeared over several days following
peak light and a variety of emission lines that appeared one week later (Perley et al.,
2019). Unfortunately we do not have any spectra of ZTF18abvkwla after peak.

4iPTF15ul was classified as Type Ibn in Hosseinzadeh et al. (2017), but the lack of distinct He I
at peak make this classification uncertain.)
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Radio Light Curve

In the previous section (§8.3) we compared the optical properties of ZTF18abvkwla
to the transients in Table 8.1: the light curve shape, the color evolution, and the
spectrum. In this section we compare the radio properties of ZTF18abvkwla to the

same set of transients.

Of the transients in Table 8.1, only AT2018cow and GRB 111209A/SN 2011kl had a
detected radio counterpart.®> Prompt radio follow-up observations were also obtained
for iPTF15ul® and iPTF16asu, but neither was detected. To our knowledge, Dougie,
the SNLS transients, and DES16X1eho did not have deliberate radio follow-up ob-
servations; we searched the VLASS archive and found that all except SNLS04D4ec
were observed but none were detected. In Figure 8.9 we show the radio measure-
ments of the Table 8.1 transients compared to stellar explosions and tidal disruption
events. For completeness, we also searched the positions of all of the transients
in the two largest collections of unclassified fast-rising luminous optical transients
reported to date, PS1 (Drout et al., 2014) and the Dark Energy Survey (Pursiainen
et al., 2018). None were detected, and the limits are listed in Table 8.7.

As shown in Figure 8.9, ZTF18abvkwla is most similar in luminosity to long-
duration GRB afterglows (Berger et al., 2003; Perley et al., 2014). The SED is also
similar: in §8.2 we found that the SED of ZTF18abvkwla peaked near 10 GHz at
At = 81d, while the SED of GRB 030329 (z = 0.1685) peaked at 5 GHz (Berger
et al., 2003) at 67 days post-explosion, and the SED of GRB 130427A (z = 0.340)
peaked at 10 GHz (Perley et al., 2014) at a similar epoch post-explosion.

A Starburst Host Galaxy
In §8.3 and §8.3 we compared the optical and radio properties of ZTF18abvkwla to
other transients in the literature. Here we put its host galaxy properties into context.

Galaxies with very high specific star-formation rates (e.g., sSFR > 1078 yr!, our
operational definition of a “starburst”) contribute a small fraction of star-formation
in the low-redshift Universe (Lee et al., 2009), so the appearance of ZTF18abvkwla

in such a galaxy (sSFR ~ 1.4 x 1078 yr~!) is notable. However, their contribution to

3In the case of GRB 111209A/SN 201 1kl, the radio emission was likely from the GRB afterglow
itself (Kann et al., 2018).

%Observations of iPTF15ul were obtained within five days of the optical discovery, two observer-
frame days after peak optical light, at 6 GHz and 22 GHz with the VLA, at 15 GHz with the Arcminute
Microkelvin Imager (Zwart et al., 2008), and at 95 GHz with the Combined Array for Research in
Millimeter-wave Astronomy (Bock, 2006). There was no detection at any frequency, with an RMS
of 0.235 mJy with CARMA and an RMS of 0.03 mJy with AML
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Figure 8.9: The 10 GHz radio light curve of ZTF18abvkwla compared to low-
frequency (1-10 GHz) light curves of different classes of energetic explosions: tidal
disruption events (purple; Alexander et al. 2016; Berger et al. 2012; Eftekhari et al.
2018; Zauderer et al. 2011, 2013), supernovae exploding in dense CSM (blue lines,
> 10%7 erg s~!- Salas et al. 2013; Soderberg et al. 2005, 2006c), relativistic Ic-BL
supernovae (red lines; Kulkarni et al. 1998; Soderberg et al. 2010), AT2018cow
(black line, small stars), long-duration gamma-ray bursts (orange lines; Berger et al.
2003; Hancock et al. 2012; Perley et al. 2014; van der Horst et al. 2014), and
“ordinary” supernovae (< 1037 erg s~!: Horesh et al. 2013; Krauss et al. 2012;
Weiler et al. 1986; Weiler et al. 2007). The CSS161010 light curve was taken from
Coppejans et al. (2020). The AT2018cow light curve is at 9 GHz with data taken
from Ho et al. (2019¢), Margutti et al. (2019), and Bietenholz et al. (2020).
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Table 8.7: Radio limits for rapidly evolving transients in Drout et al. (2014) and
Pursiainen et al. (2018) The At is the number of days between the discovery date
(Drout et al., 2014) or the time of peak (Pursiainen et al., 2018) and the epoch of
the VLASS observation of that field.

ID z RA Dec At Limit

[hh:mm:ss] [dd:mm:ss] (days) (uly)
PS1-10ah 0.074 10:48:15.784  +57:24:19.48 2836 102
PS1-11qr 0.324  09:56:41.767 +01:53:38.25 2467 130
PS1-12bb 0.101  09:57:23.866  +03:11:04.47 2174 149
PS1-12bv 0.405 12:25:34.602 +46:41:26.97 2642 129
PS1-12brf 0.275 22:16:06.892  -00:58:09.81 1892 124
PS1-11bbgq 0.646  08:42:34.733  +42:55:49.61 2731 159
PS1-13duy 0.27 22:21:47.929  -00:14:34.94 1505 127
PS1-13dwm 0.245 22:20:12.081 +00:56:22.35 1422 155
PS1-10iu —  16:11:34.886  +55:08:47.91 2689 103
PS1-13aea - 12:18:14.320  +47:20:12.60 2199 88
PS1-13bit - 16:12:00.765 +54:16:08.16 1618 104
PS1-13cgt - 16:18:56.245  +54:19:33.71 1552 123
DES15S11li 0.45 02:52:45.15  -00:53:10.21 826 150
DES13X3gms 0.65 02:23:12.27  -04:29:38.35 1520 139
DES15S 1111 0.23 02:51:09.36 -00:11:48.71 826 139
DES14S2anq 0.05 02:45:06.67  -00:44:42.77 1199 118
DES14X3pkl 0.3 02:28:50.64  -04:48:26.44 1100 105

DES15C3lpq 0.61 03:30:50.89  -28:36:47.08 849 145
DES16S1dxu 0.14 02:50:43.53  -00:42:33.29 385 154
DES15C3mgq 0.23 03:31:04.56  -28:12:31.74 835 99
DES16X1eho 0.76 02:21:22.87  -04:31:32.64 365 152
DES16X3cxn 0.58 02:27:19.32  -04:57:04.27 393 128
DES15C3lzm 0.33 03:28:41.86  -28:13:54.96 839 106
DES13C3bcok 0.35 03:32:06.47  -28:37:29.70 1513 98
DES15C3nat 0.84 03:31:32.44  -28:43:25.06 810 108
DES15C3opk 0.57 03:26:38.76  -28:20:50.12 777 125
DES15C3o0pp 0.44 03:26:57.53  -28:06:53.61 781 112
DES13X3npb 0.5 02:26:34.11  -04:08:01.96 1411 122
DES16C3axz 0.23 03:31:14.15  -28:40:00.25 523 100
DES16C3gin 0.35 03:31:03.06  -28:17:30.98 391 107
DES14X1bnh 0.83 02:14:59.79  -04:47:33.32 1172 145
DES16X3ega 0.26 02:28:23.71  -04:46:36.18 357 111

DES15C3mfu - 03:28:36.08  -28:44:20.00 835 187
DES13C3abitt - 03:30:2891  -28:09:42.12 1513 107
DES15C3pbi - 03:28:56.68  -28:00:07.98 772 182
DES15X3atd - 02:23:21.64  -04:17:28.95 830 146
DES13C3nxi - 03:27:51.22 -28:21:26.21 1559 75
DES13C3smn -  03:27:53.08  -28:05:00.93 1564 124
DES13X3aakf - 02:22:50.84  -04:41:57.01 1441 108
DES13X3afjd - 02:28:00.31  -04:34:59.39 1411 123
DES13X3kgm - 02:26:00.92  -04:51:59.29 1508 103
DES16S2fqu - 02:47:05.94  -00:20:50.40 356 139
DES16X1ddm - 02:15:18.88  -04:21:52.07 386 111
DES16X3ddi - 02:21:4539  -04:41:08.95 393 127
DES16X3erw - 02:24:49.31  -04:30:51.45 357 117

low-metallicity star-formation is more significant, as they are typically low-mass and
therefore low-metallicity (Tremonti et al., 2004). They are also promising candidates
to experience a top-heavy IMF (Dabringhausen et al., 2009) and potential sites of
enhanced binary or dynamical stellar interactions (van den Heuvel and Portegies

Zwart, 2013). Each of these mechanisms have been appealed to in attempts to
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interpret the relatively high abundance of exotic transients of other types found in
these systems, including superluminous SNe (SLSNe; Leloudas et al. 2015; Lunnan
et al. 2014; Perley et al. 2016; Schulze et al. 2018), broad-lined Ic SNe (Modjaz
et al., 2020), GRBs (Fruchter et al., 2006; Kriihler et al., 2015; Schulze et al., 2015;
Vergani et al., 2015), and at least some fast radio bursts (Katz, 2016; Tendulkar
et al., 2017).

Based on our measurements in §8.2 we conclude the following about the host of
ZTF18abvkwla:

The host is not an AGN — We confirm the lack of any evidence for an optical AGN
based on the very weak [NII] emission. The host falls squarely in the star-forming
locus of the BPT diagram (Figure 8.10).

The host metallicity is typical for its mass — The host is relatively metal-poor: the
precise number is of course scale-dependent, but using the Z94 scale we calculate
[O/H] of 8.45, or about 0.6xSolar. This is a lower metallicity than the majority
of star-formation in the local Universe, but not an outlier and unexceptional for

low-mass galaxies in particular (Figure 8.12).

The star-formation intensity is similar to extreme SLSN and GRB hosts — The most
striking nature of the host galaxy is its very high specific star-formation rate, which
is evident in Figure 8.13 and 8.11.

The host of AT 2018cow was also a dwarf galaxy, although it was more massive
than that of ZTF18abvkwla and not starbursting, with a mass and star-formation
rate of 1.4 x 10° Mg and 0.22 M, yr~! respectively (Perley et al., 2019). The host
galaxy of DES16X1eho had a stellar mass log(M /M) = 9.96J:%"§‘{ and a specific
SFR of log(sSFR/M yr~!) = —9.25 (Pursiainen et al., 2018). The host galaxy of
iPTF16asu had a stellar mass M = 4.6*39 x 10 M and an Ha SFR of 0.7 M yr™',
corresponding to a sSFR of 1.4 Gyr~!(Whitesides et al., 2017). Finally, the host
galaxies of the SNLS transients harbored relatively evolved stellar populations, and

were noted to be markedly different from starburst galaxies (Arcavi et al., 2016).

8.4 Interpretation

Even with the small number of events in the Table 8.1 menagerie, the diversity of
optical and radio properties (§8.3, §8.3) suggests that there are several progenitor
systems involved. In this section we model the optical and radio light curves of

ZTF18abvkwla and discuss the implications for the progenitor.
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Figure 8.10: BPT diagram comparing the host galaxy of ZTF18abvkwla to <11 Mpc
comparison galaxies (grey) and to the host galaxies of nearby hydrogen-poor SLSNe
(diamonds), as in Perley et al. 2016. Light diamonds indicate mass-metallicity
estimated metallicities. Comparison galaxies are weighted by their SFR; histograms
show the SFR-weighted binned totals on each axis. ZTF18abvkwla is indicated by
a yellow cross.

Modeling the Optical Light Curve

Shock-interaction with extended low-mass material is an efficient mechanism for
producing a fast-peaking luminous optical light curve. Shock breakout occurs when
the photon diffusion time drops below the shock crossing time (7 < ¢/vy, where T
is the optical depth and vy is the shock velocity). For normal stellar progenitors,
this emission is primarily at X-ray and UV wavelengths and lasts for seconds to
a fraction of an hour. In the wake of this shockwave, the outer stellar material is
heated to high temperatures, and as it cools it radiates on the timescale of a day

(“cooling envelope” emission). See Waxman and Katz (2017) for a review.

Prior to core-collapse, massive stars can undergo mass-loss via steady winds or
eruptive episodes (Smith, 2014). As a result, a star can be surrounded by dense,
recently-expelled material at the time of explosion. If this material is optically thick,
it increases the effective radius of the star and prolongs the light curve from shock
breakout. If the light curve of ZTF18abvkwla arises from shock breakout in a shell,
we can estimate the radius of this extended material (CSM) assuming a rise to peak

044

bolometric luminosity #ise < 2d, a peak luminosity Lo > 10** ergs~! and a typical
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Figure 8.11: Mass—star-formation rate relation comparing the host galaxy of
ZTF18abvkwla to <11 Mpc comparison galaxies (grey) and to the host galaxies
of nearby hydrogen-poor SLSNe (diamonds), as in Perley et al. 2016. Light dia-
monds indicate mass-metallicity estimated metallicities. Comparison galaxies are
weighted by their SFR; histograms show the SFR-weighted binned totals on each
axis. ZTF18abvkwla is indicated by a yellow cross.
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Figure 8.12: Mass-metallicity relation comparing the host galaxy of ZTF18abvkwla
to <11 Mpc comparison galaxies (grey) and to the host galaxies of nearby hydrogen-
poor SLSNe (diamonds), as in Perley et al. 2016. Light diamonds indicate mass-
metallicity estimated metallicities. Comparison galaxies are weighted by their SFR;
histograms show the SFR-weighted binned totals on each axis. ZTF18abvkwla is
indicated by a yellow cross.
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Figure 8.13: Specific star-formation-rate—metallicity relation comparing the host
galaxy of ZTF18abvkwla to <11 Mpc comparison galaxies (grey) and to the host
galaxies of nearby hydrogen-poor SLSNe (diamonds), as in Perley et al. 2016. Light
diamonds indicate mass-metallicity estimated metallicities. Comparison galaxies
are weighted by their SFR; histograms show the SFR-weighted binned totals on each
axis. ZTF18abvkwla is indicated by a yellow cross. The host is a starbursting galaxy
with no evidence of AGN activity, and while it is metal-poor it is not particularly so
given its mass.

SN shock velocity of 10*kms~!. The rise timescale is

Rcsm

BO ~
Vg

_ (134d) Rcsm Vg !
' 105em/ \104kms™!]

For ZTF18abvkwla, we find Resm < 1.5 X 101 cm.

(8.3)

We can also estimate the mass in the shell, assuming that the shock deposits half its
kinetic energy (1/2)pv? and that this deposited energy is Ego ~ 47R>dRe; where
the energy density reflects the amount of thermal energy in the layer. The luminosity

scales as

Ego vidM 45 -1
~—=——=(2.2x10
tCrOSS 4 dR ( ergs )

y v, > (M dR \!
10*kms~! Mo/ \105cm/

Lgo ~
(8.4)
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Assuming dR ~ R, we find Mcsm < 0.07 M. In this framework, the differences in
the light curves of different objects corresponds to differences in the shell mass, shell
radius, and shock velocity. The luminosity is most sensitive to the velocity, so it is
possible that the transients in Table 8.1 are distinguished by fast velocities, which
would naturally explain the inclusion of a Ic-BL SN. For a fixed shock velocity, a
fast rise time corresponds to a small shell radius, which in turn requires a large shell

mass to produce a high luminosity.

Another possibility is that the light curve is powered not by shock breakout in a
shell, but by post-shock envelope-cooling emission. For example, this was the
model invoked for iPTF16asu (Whitesides et al., 2017), which led to an inferred
shell mass of 0.45 My and a shell radius of 1.7 x 10'>cm. The light curve of
ZTF18abvkwla has a similar rise time but a higher peak luminosity than that of
iPTF16asu, and the effective temperature at peak is significantly higher. According
to the one-zone analytic formalism in Nakar and Piro (2014) and Piro (2015), a
higher peak temperature for a fixed rise time and a fixed opacity arises from a larger
shell radius. A larger shell radius can also explain the higher bolometric luminosity,

although that could also arise from a larger explosion energy or faster ejecta velocity.

Another mechanism suggested to explain the optical light curve of AT2018cow
was reprocessing by dense outer ejecta (Margutti et al., 2019). In this picture, a
central source (such as an accretion disk or magnetar) emits high-energy (i.e., X-ray)
emission, which is reprocessed by surrounding material to produce lower-energy
(i.e., optical) radiation. This is one setup for tidal disruption events, in which case
the surrounding material is unbound stellar debris (Strubbe and Quataert, 2009).
Indeed, several properties of ZTF18abvkwla and AT2018cow are similar to TDEs
in the literature, such as the photospheric radius of 10'%~10'> cm, the effective
temperature of 10* K, and high radio luminosities attributed to jets (for reviews of
TDE observations, see Gezari (2012) and Komossa (2015)).

Regardless of the power source at peak, we also use the optical light curve to put an

upper limit on the mass of *°Ni that could have been synthesized in the explosion.

Using Equation (16) in Kasen (2017), the luminosity from the radioactive decay of
Ni is

M .
L) =2x10% (i)
Mo

X [3.9e—f/TNi +0.678 (e—f/TCO - e—f/’Ni)] ergs™,

(8.5)
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where 7n; = 8.8d and 7¢, = 113.6d. Using the final g-band measurement (g =
21.51 £0.21) at At = 10d (At = 8d rest-frame) L ~ AF; ~ 1.4 x 108 ergs™!, so
the amount of °Ni that could power the light curve at this epoch is My; < 0.36 Mg
(Figure 8.4). From a compilation of CC SNe, Lyman et al. (2016) found nickel
masses of 0.11 + 0.04 My for Type IIb SNe, 0.17 + 0.16 My for Type Ib SNe,
0.22 £ 0.16 M, for Type Ic SNe, and 0.32 + 0.15 M, for Type Ic-BL SNe. So, we

cannot rule out an underlying nickel-powered light curve for ZTF18abvkwla.

Modeling the Radio Light Curve

The high luminosity and fast variability timescale of the 10 GHz light curve implies
a high brightness temperature Tz ~ 10'' K, so we conclude that the emission is
synchrotron radiation. In the first epoch, the 10 GHz observation is declining and
has an in-band (8—12 GHz) spectral index of @ = —0.16+0.05 where F,, oc v~®. This
is much shallower than the optically thick (& = —2.5) or the optically thin (o = +0.7)
regimes of a synchrotron self-absorption (SSA) spectrum, which suggests that the
peak of the SED is near 10 GHz (observer-frame) at this epoch. In what follows,
we assume that the SSA spectrum has a rest-frame peak frequency v, < 8 GHz (the

bottom of the band) and a rest-frame peak flux density F, 2 0.364 mJy.

When the SSA peak is known, the outer shock radius R, and magnetic field strength
B, can be derived assuming that energy is equally partitioned into magnetic fields
and relativistic electrons (Readhead, 1994; Scott and Readhead, 1977). We use the
equations for R, and B, for radio SNe in Chevalier (1998) (Equations 11 and 12).
Assuming an optically thin spectral index of v~! and a filling factor f = 0.5, we
find R, 2 8.0 X 10" cm and B, < 0.51G. So, the mean velocity until 7o = 81d
is I'Bc = R,(1 + z)/tops = 0.38¢c. Using Equations 12, 16, and 23 in Ho et
al. (2019c), and assuming €, = e€g = 1/3, we find that the shock has swept up
energy U = 3.4 x 10¥ erg into an ambient medium of density n, = 190cm=3,
corresponding to a mass-loss rate of M = 5.8 x 107* M yr~! assuming a wind
velocity v,, = 1000kms~!. In Figure 8.14 we show these quantities compared to
those of other energetic explosions. The peak radio luminosity density is directly
proportional to U/R, the energy swept up by the shock divided by the shock radius
(right-hand side of Figure 8.14). So, the fact that ZTF18abvkwla, AT2018cow, and
CSS161010 are distinguished by high radio luminosities is primarily a consequence

of a large explosion energy.
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Figure 8.14: Approximate luminosity and frequency of the SSA peak of
ZTF18abvkwla at Ar = 81d (observer-frame), compared to other energetic ex-
plosions in the literature, including AT2018cow (Ho et al., 2019¢; Margutti et al.,
2019) and CSS161010 (Coppejans et al., 2020). Lines of constant mass-loss rate
are shown in units of 10™* Mg yr™! scaled to a wind velocity of 1000kms~!'. The
corresponding energy of the explosion (assuming equipartition) is shown on the
right-hand side.

Progenitor Systems and a Search for an Associated Gamma-ray Burst

The physical setups outlined in §8.4 — a shock driven through a shell, reprocessing
of a high-energy compact source by optically thick material — could arise in a
variety of different progenitor systems. An additional clue for ZTF18abvkwla is the
host galaxy, which experienced a very recent burst of star-formation activity. In that

sense, a massive-star origin seems most natural.
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AT2018cow was suggested to have two distinct components: a shock driven through
dense equatorial material (producing the optical emission), and a faster polar outflow
(producing the radio emission; Margutti et al. 2019). As shown by early millimeter
observations (Ho et al., 2019c), later radio observations (Margutti et al., 2019), and
Very Long Baseline Interferometry (Bietenholz et al., 2020; Mohan et al., 2020),
the fast outflow was subrelativistic with a near-constant velocity of v = 0.1c. In
ZTF18abvkwla, the radio-emitting ejecta is faster: > 0.38c¢ at the same epochs
when the outflow from AT2018cow was 0.1c. As shown in Figure 8.14, the higher
luminosity at late times arises from this faster velocity; the explosion energy of the

two events appears to have been similar.

Because the late-time radio light curve is similar of that of GRBs, we searched
for potential GRB counterparts to ZTF18abvkwla in the period between the last
non-detection (MJD 58372.4206; 2018-09-11 10:05:39.84) and the first detection
(MJD 58373.4075; 2018-09-12 09:46:48.00). There were two bursts detected by the
interplanetary network (IPN; Hurley et al. 2010, 2016), one by the Gamma-ray Burst
Monitor (GBM) aboard the Fermi spacecraft (Gruber et al., 2014; Narayana Bhat
et al., 2016; von Kienlin, 2014) and one detected by the Konus-Wind experiment
aboard the Wind spacecraft (Aptekar et al., 1995). The positions of both bursts are
inconsistent with that of ZTF18abvkwla.

Due to the lack of detected GRB, we can set a limit on the fluence and corresponding
isotropic equivalent energy of a prompt burst associated with ZTF18abvkwla. The
IPN has essentially a 100% duty cycle across the sky, and detects GRBs with
E, > 20keV down to 6 x 1077 ergem™ at 50% efficiency (Hurley et al., 2010,
2016). At tg, the estimated 20—-1500keV limiting peak flux at the position of
ZTF18abvkwla was 2 x 1077 ergcm™2 s~! for a Band model that has Ep in the 50—
500 keV range. At the distance of ZTF18abvkwla, this corresponds to a limit on the
isotropic peak luminosity of Lis, < 5 x 10% erg s~!. Therefore we strongly disfavor
an on-axis classical GRB (which is also consistent with the lack of observed optical

afterglow emission).

Among GRBs, two events have shown evidence for a luminous optical blackbody
component at early times: GRB 060218 (z = 0.033; Ferrero et al. 2006; Mirabal
et al. 2006; Pian et al. 2006; Soderberg et al. 2006b; Sollerman et al. 2006) and
GRB 101225A (Thone et al. 2011; z = 0.847; Levan et al. 2014). GRB 060218
was a very long-duration (Tog ~ 2100's) low-luminosity (Lis, = 2.6 x 10* ergs™)
GRB associated with the Ic-BL SN 2006aj (Cano et al., 2017b). A GRB with these
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properties cannot be ruled out by our limits. GRB 101225A also had a very long
duration (Tg9g > 2000 sec), and a candidate SN counterpart.

As in the case of AT2018cow, we cannot rule out a TDE origin. In that case, the
similarity to the light curve of AT2018cow would suggest a similar kind of system,
i.e., an intermediate-mass black hole (M ~ 104 Mg; Perley et al. 2019) with a white
dwarf (Kuin et al., 2019) or a Solar-type (Perley et al., 2019) stellar companion. In
the case of AT2018cow, the main argument against a TDE hypothesis was the large
ambient density (10° cm™>) from millimeter (Ho et al., 2019¢) and radio (Margutti
et al., 2019) observations. For ZTF18abvkwla, assuming that the flat spectral index
indicates a 10 GHz peak at 81 d, we find a much lower density (10> cm™). Among
TDE:s, the radio light curve of ZTF18abvkwla is most similar to that of the TDE
candidate IGR J12580+0134 (Irwin et al., 2015), which had a nearly identical vL,
(and fade rate) one year post-discovery. The radio emission from IGR J12580+0134
has been attributed to an off-axis relativistic jet (Irwin et al., 2015; Lei et al., 2016)

but interpretation is complicated by the coincidence of the source with a known
AGN.

8.5 Rate Estimate

An important clue to the progenitor of sources like ZTF18abvkwla is the cosmolog-
ical rate. Furthermore, three fast-luminous transients—SN 2011kl (associated with
GRB 111209A), AT2018cow, and ZTF18abvkwla—have detected luminous radio
emission, although the radio emission from SN 2011kl likely arose from the GRB
afterglow. Clearly, being able to recognize additional members of this phase-space
in optical surveys would be valuable for radio follow-up observations. In this sec-
tion, we conduct an archival search of 18 months of the 1DC survey (2018 Apr 3 —
2019 Oct 18 UT) to estimate the rate of transients in the phase-space of Figure 8.1

and delineate false positives.

First we selected field-nights in the survey for which the 1-night coverage was
approximately maintained. Specifically, we require

* at least one observation the night before (0.5 < dr < 1.5 days)

* at least one observation two nights before (2.5 < dt < 1.5 days)

* at least three observations in the next five nights (df < 5.5 days)
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We find 8064 fields satisfying these criteria. Of these, 6854 fields (85%) have
limiting magnitude > 19.75 mag and 4596 fields (57%) have limiting magnitude
> 20.5mag. The dominant effect is lunation, with some night-to-night variations

due to weather.

For each of the 8064 field-nights, we searched for fast transients. To detect a fast
transient, we require that the peak of the light curve be “resolved:” that is, that there
are measurements both before and after peak light that are > 0.75 mag fainter than
the peak magnitude. We then measure the time from 0.75 mag below peak to peak
by linearly interpolating the light curve. If this rise time is < 5d, we include the
transient in our sample. More specifically, we filtered sources as summarized in
Table 8.8. We scanned the remaining 659 sources by eye and removed sources with

very noisy light curves or flaring behavior.

Table 8.8: Filtering criteria for sources similar to ZTF18abvkwla in the ZTF 1DC
survey

Criteria # sources remaining
Real?, brightb , pos. sub.¢, not star? 758,528
Short duration® and peak resolved” 659

2 drb > 0.99 ” magpsf < 20 ¢ isdiffpos=t or’1’ ¢ not(sgscorel > 0.76 and
distpsnrl < 1) ¢ Duration between 1 and 100 days / Peak has preceding or
subsequent detection/non-detection in a +£5 d window that is at least 0.75 mag
fainter

In Table 8.9 we list all 27 sources with rise times faster than 5d, including
ZTF18abvkwlaitself. Five sources are spectroscopically classified SNe: two Type I,
two Type Ibn, and one Type IIb. Three sources are classified as CVs, two spectro-
scopically and one by cross-matching with the AAVSO International Variable Star
Index VSX (Watson et al., 2017). Two are very likely flare stars based on previous
detections in Pan-STARRS individual-epoch images, and a third is a likely flare star
based on a GALEX counterpart. Nine sources are likely extragalactic (based on
proximity to a host galaxy). When redshift estimates for these galaxies were not
available, we attempted to obtain them using LRIS on 17 Feb 2020. Two sources
remain without definitive redshift estimates, so we provide a photometric redshift
from LegacySurvey DRS8. One source (ZTF18abxxeai) has a very faint host classi-
fied as a PSF in LegacySurvey DRS, and the remaining five sources have no clear

host counterpart.
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Of the sources with a definitive host redshift measurement, ZTF18abvkwla is the
only one that is more luminous than M = —20 mag. Clearly, the primary interlopers
in searches for transients like ZTF18abvkwla are CVs and less luminous SNe.
CVs can be ruled out on the basis of repeated flaring, whereas less luminous SNe
can only be ruled out if the redshift of the host galaxy is known a priori. Aside
from ZTF18abvkwla, eight transients in our sample remain as possibly having
M peax < —20, although the lack of an obvious host for six of them suggest that
these may be CVs.

We take eight as an upper limit for the number of transients in ZTF that could fall
within the phase-space of Figure 8.1. Of these, three peak brighter than 19 mag, and
four have a peak between 19 and 19.75 mag. We now calculate two all-sky rates.
First we assume that the transient peaks at < 19 mag, in which case we discard
field-nights with a limiting magnitude shallower than 19.75 mag. Then we assume
that the transient peaks at < 19.75 mag, in which case we discard field-nights with

a limiting magnitude shallower than 20.5 mag.

Each ZTF field is 47 deg?, but there is latitude-dependent overlap that has to be taken
into account when converting this to a rate per square degrees in the sky. For the
primary grid, a rough estimate of the fill factor is 87.5%. For the 1DC survey, the
footprint is 10% smaller than the number of fields multiplied by 47 square degrees.
So, taking fill factor and overlap into account, we estimate a typical area-per-field
of 37 deg?. So for transients brighter than 19 mag we have 2.5 x 10° deg? d and for
transients brighter than 19.75 mag we have 1.7 x 10° deg? d. For transients peaking

brighter than 19 mag we have a limiting all-sky rate

41253 deg? 365d

X ~ 180yr~!. 8.6
2.5x105deg?d  lyr Y (8.6)

For transients peaking brighter than 19.5 mag we have a limiting all-sky rate

41253 deg? 365d

X X ~ 350 yr !, 8.7
1.7x 105 deg?d . Lyr Y (8.7)

Now, we use the limiting magnitude to estimate a volumetric rate. Assuming
a transient that peaks at M = —20mag, requiring a peak apparent magnitude
brighter than 19 mag restricts our sensitivity to 400 Mpc. So, we find a volu-
metric rate of 7 x 1077 yr~! Mpc~3. Requiring a peak apparent magnitude brighter

than 19.75 mag restricts our sensitivity to 560 Mpc, leading to a volumetric rate
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of 4 x 1077 yr~! Mpc~3. For reference, we provide rates of core-collapse SNe and
GRBs in Table 8.10. The rate of events like ZTF18abvkwla appears to be at least
two orders of magnitude smaller than the CC SN rate, and more similar to the rate

of GRBs in the local universe.

8.6 Prospects for Detecting X-ray Emission

Clearly, radio observations are an important avenue of follow-up for transients like
ZTF18abvkwla. Another valuable avenue is X-ray observations, which were not
obtained for ZTF18abvkwla. We can estimate what the predicted X-ray luminosity

would be from inverse Compton scattering, using the optical and radio luminosities:

Lx _ tph 8.8)
Liadio up

Taking Lyagic = 10*0ergs™, Uph = 10" ergs™!/(47R3/3) where R = 10" cm,
and up = B2/87r where B = 0.6G, we find Ly ~ 10% erg s~!. This is even
more luminous than the X-ray emission observed accompanying AT2018cow, which
had Ly ~ 10% erg g1 (Ho et al., 2019c; Margutti et al., 2019; Rivera Sandoval
et al.,, 2018). To our knowledge there were no X-ray follow-up observations of
DES16X1eho, while observations of iPTF16asu resulted in an X-ray upper limit
of 108 ergs™!. Hosseinzadeh et al. (2017) report pre-peak UV measurements
from Swift for iPTF15ul, but to our knowledge X-ray observations have not been
reported. We measured an upper limit of 0.005cts™! in a single epoch from the

0% cm™2 and a power-law

publicly available Swift data. Assuming ny = 1.7 X 1
source model with a photon index I" = 2 we obtain an upper limit on the unabsorbed

0.3—-10keV luminosity of 2 x 10* erg s,

8.7 Summary and Conclusions

ZTF18abvkwla is distinguished by two key characteristics: a fast-evolving optical
light curve with a hot (T > 40,000 K) and featureless thermal spectrum at peak,
and a long-lived, fast-fading radio light curve similar to those of jet-powered long-
duration GRBs. The host galaxy underwent a recent starforming episode and has
a very high specific star-formation rate, similar to that of extreme SLSN and GRB
hosts. Events like ZTF18abvkwla are rare: from one year of the ZTF 1DC survey,
we estimate that the rate is at least 2-3 orders of magnitude smaller than the CC SN

rate.

Due to the lack of late-time photometry, we cannot conclude whether the late-
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time light curve was powered by the same mechanism as the peak or whether
another mechanism such as nickel decay became dominant, and we have only
tentative evidence for color evolution (cooling) over time. Furthermore, we cannot
determine whether this source developed supernova features and whether it most
closely resembles a Ic-BL like iPTF16asu, a continuum with emission lines like the
Ibn iPTF15ul or the SN/TDE candidate AT2018cow, or neither.

Among the fast-luminous optical transients in Table 8.1, only AT2018cow and
SN 2011kl had detected radio emission. ZTF18abvkwla thus adds to the very small
number of events in the literature established to have fast-blue optical light curves,
as well as a separate fast ejecta component that produces luminous radio emission.
Interestingly, most of the well-studied transients in Table 8.1 are associated with a
candidate engine-powered explosion. AT2018cow had a long-lived central engine
that powered a fast (0.1¢) outflow. The Koala likely had a central engine that
powered an even faster (> 0.38¢) outflow, perhaps a relativistic jet. iPTF16asu was
a Ic-BL SN, and therefore by definition had faster ejecta velocities than ordinary
core-collapse supernovae, although there was no evidence for a jet. SN 2011kl
had a burst of high-energy emission (GRB 111209A) and an associated luminous
afterglow. Given the sensitivity of the luminosity to the shock speed (Equation 7),
perhaps this apparent relationship between engine-driven supernovae and luminous

fast-luminous optical transients should not be surprising.

At z = 0.27, ZTF18abvkwla was much more distant than AT2018cow (z = 0.0141),
but the lesson from §8.2 and §8.5 is that we should not be deterred by cosmological
distances in pursuing X-ray and radio follow-up observations. The radio emission
from ZTF18abvkwla would be easily detecTable by the VLA out to z = 0.5 (assum-
ing 5 uJy RMS in half an hour of integration time) or even out to z = 0.8 (when it
would be 30 uJy). Assuming a Swift/XRT sensitivity limit of 4x 1071% ergcm™2 571,
the X-ray emission from ZTF18abvkwla may have been on the detection threshold.
For a Chandra sensitivity limit an order of magnitude deeper, this may be on the
detection threshold at z = 0.7. At these larger distances (z = 0.5, z = 0.7) the opti-
cal g-band magnitude would be 21.1 and 22.3 respectively. This is out of reach for
current surveys like ZTF, but standard for LSST. The false positives in such a search
are lower-luminosity explosions (Type IIb, II, and Ibn SNe) and CVs. These can be
ruled out via knowledge of the host redshift (and therefore intrinsic luminosity), so

we emphasize the need for extensive and reliable galaxy-redshift catalogs.

The code used to produce the results described in this paper was written in Python
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and is available online in an open-source repository”.
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8.8 Appendix

Light-curve measurements

To construct Table 8.1, we used observed bands as close as possible to rest-frame g:
g-band for z < 0.15, r-band for 0.15 < z < 0.45, i-band for 0.45 < z < 0.78, and
z-band for 0.78 < z < 1.0. We excluded transients with z > 1.0. We measured the
rise time from, and fade time to, 0.75 mag below peak by linearly interpolating the
single-filter light curve, and measured uncertainties using a Monte Carlo with 1000

realizations of the light curve. Additional notes on each transient are below.

For iPTF15ul (z = 0.066; Hosseinzadeh et al. 2017) the uncertainty on the peak
magnitude was dominated by the uncertainty from the host-galaxy extinction esti-
mate. For AT2018cow (z = 0.0141; Perley et al. 2019; Prentice et al. 2018) we used
the time between the last non-detection and the first detection as an upper limit on
the rise time, although we note that interpolation would give 0.4 d, much shorter than
3d. We also corrected for 0.287 mag of Galactic extinction, which was not applied
in Table 3 of Perley et al. (2019). For a lower limit, we used the o-band detection
before peak (dominated by r-band flux at this epoch), corrected for 0.198 mag of

Galactic extinction. We assumed g —r = —0.4 mag and g — i = —0.7 mag.
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For SN 2011kl (z = 0.677) we used column Myss¢ in Table 2 of Kann et al. (2019).

These values are corrected for rest-frame extinction, and the contributions from the
GRB afterglow and host galaxy have been subtracted. For SNLS04D4ec (z = 0.593),
SNLSO05D2bk (z = 0.699), and SNLS06D1hc (z = 0.555) we used the i-band light

curve from Arcavi et al. (2016) and corrected for Milky Way extinction.

For Dougie (z = 0.19; Vinké et al. 2015) we added an additional 0.1 mag in
quadrature to account for the zero-point uncertainty, and corrected for 0.031 mag of
Milky Way extinction. For iPTF16asu (z = 0.187; Whitesides et al. 2017) we could
not measure the rise or peak magnitude in rest-frame g because observations in the
appropriate filter (r) began only 3 days after peak. We estimated an upper limit to
the peak magnitude by assuming that the g —r color at peak was identical to the g —r
color during the first r-band measurement. We used the first r-band measurement
as a lower limit. For the time from half-max to max, we used the observed g-band
light curve instead. We obtained the i-band light curve of DES16X1eho (z = 0.76;

Pursiainen et al. 2018) from M. Pursiainen (private communication).
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Table 8.10: Local (z = 0) Rates of core-collapse supernovae and GRBs. Approxi-
mately 30% of CC SNe arise from a progenitor stripped of its hydrogen envelope.
Among these stripped events, there are roughly equal numbers of IIb, Ib, and Ic
events. Of the Ic events, ~ 10% are “broad-lined” with photospheric velocities
>30,000 km/s. The fraction of Ic-BL SNe with associated GRBs has been estimated
to be 1/40 (Graham and Schady, 2016) although the rate is highly uncertain. The
fraction of Ic-BL SNe with associated LLGRBs remains uncertain. Note that the

rate quoted for LLGRBs does not include a beaming correction.

Class Rate/Fraction References
SN II 4.47 +1.39 x 1073 yr~ ' Mpc™> [1]
SN Ibc 2.58 +0.72 x 1073 yr~! Mpc~3 [1]
Frac. of Ibc SN that are Ic 0.69 +0.09 [2,3]
Frac. of Ic SN that are Ic-BL 0.21 +£0.05 [2,3]
LLGRB 2.3*10 x 1077 yr~! Mpc™ [4]

3.3 x 1077 yr~! Mpc ™ [5]
(GRB Robs = 4.2750 x 10710 yr~! Mpc ™2 [6]

f» =0.0019 £ 0.0003
f» =0.013 £ 0.004

[7]
[8]

[1] Li et al. (2011), [2] Kelly and Kirshner (2012), [3] Graham and Schady (2016),
[4] Soderberg et al. (2006b), [5] Liang et al. (2007), [6] Lien et al. (2014), [7] Frail

et al. (2001), [8] Guetta et al. (2005)
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Chapter 9

OTHER CONTRIBUTIONS

9.1 ZTF19abvizsw: A Cosmological Afterglow With No Detected Gamma-ray
Burst
ZTF19abvizsw is a cosmological (z = 1.2596) luminous (M31790 = —24.4 mag)
transient discovered and classified as part of the search for an electromagnetic
counterpart to gravitational-wave trigger S190901ap (LIGO Scientific Collaboration
and Virgo Collaboration, 2019), a neutron star neutron star merger. ZTF19abvizsw
was first detected on 2019 Sept 02 as part of the ZTF partnership survey. Because it
had only one detection in 7-band and one detection in g-band, it did not pass the fast-
transient filter, but was instead flagged by the infant supernova filter. Because the
transient was young and in the localization region of S190901ap, ZTF19abvizsw was
flagged as a candidate counterpart (Kool et al., 2019) and received a classification
spectrum (Burdge et al., 2019b), which showed narrow absorption features consistent
with z = 1.2596. Immediately after the classification as a cosmological fast transient,
I initiated target-of-opportunity observations with Swift (Ho et al., 2019b) and
searched for an associated GRB counterpart. Since then, detailed radio observations
have been obtained, as well as a high-cadence light curve from the Transiting
Exoplanet Survey (TESS; Ricker et al. 2015) which was observing this field at the
time of the burst. I am contributing the X-ray light curve and limits on a GRB

counterpart for a paper led by Dan Perley, which is currently in preparation.

9.2 How Much CSM is Sufficient to Choke a Jet?

Although a significant fraction of Ic-BL. SNe appear to be surrounded by dense CSM
(resulting in double-peaked optical light curves or luminous radio emission), sim-
ulations of jet propagation almost always assume a low-density ISM-like medium.
Furthermore, one of the leading “unification schemes” for GRBs, LLGRBs, and
Ic-BL SNe rests on the claim that a dense CSM would choke an otherwise ordinary
GRB jet (Nakar, 2015), giving rise to an LLGRB. Following discussions at a ZTF-
Theory Network meeting, Paul Duffell ran relativistic hydrodynamical simulations
to measure how much CSM would be required to choke a GRB jet. My contribution
to the paper was a section summarizing the observations of dense CSM surrounding

Ic-BL SNe, including typical CSM masses and radii. In the paper that we submit-
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ted (currently in press), we argued that the CSM observed surrounding Ic-BL SNe
would be insufficient to choke an ordinary GRB jet, but it would slow down the jet
to a lower Lorentz factor (Duffell and Ho, 2019). So, if LLGRBs do arise from
outflows that are “choked” in CSM, the outflow has to have a lower power than a

typical GRB to begin with.

9.3 Radio Observations of Ic-BL SNe Discovered by ZTF

PTF and ZTF enabled a much-increased rate of Ic-BL discoveries: with ZTF we
discover and classify approximately one Ic-BL SN per month within z < 0.1. In
the PTF era, systematic VLA observations of Ic-BL. SNe established that < 14%
are have radio light curves as luminous as GRB 980425 / SN 1998bw (Corsi et al.,
2016). In ZTF, we have had 10 months of ZTF+VLA monitoring, with which we
collected a sample of 9 new Ic-BL SNe with radio follow-up observations. Typically,
events are ~7—15d old at the time of classification and ~ 20d old at the time of
the first VLA observation. Our sample included the discovery of ZTF18aagjovh, a
Ic-BL SN with radio emission similar to that of GRB 060218 / SN 2006aj (Ho et al.,
2020c)).
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Chapter 10

THE FUTURE

In my thesis I elucidated several complications in addressing to what extent GRBs
are the tip of the iceberg of a diverse landscape of relativistic stellar explosions:
the lack of sensitive continuous all-sky coverage in the soft X-ray band; the de-
lay in radio follow-up observations of Ic-BL SNe imposed by the need for brute-
force spectroscopic classification; the difficulty in determining whether a transient’s
panchromatic properties can be explained solely by CSM interaction or whether an
additional mechanism is required; a lack of a dedicated sensitive time-domain facil-
ity observing at millimeter wavelengths; and the incompleteness of galaxy redshift

catalogs leading to a delay in recognizing luminous explosions.

However, there is reason for hope. The GRB-SN connection comes down to a
question of rates. On the horizon are facilities that will measure off-axis afterglows
in large numbers. Beginning in October 2022, LSST will conduct a decade-long
wide-field survey from northern Chile. The majority of the observing time (90%)
will be spent in a “deep-wide-fast” (main) survey mode: 18,000deg? of the sky
will be visited 800 times over 10 years. A single visit consists of two 15-second
exposures, each in one of six filters, from u to y. At radio frequencies, there is
ASKAP and the ngVLA. In particular, since radio afterglows are long-lived, these
facilities will provide more robust measurements of the local GRB rate and beaming
fraction than what is currently available. In addition, shallow optical surveys like
ZTF Phase II will continue to build up volume-complete samples of supernovae,
enabling a precise and direct estimate of the local Ic-BL rate. Soon we will be able
to directly compare the “true” GRB rate with the rate of Ic-BL SNe.

Then there is the question of LLGRBs. Currently, progress is hampered because
LLGRBs are found in small numbers, one every few years. It is difficult to see a
path forward without a new all-sky GRB mission sensitive to the soft X-ray band.
Such a mission would be capable of finding an enormous number of LLGRBs (not
to mention other interesting elusive phenomena, such as shock breakout events)
and pin down the low-luminosity end of the GRB logN-log$ diagram. This would
answer the question of whether LLLGRBs are truly a completely distinct and more

common class than GRBs—and with more routine millimeter and radio follow-up
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observations, their ambient CSM densities and how much energy they couple to

relativistic ejecta.

Local-volume experiments will be greatly assisted by vastly more complete galaxy
redshift catalogs, enabled by massively multiplexed spectroscopic surveys such as
DESI. Using Type Ia SNe found as part of BTS, we estimated the the “redshift
completeness fraction” as a function of host-galaxy magnitude. As a function of
redshift, the RCF is 80% nearby and drops to 20% by z = 0.1. DESI’s Bright Galaxy
Survey will be transformative, performing a magnitude-limited survey of 10 million
galaxies brighter than 19.5 (highest priority) and 19.5 < r < 20 (secondary priority).
However, the galaxy luminosity function spans over eight orders of magnitude,
so it would be useful and timely to develop a strategy for identifying low-mass,
faint, nearby galaxies based on known redshifts for bright, massive galaxies. One
promising avenue is to take advantage of the fact that galaxies are strongly clustered
in the local universe, on length scales as large as 200 Mpc, So, from a given bright
galaxy it might be possible to prioritize which nearby galaxies DESI should observe.
These redshift catalogs may even assist with the discovery of luminous fast transients
such as orphan afterglows; perhaps they can be selected on the basis of luminosity

alone, without relying on high-cadence light curves.

Finally, there is great promise for the study of stellar “death omens.” At higher
redshifts, the question of whether all fast blue optical transients arise from CSM
interaction points to a large fraction of massive stars undergoing eruptive mass-loss
at the end of their lives. Observationally, we need to characterize a well-defined
subset. Theoretically, we need to learn how to determine whether the observational
properties can be explained by CSM interaction. In the local universe, LSST will
provide deep long-term light curves, years into the past, which can be used to
identify pre-explosion eruptions in massive stars. If stars “puff up” and experience
a luminosity enhancement days prior to the explosion, perhaps we can even learn to

predict when a star will explode.
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