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ABSTRACT

We report observations and analysis of the nearby gamma-ray burst GRB 161219B (redshift
z = 0.1475) and the associated Type Ic supernova (SN) 2016jca. GRB 161219B had an
isotropic gamma-ray energy of ~1.6 x 10> erg. Its afterglow is likely refreshed at an epoch
preceding the first photometric points (0.6 d), which slows down the decay rates. Combined
analysis of the SN light curve and multiwavelength observations of the afterglow suggest
that the GRB jet was broad during the afterglow phase (full opening angle ~42° + 3°).
Our spectral series shows broad absorption lines typical of GRB supernovae (SNe), which
testify to the presence of material with velocities up to ~0.25c. The spectrum at 3.73d
allows for the very early identification of an SN associated with a GRB. Reproducing it
requires a large photospheric velocity (35 000 £ 7000 km s~!). The kinetic energy of the SN is
estimated through models to be Ey;,~4 x 1032 erg in spherical symmetry. The ejected mass in
the explosion was Mj~6.5 £ 1.5 My, much less than that of other GRB-SNe, demonstrating
diversity among these events. The total amount of *°Ni in the explosion was 0.27 & 0.05 M.
The observed spectra require the presence of freshly synthesized °Ni at the highest velocities,
at least three times more than a standard GRB-SN. We also find evidence for a decreasing *Ni
abundance as a function of decreasing velocity. This suggests that SN 2016jca was a highly
aspherical explosion viewed close to on-axis, powered by a compact remnant. Applying a
typical correction for asymmetry, the energy of SN 2016jca was ~(1-3) x 102 erg, confirming
that most of the energy produced by GRB-SNe goes into the kinetic energy of the SN ejecta.

Key words: supernovae: general —supernovae: individual: . . ..

and black hole accretion (Woosley 1993; MacFadyen & Woosley

1 INTRODUCTION 1999; Dexter & Kasen 2013) may be important in some cases. A

When massive stars, with helium cores smaller than 65 M, exhaust
their nuclear fuel their cores collapse to a compact object (a
neutron star or a black hole; Woosley 2017). The collapse triggers
a supernova (SN) explosion, in which the outer layers of the star
are expelled and a luminous display is created. If the SN is of
Type I, the main power source for its luminosity is usually the
radioactive decay of *°Ni, which is synthesized in the stellar layers
above the compact remnant, or along the jet axis, and ejected in
the SN (Barnes et al. 2018). However, circumstellar interaction,
magnetar (Kasen & Bildsten 2010; Woosley 2010) energy input,

* E-mail: chris.ashall24 @ gmail.com

particular subgroup of core-collapse supernovae (SNe) are linked
to long-duration gamma-ray bursts (GRBs; these include X-ray
flashes, a soft-spectrum variety of GRBs). Although the connection
is well established, it is not well understood.

Long-duration GRB-SNe (henceforth, simply GRB-SNe) are all
of Type Ic (Filippenko 1997; Woosley & Bloom 2006) — they
are produced by stars that have lost their outer hydrogen and
helium layers. They are distinct from other SNe Ic in having broad
lines (SNe Ic-BL), indicating high kinetic energy (isotropic Ejyi,
A5 x 107 erg), which should be corrected downwards by a factor
3-5 to account for asphericity; Maeda et al. 2002). Those related
to classical GRBs (as opposed to X-ray flashes or outbursts) have
relatively high luminosities (Mazzali et al. 2014; Lyman et al. 2016;
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Prentice et al. 2016, 2019), producing ~0.3-0.5 M, of *°Ni, whose
radioactive decay into *Co and then °Fe powers their light curves
(Mazzali, Iwamoto & Nomoto 2000; Drout et al. 2011). GRB-SNe
are also the most massive SNe Ic. They have typical ejected masses
of ~10 Mg, suggesting that the progenitor stars had initial masses
of 30-50 Mg (Iwamoto et al. 1998; Deng et al. 2005; Mazzali et al.
2013). Stars in this mass range can collapse to neutron stars or
black holes (Ugliano et al. 2012), but the energy of GRB-SNe is far
larger than what the classical neutrino-driven mechanism is likely
to achieve (Janka 2012). The source of the high SN Ey;, is therefore
likely to be the compact remnant.

Fewer than a dozen SNe connected with high-energy events
(GRBs, X-ray flashes, and outbursts), all at redshift z < 0.2, have
accurate photometric and spectroscopic time-series (Galama et al.
1998; Hjorth et al. 2003; Matheson et al. 2003; Stanek et al.
2003; Ferrero et al. 2006; Mazzali et al. 2008; Tanaka et al.
2009; Bufano et al. 2012; D’Elia et al. 2015; Toy et al. 2016;
Izzo et al. 2019). GRB 161219B (D’Ai et al. 2016), which had
an observed isotropic energy in gamma-rays of 1.6 x 10°°erg
(Frederiks et al. 2016), exploded on 2016 December 19 (UT dates
are used throughout this paper) in a galaxy at z = 0.1475 (Tanvir
et al. 2016; Cano et al. 2017). About 5d after the GRB exploded
an SN component was detected underlying the optical afterglow.
Its spectral features were typical of those of previously observed
GRB-SNe, warranting a classification as an SN Ic (Pian, Palazzi &
Perley 2016), specifically ‘SN Ic-3’ (Prentice & Mazzali 2017).
Cano et al. (2017) reported the presence of a pre-maximum bump
that is reminiscent of the early-time behaviour of other SNe, both
accompanied and not accompanied by a GRB. Here we report on
optical photometric and spectroscopic follow-up observations of
the afterglow of GRB 161219B and the associated SN 2016jca, and
compare them with X-ray and ultraviolet (UV) observations made
with the Neil Gehrels Swift Observatory. We also present radiative-
transfer spectral models of the SN.

2 OBSERVATIONS, DATA REDUCTION, AND
RESULTS

Optical photometric and spectroscopic observations of the counter-
part of GRB 161219B commenced on December 22.08, or 1.99d
after explosion in the rest frame. Thirteen spectra of the point-
like optical transient were obtained with the VLT between 1.99
and 268d (rest frame) after the GRB, and BVRI photometry was
acquired in various optical filters in the same time interval. The
transient was also observed in BVgri using 10:0 on the 2m
Liverpool Telescope (LT; Steele et al. 2004) and in BVRI using
the DOLORES camera on the Italian 3.6 m Telescopio Nazionale
Galileo (TNG) at Observatorio del Roque de Los Muchachos,
Spain. Photometry was also obtained with the Low Resolution
Imaging Spectrometer (LRIS; Oke et al. 1995) with the 10m Keck-
1 telescope on Maunakea, Hawaii, USA. A log of the photometric
and spectroscopic observations can be found in Tables 1 and 2,
respectively. In addition, we downloaded the Swift XRT data of the
GRB counterpart from the archive and re-analysed the Swift UVOT
observations presented by Cano et al. (2017).

2.1 Optical photometry

Photometric instrumental magnitudes were calculated using aper-
ture photometry through a custom PYTHON pipeline utilizing the
IRAF DAOPHOT package. FORS2 photometry was calibrated against
secondary photometric standards in the field of view of the target.

GRB 161219B & SN 2016jca 5825

The local standards have been chosen among isolated stars in
regions of constant background, and far away from bright and
saturated objects. Their point-spread-function magnitudes were
obtained with the same photometric zero point used to calibrate
the magnitudes of stars in the Landolt fields SA95 and SA98
observed (respectively) before and after SN 2016jca on the nights
of December 22 and 29. The LT photometry was calibrated to
stars from the American Association of Variable Star Observers
Photometric All-Sky Survey (APASS) Data Release 9. The TNG
data reduction, including de-biasing and flat-fielding, was carried
out following standard procedures: the cross-calibrated magnitudes
were obtained using aperture photometry with respect to the
secondary standard stars reported in Table A1 of Appendix A.

To the photometry we applied a Galactic extinction correction
using E(B — V)ga = 0.028 mag (Schlafly & Finkbeiner 2011) and
the extinction curve of Cardelli, Clayton & Mathis (1989), and as
well a K-correction determined from our observed spectra. The
resulting BVRI light curves are reported in Fig. 1. The detection of
the GRB counterpart with all UVOT filters and the multiwavelength
spectral shape (see the next section) at early epochs suggest that
intrinsic absorption due to dust in the host galaxy is negligible, so
we have not attempted to evaluate a correction for such an effect.

2.2 Optical spectroscopy

Low-resolution spectra were acquired at the ESO Very Large
Telescope (VLT) equipped with the FORS2 spectrograph using a
variety of set-ups during the first 3 months after GRB detection
(in the photospheric phase). During some of these observations
the 300V grism was used and also an order-separating filter was
used, owing to severe contamination longwards of 6000A by
second-order light. These data are complemented with a VLT (plus
X-Shooter) spectrum obtained on 2017 October 18 and 23 (see
Table 2).

The 2D FORS?2 spectral images were flat-fielded and de-biased,
and the 1D spectra were optimally extracted (Horne 1986) and
reduced following standard procedures within IRAF. They were then
linearized and calibrated with respect to catalogued spectrophoto-
metric standards, and corrected for atmospheric extinction. The flux
calibration was refined by comparison with the simultaneous broad-
band photometry. Telluric absorption lines and weak emission lines
from the host galaxy were removed.

Fig. 2 shows the FORS2 spectral sequence after correcting for
Galactic reddening and the host-galaxy contribution under the point-
like source. Both the wavelength scale and epochs are reported in
the host-galaxy rest frame. The most prominent emission lines of
the host galaxy have been removed. The afterglow dominates the
early emission: at # = 1.99 d the spectrum shows the usual afterglow
power-law flux distribution, and no SN features are detected. (The
low-level undulations are likely to be artefacts of the observation and
data-reduction process; Filippenko 1982). The spectrum obtained
at r = 3.73 d still has a strong afterglow contribution, but it begins to
show undulations seen in other GRB-SNe. At r = 5.52d, however,
the spectral features typical of previously observed GRB-SNe are
clearly seen, and by day 14.20 the observations look like a normal
broad-lined SN Ic. The slope of the optical spectrum at ~2 d, when
the SN and host-galaxy contributions are still negligible, is B ~
0.35.

Simultaneous UV, optical, and near-infrared spectra (~3000-
21000 A) were taken with X-shooter using slit widths of 1.0, 0.9,
and 0.9 inch, for each arm, respectively (D’Odorico et al. 2006). We
used a nodding throw along the slit (nodding lengths of 5inch) to
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Table 1. Log of photometric observations (mag).

MJID B \4 R 1 g r i Telescope
57744.08 19.83 +0.01 19.66 £ 0.01 19.39 4+ 0.01 18.89 £ 0.00 - - - VLT
57746.08 20.04 £+ 0.01 19.84 £+ 0.01 19.74 £ 0.01 19.33 £ 0.01 - - - VLT
57748.12 20.24 £0.01 19.82 £ 0.01 19.73 £ 0.01 19.48 £ 0.01 - - - VLT
57749.03 20.21 £ 0.03 19.65 £+ 0.10 19.53 £ 0.02 19.35 £ 0.05 - - - TNG
57749.99 20.18 +0.13 19.8 +0.2 - - 19.81 4 0.05 19.63 £+ 0.07 19.80 4 0.03 LT
57750.00 - 19.8 £ 0.2 - - 19.80 £ 0.05 19.63 £+ 0.07 19.80 4 0.03 LT
57751.09 20.46 £ 0.01 19.79 £+ 0.01 19.64 £+ 0.01 19.44 £ 0.01 - - - VLT
57751.98 - 19.63 £ 0.05 - - 19.92 £+ 0.05 19.54 £+ 0.09 19.76 4+ 0.08 LT
57751.99 - 19.63 £ 0.05 - - 19.92 £ 0.05 19.54 £+ 0.09 19.75 4+ 0.08 LT
57753.99 20.52 +£0.21 19.77 £ 0.06 19.43 £+ 0.06 19.35 £ 0.12 - - - TNG
57754.28 20.57 £ 0.01 19.82 +0.01 19.53 +0.01 19.40 £ 0.01 - - - VLT
57756.36 20.87 £ 0.01 20.17 £ 0.03 19.64 £+ 0.03 19.44 £+ 0.04 - - - Keck
57757.00 20.60 £ 0.09 20.24+0.1 - - 20.28 4 0.03 19.64 £+ 0.03 19.76 £ 0.02 LT
57757.01 20.60 £ 0.09 20.2 £ 0.1 - - 20.28 £+ 0.03 19.64 £+ 0.03 19.76 £ 0.02 LT
57757.98 20.90 +£0.06  20.03 £0.03 - - 20.39 £+ 0.04 19.77 £ 0.07 19.76 £ 0.05 LT
57757.98 2090 £0.06  20.03 +0.03 - - 20.38 £ 0.04 19.75 £ 0.08 19.75 £0.05 LT
57758.04 20.92 £+ 0.02 19.96 £+ 0.01 19.58 4+ 0.01 19.41 £+ 0.01 - - - VLT
57758.96 - - - - 2044 £0.08  19.669 £ 0.08  19.59 £ 0.06 LT
57760.06 21.18 £0.02  20.12 £0.01 19.66 £+ 0.01 19.47 £+ 0.01 - - - VLT
57763.26 21.58£0.06  20.33 +£0.02 19.73 £0.01 19.47 £ 0.01 - - - VLT
57767.17 - 20.51 £ 0.03 19.97 £+ 0.02 19.61 £+ 0.02 - - - VLT
57769.98 - - - - - 20.35£0.05  20.05+0.02 LT
57770.91 - - - - - 20.33 £0.04  20.11 £0.02 LT
57772.04 21.98 £0.01 20.93 £0.01 20.25 £0.01 19.82 £ 0.01 - - - VLT
5777291 - - - - - 20.50 £0.042  20.22 £0.02 LT
57778.88 - - - - - 20.52 +£0.07  20.27 £0.03 LT
57779.22 22.174+0.02  21.23+£0.02  20.56 + 0.01 20.08 £ 0.01 - - - VLT
57779.92 - - - - - 20.73 £0.03  20.45+0.03 LT
57836.04 22.64 £+ 0.03 - 21.24 +£0.01 - - - - VLT

Table 2. Log of VLT spectroscopic observations. Note that all spectra were taken at an airmass of about 1.1 and sub-arcsecond seeing,

and were acquired at parallctic angle.

Epoch Epoch Phase Setup Range Filter Exp. time
(UT) (MJD) (days®) (Instr. + grism) A (s)
2016 Dec. 22.05 57744.05 1.99 FORS2 + 300V 3300-6600 1800
2016 Dec. 24.05 57746.05 3.73 FORS2 + 300V 3300-6600 1800
2016 Dec. 26.10 57748.10 5.52 FORS2 + 600B 3300-6200 1800
2016 Dec. 29.07 57751.07 8.10 FORS2 + 300V 4000-8650 gg435P 1800
2017 Jan. 01.26 57754.26 10.89 FORS2 + 300V 4000-8650 gg435 1800
2017 Jan. 05.06 57758.06 14.20 FORS2 + 300V 4000-8650 gg435 1800
2017 Jan. 07.08 57760.08 15.96 FORS2 + 600B 3300-6200 1800
2017 Jan. 10.24 57763.24 18.71 FORS2 + 300V 3300-6600 1800
2017 Jan. 14.15 57767.15 22.12 FORS2 + 300V 4000-8650 gg435 1800
2017 Jan. 26.24 57779.24 32.65 FORS2 + 300V 4000-8650 gg435 1800
2017 Mar. 23.43 57835.43 81.69 FORS2 + 300V 4000-8650 gg435 2400
2017 Oct. 18.27 58044.23 263.58 X-Shooter 3000-22,000 4200
2017 Oct. 23.27 58049.23 267.93 X-Shooter 3000-22,000 4200

ZRest frame.
Order separator.

obtain better sky subtraction. The data were reduced using version
xsh00/2.7.0b of the ESO X-shooter pipeline (Modigliani et al. 2010)
with the calibration frames (biases, darks, arc lamps, and flat fields)
taken during daytime. The spectra were extracted using standard
IRAF tasks. Spectrophotometric and telluric standard star exposures
taken on the same night as SN 2016jca observations were used to
flux-calibrate the spectra and to remove telluric features. The X-
shooter spectra were co-added to improve the signal-to-noise ratio.

MNRAS 487, 5824-5839 (2019)

The average spectrum, cleaned of artefacts, and spurious emission
features, are shown in Fig. 3. Since at this late epoch, 4267 d, the SN
spectrum should be dominated by nebular line emission, while the
afterglow emission has completely faded, the spectral continuum
is entirely due to the host galaxy, as confirmed by comparison
with the archival Pan-STARRS photometry. Lack of detection of
the nebular [O1] A16360, 6363 emission line (the strongest line
typically detected at this late phase) leads to a 30 upper limit
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Figure 1. Multiwavelength light curves of the GRB 161219B counterpart. The optical light curves in BVRI filters (filled circles), constructed based on our
and literature data, are K-corrected and deabsorbed for Galactic extinction. The dotted horizontal line in each panel represents the host-galaxy contribution in
that band; the dot-dashed curves represent the afterglow modelled with a steepening power law (see the text). The solid curve is the sum of the afterglow and
host-galaxy components. The subtraction of these two components from the observed points corresponds to the SN light curves in BVRI bands (light blue, light
green, pink, and beige open circles, respectively). The errors on the SN points are not reported for clarity and range from 10 to 15 per cent around maximum
to 50 per cent at early epochs, when the contribution of the afterglow is larger. The black filled circles are the Swift/XRT light curve at 1 keV; the best-fitting

afterglow model is reported as a grey dashed curve.

of ~107"%ergs™' cm™2 on its intensity, corresponding to a line

luminosity of ~10* erg s~!. Additional late-time spectroscopy was
also conducted at the 10.4 m GTC (4 OSIRIS) on 2017 January 17.

2.3 X-ray and ultraviolet data

Mingo et al. (2016) provide a preliminary report on the Swift/XRT
(0.3-10keV) observations of GRB 161219B. The spectrum and
light curve were downloaded from the Swift archive (http://ww
w.swift.ac.uk/xrt_spectra/ and http://www.swift.ac.uk/xrt_curves).
Once corrected for Galactic (N = 3.06 x 10%° cm~?) and intrinsic
(Nur = (1.5 £ 0.2) x 10*!' cm~2) neutral hydrogen absorption, the
X-ray spectrum is described by a single power law f(v) oc v,
Bx = 0.83 £ 0.06 (the uncertainty is 90 percent confidence).

Using this spectral slope, we have converted the X-ray fluxes into
monochromatic fluxes at 1 keV (Fig. 1).

The Swift/UVOT began observing the field of GRB 161219B
92 s after the Swift/BAT trigger. Observations were taken in both
image and event modes. The afterglow was detected in all seven
UVOT filters. Before extracting count rates from the event lists, the
astrometry was refined following the methodology of Oates et al.
(2009). The source counts were extracted initially using a source
region of 5 arcsec radius. When the count rate dropped to below 0.5
counts per second, we used a source region of 3 arcsec radius. In
order to be consistent with the UVOT calibration, these count rates
were then corrected to 5 arcsec using the curve of growth contained
in the calibration files. As the afterglow is situated at the edge of
the halo of a bright star, we used several small circular regions at a
similar distance around the halo in order to extract the background
counts. The count rates were obtained from the event and image lists

MNRAS 487, 5824-5839 (2019)
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Figure 2. A temporal series of spectra of the transient. The time (in the rest frame) from explosion, ¢, is given for all spectra. The spectra are in the rest frame,
corrected for foreground Galactic extinction and host-galaxy subtracted. This first spectrum appears to have no contribution from the SN component.

using the Swift tools uvotevtlc and uvot source, respectively.
They were converted to magnitudes using the UVOT photometric
zero points (Poole et al. 2008; Breeveld et al. 2011). The UVOT data,
dereddened using the same procedure followed for the optical data,
are shown in Fig. 4. The analysis pipeline used software HEADAS
6.19 and UVOT calibration 20150717. To improve the signal-to-
noise ratio, the count rates in each filter were binned using A#/t =
0.2; this effectively bins only the late-time exposures.

The settling image is generally excluded as it may be affected
by changes in the cathode voltage during the first few seconds. We
compared the magnitudes of several stars in the settling image with

MNRAS 487, 5824-5839 (2019)

later images and do not find a systematic difference; we therefore
include this exposure in our analysis.

2.4 Decomposition of the multiwavelength light curves and
spectra

In order to study the SN component of the GRB optical counterpart,
we must first subtract the contribution of the host galaxy and
afterglow from the light curves and spectra of SN 2016jca. The host
galaxy is clearly detected and resolved in both the VLT images and a
Hubble Space Telescope (HST) image taken with WFC3/UVIS and

6102 AINF G0 Uo Jasn AlsIaAlun S8I00|\ UYOr [00dJaAIT AQ 6SYE L GS/Y28S/v/ /8 /1oBNSqe-adIle/SeuwW/Wwoo dno olwapeode//:sdiy Woll papeojuMo(]



8x10-18 |- .

6x10-18 |- .

4x10-18 - -1

Flux (erg s-! cm-2 &-1)

2x10-18 |- .

5000 10000 15000
Rest-frame wavelength (&)

Figure 3. VLT X-Shooter spectrum obtained from the average of observa-
tions taken on 2017 October 18 and 23, with the near-UV (magenta), optical
(green), and near-IR (orange) arms. The spectrum is corrected for redshift
and Galactic extinction and cleaned for artefacts and spurious features. The
dark-blue points indicate the extinction-corrected Pan-STARRS photometry
of the host galaxy. They are consistent with the spectral continuum,
indicating that the latter is dominated by the host emission, with no evidence
of nebular emission lines due to the SN. It is apparent from the spectrum
that there is no sign of the SN at this epoch, +265d.
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Figure 4. UVOT light curves in six filters corrected for Galactic extinction.

the open LP filter (about 2000-10 000 A); see Cano et al. (2017).
We have identified on archival Pan-STARRS images of the host the
precise position of the GRB-SN and have measured the flux of the
host within a circle of 1 arcsec radius. The griz apparent magnitudes
are g = 23.0 £ 0.1, r =226 £ 0.1,i =224 £ 0.1, and z =
22.5 £ 0.1. The resulting colours are typical of a modestly absorbed
star-forming galaxy (Kinney et al. 1996). We have converted these
magnitudes to the Bessel BVRI system for subtraction from the
optical counterpart.

While the initial temporal decline of the GRB optical counterpart
can be attributed to a monotonically decreasing afterglow formed
in a blast wave, starting around day 2-3 all light curves show
a rebrightening. We interpret this as SN emission, as clearly
confirmed by the spectra that exhibit the typical stripped-envelope
SN signature, especially at late times when the afterglow negligibly
contributes to the total flux.

GRB 161219B & SN2016jca 5829

#i tp+ 064d
t,+ 20d

100 !

10

Rest—frame flux (uly)

10M 101 10t 107 101 10
Rest—frame frequency (Hz)

Figure 5. SEDs of the GRB counterpart at 0.62 (black) and 2 (red) rest-
frame days after explosion, corrected for Galactic and (for X-rays only)
intrinsic extinction. The optical data at the first epoch are from the literature,
while at the second epoch they represent our VLT FORS2 photometry. The
simultaneous UVOT data are also reported in lighter shades (grey for 7o +
0.62 d and pink for #o + 2 d). The X-ray data are power-law spectral fits with
index Bx = 0.83 = 0.06. The host galaxy and SN flux are negligible with
respect to the optical afterglow at these epochs and thus are not subtracted
from the optical data. The optical magnitudes were converted to fluxes using
the zeropoints from Fukugita, Shimasaku & Ichikawa (1995).

The afterglow contribution was estimated as follows. We first
constructed optical-to-X-ray spectral energy distributions (SEDs)
at 0.62 and 2 rest-frame days. This corresponds to the first epoch
that BVRI photometry was reported and to the epoch of our first
VLT/FORS spectrum, respectively. The SEDs are plotted in Fig. 5.
The data are corrected for Galactic extinction, and in the X-ray
band also for intrinsic extinction. At these early epochs, the host-
galaxy contribution is negligible. The SEDs and the spectral indices
estimated above in the individual domains (Boy =~ 0.35, Bx =
0.83 £ 0.06) show that the optical broad-band spectrum has a
significantly flatter slope than the X-ray spectrum and suggests that
a cooling frequency, v, (Sari, Piran & Narayan 1998), is between
the optical and X-ray bands at these two epochs (~10'° Hz). If the
X-rays are produced by synchrotron radiation, this implies that the
electron energy distribution, dN/dy o y 7, must have a slope p =
2 x Bx = 1.66 £ 0.12 (Sari et al. 1998; Zhang, Woosley & Heger
2004). This corresponds to an optical spectral index B, = (p —
1)/2 = 0.36, in agreement with the spectral slope measured in the
BVRI wavelength range.

Although the X-ray light curve shows a deviation from a power
law in the form of temporal steepening (see Fig. 1), it can be
formally fitted with a single power law, =X, with ox = 0.88 £ 0.05.
According to standard fireball theory, the optical light curve should
then decay with a oy ~ 0.63. However, this not only overpredicts
the flux at epochs later than ~20d, but the residuals prior to day
~20 can only be accounted for by an SN that is a factor of 10-30
less luminous than SN 1998bw. This is inconsistent with the spectra
of SN2016jca that are approximately similar, at all epochs from
few days to 3 months after explosion, to those of SN 1998bw at
comparable phases, implying that the temperature conditions (and
therefore the luminosities) in the two SNe must be comparable
(see Fig. 7). Hence, the temporal modelling of the multiwavelength
afterglow must account for some steepening, that we ascribe to an
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achromatic break in the transition from a spherical expansion of the
plasma to a jet geometry (Rhoads 1999; Sari, Piran & Halpern 1999)

For v > v, and p = 1.66, the standard fireball theory of a
relativistic shock propagating spherically in a constant-density
circumstellar medium prescribes that « = (3p + 10)/16 = 0.95
(“flat electron spectrum’ scenario, with p < 2; Dai & Cheng 2001;
Zhang et al. 2004). However, this is significantly steeper than our
early measured X-ray decay rate. On the other hand, by applying
the ‘classical’ steep electron spectrum scenario valid for p > 2,
we predict o« = (3p — 2)/4 = 0.75, which is more consistent with
observations.

Therefore, we have a contradiction whereby, although the X-
ray spectrum constrains p to be less than 2, the X-ray light curve
is consistent with fireball theory only for a scenario where p >
2. In order to solve this discrepancy, we conclude that either a
standard impulsive blast-wave model is inapplicable in this case,
or that the shallow decay is due to a continuous, rather than
impulsive, energy injection from the central engine to the blast
wave, which slows down the decay. Since fireball theory appears to
be a good description of the multiwavelength afterglow (see below),
we assume that the latter hypothesis is more likely and postulate
that the shock undergoes a re-energization episode whereby, starting
~0.1d after the explosion (i.e. before the epoch of the first SED;
see Fig. 5), energy in the form L(7) o< 7 is injected in the fireball.

In a spherical geometry, uniform-density medium and flat
electron spectrum (p < 2) scenario, the expected time-decay index
isa =[(2+ q)p + 18q — 12]/16 below the cooling frequency (i.e.
the optical spectral range; see full derivation in Appendix A). Note
that, for p = 1.66 and & ~ 0.5, we have ¢ ~ 0.85. Since g < 1, the
blast-wave energy increases in time and it reduces the decay rates,
as observed. Above the cooling frequency (X-ray band), the above
p and g parameters imply a decrease rate of "%, consistent with the
observed early-time decay of the X-ray light curve. At late epochs,
the predicted time-decay index in optical and X-rays is oy = p
= 1.66.

Then we determined the lower and upper boundaries of the
achromatic break time of the light-curve power-law decay. We
adopted the temporal double power-law model of Israel et al. (1999),
and studied the X-ray light curve, that does not contain a significant
SN component and is exclusively due to synchrotron emission (any
host galaxy component must also be negligible at the observed
X-ray flux levels).

After fixing the electron slope to p = 1.66, we stepped the
break time from 1 to 30d, with a 1d increase at each iteration.
For each value of the break time, we explored 100 values of the
flux normalization, stepped in a range that was iteratively adjusted
until a x> minimum was found. The formal best-fitting break time
is 26 d, with a lower boundary of 13 d, determined following Avni
(1976). However, for a break time of 26 d or larger, the luminosity
of the SN resulting from the afterglow subtraction (see below) is
incompatible with the temperature that is necessary to describe
the spectra. For example, in spectral models of the SN, for these
late break times, to keep the temperature and ionization state
constant in the models, the photospheric velocity would have to
increase from day 3.73 to 5.52, which is unphysical. For a break
time of 13d the model is compatible with the latest X-ray point
lower boundary, and also returns an acceptable SN luminosity after
subtraction. Our best estimate of the break time is #, = 13 &+ 2d.
An afterglow model was constructed based on the above parameters
(p = 1.66, 1, = 13 d, cooling frequency at 0.6 d after explosion v¢c =
1.6 x 10" Hz, flux at vc during #, f, = 6.2 WJy) and on fireball
theory.
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Figure 6. Pseudobolometric light curve (3000-10000 A) of SN 2016jca
after the subtraction of the host galaxy and afterglow components, com-
pared with bolometric light curves of previous GRB-SNe 1998bw, 2003dh,
20031w, and X-ray flash SN 2006aj (Galama et al. 1998; Malesani et al.
2004; Deng et al. 2005; Pian et al. 2006), and the ‘normal’ Type Ic SN 19941
(not associated with a GRB) (Richmond et al. 1996). Note the similarity with
the light curve of SN 2006aj. To avoid confusion, the error bars are shown
only for SN 2016jca. The uncertainties of SN 1998bw are smaller than the
markers, SN 2006aj are ~10 per cent, and SN 2003dh and SN 20031w are
comparable to those of SN 2016jca. The first points, as in SN 2003dh, are
heavily contaminated by the afterglow. The solid green line is the model
light curve produced with the density and abundance structure used for the
spectra modelling.

If the achromatic time break is related to the presence of a
homogeneous jet where the plasma expands, we estimate its full
opening angle to be 6 = 42° + 3° (Sari et al. 1999), assuming a
medium density of 1cm™ and the observed isotropic energy of
1.6 x 10°° erg (Frederiks et al. 2016).

We stress that the re-energization of the blast wave, postulated to
slow down the decay rates of the observed light curves, does not add
any degree of freedom to the x? evaluation, its power-law index ¢
being determined univocally by the value of p and being physically
acceptable as long as it is <1.

By subtracting from the observed BVRI light curves the constant
host-galaxy flux and the afterglow component in each band as
derived from our multiband fit using a break time of 13d, we
obtained the BVRI light curves of SN 2016jca. These were used to
construct, following a procedure similar to that adopted by Mazzali
et al. (2017), a bolometric light curve in the range 3000-10 000 A,
which is plotted in Fig. 6.

Similarly, we subtracted the host and the afterglow BVRI SEDs
from every dereddened and deredshifted spectrum of SN 2016jca
and used these decomposed spectra for comparison with SN models
(see Section 4).

3 THE SUPERNOVA COMPONENT

The peak of the bolometric light curve of SN 2016jca (see Fig. 6)
occurred at 10 & 2d after the GRB, at —18.2 & 0.1 mag. A *°Ni
mass of ~0.27 £ 0.05Mg is required to power the luminosity
of the light curve if it is due to radioactivity, as is seen from the
model in Fig. 6. This **Ni mass is similar to those of most other
well-observed GRB-SNe. However, the rise time is shorter than
that of other GRB-SNe by ~2d, and significantly shorter than the
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Figure 7. Spectra of SN2016jca (black) and SN 1998bw (grey dotted)
(Iwamoto etal. 1998) at# =8, 11, 14, and 22 rest-frame days after explosion.
The spectra are in the rest frame, corrected for Galactic extinction (E(B —
V)gar = 0.028 and 0.052 mag, respectively) and host-galaxy subtracted.

prototypical GRB-SN, SN 1998bw. This may indicate that the ejecta
mass of SN 2016jca is smaller than SN 1998bw, or it may imply that
the viewing angle to the SN symmetry axis is different, or that there
is a larger abundance of *°Ni located further out in the ejecta in
SN 2016jca, or a combination of all three.

Spectroscopically, SN 2016jca has the standard broad absorption
features attributed to GRB-SNe. These are Fell absorption at
~4200 A, Si1 absorption at 5800 A, and the O1/Ca1 feature at
7600 A. The broad absorption features in GRB-SNe are caused by a
larger line-forming region compared to standard SNe Ic. This larger
region requires there to be sufficient densities at high velocities
well above the photosphere to produce opacity. Therefore, SNe
with broader features have shallower density profiles (Mazzali et al.
2017). In effect, the gradient of the outer density profile of the ejecta
determines the breadth of the lines: shallower profiles produce
broader lines. Hence, SNe with high specific Ey;, have broader
lines. Spectroscopically SN 2016jca is similar to SN 1998bw, but
SN 2016jca has more absorption in the blue (see Fig. 7). This
increased absorption is likely to be due to a higher abundance of Fe
group elements in SN 2016jca, and we test this hypothesis below.

4 SPECTRAL MODELS

4.1 The code

Having determined the afterglow properties and isolating the
SN component, we now turn to spectral modelling to analyse
SN 2016jca. We use a 1D Monte Carlo radiative-transfer code,
which follows the propagation of photon packets through an SN
atmosphere, to produce synthetic spectra. The code is based on work
presented by Mazzali & Lucy (1993), Lucy (1999) and Mazzali
et al. (2000). This technique utilizes the fact that as time passes,
progressively deeper layers of the SN ejecta can be seen, since
an SN can be assumed to be in homologous expansion starting
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~10s after explosion. We have r = vpplexp, Where r is the distance
from the centre of the explosion, vy, is the photospheric velocity,
and f.,p is the time from explosion. The Schuster-Schwarzschild
approximation is used, which assumes that the radiative energy is
emitted at an inner boundary in the form of a black body. This is
a sound approximation for modelling a GRB-SN, as it yields good
results, owing to the amount of material above the photosphere. Fur-
thermore, the approximation does not require in-depth knowledge
about the radiation transport below the photosphere.

The code has previously been successfully used for Type Ia
SNe (e.g. Ashall et al. 2014, 2016, 2018) as well as core-collapse
SNe (e.g. Mazzali et al. 2017; Prentice et al. 2018). A detailed
explanation of the modelling procedure as well as the error analysis
can be found in the companion paper (Ashall & Mazzali 2019).
In short, the purpose of the code is to produce optimally fitting
synthetic spectra. This is done by varying input parameters, such as
the bolometric luminosity, vy, and abundances, given a fixed input
density profile. While using a 1D code to infer the structure of the
event represents an inherent limitation for the characterization of
certain properties such as asymmetry, a higher dimensional code
requires that a very large set of assumptions (e.g. asphericity in
density/velocity, orientation) must be made, such that it may be
very difficult (if not impossible) to distinguish between different
options. The approach using a 1D code removes most of these
assumptions and allows us to at least get a direct glimpse of one of
the most likely reasons for the behaviour of the spectra.

The mass we obtained for SN 2016jca was lower than that for
SN 1998bw, as SN 2016jca has a more rapidly evolving light curve.
The ejecta mass and Ey;, of the density profile used were 6.5 Mg and
4 x 107 erg (respectively), although the formal values we adopt for
the analysis are 6.5 & 1.5 Mg with a range of Ey;, of (3.0-5.0) x
1072 erg. In the modelling procedure, we used constant abundances
as a function of velocity, and our most abundant elements are
O(~70 per cent), Ne(~20 per cent), and C(~7 per cent), followed by
Si(~1.5 percent), S(~0.5 percent), and *Ni(~0.4 per cent), with
the remaining 0.5 per cent consisting of Mg, Ca, Fe, and Ti + Cr.

However, having a constant mass fraction of S6Nj as a function
of velocity is difficult to reconcile with an aspherical explosion,
especially if the Ni is produced on the side of the GRB-jet. It
would be expected that as the photosphere recedes, the jet, and the
heavily synthesized region surrounding the jet, becomes a smaller
overall fraction of the total observed region. Therefore, if the S°Ni
was produced in the region surrounding the jet it could be expected
that its abundance decreases as a function of decreasing velocity.
Thus, we test models where the *°Ni abundance changes (both
increasing and decreasing) as a function of velocity. Fig. 8 presents
the models, as well as models with a flat Ni distribution. The
(green) model where the *°Ni abundance increases as a function of
decreasing velocity produces poor fits. At early times (5.5, 8.1, and
10.9d) there is not enough blocking by Nill and Co I lines, owing
to their low abundance. Conversely, at later times (22.12 d) there is
too much absorption at ~4200 A, caused by the decay of **Ni. The
(blue) models with constant *°Ni abundance of 0.4 per cent produce
good fits throughout, but the (red) models where the *°Ni abundance
decreases as a function of decreasing velocity produce fits which
are better or as good as the blue models.

Therefore, we have a range of possible *°Ni values between the
red and blue models which produce good fits. These are shown
in Fig. 9; the shaded region shows the uncertainty of the *°Ni
abundance. There is evidence that the °Ni abundance decreases
as the velocity decreases. This could be explained if an aspherical
explosion placed heavy elements in and around the region where
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Figure 8. Spectral models produced with °Ni abundances. The best-fitting blue model has a S°Ni abundance of ~0.4 per cent, or a >*Ni mass fraction X; of
0.004; note that this is the mass fraction relative to the total ejected mass. The red model has a **Ni abundance which decreases as velocity decreases, and the

green model has the opposite trend.
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Figure 9. The °Ni abundance distribution as a function of velocity for the
three models presented in Fig. 8. The values of *Ni which produce good fits
are highlighted in grey. The dashed vertical lines represent the photospheric
velocity from the nine spectral models. Note that this is the mass fraction
relative to the total ejected mass.

the explosion is more energetic. At the earliest epochs, the observed
photosphere would consist of more metal-rich material at the highest
velocities, and as the photosphere recedes the abundance of lighter
material on the side of the ejecta would increase; an example of this
can be seen in Fig. 10, and the metal abundance decreases. This
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could be an indirect evidence that the SN is aspherical both in shape
and in elemental distribution.

4.2 Best models

Fig. 11 presents our optimized models; they were produced with the
input parameters given in Table 3. The earliest model at 3.7 d is very
blue, hot, and almost featureless. Absorption and reprocessing of
blue flux is caused by blends of metal lines including Ni It AA3465,
3471, 3513, 3576, 4067, Coll AA3388, 3415, 3446, as well as
Mg AA2795, 2802 resonance lines and Call Ax3934, 3969. The
model at this early epoch has weak Si11 AA6347, 6371 absorption at
5300 A, and O1AA7772, 7774, 7775 and Cal1 118498, 8542, 8662
absorption at ~6500 A. At this epoch the Sobelov optical depths of
the Call lines are a fifth of the corresponding O1 lines.

Conversely, ~2d later at 5.5d, the model spectrum contains
stronger features typically associated with broad-line SNe Ic. The
blue region is still depressed in flux owing to line blanketing caused
by blends of metal lines, and the absorption at 4200 A is produced
by Fe 1A15018, 5169 with some contribution from Si 11 A5056. The
Call near-infrared triplet absorption is stronger than in the previous
epoch, and it occurs redwards of the corresponding O 1 absorption.
This is unlike in SN 1998bw, where the Ca I1 absorption is at shorter
wavelengths and higher velocities than that of the OTI lines. The
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Figure 10. A demonstration of the ejecta velocity distribution in an
aspherical explosion with jet component and the dependence on photo-
spheric velocity vpy for spectral line velocities. All material to the left
of the photosphere is optically thick to the observer, while material to
the right is optically thin; this is where line formation occurs. (Left) At
vph = 43000 km s~!, the photosphere forms inside the jet, and so only
high-velocity material contributes to spectral line formation. (Right) At a
lower vpp the photosphere forms across both the high- and low-velocity
material, providing a range of line velocities in the spectra. The figure is for
illustrative purposes only.

degree of blending in SN 2016jca indicates that the mass above
0.1c is significant, and our models show Call absorption up to
0.25¢c.

As time passes the SN ejecta expand and cool, but increase
in luminosity. The peak in bolometric luminosity in the mod-
els is reached between the 10.9 and 14.2d; this coincides with
the bolometric maximum derived from the light curve at ~12d
(see Fig. 6). The models match the observations well at all
epochs.

Our models have 0.5Mg of material above 0.1c (of which
2 x 1073 Mg is **Ni) and 0.1 M, of material (of which4 x 1074 Mg,
is Ni) above 0.15c. The presence of this mass at such high
velocities may represent a connection with the relativistic outflow
(Piran et al. 2017). These values should be reduced to take into
account the likely asphericity of the SN ejecta, with equatorial
material carrying less Eyi,. Regardless of this, the mass of SONi at
high velocity is much less than what is required to drive the light
curve (~0.27 & 0.05 M), and as there is ~0.03 My, of *°Ni above
10000km s~!, we conclude that most of the 3°Ni (~0.24 M) must
be located at lower velocities. This *°Ni can efficiently deposit its
decay products (gamma-rays and positrons) at advanced epochs
and power the spectrum during the nebular phase (~200d after
explosion). Creating °Ni at low velocities poses a challenge to
GRB-SN models.

4.3 Velocities

Fig. 12 presents the photospheric velocity evolution as a function of
time for 12 stripped-envelope SNe. Our comparison of photospheric
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velocities is based only upon quantities determined with the aid of
a spectral model. We do not consider velocities measured from
the observed spectra, as these have several drawbacks: observed
absorption lines from above the photosphere, and therefore indicate
velocities higher than the photospheric velocity and which depend
on the strength of the lines. Additionally, lines are usually blended,
especially if broad, making it difficult or impossible to isolate the
contribution of individual atomic species.

It can be seen in Fig. 12 that the velocity of the photosphere
drops rapidly over the first 5d. SN2016jca was observed as
early as SN2002ap (Mazzali et al. 2002); however, it shows
much higher velocities. The velocity of SN2016jca at 3.73d was
35000 & 7000 km s~', and this is the largest photospheric velocity
recorded for a GRB-SN. At later times, SN 2016jca evolves like
other GRB-SNe, which highlights the similarity among these events
as well as their exceptionally high energies. With the exception
of SN 2010ah there is a clear difference in the velocity evolution
of GRB-SNe and other striped envelope SNe (including those
associated with X-ray flashes). GRB-SNe have consistently higher
photospheric velocities than standard events, and this trend is also
seen with their Ey,.

SN 2010bh was previously interpreted as the highest velocity
GRB-SN ever discovered. However, in most observational papers
velocities are obtained by measuring the minima of a feature — yet
as we discussed above, using one transition as a proxy is extremely
uncertain. Bufano et al. (2012) find that for SN 2010bh, at 2.4d
after explosion, there is Call absorption at ~47 000kms~'. If we
follow the same approach, measuring the minimum of the feature
of our synthetic spectra, we obtain a velocity of ~71700kms™".
Furthermore, if we take a direct measurement from the observed
spectra at 8.1 d, the minimum of the O/Ca absorption feature is at
~7200 A, which corresponds to a velocity of 47000 kms~'. This
value is the same as that in Bufano et al. (2012) but measured
5d later, which indicates that the earlier velocities in SN 2016jca
must be larger. We note that Toy et al. (2016) present a spectrum
of SN 2013dx (which has been afterglow subtracted) at 3.25 d, but
their spectra is too noisy for a velocity measurement, with their
first measurement being at 9.3d. In this work we use radiative-
transfer models to consistently calculate the photospheric velocity
and compare this to other models made with the same radiative-
transfer code, which allows for consistency. However, as shown
above, if we use the same measuring techniques as in other papers,
SN 2016jca still has the highest velocity features.

4.4 Model light curve

To check our results and to verify the density profile and abundance
structure we have used in our analysis, we have produced a model
light curve. We use a Monte Carlo light-curve code that was first
presented by Cappellaro et al. (1997) and expanded by Mazzali
et al. (2000). Using the density profile and abundance structure
from our best-fitting spectral model, a light curve is produced. The
model light curve can be found in Fig. 6; it provides a good fit to
the bolometric light curve of SN 2016jca, demonstrating that our
density profile, ejecta mass, and Ey;, are consistent with both the
light curve and spectral properties of the SN. It confirms that the
%Ni mass produced in the explosion was 0.27 Mg, and therefore
%Ni decay was luminous enough to power the light curve. The
model light curve predicts that the observed bolometric magnitude
of the SN would be 28 mag at day + 265, when the spectrum of
the host galaxy was obtained. The ejecta of the SN at this time will
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Figure 11. VLT (+FORS2) spectra of SN 2016jca in the rest frame (black) and the best-fitting models (blue) at nine epochs. These models have a decreasing
56Nj abundance as a function of decreasing velocity. The spectra are corrected for Galactic extinction (E(B — V)ga = 0.028 mag) and smoothed with a 15 A
boxcar. The host galaxy and afterglow components were subtracted. The shaded grey region represents the uncertainty related to afterglow subtraction.

Table 3. Input parameters for the spectral models.

Epoch VUph L
(rest-frame days) (kms~1) log(L/Le)
3.73 35,000 £ 7000 8.97 £0.1
5.52 32,000 £ 6400 9.10 £ 0.05
8.11 28,500 £ 2850 9.20 £ 0.02
10.89 25,000 £ 1250 9.30 £0.02
14.20 22,000 £ 1100 9.30 £ 0.02
15.96 20,500 £ 1035 9.26 £ 0.02
18.71 19,000 £ 950 9.26 £ 0.02
22.12 17,000 £ 850 9.20 £ 0.02
32.65 13,500 £+ 675 9.00 £ 0.02

have been too faint to be observed by the VLT; hence, no signs of it
appear in the late-time observation, as discussed above.

5 DISCUSSION

The full opening angle of GRB 161219B (42° +£ 3°) is consistent
with only 5 out of 68 previously analysed long-duration GRBs,
whose full opening-angle distribution peaks at 10° + 2° (Fong
et al. 2014). It is also significantly larger than that of other low-
redshift GRBs which were associated with SNe, whose opening
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angles can be accurately determined, except for GRBs 980425 and
031203, which showed no apparent jet break (see Table 4). However,
correcting the isotropic energy of GRB 161219B (1.6 x 10% erg;
Frederiks et al. 2016) for the solid angle subtended by the jet
aperture, an intrinsic jet energy of ~10%* erg is obtained, which
is similar to all other events after correcting for collimation. The
large opening angle may be the consequence of the widening of the
jet after it emerges from the star. In fact, it is unlikely that a jet
can carve a ‘cone’ of ~42° in the stellar envelope, as this would
require a very large amount of energy. Initially jets are probably well
collimated, and they can widen only after they break out of the stellar
surface (Mizuta & Ioka 2013). So, in the case of GRB 161219B,
a larger opening angle would correspond to a smaller amount of
energy per solid angle, with the total remaining roughly constant.
In GRB-SNe with smaller jet opening angles the widening may
have been less significant, or we may have seen the events more on
axis if the energy was not uniformly distributed over angle after the
jets widened.! It should also be noted that the energy observed in

I'This scenario may also explain why GRB 980425 had such a small isotropic
Eyin (~10%8 erg): if the event was observed 10°-15° off axis, as suggested
by nebular spectroscopy of SN 1998bw (Maeda et al. 2002), the jet may
have spread out significantly. If the energy was not uniformly distributed
after jet widening, but more peaked towards the jet axis, the value of
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Figure 12. Photospheric velocity, as determined from spectral models, as
a function of time from explosion for 12 modelled SNe. The red points
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The blue symbols are high-Ey;, SNe with no detected accompanying high-
energy event. SN 19941 is a normal SN Ic. The typical uncertainty of vy is
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the GRB cannot be the energy carried by the material that punches
a hole in the star: that energy is used up. Rather, the GRB is made
by new material that comes out unimpeded. The energy of the GRB
depends on the length of time over which the engine was still active
after the jet broke out (Lazzati et al. 2012).

We have plotted the location of SN 2016jca on the correlations of
ejected mass, Eyj,, mass of progenitor, and **Ni mass (see Fig. 13).
The location of SN2016jca is similar to that of other GRB-SNe:
it has a Ey/M,; ratio of ~6, consistent with other GRB-SNe.
SN 2016jca has an ejected mass of ~6.5 Mg, lower than that of other
GRB-SNe but larger than less-energetic events that did not harbour
GRBs. Revealing that GRB-SNe have ejecta masses which range
from 6 to 11 Mg. Finally, the mass of the progenitor is consistent
with an event creating a black hole rather than a neutron star, similar
to all other GRB-SNe.

Cano et al. (2017) present an analysis of SN 2016jca; they, too,
claim that the luminosity of the SN is powered by radioactive *°Ni
decay. Their best-fitting parameters from fitting the SN light curve
were that SN2016jca had M;; = 5.8 Mg, Exn = 5 X 10°2 erg,
and synthesized 0.22 Mof °Ni. These values are similar to those
obtained from our work, and any discrepancies are likely to be due
to the simplistic assumptions they use. As explained extensively by
Mazzali et al. (2017), the method implemented by Cano et al. (2017)
depends on too many simplifying assumptions and therefore cannot
yield reliable results. Incidentally, we note that Cano et al. (2017)
are confused about the role of a magnetar in our interpretation
of SN 2016jca: they make it appear as if we suggest that the
magnetar is the source of luminosity. Magnetar energy may be
released to produce explosion kinetic energy, and the accompanying
nucleosynthesis may lead to the synthesis of °Ni. However, in
our model, radioactivity is the only source of the luminosity. The

Exin(iso) obtained from the energy observed several degrees off axis could
significantly underestimate the real Ey;,.
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light curve of SN 2016jca and all other GRB-SNe can be explained
simply by radioactive decay input, and this is consistent with
nebular-phase observations that can be analysed to yield the Fe mass
(currently available only for SN 1998bw and SN 2006aj; Mazzali
et al. 2001; Maeda et al. 2007; Mazzali et al. 2007).

Most well-studied GRB-SNe have a remarkably narrow distri-
bution of properties such as luminosity (~— 18.7 £+ 0.2 mag),
ejectamass (~10 & 2 M), and Ey, (~4 £ 1 x 10°% erg s~! before
correction for asphericity); see Mazzali et al. (2017). However,
SN 2016jca has a low ejecta mass for a GRB-SN, demonstrating
that there is diversity among GRB-SNe. In fact, SN 2016jca may
have had a progenitor which came from a zero-age main sequence
(ZAMS) star of ~25-35 M. Regardless, a normal neutrino-driven
SN is unlikely to reach high Ey;, and to produce several 0.1 Mg of
S0Ni. Based on the similarity of the SN Ey;, [(1-2) x 10> erg after
correcting for asphericity] to the rotational energy of a millisecond
pulsar, it has been suggested that magnetars (highly magnetized
and rapidly spinning neutron stars) could be viable central engines
(Mazzali et al. 2006; Metzger et al. 2011; Mazzali et al. 2014). If
rotational energy is released very rapidly, magnetars could provide
Eyin to the SN ejecta and contribute to nucleosynthesis, leading
to the overproduction of 3°Ni. Magnetars may also produce GRB
jets (Uzdensky & MacFadyen 2007), but it is unclear whether the
material in the jet can reach the observed high Lorentz factors.”

On the other hand, if the remnant is a black hole, stellar material
may accrete onto the black hole, which launches a pair of jets along
the rotational axis. In this ‘collapsar’ scenario the jets may break
out of the star and produce GRBs. It is unclear whether the jets can
also deposit the energy required to explode the star violently: only
(2-3) x 10°!' erg of energy are required for the jet to penetrate the
stellar envelope, and thereafter no coupling occurs (Lazzati et al.
2013). The large SN Ey;, may be produced in a broader outflow
driven by a disc wind, where **Ni may also be synthesized. Some
3Ni may also be created if the collapse to a black hole is preceded
by a short-lived proto-neutron-star phase, outside which energy is
deposited.

One possibility is that the star first collapses to a magnetar
creating a neutrino-driven explosion aided by magnetar rotational
energy in achieving large Ey;, and *°Ni mass to power the SN ejecta
and light curve. To have any significant energy input at early times,
the spin period (P) must be less than a few ms and the magnetic
field (B) must be ~1e15 G. The neutron star may quickly collapse
to a black hole if it spins down rapidly, and accretion onto the black
hole may create the GRB jets and the high-velocity *°Ni.

Regardless of the nature of the central engine, the fact that
SN 2016jca had significantly suppressed flux at shorter wavelengths
compared to other GRB-SNe indicates that it had a significant
amount of *°Ni at high velocity, which may imply that the explosion
was aspherical and that our viewing angle must have been close
to the jet axis. All of this high-velocity °Ni (~0.03 Mg of *°Ni
above 10000km s~") could not have been made directly in the jet.
Alternatively, high-velocity °Ni could have been produced in the
region surrounding the jet as it pushed through the star, dredged up
from the centre of the explosion in an broad outflow next to the jet,

2Models have been proposed where the magnetar powers the light curve of
superluminous SNe via interaction. This is NOT the scenario we envision
here. If we used the magnetar energy to power the light curve, a long
spindown time would need to be used, and there would not be enough
energy at the earliest times to power the SN Ei,, leaving unanswered the
question of how the SN acquires its Exiy.
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Table 4. Properties of GRB-SNe closer than z = 0.3. Properties are taken from Mazzali et al. (2014) and references therein.

GRB-SN z T90 Eiso Oop E, SN Exin M(*°Ni) Eradio
) (10 erg) (deg) (109 erg) (10% erg) (Mo) (10 erg)
1 2 3 4 5 6 7 8 9
980425 / 1998bw 0.0085 30 0.010 £ 0.002 180 0.010 £ 0.002 500 £ 50 0.43 £0.05 ~0.2
030329 /2003dh 0.1685 23 150 £ 30 6+2 0.23 +0.05 400 £ 100 04 +0.1 25+08
031203 /20031lw 0.1055 40 1.0+04 180 1.0+04 600 £ 100 0.6 £0.1 0.17 = 0.06
060218 / 20064j 0.0335 2000 0.53 +£0.03 180 0.53 +0.03 206 0.20 +0.05 0.020 £ 0.006
100316D /2010bh 0.059 >1300 0.7£0.2 180 0.7£0.2 100 £ 60 0.12 £ 0.02 ~0.2
120422A /2012bz 0.283 5 24408 23+ 7 0.05 +0.02 400 £ 100 0.3+0.1
130427A/2013cq 0.3399 160 8100 £ 800 3+1 4£1 640 £ 70 0.4 £0.1 6+2
130702A /2013dx 0.145 59 6.5+ 1.0¢ 14+4 0.05 +0.02 300 £ 60 0.34+0.1 20+ 5
161219B/ 2016jca 0.145 7 1.6 4243 0.1 400 +£ 80 0.30 £+ 0.05
T T T T 20031 T T
20031-{1{_1 Mo > BN 2003lw
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Figure 13. The location of SN 2016jca in terms of the stripped-envelope-SN correlations from Mazzali et al. (2017). For the left and middle panels, the red
points are GRB-SNe, the blue points are SNe Ic associated with X-ray flashes, the pink points are SNe Ib associated with X-ray flashes, the black points are
normal SNe Ic, and the grey points are normal SNe IIb. For the right top panel the SNe are coloured based on ejecta mass.

or produced in a disc wind around an accreting black hole in the 6 CONCLUSION

collapsar model.

Recent work has also claimed evidence for high-velocity °Ni in
GRB-SN 2017iuk and an early cocoon generated by the GRB jet
(Izzoetal. 2019). However, we note that spectral models of the radial
dependence of S6Ni in a GRB-SN, comparison to observations, and
a very similar modelling code were first presented and suggested
in the original preprint of the present paper.> This preprint was first
available in 2017 February, two years before the work of 1zzo et al.

(2019).

3https://arxiv.org/abs/1901.05500
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We have presented a multiwavelength analysis of the afterglow of
GRB 161219B and the associated SN 2016jca.

A refreshed shock with a luminosity L(f) oc %%, that slows down
the time decay of the afterglow, is virtually required by the observed
time-decay indices of the X-ray light curve, and it helps solve the
mild inconsistency in the fireball closure relationship noted by Cano
et al. (2017). Our estimate of the steepening time of the X-ray light
curve yields a break time of ~26d that is formally consistent with
that obtained by Cano et al. (2017) (1, &~ 30d), but would cause the
SN luminosity to be too low to be compatible with the observed
spectra. Therefore, we assumed a break time of #, = 13 £+ 2d,
which corresponds to the lower end of the confidence interval we
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determined for this parameter. The corresponding full-jet opening
angle is 42° 4= 3°. This turns out to be the widest opening angle that
has been calculated for a low-redshift GRB-SNe. However, after
correcting for collimation the GRB energy was 10*° erg, which is
comparable to all previous low-redshift events. This suggests that
their underlying engine must be somewhat invariant.

The bolometric light curve of SN2016jca peaked 12 + 2d
after explosion at —18.2 £ 0.1 mag. The SN synthesized roughly
0.27 £ 0.05My, of Ni, but had a more quickly evolving light
curve with respect to other GRB-SNe. After correction for afterglow
contamination, the spectra of SN 2016jca show suppressed flux at
shorter wavelengths with respect to other GRB-SNe. This indicates
that there is increased line blanketing in the ejecta of SN 2016jca
with respect to other events.

To examine the physics of the SN further we turn to radiative-
transfer models. Our models determined that the SN had an
ejecta mass of 6.5 = 1.5Mg and Ey, = 4 + 0.8 x 107erg,
or (1-3) x 10”2 erg when corrected for asphericity. The models
demonstrated that at 3.73 d the photospheric velocity of SN 2016jca
was 35000 & 7200 kms~!, making this the largest photospheric
velocity of any stripped envelope SN. Furthermore, in our models
we need a large (0.4 percent or 0.03 M) °Ni abundance at high
velocities to provide opacity and line blanketing in the blue. In fact,
the models favour a decreasing °Ni abundances as a function of
decreasing velocity. This suggests that SN 2016jca was a highly
aspherical explosion viewed close to on-axis.

The similarities between the physical properties of GRB-SNe,
such as the energy of the GRB when corrected for collimation
(~10%Verg), the Ey, of the SN when corrected for asphericity
[(1-2)x 10°2 erg], the average rise time (~13d), and the SONj
mass (~0.27 £+ 0.05), demonstrate that these events must have
very similar progenitor systems. They could possibly be Wolf-
Rayet stars with ZAMS masses of 25-50 M. Furthermore, their
central engines must be similar, and there are arguments for and
against both the collapsar and magnetar scenarios. Regardless of
the nature of central engine, our early-time spectra allowed us to
place tight constraints on the Eyj, of SN2016jca. The extremely
small ratio (<0.1 per cent) between the energy promptly emitted by
GRB 161219B in gamma-rays and the kinetic energy of SN 2016jca
highlights the fact that the bulk of the energy is carried by the SN
and not the jet.
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APPENDIX A: CONSTRAINTS ON THE
RE-ENERGIZED BLAST WAVE

The blast wave that re-energizes the afterglow before it started to
be observed is assumed to have a form L(f) o< 9. We determined
q following the formalism of Dai & Cheng (2001) for afterglows
produced in uniform media by relativistic electron distributions with
a flat spectrum (p < 2), and by comparing with the observed decay
indices at optical and X-ray wavelengths. The condition that must
be satisfied is g < 1.
We have

~ 1-
Etot ~ Einj Xt q;

2R o t'74,

but also I'?R?® &« R' ~9T2@ D because ¢ o R/T?;
then

I « R-?t9/¢4=29) [—(2+q)/8’ so that R oc @ 9/4

We have B o« I" and
Y o TV@=D g=(=2/12p=D)] o plé=p)/L2(p=D)],

Ye x TT1B727L
For the case of a blast wave propagating in a homogeneous medium,

Uy o< Ty2 B oc TOH/(=1) o 4=@+ap+2/18(=1],

Ve X I“ny x ™2 =19=272 and

Frax X N,TB ¢ N,T? o T2R? o ¢179.

We then have, for v,, < v < v,

Fy & Fypg o7~ D2 o 11704~ C+0(p+2)/16

This expression for F,, must be equivalent to ~“*, from which we
derive aop = (2 4+ g)(p 4+ 2)/16 + g — 1, which in turn gives g =

0.85 for ap & 0.5 (observed optical decay index) and p = 1.66.
For v > v, we have

Fy o Fna 0?2012 o g0 p=C=0)/4 o =
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Table A1. Secondary standard stars in the field of view of FORS images.

GRB 161219B & SN 2016jca

5839

# a, 8 (J2000) (deg) B (mag) V(mag) R (mag) I(mag)

1 91.67230 — 26.80637 20.671(11) 19.329(06) 18.518(06) 17.678(06)
2 91.67459 — 26.8301 18.380(03) 17.826(05) 17.454(04) 17.086(05)
3 91.69784 — 26.81922 21.895(27) 21.320(27) 20.925(25) 20.557(41)
4 91.71324 — 26.83015 21.810(27) 20.723(14) 20.042(12) 19.407(17)
5 91.71604 — 26.77713 22.030(45) 21.416(45) 20.937(49) 20.425(63)
6 91.72399 — 26.82654 19.903(06) 19.334(06) 18.939(07) 18.540(10)
7 91.73697 — 26.77008 21.223(17) 19.918(09) 19.152(07) 18.397(10)
8 91.73742 — 26.78597 22.547(41) 21.027(20) 20.010(11) 18.579(12)
9 91.74192 — 26.79532 19.325(05) 18.516(05) 18.046(04) 17.583(09)
10 91.74498 — 26.78878 18.638(13) 17.766(11) 17.242(07) 16.750(07)
11 91.75173 — 26.80814 22.006(31) 21.576(32) 21.204(30) 20.866(57)
12 91.75232 — 26.82249 21.161(16) 20.674(15) 20.332(16) 19.944(28)

Note: Numbers in parentheses give the photometric 1o statistical uncertainty of the secondary standards in

units of 10 millimag.

which, for ¢ = 0.85, gives ax &~ 0.8, as observed.
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