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1 INTRODUCTION

ABSTRACT

We present optical spectropolarimetry and spectroscopy of the broad-lined Type Ic (Ic-bl)
SN 2014ad. Our spectropolarimetric observations cover seven epochs, from —2 to 66 d after
V-band maximum, and the spectroscopic data were acquired from —2 to 4107 d. The photo-
spheric velocity estimates showed ejecta speeds similar to those of SN 1998bw and other SNe
associated with gamma-ray bursts (GRBs). The spectropolarimetric data revealed aspherical
outer ejecta and a nearly spherical interior. The polarization associated with O1 L7774 and
the Can infrared triplet suggests a clumpy and highly asymmetrical distribution of these two
species within the ejecta. Furthermore, it was shown that the two line forming regions must
have been spatially distinct and oxygen was found to have higher velocities than calcium.
Another oxygen line-forming region was also identified much closer to the core of the explo-
sion and distributed in a spherical shell. It is difficult to reconcile the geometry of the deeper
ejecta with a jet driven explosion, but the high ejecta velocities of SN 2014ad are typical
of those observed in SNe Ic-bl with GRBs and the behaviour of the oxygen and calcium
line-forming regions is consistent with fully jet-driven models. The metallicity of the host
galaxy of SN 2014ad was also calculated and compared to that of the hosts of other SNe Ic-bl
with and without GRBs, but due to the overlap in the two populations no conclusion could be
drawn.

Key words: techniques: polarimetric —gamma-ray burst: general — supernovae: general —
supernovae: individual: 2014ad.

tures compared to ‘normal’ Type Ic SNe (e.g. SN 1997X, see Munari
et al. 1998; SN 1997ef, see Iwamoto et al. 2000; or SN 2002ap, see

The deaths of most massive stars (Mzams > 8 M) result in power-
ful explosions called core collapse supernovae (CCSNe). Different
progenitor stars yield different types of CCSNe, which can be di-
vided into multiple categories according to the characteristics of
their light curves and spectra. Progenitor stars that have shed their
outer layers (so-called stripped envelope) either via strong winds or
through binary interactions with a close companion, will produce
Type Ib and Type Ic SNe that are characterized by the presence or
absence of He in their spectra, respectively (for reviews see Fil-
ippenko 1997; Crowther 2007; Smartt 2009). Broad-lined Type Ic
SNe (SNe Ic-bl), show extremely wide and blended spectral fea-
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Mazzali et al. 2002), as the result of significantly greater ejecta
velocities. A study of 17 Type Ic SNe and 21 SNe Ic-bl conducted
by Modjaz et al. (2016) has shown that the mean peak expansion
velocity is ~10 000 kms~! faster in Ic-bl than in Type Ic SNe over
all epochs.

SNe Ic-bl have been of particular interest over the past two
decades, owing to their relation to long gamma-ray bursts (GRBs)
and X-ray flashes (XRFs). SN 1998bw (Patat et al. 2001) was the
first convincing candidate for the association of a SN to a long
GRB. Since then, many other examples have been studied with var-
ious GRB energies — e.g. SN 2003dh/GRB030329 (Stanek et al.
2003); SN 20031w/GRB031203 (Malesani et al. 2004); SN 2006aj/
XRF060218 (Sollerman et al. 2006); SN 2009nz/GRB091127
(Berger et al. 2011); SN 2010bh/GRB100316D (Chornock
et al. 2010); SN 2012bz/GRB120422A (Schulze et al. 2014);

Published by Oxford University Press on behalf of the Royal Astronomical Society


mailto:fstevance1@sheffield.ac.uk

1898  H. FE Stevance et al.

SN 2013dx/GRB130702A (D’Elia et al. 2015). Not all SNe Ic-bl are
part of a SN/GRB pair, however, which, as stated by Soderberg et al.
(2006), cannot be explained solely through viewing angle effects.
This implies that the progenitors and/or explosion mechanisms giv-
ing rise to GRB/SNe and GRB-less SNe Ic-bl are distinct in some
way.

The main model proposed to produce GRBs is the Collapsar
model, whereby the core of the massive star collapses to a black
hole. Accretion on to the black hole taps the rotational energy of the
star via magnetic coupling, resulting in collimated jets which power
the explosion and yield the GRB (e.g. Woosley 1993; Woosley
& MacFadyen 1999). Recent studies have shown that for central
engines of short enough lifetime, the jets may fail to break out of
the envelope of the progenitor, but would impart sufficient energy
to drive a rapid expansion, hence yielding SNe Ic-bl (Bromberg,
Nakar & Piran 2011; Lazzati et al. 2012). The high-pressure cocoon
resulting from a jet travelling through stellar material produces a
conical shock resulting ejecta that are not spherically symmetric
(Lazzati et al. 2012).

In spatially unresolved SNe, clues as to the geometry of their
ejecta can be inferred from spectropolarimetric observations. The
main source of opacity in the atmosphere of a SN at early times
is electron scattering, such that the light emitted is linearly po-
larized (Shapiro & Sutherland 1982) and the orientation of the
polarization is perpendicular to the plane of scattering. Conse-
quently, in the case of a spatially unresolved spherical photosphere
the polarization components cancel out completely. A departure
from spherical symmetry, however, will result in incomplete can-
cellation and a net non-zero degree of polarization (Shapiro &
Sutherland 1982; McCall 1984). Similarly, if the photosphere is
being partially obscured by a given line-forming region, incom-
plete cancellation will result at the wavelengths corresponding
to the absorption features associated with the species present in
that line-forming region. Therefore, for spheroidal atmospheres
the continuum polarization is closely related to the axial ratio
of the photosphere (e.g. Hoflich 1991 and fig. 4 therein), and
the polarization associated with spectral features probes smaller
scale and composition related asymmetries (Wang & Wheeler
2008).

Virtually all CCSNe exhibit significant departure from spherical
symmetry (Wang & Wheeler 2008), with Type II SNe often show-
ing lower levels of continuum polarization at early times (~0.0-0.2
per cent) increasing at later epochs (~0.5 per cent; e.g. SN 1999em,
Leonard et al. 2001 and SN 2004dj, Leonard et al. 2006) whereas
stripped envelope SNe and GRB-SNe tend to exhibit higher lev-
els of polarization at practically all epochs e.g. SN 2008D (~0.4
per cent), SN 2008aq (0.7-1.2 per cent), SN 2006aj (~0.5 per cent),
SN 1997X (>4 per cent), SN 2003dh (ranging from ~0.5 to 2
per cent), SN 1998bw (~0.4-0.8 per cent) (Maund et al. 2009; Ste-
vance et al. 2016; Maund et al. 2007b; Wang et al. 2001; Kawabata
etal. 2003; Patat et al. 2001; Wang et al. 2001; Kawabata et al. 2003;
Maund et al. 2007b, 2009; Stevance et al. 2016).

In this paper, we present the best spectropolarimetric data set
obtained as of yet for a SN Ic-bl, extending over seven epochs,
ranging from —2 to + 66 d with respect to V-band maximum, as
well as eight epochs of spectroscopy ranging from —2 to +107 d. In
Section 2, we give an account of our observations and data reduc-
tion; in Section 3, we present our spectroscopic and spectropolari-
metric results and in Section 4 we discuss interstellar polarization
(ISP) and analyse the intrinsic polarization of SN 2014ad using
q — u plots and synthetic V-band polarimetry. Our results and anal-
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Figure 1. Images of MRK 1309 with (left-hand panel) and without (right-
hand panel) SN 2014ad. The image on the right-hand side is a digitized sky
survey (DSS) image from 1989 March 8 retrieved via Aladin. The image of
SN 2014ad in MRK 1309 was obtained from 11 unfiltered 20 s exposures
acquired on 2014 May 31 using a Celestron 11-inch CST and a Orion
StarShoot Deep Space Monochrome Imager III. The red line superposed on
to the DSS image is the direction of the ISP determined for MRK 1309 (see
Section 4.1.1).

ysis are then discussed in Section 5 and conclusions are given in
Section 6.

2 OBSERVATIONS AND DATA REDUCTION

SN 2014ad (see Fig. 1) was discovered by Howerton et al. (2014)
on 12.4 March 2014 in public images from the Catalina Sky
Survey (Djorgovski et al. 2011) at RA = 11:57:44.44 and § =
—10:10:15.7. It is located in MRK 1309, with a recessional veloc-
ity of 1716 kms~'(Wong et al. 2006). No GRB associated with
SN 2014ad was reported. Spectropolarimetric observations of SN
2014ad were conducted with the Very Large Telescope (VLT) of
the European Southern Observatory using the Focal Reducer and
low-dispersion Spectrograph in its dual-beam spectropolarimeter
‘PMOS’ mode (Appenzeller et al. 1998). The order sorting filter
GG435 was used, but made all wavelengths below 4450 A inac-
cessible to us. Linear spectropolarimetric data of SN 2014ad were
obtained for four half-wave retarder plate angles (0°, 22.5°, 45°,
67.5°) at seven epochs between 2014 March 22 and 2014 May
29. Circular spectropolarimetric data were also acquired on 2014
March 29 and 2014 April 11, at quarter wave retarder plate angles
—45° and 45°. Additionally, spectroscopic data was taken on 2014
July; a summary of observations is given in Table 1.

All the observations were taken using the 300V grism, providing a
spectral resolution of 12 A (as determined from arc lamp calibration
frames). The spectropolarimetric data were reduced and analysed
using our package For Use with Spectropolarimetry (Fuss'). Fuss is
a combination of raF.cl and pYTHON scripts. The IRAF? routines par-
tially automate the extraction of spectra following the prescription
of Maund et al. (2007a). The pyTHoN modules of Fuss then calcu-
late the Stokes parameters (for linear spectropolarimetry see Patat
& Romaniello 2006, for circular spectropolarimetry see Boffin,
Dumas & Kaufer 2015). The data are corrected for chromatic zero
angles and polarization bias (Wang, Wheeler & Hoflich 1997). The
Doppler correction and ISP correction (see Section 4.1.1) were also

! Code available at: https://github.com/sheffield-supernova/FUSS
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Table 1. VLT observations of SN 2014ad. The epochs are given relative to
the estimated V-band maximum.

Object Date Exp. time Epoch Airmass
(UT) (s) (C)) (Avg.)
Linear spectropolarimetry
SN 2014ad 2014 March 22 16 x 310 -2 1.069
CD-32d9927¢ 2014 March 22 2 x 10 - 1.394
SN 2014ad 2014 March 29 16 x 345 +5 1.057
LTT4816' 2014 March 29 95 - 1.15
SN 2014ad 2014 April 11 12 x 345 +18 1.037
LTT4816% 2014 April 11 95 - 1.117
SN 2014ad 2014 April 26 8 x 855 +33 1.072
LTT4816% 2014 April 26 95 - 1.109
SN 2014ad 2014 May 06 8 x 855 +43 1.061
LTT4816¢ 2014 May 06 95 - 1.41
SN 2014ad 2014 May 21 8 x 855 +58 1.080
LTT4816¢ 2014 May 21 95 - 1.159
SN 2014ad 2014 May 29 8 x 855 +66 1.092
LTT4816% 2014 May 29 95 - 1.172
Circular spectropolarimetry
SN 2014ad 2014 March 29 2 x 345 +5 1.057
LTT4816¢ 2014 March 29 95 - 1.15
SN 2014ad 2014 April 11 4 x 345 +18 1.037
LTT4816% 2014 April 11 95 - 1.117
Spectroscopy
SN 2014ad 2014 July 09 3 x 1180 +107 1.38
LTT4816¢ 2014 July 10 2 x 40 - 1.38

“Flux Standard.

performed with Fuss. In order to increase the level of signal to noise
the spectropolarimetric data were re-binned to 45 A, which did not
affect the resolution considering the breadth of the spectral features.
The spectroscopic data obtained on 2014 July 9 were reduced with
our IRAF.cl scripts following the standard procedure.

3 RESULTS

3.1 Light curve

V-band observations were acquired between 2014 March 12 and
2014 May 28 (for details see Howerton 2017; see Fig. 2). A luminos-
ity distance of 24.7 Mpc was calculated from the redshift of MRK
1309 (z = 0.005723, Wong et al. 2006), and we estimated that SN
2014ad reached maximum with an absolute V-band magnitude of
—18.8 &= 0.2 mag on 2014 March 24. All epochs subsequently men-
tioned in this paper are quoted with respect to this date. The absolute
V-band magnitude was corrected for extinction using the Milky Way
and host galaxy reddening we calculated (see Section 4.1.1). An ex-
haustive analysis of the light curve is not the main focus of this
paper, but we note that the rise time to maximum and the breadth of
the peaks are similar to those observed in SNe 1998bw and 2003dh
(Deng et al. 2005) with an estimated Am;s ~0.9 mag, which could
suggest a similar ejecta mass (although see Wheeler, Johnson &
Clocchiatti 2015).
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Figure 2. De-reddened light curve of SN 2014ad from 2014 March 12 to
2014 May 28. Details of photometric acquisition can be found in Howerton
(2017).

3.2 Flux spectroscopy

The spectral features of SN 2014ad are very broad, particularly at
early times, which is characteristic of SNe Ic-bl (see Fig. 3). At5d
after V-band maximum, SN 2014ad shows wider features than SN
2002ap at 43 d, that are nearly as broad as SN 1998bw at +4 d.
Although the spectral lines become less broad as time passes, SN
2014ad still shows features that are much wider than that of SN
1997ef 43 d after V-band maximum. Additionally, at +-33 and +43
d SN 2014ad is very similar to SN 1998bw at 438 d.

In CCSNe, the line centre velocity of the Fe 1 A5169 absorption
component is commonly used as proxy for the photospheric veloc-
ity (e.g. Modjaz et al. 2016). The extreme line blending occurring
in the spectra of SN 2014ad, however, made using this feature un-
reliable (Liu et al. 2016). Consequently, we used sYN++ (Thomas,
Nugent & Meza 2011) to fit the Feu blend in our spectra of SN
2014ad and determine the photospheric velocity, as well as confirm
line identification. syN++- is a radiative transfer code that assumes
spherical symmetry and no electron scattering. It allows the user
to choose the ions to be added to the synthetic spectra, and change
parameters such as the photospheric velocity, the opacity, the tem-
perature and the velocity of each ion, in order to construct the best
fit to the data. We found a photospheric velocity as high as 30 000
+ 5000 kms~' at —2 d, decreasing to 10 000 £ 2000 kms~!' by
466 d (see Fig. 4).

The extreme line blending caused by the high ejecta velocities
also made line identification challenging. At all epochs, best SYN++
fits were obtained for synthetic spectra containing Fe1, Nai, Sii,
O1 and Can. It was not possible to obtain uniformly good fits,
especially at later epochs due to the appearance of forbidden lines
of [Mg1], [O1] and [Cau]. We were however able to find good fits of
the Fe 1 complex at all epochs; Fig. 5 shows our fit to the spectrum
of SN 2014ad at +5 d.

At the earlier epochs, the spectrum is dominated by a blend
of iron lines in the region 4500-5500 A, and a deep absorption
component with a minimum at ~7500 A corresponding to a blend
of O1 A7774 and Caun infrared (IR) triplet. In the first epoch the
emission component of the Can + O1 blend is flat topped, but it
becomes prominent by +5 d. At this epoch, a strong Siu 26355
emission has also emerged. Over time, line blending diminishes
as opacity decreases and we are probing the deeper, slower ejecta,

MNRAS 469, 1897-1911 (2017)
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Figure 3. Flux spectrum of SN 2014ad at eight epochs (black) corrected
for recessional velocity. We compare with the flux spectra of the three SNe
Ic-bl which most closely matched SN 2014ad according to Gelato’: SN
1997ef (43 d after V-band maximum), SN 1998bw (at +4 and +38 d), as
well as SN 2002ap (3 d post V-band maximum). The grey bands highlight
telluric features. SN 1998bw is known for its connection to GRB980425
(Woosley, Eastman & Schmidt 1999), SN 1997ef was thought to be the
optical counterpart of GRB971115, but the significance of their correlation
is much lower than for SN 1998bw/GRB980425 (Iwamoto et al. 2000). The
narrow lines in the spectra of SN 2014ad are associated with the interstellar
medium of the host galaxy.

3 https://gelato.tng.iac.es/
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Figure 4. Time evolution of the photospheric velocity of SN 2014ad, as
measured by fitting the spectra using SYN++-.
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Figure 5. Spectrum of SN 2014ad at 5 d after V-band maximum (solid
black) and model obtained using syN++ (dashed red). The model includes
Fei, Nai, Sim, O1and Can.

however the O 117774 never completely separates from the Cau IR
triplet as it does in SN 1997ef. At later epochs, the strength of the
iron blend progressively decreases, and the Can IR triplet emission
strengthens. By 43 d after maximum, we can see the spectrum
of SN 2014ad starting to transition from the photospheric phase
towards the nebular phase: The [O 1] emission at ~6300 A dominates
over the Sinm A6355 emission observed at previous epochs, and the
absorption of the Ca i1 IR triplet becomes increasingly flat-bottomed
as the P-Cygni profile fades and is replaced by just an emission
feature. At 4107 d, SN 2014ad has a typical nebular spectrum,
with (semi-)forbidden lines of [Mg1] 14571, [O1] A6300 and [Can]
AAT291,7824.

3.3 Linear spectropolarimetry

The degree of polarization p and Stokes [ for each of our seven
epochs of linear spectropolarimetry are shown in Fig. 6. At —2 d,
five peaks can be seen in the polarization spectra at ~5760 A
(p = 1.07 £ 0.10percent), 6030 A (p = 1.09 £ 0.10per cent),
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Figure 6. Flux spectra (black) and the degree of polarization (purple) of SN
2014ad from —2 to 66 d after V-band maximum. The polarization spectra
were binned to 45 A in order to increase the signal-to-noise ratio. The data
presented here are not corrected for ISP. The ranges used to determine the
ISP are indicated by the shaded green region — method (i) — and hashed
orange region — method (ii). For more detail see Section 4.1.1. For line IDs,
see Fig. 3.

6925 A (p=1.62£0.12 per cent), 7730 A (p = 1.12 + 0.16 per cent)
and 8130 A (p = 0.86 + 0.14 per cent). Note that the values of po-
larization in brackets are the values recorded for the wavelength
bin at each peak. The 6925 A peak shows the highest level of po-
larization recorded in our data set. This feature is likely the result
of O1 A 7774 at —32 700 kms~'. As for the other features, the
5760 A peak in polarization is associated with Sin 16355 with
velocity —28 000 kms~', the 7730 A feature arises from Cau at
—29 300 kms~" and the peak seen at 8130 A could be Q119264 at
—36600kms~!. The origin of the 6030 A feature, however, remains
unclear. The photospheric velocity at —2 d found using syN++ was

3D shape of Ic-bl SN 2014ad 1901

30 000 £ 5000 kms~! (see Section 4 ), therefore the line-forming
region yielding the Cau IR, Siuand O 1 A7774 polarization features
must be close to the photosphere at the first epoch.

By 5 d post-maximum, the 5760 and 6030 A features have
merged, yielding a broader peak centred on 5770 A with polar-
ization p = 0.86 £ 0.01 per cent (calculated as the average polar-
ization between 5670 and 5970 A). Similarly, the 7730 A (Cam)
and 8130 A (O1) peaks seen in the first epoch are replaced by a
much broader feature extending between ~7580 and ~8130 A,
with p = 0.86 £ 0.15percent (the average between 7580 and
8130 A). The O1 17774 peak is still present, but has moved ~50
A to the red (now at 6970 A) and its polarization has decreased to
p = 1.04 £ 0.13 per cent. The first peak at ~5800 A is consistent
with Sin 46355 at —26 000 kms~!, and the O1 A7774 velocity is
now —31 000 kms~', therefore both elements show a decrease in
velocity of ~2000 kms~!. The photospheric velocity at this epoch
was found to be 19 000 4 5000 km s~' (see Fig. 4), suggesting that
the line-forming region is more detached from the photosphere by
the second epoch than in the first epoch.

The amplitude of the Si1 26355 and O 117774 polarization peaks
decreases drastically by 18 d after V-band maximum, with p = 0.51
+ 0.2 percent and p = 0.65 £ 0.2 per cent, respectively. The Can
IR/O1219264 peak, however, remains constant with p = 0.96 £ 0.3
per cent. Its degree of polarization then decreases to ~0.5 per cent by
433 d, and is dominated by noise, whereas the first 2 peaks remain
constant. By 43 d after V-band maximum, and at later epochs, the
polarization spectra are dominated by noise, as the supernova has
faded considerably.

3.4 Circular spectropolarimetry

Wolstencroft & Kemp (1972) suggested that if the core of a progeni-
tor collapses to a neutron star it may have sufficiently large magnetic
fields to induce detectable circular polarization from bremsstrahlung
radiation or synchrotron emission. They cautioned that the degree
of circular polarization would be significantly influenced by the pre-
cise conditions of the explosion, and no strong evidence supporting
the presence of circular polarization in CCSNe has been detected
so far.

We investigated the potential presence of circular polarization
in SN 2014ad. Circular spectropolarimetry was acquired on 2014
March 29 and 2014 April 11. At both epochs we found that the
average circular polarization (0.023 and 0.068 at epochs 2 and
3, respectively) was lower than the standard deviation (0.116 and
0.115 at epochs 2 and 3, respectively) over the range 4500-9300
A. The slight variability around ~7600 A is attributed to the strong
telluric line occurring at these wavelengths and the outlier at ~8000
A seen at 418 d correlates with a spurious spike in the instrumental
signature correction €, (Maund 2008). We therefore concluded that
the data are consistent with a null circular polarization (see Fig. 7).

4 ANALYSIS

4.1 Spectropolarimetry
4.1.1 Interstellar polarization

The dust present in the interstellar medium along the line of sight
may induce polarization. The resulting ISP must be quantified in
order to isolate the polarization that is intrinsic to the SN. An
upper limit on the ISP can be constrained if we assume a stan-
dard Serkowski-Galactic type ISP (Serkowski 1973). The degree of

MNRAS 469, 1897-1911 (2017)
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Figure 7. Circular polarization binned to 45 A of SN 2014ad on 2014
March 29 (45 d) and 2014 April 11 (418 d) and the instrumental signature
correction €,. The spectrum at the corresponding epochs are underplotted
in grey. On the plot of €, the red line corresponds to +5 d and the blue
and red lines are associated with the two data sets obtained at +18 d. The
black solid vertical line indicates the location of the telluric line occurring
at 7600-7630 A, and the blue dashed line at 7996 A shows the correlation
of the discrepancies observed in €, and v at 418 d (see Section 3.4).

polarization due to the ISP (pisp) is then related to the total reddening
E(B — V)ota = E(B — V)mw + E(B — V)pog by the relation:

pisp (per cent) <9 x E(B — V). (D

The reddening can be estimated from the Na1 D lines in the spectra
following Poznanski, Prochaska & Bloom (2012). In our spectra
of SN 2014ad, only the Na1 D line arising from the Milky Way
contribution is visible. In order to put an upper limit on the red-
dening occurring in MRK 1309, we calculated a detection limit
at 30 assuming a spectral resolution of FWHM = 12 A for Nar
D at the recessional velocity of the host galaxy. Our estimates for
the reddening are E(B — V)yw = 0.14 mag, and E(B — V)goyt <
0.023 mag, yielding an upper limit for the ISP pisp < 1.56 per cent.
By applying the Serkowski law to the host galaxy, we implicitly
assumed that the size and composition of the dust in the host galaxy
are the same as that of the Milky Way, which may not be true.

The Milky Way component of the ISP can also be evaluated by
finding Milky Way stars near the line of sight towards SN 2014ad. If
we assume that their intrinsic polarization is null, then the polariza-
tion measured for these stars is purely due to the Galactic ISP. Within
2 deg of SN 2014ad, two stars were found in the Heiles (2000) cata-
logue, with p = 0.08 (£0.035) per cent and 0.11 (£0.066) per cent.
The first star (HD 104304) has a known distance of 12.76 pc (van
Leeuwen 2007), and it therefore does not sample the full Galactic
dust column. The other star (HD 104382) does not have a known
parallax. With a Galactic latitude of 50.5°, however, SN 2014ad is
located far from the Galactic plane, and we do not expect significant
dust alignment along the line of sight. Consequently we concluded
that a lower limit for the Milky Way component of the ISP is ~ 0.1
per cent.

In order to directly quantify the ISP from the polarization data
obtained for SN 2014ad, assumptions must be made. We use two
different assumptions to calculate two independent estimates of the
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ISP: complete depolarization in line blanketed regions and complete
depolarization at late times.

(i) Strong depolarization is observed at short wavelengths (see
Fig. 6) due to line blanketing by Fen and Scu lines (Wang
et al. 2001), and if we assume complete depolarization of the
SN light, the resulting observed degree of polarization is pisp. We
calculated the polarization at —2 and +5 d over the wavelength
range 4500-5000 A (the green shaded regions in Fig. 6), yielding
qisp = 0.20 (£0.07) per cent, uisp = 0.095 (£0.09) per cent and p;sp
=0.22 (£0.07) per cent at —2 d and ¢g;sp = 0.079 (£0.09) per cent,
uisp = 0.013 (£0.05) per cent and pisp = 0.08 (£0.08) per cent at
+5 d. Because ISP should be constant with time, we average the
two sets of Stokes parameters: gisp = 0.14 (£0.06) per cent and u;sp
= 0.04 (£0.05) per cent, which correspond to pisp = 0.15 (£0.08)
per cent and a polarization angle 6sp = 10°(£30°), which is within
the limits previously established. We considered the line blanketing
regions at the first two epochs only, because the higher ejecta ve-
locities result in greater line blending and their spectropolarimetric
data have better levels of signal to noise as SN 2014ad was at its
brightest.

(i1) At late times, when the ejecta transitions to the optically thin
nebular phase (in the case of SN 2014ad, from +43 d), electron
scattering does not dominate anymore and the intrinsic polarization
of the supernovae is expected to drop to zero. Consequently, if
we assume complete depolarization in the SN ejecta at late times,
any level of polarization observed must be due to ISP. Because SN
2014ad had significantly faded at +43, 4+58 and +66 d, the levels of
signal to noise are lower than in early epochs. We focus our analysis
on the polarization that correlates with strong emission lines as the
higher levels of flux result in smaller errors in the polarization, and
because emission lines are often associated with depolarization even
when electron scattering is significant, although see Kasen et al.
(2003). With this in mind, we pick three wavelength ranges (5050—
5600, 6150-6450 and 8300-8900 A; see hashed orange region in
Fig. 6) corresponding to the (semi-)forbidden lines of magnesium,
oxygen and calcium, and we average the Stokes parameters across
these ranges. Doing this for epochs 5, 6 and 7 yielded 9 values for
qisp and uisp, which were averaged, yielding ¢;sp = 0.05 (£0.05)
per cent, usp = 0.15 (£0.12) per cent, pisp = 0.16 (£0.13) per cent
and O1sp = 36° (£5°). These values are consistent with the ones
found using the line blanketing assumption.

The two methods described above therefore resulted in ISP esti-
mates that were small and consistent with each other. We decided to
adopt the Stokes parameters values calculated with the first method
for our subsequent ISP corrections since they were estimated using
polarization spectra at early days with better signal-to-noise ratio.

4.1.2 Polarization in the Stokes q — u plane

The ISP corrected data were plotted on the Stokes ¢ — u plane for
each epoch as shown in Fig. 8, where the colour scale represents
wavelength.

At 2 d before V-band maximum, the data are aligned along a
very clear dominant axis with polarization angle (P.A.) = 21.5 +
0.5° (corresponding to an angle of 43°on the ¢ — u plane) as shown
by the overplotted orthogonal distance regression (ODR?) fit (see
Fig. 8). All ODR fits were performed using the entire wavelength
range. A loop at ~7000 A can be seen following the dominant axis

4 pyTHON package: https:/docs.scipy.org/doc/scipy/reference/odr.html
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Figure 8. Stokes ¢ — u planes of SN 2014ad in seven epochs. The polarization data were binned to 45 A and the colour scheme represents wavelength. The
dominant axis was calculated at each epoch using the ODR method, and is shown by the overlaid black dashed line. The grey dashed line is the dominant axis
found at —2 d superposed on the data of subsequent epochs for comparison purposes. The data presented here are corrected for ISP using the values derived in

Section 4.1.1.

orientation. From our identification in Section 3.3, this feature is
associated with O117774.

Our data at +5 d show that the polarization angle of the dominant
axis (P.A. = 19.5 £ 1.0°) is similar to the first epoch, and both
dominant axes are consistent with the data. The loop at ~7000
A has become less prominent, but is still distinguishable. Another
loop arises at ~7700 A corresponding to the Can IR triplet, which
runs almost perpendicular to the dominant axis. This indicates a
significant departure from axial symmetry in the distribution of
calcium in the form of large clumps.

By +18 d, the presence of a dominant axis is less pronounced as
the overall degree of polarization decreases, but a Pearson test per-
formed on the data — excluding the Ca I loop — yielded a coefficient
of 0.52, supporting the presence of a linear correlation. The ODR fit
included the Can IR component and seems to follow the direction
of the strong calcium loop, but it is not an accurate representation
of the data as a whole. With the exception of the Can IR triplet, the
data follow a direction similar to that of the dominant axis found in
the first epoch. The O 117774 loop has completely disappeared, but
the calcium feature is still very strong. In later epochs, the calcium
loop weakens and the data as a whole cluster towards the origin
as the overall level of polarization decreases and the noise domi-
nates. The ODR fits of epochs 4—7 were plotted on their respective
g — u plane for completeness, but the Pearson correlation calculated
for the data at these dates (—0.08, 0.13, 0.04 and —0.03, respec-
tively) revealed that the presence of a linear correlation is very
unlikely.

4.1.3 Rotation of the Stokes parameters

The data presented on the ¢ — u plane can be rotated in order
to obtain two new components which correspond to the Stokes
parameters projected on to the dominant axis (Py) and the axis

orthogonal to the dominant axis (P,). If we consider the rotation
matrix of the form

COS Oy  — SIN B,
R('grot) = ) s (2)
Sinfoy  €OS o
then the rotated Stokes parameters are given by
P\ _ q
<R)) = R(Oror) <u ) 3)

where 6, = —2 X O gom-

The direction of the dominant axis found using ODR at the first
epoch is consistent with the data at epochs 2 and 3, and is therefore
chosen to perform the rotation, corresponding to 0,, = 43°. The
resulting rotated Stokes parameters Py and P, were then plotted
against wavelength, as shown in Fig. 9 (the colour scale matches
that used in Fig. 8).

Overall, at each epoch the orthogonal parameter P, is within 1o
of zero along most of the spectrum, except within the wavelength
ranges corresponding to loops seen in the ¢ — u plane (see Fig. 8).
This shows that our choice of dominant axis is appropriate and con-
firms our interpretation that the ODR fit of the data at +18 d was
dominated by a prominent loop rather than the direction of the dom-
inant axis consistent with the majority of the data. In Fig. 8, one can
see that the data at +18 d are slightly offset with respect to the chosen
dominant axis (indicated grey dotted line — identical to the dominant
axis found using ODR in the first epoch) but seems parallel. This
behaviour is also seen in Fig. 9 at 418 d, where in P, most of the
data (apart from the Ca 11 loop between ~7200 and 8200 A) run par-
allel to the dominant axis (P, = 0 per cent) but is shifted up by about
0.2 per cent.

The significant departures from null polarization in P, corre-
spond to loops in the ¢ — u plane. At —2 d, the main feature is
found between ~7000 and ~8300 A. It deviates from the dom-
inant axis by ~0.5 per cent on either side, and is most likely
caused by a mixture of O1 A7774 and Can A8567. At +5 d, the
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Figure 9. Py and P, (multicolour), as defined by equation (3), corresponding to our seven epochs of spectropolarimetry. The spectropolarimetric data were
binned to 45 A and corrected for the ISP before being rotated. The flux spectrum (unbinned) is plotted (grey) at each epoch. For line IDs, see Fig. 3.

deviation from the dominant axis associated with O1 + Cau be-
comes more prominent between 7500 and 8000 A, but still extends
from ~7000 A and up to ~8300 A. By +18 d, the loop only de-
parts on one side of the dominant axis and now starts at ~7200
A, which may indicate that the oxygen component has reduced
significantly and the feature is now dominated by the Can com-
ponent. Two weeks later, the amplitude of the loop has started to
decrease and by 43 d after V-band maximum it is not distinguishable
anymore.

4.1.4 Loops in the q — u plane

In Fig. 10, we show the O1 17774 and Can IR loops on the g — u
planes at —2, +5 and +18 d, where the colour scale now represents
ejecta velocity. At —2 d, the O1 feature dominates and the Can IR
feature forms a line oriented away from the dominant axis. By +5d,
the Can IR feature strengthens and becomes a loop oriented in the
same direction as the line observed at —2 d, while the oxygen loop
becomes less prominent. At +18 d, the O1data is in the same locus
as the majority of the data, and the Can IR loop has strengthened

MNRAS 469, 1897-1911 (2017)

again. At —2, +5 and 418 d, the oxygen and calcium loops are
consistently formed anticlockwise with increasing wavelength on
the ¢ — u plane.

Furthermore, the oxygen and calcium features never coincide
simultaneously in their Stokes parameters and in velocity space,
which would indicate overlap of the line-forming regions. This
suggests that the line-forming regions of O1 and Camn are very
distinct from each other both in radial velocity (=radius) and on the
plane of the sky.

4.2 V-band polarization

Because the spectral features of SN 2014ad were so broad, we could
not isolate a line-free region of the spectrum to estimate the contin-
uum polarization. We therefore followed Leonard et al. (2006) who
use V-band polarimetry as a proxy for the overall evolution of the
polarization. The V-band polarization of SN 2014ad was calculated
from the spectropolarimetric data by weighting all our spectra by the
transmission function of the Johnson V filter before performing the
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clarity error bars were only plotted for the O117774 and the Can IR data. The data were corrected for ISP (see Section 4.1.1).
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polarimetry calculations. pysynpHoT® (Lim, Diaz & Laidler 2015) the best fit the reduced x2 is 7, and the constants are found to be
was used to calculate the weighted spectrum for each ordinary and a =403 £ 0.3 and B = 0.250 & 0.002. The fit is plotted as a
extra-ordinary ray, which were subsequently processed with Fuss to blue line in Fig. 11. The V-band polarization of SN 2014ad seems
calculate the resulting degree of polarization and normalized Stokes to exhibit a behaviour that is not inversely proportional to time
parameters. squared, which would indicate that the decrease in polarization is
The resulting V-band polarization for all seven epochs is plotted not just a manifestation of ejecta expansion (Leonard et al. 2006).
against time and on the ¢ — u plane, see Fig. 11. Were the decrease Given the size of the error bars, however, a =2 relation cannot be
in the degree of polarization caused solely by dilution due to the excluded.
expansion of the ejecta, one would expect the polarization to follow As seen in the right-hand panel of Fig. 11, the polarization angle
p=a x 2+ B, where ¢ is time and « and f are constants. remains nearly constant between the first two epochs (19 &+ 3° and
We tentatively fitted this relationship to our V-band polarization 29 + 5°), then increases at epoch 3 (56 £ 4°), and subsequently
using Monte Carlo methods to find the best values of « and 8. For stays constant. This behaviour could reflect a difference in geome-

try between the outermost layers, which are probed at early times
(=2 and 5 d), and deeper layers of the ejecta, which are observed
3 https://pysynphot.readthedocs.io/en/latest/ at later times (from 418 to +66 d) as the photosphere recedes
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Table 2. Maximum degree of polarization observed in SN 2014ad compared to other broad-lined Type Ic and normal Ib/c SNe.

Type Name Date? Pmax (per cent) )\ﬁmx (A) Reference

SNe Ic-bl SN 2014ad —-2d 1.62 £0.12 6925 Section 3.3

SNe Ic-bl SN 2003dh +34 d after GRB 2+05 6500-7500 Kawabata et al. (2003)
SNe Ic-bl SN 20064j +9.6d 3.8+0.5 ~4200 Maund et al. (2007b)
SNe Ic-bl SN 1998bw —-9d 1.1 6000-6200 Patat et al. (2001)
Ic SN 1997X +11d 7 5000-6000 Wang et al. (2001)
Ib/c SN 2005bf 16 d after first V-band maximum 4.5 ~3800 Maund et al. (2007a)
Ic SN 2008D +15d 3+0.5 ~8500 Maund et al. (2009)

“Unless otherwise stated the dates are given with respect to V-band maximum.

bUncorrected for ISP.

through the envelope. This interpretation should however be con-
sidered with caution as the broad-band pass used here encompasses
both continuum and line polarization.

5 DISCUSSION

5.1 Evolution of the shape of SN 2014ad

If we assume as a first approximation that the photosphere is ellip-
soidal, then continuum polarization is related to the major to minor
axial ratio of the ejecta and the line polarization is caused by asym-
metries in the distribution of the line-forming regions. Quantifying
the level of continuum polarization of SN 2014ad was made difficult
by the extreme line blending, but with a maximum polarization py,.x
= 1.62 £0.12 per cent the axial ratio of the photosphere could not
be smaller than 0.72 + 0.02 (Hoflich 1991). A clear dominant axis
is visible in the ¢ — u plots at —2 and +5 d, implying that the ejecta
possess a strong axis of symmetry at early days. By 418 d, the data
has receded towards the origin of the ¢ — u plots as the polarization
of SN 2014ad has decreased (see Fig. 6), but a dominant axis is still
present (Sections 4.1.2 and 4.1.3). The overall decrease in p and the
disappearance of the dominant axis seem to indicate that the deeper
ejecta are more spherically symmetric than the outer envelope, with
the data at +33 d indicating a maximum axial ratio of 0.89 £ 0.01.
The g — u plots of the last three epochs do not offer more insight
as the data are dominated by noise.

Significant departures from the identified dominant axis can be
seen in the form of loops in the ¢ — u plots at epochs 1 through 4,
indicating that the line-forming regions are made of large clumps
that are asymmetrically distributed. At —2 d features of O1 A7774
and Can IR are observed (see Figs 8 and 9), with the O1 feature
being slightly more prominent and pointing to a direction opposite
to that of Ca. This suggests that the two line-forming regions are
inhomogeneously mixed with the rest of the ejecta and spatially
distinct from each other. At +5d, the O1 loop has weakened — but
is still present — and the Can loop has strengthened. By +18 d,
the O1 loop has completely disappeared and the Can feature has
strengthened even further. This trend could be explained by the cal-
cium layer being distributed deeper into the ejecta than the oxygen
layer, which is consistent with the fact that we found Can to have a
lower velocity than O1 (see Section 3.3). By +33 d, the Can loop
has also started weakening but is still visible, and from +43 d the
data are dominated by noise (see Figs 6, 8 and 9).

Over the past 20 yr spectropolarimetric measurements have been
obtained for a number of Ib/c, and SNe Ic-bl with and without
GRBs. The maximum level of linear polarization detected for SN
2014ad is not extremely high compared to previous examples and is
similar to SN 1998bw (see Table 2); it is also the only SN for which
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constraints on the circular polarization have been established. The
spectropolarimetric data of SN 2014ad is, to our knowledge, the
best data set obtained for a SN of this type, both in its low level of
noise and its large time coverage. For comparison, the data of SN
1998bw (GRB/Ic-bl), SN 2003dh (GRB/Ic-bl), SN 2006aj (XRF/Ic)
and SN 2008D (Ib) were plotted along our data at similar epochs,
see Fig. 12. Comparison of the polarization data of SN 2014ad to
that of other SNe can be made difficult by the high levels of noise
(e.g. SN 2006aj), broad bins (e.g. SN 1998bw and SN 2003dh) or
large error bars (e.g. SN 2003dh) present in their data.

As seen in Fig. 12, the polarization of SN 1998bw before maxi-
mum follows a trend similar to that seen in our data for SN 2014ad,
showing a global increase in polarization from 4000 to 6000 A.
On the other hand, the data sets of SN 1998bw at +8 d and SN
2014 at +5 d show little resemblance, apart from a similar level of
median polarization over the range 4000 to 7000 A. In particular,
there is a strong discrepancy around 5000 A where SN 1998bw
shows a significant (~0.75 per cent) level of polarization, whereas
SN 2014ad exhibits polarization that is close to zero. The degree
of polarization observed in the data of SN 1998bw at these wave-
lengths goes against the assumption that line blanketing due to iron
lines in this region causes near complete depolarization. In the case
of SN 2014ad, however, we are confident that this assumption was
justified, since the ISP values derived from it were consistent with
ISP estimates calculated under the assumption of complete depo-
larization at late times (see Section 4.1.1).

Another comparison of interest is that of the temporal evolution
of the degree of polarization of SN 2014ad and the normal type Ib
SN 2008D (see Maund et al. 2009 and references therein). In Fig. 12,
we see that around V-band maximum both SNe show similar levels
of polarization. By +15 d, the level of polarization of SN 2008D
has remained approximately constant whereas that of SN 2014ad
has significantly decreased. This indicates that the overall geometry
of the photosphere of SN 2008D remains the same closer to the
core, whereas SN 2014ad shows evidence of more spherical ejecta
in its interior.

When plotted on ¢ — u planes, the spectropolarimetric data of
SN 2005bf (Ib/c), SN 2006aj (Ic-bl/XRF), SN 2008D (Ib) and SN
2002ap (Ic-bl) show more scatter and less well defined dominant
axes than seen in SN 2014ad at —2 and +5 d (Wang et al. 2003;
Maund et al. 2007a,b, 2009). Additionally, an O1 17774 loop is
present in the data of SN 2002ap. Its deviation from the rest of the
data is very strong at —6 and —2 d but subsequently weakens as
Cau IR features emerge. By 3 d after V-band maximum, the O 1loop
in SN 2002ap has nearly disappeared. This evolution is akin to that
of the O1 17774 feature in SN 2014ad and our interpretation that
the calcium layer is deeper than the oxygen layer is consistent with
Wang et al. (2003). This suggests that the calcium seen in the data
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Figure 12. Polarization data (uncorrected for ISP) of SN 1998bw (GRB/Ic-
bl), SN 2003dh (GRB/Ic-bl), SN 2006aj (XRF/Ic) and SN 2008D (Ib) com-
pared to the data of SN 2014ad binned to 45 A at similar epochs. All epochs
are given with respect to V-band maximum, except SN 2003dh which is
quoted with respect to the GRB detection date. The data of SN 1998bw
were binned to have errors <0.1 per cent (Patat et al. 2001).

is not primordial but a product of stellar nucleosynthesis and that
the ‘onion’ structure of the stellar interior is partially maintained.
On the other hand we also see significant disruption of this structure
since the oxygen and calcium line-forming regions were found to
be spatially distinct from each other.

As a whole, the spectropolarimetric data reveal ejecta with sig-
nificant axial symmetry that remain stable for more than 2 weeks
after maximum light, and a more spherical interior uncovered by
+43 d, whereas one might expect stronger axial symmetry towards
the core in the case of a jet driven explosion. Compositional asym-
metries are also present, resulting from the partial disruption of the
interior structure of the progenitor. Whether these characteristics are
consistent with a GRB driven explosion would require modelling,
which is beyond the scope of this paper.

3D shape of Ic-bl SN 2014ad 1907

5.2 Spectral modelling and photospheric velocity

In order to find values of the photospheric velocity and check
our line identification, we created synthetic spectra with syN+-+
(see Section 3.2). Best results were obtained when using Fe 11, Na1,
Sin, O1and Ca, but we also tried to fit our data using additional
ions. One of our attempts included magnesium, and although it
helped suppress the ~7100 A peak, it also weakened the Ca 1 emis-
sion making the fit to SN 2014ad less accurate. We also tentatively
added helium to the synthetic spectrum, in hopes that it may help
fit the double dip between the iron and silicon emission. This ap-
proach was unsuccessful, and we believe that sodium is the most
likely cause of that double dip, although in our fit (shown in Fig. 5)
the Na1peak is slightly blue-shifted compared to our data. This may
be due to the limitations of a 1D code, which does not account for
asphericities in the ejecta.

The photospheric velocities of SN 2014ad were obtained from
model fitting and ranged from —30 000 £ 5000 kms~'at —2 d to
—10 000 % 2000 kms~'at 66 d (see Fig. 4). Modjaz et al. (2016)
studied the spectral properties of 17 Type Ic SN, 10 Ic-bl without ob-
served GRBs and 11 Ic-bl with GRBs, and reported their Fe 1 15169
absorption velocities (used as proxy for the photospheric velocity),
see their fig. 5. They also showed that Ic-bl in a GRB/SN pair tend
to have ejecta velocities ~6000 kms~!greater than for SNe Ic-bl
without GRB counterparts. Our values of the photospheric velocity
for SN 2014ad fit within the regime of the Ic-bl associated with
GRBs. With a velocity reaching —30 000 4 5000 kms~'at —2 d
it even surpasses the average photospheric velocity of SNe Ic-bl
with GRBs at the same epoch by approximately —10 000 kms™!.
Additionally, it is very similar to the expansion velocity observed
in SN 1998bw at maximum light (Iwamoto et al. 1998). The ejecta
velocities observed in SN 2014ad are therefore consistent with SNe
that have been associated with GRBs.

Irrespective of the way one measures velocities from the flux
spectrum (e.g. line fitting, absorption line minimum), the calculated
values correspond to the projected velocities, which may differ from
velocities depending on viewing angle. In order to put constraints
on the estimates made with the 1D code we used to calculate the
photospheric velocity, we take as a limiting case that of a spheroid
with axial ratio (0.72) given by the highest polarization recorded
for SN 2014ad in Section 3.3 (1.62 per cent; Hoflich 1991), and
calculate the velocity for a region of the photosphere at the pole of
the oblate spheroid. The maximum photospheric velocity obtained

—2d was —21 750 4 3600 kms~!, and decreased to —13 775
+ 3600 kms~'by +5 d, which are still within the SNe Ic-bl with
GRB regime.

SYN++ assumes an infinitely narrow photosphere which does
not overlap with the line forming regions, and therefore does not
account for electron scattering, as mentioned in Section 3.2. High
levels of polarization are however detected at early days, which
indicate the significant role played by electron scattering in the
formation of the spectrum. Consequently, our interpretation of just
the flux spectrum using sYN++ may be incomplete.

5.3 Metallicity

Modjaz et al. (2008), Levesque et al. (2010b) and Graham &
Fruchter (2015) — among others — have compared the metallic-
ity of the host galaxies of Ic-bl with and without GRBs. It has been
shown that SNe Ic-bl with GRBs tend to arise in galaxies with lower
metallicity than Ic-bl without GRBs, but that the two populations
somewhat overlap.

MNRAS 469, 1897-1911 (2017)
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Figure 13. X-shooter spectrum of the host environment of SN 2014ad
obtained on 2015 May 22, 424 d after V-band maximum. The features
identified correspond to the lines used for metallicity calculations.

We compared the metallicity of the host environment of SN
2014ad to that of a sample of SNe Ic-bl — with and without GRB —
found in the literature. We used the O3N2 diagnostic described by
Pettini & Pagel (2004), and derived the required line fluxes from
public spectroscopic X-shooter observations of SN 2014ad obtained
on 2015 May 22.% or 424 d after V-band maximum, in which no SN
features are visible. The exposure time was 900 s for the blue arm
(2970 to 5528 A) and 960 s for the visible arm (5306 to 10140 A).
The data were reduced using the X-shooter pipeline, and the com-
bined spectrum can be seen in Fig. 13. The derived line fluxes are
reported in Table A1. We calculated the metallicity of the host of SN
2014ad using our own routine and recomputed oxygen abundances
of the comparison objects from values of the line fluxes reported
in previous works for the HB, [O 1] L5007, Ha and [N 1] A6584
lines (see Modjaz et al. 2008; Graham & Fruchter 2015; and refer-
ences therein). The line fluxes, calculated metallicities and absolute
B-band magnitudes for the host galaxies of our comparison objects
and SN 2014ad are given in Table Al. Additionally, we plotted
our values of the oxygen abundance against the absolute B-band
magnitudes, see Fig. 14.

The oxygen abundance of the host environment of SN 2014ad
was found to be 12 4- log(O/H) = 8.24 £0.14, which is comparable
to both populations of Ic-bl with and without GRBs (see Table Al
and Fig. 14).

5.4 Late time [O1] line profile

The shape of the [O1] line varies significantly from one SN to
another, ranging from single peaks to symmetric double peaks
and asymmetric double peaks (Maeda et al. 2008; Milisavljevic
et al. 2010). In the case of SN 2014ad, the [O 1] emission at +107 d
mostly resembles a flat-topped (from —1000 — to 41000 kms™")
single peak profile, as seen in SN 1997dq (see Fig. 15;
Mazzali et al. 2004). Additionally, a secondary peak is noticeable
at —3200 kms~'.

The flat top is characteristic of a spherical shell type struc-
ture (e.g. Ignace & Hendry 2000; Ignace & Brimeyer 20006;
Maeda et al. 2008), however the presence of a blue-shifted feature

6 Under programme 095.D-0608(A). PI: J. Sollerman.
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Figure 14. Comparison of oxygen abundance with host B-band absolute
magnitude for 18 SNe Ic-bl (blue) and 15 GRBs (orange). SN 2014ad is
represented by a star marker.
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Figure 15. Comparison of the [O 1] A16300,6364 line profile of SN 2014ad
(red) at 107 d post V-band maximum to SN 1997dq (black) +262 d after
estimated outburst (Mazzali et al. 2004).

also indicates contribution from asymmetrically distributed oxygen
(Milisavljevic et al. 2010). Given the low velocity and mostly spher-
ical characteristic of this oxygen line-forming region, it must be sep-
arate from the line-forming region responsible for the high velocity
asymmetric O 117774 seen at early days.

Additionally, we used the [O1] line profile as a template to fit the
[Mg1] 24571 and the [Can] AA7291,7824 lines also present in the
spectrum at +107 d (see Fig. 3). We found that the full width at half-
maximum (FWHM) of the feature centred on the [Mg 1] 14571 line is
~13 000 km s~!, a factor of 2 broader than the feature we identify as
[O1]. Either this is due to blending of lines or a significantly different
distribution within the ejecta of the supernova. In other supernovae
(e.g. Spyromilio 1994) these features have had very similar profiles.
The red side of the calcium forbidden line is well fitted by the [O1]
profile, however the blue side is broader, also suggesting blending
with other spectral features.
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Figure 16. Toy model of the ejecta of SN 2014ad. The dashed black line
represents the dominant axis. Note that the range of the P.A. (0—180°) results
in an artificial degree of symmetry.
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5.5 Toy model of SN 2014ad

From our interpretation of the spectropolarimetric and spectroscopic
data of SN 2014ad we produced a qualitative toy model of the
structure of the ejecta (see Fig. 16). The dominant axis present
in the Stokes parameters at early days suggests a significant de-
parture from spherical symmetry, but with axial symmetry in the
geometry of the outer ejecta. This could translate as an ellipsoidal
envelope, the minimum axial ratio of which (0.72) can be con-
strained by the maximum degree of polarization we recorded at the
first epoch (1.62 per cent). Departures from axial symmetry were
observed in the behaviour of oxygen and calcium suggesting that
these line-forming regions are made of large clumps whose angular
distribution changes with radius. Additionally, the behaviour of the
oxygen and calcium features in the ¢ — u planes revealed that the
line-forming regions for the two species must be distinct, and their
temporal evolution indicated that the oxygen clumps have higher
velocities and dissipate before those of calcium. The decrease in the
overall degree of polarization over time and the disappearance of
polarization features at later epochs suggest that the asymmetries
of the outer envelope are not replicated deeper in the ejecta. It is
important to note that since the Stokes parameters g and u are quasi-
vectors (i.e. the P.A. ranges from 0° to 180°) the sketch exhibits an
artificial degree of symmetry that may not be representative of the
actual structure of the ejecta.

Jet induced models have shown that the distribution of oxygen
and calcium tends to be limited to an equatorial torus (Khokhlov
et al. 1999), however in SN 2014ad the line-forming regions are
distinct, which is inconsistent with these models. Additionally, the
Fe blends in the early spectra SN 2014ad correspond to near zero
levels of polarization; Maund et al. (2007a) associated the lack of
iron polarization with the absence of jets. Furthermore, Maund et al.
(2007a) used helium as a tracer for the asymmetric nickel distribu-
tions that excite it, which could be caused by a stalled jet in the en-
velope; unfortunately the lack of helium in SN 2014ad denies us any
information about the nickel. The decreasing level of polarization
over time is also difficult to reconcile with the ‘choked’ jet model
proposed for SN 2005bf and SN 2008D (Maund et al. 2007a, 2009).
Those conclusions, however, were drawn on limited observations

3D shape of Ic-bl SN 2014ad 1909

of those SNe and serve to highlight the importance of multi-epoch
spectropolarimetry for achieving truly 3D tomography of SNe.

6 CONCLUSION

We report seven epochs of spectropolarimetry for the Ic-bl SN
2014ad ranging from —2 to + 66 d, as well as eight epochs of
spectroscopy from —2 to 4107 d. This is to our knowledge the best
spectropolarimetric data set available for a Ic-bl SN. A maximum
degree of polarization of 1.62 +0.12 per cent was detected at —2 d,
and the level of ISP was found to be 0.15 £ 0.06 per cent. A clear
dominant axis in the ¢ — u plots corresponding to the first three
epochs was found with a P.A. ~20°, indicating significant axial
symmetry. The decrease in the overall level of polarization over
time and the disappearance of the dominant axis at 433 d suggests
that the inner ejecta are more spherical than the outer layers.

Polarization features associated with O1 and Cau show depar-
tures from the dominant axis in the form of loops, suggesting line-
forming regions in the form of large clumps that are asymmetrically
distributed. Since the oxygen and calcium loops are oriented in dif-
ferent directions the two line-forming regions must be distinct from
each other, but both are moving very rapidly. Additionally, due to the
separate temporal evolution of their polarization signatures (oxygen
appears and disappears earlier than calcium) and different velocities
(oxygen is faster than calcium) we conclude that the calcium layer
is deeper into the ejecta than this oxygen layer. This means that
the calcium we observe is not primordial but a product of stellar
nucleosynthesis and that the ‘onion’ structure of the progenitor is
at least partially preserved.

At 4107 d, the [O1] line profile suggests the presence of a deeper
oxygen line-forming region in a near spherical shell, unlike the oxy-
gen observed at earlier dates. This is consistent with the decreasing
levels of polarization detected deeper in the ejecta.

Using X-shooter data at +424 d we calculated the metallicity
of the host galaxy of SN 2014ad and found it was rather low and
consistent with the population of Ic-bl with GRB counterparts. It
should be noted that it is also close to the metallicity of the host
galaxy of two other Ic-bl without GRBs with similar B-band mag-
nitude: SN 2006nx and SN 2007qw. Because of the overlap in the
two populations, the low metallicity of the host environment of SN
2014ad is inconclusive.

It is not clear from the spectropolarimetric data of SN 2014ad
whether the explosion was driven by jets: the axial symmetry at
early epochs is not inconsistent with such scenario, but the more
spherical inner ejecta is more difficult to reconcile with the presence
of a jet. The high velocity oxygen and calcium line-forming regions
follow directions that are similar to that of the dominant axis, which
would correlate with the direction of jets, should they be present.
Hydrodynamical simulations of asymmetrical explosions produced
by Maeda et al. (2002) to model SN 1998bw showed low-velocity
oxygen being ejected in the equatorial plane, which is inconsistent
with our picture of SN 2014ad. On the other hand, fully jet-driven
explosion models by Couch et al. (2011) revealed intermediate mass
elements being entrained by the outflow and as a result roughly
following the direction of the jets, which is consistent with the
behaviour of the high velocity calcium and oxygen in SN 2014ad.
The potential outflow may not have fully broken out of the envelope
and produced a GRB, but could have been sufficiently powerful to
accelerate the ejecta as fast as 30 000 & 5000 km s~'and create the
strong alignment observed in the ¢ — u planes until 18 d after V-
band maximum. This scenario is consistent with the conclusions of
Lazzati et al. (2012), who showed that for an engine of short enough
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lifetime the jets may dissipate through the envelope before reaching
the surface, resulting in a relativistic SN explosion but no GRB.
It is, however, difficult to reconcile the case of ‘choked’ jets with
nearly spherical ejecta, as observed in SN 2014ad. If SN 2014ad did
have a GRB counterpart, it may have been collimated away from
our line of sight, and without radio observation we cannot exclude
or support this scenario with complete certainty.
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APPENDIX A: OXYGEN ABUNDANCE
COMPARISON

We compared the oxygen abundance of the host galaxy of SN
2014ad to a sample of 32 SNe and GRBs listed in Table Al. They
include three dark GRBs and six bursts for which the presence
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Table Al. Line fluxes, O3N2 metallicity and B-band absolute magnitude of the host environments of BL Type Ic SNe and GRBs. The SNe associated with
the GRBs are given when known, ‘Dark’ indicates the absence of an optical counterpart, and an ellipse “..." is shown when a SN cannot be ruled out because
the searches conducted were not deep enough. The emission line measurements correspond to the values for the centre of the host galaxy, unless the object is
marked with an asterisk (*), in which case they coincide with the host environment of the object within the host galaxy. The line fluxes and equivalent widths
are all in units of 10~!7 erg s~! cm~2. When the values found of the literature did not have associated errors, we assumed an uncertainty ~10 per cent. The
last column indicates whether the values for a given object correspond to the flux values, the equivalent width, or the flux value normalized with respect to
Hp . (Note that the HB column of an HB normalized flux might not be 1 or 100 if the galactic extinction correction was applied to normalized values in the
literature.) The metallicity of SN 2002bl and SN 2007qw are taken directly from (17). References: (1) Modjaz et al. (2008); (2) Ferguson, Gallagher & Wyse
(1998); (3) Graham & Fruchter (2013); (4) Sanders et al. (2012); (5) Levesque et al. (2010c); (6) SDSS-mpg; (7) Levesque et al. (2010b); (8) Price et al. (2002);
(9) Garnavich et al. (2003); (10) Perley et al. (2017); (11) Hammer et al. (2006); (12) Sollerman et al. (2005); (13) McGlynn et al. (2007); (14) Levesque et al.
(2010a); (15) Thone et al. (2008); (16) Schulze et al. (2014); (17) Modjaz et al. (2011).

Ic-bl and GRB hosts HB [O m] A5007 Ho [N 1] L6584 12 + log(O/H) Mg Spectrum
SN 1997ef* 478 £ 51 223 + 30 1730 + 170 581 + 62 8.68 £0.14 —202! Flux!
SN 2003jd* 229 + 24 342 + 36 752 £ 76 98 + 11 8.39 +0.14 —20.3! Flux!
SN 2005kz* 656 + 12 115+ 17 1660 + 170 1300 % 130 8.94 +0.14 —20.9' Flux!
SN 2005nb* 376 + 45 455 £ 52 1510 + 150 299 + 33 8.45 +0.14 —21.3! Flux!
SN 2005kr 8.20 £+ 0.83 243424 284428 2414026 8.24 +0.14 —17.4! Flux!
SN 2005ks 69.9+17.3 512455 272 +27 92.3+9.3 8.62 +0.14 —19.2! Flux!
SN 2006nx 6.9+ 1.1 209 +2.2 33.1+34 273 +£0.51 8.23 1013 —18.9! Flux!
SN 2006gk 437£5.0 153£2.6 230 £23 86.2+8.8 874013 —-179! Flux'
SN 20071 287429 5724 7.1 119+ 13 20.0 +3.2 8397013 —16.9! Flux!
SN 2002ap 1.285 0.212 6.007 1.812 8.81 +0.14 —20.6! Hbeta?
SN 2007ce 108.4 594.8 285.1 7.813 7.99 £ 0.14 —17.69 Hbeta*
SN 2008iu 117.1 7452 255.1 43.25 823 +0.14 —16.59° Hbeta*
SN 2009bb 37.36 17.56 155.3 51.59 8.68 +0.14 —19.98° Flux®
SN 2010ah 104.0 186.9 359.3 33.88 8.3240.14 —17.223 Hbeta®
SN 2010ay 271.6 905.0 837.2 67.20 821 +0.14 —18.30° Flux?
SN 2014ad 9.35+£0.33 28.53 4+ 0.38 33.25+0.14 3.09£0.11 8.24 +0.14 —19.22 Flux
GRB980425/1998bw 219.69 851.4 713.7 68.7 822 +0.14 —18.09! Hbeta!
GRB991208/... 3.493 5.848 17.04 0.852 8.24 +0.14 —18.68! Flux’
GRBO010921/... 9.518 29.65 40.11 1.858 8.1540.14 —19.87! Flux’-8
GRBO11121/... 17.13 16.64 65.61 2.0 825 +0.14 —19.75! Flux’
GRB020819B/Dark 3.0+£09 9.7 £0.7 145+12 2.7+1.7 8.34 7921 —19.6! Flux!0
GRB020903/unnamed 44.0 335.0 168.0 7.2 8.01 £0.14 —19.34! Flux'!
GRB030329/2003dh 1 3.40 2.74 0.1 8.10 4+ 0.14 —16.52! Hbeta’- 12
GRB031203/20031w 1 6.36 2.82 0.15 8.07 £0.14 —18.52! Hbeta!?
GRB050824/... 2.529 15.45 7.6 0.2797 8.02 £0.14 —19.02! Flux'?
GRB050826/... 28.65 36.22 85.22 14.41 8.45+0.14 —20.28! Flux’
GRB051022/Dark 25.29 59.57 104.99 15.97 8.35 +0.14 —21.23! EQW?
GRB060218/2006aj 68.83 229.9 170.5 5.122 8.08 +0.14 —15.92! Flux'4
GRB060505/Dark 4,553 5.500 22.85 5.185 8.50 £ 0.14 —19.38% 15 Flux!®
GRBO070612A/... 36.60 41.01 152.0 1.520 8.07 £0.14 —20.86° Flux’
GRB120422A/SN 2012bz* 0.5+ 0.4 1.9+02 24401 0.6 +0.2 8357032 —19.410 Flux'®
SN 2002bl* 8.65 4+ 0.317 —20.3"

SN 2007qw* 8.19 +0.01'7 —19.47

of a SN in the afterglow could not be ruled out. It is crucial to
compare metallicities computed with the same diagnostic as dif-
ferent metallicity indicators yield slightly different values. We re-
computed the oxygen abundance for all but two (SN 2002bl and
SN 2007qw) of our comparison SNe as we could not find val-
ues for the line fluxes of HB [Om] A5007, Ho and [N 1] A6584.
We used our own routines and line fluxes taken from the litera-
ture. Unfortunately a lot of the flux values reported did not have
errors. We assumed uncertainties of the order of 10 per cent of

the nominal value of the flux, which is consistent with Modjaz
et al. (2008). It should be noted, however, that the main source of
error when calculating the O3N2 metallicity are the systematic er-
rors (0.14 dex) of this particular diagnostic (Pettini & Pagel 2004).
The line fluxes and derived oxygen abundances are summarized in
Table Al.
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