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ABSTRACT

We present linear polarimetry for seven hydrogen-poor superluminous supernovae (SLSNe-I) of which only one has previously
published polarimetric data. The best-studied event is SN 2017gci, for which we present two epochs of spectropolarimetry at +3 d
and +29 d post-peak in rest frame, accompanied by four epochs of imaging polarimetry up to +108 d. The spectropolarimetry at +3 d
shows increasing polarisation degree P towards the redder wavelengths and exhibits signs of axial symmetry, but at +29d, P ~ 0
throughout the spectrum, implying that the photosphere of SN 2017gci evolved from a slightly aspherical configuration to a more
spherical one in the first month post-peak. However, an increase of P to ~0.5% at ~+55d accompanied by a different orientation
of the axial symmetry compared to +3d implies the presence of additional sources of polarisation at this phase. The increase in
polarisation is possibly caused by interaction with circumstellar matter (CSM), as already suggested by a knee in the light curve
and a possible detection of broad Ha emission at the same phase. We also analysed the sample of all 16 SLSNe-I with polarimetric
measurements to date. The data taken during the early spectroscopic phase show consistently low polarisation, indicating at least
nearly spherical photospheres. No clear relation between the polarimetry and spectral phase was seen when the spectra resemble
Type Ic SNe during the photospheric and nebular phases. The light-curve decline rate, which spans a factor of eight, also shows no
clear relation with the polarisation properties. While only slow-evolving SLSNe-I have shown non-zero polarisation, the fast-evolving
ones have not been observed at sufficiently late times to conclude that none of them exhibit changing P. However, the four SLSNe-I
with increasing polarisation degree also have irregular light-curve declines. For up to half of them, the photometric, spectroscopic, and
polarimetric properties are affected by CSM interaction. As such, CSM interaction clearly plays an important role in understanding

the polarimetric evolution of SLSNe-I.
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1. Introduction

Superluminous supernovae (SLSNe) are an enigmatic class
of stellar explosions that are characterised by exception-
ally bright, often long-lived light curves (e.g. Gal-Yam et al.
2009; Pastorello et al. 2010; Chomiuk et al. 2011; Quimby et al.
2011). While it has been nearly two decades since the first dis-
covered events (e.g. SN 2005ap; Quimby et al. 2007), the mech-
anism powering their extreme luminosities is still a topic of
debate (for reviews, see e.g. Gal-Yam 2012, 2019; Moriya et al.
2018; Nicholl 2021). It is difficult to explain the photometric
evolution of most SLSNe with the decay of radioactive 3Ni —
the canonical power source of Type Ia and Ibc supernovae (SNe)
— and alternative scenarios have been sought. The most popu-

lar models are either related to a spin-down of a highly mag-
netised neutron star (magnetar) formed in the aftermath of the
core collapse (e.g. Woosley 2010; Kasen & Bildsten 2010) or
to some manner of interaction between the SN ejecta and cir-
cumstellar material (CSM; e.g. Chevalier & Irwin 2011), but the
importance of jets has also been discussed (e.g. Soker & Gilkis
2017; Soker 2022). However, despite the abundant data sets
of both photometry (e.g. De Cia et al. 2018; Angus et al. 2019;
Chen et al. 2023a) and spectroscopy (e.g. Quimby et al. 2018),
there is no clear consensus on the most viable scenario.

One way to gain further insight into the nature of the
energy source of SLSNe is to investigate the evolution of
the photospheric shape of the unresolved SNe via polarimetry.
The continuum polarisation is induced by Thomson scattering
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of light from free electrons that are abundant in the SN ejecta
(Shapiro & Sutherland 1982) and thus polarimetry directly
probes the geometry of the photosphere. In the case where the
SN has a circular projection on the sky, there is no prevalent
direction for the polarised light and zero polarisation is expected.
However, if the projection deviates from a perfect circle due to
intrinsic asphericity of the photosphere, a non-zero polarisation
signal is produced. For a more detailed description of polarime-
try in the context of SNe, see Wang & Wheeler (2008) and Patat
(2017). For SLSNe, polarimetry is potentially a vital tool. In
the case where they are powered by an internal engine such as
a magnetar, the energy input is expected to be aspherical. As
the ejecta expand over time, the electron density drops, and a
more aspherical configuration of the inner layers of the ejecta
should be revealed to the observer. The field of studying the
geometry of SLSNe is still in its infancy. Only ten hydrogen-
deficient SLSNe-I have any polarimetric data in the literature, of
which only three have spectropolarimetry that provided concrete
results.

Perhaps the best-studied case of SLSNe-I with polarimetry
is SN 2015bn. The slowly evolving event was observed in both
spectropolarimetry (Inserra et al. 2016) and broad-band imag-
ing polarimetry (Leloudas etal. 2017). Two epochs of spec-
tropolarimetry were obtained at —24 days before and +27 days
after peak and this follows a well-defined axial symmetry. The
broad-band polarimetry spanned nine epochs between —20 and
+46 d with an increase of polarisation from ~0.5% to >1%. For
a hypothetical oblate spheroid photosphere, which follows an
inverse-square power law radial density distribution, the broad-
band polarisation indicates an axial ratio of >1.2 (Hoflich 1991).
Both spectropolarimetry and broad-band polarimetry suggest an
increased deviation from spherical symmetry toward the deeper
layers of the ejecta. Leloudas et al. (2017) proposed that the
ejecta underwent a structural change at around +20 d, when the
photospheric emission shifted from an outer layer dominated by
C and O to a more aspherical inner core dominated by heavier,
freshly synthesised material. This is supported by the simultane-
ous spectral change noted by Nicholl et al. (2016b).

The slowly declining SN 2017egm was observed near max-
imum light in spectropolarimetry (Bose et al. 2018) and broad-
band polarimetry (Maund et al. 2019). The spectropolarimetry,
as reanalysed by Saito et al. (2020), shows a polarisation of
~0.2% near peak that was not strongly dependent on wavelength.
These authors suggested a modest departure from spherical sym-
metry with an axial ratio of ~1.05. Maund et al. (2019) did not
detect intrinsic polarisation at four epochs spanning from +4d
to +19d. Saito et al. (2020) report Subaru spectropolarimetry of
SN2017egm at +185d, the only such measurement of a SLSN
at this late stage. These latter authors find that the polarisation
increased to ~0.8%, corresponding to an axial ratio of ~1.2.
The late polarisation shows a nearly constant position angle
over the wavelength range, suggesting an axisymmetric struc-
ture similar to that of SN 2015bn, and Saito et al. (2020) con-
clude that the inner ejecta are more aspherical than the outer
ejecta.

Recently, Pursiainen et al. (2022) analysed two epochs of
spectropolarimetry of SN 2018bsz — the most nearby SLSN-I to
date at z = 0.0267 (see e.g. Anderson et al. 2018; Chen et al.
2021) — along an extensive spectroscopic data set. These authors
conclude that the polarimetric and spectroscopic properties of
SN 2018bsz show clear evidence of the SN ejecta interact-
ing with close-by, highly aspherical CSM. After the explosion,
the expanding ejecta quickly overtook the CSM and the first
epoch of polarimetry at +10d was probing the geometry of
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the ejecta. However, as the photosphere receded, the aspherical
CSM re-emerged as indicated by a multi-component Ha line that
appeared at ~+30d. Therefore, the second epoch of polarimetry
at +40 d probed the photosphere that was strongly influenced by
CSM, resulting in a drastic change of the polarisation proper-
ties. While the authors could not determine the interstellar polar-
isation (ISP) induced by dichroic absorption of non-spherical
dust grains partially aligned by the interstellar magnetic field,
assuming that the ejecta at +10d is spherically symmetric, a
1.8% rise of polarisation at +40 d can be identified. Furthermore,
Maund et al. (2021) analysed complementary imaging polarime-
try and obtained one detection of P ~ 2.0 = 0.5% at +19d.

There are also a number of SLSNe-I that have been observed
exclusively with broad-band polarimetry. Leloudas et al. (2015a)
presented imaging polarimetry of the fast-evolving SLSN-I
LSQ14mo spanning from —7 to +18 days. The level of polar-
isation was constant at ~0.5% and most likely attributable to
the ISP. While this might be an indication of a small devia-
tion from spherical symmetry, Inserra et al. (2016) noted that
LSQ14mo was fainter than SN 2015bn, and it is possible that
the data were of an insufficient signal-to-noise ratio (S/N), and
an asymmetric geometry like that of SN 2015bn cannot be com-
pletely ruled out. Low levels of broad-band polarisation have
also been obtained for other SLSNe-I near peak brightness.
Cikota et al. (2018) presented broad-band polarimetry of the
fast-evolving PS17bek at four epochs between —4 and +21 days
and no polarisation signal intrinsic to the SN was detected. Lee
(2020) reported an insignificant detection of polarisation in a
single epoch of near-peak imaging polarimetry for SN 2020ank.
Lee (2019) also shows that the 1.9% polarisation of SN 2018hti
measured around its peak luminosity is consistent with the level
of the ISP. On the other hand, Poidevin et al. (2022) presented
imaging polarimetry of SN2020znr at ~+30d and ~+290d.
Based on the non-detections at both epochs, these latter authors
suggest that the high ejecta mass of the exceptionally slowly
evolving SLSN-I may have prevented the inner geometry of
the SN from being correctly probed. Finally, Poidevin et al.
(2023) provide imaging polarimetry for two SLSNe-I. The sin-
gle epoch of SN2021bnw at +81d showed no departure from
symmetry, but the four epochs of SN2021fpl between +2d
and +43d showed consistent polarisation around 1%. Based
on spectral comparison, the authors concluded that SN 2021fpl
underwent a spectral transition similarly to SN 2015bn but
at an earlier phase, possibly explaining the consistently high
polarisation.

Additionally, Cikota et al. (2018) presented the first circu-
lar polarimetry for two SLSNe-I. The fast-evolving PS17bek
was observed around peak and the slow-evolving OGLE16dmu
at +100d. Neither event showed evidence of circular polarisa-
tion. The non-detection did not constrain the magnetar scenario,
because a signal would only be expected close to the surface of
the magnetar.

The scarce sample of polarimetric data for SLSNe-I shows
that we are far from having a complete view of the time-
evolving 3D structure of these spectacular events. While some
events show distinct evidence for axisymmetry, others do not.
It is not clear whether SLSNe-I with fast-evolving light curves
have a different geometry from the slow-evolving ones, nor
whether the spectral phases of the polarimetry show any polari-
metric tendency. Furthermore, the evidence that some SLSNe-I
show greater asymmetry in deeper ejecta, as do standard core-
collapse supernovae, has not yet been converted into quan-
titative evidence for an internal engine, such as a magnetar.
Instead, CSM has been identified in a number of SLSNe-I
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Table 1. 16 SLSNe-I with linear polarimetry.

SN Peak MJD Z Refs.
LSQ14mo 56697.1 0.2560 [2]
SN 2015bn 57102.5 0.1136 [3,4]
PS17bek 57814.6 0.3099 [5]
SN 2017egm 57926.2 0.0310 [1,6,7.8]
SN 2017gci 57986.8 0.0870 1]
SN 2018bgv 58256.3 0.0790 1]
SN 2018bsz 58267.5 0.0267 [9,10]
SN 2018ffj @ 58337.6 0.2340 1]
SN 2018hti 58462.1 0.0614 [11]
SN 2018ibb 58455.0  0.1660 [1,12]
SN 2019neq 58734.0  0.1075 1]
SN 2020ank 58898.5 0.2485 [13]
SN 2020tcw 59130.1 0.0645 [1]
SN 2020znr 59227.5 0.1000 [14]
SN 2021bnw 59264.5 0.0980 [15]
SN 2021fpl 59342.5 0.1150 [15]

Notes. Peak MID refers to the observed r/V band peak. > Caught on
decline, MJD of first detection shown.

References. [1] This study (in bold); [2] Leloudas et al. (2015a); [3]
Inserra et al. (2016); [4] Leloudas et al. (2017); [5] Cikota et al. (2018);
[6] Bose et al. (2018); [7] Maund et al. (2019); [8] Saito et al. (2020);
[9] Maund et al. (2021); [10] Pursiainen et al. (2022); [11] Lee (2019);
[12] Schulze et al. (2023); [13] Lee (2020); [14] Poidevin et al. (2022);
[15] Poidevin et al. (2023).

(e.g. Yan et al. 2015, 2017; Lunnan et al. 2018; Pursiainen et al.
2022) and the irregular light curves seen in many SLSNe-I (see
e.g. Hosseinzadeh et al. 2021; Chen et al. 2023b) suggests that
CSM interaction may play a role even in SLSNe-I that display
no obvious spectral signatures attributed to CSM.

Here we present polarimetric data for seven SLSNe-I of
which only SN 2017egm has previously published polarimet-
ric observations. In particular, we present two epochs of spec-
tropolarimetry for SN 2017gci with complementary imaging
polarimetry. We also perform a polarimetric sample analysis of
SLSNe-I. In Sect. 2 we present the observations and the data-
reduction procedures and in Sect. 3 we discuss the ISP estima-
tion. In Sect. 4 we focus on the analysis of spectral and imaging
polarimetry of SN 2017gci and in Sect. 5 we investigate the sam-
ple properties of all SLSNe-I with polarimetry. We conclude our
study in Sect. 6.

2. Observations and data reduction

Table 1 provides an overview of the SLSNe-I with linear polari-
metric observations to date. Only ten events are available in the
literature and the sample we present in this paper increases the
number of SLSNe-I with polarimetry by ~60%. For SN 2017gci,
we provide both spectral and imaging polarimetry taken with
the European Southern Observatory (ESO) Very Large Tele-
scope (VLT; Sect. 2.1). For SN 2018ibb, we present four epochs
of VLT imaging polarimetry. The details of the reduction
and in-depth analysis of the SN is presented in Schulze et al.
(2023). The five remaining SLSNe-I were observed in the imag-
ing polarimetry mode at the Nordic Optical Telescope (NOT;
Sect. 2.2). All values of P presented in this paper have been
corrected for polarisation bias (e.g. Simmons & Stewart 1985;
Wang et al. 1997) following Plaszczynski et al. (2014).

2.1. VLT spectral and imaging polarimetry of SN 2017gci

We observed SN2017gci with the FOcal Reducer and low
dispersion Spectrograph (FORS2; Appenzeller et al. 1998)
mounted on the Cassegrain focus of the VLT at Cerro Paranal in
Chile, in both spectral (PMOS) and imaging polarimetric (IPOL)
modes. Spectropolarimetry was obtained at two epochs, on 25/26
Aug. 2017 and 22 Sep. 2017 corresponding to +3.3 and +29.0
rest frame days relative to the peak brightness, respectively.
All observations were conducted with the 300V grism. Spec-
tropolarimetry data were obtained using a 1” slit. The absence
of the GG435 order-sorting filter is adopted intentionally to
extend the wavelength coverage in the blue. Complementary
imaging polarimetry was obtained at four epochs on 2017-08-
29, 2017-09-23, 2017-10-19 and 2017-12-17, corresponding to
+7.0, +29.9, +53.8 and +108.0d in rest frame with the Vyigu
FORS?2 standard filter (10 = 555nm, FWHM = 123.2nm).
All observations were obtained at four half-wave retarder plate
(HWP) angles (0°, 22.5°, 45°, 67.5°) per cycle. The spectropo-
larimetry was reduced using standard procedures with IRAF (for
details see Cikota et al. 2017). Furthermore, we used wavelet
decomposition to reduce the noise of the flux spectra of individ-
ual ordinary and extraordinary beams (o and e beams hereafter;
Cikota et al. 2019). The resulting spectra were compared against
the original ones to ensure that no systematic errors were intro-
duced. The imaging polarimetry was also reduced using standard
routines (for details, see e.g. Leloudas et al. 2015a, 2017). The
log of the VLT observations is given in Table B.1.

2.2. NOT imaging polarimetry

We analyse imaging polarimetry of five SLSNe-I taken with the
Alhambra Faint Object Spectrograph and Camera (ALFOSC)
mounted on the 2.56 m NOT at La Palma, Spain. Most obser-
vations were taken with V band filter, but for SN 2017egm, R
and I were also used. Additionally, we observed SN 2019szu
approximately one month after its peak brightness. However, as
we explain below, the low S/N of the observation renders the
results unreliable, and the SN is excluded from the analysis. All
observations were obtained at four HWP angles (0°, 22.5°, 45°,
67.5°). The observation logs for the five SNe are presented in
Tables B.2-B.6.

For the NOT imaging polarimetry, a custom pipeline was
developed that uses source extractor (Bertin & Arnouts
1996) for the photometry. The aperture sizes were deter-
mined based on the source extractor-estimated FWHM. All
images of an individual epoch (four images per cycle) were
investigated, and the smallest FWHM of the o and e beams was
selected as the FWHM of that epoch. In each frame, the FWHM
was estimated based on the SN and the bright stars in the field.

Considering that the imaging polarimetry mode of ALFOSC
tends to elongate the point-spread function of the sources in
o and e beams differently (see e.g. Leloudas et al. 2017), the
only feasible way to ensure that the same fraction of light was
retrieved for every e beam and o beam source over the four
angles is to enclose the majority of the target flux in the aperture.
While a smaller aperture size increases the S/N, and as such is
ideal for photometry, the fraction of light in the o and e beams
might be disproportionate, which induces spurious polarisation
in the observation. However, with larger aperture the amount of
light from the target no longer increases but the S/N decreases.
In our experience, an aperture of 2—3 X FWHM is optimal
and in this paper all presented NOT imaging polarimetry val-
ues are obtained with an aperture of 2 X FWHM. We carried
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Fig. 1. Left: derived polarisation degree P (%) against the average S/N of the target for the NOT/ALFOSC imaging polarimetry in the V band.
The P values have been corrected for polarisation bias following Plaszczynski et al. (2014). High values of polarisation degree are found only
below S/N ~ 125 (grey region), implying these measurements are untrustworthy. We note that the single epoch of SN 2019szu is also shown in
the figure, but is excluded from the analysis because of the low S/N. Right: moon illumination against the SN—-Moon separation at the time of
the observations. The respective epoch of each SN is shown next to each marker. The epochs that were identified as questionable in comparison
to neighbouring observations have been crossed in black. Open markers denote epochs when the Moon was below the horizon. The questionable
observations were taken during high lunar illumination, implying that it affects the results, rendering them unreliable.

out extensive checks to verify the impact of the aperture size on
the results. All results were found to be consistent with respect
to the output of an alternative pipeline (Leloudas et al. 2022) that
utilises DAOPHOT (Stetson 1987).

We find that the ALFOSC imaging polarimetry yields unre-
liable results under certain conditions. First, we find that the
measured values of polarisation tend to be systematically higher
when the S/N of the target is <125, as shown in Fig. 1 (left),
implying that these results are untrustworthy. This is likely a
direct result of the low S/N. As polarimetry is based on flux dif-
ferences between the o and e beams, the higher uncertainty can
induce a false polarimetric signal. While the applied polarimet-
ric bias correction should alleviate the issue, the corrections are
statistical and designed assuming high S/N and are therefore not
applicable. While it is possible that some of these observations
truly show high polarisation, we exclude them from the analysis
due to their uncertain nature.

Furthermore, the data taken during high lunar illumination
(~75%) when the Moon was above the horizon appear to be
unreliable. We identified several observational epochs as ques-
tionable, as the results show significant offset in comparison to
neighbouring epochs for either the SN or a field star despite a
high S/N. As shown in Fig. 1 (right), these observations were
taken during high lunar illumination, implying that this latter
affects the observed polarisation signal. This is likely caused
by Rayleigh scattering of the lunar photons in the atmosphere,
the effect of which is the strongest at 90°. Any scattering pro-
cess inherently induces linear polarisation perpendicular to the
plane of scattering. As such, the Moon always creates polarised
background emission and during a bright Moon this can domi-
nate the polarised flux compared to the polarised signal extracted
from the SN. Therefore, unless the background is perfectly esti-
mated in the analysis, the background polarisation can affect the
measured values. The epochs highlighted in Fig. 1 (right) are as
follows:

— The first epoch of SN 2018ftj: the SN itself had a low S/N
(~80, see Table B.7 and Fig. C.5), but a comparison star in
the same field of view (FOV) has S/N ~ 800 and should be
reliable. However, the Stokes Q and U parameters are clearly
offset from the latter two measurements (see Fig. C.3).

— The second epoch of SN2019neq: the Stokes Q and U
parameters are at an offset in comparison to the other epochs
(Fig. C.5).
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Table 2. ISPs used in this paper.

SN Oisp (%) Ussp (%) Pisp (%)
SN 2017gci -0.50+0.01 -0.02+0.01 0.50+0.01
SN 2017egm @ 029+034 -040+038 0.49+0.38
SN 2018bgv ®) 0.00 +0.00 0.00 £0.00 0.00 +0.00
SN 2018ffj 0.09+£0.02 -0.08+0.02 0.12+0.02
SN 2019neq 027+0.03 -0.18+0.03 0.32+0.03
SN 2020tcw -0.16 +0.11 -0.03+0.11 0.17+0.11

Notes.  From Saito et al. (2020). ” Based on Heiles (2000).

— The fourth epoch of SN2017egm: even the prominent host
galaxy is not visible in the image, rendering any analysis
impossible.

— The fourth epoch of SN2018bgv: high values of Q and U
(Fig. C.5) and the low S/N is likely (or at least partially) due
to the high lunar illumination.

We also note that while the Stokes Q and U parameters at the
first epoch of SN2018bgv are found to be similar to the two
reliable epochs (see Fig. C.5), the observations were taken dur-
ing high lunar illumination and are likely affected by it. There-
fore, we exclude this epoch from the analysis as well. Finally,
we note that as the low background level was measured when
the bright Moon was below the horizon, we consider the corre-
sponding epochs to be reliable.

3. ISP correction

One of the most crucial steps in analysing polarimetric data is to
perform a correction for ISP introduced by dust grains between
the target and the observer. Not only can this completely domi-
nate the observed polarisation signature (see e.g. Stevance et al.
2019), but due to its vector nature it can both introduce and
weaken the observed polarisation degree. Therefore, in order to
investigate the intrinsic polarisation of SNe, the effect of ISP
has to be carefully estimated and removed. Unfortunately, there
is no unambiguous way to determine the level of this type of
polarisation. A summary of the commonly used methods to esti-
mate ISP is provided by Stevance et al. (2020). In the present
paper, we estimate the ISPs by measuring them from the reliable,
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Fig. 2. Flux spectrum and the ISP-corrected polarisation degree P, Stokes Q and U parameters, and the polarisation angle 6 for SN 2017gci at
+3.3d (left) and +29.0d (right). The polarimetry data are binned to 25 A in rest frame for visual clarity, but the flux spectra are shown at the
natural binning of the spectrograph (~3.3 A). The most notable line features (vertical lines) and telluric bands (grey regions) are highlighted. At
+3.3 d, the polarisation degree increases towards the red, while at +29.0d it is found at a consistently low value.

bright stars in our imaging polarimetry. As such, we only esti-
mate the ISP of the Milky Way covered by the stars. We do
not have the means to estimate the host galaxy ISP, but given
that we retrieve consistently low level polarisation for all of our
SNe (see Table B.7), the contribution from the respective host
galaxies appears to be small. This is expected given that the
host galaxies of SLSNe-I are typically found to be low mass
(e.g. Neill et al. 2011; Lunnan et al. 2014; Leloudas et al. 2015b;
Perley et al. 2016; Schulze et al. 2018).

The adopted ISPs are summarised in Table 2. For imag-
ing polarimetry, the ISPs are vectorially subtracted from the
obtained Stokes Q and U parameters. For the spectropo-
larimetry of SN2017gci, the correction is performed using an
empirical Serkowski law: p(1)/pmax = exp[-K In® (Amax /D],
where pmax 1S the maximum polarisation at wavelength A«
(Serkowski et al. 1973). We used the V band ISP (Psp
0.50%) and commonly used Am,x = S5500A and K 1.15
(Serkowski et al. 1975) for the correction. See Appendix A for
details of the ISP estimation for individual SNe.

4. Polarimetry of SN 2017gci

In Fig. 2 we present flux spectra of SN 2017gci along the ISP-
corrected P, Stokes Q and U parameters, and the polarisation
angle 6 as a function of wavelength for the VLT spectropo-
larimetry obtained at +3.3 d and +29.0d. In both epochs, we see
a low level of polarisation along most of the continuum spec-

trum. However, there is one notable difference: at +3.3d the
polarisation degree increases redward from P ~ 0.1%—-0.2%
at ~4000A to P ~ 0.5% at ~8000 A, while at +29.0d it is
found at a constant level of P ~ 0.1% throughout the wavelength
range.

The changes can also be seen in Fig. 3, where we present the
Stokes Q— U planes for the ISP-corrected spectropolarimetry.
Such diagrams offer an intuitive visualisation of the polarimet-

ric properties, as both P (4/Q% + U?) and 6 (0.5 arctan(U/Q)) are
directly related to the Stokes parameters. Following Maund et al.
(2010), we use principal component analysis to define ellipses
shown in red that encapsulate the spread of the data. The ellipses
are drawn at the barycentre of the data (9, U) and show the direc-
tion of the maximum variance at angle 8, with respect to N/S
axis on the sky (6; > 0° implies tilt towards east). The shape
of the ellipses also quantifies the fraction of polarisation carried
towards the dominant and orthogonal directions as the minor-
over-major axial ratio (b/a). A ratio of b/a = 0 refers to the
ideal situation where all polarisation is carried by the dominant
direction. To guide the eye, we draw a ‘dominant axis’ in the
direction of the maximum variance 6, in dashed red. At +3.3d,
the data are off-centre and follow the dominant axis at 8; ~ —40°
with b/a = 0.58. However, at +29.0d, the data spread is nearly
circular (b/a = 0.81) and clustered around P = 0%. While we
show a dominant axis at ; ~ 25°, the tendency of the data is sig-
nificantly less prominent compared to +3.3 d. We also note that,
as at the first epoch the dominant axis passes through P = 0%
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Fig. 3. Q- U planes for the ISP-corrected spectropolarimetry of SN 2017gci at +3.3d (left) and +29.0d (right). The data colours follow wave-

lengths as indicated by the colour bar and the dashed grey lines mark Q =

0, U =0, and P = 1. The red ellipses drawn at the barycentre of the data

(Q, U) are based on a principal component analysis (Maund et al. 2010) and quantify the direction of the maximum variance of the polarisation
(major axis) and the ratio of polarisation toward the orthogonal direction (the minor-to-major axis ratio b/a). The dominant axis (dashed red line)
is drawn along the semi-major axis of the ellipse at an angle 6, as measured from north towards east on the sky. At the first epoch, the data appear
to follow the dominant axis within the observational noise, but at the second epoch the points are clustered roughly circularly around P = 0 with a

weaker tendency along the drawn dominant axis.

and at the second epoch the data points are clustered around it,
our estimate for the ISP appears to be correct.

A preferred orientation of data points on the Stokes Q- U
plane implies the presence of axial symmetry. Geometric devia-
tion from spherical symmetry may be caused by three different
mechanisms: (i) inherently aspherical photosphere (e.g. Hoflich
1991), (ii) absorbing body covering only a part of the photo-
sphere (e.g. Kasen et al. 2003), and (iii) an off-centre power
source (e.g. Hoflich 1995). Given that the low-level polarisation
at +29.0d implies spherical symmetry, option (iii) is unlikely
the cause of the continuum polarisation at +3.0 d. Furthermore,
Fiore et al. (2021) identified broad C 1I absorption lines in near-
peak spectra of SN2017gci. As shown in Fig. C.6, these lines
do not project loops on the Q—U plane — as was seen in
SN 2018bsz (Pursiainen et al. 2022) — nor do they follow the
drawn dominant axis as would be expected if the polarisa-
tion properties at +3.3d were caused by an uneven distribu-
tion of absorbing material. Thus, option (ii) does not seem to
be the cause of the tendency of the data and we assume that
the polarisation is caused by an inherently aspherical photo-
sphere. The photosphere is found at an angle of 6, = —41.7°
on the sky (i.e. westward from the N/S axis). For limiting polar-
isation of ~0.5%, the lower limit of the physical axial ratio
is a/b ~ 1.1 assuming an oblate ellipsoid (Hoflich 1991).
The data points appear to be mostly within the observational
noise from the dominant axis, but we cannot rule out the pos-
sibility that some SN ejecta deviate from the discussed con-
figuration, inducing polarisation to the orthogonal direction.
A signature of such deviations are the loops in the Q—U
plane caused by the absorbing material (e.g. Wang & Wheeler
2008). While we did not identify such loops, the data over
C11 16580 appear to be tentatively orthogonal to the dominant
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axis but no such tendency is present in other lines (see Fig. C.6).
This could indicate a deviation from the slightly spheroidal con-
figuration. However, as the data over the line do not pass through
P = 0%, the position angle changes dramatically over the wave-
length range implying that the absorbing body would have to
have a complicated structure in front of the photosphere. At the
second epoch, no clear loops are visible either. While only a
weak tendency towards the dominant direction was seen in Fig. 3,
Mg 11 14481 appears to be orthogonal to the dominant axis at
64 ~ 25° while Na1 15893 and tentatively C II 16580 are along it.
While the Na1 45893 line is faint in the spectrum (see Fig. 2), it
becomes stronger soon after, as shown by Fiore et al. (2021).
The two epochs of spectopolarimetry imply that the photo-
sphere of SN2017gci evolved from a slightly aspherical con-
figuration to a more spherical one in the first month of its
post-peak evolution. While the change appears to be modest,
it is still surprising given that SLSNe-I are typically observed
to either have a roughly constant geometry or become more
aspherical with time, and such evolution has not been seen
in the other three SLSNe-I with spectropolarimetry to date
(SN 2015bn, SN 2017egm and SN 2018bsz). For SN 2015bn, the
two epochs of VLT/FORS2 spectropolarimetry at —23.7d and
+27.5d presented by Inserra et al. (2016) show an increasing
polarisation degree (see also Leloudas et al. 2017). The data also
show a strong wavelength dependence at both epochs. In the
first epoch, the polarisation degree appears to increase towards
the red (as in SN2017gci) and at the second epochs towards
the blue, following approximately the same dominant axis at
both epochs. Based on Monte Carlo radiative-transfer mod-
elling, Inserra et al. (2016) propose that the wavelength depen-
dency can be a result of increasing depolarisation towards the
blue caused by an increase in line opacity from red to blue. A



Decarli, R., et al.: A&A 674, A81 (2023)

: T T T T T T T T T T <>| T T T T T T T T T d 14mJ4/${| Zdal’llk I‘ |1 8bg\|]:

1.75 V 15bn 3 20znr dp 18ibb

Q - v A 17bek v 21bnw B 18ffj J
< 1.50 - <117egm < 21fpl @ 19ned
§ LosE <& 18bsz A 17egm @ 20tcw]
> F >18hti @ 17gci .
3 E E
1.00 -

=] C v < .
S C < 7
2 0.75F 3
& BV I E
g 050 v ) ? f =
S E oy % 3
A 0.25F iz e ) -
- B V; & 3
0'00'_| [ I R T TN NN T T S NN M TN A S Y70 N N T S S |_'
-20 40 60 80 100 77 200 300

Rest Frame Phase (d)
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similar interpretation was made by Patat et al. (2012) to explain
the blue-to-red increase of P seen in spectropolarimetry of the
subluminous Type Ia SN 2005ke. For SN 2017egm, Bose et al.
(2018) presented three epochs of spectropolarimetry at —1d,
+5d, and +9 d and Saito et al. (2020) a fourth epoch at +185d.
The SN showed a low level of polarisation near the peak with no
particular line features, but at +185d the level of continuum
polarisation had increased to ~0.8%. Finally, for SN 2018bsz,
the polarimetric evolution appears to be strongly affected by
interaction with highly aspherical CSM (Pursiainen et al. 2022),
and comparison to SN 2017gci is not fruitful.

While the spectropolarimetry shows a low level of polarisa-
tion at +29.0d, the imaging polarimetry at ~+55d shows that
the polarisation degree has increased to P ~ 0.5% in V band.
In the Q- U plane, the SN is found at Q ~ —0.4%, U ~ 0.4%
(see Fig. C.5), that is, in almost the opposite direction in com-
parison to +3.3 d. Assuming that the V band measurement rep-
resents the overall behaviour of the continuum polarisation, we
find a position angle of 6 ~ 70° at +55 d, indicating a rotation of
~70° on the sky compared to +3.3 d. However, we note that the
V band covers several notable emission lines (FeI in particular;
Fiore et al. 2021) that are possibly depolarising the signal and
the inherent continuum polarisation might be higher.

Interestingly, the maximum of P coincides with two unusual
observables discussed by Fiore et al. (2021): a ‘knee’ in the
light curve and an appearance of a broad emission feature at
6520 A that could be Her and related to an interaction with CSM.
Furthermore, Stevance & Eldridge (2021) used the stellar mod-
els made with the Binary Population And Spectral Synthesis
(BPASS; Eldridge et al. 2008, 2017; Stanway & Eldridge 2018)
code to investigate the progenitor properties, and concluded that
the preferred progenitor, namely a 30 M, star in a binary sys-
tem, can lose its hydrogen envelope via common envelope evo-
lution, mass transfer in the binary system, and strong stellar
winds just prior to the explosion, explaining the H-poor nature
of the SN but also the possible detection of H-rich CSM. If these
three observables are related to each other, this is evidence that
the SN interacted with CSM, which affected its photometric,

Table 3. Details of the decline-rate analysis.

SN Band A Rate Stretch  Class
(A)  (mag/100d)
LSQI14mo \% 4389 5.62 6.03 Fast
SN 2015bn g 4236 1.73 1.86 Slow
PS17bek r 4914 5.36 5.76 Fast
SN 2017egm g 4660 1.98 2.13 Slow
SN 2017gci g 4420 3.82 4.11 Slow
SN2018bgv g 4453 7.36 7.91 Fast
SN 2018bsz g 4680 1.67 1.80 Slow
SN 2018hti g 4527 1.81 1.95 Slow
SN 2018ibb \% 4727 1.03 1.11 Slow
SN2019neq g 4345 5.84 6.28 Fast
SN2020ank c 4269 4.15 4.46 Fast
SN 2020tcw g 4514 347 3.73 Slow
SN 2020znr g 4368 0.93 1.00 Slow
SN 2021bnw g 4376 1.66 1.79 Slow
SN 2021fpl g 4309 3.02 3.25 Slow

Notes. The stretch refers to the decline rate compared to that of
SN 2020znr. The SNe that decline faster than 4 mag/100d are referred
to as Fast.

spectroscopic, and polarimetric evolution in a similar manner to
SN 2018bsz (Pursiainen et al. 2022), and might indicate the pres-
ence of aspherical CSM. Finally, the last data point at ~+108 d
shows a tentative decrease in the polarisation degree (see Fig. 4).
If real, this could signify the expected behaviour at late times
when the SN is evolving towards the nebular phase. At this stage,
the optical depth of electron scattering — and as a result the polar-
isation — decreases as is already seen in Type IIP SNe for exam-
ple (e.g. Leonard et al. 2006; Chornock et al. 2010). However,
due to the high uncertainty, it is unclear whether or not the
decrease is real.

We also compared the spectral and imaging polarimetry
taken at comparable epochs. We retrieved the broad-band values
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from the spectral polarimetry by integrating the individual o and
e beam spectra over the VLT Vyigy filter. The resulting Stokes
parameters are:

- +33d: 0=0.01+£0.02%, U = -0.20 + 0.02%,

- +29.0d: 0 =0.02+0.02%, U = 0.09 + 0.02%.
Based on the imaging polarimetry, we find:

- +7.0d: Q=-0.05+0.06%, U = -0.05 + 0.06%,

- +299d: 0= 0.06 +0.09%, U = 0.20 = 0.09%.
The second epoch of spectral polarimetry (+29.0d) is con-
sistent with imaging polarimetry taken the night after, but a
minor difference is seen in the U of the spectral polarimetry
taken at +3.3d in comparison to +7.0d. This possibly signifies
short-timescale (~4 d) variation, but could also be a consequence
of different observational methods and reduction procedures. As
such, we consider the imaging and spectral polarimetry to yield
consistent results.

5. Evolution of polarisation for a sample of SLSNe-I

Figure 4 presents the evolution of polarisation degree as a func-
tion of the rest-frame phase for all SLSNe-I for which polarime-
try is available. The seven SLSNe-I presented in this paper are
highlighted with coloured markers, and the SNe found in the lit-
erature are shown in grey. For SN 2017egm, we show our data
and literature data separately. As illustrated in the figure, we
increase the number of SLSNe-I with any polarimetric obser-
vations significantly, but we also present data at epochs >+100d
for two more SLSNe.

Considering the diverse light-curve-evolution timescales
seen for SLSNe-I (see e.g. Nicholl et al. 2015), one-to-one
comparison with respect to their peak times is not a reliable
way to investigate the diversity of their polarimetric evolu-
tion. To account for this, we stretched the light curves so that
they have a common decline rate using simple linear fits'. We

! The fits were performed using LMFIT (Newville et al. 2014).
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chose SN 2020znr as the reference as it is the slowest declining
SLSNe-I in the sample. The light curve bands were chosen so
that their central wavelengths would be similar, allowing a mean-
ingful comparison. The details of the fits are shown in Table 3
and the light curves before and after the stretch are presented
in Fig. 5. There is clearly a large diversity in the sample, as the
fastest declining SN in our sample (SN 2018bgv) declines 7.9
times faster than SN 2020znr.

In the literature, SLSNe-I have been divided into ‘fast’ and
‘slow’ subgroups based on their photometric and spectroscopic
properties (see e.g. Inserra et al. 2018; Quimby et al. 2018). In
general, photometrically slow SLSNe-I also evolve spectroscop-
ically slower in comparison to the fast-evolving ones. However,
there is no clear threshold to separate the two based on their pho-
tometric decline rates. For the purposes of this analysis, we refer
to the SNe that decline at >4 mag/100d as Fast SLSNe-I and the
rest as Slow SLSNe-I. While the choice is arbitrary, it agrees
well with prototypical events such as LSQ14mo (e.g. Chen et al.
2017; Leloudas et al. 2015a) and SN 2015bn (e.g. Nicholl et al.
2016b). Additionally, the classes of events such as SN 2020ank
(Fast; Kumar et al. 2021) and SN 2017gci (Slow; Fiore et al.
2021) agree well with the Fast-Slow criteria of Inserra et al.
(2018). In Fig. 6 (top), we present the polarisation degree as a
function of normalised rest-frame phase, highlighting the Fast—
Slow distinction. Only Slow SLSNe have shown a non-zero
polarisation degree. However, there are only five Fast SLSNe
and none of them were followed sufficiently late to conclude that
they did not exhibit non-zero P, and indeed only SN 2018bgv has
been observed after it declined =1 mag from peak brightness.
Given that the slow-evolving SN 2017gci showed increasing P
only after this, it is not possible to conclude whether or not the
Fast SLSNe inherently exhibit a non-zero polarisation degree.

Furthermore, Quimby et al. (2018) introduced the concept
of spectroscopic phase for SLSNe-I. While it is beyond the
means of this study to replicate their procedure, we inspected
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Fig. 6. Polarisation degree vs. the normalised rest frame phase for SLSNe-I with polarimetric data highlighting the diverse decline rates (top) and
spectroscopic phase of each epoch of polarimetry (bottom). The stretch factors used to normalise the decline rates are shown in the legend. The top
axis refers to the number of magnitudes declined by the SNe based on the linear fits. Only slowly evolving SLSNe-I have shown non-zero P, but the
Fast ones have not been observed sufficiently late on in their evolution to rule it out. Spectroscopically, the SLSNe-I exhibit low polarisation during
the Early phase, but no relation to polarimetry can be identified at the later phases. We note that SN 2018{{j is not shown due to the unconstrained
peak time and SN 2020tcw is not shown in the bottom panel due to uncertain spectroscopic phases during the polarimetric epochs.

the spectral phase during which the polarimetric observations
were obtained and divided them into three approximate cate-
gories: (1) the ‘Early phase’ spectra consist of hot, blue continua
that show mostly O1I absorption lines and/or C11 P Cygni pro-
files; (2) the ‘Ic phase’ spectra are dominated by the elements
seen in Type Ic SNe during the photospheric phase (e.g. Mg, Ca,
O, Fe); and (3) ‘Pseudo-nebular’ spectra are in general similar
to nebular phase spectra of Type Ic SNe and show prominent
forbidden emission lines (e.g. [Cal1]). The spectroscopic phases
are highlighted in Fig. 6 (bottom). No SLSNe-I show signifi-
cant polarisation during the Early phase, directly implying that
the outermost layers of SLSNe-I are consistently spherical, or
at least almost spherical. While the spectral transition between
Early and Ic phases results in an increase in polarisation for some
events (e.g. SN 2015bn), this does not appear to be the case for
all (e.g. LSQ14mo). Finally, pseudo-nebular phase polarimetry
has been obtained only for two SLSNe-I: SN 2020znr does not
show increasing polarisation, but SN 2017egm does. Therefore,
we conclude that the SLSNe-I exhibit low polarisation during
the Early phase, but no relation between polarimetric properties
and the spectroscopic phases were identified at the later phases.

Given that the sample of SLSNe-I with polarimetry at late
times is still small, it is not necessarily surprising that no strong

tendencies were identified. One possibly important factor — which
we cannot properly investigate due to the small sample especially
at the late times — is the effect of the viewing angle. The observed
polarisation degree of a SN is effectively dictated by how circu-
lar the projection of the photosphere appears to be on the sky.
While a small polarisation degree will always be obtained for an
unobstructed spherical photosphere, an inherently aspherical one
might result in a high or low value depending on the angle. As
such, the diversity of P shown in Fig. 6 could at least partially
be caused by the distribution of the viewing angles. However, it
is interesting to note that comparable or even smaller samples of
other types of SNe have lead to strong conclusions on their nature.
For instance, Chornock et al. (2010) showed that a sample of five
Type IIP SNe was sufficient to verify that while the SNe have
nearly spherical hydrogen envelopes (i.e. low P), their inner cores
are highly aspherical. Therefore, the diversity of the polarisation
properties of SLSNe-I might imply that the distribution of their
photospheric shapes with time is inherently diverse.

Not only are the SLSNe-I with non-zero polarisation degree
all slowly evolving, the four SNe that show increasing P at some
stage have all been reported to exhibit some manner of undu-
lation or break during the light-curve decline, while the other
SLSNe-I with multi-epoch polarimetry show smooth photometric
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evolution (see Fig. 5). These four SNe are SN2015bn
(Nicholl et al. 2016b), SN 2017egm (Hosseinzadeh et al. 2021),
SN 2017gci (Fiore et al. 2021), and SN 2018bsz (Chen et al.
2021). While there are a few ‘borderline’ cases where the topic
is difficult to investigate because of poorly sampled polarimet-
ric data (SN 2020tcw and SN 2021bnw) or unclear polarimetric
evolution (SN 2021£pl), this implies that the irregular light-curve
evolution and the increasing polarisation degree are related.

The irregular light curves have been a topic of discus-
sion in the literature. In particular, Hosseinzadeh et al. (2021)
and Chen et al. (2023b) investigated the prevalence of undu-
lations during the light-curve decline in SLSNe-I. While both
authors concluded that they are common, they could not deter-
mine whether they are caused by CSM interaction or by a
magnetar engine via an increase in energy input or a sudden
decrease in the ejecta opacity. For SN 2018bsz, Pursiainen et al.
(2022) showed that the polarisation properties changed drasti-
cally after the CSM-related multi-component Ha emission line
appeared at ~+30d. The light curve also entered a pseudo-
plateau phase roughly at the same time, lasting until ~+100d
when one of the Ha components suddenly faded. These latter
authors concluded that both the polarisation properties and the
light-curve evolution were strongly affected by interaction with
close-by, highly aspherical CSM that was enshrouded by the SN
ejecta after the explosion and re-emerged only when the pho-
tosphere had sufficiently receded. For SN 2017gci, Fiore et al.
(2021) discuss the possibility that a broad spectral feature at
6520 A — which appeared at the same time as a knee in the
light curve (~+50d) — is Ha emission arising from CSM. Given
that we report an increase in polarisation degree at a similar
phase (~55d), these observables are likely related and caused
by the CSM interaction. On the other hand, the dense spec-
troscopic coverage of SN2015bn (Nicholl et al. 2016a,b) and
SN2017egm (Nicholl et al. 2017; Bose et al. 2018) does not
reveal any obvious lines attributed to CSM interaction. How-
ever, Wheeler et al. (2017) model the bolometric light curve of
SN2017egm up to ~+30 d (i.e. before the light-curve undula-
tions) and argue that CSM interaction models can account for
the sharp peak seen in the light curve, whereas the magnetar
models have difficulty explaining it. Unfortunately, the sparse
polarimetric data of SN 2017egm do not allow an investigation
into whether the change in polarisation occurred at the same
time as the light-curve undulations, but for SN 2015bn, the max-
imum polarisation is measured during a knee in the light curve.
In summary, increasing polarisation degree and irregular light-
curve evolution appear to be related and in up to two out of
four SLSNe-I with increasing P, photometric, spectroscopic and
polarimetric properties are affected by CSM interaction. There-
fore, we conclude that CSM interaction plays a key role in under-
standing the polarimetric evolution of SLSNe-I.

Finally, we emphasise that the number of SLSNe-I with cru-
cial late-time polarimetry is still very small. As shown in Fig. 6,
only three SNe have been observed after they have declined more
than 2 mag. Based on Fig. 6, the spectra start to evolve towards
the nebular phase only after this. As the photospheres recede
over time, multi-epoch polarimetry from early times to such late
phases are needed to map out the degree of asphericity at differ-
ent layers of the ejecta, therefore providing a more comprehen-
sive picture of the geometry of SLSNe-I. Therefore, to inves-
tigate the true diversity of their polarimetric evolution and to
test the different models for the underlying energy source, well-
cadenced observations have to be obtained for more SLSNe-I
both with and without irregular light-curve evolution.
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6. Conclusions

We present linear polarimetry for seven hydrogen-poor superlu-
minous supernovae (SLSNe-I) of which only one has previously
published polarimetric data. This is the largest dataset presented
to date and increases the number of SLSNe-I with polarimetry
in the literature by 60%. The best-studied event is SN 2017gci,
for which we present two epochs of spectropolarimetry — which
has only previously been obtained for three SLSNe-I — along
with further imaging polarimetry with VLT/FORS2. Using our
data set and all available data in the literature, we also present a
sample analysis of SLSN-I polarimetry.

The analysis of SN 2017gci reveals that it is the first SLSN-I
for which a decrease in polarisation degree has been observed. In
the first epoch of spectropolarimetry at +3.3 d, the data are off-
centre on the Q — U plane and follow a dominant axis — indicative
of axial symmetry. Assuming an oblate photosphere, P < 0.5%
indicates an aspherical configuration with a physical axial ratio
of a/b < 1.1 (Hoflich 1991) if viewed equator-on. The polar-
isation degree increases from blue to red, which in the litera-
ture has been attributed to increasing line opacity towards the
blue (e.g. Patat et al. 2012; Inserra et al. 2016). The spectropo-
larimetry at +29.0d shows that the data are clustered around
P = 0% on the Q- U plane, implying that the photosphere of
SN 2017gci became more spherical in the first month post-peak.
The later imaging polarimetry shows that the polarisation degree
increased again reaching a maximum of P ~ 0.5% at ~+554d,
but towards a different direction on the Q- U plane, indicating
a rotation of ~70° on the sky in comparison to +3.3 d. The rota-
tion might be related to CSM interaction, as already implied by a
simultaneous ‘knee’ in the light curve and the possible detection
of broad Ha emission (Fiore et al. 2021).

Furthermore, we examined whether the polarimetric prop-
erties of SLSNe-I showed any relations with their photometric
and spectroscopic properties. After normalising the light curves
for the diverse decline rates, the polarimetry showed no clear
relation with the photometric evolution timescale. While only
Slow SLSNe-I have been found to show a non-zero polarisation
degree, the fast-evolving ones have not been observed at suffi-
ciently late times to conclude that none of them show increas-
ing P. Furthermore, the spectroscopic phases of the polarimetric
epochs appear to have only a small effect. While the polarimetry
taken during early spectroscopic phases (i.e. dominated by blue
continuum) shows low polarisation — indicative of high spher-
ical symmetry —, no clear correlation between the polarimetric
and spectroscopic evolution was seen at later epochs when the
SNe were spectroscopically similar to Type Ic SNe during the
photospheric or nebular phases.

We report that the four SLSNe-I that have shown increas-
ing polarisation degree to date (SN2015bn, SN2017egm,
SN 2017gci, and SN 2018bsz) also exhibit irregular light-curve
declines, while the other SLSNe-I with multi-epoch polarime-
try show smooth photometric evolution. Given that CSM
interaction affected the spectroscopic, photometric, and polari-
metric properties of up to half of the four SNe, we conclude
that the CSM interaction clearly plays an important role in
understanding the polarimetric evolution of SLSNe-I. How-
ever, due to the small number of SLSNe-I with well-cadenced
polarimetry up to late times, the effect of a possible inter-
nal engine cannot be properly investigated. More SLSNe-I,
both with and without light curve undulations, need to be fol-
lowed with polarimetry from near-peak to late times in order to
probe the intrinsic diversity of the geometric structure of their
ejecta.
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Appendix A: ISP estimation
A.1. SN2017egm

As shown in Figure C.1, there is no star in the FOV with which
to reliably reduce the ISP from our data. Therefore, we adopt
the ISP of Saito et al. (2020) (Qisp = 0.29 + 0.34% and U;sp =
—0.40 £ 0.3%) estimated based on the intrinsically unpolarised
Ca1r NIR triplet emission present in the pseudo-nebular phase
spectropolarimetry.

A.2. SN2017gci

We estimated the ISP for SN 2017gci using the numerous point
sources in the VLT/FORS2 broad-band polarimetry. We used
the three epochs with more than one cycle (set of observations
over the four HWP angles) in order to exclude outliers. We
set a strict S/N cut of 300 in every image to ensure accurate
ISP caused by Galactic dust. First we estimated the ISP inde-
pendently for each epoch by excluding measurements of stars
that were not consistent between the cycles. For epochs one and
three with two cycles, the field stars that have Stokes parame-
ters that differ by > 1o were excluded, while for epoch four,
which has three cycles, the remaining consistent measurements
(if they existed) were kept. The ISP level for each epoch was
determined using the error-weighted mean Stokes parameters
and the final ISP by calculating the error-weighted average val-
ues among the three epochs of observations. Table A.1 sum-
marises the ISPs estimated for SN2017gci and we show the
stars passing our criteria on the Q— U plane in Figure C.2. We
note that we also show the results for epoch two, with only one
cycle of observations, for which the ISP was estimated based
on all the field stars that passed the S/N cut. The large devia-
tion in U is likely to be caused by variations of the observing
condition during the exposure, which cannot be cross-checked
using multiple cycles of observations because only one set of
polarimetry was obtained. We also verified that the used stars
are sufficiently far away to fully probe the Milky Way dust con-
tent. Following Tran (1995), a star needs to be ~150 pc above
the Galactic plane to provide a good estimate for the Galactic
ISP. Using the astrometric solutions from Gaia Data Release 3
(Gaia Collaboration et al. 2023), we conclude that all the stars
are found above the threshold and thus should yield reliable
results.

A.3. SN2018bgv

We identify no bright point source in the FOV of the
NOT/ALFOSC imaging polarimetry of SN 2018bgv. (see Figure
C.1). Instead, we refer to the polarisation standard stars pub-
lished in Heiles (2000) that are close to the location of
SN 2018bgv. There are two stars within 2° of the SN and a fur-
ther two within 5°, and the polarisation levels published for all
these four stars are consistent with zero. Therefore, we adopt
QISP = 0.0% and U]sp =0.0%.
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Table A.1. Estimated ISPs for the individual epochs of VLT/FORS2
imaging polarimetry of SN 2017gci with the number of cycles per epoch
(n). We note that the second epoch is based on one cycle of observation
making it less reliable than the other three and was therefore excluded
when estimating the final value.

Date n QOisp (%) Ussp (%) Pisp (%)
2017-08-29 2 -0.54+0.02 -0.01+0.02 0.54+0.02
2017-09-23 1 -0.52+0.03 -0.23+0.03 0.57+0.03
2017-10-19 2 -048+0.02 -0.05+0.02 0.48+0.02
2017-12-17 3  -0.50+0.02 -0.01+0.02 0.50+0.02
Final - =0.50+001 -0.02+0.01 0.50+0.01

A.4. SN 2018ffj

For SN 2018ffj, there is one bright star in the NOT/ALFOSC
FOV (see Figure C.1) adequate to estimate the ISP. After exclud-
ing the first epoch due to high lunar illumination (see Section
2.2), we find Qisp = 0.09 + 0.02% and Uisp = —0.08 + 0.02%.
The comparison with the Heiles catalogue shows that this esti-
mate is reasonable: seven out of ten stars within 4° of the SN
have been measured to be unpolarised, while the remaining three
exhibit low levels of polarisation, indicating that the Galactic ISP
is less than ~0.15% near the SN line of sight. The star also fully
probes the Galactic dust column. It is found at a Galactic latitude
b = —65.03° and parallax p = 0.56 mas corresponding position
~1600 pc above the Galactic plane.

A.5. SN2019neq

For SN2019neq, there are two bright point sources in the
NOT/ALFOSC FOV (see Figure C.1). The e beam of Star 1
is found on the edge of the o beam image and the polarisation
measurements may not be reliable. Star 2 was saturated in the
first epoch of observation, and the second epoch of observation
is contaminated by the bright moon. Therefore, we estimate the
Galactic ISP based on the observations of Star 2 at epochs three
and four. We find Qisp = 0.27 £ 0.03% Uisp = —0.18 + 0.03%,
which is consistent with the polarisation of Pigp = 0.18 + 0.20%
of an unpolarised star within 3° from the location of the SN. The
star is found at 650 pc above the Galactic plane (b = 28.91° and
p = 0.74 mas) and should probe the dust column sufficiently.

A.6. SN2020tcw

For SN 2020tcw there are two bright stars in the ALFOSC FOV
(see Figure C.1). Star 2 is in close proximity to the other, fainter
targets, which may contaminate the measurements. Therefore,
we use Star 1 and estimate the Galactic ISP to be Qisp =
—0.16+0.11% Uisp = —0.03+0.11%. The low Galactic ISP esti-
mated for SN 2020tcw is consistent with the zero-level polarisa-
tion towards the unpolarised stars within 2° —4° of the location
of the SN. The star is also located at a distance of 480 pc from
the Galactic plane (latitude b = 55.23° and p = 1.71 mas) and
should provide a reliable estimate for the Galactic ISP.



Appendix B: Tables

Table B.1. Observations log for SN 2017gci in the spectropolarimetry (PMOS) and broad-band polarimetry (IPOL) modes.
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Date and time Mode  Filter HWP angle Exposure Seeing
(UTC) ©) (s) )

2017-08-25 08:39:01 PMOS  free 0.0 750 0.77
2017-08-25 08:52:25 PMOS  free 45.0 750 1.1

2017-08-25 09:05:40 PMOS  free 22.5 750 1.21
2017-08-25 09:19:04 PMOS  free 67.5 750 1.06
2017-08-26 08:30:16 PMOS  free 0.0 750 0.75
2017-08-26 08:43:40 PMOS  free 45.0 750 0.88
2017-08-26 08:56:55 PMOS  free 22.5 750 0.98
2017-08-26 09:10:18 PMOS  free 67.5 750 0.91
2017-08-29 09:31:51 IPOL  Vmigu 0.0 80 0.55
2017-08-29 09:33:53  IPOL  Vyigu 45.0 80 0.5

2017-08-29 09:35:49 IPOL  Vuicu 22.5 80 0.47
2017-08-29 09:37:52 IPOL  Vygn 67.5 80 0.47
2017-08-29 09:46:32 IPOL  Vyigu 0.0 80 0.5

2017-08-29 09:48:36 IPOL  Vuicu 45.0 80 0.53
2017-08-29 09:50:31  IPOL  Vmigu 22.5 80 0.51
2017-08-29 09:52:34  IPOL  Vyigu 67.5 80 0.52
2017-09-22 07:15:51 PMOS  free 0.0 900 0.94
2017-09-22 07:31:44 PMOS  free 45.0 900 0.67
2017-09-22 07:47:29 PMOS  free 22.5 900 0.7

2017-09-22 08:03:23 PMOS  free 67.5 900 0.82
2017-09-22 08:21:44 PMOS  free 0.0 900 0.86
2017-09-22 08:37:38 PMOS  free 45.0 900 0.8

2017-09-22 08:53:24 PMOS  free 22.5 900 0.77
2017-09-22 09:09:18 PMOS  free 67.5 900 0.61
2017-09-23 08:16:55 IPOL  Vyigu 0.0 140 0.69
2017-09-23 08:19:58  IPOL  Vuicu 45.0 140 0.65
2017-09-23 08:22:53 IPOL  Vuicu 22.5 140 0.68
2017-09-23 08:25:56  IPOL  Vyigu 67.5 140 0.68
2017-10-19 07:14:19 IPOL  Vuicu 0.0 120 0.57
2017-10-19 07:17:03 IPOL  Vyign 45.0 150 0.56
2017-10-19 07:20:09 IPOL  Vuicu 22.5 150 0.6

2017-10-19 07:23:22  IPOL  Vuicu 67.5 150 0.58
2017-10-19 07:27:32 IPOL  Vyign 0.0 150 0.6

2017-10-19 07:30:46  IPOL  Vuicu 45.0 150 0.66
2017-10-19 07:33:51 IPOL  Vuicu 22.5 150 0.68
2017-10-19 07:37:03 IPOL  Vyign 67.5 150 0.61
2017-12-17 03:34:35 IPOL  Vuicu 0.0 400 0.72
2017-12-17 03:41:58 IPOL  Vyigu 45.0 400 0.74
2017-12-17 03:49:13  IPOL  Vuicu 22.5 400 0.87
2017-12-17 03:56:35 IPOL  Viigu 67.5 400 0.73
2017-12-17 04:04:41 IPOL  Vyigu 0.0 400 0.8

2017-12-17 04:12:03 IPOL  Vuicu 45.0 400 0.74
2017-12-17 04:19:18  IPOL  Vygn 22.5 400 0.58
2017-12-17 04:26:41 IPOL  Vyigu 67.5 400 0.52
2017-12-17 04:34:42  IPOL  Vuicu 0.0 400 0.52
2017-12-17 04:42:04 IPOL Vg 45.0 400 0.51
2017-12-17 04:49:20 IPOL  Vygn 22.5 400 0.51
2017-12-17 04:56:43  IPOL  Vuicu 67.5 400 0.52
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Table B.2. Observations log for SN 2017egm. Table B.3. Observations log for SN 2018bgv.
Date and time Filter HWP angle Exposure Date and time Filter HWP angle Exposure
(UTC) ) (s) (UTC) ) (s)
2017-06-17 22:00:05 R 0.0 40 2018-05-24 00:43:09 \" 0.0 500
2017-06-17 22:00:55 R 22.5 40 2018-05-24 00:51:39 \" 22.5 500
2017-06-17 22:01:44 R 45.0 40 2018-05-24 01:00:11 \% 45.0 500
2017-06-17 22:02:34 R 67.5 40 2018-05-24 01:08:41 \" 67.5 500
2017-06-19 22:02:06 \" 0.0 40 2018-06-04 21:11:26 \" 0.0 500
2017-06-19 22:02:56 \'% 22.5 40 2018-06-04 21:19:56 \% 22.5 500
2017-06-19 22:03:45 \'% 45.0 40 2018-06-04 21:28:26 \" 45.0 500
2017-06-19 22:04:34 \" 67.5 40 2018-06-04 21:36:55 \" 67.5 500
2017-06-19 22:06:18 R 0.0 40 2018-06-12 22:20:44 \% 0.0 600
2017-06-19 22:07:08 R 22.5 40 2018-06-12 22:30:54 \" 22.5 600
2017-06-19 22:07:58 R 45.0 40 2018-06-12 22:41:04 \" 45.0 600
2017-06-19 22:08:47 R 67.5 40 2018-06-12 22:51:14 \'% 67.5 600
2017-06-19 22:10:16 1 0.0 40 2018-06-26 21:20:33 \" 0.0 400
2017-06-19 22:11:06 | 22.5 40 2018-06-26 21:27:23 \" 22.5 400
2017-06-19 22:11:55 1 45.0 40 2018-06-26 21:34:15 \% 45.0 400
2017-06-19 22:12:44 1 67.5 40 2018-06-26 21:41:05 \" 67.5 400
2017-06-28 22:40:41 \" 0.0 40 2018-06-26 21:47:56 \" 0.0 400
2017-06-28 22:41:30 \'% 22.5 40 2018-06-26 21:54:46 \'% 22.5 400
2017-06-28 22:42:20 \" 45.0 40 2018-06-26 22:01:36 \" 45.0 400
2017-06-28 22:43:10 \" 67.5 40 2018-06-26 22:08:26 \" 67.5 400
2017-06-28 22:44:29 R 0.0 40 2018-07-12 21:25:25 \% 0.0 550
2017-06-28 22:45:19 R 22.5 40 2018-07-12 21:34:46 \" 22.5 550
2017-06-28 22:46:07 R 45.0 40 2018-07-12 21:44:07 \" 45.0 550
2017-06-28 22:46:57 R 67.5 40 2018-07-12 21:53:27 \% 67.5 550
2017-06-28 22:48:18 | 0.0 40 2018-07-12 22:02:48 \" 0.0 550
2017-06-28 22:49:07 | 22.5 40 2018-07-12 22:12:08 \'% 22.5 550
2017-06-28 22:49:59 1 45.0 40 2018-07-12 22:21:28 \% 45.0 550
2017-06-28 22:50:48 | 67.5 40 2018-07-12 22:30:49 \" 67.5 550
2017-12-30 00:48:20 \" 0.0 200
2017-12-30 00:51:52 \'% 22.5 200
2017-12-30 00:55:25 \Y 45.0 200 Table B.4. Observations log for SN 2018ffj.
2017-12-30 00:58:58 \" 67.5 200
2017-12-30 01:02:32 \'% 0.0 200 . .
2017-12-30 01:06:05  V 25 200 Datfg%‘églme Filter HWI()O';‘ngle EXP((S’)S ure
2017-12-30 01:09:38 \" 45.0 200
2017-12-30 01:13:10 'V 67.5 200 2018-08-26 04:46:16 'V 0.0 600
2018-08-26 04:56:26 \" 22.5 600
2018-08-26 05:06:38 A\ 45.0 600
2018-08-26 05:16:48 \" 67.5 600
2018-09-08 04:41:24 \" 0.0 500
2018-09-08 04:49:54 \% 22.5 500
2018-09-08 04:58:23 \" 45.0 500
2018-09-08 05:06:53 \" 67.5 500
2018-09-08 05:15:25 \' 0.0 500
2018-09-08 05:23:55 \" 22.5 500
2018-09-08 05:32:25 \" 45.0 500
2018-09-08 05:40:55 \" 67.5 500
2018-09-19 02:49:14 \" 0.0 500
2018-09-19 02:57:44 \'% 22.5 500
2018-09-19 03:06:14 \% 45.0 500
2018-09-19 03:14:44 \" 67.5 500
2018-09-19 03:23:16 \'% 0.0 500
2018-09-19 03:31:47 \% 22.5 500
2018-09-19 03:40:17 \" 45.0 500
2018-09-19 03:48:47 \'% 67.5 500
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Table B.S. Observations log for SN 2019neq.

Date and time Filter HWP angle Exposure

(UTC) ) (s)
2019-09-03 21:10:31 \% 0.0 500
2019-09-03 21:18:59 \" 22.5 500
2019-09-03 21:27:28 \% 45.0 500
2019-09-03 21:35:56 \% 67.5 500
2019-09-08 21:11:49 \" 0.0 500
2019-09-08 21:20:17 A% 22.5 500
2019-09-08 21:28:46 \% 45.0 500
2019-09-08 21:37:14 \" 67.5 500
2019-09-16 20:32:59 A% 0.0 500
2019-09-16 20:41:27 \% 22.5 500
2019-09-16 20:49:56 A" 45.0 500
2019-09-16 20:58:24 A% 67.5 500
2019-09-25 21:13:24 \" 0.0 650
2019-09-25 21:24:22 \" 22.5 650
2019-09-25 21:35:20 \% 45.0 650
2019-09-25 21:46:19 \" 67.5 650

Table B.6. Observations log for SN 2020tcw.
Date and time Filter HWP angle Exposure

(UTC) ) (s)
2020-10-15 19:51:17 \% 0.0 250
2020-10-15 19:55:36 A% 22.5 250
2020-10-15 19:59:54 A% 45.0 250
2020-10-15 20:04:12 \% 67.5 250
2021-01-19 05:59:18 \" 0.0 500
2021-01-19 06:07:46 A% 22.5 500
2021-01-19 06:16:15 \% 45.0 500
2021-01-19 06:24:45 A% 67.5 500
2021-01-19 06:33:15 A% 0.0 500
2021-01-19 06:41:43 \" 22.5 500
2021-01-19 06:50:12 A% 45.0 500
2021-01-19 06:58:40 A% 67.5 500
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Table B.7. Imaging polarimetry observations obtained with VLT/FORS?2 for SN 2017gci and NOT/ALFOSC for the five SLSNe-I. The measure-
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ments of SN 2018ibb are presented in Schulze et al. (in prep).

Date MJD Phase® FWHM S/N Ratio 0 U P® 6
(d (d)  (pixeD (%) (%) (%) ®)
SN 2017egm
V band
2017-06-19  57923.9 -2.2 3.29 601.80 0.34 + 0.36 0.15+040 0.25+0.38 11.9+28.3
2017-06-28 57932.9 6.5 5.48 501.13 0.23 +0.37 0.02+040 0.13+0.39 25+45.6
R band
2017-06-17 57921.9 -4.2 4.16 568.31 0.15+0.36 0.15+040 0.12+0.38 225+514
2017-06-19 57923.9 -2.2 3.81 604.59 0.25 +0.36 0.34+040 0.30+0.38 26.8 +26.2
2017-06-28 57932.9 6.5 5.84 507.42 0.38+0.37 -0.07+040 0.26+0.39 -52+274
I band
2017-06-19 57923.9 -2.2 3.10 49998 -0.16+037 -033+040 025+039 -579+31.1
2017-06-28 57932.9 6.5 5.27 39491 0.49 + 0.38 0.44+042 0.54 +£0.40 210+ 174
SN 2017gci
V band
2017-08-29 57994 .4 7.0 0.00 1085.69 -0.05+0.06 -0.05+0.06 0.05+0.06 -67.6+25.5
2017-09-23 58019.3 29.9 0.00 767.70 0.06 = 0.09 0.20+0.09 0.19 +£0.09 36.1 +12.5
2017-10-19 58045.3 53.8 0.00 542.84 -0.44 +0.13 0.34+0.13 0.54+0.13 71.1+6.6
2017-12-17 58104.2 108.0 0.00 35099 -0.32+020 -0.09+020 0.28+020 -82.0+174
SN 2018bgv
V band
2018-05-249  58262.0 5.3 4.33 279.36 0.14 +0.25 0.03+£0.26 0.08 £0.26 6.0 +50.1
2018-06-04 58273.9 16.3 4.76 354.19 0.49+0.21 0.62+0.19 0.76 £0.20 258+72
2018-06-12 58281.9 23.8 5.47 269.97 0.18 + 0.26 0.37+026 0.34+0.26 32.0+18.1
2018-06-26Y  58295.9 36.7 5.99 89.45 3.69 +0.81 1.75+0.78 4.01 +£0.80 12.7+5.7
2018-07-12@  58311.9 51.6 10.84 8291 3.27 +0.86 0.75+0.84 3.25+0.85 65+73
SN 2018ff]j
V band
2018-08-2619  58356.2 15.1 4.13 75.94 043+096 -1.70+091 150+094 -37.9+14.9
2018-09-08 58369.2 25.6 3.33 280.14 -044+0.25 -007+026 0.37+026 -852=+16.1
2018-09-19 58380.2 34.5 3.39 176.82 0.37+040 -0.04+040 0.25+0.40 -3.5+30.8
SN 2019neq
V band
2019-09-03 58729.9 =37 3.69 634.85 007+0.11 -0.12+0.11 0.11+0.11 =-30.2+22.7
2019-09-08)  58734.9 0.8 9.92 23753 -0.78 £0.30 0.71+£0.30 1.01 £0.30 68.9+8.2
2019-09-16 58742.9 8.0 3.52 45349 -032+0.16 -0.10+0.16 0.29+0.16 -81.7+14.0
2019-09-25 58751.9 16.2 5.92 43488 -0.31+0.16 0.09+0.16 0.28+0.16 81.5+14.5
SN 2020tcw
V band
2020-10-15 59137.8 7.3 5.67 576.84 0.15+0.17 0.01+0.17 0.10+0.17 1.1+30.9
2021-01-19 59233.3 96.9 4.01 502.44 0.03+0.18 -0.08+0.18 0.05+0.18 -34.0+57.0

@ Rest frame days with respect to peak MJDs shown in Table 1. ® Bias-corrected polarisation degree. Measurements whose error is larger than
the value are consistent with zero polarisation. > The results are unreliable due to the high lunar illumination and are therefore excluded.  The

low S/N makes the results unreliable and are therefore excluded.
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Appendix C: Figures

Fig. C.1. Example NOT/ALFOSC polarimetry images for SN 2017egm, SN 2018bgv, SN 2018ftj, SN 2019neq and SN 2020tcw. In the polarimetric
mode, the e (left) and o beams (right) are overlaid with an offset of 15”. In addition to the SNe, bright point sources (i.e. stars) have been marked
in the images. For SN 2017egm, Star 1 is located on the edge of the e beam image and is unreliable to estimate the ISP. No stars are present in
the FOV of SN 2018bgyv. Star 1 was used to estimate the ISP for SN 2018ftj. For SN 2019neq, only Star 2 is used to determine the ISP as Star 1 is
found on the edge of the o beam image resulting in an unreliable ISP estimate. Only Star 1 is used to estimate the ISP of SN 2020tcw as Star 2 has
several objects in the close vicinity and the ISP cannot be reliably identified.
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Fig. C.2. Stokes parameters of SN 2017gci and bright field stars measured at four epochs displayed on the Q— U plane. The SN (teal) and the
field stars passing the selection criteria (olive) as well as derived Galactic ISPs (red) are shown. The second epoch consists only one cycle of
observations, making the ISP estimate less reliable. For the other three epochs the derived values of ISP are consistent.
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Fig. C.3. Q- U planes for the stars used to measure the ISP for SN 2018ftj, SN 2019neq and SN 2020tcw. We note that the star was saturated in
the first epoch of SN 2019neq and it is excluded and that the first epoch of SN 2018ffj and the second epoch of SN 2019neq were excluded due to
the high lunar illumination (see Section 2.2).
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Fig. C.4. Q- U planes for the ISP corrected polarimetry of SN2017egm in VRI bands. We note that the last epoch of NOT polarimetry is not
shown in the figure due to extremely poor observing conditions (see Section 2.2)
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Fig. C.5. O — U planes of ISP-corrected polarimetry for SN 2017gci, SN 2018bgv, SN 2018ffj, SN 2019neq and SN 2020tcw. We note that the two
last epoch of SN2018bgv and first epoch of SN 21018ffj were excluded from the analysis due to low S/N and the second epoch of SN 2019neq

due to the bright Moon (see Section 2.2)
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Fig. C.6. Notable line features on the Q — U plane of SN 2017gci at 3.3 d. The line regions are highlighted by velocities as indicated by the colour
bar, while other data points are shown in grey. The dominant axis from Figure 3 is shown in dashed red. No loop-like structures are seen, but CII
16580 shows tentative deviation from the dominant direction.
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Fig. C.7. Same as Figure C.7 but for 29.0 d. No notable loops are present. Despite no clear tendency was seen in Figure 3, Mg 11 14481 is tentatively
orthogonal to the shown dominant axis while Na1 25893 and possibly C 11 16580 are along it.
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