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ABSTRACT

022

QN We present a spectroscopic analysis of the most nearby Type I superluminous supernova (SLSN-I), SN 2018bsz. The photometric evolution
C of SN2018bsz has demonstrated several surprising features, including an unusual pre-peak plateau and evidence for rapid formation of dust
—5 % 200 d post-peak. We show here that the spectroscopic and polarimetric properties of SN2018bsz are also unique. While its spectroscopic

™) evolution closely resembles SLSNe-I, with early O i absorption and C 1 P-Cygni profiles followed by Ca, Mg, Fe and other O features, a multi-

component Ha profile appearing at ~ 30 d post-maximum is the most atypical. The He is at first characterised by two emission components,
one at ~ +3000 km/s and a second at ~ —7500 km/s, with a third, near-zero velocity component appearing after a delay. The blue and central
components can be described by Gaussian profiles of intermediate width (FWHM ~ 2000 — 6000 km/s), but the red component is significantly

I_|br0ader (FWHM 2 10000 km/s) and Lorentzian. The blue He component evolves towards lower velocity oftset before abruptly fading at ~ +100 d

post-maximum brightness, concurrently with a light curve break. Multi-component profiles are observed in other hydrogen lines including Pag,
and in lines of Cam and He1. Spectropolarimetry obtained before (10.2 d) and after (38.4 d) the appearance of the H lines show a large shift on

I the Stokes Q — U plane consistent with SN 2018bsz undergoing radical changes in its projected geometry. Assuming the SN is almost unpolarised

= at 10.2 d, the continuum polarisation at 38.4 d reaches P ~ 1.8% implying an aspherical configuration. We propose that the observed evolution

of SN 2018bsz can be explained by highly aspherical, possibly disk-like, CSM with several emitting regions. After the SN explosion, the CSM is

1 quickly overtaken by the ejecta, but as the photosphere starts to recede, the different CSM regions re-emerge producing the peculiar line profiles.

(© Based on the first appearance of Ha, we can constrain the distance of the CSM to be less than ~ 6.5 x 10'* cm (430 AU), or even lower (5 87 AU)

S if the pre-peak plateau is related to an eruption that created the CSM. The presence of CSM has been inferred previously for other SLSNe-I, both

directly and indirectly. However, it is not clear whether the rare properties of SN2018bsz can be generalised for SLSNe-I, for example in the
context of pulsational pair instability, or whether they are the result of an uncommon evolutionary path, possibly involving a binary companion.

29
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1. Introduction

Superluminous supernovae (SLSNe) are stellar explosions char-
acterised by exceptionally 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). Initial classification scheme labelled
all SNe brighter than a threshold of M = —21 in optical bands as
superluminous (Gal-Yam|2012). However, recent sample stud-
. ies of SLSNe have shown that their populations might extend
— down to lower luminosities (e.g.[De Cia et al|2018}[Angus et al.
«_~ [2019), demonstrating that such a threshold is somewhat arbi-
>< trary. Therefore, SLSNe are currently classified based on mor-
phological similarities to previously discovered SLSNe in ad-
dition to the observed brightnesses (see e.g. |Gal-Yam|2019;
Inserral 2019} for review). While SLSNe are intrinsically rare
(e.g.|Quimby et al.|2013; McCrum et al.|2015}; [Prajs et al.[2017}
Frohmaier et al.|[2021)), it is possible to discover them at great
distances due to their extreme luminosities (e.g. Moriya et al.
2019; Inserra et al.|2018al [2021).

Spectroscopically SLSNe can be divided into two categories:
those that do not exhibit hydrogen features (SLSN-I) and those
that do (SLSN-II) (see e.g. |Gal-Yam| 2017, for review). The
more numerous SLSNe-I show spectral similarity to the hydro-
gen and helium poor Type Ic SNe after maximum brightness
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(e.g. [Pastorello et al.|2010; [Liu et al.|[2017), but they are very
diverse based on both their spectroscopic and photometric prop-
erties (e.g.Nicholl et al.|[2015} |Quimby et al.|2018};|De Cia et al.
2018; [Inserra et al.||2018b; |[Lunnan et al.|[2018a; |Angus et al.
2019). On the other hand, the rarer H-rich SLSNe-II can be di-
vided into the events similar to SN 2006gy (Smith et al.|2007;
Ofek et al.|[2007) characterised by narrow hydrogen emission
lines (also known as SLSNe-IIn in analogue to Type IIn SNe)
and to the few events similar to SN 2008es (Gezari et al.[2009;
Miller et al.[2009; Inserra et al.[2018c) that exhibit broad hydro-
gen features instead.

Due to the long-lived, extremely bright light curves it is
clear that SLSNe require a powerful energy source. While nor-
mal Type I SNe (both Ia and Ibc) are assumed to be powered
by the decay of radioactive nickel, SLSNe would require sev-
eral solar masses of *Ni synthesised in the explosion. Only the
Pair-Instability SN (PISN) explosions of extremely massive stars
(M > 140M,) are thought to be capable of producing sufficient
%Ni (see e.g. [Heger & Woosley 2002; |Gal-Yam et al. 2009).
Other scenarios include a rapidly rotating, highly magnetised
neutron star (a magnetar) formed in the core-collapse of the pro-
genitor star (Kasen & Bildsten|2010; Woosley|[2010). First sug-
gested to explain the evolution of peculiar Type Ib SN 2005bf
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(Maeda et al.[2007), the rotational-decay of the magnetar is
utilised to provide a sufficient energy source. A similar central-
engine scenario invoking fallback accretion on to a newborn
black hole (Dexter & Kasen|[2013}; Moriya et al.|2018) has also
been discussed in the context of SLSNe.

Lastly, interaction of the SN ejecta with surrounding circum-
stellar material (CSM) is an efficient mechanism to convert ki-
netic energy of the ejecta into radiation and is a proposed mech-
anism for powering SLSNe. Such CSM interaction is commonly
observed in various kinds of SNe. Type IIn (Schlegel|1990), Ibn
(Foley et al.|[2007} |Pastorello et al.[2007) and Icn SNe (Fraser
et al|2021} |Gal-Yam et al.[[2022; Perley et al.|2022) are as-
sumed to be completely enshrouded by CSM. Moreover, sev-
eral H-poor SNe, such as [a-CSM (e.g. Hamuy et al.|[2003)) and
Type Ic SNe (e.g. [Chen et al.||2018}; [Kuncarayakti et al.|2018),
show strong signs of interaction with H-rich CSM. CSM inter-
action is already considered to be relevant for SLSNe-IIn due to
their spectral similarity with the fainter Type IIn SNe. However,
the discovery of a few SLSNe-I with late H emission (see e.g.
Yan et al.[2015] |2017) and the presence of CSM shell around
iPTF16eh (Lunnan et al.|2018b) suggests that CSM interaction
can be relevant for this class of objects as well.

Interaction of SN ejecta with an aspherical CSM has been
used to explain peculiar observables of individual SNe. In par-
ticular a disk-like CSM has been attributed to be the cause of
multi-component He emission lines seen in the Type IIn SNe
1998S (Gerardy et al.[2000; [Leonard et al.|2000; [Fassia et al.
2000; |Pozzo et al.|[2004) and PTF11igb (Smith et al.|[2015) as
well as the late Ha emission seen in IIb SN 1993] (Matheson
et al.|2000alb)). Highly aspherical CSM has also been identified
in several type II SNe. Most famously the near-by SN 1987A
is surrounded by three CSM rings in an hourglass-shaped struc-
ture (see e.g.[McCray & Fransson/[2016| for review). Finally, the
Homunculus Nebula surrounding 7 Car (yet to explode), clearly
demonstrate that real CSM surrounding massive stars is often
aspherical.

SN 2018bsz was first discovered by the All Sky Automated
Survey for SuperNovae (ASAS-SN; [Shappee et al.|2014) as
ASASSN-18km on May 17th 2018 (Stanek|2018} [Brimacombe’
et al.|[2018). A few days later on May 21st, the event was inde-
pendently detected by the Asteroid Terrestrial-impact Last Alert
System (ATLAS) survey (Tonry et al|[2018)) as ATLAS18pny.
While the early reports classified the event as Type II SN due
to its apparent Ha P Cygni profile (Hiramatsu et al.[2018]; |Clark
et al.||2018)), it was quickly reclassified as SLSN-I after the fea-
ture was re-interpreted as Cu 46580 (Anderson et al.||[2018a).
The host galaxy is 2MASX J16093905-3203443 at z = 0.0267
(Jones et al.|2009), making SN 2018bsz the closest SLSN-I dis-
covered to date.

Anderson et al.|(2018b) presented a study on the early spec-
tral and photometric properties of SN2018bsz, noting some
uncharacteristic behaviour even within the diverse class of
SLSNe-I. SN2018bsz exhibited a long > 26 d slowly-rising
“plateau” before a steeper rise to the maximum brightness. Sim-
ilar long-lived, red pre-maximum evolution has been seen in
SLSN-I DES15C3hav (Angus et al.|[2019). The early spectra
of SN 2018bsz were characterised by strong C 1 features along
the typical On absorption features. While Cu features have
been identified in the early spectra of several SLSNe-I such
as PTF09cnd and PTF12dam (Quimby et al.|2018), the fea-
tures seen in SN 2018bsz are visually stronger (Anderson et al.
2018b). Furthermore, (Chen et al| (2021) analysed late optical
and near infrared (NIR) and mid infrared (MIR) photometry of
SN 2018bsz and concluded that a significant amount of dust was
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formed around the SN > 200 d post-maximum (see also [Sun
et al.[2022). Attributing the Balmer lines to CSM, |Chen et al.
(2021) concluded that the dust must have formed in a region of
CSM interaction at a time the CSM had cooled below the dust
sublimation temperature.

In this paper we focus on the spectroscopic evolution of
SN 2018bsz and present an in depth analysis of the spectra ex-
tending to ~ 120 d post-maximum brightness, when the SN went
behind the Sun. Our analysis also includes two epochs of spec-
tropolarimetry. The extensive and high-quality dataset of 16 op-
tical spectra allows us to identify when the hydrogen emission
first appears and characterise its evolution in comparison to the
rest of the spectral features. Thanks to our concurrent spectropo-
larimetric observations we can also infer how the shape of the
photosphere changes at the time of the appearance of the strong
hydrogen emission.

The paper is structured as follows: In Sect. 2] we present our
dataset. In Sect. [3] we focus on the analysis of the spectroscopic
evolution, followed by comparison of SN2018bsz to SLSNe-I
and Type Ic SNe, SLSNe-I with hydrogen emission as well as to
selected Type IIn SNe in Sect. ] In Sect. [5| we analyse the two
epochs of spectropolarimetry. In Sect. [p| we discuss the implica-
tions of the analysis and present a physical scenario to explain
the peculiar observables of SN 2018bsz. Finally, in Sect. [7/| we
present our summary and conclusions.

2. Observations

SN 2018bsz was intensively followed-up with European South-
ern Observatory (ESO) facilities. The Director’s Discretionary
Time (DDT) program (PI: G. Leloudas) was especially critical
covering the seasonal gap of the extended Public ESO Spec-
troscopic Survey for Transient Objects (ePESSTO; [Smartt et al.
2015)). The primary instruments used were the ESO Faint Object
Spectrograph and Camera (EFOSC2;|Buzzoni et al.|1984)) on the
New Technology Telescope (NTT) at the ESO La Silla observa-
tory, Chile and X-Shooter (Vernet et al.[2011) at the Very Large
Telescope (VLT) Melipal unit (UT3) of the ESO Paranal obser-
vatory, Chile. The NTT spectra were reduced with the PESSTO
pipeline (Smartt et al.|2015) and the X-Shooter spectra as de-
scribed in|Selsing et al.|(2019)).

In addition to the spectroscopic data, two epochs of spec-
tropolarimetry were obtained with the FOcal Reducer/low dis-
persion Spectrograph (FORS2; |Appenzeller et al.||{1998) at the
VLT Antu unit (UT1). The spectropolarimetry was reduced with
a series of IRAF (Tody||1986) tasks. The frames were bias sub-
tracted and cosmic rays were removed using L.A.Cosmic (van
Dokkum|[2001). Wavelength calibration was applied on the 2D
frames with the aid of arc frames and the two beams (ordinary
and extraordinary) were extracted in an identical manner with
the task apall. Subsequently, we followed Patat & Romaniello
(2006) in order to obtain the normalised Stokes parameters (Q
and U) and their errors through the normalised flux differences.
A small correction was applied to correct for the chromatic rota-
tion of FORS2, following the values tabulated in the instrument
web pageﬂ The polarisation degree P and the polarisation angle
6 were computed by Q and U and a polarisation bias correction
was applied using the Heaviside function approach of[Wang et al.
(1997). The flux spectra were derived by summing the ordinary
and extraordinary beams and using an archival flux calibration
from the observations of the spectroscopic standards with the
polarisation units.

! www.eso.org/sci/facilities/paranal/instruments/fors
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Table 1: The optical spectroscopic and spectropolarimetric observations of SN 2018bsz analysed in this paper.

Date MID Phase (d)? Telescope Instrument Grism/Arm R (1/AQ) Range
2018-05-21° 58259.2 -8.1 NTT EFOSC2 Gr#13 355 3685 -9315
2018-05-23° 58261.3 -6.0 NTT EFOSC2 Gr#11/Gr#16 390/595 3380 - 10320
2018-06-01° 58270.3 2.8 VLT X-Shooter UVB/VIS/NIR 5400/8900/5600 3000 — 24800
2018-06-09¢ 58278.0 10.2 VLT FORS2 GRIS_300V 440 3300 - 9325
2018-06-09 58279.0 11.2 VLT X-Shooter UVB/VIS/NIR 5400/8900/5600 3000 — 24800
2018-06-16 58285.2 17.2 VLT X-Shooter UVB/VIS/NIR 5400/8900/5600 3000 — 24800
2018-06-23 58292.1 23.9 VLT X-Shooter UVB/VIS/NIR 5400/8900/5600 3000 — 24800
2018-07-02 58301.1 32.7 VLT X-Shooter UVB/VIS/NIR 5400/8900/5600 3000 - 24800
2018-07-08° 58307.0 384 VLT FORS2 GRIS_300V 440 3300 - 9325
2018-07-08 58307.1 38.5 VLT X-Shooter UVB/VIS/NIR 5400/8900/5600 3000 — 24800
2018-08-03 58333.6 64.4 NTT EFOSC2 Gr#11/Gr#16 390/595 3380 - 10320
2018-08-13 58343.1 73.6 NTT EFOSC2 Gr#11/Gr#16 390/595 3380 - 10320
2018-08-14 58344.0 74.5 VLT X-Shooter UVB/VIS/NIR 5400/8900/5600 3000 — 24800
2018-09-02 58363.1 93.1 NTT EFOSC2 Gr#l1 390 3380 - 7520
2018-09-17 58378.0 107.6 NTT EFOSC2 Gr#11/Gr#16 390/595 3380 - 10320
2018-10-01 58392.0 121.3 VLT X-Shooter UVB/VIS/NIR 5400/8900/5600 3000 — 24800

* With respect to maximum brightness (MJD = 58267.5 in r;|Anderson et al.[2018b).

® Previously published in|Anderson et al.| (2018b).
¢ Spectropolarimetric observation.

The details of the spectroscopic and spectropolarimetric ob-
servations analysed in this paper are presented in Table [T} The
spectra presented in this paper have been scaled to match the
grizJHK photometry of the closest epoch presented in |Chen
et al| (2021). The host galaxy of SN2018bsz exhibits strong
emission lines (Chen et al.[2021) as is typical for hosts of SLSNe
(e.g.[Leloudas et al.|2015b). In order to focus on the transient, the
wavelength ranges of the known strong host lines have been cut
out in the optical spectra presented in this paper. While the high-
resolution X-Shooter spectra are not affected as the host lines
are very narrow in comparison to the broad transient features,
the host line clipping does affect the lower resolution spectra
(EFOSC2 and FORS2). Due to the presence of the host galaxy
emission lines, narrow emission lines as would be typically be
observed in interacting SNe are difficult to investigate.

In addition to the optical ground-based dataset we also anal-
yse two epochs of publicly available spectra taken by Hub-
ble Space Telescope (HST). At MID = 58294.5 (4+26.5 d)
SN 2018bsz was observed with HST (Program 15488, PI: P.
Blanchard) using the Cosmic Origins Spectrograph (COS) and
the Space Telescope Imaging Spectrograph (STIS) and at MID =
58319.1 (+50.2 d) with COS only (Program 15489, PI: R.
Quimby). The reduced HST data were retrieved using the MAST
archiv

3. Spectroscopy

In Fig. [TI] we present the timeseries of optical spectra of
SN 2018bsz analysed in this paper (see Table [T). The spectra
are described by an underlying blue continuum and an increas-
ing number of emerging absorption and emission features. In
the early spectra the most notable line features are those of On
and Cu. The “w” feature created by several overlaying narrow
O absorption lines is clearly present in the first two spectra
but it is no longer visible after the maximum brightness. While
this feature is common for SLSNe-I (Quimby et al.[2011)) it has

2 https://archive.stsci.edu/

also been seen in other SN types e.g Type Ib SN 2008d (Soder-
berg et al.|2008), Type Ibn SN OGLE-2012-SN-006 (Pastorello
et al.|2015) and Type II SN 2019hcc (Parrag et al.[2021). The Cn
145890, 6580, 7234 emission lines identified by /Anderson et al.
(2018b) persist until ~ 20 d post-maximum. Common stripped-
envelope SNe (SESNe) and SLSNe-I ejecta lines appear at about
~ 30 d post-maximum — broadly at the same time as the hydro-
gen features. Most notable emerging features are the Can H&K,
Mg 14481 and Fe lines around 5000 A. From 74.5 d onward
we can also see the Can NIR triplet and O 117774 line. At~ 30d
the C i 16580 lines have been replaced by an Ha emission with
multiple components — uniquely observed in SN 2018bsz. In this
section we investigate the individual line features identified in
the spectra.

3.1. Cu lines

As mentioned above, we confirm the presence of Cu
145890, 6580, 7234 lines, and we further identify a fourth Cu
line at 5145 A. The evolution of these C it features is presented in
Fig. 2} After applying a simple linear continuum subtraction, the
line profiles are similar to each other in velocity space through-
out their evolution until they are barely detected by 23.9 d (see
Fig.[I). As the Balmer emission lines become prominent only
after ~ 20 d (see Section [3.2), Ha unlikely contributes signif-
icantly to the emission of the feature identified as Cu 16580,
further supporting the Cn identification. The most notable dif-
ference between the profiles is that only 16580 seems to show
prominent P Cygni absorption. For 47234 the absorption inter-
val is strongly influenced by telluric absorption and for 45145
several Fem lines are likely to contribute in the same wavelength
range so we cannot conclude on the presence of absorption com-
ponents. However, the 15890 absorption should have been visi-
ble if it was present.

Anderson et al.| (2018b) suggested that high-velocity (HV)
Cu emission was visible for 16580 and 17234. Based on Fig. 2]
we can confirm the presence of an emission feature in the absorp-
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Fig. 1: Spectral timeseries of SN 2018bsz. Both the original spectra (lighter shade) and spectra binned to 10 A (darker shade) are
shown. Significant emission line features have been highlighted with vertical lines. The most significant transition in the spectral
sequence occurs at ~ 30 d when the C 11 features have faded and the Balmer emission lines start to appear. Regions of strong telluric
absorption are highlighted with grey bands. The host galaxy lines have been clipped in order to focus on the transient. The spectra
have been normalised by the average flux of each spectra. Note that the spectrum at 121.3 d has been multiplied by 0.8 for clarity.
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Fig. 2: Spectral timeseries of C 11 116580, 5145, 5890, 7234 up to 24 d post-maximum. Both the original spectra (lighter shade) and
spectra binned to 5 A (darker shade) are shown. The location of the high-velocity (HV) emission feature next to Cm 16580 and
the corresponding locations for 115145, 5890, 7234 have been marked with triangles. The feature appears to be present only for
Cu 16580. The line strengths from minimum to maximum are scaled to be equal to investigate the evolution of the line profiles.
Regions of strong telluric absorption are indicated with grey bands. Note that a linear continuum subtraction has been applied to the

displayed spectra to highlight the similarity of the profiles.

tion trough of 16580. Adopting the interpretation that the feature
is HV Cu emission then the feature is found at ~ —9000 kmy/s.
However, the emission feature seen next to Cm 17234 is likely
related to the telluric absorption affecting this wavelength range.
Furthermore, no emission feature is evident bluewards of 15145
or A5890. Thus we cannot confirm that the emission is related to
C . Instead we favour an interpretation of the feature as HV Ha
emission becoming more prominent at later epochs as discussed
in Sect.

3.2. Balmer and Paschen lines

The most noteworthy transition in our spectral series occurs at
~ 30 d. The prominent P Cygni absorption component of C1u
16580 has completely vanished by 23.9 d only to be replaced
by an emission feature by 32.7 d. At the same time the emis-
sion near rest frame C 1 16580 persists strong but appears to be
changing shape. As Cn A45145,7234 are greatly weakened by
~ 30 d, it is likely that C 16580 does not contribute signifi-
cantly to the emission and that He now dominates the profile.
In Fig. 3] we present the line evolution of Ha, HB and Hy
lines starting from 17.2 d. As Cn 16580 emission profile is
present before ~ 30 d, it is not possible to determine when the
Ha actually appears. However, the HB emission appears to be

visible for the first time at 23.9 d. While some excess might also
be present at 17.2 d, it is offset in velocity space with respect
to the HB seen in the later spectra. As such we adopt 23.9 d as
the first epoch the Balmer lines are detected. The emission lines
appear to be redshifted by ~ 3000 km/s. The shift is especially
clear for Ha and HB at 38.5 d, while for Hy the emission com-
ponent is merged with the strong Mg 14481 and thus is barely
visible. By 74.5 d the peaks are observed at the rest frame wave-
length, demonstrating a rapid change in the velocity of the emit-
ting material. Given that the Ha profile at this epoch appears to
show small amount of excess emission at v ~ 0 km/s, we inter-
pret the drastic velocity change as being caused by an emerging
zero-velocity component. A two component model is also pos-
sibly needed to explain the “flat top” emission profile of Ha at
121.3 d.

In addition to the redshifted Balmer emission lines, we also
identify blueshifted components. However, the blue emission ap-
pears to be present only for Ho where it is found at velocity of
~ —8000 km/s to begin with — significantly higher than the red-
shifted component. The feature moves redward during its evo-
lution and by the last epoch it is visible at 107.6 d it is found
at ~ —4500 km/s. The location of the blue component in Ha
has been marked on top of each HB and Hy profile with trian-
gles in Fig. 3] While no corresponding emission is clearly vis-
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Fig. 3: Same as [2|for Ha, HB and Hy starting from 17.2 d post-maximum. The corresponding location of the blue He component
has been marked for HB and Hy with triangles. Note that continuum subtraction has not been applied to any of the displayed line
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Fig. 4: Multi-component Ha line profile fits at 32.7 d, 38.5 d, 74.5 d and 121.3 d. The strong, red component is described by a
Lorentzian profile but for the other components a Gaussian profile provides a decent fit. The fits are shown with solid red lines and
each of the individual components with dashed red lines. Spectra binned to 5 A are shown with darker shade and unbinned with
lighter one. For the first three epochs the fits were performed on the shown data, but for the last epoch only data redward of rest
frame Ha were used due to the highly asymmetric line profile.
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Fig. 5: Velocity offset, FWHM and luminosity evolution of the
blue component (BC), central component (CC) and red compo-
nent (RC) of Ha. The fits of the X-Shooter spectra are shown
in darker shade and are connected with dot-dashed lines while
the fits to lower resolution spectra are shown with lighter mark-
ers. The red component is more luminous by a factor of 10 and
does not evolve in velocity or FWHM, while the blue component
moves towards the red and eventually disappears. Note that the
data points in the grey-shaded region are measured for the HV
emission feature at the absorption trough of Cu 16580 assum-
ing they are related to the blue component of He. The 107.6 d
spectrum was fit only for the blue component as the red com-
ponent was not describable with a symmetric line profile (as at
121.3 d, see Fig.[). The shown uncertainties are 20 estimated by
Markov Chain Monte Carlo emcee package (Foreman-Mackey
et al.[2012)) as implemented by LMFIT.

ible for HB, the location would coincide with the strong Mgt
A4481 line, making it more difficult to identify. On closer ex-
amination there does seem to be a “bump” in the spectra at a
similar velocity as the blue component. The feature is especially
clear in our high S/N ratio flux spectrum from spectropolarime-
try at 38.4 d. Furthermore, not only is the excess centred at sim-
ilar velocities, it also extends to ~ —13000 km/s similarly to Ha.
While one-to-one comparison of the profiles is difficult due to
the strong magnesium line, we consider it likely that the ob-
served excess is caused by the blue emission component of Hp.
A similar blueshifted excess appears to be present for Hy but

Table 2: y? values for the Ha profile fits using Lorentzian (L)
and Gaussian (G) red components with otherwise the same fit
setups (see text).

Phase (d) Instrument )(3 @L) X% (G)
32.7 X-Shooter 1.95 2.17
38.4 FORS2 3.43 491
38.5 X-Shooter 1.38 1.41
64.4 EFOSC2 0.56 0.57
73.6 EFOSC2 0.58 0.57
74.5 X-Shooter 2.31 2.83
93.1 EFOSC2 0.89 0.90
121.3 X-Shooter 2.77 3.29

significantly stronger than for HB, and thus it is unclear if it is
related to Hy.

The presence of the multiple He components can be seen
in the line profile fits at 32.7 d, 38.5 d, 74.5 d and 121.3 d in
Fig. 4] At the first two epochs the He is described by a com-
bination of two emission components, a strong and broad red-
shifted Lorentzian and a fainter, narrower blueshifted Gaussian
superimposed on a linear continuum. By 74.5 d an additional
central Gaussian emission component is necessary to achieve a
satisfactory fit. Furthermore, the data show the presence of an
absorption component, that we fit with a Gaussian centred at
~ —=12000 km/s (~ 6300 A), but it is unclear if it is related to
Ha or possibly some other line i.e. Sin 46355. For the final Ho
profile at 121.3 d we provide a fit with a single Lorentzian com-
ponent using only the redshifted data (v > 0 km/s). At this epoch
the red side of the profile is well described by the Lorentzian,
while the blue side of the profile is absent. No combination of
emission and absorption components we attempted provided a
reasonable fit, let alone offering a physical explanation for the
skewed profile. While we did not achieve an acceptable fit by
adding a central component, we consider it likely that the com-
ponent still persists due to the flat-top shape of the line. Note
that while we have presented fits with Gaussian blue and cen-
tral components, we also attempted fits with Lorentzian profiles
instead. The fits were visibly as decent as the ones shown in
Fig.[]and thus we cannot distinguish which profile is preferable.
However, for the red component we prefer Lorentzian profile. As
shown in Table [2] Lorentzian profile provides consistently bet-
ter fits than Gaussian especially for the high-quality X-Shooter
spectra. While at the the early epochs the x2 values are simi-
lar, the last few require Lorentzian to describe the pronounced
red tail of the profile for the fit setups described above. This is
well demonstrated by the single-component fits to the last epoch:
while the Lorentzian provides y2> = 2.8, a Gaussian profile re-
sults in y2 = 3.3. The fits were performed using LMFIT|package
for Python (Newville et al.|2014).

While the Balmer lines become visible at about ~ 25 d, the
aforementioned HV feature seen next to C it 16580 is found in a
very similar wavelength range as the blue component of Ha (see
Fig.[I). To further investigate this we have shown the continuous
velocity evolution — assuming they are both related to Ha — in
Fig. [5] For epochs up to 17.2 d we fit the Cut P Cygni profile
with Gaussian emission and absorption components and added
a single Gaussian emission profile for the HV feature. Starting
from 32.7 d, the profile is He dominated and the fits were per-

3 https://1lmfit.github.io/Imfit-py/
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formed with the same setup as in Fig. 4| The central component
was added to the fits after 60 d. As the evolution of the velocity
is effectively linear from —8.1 d to 107.6 d it is likely that the
emission feature seen in the early spectra is HV Ha emission
that later develops into the blue component. The HV He emis-
sion is not very strong in the early spectra and thus detecting an
equivalent HV feature in other Balmer lines is difficult, although
in the case of HB an emission feature appears to be present at
10.2 d at the same velocity. The feature can also be tentatively
seen in the following X-Shooter spectra until 32.7 d when it has
grown into the blue excess next to HB mentioned earlier.

We also show the velocity offset evolution for the red and
central components of Ha and the evolution of the FWHM and
luminosity for all three components in Fig. [5| The red com-
ponent is found at significantly lower velocity than the blue
throughout the evolution, but the value also does not clearly de-
crease in time. The FWHM of the red component is consistently
above 10000 km/s. Given the component is best described by a
Lorentzian profile it is very likely that the line has undergone
significant amount of electron scattering (e.g. |Chugai2001)). In
comparison the blue and central components have values around
FWHM < 6000 km/s and they can be described by Gaussian pro-
files. Finally, the central component is consistently found close
to rest frame wavelength (i.e. zero-velocity). In the luminosity
evolution it is clear that the red component drives the luminosity
of the line. While the blue and central component are found be-
low values of ~ 3 x 10%° erg/s the red component is consistently
around ~ 3 x 10*! erg/s. Note that the X-shooter spectra at 23.9 d
and 121.3 d have been excluded from the figure. At 23.9 d some
excess emission appears to be present at the location of the blue
component, but as it is very tentative and it is difficult to be cer-
tain if it is real. On the other hand, at 121.3 d no successful fit
was found for the highly skewed profile (see Fig. ) Addition-
ally the spectrum at 107.6 d was fit only for the blue component
as the red part of the profile was likewise not describable with
symmetric line profiles.

The higher resolution of the X-Shooter spectra as compared
to the NTT and FORS2 spectra, provides for more reliable fits —
in particular due to the removal of the narrow host galaxy emis-
sion lines. For the lower resolution spectra the affected region
around Ha is broad (~ 80 A) due to multiple host lines (Ha
and [N 1] 116548, 6584). As a result the fits to the red and cen-
tral components are less reliable. In Fig. [5] the dot-dashed lines
have been drawn through the X-Shooter epochs and the mea-
sured quantities from the other spectra are shown with lighter
colours.

In Fig. [6] we present the last three X-Shooter NIR spec-
tra (38.5 d, 74.5 d and 121.3 d). The strongest line features
are observed at 121.3 d. Most prominent features coincide with
Paschen PaB, Pay and Paé lines. As Pay is the strongest of the
three, its strength is likely affected by the nearby He1 110830.
The Paa line is found at a region of strong telluric absorption. In
Fig.[7|we compare the PaB and Pa lines to Ha. While the spec-
trum is noisy, the lines have asymmetric profiles visibly similar
to Ha at 121.3 d. At 74.5 d the Pag emission appears to have a
very similar shape to Ha but emission is not detected for Pa¢.
No clear hydrogen features are visible at 38.5 d (or before) as
can be seen in Fig.[6] This is likely a result of high level of con-
tinuum emission at the earlier phases, diminishing the emission
lines to a degree they are no longer clearly visible over it. The
same effect is also visible for the Ha line: while the luminosity
of the profile remains roughly constant in time (see Fig. [5), the
line becomes visually stronger in comparison to the continuum
and other line features as can be seen in Fig.
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As the Pag and Ha have similar profiles at 74.5 d and 121.3 d,
it is unlikely that the changes in the profiles are caused by dust.
The effect of dust is strongly wavelength dependent and a NIR
line should be affected significantly less than an optical one.
Therefore, for the dust to explain the disappearance of the blue
component at ~ 100 d, the effect would have to be negligible at
74.5 d but by 121.3 d the dust would have to be responsible for
hiding the blue component of Pag as well as He. As this would
require a significant increase in the dust mass in a short amount
of time during the photospheric phase, it seems unlikely.

3.3. Hel lines

In the 121.3 d X-Shooter NIR spectra we identify emission by
He1 2110830 and 120587 as presented in Fig. [8| While the spec-
trum is very noisy at the location of the latter line, the detected
feature resembles the one seen around 10830 A. Both of the pro-
files also appear to be similar to the over-plotted He profile, ex-
cept they also seem to show blueshifted absorption. For 120587
the velocity is ~ —5000 km/s but for the 110830 it is found to be
~ =7500 km/s, as measured from the absorption trough. Neither
of the Her1 lines are clearly present in the earlier spectra, but at
74.5 d the spectrum around 210830 line appears to have a very
similar shape to Ha. However, as the wavelength range appears
to be very noisy drawing any definite conclusions is difficult.

We also identify the commonly observed optical He1 15876
in our spectra and in Fig. O] we present the timeseries of the
spectral region in comparison to the Ha starting from 23.9 d
post-maximum. While the Her line is significantly fainter than
Ha and thus spectra are noisier in comparison, it does appear to
have a blue emission component at < 40 d. The feature is most
notable in the high S/N ratio spectrum at 38.4 d, when the line
profile appears to be distinctly similar to that of Ha. However,
at later phases (> 60 d) the blue component is no longer identi-
fiable and instead the He1 feature appears to consist of a single
broad component with a redshifted peak that has a similar width
as the whole Ha profile at every epoch. In the last three spectra,
the emission bluewards of the rest wavelength seems to become
weaker in parallel with the disappearance of the blue Ha compo-
nent. At 121.3 d the peak of the profile appears to be redshifted
by ~ 2000 km/s unlike for the NIR lines or the He, but the profile
also exhibits blueshifted absorption at ~ —5000 km/s similarly
to the NIR features. Finally, due to the presence of NIR He 1 lines
we are convinced the emission line feature around 45876 is truly
He1 rather than the nearby, common Na I D (145890, 5896) or
Cu 15890 which was prominent in the early (< 25 d) spectra of
SN 2018bsz.

3.4. Cail lines

In addition to the hydrogen and helium emission exhibiting pe-
culiar broad profiles with several components, we note that also
Cau lines appear to be similar in shape. In Fig. [I0] we show the
similarity of Can H&K emission profile with the Ha line during
the whole spectral timeseries. Notably the blue and red com-
ponents are found at comparable velocities. While the figure is
centred at the middle of the two features (3951.5 10\) the effect
remains if centred at either H (13969) or K (13934). The blue
component also disappears at the same time as in Ha. While the
blue component is distinct throughout the timeseries — unlike for
Her1 15876 — the evolution resembles the helium line in that the
peak of the line profile is redshifted by ~ 2000 km/s at the last
epoch. The Can line also shows clear absorption, but at different
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Fig. 7: Same as Fig.for Pap and Pa¢ lines at 74.5 d and 121.3 d.
A scaled He profile has been shown over the data highlighting
the similarity. Pad is not detected at 74.5 days. The spectra have
been binned to 10 A.

epochs than helium — the absorption is visible only at < 100 d
and it is found at ~ —15000 km/s as is typical for SESNe and
SLSNe.

The Can NIR 148498, 8542, 8662 triplet also appears to be
remarkably similar to the Ha profile — at least at the last epoch.
In Fig. [TT] we show the best fits to the Can NIR triplet lines at
74.5 d and 121.3 d using the He profile at the respective epoch
as a template. At 74.5 d only the width of the Can NIR is similar
to a combination of Ha line profiles, but at 121.3 d the similar-
ity is significant. The combination of the two redder Cam lines
provides a nearly perfect fit with the highly asymmetric Ha pro-
files. Similarly to the He1 NIR line, the line peaks are found
at the rest frame of the respective lines — unlike for Can H&K
and He1 A5876. Cau NIR triplet shows clear absorption at both
epochs: at 74.5 d the absorption is found at ~ —15000 km/s while
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Fig. 8: Same as Fig.for Her1 4110830, 20587 profiles at 74.5 d
and 121.3 d. He1420587 is not detected at 74.5 days, but 110830
shows remarkable similarity to Ha despite the high level of
noise.

at 121.3 d it is found at ~ —9000 km/s as measured from Can
18662. Note that Can 18498 does not appear to contribute to the
emission at either of the epochs.

3.5. UV features

In Fig. [12] we present the HST/STIS spectrum taken at 26.5 d
post-maximum. We show identifications for narrow host galaxy
absorption lines of Feur (112344,2374,2382,2586,2600), Mgt
(112796, 2803 doublet) and Mg I (12852) as well as the Mg
absorption from the Milky Way. In the inset we show a double
Gaussian fit to the host Mg 412796, 2803 doublet line that re-
sults in a combined Equivalent Width (EW) of 3.88*04 A (10).
The value is on the high end of the distribution of SLSNe-I hosts
(2.6 = 1.2;|Vreeswijk et al.[2014).
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Fig. 9: Same as Fig.for Ha and He 1 45876. The location of the
blue Ha component is marked with triangles for 15876. He1 line
is similar to He, but the central component appears to be absent.
Note that the regions of strong telluric absorption at ~ 13500 A
and ~ 18000 A have been removed.

In the figure we also mark the locations of four known tran-
sient absorption bands often seen in UV spectra of SLSNe-
I with black dashed lines. The features are found roughly at
UVI1: 2650 A, UV2: 2450 A, UV3: 2200 A and UV4: 1950 A
(Quimby et al|[2018). While these absorption features are typi-
cally fairly strong, only UV1 is clearly detected for SN 2018bsz,
with possible detections of UV2 and UV3. In this regard the
spectrum looks very similar to the HST spectrum of PTF12dam
(Quimby et al.|2018) — albeit the features are found to be bluer in
SN 2018bsz. The nature of the marked UV features is still under
debate and several combinations of ions have been suggested to
be the cause. The commonly discussed identifications are Mgt

(UV1), Sim (UV2) and Cu (UV3) suggested by

(2011) and C + Mgu (UV1), Cn (UV2); Cmi + Cur (UV3) and
Fe III (UV4) presented by [Howell et al| (2013). As discussed
above, SN 2018bsz has strong Cu features in the optical so it
would not be surprising to see them in the NUV as well. The
UV2 and UV3 lines have been at least partially attributed to C1t
by either [Quimby et al.| (2011)) or[Howell et al.| (2013) but these
features are faint in SN 2018bsz. This could imply that C 11 does
not contribute significantly to these features, possibly promoting
the alternative identifications. This could also imply that UV1 is
caused by Mg 1 rather than a blend with C II. However, the STIS
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Fig. 10: Same as Fig. Elfor He and Can H&K. The Can feature
is centred at 3951.5 A, i.e. the average wavelength between the
H and K components. The Ca is similar to He, but lacks the
central component.
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Fig. 11: He line profile fits to Canm 148498, 8542, 8662 NIR
triplet at 74.5 d and 121.3 d. In addition to linear background,
each Can line is fitted assuming it has the shape of Ha profile
at the same epoch. At 74.5 d the general shape of the profile is
described by the fit, but at 121.3 d the asymmetric profile is well
matched by the two redder Ca lines. Velocity scale is measured
from 18662. The three Cam lines are marked with dashed verti-
cal lines.
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Fig. 12: Normalised HST/STIS spectrum of SN 2018bsz taken at 26.5 d post-maximum brightness (lighter shade) and the spec-
trum binned to 5 A (darker shade). Several narrow host galaxy absorption lines of Fe II, Mg I and Mgn as well as Milky Way
Mgt 142796, 2803 doublet have been highlighted. Approximate locations of four SLSNe-I absorption bands (UV1: 2650 A, UV2:
2450 A, UV3: 2200 A and UV4: 1950 A;|Quimby et al.[2018) have been marked, but only UV1 is clearly present for SN 2018bsz.
In the inset we show a close up of the host galaxy Mgn 112796, 2803 doublet region including a double Gaussian fit to the line

profile. The combined equivalent width of the lines is 3.88f8:jg A. We also show spectrum of PTF12dam for comparison as it is one

of the few high quality HST spectra of SLSNe-I taken at similar epoch to SN 2018bsz. The spectrum was first presented in/Quimbyl

(2018) and downloaded from the Open Supernova Catalog (Guillochon et al.[2017).
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Fig. 13: The two epochs of HST/COS spectroscopy taken at 26.3 d and 50.2 d post-maximum brightness (lighter shade) and the
spectra binned to 2 A (darker shade). We identify several geocoronal lines (Geo) as well as possible Lya absorption from the host
galaxy. No clear transient features are present in the spectra.

spectrum was obtained at a relatively late epoch, when lines of in this wavelength ranges are geocoronal (airglow) lines, most
Cu were also weak in the optical. Not many NUV spectra of notably Lya 41216 and O 111302, 1306. We also identify a faint
SLSNe-I are available at later epochs (see e.g. Lya absorption feature at the redshift of the host galaxy present
2018). In fact, the shown spectrum of PTF12dam is one of the at both epochs. As such we associate it with the galaxy. No Lya
latest ones and at earlier phases the four UV absorption features emission is visible in either of the spectra despite the prominent
were clearly visible for PTF12dam (Quimby et al.|2018). It is Balmer lines at a comparable epochs.

therefore possible that SN 2018bsz exhibits “typical” evolution

for SLSNe-I and that all four UV dips were present at earlier

phases.

In Fig. [T13] we show the two epochs of HST/COS spectra
taken at 26.3 d and 50.2 d post-maximum. Dominant features
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Fig. 14: SN 2018bsz spectral evolution in comparison to literature SESNe and SLSNe-I (left) and in comparison to SLSNe-I with
detected Ha emission and SLSN-II 2008es (right). All spectra have been binned to 10 A, but unbinned spectra are shown for
SN 2018bsz. SN 2018bsz is spectroscopically similar to SESNe and SLSN-I, but the Balmer lines are unique even for SLSNe-I with
late H emission. Note that the literature spectra have been mangled to have the same color as SN 2018bsz at a relevant epoch to
ease the comparison. The literature spectra were first published in the following papers: SN 2004aw (Taubenberger et al.|2006),

SN 2007gr (Valenti et al|2008), SN 2008es (Miller et al.|[2009]

PTF10aagc (Quimby et al.[2018), PTF12dam (Quimby et al.|20
iPTF13ehe (Yan et al.[2015), SN 2015bn

,PTF09¢cnd (Quimby et al|2011] see also Quimby et al.| (2018)),

18), LSQ12dIf (Nicholl et al.[2014), SN 2012aa ,
2016) and iPTF15esb and iPTF16bad (Yan et al|2017), and the data was

downloaded from the Open Supernova Catalog (Guillochon et al.[2017) and WISeREP (Yaron & Gal-Yam|2012).

4. Comparison to known SNe
4.1. SESNe & SLSNe

As discussed in Sect. [3] the spectra of SN 2018bsz exhibit sev-
eral features commonly seen in SESNe and SLSNe. The similar-
ity has been further highlighted in Fig. [T4] where four epochs
of SN2018bsz are shown with selected SESNe and SLSNe-
I demonstrating typical photospheric evolution for the classes.
At early epochs SN 2018bsz resembles SLSNe-I with promi-
nent On and Cu features. As mentioned by
(2018b), the Ou features in most SLSNe — such as PTF09cnd
and PTF12dam — are found at higher velocity when compared to
SN 2018bsz. On the other hand, while C 11 lines are not seen in all
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Type I SLSNe, they have been reported PT09cnd and PTF12dam
shown in the figure (Quimby et al.[2018)).

The spectra of SN2018bsz at 38.5 d and 74.5 d are very
similar to SESNe pre-peak spectra — apart from the prominent
Balmer lines. Can H&K absorption, Mg 14481, O1 17774 and
Fe it emission centred at ~ 5200 A seen in SN 2018bsz are typ-
ical in Type Ic SNe as demonstrated with SN 2007gr
and SN 2004aw (Taubenberger et al.|[2006). Due
to these dominant ejecta lines SN 2018bsz resembles Type Ic
SNe but with a delay as is typical for Type I SLSNe
torello et al|2010). Thus the spectra of SN 2015bn, LSQ12dIf,
PTF12dam and PT09cnd all demonstrate remarkable similarity
to SN 2018bsz at comparable epochs as expected. A notable fea-
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ture to highlight is the emission line near the blue Ho component
of SN 2018bsz seen in the SLSNe spectra at 30 — 60 d post-peak.
In LSQI12dIf the feature was identified as Sinm 16355 (Nicholl
et al.||2014) while for SN 2015bn it has been discussed as [O1]
116300, 6364 (Nicholl et al.|[2016). PTF12dam also exhibits a
very similar feature but |(Quimby et al.| (2018) did not provide
an identification after excluding Ha due to its apparent blueshift
(~ —6000 km/s) and [O 1] as the feature was redshifted relative to
that line. Regardless of the nature of the feature, it bears striking
similarity to the blue shoulder of Ha in SN 2018bsz. However,
the shoulder is centred at ~ 6400 A at the first epoch it is visible
(32.7 d). This corresponds to a redshift of ~ 2800 km/s (as mea-
sured from the Siu line) and the line moves redder in time until
at 107.6 d it is redshifted by ~ 5700 km/s. Thus it does not seem
plausible to assume that the shoulder is related to either Sii or
[O1] emission, despite the similarity.

Based on the spectral evolution of the ejecta lines we con-
firm that SN 2018bsz is a Type I SLSN, but with strong hydro-
gen emission. While the presence of hydrogen signatures typi-
cally excludes a SN from being classified as Type I, four similar
SLSNe-I with late hydrogen emission attributed to CSM inter-
action have been detected before. In Fig. [I4] we compare the
spectral timeseries of these four SNe to SN 2018bsz. First in
PTF10aagc the symmetric Balmer lines first appear at 77.5 d
post-peak and they are found to be blueshifted by ~ —2000 km/s
(Quimby et al.|2018)). Furthermore, [Yan et al.| (2017) presented
spectroscopic data of three Type I SLSNe — iPTF13ehe (pub-
lished earlier in |Yan et al. 2015, iPTF15esb and iPTF16bad
— with broad, late-time Hea first detected at 251 d, 73 d and
97 d from peak, respectively. We note that for iPTF13ehe and
iPTF16bad no spectra were reported between peak brightness
and the detection of Ha so the time of appearance is uncon-
strained. As can be seen in the figure, the Ha line profiles in these
SNe were symmetric and seemed to consist of a single compo-
nent close to rest frame Ha. However, in all three SNe the Ha
appeared to be slightly blueshifted < —1000 km/s and for at least
two of them the line became slightly redshifted (< 500 km/s) in
time (Yan et al.|2017).

These four SNe evolve in a similar manner resembling
SLSNe-I but it seems that PTF10aagc has the most in com-
mon with SN 2018bsz. First, the early spectra of PTF10aagc
show Om absorption at similar velocities to SN 2018bsz. The
SN also exhibits strong Cu emission lines similar to those
seen in SN 2018bsz. Secondly, while the Balmer emission line
do not have similar profiles, the relatively high blueshift seen
in PTF10aagc is comparable to the blue Ha component of
SN 2018bsz at the later epochs. In comparison, the three iPTF
SNe have less in common with SN 2018bsz. While their evo-
lution is broadly speaking similar to SLSNe-I, at early epochs
it appears to be faster. The SNe exhibit clear Type Ic SN-like
spectra at the time of peak brightness — behaviour not typical
for SLSNe-I. Consequently, none of the SNe exhibit O it absorp-
tion and only one of them (iPTF16bad) has clear Cu lines in
the early spectra. However, as iPTF15esb and iPTF16bad were
discovered close to peak and iPTF13ehe had its first spectrum
taken at — ~ 9 d, it is possible that the lines had simply faded
by the time of the first spectra. In the later evolution the three
iPTF SLSNe resemble SN 2018bsz, but the hydrogen emission
is found at low velocities in comparison.

In Fig. [[4 we also show two spectra of Type Ic SN 2012aa
discussed exhibiting broad late time He emission (Roy et al.
2016). While classified as Type Ic, its peak luminosity (M, ~
—20) is similar to SN2018bsz (M ~ —20.5; |Anderson et al.
2018b) warranting a comparison. In SN 2012aa the Ha emission

first appears at ~ 47 d and it is found at a constant blueshift
of ~ —2000 km/s (Roy et al.||2016). While thus similar to
PTF10aagc, SN 2012aa does not exhibit either O or Cn fea-
tures in its early spectra albeit the first spectrum is taken at +8 d
and the features could have already faded.

In addition, SN 2018bsz shares common characteristics with
Type II SLSNe, especially with SN 2008es (Gezari et al.|2009;
Miller et al.|[2009) as shown in Fig. While its early spec-
trum at ~ 3 d post-max is featureless blue continuum, at ~ 68 d
SN 2008es is similar to SN2018bsz and the other SLSNe-I
shown in the figure as the SN exhibits both typical SLSN-I fea-
tures as well as broad Balmer emission lines. The other members
of SLSNe-II, CSS121015:004244+132827 (Benetti et al.|2014),
SN 2013hx and PS15br (Inserra et al.|[2018c)), evolve in a sim-
ilar manner. The key difference between SLSNe-I with late H
emission and SLSNe-II seems to be that for SLSNe-II H emis-
sion appears together with the other line features (see e.g.|Gezar1
et al.|2008; Miller et al.|2009; Benetti et al.[2014} Inserra et al.
2018c), while for the SLSNe-I there is a definite delay. Fur-
thermore, SN 2013hx and PS15br show multi-component Ha
emission at nebular phase (Inserra et al.[2018c)). For SN 2013hx
three components — blue, central and red at —4700, —190 and
+4000 km/s, respectively — are identified, while for PS15br only
blue (-4700 km/s) and central (-390 km/s) are seen. Given
these similar characteristics it seems possible that SLSNe-II and
SLSNe-I with late, broad Balmer emission belong to the same
population of stellar explosions as already indicated by similar,
extreme host properties (Schulze et al.|2018]).

Regardless of the observed differences, SN2018bsz,
PTF10aagc, iPTF13ehe, iPTF15esb and iPTF16bad are mem-
bers of rare subclass of SLSNe-I, characterised by broad hy-
drogen emission after peak brightness. Given that the hydrogen
emission is likely arising in external material, it is plausible that
the progenitor systems of the SNe are similar. The differences
between the observables could then be explained by differences
in the geometry of where the hydrogen is located with respect
to the progenitor. The similarities of these SLSNe-I are further
discussed in Sect. [6.4]

4.2. Type lin SNe

While the spectral timeseries of SN 2018bsz as a whole clearly
resembles Type I SLSNe, the peculiar evolution of He is not
similar to even those few SLSNe-I with hydrogen. Instead, such
line evolution has been observed in three Type IIn SNe attributed
to CSM interaction. To highlight the similarity, we present the
He evolution seen in SN 2018bsz in comparison to SN 2013L
(Andrews et al.|2017; Taddia et al.|[2020), SN 1998S (Leonard
et al.|2000; Fassia et al.|2000) and PTF11igb (Smith et al.|2015)
in Fig. [I5] However, we note that similar line profiles have also
been seen in other types of SNe e.g. Type IIP SNe 2004d;j (Vinko
et al.|[2006; |Chugai et al.|2007), 20070d (Andrews et al.|[2010)
and 201 1jaAndrews et al.|(2016) and Type IIb SN 1993J (Math-
eson et al.|[2000alb) likewise associated with CSM interaction,
but the lines are more distinct in the Type IIn SNe.

The three Type IIn SNe show multiple broad components
of Ha. While in SN 2013L there appears to be only central and
blueshifted lines during the evolution, SN 1998S and PTF11igb
have both blue and redshifted components along with a cen-
tral one. These components evolve differently. In SN 2013L the
multi-component profile arises early ~ 20 d after peak bright-
ness. To begin with the two components are roughly equally
strong, but in time the blue one becomes weaker and narrower
while the line velocity also decreases (Andrews et al.|[2017;
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Fig. 15: Spectral evolution of the He region of SN 2018bsz (left)
and the Type IIn SNe 2013L, 1998S and PTF11igb (right). The
Ha has a multi-component profile similar to the shown litera-
ture SNe IIn. All spectra have been binned to 5 A, but unbinned
spectra are shown for SN 2018bsz. The literature spectra were
first published in the following papers: SN 1998S (Leonard et al.
2000; |Pozzo et al.|2004), PTF11igb (Smith et al. 2015) and
SN 2013L (Andrews et al.|2017) and the data was downloaded
from the Open Supernova Catalog (Guillochon et al.|2017) and
WISeREP (Yaron & Gal-Yam|2012)).

Taddia et al.[2020). In SN 1998S and PTF11ligb on the other
hand, the clear multi-component profile becomes visible only
at ~ 100 d after peak. While only central and blueshifted lines
are present to begin with, both SNe develop a distinct redshifted
component in time: for SN 1998S it is clearly visible at ~ 120 d
(Leonard et al.|2000) and for PTF11igb at ~ 200 — 300 d (Smith!
et al.[2015). The evolution of the multi-component profiles mir-
ror each other. As can be seen in Fig. [T5] in SN 1998S the dom-
inant component changes from red to blue, while in PTF11igb
the change is opposite. Otherwise the profiles appear to be very
similar to each other and by the time of the last shown spectra
the weaker component is barely visible.

When the spectral properties of the whole optical range are
considered, the evolution of SN 1998S and PTF11igb appears to
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be nearly identical apart from the evolution of the Balmer lines
as demonstrated by Smith et al| (2015). Both exhibit only nar-
row Lorentzian lines over blue continua in the early spectra as
expected of Type IIn. After ~ 20 d post-discovery the spectra
evolve to strongly resemble that of normal Type II SNe with no
clear CSM signatures. However, at about ~ 100 d after peak,
the multi-component Balmer lines appear. First they are visible
together with the Type II ejecta lines, but eventually only the
lines arising from the CSM persist. SN 2013L on the other hand
evolves a bit differently. Its spectra exhibit only emission fea-
tures with profiles similar to that of He. For instance the Can
NIR triplet can be nicely explained by a combination of several
Ha line profiles — similarly to SN 2018bsz (see Fig. [IT).

The overall evolution of the Ha in SN 2018bsz is reminis-
cent of that in the shown Type IIn SNe, with the exception that
in SN 2018bsz the line evolves faster in time and has broader
components found at higher velocities. SN 2013L has a profile
similar to SN 2018bsz with a blue shoulder becoming weaker
and moving redward in time. The main difference is the com-
plete lack of the redshifted component. Similarly, despite the
early evolution of PTF11igb being different, the last two shown
epochs have a very similar profile to SN 2018bsz at 107.6 d with
a strong redshifted peak and weak blueshifted one. Furthermore,
both blue and redshifted peaks appear to be shifting to lower ve-
locities during the evolution. The key difference is now the lack
of visible central component which instead was prominent at the
earlier epochs. On the other hand, SN 1998S had a similar pro-
file at the early epochs with a strong redshifted peak and a fainter
blueshifted one, but at later times the profile evolves very differ-
ently to SN 2018bsz.

Given the common trends between the IIn SNe and
SN 2018bsz it does seem reasonable to assume that the mech-
anism that generates the profiles is similar in nature. The differ-
ences in timescales and velocities can be plausibly explained as
higher velocity naturally means faster evolution. The other dif-
ferences could indicate differences in geometry of the external
material. One such difference is that the central component ap-
pears to always be present from the beginning in the three litera-
ture SNe, but not in SN 2018bsz. Finally, given the spectral sim-
ilarity of SN 2018bsz with SLSNe-I and the three Type IIn SNe,
we consider that the spectra of SN 2018bsz are ejecta-dominated
at < 25 d while after the appearance of the strong Ha emission
they are CSM-dominated. The resulting implications to the CSM
structure will be discussed in Sect.

5. Spectropolarimetry

Spectropolarimetry is a powerful tool to investigate the geomet-
ric structure of SN explosions. For SNe the source of contin-
uum polarisation is assumed to be Thomson scattering from free
electrons abundant in the SN ejecta especially during the pho-
tospheric phase (see e.g. [Hoflich|[1991). In case of a perfectly
spherical photosphere the net polarisation of the SN is zero as
the light is linearly polarised equally in all directions. On the
contrary, deviations from a spherical photosphere produce a non-
zero polarisation. The geometry of many SN explosions has been
studied with the aid of spectropolarimetry — including the fa-
mous Type Il SN 1987A (see e.g.Schwarz & Mundt |1987; Jef-
fery||1987 |Cropper et al|[1988) and Type IIb SN 1993J (Tram-
mell et al.||[1993} Tran et al.|[1997; [Stevance et al.|2020). A com-
prehensive review of SN spectropolarimetry is provided by Patat
(2017).

Two epochs of spectropolarimetry were obtained with
FORS2 at 10.2 and 38.4 days post-maximum brightness.
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Fig. 16: Flux spectrum, polarisation degree P, and normalised Stokes Q and U parameters of SN 2018bsz at 10.2 d (left) and 38.4 d
(right). The polarisation and Stokes spectra have been binned to 25 A but the flux spectra are unbinned. Vertical lines show the
location of major spectroscopic features. Note that at 10.2 d hydrogen lines are shown at blueshift of —8000 km/s. The dash-dotted
lines in the right panels present the estimation for interstellar polarisation (ISP) in our case B (ISP B), where it has been assumed
that the strongest emission lines completely depolarise the spectrum (see Sect. @) The data have not been corrected for the ISP.
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Fig. 17: Polarisation angle 8 for SN2018bsz at 10.2 d (green)
and 38.4 d (blue). The values have been binned to 25 A. There is
a large change in the polarisation angle between the two epochs,
corresponding to an average rotation of ~ 60°. It is worth noting
that the polarisation angle at 10.2 days is almost constant with
wavelength, with the exception of the C n/Ha region.

We are therefore fortunate to have a snapshot of both the
ejecta-dominated (C n-dominated; < 25 d; Fig. and the

CSM-dominated phases (Ha-dominated; > 25 d; Fig. E[) of
SN 2018bsz. Our spectropolarimetry is shown in Fig. where
we plot the flux spectrum, the polarisation spectrum, and the nor-
malised Stokes parameters Q and U. The polarisation angle 6
has been plotted separately in Fig. [I7] to facilitate comparison
between the two epochs. In addition, Fig. [I§] shows the spec-
tropolarimetric measurements on the Stokes Q — U plane.

Figure [T shows that there has been a very significant evo-
lution in the polarisation properties of SN 2018bsz between the
two epochs confirming a radical change in the SN and its pro-
jected geometry during these four weeks. At +10.2 days the
barycenter of the data in the Stokes plane is found at O = 0.90%,
U = 0.06%, where 0 = ¥,(Q;/60%)/ %.i(1/50?) is a weighted
mean, with Q; and error 6Q; referring to the i-th wavelength bin
(and similar for U). At +38.4 days, the barycenter has moved to
0 =-0.42%, U=-0.76%, manifesting a large shift. To further
quantify the evolution we provide AQ — AU plane in Fig. 19
where AQ = Q33.4 - Q10_2 and AU = U3g_4 - U]().z. The barycen-
ter of the change between the two epochs is found at AQ = —1.32
and AU = —0.82. As the change is independent of the interstellar
polarisation (ISP) contribution, it provides a measurement of the
actual polarisation shift.

We have searched the literature for previous core-collapse
supernovae with multi-epoch spectropolarimetry and we have
only identified SN 2001ig (Maund et al|2007), a Type IIb SN,
as potentially showing such a large change in the loci of the
data on the Q — U plane with time. This is also reflected in
Fig. [I"/|that shows that the polarisation angle changed by about
60°. However, we note 6 depends strongly on the ISP correction
and the exact values should be taken with caution. Following
the methodology of Maund et al.| (2010), we performed a prin-
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Fig. 18: The location of SN2018bsz on the Q — U plane at 10.2 d (left) and 38.4 d (right). The individual points are coloured
according to their wavelength as indicated in the colorbar. Thin dashed lines have been drawn at Q = 0, U = O and P = 1 to
guide the eye. The two ellipses in red are the outcome of a principal component analysis (Maund et al.[2010) where the major axis
of the ellipse is aligned with the direction of the maximum variance of the data and the axial ratio b/a parameterizes the ratio of
polarisation carried by the orthogonal to the dominant direction (minor to major axis). The locations of two alternative ISP solutions
that have been examined (ISP A and ISP B; see Sect. [5.1)) have been marked with grey hexagons, but the data has not been corrected
for any ISP. There is a large change in the SN polarisation between the two epochs shown the large shift in the barycentre (Q, U),
which is independent of the ISP. Such large changes on the Q — U plane have rarely been observed for SN explosions.
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Fig. 19: The location of SN2018bsz on the AQ — AU plane,
where AQ = Q334 — Q102 and AU = Uszg4—Ujg,. As the change
is ISP-independent the values demonstrate the true change of the
polarisation. Barycenter of the shift is found at 0 = -1.32 and
U =-0.82.

cipal component analysis in order to estimate the direction of
maximum variance of the data, illustrated by the direction of the
major axis of an ellipse on the Q — U plane. In addition, the ax-
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ial ratio b/a of the ellipse (minor over major axis) parameterizes
the ratio of polarisation carried by the dominant and the orthog-
onal direction. A theoretical ratio of b/a = 0 would mean that
all polarisation is carried by a dominant axis, corresponding to
a perfectly axial symmetric geometry (Wang & Craig Wheeler]
2008). These ellipses have been drawn on Fig. [I8] where it can
be seen that both their origin, rotation angle and axial ratio has
changed.

A more detailed look at Figure[I6|reveals further differences
between the polarisation properties of the two spectra. The most
noticeable is the strong depolarisation at the location of the com-
plex Ha line at day +38.4. This is typical for strong emission
lines, but the effect is only mild at +10.2 days, confirming once
more that the possible contribution from He is limited at these
phases. In addition, we see a similar depolarising effect at the lo-
cation of O I and the developing Cam IR triplet at the red edge of
the FORS2 spectrum (see Sect. @), which is again not seen at
+10.2 days. The Ha profile at +38.4 days is shown in more de-
tail in Fig.[20]in velocity space. The depolarisation effect seems
to extend to v ~ —20000 km/s, mirroring the emission profile.

The blue part of the spectrum is depolarised in both epochs
by the presence of multiple lines. The average continuum polari-
sation, best measured between 5400 — 6200 A and above 7500 A
for the first epoch, is 1.0% + 0.1% (standard deviation) at +10.2
days. It is a bit higher at +38.4 days, reaching 1.2% + 0.1%, al-
though these absolute values depend on the ISP. To demonstrate
the effect of the ISP correction, the ISP corrected polarisation
spectra, normalised Stokes parameters Q and U as well as the
polarisation angles are shown in Fig. [A.T]for both ISP solutions.
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Fig. 20: P, Q and U for the Ha line at 38.4 d in velocity space.
Scaled Ha profiles are shown for clarity. A strong depolarisation
occurs across the emission line.

5.1. Interstellar polarisation: alternatives and implications

Interstellar polarisation (ISP) is caused by dust grains along the
line of sight and can significantly affect the polarimetric signa-
ture of a SN. Its presence is a constant nuisance for the deter-
mination of the intrinsic SN polarisation as there is no unique
and unambiguous way to estimate and determine it. [Stevance
et al.| (2020) provides an educative summary of methods that
have been employed in the past to estimate and remove ISP from
observations of SNe. There is no single method that is 100% re-
liable in our case. We therefore focus quantitatively on two alter-
natives for the ISP, neither of which we regard entirely convinc-
ing but they can be considered as two limiting cases. These two
alternatives are: ISP A) the SN is almost unpolarised (spherical)
in the first epoch, which means that the ISP is responsible for the
bulk of the observed polarisation at 10.2 days; and ISP B) that
the strongest emission line (Ha) observed in the second epoch
completely depolarises the spectrum and the observed polarisa-
tion is caused purely by the ISP. First, however, we discuss some
general considerations that constrain the ISP.

SN 2018bsz is found at a relatively low Galactic latitude of
+14°, resulting at moderate extinction along the line of sight
of E(B — V) = 0.214 (Schlafly & Finkbeiner|[2011). Using
Pisp < 9 X E(B — V) (Serkowski et al.|[1975) we obtain that
the maximum ISP contribution from the Galaxy could be up

to 1.93%, i.e. quite significant and not particularly constraining.
Unfortunately, there are no sufficient nearby stars in the Heiles
catalogue (Heiles|2000) that can be used to draw reliable con-
straints on the Galactic ISP. We only find one star within 3° with
a reported P ~ 1.2% but the angular distance from SN 2018bsz
is already large. A second star is found within 5° and this time
P ~ 1.9%. Statistics only become possible when increasing the
search radius to an angular distance of 6°, but now 3/6 stars are
consistent with negligible polarisation, while the other 3 present
a large spread in their values. Furthermore, all reported polar-
isation angles are different and we therefore consider this test
quite inconclusive. However, it does show that the Galactic ISP
could be significant towards SN 2018bsz, possibly of the same
order of magnitude that we measure. In addition, there could be
dust within the host galaxy of SN 2018bsz. |Chen et al.| (2021)
provide an extensive discussion on the subject, examining val-
ues ranging from E(B — V)uoe = 0.04 from Na I D absorption
(Anderson et al.[2018b) to E(B — V)post = 0.32 from the Balmer
decrement at the host galaxy. |Chen et al.[(2021) favour the lower
values E(B — V)host = 0.04 — 0.10 in their analysis, consistent
with the color temperature of the SN compared to other SLSNe.
Irrespective, supposing that the Serkowski relation (Serkowski
1973)) also applies to the host of SN2018bsz, there could also
be a significant ISP contribution from the host. Of course, we
cannot simply add the polarisation degrees Pisp from the Milky
Way and the host, as they can even cancel out depending on their
polarisation angles.

Another consideration on the ISP results from the fact that
the observed polarisation angle at 10.2 days is almost constant
with wavelength, if we ignore the C 1/ He region (Fig.[T7). Con-
sidering only the blue part of the spectrum (3800 < A < 6150) A,
we get a (weighted) mean polarisation angle of 6 = —3.5° +4.4°
(standard deviation). Considering also the red part of the spec-
trum (without Cn/Ha) we have 6 = —1.6° + 6.0°. Since the ob-
served polarisation is the superposition of multiple components
(the SN intrinsic polarisation and the ISP, which in turn poten-
tially consists of more components), this can be used to derive
some constraints on their relative position on the Q — U plane.
Two possibilities exist for the total ISP: i) the intrinsic polarisa-
tion of the SN at this epoch is approximately zero (the SN is al-
most spherical) and the bulk of the measured polarisation is due
to the ISP, which has a location approximately consistent with
the barycenter of the data on the Q — U plane (this is the same as
alternative A above); ii) the ISP has to lie on a “special” location
on the Q — U plane relative to the SN intrinsic polarisation, as
for most random locations the observed polarisation angle would
vary with wavelength, unless if the intrinsic polarisation of the
SN varied with wavelength in such a way that, when added to the
ISP, the wavelength dependence would cancel out. We consider
the last combination too contrived (see [Tanaka et al.[2009, for a
similar argumentation). Several such “special” locations exist on
the O — U plane: for example, the ISP could lie along the axis of
maximum variance (major axis of the ellipse in Fig.[I8), or even
on the orthogonal direction, as long as it is far enough from the
ellipse origin. This argument does not really help us determine
the exact value of the ISP, but it does impose some constraints
on its expected location.

We now examine the possibility that the SN is relatively un-
polarised at 10.2 days (ISP case A). Except for the fact that the
observed polarisation angle is constant with wavelength, this
is also motivated by the fact that other SLSNe-I have shown
low levels of polarisation around maximum light only increas-
ing later with time (Leloudas et al.|[2015a} [Inserra et al.|2016;
Leloudas et al.|2017). For simplicity, to study this case, we set
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ISP A to be exactly at the location of the barycentre on the Stokes
plane (Qisp = 0.90%, Uisp = 0.06%). This is illustrated with a
grey hexagon in Fig.[I8] Subtracting vectorially this ISP from the
data in both epochs, we obtain the intrinsic SN polarisation. Nat-
urally the average Q and U at 10.2 days become equal to zero by
construction. The continuum polarisation averaged over 5400 —
6200 A becomes 0.26% + 0.12% (a polarisation bias correction
has been applied). On the other hand, the distance of the second
epoch data to the origin increases, resulting in an increase of
the intrinsic polarisation to 1.81% + 0.15% at 38.4 days. In ad-
dition, the polarisation angle is —73.5° + 12.5° (where the large
standard deviation is mostly affected by the C 1/ Ha region). The
spectropolarimetry corrected for ISP A is shown in Fig. [A.T]

Another possibility, widely applied in SN observations, is to
use the depolarisation of the strongest emission lines and use
the minimum as an indication for the ISP. This is what we have
done for ISP case B, where we have used the minimum of the
Hea line at +38.4 days to “fit” a Serkowski law p(1)/pmax =
exp [-K In? (Aax /)], where Pmax 1S the maximum polarisation
at wavelength A« (Serkowski||1973). In practice this is not a
real fit as we only consider a very limited wavelength range and
we therefore fix Apn.x = 5500 A and and K = 1.15 (Serkowski
et al|[1975) to obtain py.x = 0.56%. Assuming 6isp = —57.4°
(determined again from the minimum of He) it is possible to de-
termine Qisp and Uisp and subtract it from the two datasets to
obtain the intrinsic polarisation at the two epochs. The “ISP B”
solution has been plotted in Fig. [I6]together with the data of the
second epoch. It can be seen that, although this ISP has been
derived solely from He, it is also consistent with the minima of
other emission lines, such as HB and O L. It is therefore an ac-
ceptable solution. In addition, the location for Qigp = —0.23%
and Uisp = —0.50% (referring to 5500 A) is also shown in Fig.
The value can be assumed to be constant since the ISP B so-
lution is almost flat over the wavelength range in Fig. [I6]due to
the small value of pn.x. We observe that indeed ISP B does lie
in a “special” location on the Q — U plane, i.e. it happens to be
along the minor axis of the ellipse describing the data variance,
justifying the expectation above. In this second case, however, it
is the first epoch that ends up having the largest intrinsic polar-
isation, i.e. P = 1.36% + 0.12%, while at 38.4 days we get an
average P = 0.66% =+ 0.14% (these numbers always refer to the
wavelength range 5400 — 6200 A and the uncertainty is the stan-
dard deviation). In this case, the degree of asymmetry is there-
fore larger in the first epoch. The ISP B corrected spectropo-
larimetry is shown in Fig. [A.T] However, we note that for this
ISP determination method to work, the emission lines need to
completely depolarise the spectrum. At the relatively early phase
this spectrum was obtained (the spectrum is still mostly photo-
spheric and the ejecta optically thick), we have serious doubts
on whether this can be the case. Furthermore, from spectroscopy
considerations alone (the Ha profile), we expect more significant
asymmetries in the second epoch. For this reason, we do not con-
sider the ISP B case to be very likely, but it is a viable limiting
case, useful for our discussion. The same applies perhaps to ISP
case A but this study allowed us to get an idea of the polarisation
levels involved and the possible ranges for both epochs.

Irrespective of the true value of the ISP, what remains most
important is the strong evolution observed in the polarisation
properties of SN 2018bsz between 10.2 and 38.4 days. The ISP
does not evolve with time and therefore this evolution must be
intrinsic to the SN. Case A ISP corresponds to transitioning
from an ejecta-dominated phase, with an almost spherical pho-
tosphere, to a CSM-dominated phase with strong asymmetries.
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Case B ISP corresponds to transitioning from a photosphere that
is already highly aspherical (possibly ellipsoidal, e.g. [Hoflich
1991} [Inserra et al.||2016) to a CSM-dominated phase that is,
however, overall more spherical. As argued in this section we
consider the first possibility more reasonable of the two, but the
truth may lie somewhere in between.

5.2. Loops on the Q — U plane

We have investigated whether the profiles of different lines
present any particular structure on the Stokes Q — U plane. We
have found evidence that the C 1 profiles form loops as a func-
tion of wavelength, with the strongest being for 16580, 17234
(Fig.[2T). The presence of such loops is extensively discussed by
Wang & Craig Wheeler| (2008) and recent modelling has shown
that they are a natural product of clumpy ejecta (see e.g.|Cikota
et al.[[2019). We therefore conclude that the C lines that dom-
inate the early spectrum of SN2018bsz, and by extension of a
few other SLSNe, are formed in clumps of material in the outer
ejecta.

There is less evidence for organised structure in the lines
dominating the spectrum at +38.4 days. The only lines with
some possible effects are Mg 1 14481 and O I A7774. The profile
of these lines, as well as those of other dominant lines at +38.4
days (including He) are shown in Fig.[22]

5.3. Comparison with other SLSNe

There have so far been few polarimetric observations of SLSNe-
I. These include LSQ14mo (Leloudas et al.|2015a), SN 2015bn
(Inserra et al.[2016; |Leloudas et al.|2017)), PS17bek (Cikota et al.
2018), and SN 2017egm (Bose et al.|[2018}; [Maund et al.|[2019;
Saito et al.|2020) using linear polarimetry (circular polarimetry
has been obtained for the additional OGLE16dmu by |Cikotal
et al.[2018)). The evidence collected to date can be summarised
by the following conclusions: i) SLSNe show typically low lev-
els of polarisation around maximum light consistent with spher-
ical ejecta at these phases; ii) When followed at later phases po-
larisation seems to increase revealing a higher level of asymme-
try in the inner layers. The first fact lends support to the case
ISP A versus ISP B for SN 2018bsz. If true, this would mean
that the CSM-dominated photosphere at 38.4 d would be highly
asymmetric for SN 2018bsz (P ~ 1.8%).

Spectropolarimetry has only been collected for SN 2015bn
and SN 2017egm. For these SNe, although the polarisation de-
gree increased with time, the polarisation angle did not change
considerably leading [Inserra et al.| (2016) and [Saito et al.
(2020) to propose an axisymmetric configuration for these
SLSN-I, which was retained during their evolution. SN 2015bn
and SN 2017egm, however, were rather “ordinary” SLSN-L
SN 2018bsz is a unique SN also in its polarimetric properties.
The large shift observed in the Q — U plane for SN 2018bsz has
certainly not been observed for SLSNe-I and highlights a dra-
matic change between 10.2 and 38.4 days. This change is consis-
tent with the sudden appearance of CSM interaction and change
in the sky-projected geometry. In fact, such large changes have
rarely been observed for other types of core-collapse SNe, in-
cluding SESNe. It is not a surprise that one of the few compara-
ble changes we have observed for past SNe, were for the Type
IIb SN 2001ig, which demonstrated a ~ 40° rotation attributed
to a shift between a nearly spherical hydrogen shell and an as-
pherical helium core (Maund et al.|2007).
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Fig. 22: Same asfor Mg 24481, HB, He1 45876, Ha and O 1 17774 at 38.4 d.

6. Discussion

In the previous sections we have presented an in depth analysis
to the spectroscopic and spectropolarimetric characteristics of
Type I SLSN 2018bsz. The SN appears to be similar to SLSNe-I
as its spectral timeseries exhibits several features commonly as-
sociated with them. However, the presence of multi-component
hydrogen emission lines mirrored by Her1 and Car clearly sets
it apart from the diverse population and even in comparison
to SLSNe-I with late H emission SN 2018bsz appears unique.
Therefore, it seems reasonable to assume that the hydrogen is
external to the SN and is located in the CSM. The assumption is
further supported by the fact that especially the Hao emission ap-
pears to be similar to some Type IIn SNe and that late-time NIR

entail abundant dust formation (Chen et al|2021) typically as-

sumed to occur in regions of strong CSM interaction (see e.g.

2017, for review). Therefore, the following discus-

sion will concentrate on the nature, location and geometry of
the CSM structure around SN 2018bsz.

6.1. Observational Constraints for the CSM

The CSM emission appears in form of Balmer emission lines at
~ 25 d post-maximum. From the beginning, He exhibits two dis-
tinct components, one found at an offset of ~ —7500 km/s and the
other at ~ 3000 km/s. The red component is found to be broad
(FWHM 3 10000 km/s) with a clear Lorentzian shape, while the
blue component is significantly narrower (FWHM ~ 5000 km/s)
with a profile well matched with both Gaussian and Lorentzian
fits. The blue component also appears to be present as faint emis-
sion from the time of first spectrum at —8.1 d (see Fig. [5). The
two components likely imply two distinct emitting regions, one
moving towards and one moving away from the observer. The
clear difference in the line widths implies that emission from the
red component undergoes significantly more electron scattering
in the line of sight in comparison to the blue component. By
74.5 d post-maximum a third, central component has appeared
(albeit the feature could have occurred earlier but could not be
probed due to a gap in the X-Shooter observations). Due to rea-
sonably high width (FWHM ~ 3000 km/s) the line emitting re-
gion either has a moderate velocity dispersion despite the low
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central velocity (i.e. reasonably high expansion velocity to per-
pendicular direction from the line of sight) or the line has been
scattered significantly.

At around 100 d post-maximum the multi-component He
profile undergoes several changes. First the blue component
starts to fade quickly after 93.1 d. By 107.6 d the component is
significantly suppressed and by 121.3 d it is no longer visible. In-
triguingly, the loss of the blue component appears to be coupled
with the clear skewing of the red component as by 121.3 d the
entire blue part of the profile is missing (see Fig. d). Intuitively
the two must be linked together and explained by the same phys-
ical process — absorption in the line of sight. However, such a
configuration might be difficult to create. The components likely
originate in two distinct physical locations travelling to oppo-
site directions. For any absorbing body to affect both, it would
have to be in front of both emitting regions in a way that only
the far-side (i.e. higher velocity) of the red component would be
unaffected. Effectively the absorbing body would thus have to
cover almost — but crucially not fully — the whole SN. At the
same time it can not hide the observed central component. Such
a combination of observables might be difficult to explain with a
single absorbing region.

Furthermore, the nature of the hypothetical absorbing mate-
rial might also be an issue. The only realistic possibility for sud-
denly increasing absorption would be the emergence of dust. As
discussed by |Chen et al.| (2021) dust is seen around SN 2018bsz
at > 200 d post-maximum, but the 100 d gap in the observa-
tions (due to solar occultation) makes it impossible to identify
when the dust first appeared. However, for the dust to be the
absorber it would have to cause a visible difference in the evo-
lution of He and Pag when none is seen at 74.5 d or 121.3 d
(see Fig.[7). Therefore, the late evolution of the blue component
is likely caused by some other physical mechanism than absorp-
tion.

On the other hand, the disappearance of the blue component
at ~ 100 d coincides with a break seen in the optical light curves
as demonstrated in Fig.[23]and the concurrent changes are likely
related. The spectra evolve only a little between ~ 25 d (when
the CSM interaction lines appeared) and ~ 90 d, so the spec-
tral changes between 93.1 d and 121.3 d stand out (see Fig. [I).
Not only do the blue emission components of He, Cam and He1
lines fade away, but so do also some prominent absorption lines
such as Can H&K. While the spectrum at 121.3 d is clearly not
yet nebular, it seems to be evolving towards it. It appears that at
~ 100 d the photosphere started to recede faster than before, re-
sulting in both the light curve break and in the observed spectral
evolution. This is likely caused by a physical mechanism that
stopped or at least slowed down the receding photosphere and
held it roughly in place radially until ~ 100 d, thus producing
the light curve “plateau”.

While the magnetar scenario has often been discussed as
the cause of the long-lived light curves of SLSNe-I (see e.g.
Kasen & Bildsten|2010; Inserra et al.[2013; [Nicholl et al.|2017),
the evolution of the plateaus seen in Type IIP SNe resemble
SN 2018bsz the most. For a Type ITIP SN the plateau occurs as the
shocked H-rich ejecta remains optically thick until the hydrogen
recombines. As the ejecta expands, each layer eventually passes
through the recombination “front” becoming optically thin in the
process. Once all of the hydrogen has recombined the optical
depth of the ejecta suddenly decreases causing the photosphere
to recede radially. In an analogue the post-maximum plateau in
SN 2018bsz could be caused by optically thick, H-rich CSM that
is located inside the photosphere. In case a significant portion
of the CSM has completely emerged from the photosphere by
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Fig. 23: GROND g’, , i’and 7 absolute magnitude light curves
of SN 2018bsz (Chen et al.|2021)) in comparison to the integrated
luminosity of the blue Ha component (BC). The blue component
becomes fainter simultaneously with the light curve at ~ 100 d.
The Ha luminosities were estimated based on the Gaussian fits
described in Sect. [3.2] At 121.3 d no emission component was
seen and the stated value is a 20- upper limit for the non-detection
shown with a downward triangle. Note that the axis scales are set
so that 2.5 mag = 1Log(L).

~ 100 d, this would result in the photosphere suddenly reced-
ing faster explaining the drastic changes in the light curves and
the spectra. As the red component still persists at 121.3 d, the
emerged CSM would have to be on the near-side of the SN ex-
plaining the sudden disappearance of the blue component. As
the emission is originating in optically thick CSM, the compo-
nent would likely fade quickly after the CSM re-emerged from
the photosphere.

While such a scenario gives a reasonable description for the
break in the light curve and the sudden fading of the blue com-
ponent as well as the whole spectral evolution, it does not ex-
plain why the blue-side of the red component is suppressed in
the late spectra. As discussed above, absorption seems like the
only mechanism capable of hiding it with the blue component
and — as the scenario seems unrealistic — the two features are un-
likely related. Therefore, the apparent skewing of the red com-
ponent must be caused by some other physical mechanism. One
possible explanation is related to the significant electron scat-
tering the red component clearly undergoes. In certain condi-
tions an emission from a body of gas can be significantly skewed
as the emission from the near-side of the body is scattered less
or not at all, while the emission from the far-side has to scat-
ter several times before escaping. As a result the red-end of the
profile exhibits an extremely long tail, while the blue-end ap-
pears to be significantly narrower in shape — exactly as seen for
SN 2018bsz at 121.3 d. Such profiles have been investigated for
instance by Roth & Kasen!(2018)), who analysed line shapes aris-
ing from emission in hot, outflowing gas optically thick to elec-
tron scattering. While their models were created for tidal disrup-
tion events (TDEs) they clearly demonstrated that such skewed
profiles exist. However, for SN 2018bsz more appropriate com-
parison might be the scenario presented by [Taddia et al.| (2020)
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fo type IIn SN2013L. They demonstrate that emission from a
spherical CSM shell naturally generates a similar skewed pro-
file. Under this scenario the far-side of the shell is not visible
and the strong scattering is occurring on the sides of the shell.
The peaks of the skewed profiles are blueshifted due to the na-
ture of the scattering: emission from the near-side (i.e. higher
velocity/blueshift) of the emitting body is scattered less, while
emission from further away is both redshifted more intrinsically
and scattered more on the way. In SN 2018bsz the situation is
slightly different as we have already assumed that the red com-
ponent is arising from receding material. As the red component
is found at significantly lower velocity than the blue one (see Fig.
[3), the component could easily be blueshifted by such scattering
explaining at least some of the velocity difference. Furthermore,
as it is clear that the red component is affected by significant
electron scattering such a scenario does seem to have merit in
explaining why the profile appears to be skewed in the late spec-
tra. However, here it is important to note that at 32.7 d and 38.5d
the red component appears to have a symmetric profile with an
overlaying, comparatively faint blue component as shown in Fig.
M] If we assume that the component was truly symmetric to begin
with, it would have had to become skewed during the evolution
suggesting that something changed in the scattering or emitting
region. This could be related to an increasing amount of the CSM
region becoming geometrically visible as the ejecta-driven pho-
tosphere recedes, but determining the cause of the skewing likely
requires radiative transfer modelling and is outside the scope of
this paper.

Finally, the complex CSM structure cannot block the emis-
sion from the ejecta i.e. both the ejecta and the CSM have to be
visible at the same time. While some typical ejecta lines (e.g.
Ca II) appear to have similar emission profile to the He, sev-
eral lines of e.g. Mg and Fe clearly resemble the ones seen in
normal Type Ibc SNe and SLSNe-I i.e. they are not significantly
scattered or obstructed during the evolution. In the following we
discuss some potential configurations of both CSM and ejecta
that could naturally explain the observables.

6.2. CSM configuration
6.2.1. Spherical CSM

Spherical CSM is often discussed in relation to interacting SNe
due to its simplicity even if it might not be always realistic. How-
ever, for SN 2018bsz this scenario might be applicable as such
a configuration has been suggested for the Type IIn SN 2013L,
which has similar line evolution as SN 2018bsz (see Fig. [I3)) by
Taddia et al.| (2020). As mentioned above, in their scenario lines
emerging from a geometrically thin but optically thick shell be-
hind the SN shock can explain the observables. The main emis-
sion component is a skewed one with a blueshifted peak but very
extended red tail. The blue-side of the component would be emit-
ted from the near-side of the shell as it is expanding at a rea-
sonable velocity, while the emission from the sides of the shell
would undergo more electron scatterings producing the red tail.
In their model |Taddia et al.| (2020) also add a central emission
component emitted from unshocked, optically thick CSM out-
side the shell and a narrow P Cygni profile from optically thin
CSM even further from the SN explosion. However, SN 2013L
did not exhibit a red Ha peak — unlike SN 2018bsz and the other
two IIn SNe presented in Fig. |15} The absence of the red compo-
nent is an important difference and questions whether such a sce-
nario can be applied directly to SN 2018bsz. Redshifted emission
naturally requires emitting material receding from the observer.

But in the [Taddia et al.[(2020) spherical CSM model, the emit-
ting shell would block the emission from the receding side and
the red peak would not be visible. A spherical CSM shell would
therefore have difficulties explaining the multi-component lines
seen in SN 2018bsz.

An alternative scenario could be related to a highly aspher-
ical (bipolar) explosion inside a roughly spherical CSM. In this
case, the ejecta swept-up CSM would be asymmetric and would
emit strongly thus generating the observed blue and red compo-
nents. However, as discussed earlier the multi-component emis-
sion lines are assumed to be indicative of aspherical CSM. Ad-
ditionally, the emission geometry shift seen in the spectropolari-
metric observations is difficult to explain under a such scenario
(see Fig.[T8] The emission locations would have to remain in the
region of the ejecta-CSM interaction and thus there is no reason
to assume that the geometry would significantly change. While
there is uncertainty on the amount and direction of the ISP, that
alone cannot explain why the shift on the Q — U plane would
occur. Therefore we disfavour any highly aspherical explosion
scenario for SN 2018bsz.

6.2.2. Disk-like CSM

To explain the peculiar spectral evolution of the Type IIn
PTF11igb and SN 1998S, [Smith et al.| (2015) presented a sce-
nario with a disk-like CSM structure surrounding the SN ex-
plosion. The CSM disk is quickly enshrouded by the expand-
ing ejecta hiding any CSM emission lines and giving rise to a
typical ejecta spectrum. As the ejecta photosphere eventually
starts to recede, the CSM disk re-emerges producing the promi-
nent multi-component emission lines. Therefore, given the vi-
sual similarity of the Ha profile of SN 2018bsz in comparison to
PTF11igb and SN 1998S (see Fig. it seems plausible to as-
sume that a similar physical scenario could apply to all of them.
As the SNe are obviously different, we have tailored the scenario
to suit the properties of SN 2018bsz better. The main difference
is that we assume a H-poor progenitor star to explain the SESN-
like spectra. The scenario is presented in Fig. 24] as a four-stage
illustration visualising the sequence of events most important to
understand the spectral evolution of SN 2018bsz.

In panel a) we provide a schematic of the system before
the SN explosion. Note that in the cutout the CSM disk is de-
scribed with symmetric cones for simplicity. Panel b) refers to
days from ~ —10 to ~ 25 d i.e. the phase before the prominent
multi-component He appeared. At this stage the rapidly expand-
ing ejecta has already overtaken at least a significant part of the
CSM disk and the photosphere is ejecta-driven. As described by
the 2D hydrodynamic models of [McDowell et al.|(2018)), in such
situation the ejecta flows around and engulfs the disk hiding the
CSM emission. The only exception is the blue component of Ha
which is possibly present as faint emission from the time of the
first spectrum. As the CSM on the near-side of the explosion
is travelling towards the observer the related blue component
should appear before the red one. As it is likely accelerated to
similar velocity as the ejecta, it is possible that some part of the
CSM is visible from the beginning. Note that while the ejecta is
described as a sphere for simplicity, this does not need to be the
case in reality. In panel c) we present the system at a stage when
the blue and red emission components of the CSM — most promi-
nent for Ha — are visible (from ~ 25 to ~ 100 d). By this stage
the ejecta-driven photosphere has receded enough for the CSM-
disk to re-emerge from both sides of the explosion and to become
geometrically visible for the observer. Based on the light curve
plateau the photosphere seems to be held at least roughly in place
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c) 25 to 100 d: CSM-driven photosphere
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Fig. 24: Tllustration of the physical evolution of SN 2018bsz as-
suming a scenario of disk-like CSM surrounding a H-poor star.
Observer is assumed to be on the left as marked in the first
panel. a) System before the explosion. b) Upon the explosion
the ejecta quickly overtakes a significant part of the disk hid-
ing the CSM emission lines. Only the faint blue component is
possibly present. ¢) As the ejecta photosphere recedes, the CSM
starts to re-emerge and multi-component emission becomes visi-
ble. At this stage the photosphere is CSM-driven. d) CSM on the
near-side has completely re-emerged causing the photosphere to
recede and the blue component to fade. Note that CSM disk is
represented with cones and ejecta with a sphere for simplicity.

The Photosphere is marked by dashed red line.
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at this epoch, indicating the influence of the CSM. As such the
photosphere is now CSM-driven and stretching to follow it as
shown in Fig. The schematic also provides a plausible ex-
planation for the width of the red component: the longer travel
distance through the SN ejecta likely results in more scatterings
in comparison to the blue component. Finally, by ~ 120 d pre-
sented in panel d) the blue component of Ha has completely dis-
appeared. As it fades simultaneously with the light curve break,
they are both likely related to the evolution of the photosphere
on the near-side of the SN. As discussed in Sect.[6.1] the CSM is
no longer providing opacity thus resulting in a rapidly shrinking
photosphere. However, as the red component is still prominent
the photosphere has to still linger on the far-side of the explo-
sion. This could possibly imply that the disk-like CSM is also
“clumpy” and material is not evenly distributed in the CSM disk.
The lingering red component could thus be explained by a larger
amount of CSM on the far-side of the SN as suggested by |Smith
et al.| (2015)) to explain the observed difference in the brightness
of the multiple He components in PTF11igb.

The schematic presented in Fig. 24] is a simplistic repre-
sentation of how the scenario of a disk-like CSM can gen-
erate the main observables of the spectroscopic evolution of
SN 2018bsz. However, it does not touch one crucial feature —
the third He component. While the component appears to be
reasonably broad (~ 3000 kmy/s), the width can be explained ei-
ther by velocity dispersion or by electron scattering. The compo-
nent could for instance be emitted from some CSM significantly
further away from the SN. Under such an idea, the component
would appear only when it has been shock-ionised which — de-
pending on the distance — could occur after the red and blue com-
ponents appeared. If we assume the central component appeared
at 70 d post-maximum i.e up to 130 d after the explosion and
assume a constant ejecta velocity of 15000 km/s from the Can
absorption, the body of CSM would be found at ~ 11 x 10" cm.
Similar values were for instance estimated by Yan et al.| (2017)
for the three iPTF SLSNe-I with late hydrogen emission (9 —
40 x 10" cm). Whatever the cause for the central component
is, the multi-component He emission requires several emitting
CSM regions.

Further supporting evidence for the enshrouded aspherical
CSM is provided by the spectropolarimetric observations, which
probe phases b) and c¢) in Fig.[24] as the proposed scenario pro-
vides an intuitive explanation for the observed geometry shift of
the emitting region (see Fig. [I8] and related discussion in Sect.
[3). At the time of the first FORS2 epoch at 10.2 d the spectrum is
dominated by the Cu features, with only a faint presence of the
CSM in form of the blue component of Ha. At this epoch it is
clear that the photosphere is still ejecta-driven and any observed
polarisation is related to the inherent geometry of the ejecta, i.e.
the explosion itself. However, by 38.4 d the red and blue compo-
nents of Ha (and e.g. Cam H&K) are prominent which — under
the discussed scenario — indicates that the location of the photo-
sphere is dictated by the CSM. Unless the photosphere at these
two phases appeared to be similar on the sky, there is no reason
to assume the geometry would be the same. Thus the scenario
provides an natural explanation for the seen geometry shift and
supports such scenario.

Under the scenario proposed in Fig. [24] the CSM has to be
located physically close to the progenitor star to be overtaken by
the ejecta before the time of the first spectrum (—8.1 d). Given the
known ejecta velocity (15000 km/s from Can H&K absorption)
it is possible to estimate how close to the progenitor the bulk
of the CSM had to be. The light curve of SN 2018bsz shows a
long 60 d rise split in two phases as described in|Anderson et al.
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(2018b)). First the light curve rises slowly for ~ 40 d forming a
“plateau” until at about 20 d pre-maximum the rise rate suddenly
increases. Assuming both phases are related to the SN, the first
spectrum is taken ~ 50 d after explosion. As a result virtually all
of the CSM have to be closer than ~ 6.5 x 10" cm (430 AU).
As the value is just an upper limit in reality the bulk of CSM
is like residing closer. In case the pre-maximum plateau is not
related to the SN (i.e pre-explosion behaviour) the time from the
explosion to the first spectrum is ~ 10 d and the CSM would
have to be closer than ~ 1.3 x 10 cm (87 AU).

If the CSM is created by a stellar eruption, these distances
can be used to estimate the time of the eruption with respect
to the SN. The only SLSN-I for which the CSM velocity has
been directly estimated is iPTF16eh, ~ 3000 km/s (Lunnan et al.
2018b). While the velocity is high in comparison to a typical stel-
lar wind (few hundred km/s), similar velocity has been found for
1840 eruption of 1 Car (3000 — 6000 km/s; |Smith|[2008). More-
over, such velocities can be a result of pulsational pair instability
(PPT; e.g. [Woosley et al.|2007) eruptions (Woosley|2017). As-
suming the velocity of iPTF16eh, the ejected CSM would reach
the distance of ~ 6.5 x 10!% c¢cm in ~ 250 d. However, if the
pre-max plateau is not related to the SN, the time would be re-
duced to ~ 50 d. The latter estimate is close to the duration of
the plateau itself (~ 40 d; Anderson et al.[[2018b). This may
imply that the plateau is caused by a mass eruption in the star
just prior to the SN. Such pre-explosion behaviour has been dis-
cussed especially in relation to Type IIn SNe exhibiting non-
terminal stellar eruption known as SN impostors (see e.g. [Pas-
torello & Fraser|2019). While several Type IIn SNe have shown
significant brightening just before the assumed SN explosion
(e.g. SN 2009ip; [Pastorello et al.|2013}; Mauerhan et al.|2013a;
Fraser et al.|2013a; Margutti et al.|2014), the outbursts are typ-
ically fainter than M = —16 in optical bands. Therefore, if the
pre-maximum plateau of SN 2018bsz was caused by an eruption
it would have to be exceptionally bright.

The ejecta velocity and the highest measured HV Ha veloc-
ity (~ 9000 km/s) can also be used to estimate the the largest
possible viewing angle from the pole. Assuming that the CSM
was accelerated to the ejecta velocity and we see it at a lower
velocity only due to the projection, we find that the viewing an-
gle is ~ 37°. In case the “absolute” CSM velocity is lower the
angle would be larger, but even if we assume a low CSM veloc-
ity of 10000 km/s the angle would still be ~ 65°. These values
are all in the expected ballpark as no red component would be
clearly seen if the disk was viewed edge-on and no clearly sepa-
rate components would be seen face-on.

Finally, it is of interest to discuss the observed Hert and Can
lines in context of the CSM scenario. As there is strong similarity
between the H, He and Ca emission line profiles it seems natural
to assume the lines originate in the same physical region i.e. in
the CSM rather than the ejecta. While helium is not always de-
tected in Type IIn SNe, there are several cases where prominent
lines are seen alongside hydrogen throughout the spectral evo-
lution (i.e. SN 2005ip and SN 2006jd; |Stritzinger et al.[[2012).
On the other hand, Type IIn SN2013L - that also had multi-
component hydrogen profiles — exhibited Cam lines similar to
Ha. While|Andrews et al.|(2017) stated that the Can NIR triplet
arises in the fast ejecta or at the location of the reverse shock,
Taddia et al.|(2020) argues that the similarity of the Cam and Ha
profiles means that the calcium emission must be coming from
the same region as the Ha (i.e. CSM). Thus, it is plausible that
at least some helium and calcium would be found in the CSM
with hydrogen. The key difference between the line profiles is
the absence of the central component for Can H&K and He1

A5876, clearly present for the NIR lines of both elements. This
possibly implies that the emitting region of the central compo-
nent has different physical conditions in comparison to the blue
and red regions. For instance, perhaps a different temperature or
density of the region could explain the absence of the bluer lines.
Lastly, it is worth to remember that the He1 and Can appear to
be accompanied by blueshifted absorption. As this implies mate-
rial flowing directly towards the observer and as Balmer lines do
not exhibit clear absorption features, the He1 and Can absorp-
tion lines likely originate in the ejecta. As such both calcium and
helium appear to exist both in the CSM and in the ejecta.

6.3. Progenitor

As discussed in the previous sections, a disk-like CSM struc-
ture surrounding SN 2018bsz at close vicinity seems to pro-
vide a reasonable description for significant part of the pecu-
liar observables. Now of course the question is if that kind of a
CSM is physically feasible. Given the spectroscopic similarity
of SN2018bsz and SESNe, the progenitor scenarios discussed
in the context of SESNe might be viable. In principle, there are
two alternative scenarios proposed in the literature: single Wolf-
Rayet (WR) stars and stars in binary systems. While the lack of
of discovered progenitors seems to disfavour the bright WR stars
as the progenitors (Eldridge et al.[2013)) it is not clear if they can
be disregarded — especially for the SLSNe-I. Even the only de-
tected progenitor of a SESN — that of Type Ib iPTF13bvn (Cao
et al.| 2013}, [Folatelli et al.|2016) — has been discussed both as a
single WR star (Groh et al.|[2013) and as a star in a binary sys-
tem (Bersten et al.|2014). Thus both scenarios could potentially
be applicable to SN 2018bsz as well. For a review of the SESNe
progenitor discussion see e.g. [Smartt| (2009) and [Van Dyk et al.
(2018). In the following we discuss the merits of both scenarios
in the context of SN 2018bsz.

6.3.1. Single, rapidly rotating star

The only way for a single star to create surrounding CSM struc-
ture is through some kind of mass loss i.e. wind or stellar erup-
tions. Such mechanisms are supported by discovery of several
Type IIn SNe progenitors. One avenue to create highly aspher-
ical CSM such as a disk or a torus, is for the progenitor star to
be rapidly rotating. A famous example of such systems are the
very rapidly rotating Be stars that form equatorial “decretion”
disks of CSM via poorly understood mechanism (for review see
e.g.[Porter & Rivinius[2003;|Carciofi[201 1} Rivinius et al.|2013).
While it is not clear if such a H-rich CSM disk is likely to exist
around a H-poor star — as required for SN 2018bsz — Be stars
clearly demonstrate that creating such a disk is physically possi-
ble for a single star. One caveat for such a scenario is the inho-
mogenous CSM distribution implied by the luminosities of the
different Ho components. As discussed by [Smith et al.| (2015),
creating a CSM disk with an azimuthal asymmetry is difficult
for a single, rotating star and the system might have to be rather
unique. In Sect. [6.2.2] we mention the possibility that the pre-
maximum plateau of SN 2018bsz could be caused by an high-
velocity pre-explosion eruption. Such a violent ejection from a
rotating star could possibly be able to create a aspherical CSM
structure that satisfies the observational requirements.
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6.3.2. Binary system in mass transfer

In addition to a single star, a binary system in mass transfer could
also be the cause of the highly aspherical CSM (see e.g. Smith
et al.[2002). Under this scenario, the progenitor is assumed to be
an evolved, massive star that has lost its H (and potentially He)
shells to the the companion star during the binary evolution. The
external disk-like CSM structure could arise from the mass trans-
fer in the binary system. Such CSM nebula have been observed
for one close-by binary system: RY Scuti. While RY Scuti is the
only binary system caught in the middle of a brief mass trans-
fer episode (Smith et al.[|2002, [2011}; |Grundstrom et al.2007), it
clearly demonstrates that such aspherical and asymmetric CSM
(i.e. clumpy disks) can be created by binary interaction. Fur-
thermore, Smith et al.| (2015) compares the line profiles seen in
RY Scuti to the Ha in PTF11igb and concludes that they are very
similar in shape — with the difference that in RY Scuti the mea-
sured velocities are < 100 km/s. In case an evolved massive star
with little or no hydrogen were to explode inside CSM nebula
similar to that of RY Scuti, the spectral timeseries would likely
be similar to SN 2018bsz.

One major question on such a scenario is which star acts
as a donor. As for RY Scuti the majority of the CSM is found
within ~ 1000 AU while the stars are measured to be separated
by 0.66 AU (Smith et al.|2002} 2011), it is clear that either of the
stars could in principle be responsible for the CSM. The same
conclusion applies also to SN 2018bsz as we estimated that the
CSM is concentrated within 430 AU. In case the progenitor star
created the CSM structure, the star would have had to lose vir-
tually all of its remaining hydrogen during the last mass transfer
episode and explode before the CSM dissipated. Alternatively,
the companion star could also be responsible. While the H-rich
CSM composition would be easier to explain under this channel,
the companion would have had to first accrete material from the
progenitor and then start donating some back before the progeni-
tor exploded. As both of the channels require a time-constrained
sequence of events, it is difficult to determine which is more rea-
sonable.

6.3.3. Stellar Merger

Common envelope mergers of massive stars are also discussed
creating highly aspherical CSM “rings”. Most notably a merger
scenario has been suggested to explain the triple ring CSM
system seen around SN 1987A (Morris & Podsiadlowski|[2007,
2009), but the merger is also the favoured scenario to produce
its blue supergiant (BSG) progenitor (Menon & Heger| 2017).
In the merger scenario, the merged star sheds its excess angu-
lar momentum through equatorial outflow producing a ring-like
structure around the star. As the progenitor of SN 1987A was a
BSG —i.e. H-rich star — and as similar CSM structures have been
seen around other BSGs (see e.g.|Smartt et al.|2002; [Smith|2007;
Smith et al.[2013}|Gvaramadze et al.|2015), the 87A-like merger
is unlikely directly applicable to SN 2018bsz due to its H-poor
nature. However, as the CSM configuration is similar to what we
have envisioned for SN 2018bsz, it is possible that some kind of
a stellar merger could be responsible.

A key consideration of the merger scenario is that the time
delay between the merger and the SN affects the observed spec-
tral signatures. In case of SN 1987A, the CSM rings ejected
20000 yr before the SN (Crotts & Heathcote|2000) are found rel-
atively far (~ 6 — 20 x 10" cm;|Sugerman et al.[2005; Tziamtzis
et al.|2011)) and the photospheric spectra were dominated by the
ejecta. However, as the merger process of SN 1987A included
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a non-equatorial envelope ejection that eventually created the
outer rings before the equatorial shedding (Morris & Podsiad-
lowski[2007,|2009), it is likely that if the star had exploded soon
after the merger, the CSM emission would have been present. In
fact, |Pastorello et al.| (2019) mentions the possibility that Type
IIn-P SN 201 1ht (spectroscopically IIn, but exhibits a light curve
plateau; [Roming et al.|2012; |Mauerhan et al.[[2013b) could be a
SN that occurred only ~ 300 d after a common envelope ejec-
tion (potentially followed by a merger) that was faintly detected
at the time (Fraser et al.|2013b). The CSM-dominated spectra of
SN 2011ht then arose from the ejected material. However, it is
important to note that the nature of SN 2011ht is under discus-
sion and an eruption from a massive star has also been suggested
(e.g. Mauerhan et al.|2013b; Smith|2013} [Fraser et al.|2013a)

For SN 2018bsz we have estimated that the CSM is close to
the SN (5 6.5 x 105 cm). In case a significant non-equatorial
ejection related to a merger was present around SN 2018bsz it
would likely create features visible in the spectral timeseries.
One possibility is that, assuming the ejected material is fur-
ther away than the equatorial ring (as implied by the larger dis-
tance of the outer rings in SN 1987A; [Tziamtzis et al.[[2011),
the ejection could be related to the delayed central Ha compo-
nent of SN 2018bsz that would appear upon shock heating of
the CSM. To conclude, while a merger is possibly applicable to
SN 2018bsz, the suggested scenario would have to successfully
explain the combination of close-by H-rich CSM and H-poor
explosion in a way that the SN itself is observable and not en-
shrouded by the CSM.

While there are several open questions regarding the progen-
itor system of SN 2018bsz, it seems physically feasible for both
a single star and a binary system to produce the needed kind of
CSM structure. Here we have only provided brief description of
a few progenitor scenarios and it is important to note that alter-
native ways to produce inhomogenous CSM disk likely exist and
SN 2018bsz does not need to be explained by the ones presented
here.

6.4. Implications for Type | SLSNe

In the previous sections we have demonstrated that while
SN 2018bsz exhibits several hallmark features of SLSNe-I it
also shows clear signatures of CSM interaction setting it apart
from the diverse population. However, SN 2018bsz is also dif-
ferent from SLSN-II, despite the similar, late photospheric spec-
tra (see Fig.[T4). As such SN2018bsz is spectroscopically be-
tween SLSNe-I and SLSNe-II, possibly indicating a continuum
between the two classes. Furthermore, the long pre-maximum
plateau (Anderson et al.[|2018b) and significant dust formation
at late times (Chen et al.[2021)) are highly atypical for SLSNe-I.
Therefore, the key questions to ask are how does SN 2018bsz fit
in the midst of SLSNe-I and whether the CSM interaction alone
can explain the peculiarity of SN 2018bsz?

While the five SLSNe-I with broad Balmer emission (see
Fig. [I4) are diverse in observables, they do appear to have
quite remarkable similarities. As already stated in Sect. {.1]
PTF10aagc exhibits strong Cu features similar to those of
SN2018bsz but the typical SLSN-I O “w”-shaped absorp-
tion feature is found at visibly lower velocity than typically in
SLSNe-I. Furthermore, PTF10aagc also has broad Balmer lines
blueshifted by ~ —2000 km/s first seen at 77 d post-maximum.
The three SN presented by |Yan et al.| (2017) are less similar to
SN 2018bsz than PTF10aagc. None of the three show evidence
of the O 1 absorption in their early spectra and only iPTF16bad
clearly exhibits C 1 lines. For iPTF15esb, we note that while|Yan
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et al.| (2017) states that they see clear Balmer emission at 73 d,
the spectrum at 30 d does seem to have reasonably convincing
detection of both He and HB. The near zero-velocity emission
appears to be accompanied by a blueshifted emission component
— reminiscent of SN 2018bsz. The component is also present at
52 d, but by 73 d it has faded. |Yan et al.| (2017) demonstrated
that these features can be explained by a combination of Cu
and Sim emission (the two Ha components) and Fe r absorption
(Hp), but after the detection of multiple components of Ha in
SN 2018bsz one has to wonder if the features could actually be
caused by hydrogen. If so, it is important note that the light curve
of iPTF15esb appears to have a break at ~ 50 d, right where
the disputable blue component appears to be fading — just as in
SN 2018bsz. However, the light curve of iPTF15esb also exhibits
a double peak before the break. The other two SNe, iPTF13ehe
and iPTF16bad, have poorer spectral coverage and thus the times
when the Balmer lines first appeared are less constrained: For
iPTF13ehe the Ha is first detected at ~ +252 d but the previous
spectrum was taken at —5 d and for iPTF16bad it was detected
at ~ +97 d with previous spectrum at 3 d. For iPTF16bad |Yan
et al.| (2017) state that the Ha emission appears to move from
blueshift of ~ —400 km/s to redshift of ~ 500 km/s between
at 125 d and 242 d, possibly indicating a presence of multiple
components. Similarly, for iPTF15esb the shift occurred from
blueshift of ~ —1000 km/s at 73 d to redshift of ~ 400 km/s at
102 d. For iPTF13ehe such shift was not seen but the late detec-
tions of Ha appeared to be blueshifted by ~ 400 km/s instead.

Yan et al.| (2017) promoted a scenario where an episode of
violent mass loss occurred > 10 yr before the explosion and the
Balmer lines appeared when the SN shock finally reached the
ejected CSM. A similar CSM shell could also be present around
SN 2018bsz, but it would have to be aspherical as implied by
the multi-component emission lines. As the Hae components are
found at high velocities (—=9000 km/s and 3000 km/s) and are
significantly broader than in the iPTF SNe (~ 4000 km/s; |Yan
et al.|2017), the main difference between the SNe seems to be
the distance to the CSM assuming that earlier interaction pro-
vides more kinetic energy to the CSM. This is also supported
by the distance estimates as radius of 9 — 40 x 10'> c¢m found
by |Yan et al. (2017) is higher than the upper limit of the CSM
(~ 6.5 x 10 cm) for SN 2018bsz. Thus, a similar CSM struc-
ture could exist around SN 2018bsz as well, but based on the
photometric, spectroscopic and spectropolarimetric evolution it
was close enough to be overtaken by the ejecta as discussed in
Sect. [6.2.2] However, interaction with more distant CSM could
explain the late appearance of the central component (see Sect.
[6.2). Alternatively, Moriya et al.| (2015) proposed that the late H
emission of iPTF13ehe could be created by hydrogen stripped
from a companion star. However, as having both blueshifted and
redshifted emission lines are not expected when stripping a com-
panion star, it is unlikely applicable to SN 2018bsz. On the other
hand, aspherical CSM hidden inside the photosphere could pos-
sibly explain the emission from the literature SNe as well. If one
assumes that the disks for the iPTF SNe were more face-on than
in case of SN 2018bsz, the multi-component nature of the emis-
sion lines would be less clear and the lines likely be blended
close to zero velocity. The apparent velocity shifts could then be
caused by evolution of the blended components.

Even if the similarity of the iPTF SNe and SN 2018bsz is
more debatable, PTF10aagc can easily be explained with the
same scenario as SN 2018bsz. As the H emission lines are found
only at a blueshift of ~ —2000 km/s, the only significant dif-
ference to SN 2018bsz would be the configuration of the CSM
which would be more concentrated on the near side of the explo-

sion. Additionally the disk could possibly be a bit more face-on
in comparison, explaining the lower velocity. Furthermore, the
two SNe also share the strong Cu features and comparatively
low velocity O absorption in comparison to SLSNe-I. How-
ever, it is unclear whether these features are somehow a conse-
quence of the CSM interaction or if they are inherently related
to the explosion itself.

Now the important question is if a scenario similar to what
we have presented for SN 2018bsz could also be applicable to
SLSNe-I more generally. However, as significant majority of
SLSNe-I do not exhibit H emission lines, any scenario involving
H-rich CSM seems disfavoured as one would expect the H lines
to eventually appear. Even if not all SLSNe-I are observed late
enough to be certain that no H emission appears at a epoch com-
parable to PTF10aagc (77 d) for instance, a large number are (see
e.g. Quimby et al.|2018)). Therefore, a H-rich CSM disk hidden
inside the photosphere seems unlikely applicable to a significant
portion of SLSNe-I. As such SN 2018bsz seems to be an exten-
sion of the SLSNe-I population made spectroscopically differ-
ent due to the especially prominent CSM interaction. However,
detailed non-local thermodynamic equilibrium radiative transfer
calculations — that take into account e.g. presence of shocks due
to interaction and complicated 3D geometry — are required to in-
vestigate if hydrogen features from interaction with H-rich CSM
might not be seen in some circumstances (see e.g. Chatzopou-
los et al.|2013)). While it is now accepted that interaction plays a
role in many SLSNe as either the driving mechanism or a minor
contributor to another dominant mechanism (see e.g. Yan et al.
2017; Lunnan et al.|2018b; Hosseinzadeh et al|2021), a key re-
maining question revolves around understanding the physics be-
hind H-poor interaction where models are not available in the
literature.

7. Summary & Conclusions

We have presented an in depth spectroscopic analysis of the
nearby Type I SLSN, SN 2018bsz. Its photometric properties
have shown several peculiar features such as a pre-maximum
plateau (Anderson et al||2018b) and late time dust formation
(Chen et al.[2021), and here we demonstrate that the spectro-
scopic and spectropolarimetric evolution are unique as well.
While the SN demonstrates early similarity to SLSNe-I with O it
absorption and Cu P Cygni lines followed by typical SESNe
features (e.g. Ca, Mg, Fe, O), the multi-component He emis-
sion emerging at ~ 30 d post-maximum is highly unusual for
the class. The Ha profile is at first characterised by two com-
ponents — one at ~ —7500 km/s and second at ~ 3000 km/s.
The blue component is visibly fainter and narrower (FWHM ~
5000 km/s) and can be described with a Gaussian profile, while
the red is a brighter and broader (FWHM > 10000 km/s)
Lorentzian. The blue component also appears to be present from
the time of the first spectrum at —8.1 d as a faint emission in the
absorption trough of Cmr 16580. At < 75 d a third component
found at zero-velocity appears. The central component can be
described by a Gaussian component and it is found to be the nar-
rowest of the three (FWHM ~ 3000 km/s). At ~ 100 d the blue
component starts to fade and by 121.3 d it is no longer detected,
resulting in a skewed He profile with sharp drop in the blue side
and a long red tail. Similar multi-component emission profiles
are also seen in other hydrogen lines including Pag but also in
lines of Can and He1.

As SN 2018bsz is a Type I SLSN based on its general spec-
tral evolution, and as similar multi-component emission lines
have been seen in some Type IIn SNe (e.g. SN 1998S, PTF11igb
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and SN 2013L), the H emission likely originates in CSM with
several emitting regions. Here we have demonstrated that a
asymmetric, disk-like CSM structure can explain the observed
spectroscopic evolution. Upon the explosion the CSM would be
overtaken by the ejecta, allowing only the blue component to
be seen. As the ejecta-driven photosphere recedes, the CSM re-
emerges and the blue and red emission components become Vvis-
ible. At this phase, the photosphere is CSM-driven. Later on, the
blue component starts to fade, implying that the CSM on the
near-side of the explosion has completely re-emerged and re-
combined. Consequently the photosphere recedes rapidly caus-
ing the break in the optical light curves and the general spectral
evolution towards the nebular phase. Based on the first appear-
ance of Ha (—8.1 d) we can constrain the distance of the CSM
to be <~ 6.5 x 10" cm (430 AU). If the pre-max plateau is not
related to the SN explosion the distance is <~ 1.3 x 10" cm
(87 AU). Assuming the eruption velocity of SLSN-I iPTF16eh
(~ 3000 km/s), the CSM would reach the distance in ~ 50 d,
possibly implying the plateau of ~ 40 d is caused by a mass
eruption just before the explosion.

Spectropolarimetric observations obtained during both the
ejecta- and CSM-dominated phases (10.2 d and 38.4 d) confirm
the viability of the proposed scenario. We observe a large shift
on the Stokes Q — U plane, which is independent of the ISP and
argues that the SN underwent radical changes in its projected ge-
ometry in a matter of four weeks. Although the exact polarisation
values depend on the ISP, which is hard to estimate, two differ-
ent limiting solutions were examined. Assuming that the SN is
almost unpolarised at the first epoch, results in continuum polar-
isation of P ~ 1.8% at the second epoch, arguing for a highly
aspherical CSM. This is fully consistent with the scenario of an
asymmetric disk-like CSM, highly inclined with respect to our
line of sight. The other limiting ISP case, where polarisation is
higher (P ~ 1.4%) at 10.2 days and reduces to P ~ 0.7% at 38.4
days, is less favoured as it is less theoretically motivated and
agrees less with the spectroscopic findings, but the truth may lie
somewhere in between.

In comparison to literature Type I SLSNe, SN 2018bsz ap-
pears to be unique. Only a few exhibit late hydrogen emis-
sion, but only in SN2018bsz it is multi-component. SLSNe-I
PTF10aagc is the most similar to SN 2018bsz as both of them
exhibit non-zero velocity H emission as well as strong Cu fea-
tures and comparatively low velocity O i absorption in compar-
ison to the population of Type I SLSNe. As such they might
be the first examples of a subclass of SLSNe-I with aspherical
CSM. More Type I SLSNe with similar multi-component emis-
sion lines need to be discovered to understand their relation to
the class of SLSNe and to investigate the diversity of CSM sur-
rounding SLSNe.
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Appendix A: ISP corrected F, P, Q, U, 6
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Fig. A.1: Flux spectrum, polarisation degree P, normalised Stokes Q and U parameters and polarisation angle 6 of SN 2018bsz at
10.2 d (left) and 38.4 d (right) corrected for ISP A (top) and ISP B (bottom). Polarisation angles have not been provided at 10.2 d
for ISP A and at 38.4 d for ISP B as ISP solutions are found over the data points (see Fig. |T_8[) and the 6 values are thus erratic.
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