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ABSTRACT

We investigate the thermal emission and extinction from dust associated with the nearby super-

luminous supernova (SLSN) 2018bsz. Our dataset has daily cadence and simultaneous optical and

near-infrared coverage up to ∼100 days, together with late time (+1.7 yr) MIR observations. At 230

days after light curve peak the SN is not detected in the optical, but shows a surprisingly strong

near-infrared excess, with r − J > 3 mag and r − Ks > 5 mag. The time evolution of the infrared

light curve enables us to investigate if the mid-infrared emission is from newly formed dust inside the

SN ejecta, from a pre-existing circumstellar envelope, or interstellar material heated by the radiation

from the SN. We find the latter two scenarios can be ruled out, and a scenario where new dust is

forming in the SN ejecta at epochs > 200 days can self-consistently reproduce the evolution of the

SN flux. We can fit the spectral energy distribution well at +230 d with 5× 10−4M� of carbon dust,

increasing over the following several hundred days to 10−2M� by +535 d. SN 2018bsz is the first

SLSN showing evidence for dust formation within the SN ejecta, and appears to form ten times more

dust than normal core-collapse SNe at similar epochs. Together with their preference for low mass, low

metallicity host galaxies, we suggest that SLSNe may be a significant contributor to dust formation in

the early Universe.

Keywords: supernovae: general — supernovae: individual (SN 2018bsz)

1. INTRODUCTION

Core-collapse supernovae (CCSNe) are considered to

be significant sites of cosmic dust production (Cernuschi

et al. 1967; Hoyle & Wickramasinghe 1970; for more re-

cent reviews see Gall et al. 2011b; Sarangi et al. 2018b).

Emission from newly formed dust has been seen in both

CCSNe (e.g. Danziger et al. 1989; Lucy et al. 1989;

Elmhamdi et al. 2004; Kotak et al. 2009; Matsuura et al.

2015) and in CCSN remnants (e.g. Douvion et al. 2001).

Additional evidence for dust formation in CCSNe is that

CO formation has been observed in near-infrared (NIR)

spectra of Type II (hydrogen-rich) SNe (e.g. McGregor

et al. 1987; Elias et al. 1988; Rho et al. 2018; Davis et al.
2019), and in Type Ic (hydrogen-poor) SNe (e.g. Rho

et al. 2021). CO is a coolant for cooling the SN ejecta

and can be regarded as a precursor to dust formation

(e.g. Nozawa et al. 2003).

The amount of newly-formed dust in nearby CCSNe

typically ranges between 10−5 and 10−3M� (see reviews

by Gall et al. 2011b; Sarangi et al. 2018b), and is usually

estimated from observations taken within three years af-

ter explosion, or in some cases even earlier. Dust masses

inferred in SN remnants are generally larger, ranging

between 10−2 and 0.1M� (e.g. Gomez et al. 2012; De

Looze et al. 2017). Notably, Matsuura et al. (2011)

used the Herschel Space Observatory to observe the far-

infrared (FIR) emission of SN 1987A in 2010 and found

that a large dust mass of ∼ 0.4− 0.7M� was formed in

this SN.

Observations of the most distant quasars (z > 6) show

evidence for large masses of dust in galaxies in the early

Universe (e.g. Bertoldi et al. 2003; Dwek et al. 2007).

This is a strong argument for SNe being important

dust producers in the high-z Universe (e.g. Hirashita

& Ferrara 2002; Morgan & Edmunds 2003; Maiolino

et al. 2004; Bianchi & Schneider 2007; Gall et al. 2011a;

Calura et al. 2014), since other channels such as asymp-

totic giant branch (AGB) stars (through stellar out-

flows) will not have had sufficient time to produce a

large quantity of dust at such early epochs (e.g. Dwek

1998; Ferrarotti & Gail 2006; Dwek & Cherchneff 2011).

However, it has been suggested that the AGB stars

may be an important contributor to dust formation by

z ∼ 6 − 7 (Valiante et al. 2009, 2011). Nonetheless,

it is still a challenge to account for the large amount

of dust in high-z galaxies (e.g. Todini & Ferrara 2001;

Clayton et al. 2001; Dwek & Cherchneff 2011), and ad-

ditional dust production mechanisms are required (e.g.

Matsuura et al. 2009).

Superluminous SNe (SLSNe) are massive stellar ex-

plosions which are 10–100 times brighter than normal

CCSNe (Quimby et al. 2011; Gal-Yam 2019; Inserra

2019). SLSNe in general have higher explosion ener-

gies and more massive ejecta than normal CCSNe (e.g.

Nicholl et al. 2015; Moriya et al. 2018), and are poten-

tially very different sites for molecular and dust forma-

tion (c.f. Nozawa et al. 2003; Cherchneff & Dwek 2009,

2010; Nozawa et al. 2011). SLSNe are suspected to be

related to the first generation of stars in the Universe
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(Gal-Yam et al. 2009) and have so far been found at

redshifts as high as z ≈ 2 (Pan et al. 2017; Smith et al.

2018; Angus et al. 2019) or even z ≈ 4 (Cooke et al.

2012; Moriya et al. 2019; Curtin et al. 2019).

In the local Universe (z < 2), the most common

Type I (hydrogen-poor) SLSNe predominantly occur in

dwarf galaxies with low stellar mass and low metallicity

(Neill et al. 2011; Chen et al. 2013; Lunnan et al. 2015;

Leloudas et al. 2015; Angus et al. 2016; Perley et al.

2016; Chen et al. 2017a; Schulze et al. 2018). Moreover,

the dwarf galaxies hosting Type I SLSNe are often part

of interacting systems (Chen et al. 2017b; Ørum et al.

2020). Such host galaxies are expected to be similar

to galaxies at high redshift (e.g. Heckman et al. 2005;

Cardamone et al. 2009; Bian et al. 2016). As Type I

SLSNe potentially also have more massive progenitors

(Jerkstrand et al. 2017; Mazzali et al. 2019), and low-

metallicity stars lose less mass before the SN explosion,

they may be more effective at forming dust than normal

CCSNe. Therefore, dust formation from Type I SLSNe

could play an important role in the early formation and

evolution of cosmic dust.

SN 2018bsz was classified as the closest Type I SLSN

to date, at a redshift of z = 0.0267 (Anderson et al.

2018). It exhibited several unusual features, including

a long plateau prior to maximum light, and strong op-

tical lines associated with C ii. Late-time spectra show

hydrogen, possibly indicating late-time interaction with

an H-rich shell (e.g. Yan et al. 2015, 2017). Detailed

analyses of extensive photometric (Roy et al. in prep.)

and spectroscopic (Pursiainen et al. in prep.) datasets

will be presented elsewhere.

In this paper, we focus on the late-time behaviour and

mid-infrared (MIR) properties of SN 2018bsz, in order to

investigate what role SLSNe play in cosmic dust forma-

tion. For consistency, we adopt the same basic param-

eters for SN 2018bsz as used in the early-phase study

by Anderson et al. (2018). We hence assume a Hub-

ble constant H0 = 73 km s−1 Mpc−1, ΩΛ = 0.73 and

ΩM = 0.27 (Spergel et al. 2007). The corresponding

luminosity distance DL = 111 Mpc and a distance mod-

ulus of µ = 35.23 ± 0.02 mag are used for SN 2018bsz.

The rest-frame phase is with respect to the r -band peak

epoch (MJD = 58267.5). Throughout this paper all

magnitudes are reported in the AB system.

2. OBSERVATIONS

2.1. Imaging from ultraviolet to mid-infrared

wavelengths

We obtained multi-band light curves for SN 2018bsz

from the ultraviolet (UV) to the MIR using sev-

eral telescopes. We used the UV/optical telescope

(UVOT; Roming et al. 2005) on board the Neil

Gehrels Swift Observatory (Gehrels et al. 2004), un-

der three target-of-opportunity programs1; the Gamma-

Ray Burst Optical/Near-Infrared Detector (GROND;

Greiner et al. 2008) mounted on the 2.2-m MPG tele-

scope at ESO’s La Silla Observatory in Chile, as part of

the GREAT survey (Chen et al. 2018); and the infrared

spectrograph and imaging camera Son of ISAAC (SOFI)

on the 3.58-m New Technology Telescope (NTT) in the

framework of the extended Public ESO Spectroscopic

Survey of Transient Objects (ePESSTO; Smartt et al.

2015) program. We were also awarded Director’s Dis-

cretionary Time on the Spitzer Space Telescope (Werner

et al. 2004) using the Infrared Array Camera (IRAC)

instrument (Fazio et al. 2004) for late-time observa-

tions2. In addition, archival mid-IR observations of the

field of SN 2018bsz were taken by the Near Earth Ob-

ject Wide-field Infrared Survey Explorer (NEOWISE;

Mainzer et al. 2011) project using the Wide-field In-

frared Survey Explorer (WISE ; Wright et al. 2010), ob-

tained as part of the NEOWISE Reactivation survey

(NEOWISE-R; Mainzer et al. 2014).

We discuss the data reduction, photometric calibra-

tion and template subtraction for these images in detail

in Appendix A. Photometry was measured on our opti-

cal and NIR images using the AutoPhOT code (Bren-

nan et al. 2021). All magnitudes have been measured

after subtraction of the background host galaxy. Fig-

ure 1 shows our assembled multi-band light curves for

SN 2018bsz from 2 days after peak (+2 d) to +535 d,

combined with the pre-peak ATLAS light curves from

Anderson et al. (2018).

2.2. Optical and NIR spectroscopy

We also obtained a number of optical and NIR spectra

for SN 2018bsz. At +17 d, we used the Spectrograph for

INtegral Field Observations in the Near Infrared (SIN-

FONI) instrument (Eisenhauer et al. 2003), mounted on

the ESO 8-m Very Large Telescope (VLT), to observe

SN 2018bsz and the surrounding H ii regions. A spec-

trum at +77 d was taken with the integral field unit

(IFU) Wide-Field Spectrograph (WiFeS) (Dopita et al.

2007), mounted on the ANU 2.3-m telescope. A +108 d

spectrum was observed with the ESO Faint Object Spec-

trograph and Camera (EFOSC2) (Buzzoni et al. 1984)

on the NTT through the ePESSTO collaboration. After

the SN emerged from solar conjunction, we attempted

a late-time observation with X-Shooter, mounted on

the VLT, between +327 d and +383 d. No SN trace

1 P.I.s Brown, Roy and Schulze
2 Program ID: 14273, PI: Chen
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Figure 1. Multi-band, host-subtracted light curves of SN 2018bsz. Photometric measurements have not been corrected for
Milky Way or host galaxy extinction. The pre-peak light curves are taken from Anderson et al. (2018). Marker shapes indicate
data points taken using different facilities. The open symbols show 3σ detection limits. The inset panel shows the bolometric
light curve of SN 2018bsz (uncertainties are smaller than the point size). Note that at late-time phases (> 200 days), the SN
was not detected in the optical but still detected in the NIR bands, with r −Ks > 5 mag.

was detected. Finally we used the Multi-Unit Spectro-

scopic Explorer (MUSE; Bacon et al. 2010) to observe

the host-galaxy environment after the SN had faded at

+417 d.

The instrumental configurations are listed in Table 1,

and we describe the data reduction in detail in Ap-

pendix B. We show these optical spectra of SN 2018bsz

in Fig. 2, while we plot the NIR spectra in Fig. A3. The

complete set of spectra obtained for SN 2018bsz will be

presented and analysed in Pursiainen et al. (in prep).

3. OBSERVATIONAL CHARACTERISTICS OF

SN 2018BSZ

3.1. Extinction

Several sources can contribute to the extinction to-

wards SN 2018bsz: a foreground (Milky Way) com-

ponent; interstellar extinction within the host galaxy

2MASX J16093905-3203443; and (potentially) any cir-

cumstellar extinction surrounding the progenitor. The

first of these components can be determined from Milky

Way dust maps to be E(B − V )MW = 0.214 mag

(Schlafly & Finkbeiner 2011). The latter two compo-

nents are more problematic, and we consider a number

of indirect approximate methods to measure them.

We extracted the host galaxy spectrum from our

MUSE datacube at the position of SN 2018bsz using a

circular shape aperture with 0′′.6 radius. After correct-

ing for Milky Way extinction, we fitted and removed

the stellar continuum using starlight (Cid Fernandes

et al. 2005), and then measured the Balmer decrement in

the spectrum. Assuming that the intrinsic value of the

Balmer decrement of Hα/Hβ is 2.86 (Osterbrock 1989),

we found E(B − V )host to be ∼ 0.32 mag. The host of

SN 2018bsz is part of an interacting galaxy pair, where

in principle one may expect relatively high amounts of

dust from active star formation (e.g. Lanz et al. 2013).

However, if we were to apply such a high extinction to

the SN, the derived temperature of SN 2018bsz would
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Figure 2. Spectroscopic evolution of SN 2018bsz. The −6 d spectrum is taken from Anderson et al. (2018). The Balmer lines
have emerged by +77 d in our WiFeS spectrum (the darker line has been rebinned to 20 Å). Interestingly, a strong asymmetry in
the line profiles of all Balmer lines (see lower inset panels for zoom) appears in the +108 d EFOSC2 spectrum. No SN trace has
been detection in the +383 d X-Shooter spectrum (the darker line has been binned to 5 Å). The +417 d spectrum is extracted
from the MUSE cube at the SN position. After subtracting the stellar continuum, we highlight the strong narrow emission lines
from the local H ii regions (pink line). The upper inset shows a zoom in around Hα, where the flux has been scaled to match
the same continuum level on the red side of the line.

become > 18800 K assuming a blackbody at 3–20 days

after the peak. The inferred temperature is higher than

(by ∼ 5000 K) and outside of the 3σ temperature range

of other Type I SLSNe at the same phase (see Fig. A1;

Inserra et al. 2018b). We tested a range of different ex-

tinctions for SN 2018bsz and found that E(B − V )host

between 0.03 and 0.10 mag can give a reasonable agree-

ment with the temperature evolution of the other SLSNe

at 3–20 days after the peak. Anderson et al. (2018) used

E(B − V )host = 0.04 mag derived from the equivalent

width of the sodium doublet (Na I D) lines (Poznanski

et al. 2012). For consistency, we also adopt this value

here, corresponding to host AV = 0.13 mag assuming

RV = 3.1 (Cardelli et al. 1989). In addition, we also

obtained a similar AV = 0.15 mag from our starlight

best fit results. SN 2018bsz seems to lie towards the out-

skirts of its host and could well be positioned in the fore-

ground, which may explain the relatively moderate red-

dening (AV = 0.13 mag) compared to that inferred from

the Balmer decrement (AV ∼ 1 mag). If the Balmer

decrement is measured over a large area containing mul-

tiple H ii regions it will not necessarily be representative

of the exact location of SN 2018bsz.

We note that that the presence of narrow emission

lines at the location of SN 2018bsz in our MUSE spec-

trum suggests that those seen in the earlier SN spectra

(Fig. 2) are from a local H ii region.

3.2. Light curve and bolometric light curve
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We have observational coverage for SN 2018bsz from

UV, optical, NIR, and (for the first time for an SLSN)

MIR wavelengths. Figure 1 shows our multi-band light

curve for SN 2018bsz. With a daily cadence for more

than 100 days, it makes SN 2018bsz the best monitored

SLSN to date and it is also the first SLSN with daily

contemporaneous 7-band coverage from optical to NIR,

thanks to GROND (Fig. A2).

The early time evolution of SN 2018bsz was presented

in Anderson et al. (2018), showing an o band light curve

with a long plateau slowly rising for∼ 43 days during the

pre-maximum phase. The SN then displayed a steeper

rise in magnitude for the next ∼ 18 days in all opti-

cal bands. It reached a peak brightness at an absolute

magnitude of −20.3 mag in the r band. In this paper, we

focus on the evolution after the peak, where the r-band

light curve displays three phases. Initially, the SN faded

rapidly for 18 days, before settling onto a long, slowly-

fading plateau for 78 days. Finally it faded rapidly by

1 mag in 15 days prior to the SN disappearing behind

the Sun. The evolution was similar in the other optical

bands, but with a shallower decline in the NIR. After

the SN emerged from behind the Sun it was no longer

detected at optical wavelengths, with r > 23.5 mag on

+232 d. At the same time, surprisingly, we found the

SN was still detected in the NIR bands with J ∼ 19.9,

H ∼ 18.9 and it was brightest in Ks with ∼ 18.0 mag.

We constructed a bolometric light curve of SN 2018bsz

(see the inset panel in Fig. 1) integrating over the full

wavelength range from the UV to MIR. We have rela-

tively sparse MIR coverage, hence we smoothly interpo-

late the MIR data between the epochs +68 d and +265 d,

and that although there is no MIR data before 68 days,

the fractional MIR luminosity at +68 d (only 1%) sug-

gests that the early time contribution of MIR is negli-

gible. We describe in more detail the method used for

constructing the bolometric light curve of SN 2018bsz

and estimating the relative fractions of energy emitted

in the different wavelength ranges in Appendix C.

After peak luminosity (∼ 9 × 1043 erg s−1), the bolo-

metric light curve declines rapidly for 16 days, by which

time the luminosity has decreased by ∼ 50% (to ∼
4.7×1043 erg s−1). The bolometric light curve then con-

tinues to decline slowly; between +17 d and +40 d, it

drops another ∼ 50% in luminosity. Subsequently, from

+41 d to +96 d, SN 2018bsz further slows its decline

rate, taking around twice as long to fade by another

sim50%. At +98 d, the light curve shows a sudden drop

in luminosity of roughly 40% in less than 13 days (to

∼ 6.5×1042 erg s−1). Unfortunately our observing cam-

paign was terminated at this epoch as SN 2018bsz went

behind the Sun. When the SN became observable again

at +232 d, it was 13 times fainter (∼ 5 × 1041 erg s−1)

than the last observation at +111 d. At late-time phases,

there is no measurable contribution from the UV and op-

tical to the luminosity, which is instead dominated by

the NIR and MIR emission.

Using the same procedure as in Tartaglia et al. (2020),

we investigated if there is a two-component spectral en-

ergy distribution (SED) by fitting the photometry at

selected epochs (+2.6,+50,+100 and +110 d) with a

blackbody function. We found that we do not require

two distinct components at those epochs, and instead

a single blackbody can fit the observed SED well (see

Fig. A5). Table 2 lists the inferred blackbody tempera-

ture and radius evolution.

3.3. Late-time Hydrogen from CSM

At early phases, Anderson et al. (2018) suggested that

no hydrogen was visible in the spectra of SN 2018bsz,

and that the broad, strong feature at ∼6500 Å (visible

in Fig. 2) was not Hα but rather Cii λ6580 at a velocity

of −11000 km s−1. Anderson et al. argued that the ab-

sence of Hβ further strengthened the claim of SN 2018bz

being hydrogen-poor. The presence of other Cii features

at 5890, 7234 Å meant that carbon was a plausible iden-

tification for these lines. In our +17 d NIR SINFONI

spectrum, we see no broad SN emission at the wave-

length of Paα, confirming the lack of spectral signatures

of H in the ejecta around maximum light.

By +77 d, however, it is clear that hydrogen is indeed

present in the spectra of SN 2018bsz. At +108 d, a pe-

culiar line profile characterised by a sharp cut off in flux

in the blue is seen in Hα, and an identical profile is also

seen in Hβ and Hγ, making this a secure identification.

We interpret the late-time appearance of hydrogen as

a sign of interaction between the ejecta and H-rich cir-

cumstellar material (CSM).

Somewhat unusually, by +108 d the Balmer line pro-

files are strongly asymmetric, with the blue side of the

line being suppressed (Sec. 3.3). Those changes could be

explained by dust formation in the post-shocked regions

(and hence the absorption of the blue part of the line

profiles). Alternatively, they may signify extraordinary

kinematics or some extreme asymmetrical geometry in

the ejecta.

The gas-phase metallicity in the local H ii region is

≈ 0.3− 0.4Z� as measured by strong-line methods (see

Appendix B).

3.4. Colour evolution and NIR excess

During the first 75 days after maximum light, the

colours of SN 2018bsz evolve slowly towards the red in

most bands. If the steep optical decline around +100 d
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was caused by extinction from such dust, then we might

have expected substantial reddening to be observed in

the (g−r), (g−i) and (g−z) colour evolution between

+98 d and +111 d. However, we see no strong colour

changes as a function of wavelength during this pe-

riod, with (g−r)∼ 0.4 ⇒ 0.4, (g−i)∼ 0.2 ⇒ 0.2 and

(g−z)∼ 0.3 ⇒ 0.4. Similarly, the appearance of asym-

metric Balmer profiles (Sec. 3.3) does not coincide with

any strong change in the colours of SN 2018bsz.

At +108 d, the spectrum of SN 2018bsz appears to be

becoming optically thin (e.g. we see the disappearance

of the absorption component in Ca). We hence consider

that the contemporaneous luminosity drop in all optical

bands is most likely due to the ejecta transitioning to

the nebular phase. Accompanying this, we see a slight

redward colour evolution, similar to what is seen in other

SNe as they become nebular (for example in SN 2004et;

Maguire et al. 2010). As for the earlier phases, we do not

require any dust component to explain this evolution.

After the SN emerged from solar conjunction, it was

not detected in deep imaging in the optical bands, but

was still visible in the NIR bands. At +232 d, the colours

were r−J > 3.1, r−H > 4.1 and r−Ks > 4.9 mag (the

magnitudes are corrected for the Milky Way and the

host galaxy dust extinction). Moreover, the SN shows a

prominent Ks-band excess (see Fig. A6). We measured a

colour J −Ks = 1.73± 0.21 mag at +232 d, and an even

redder colour J −Ks = 2.77± 0.30 mag at +244 d. The

SOFI photometry at +266 d (with a colour J − Ks >

2.15 mag) confirms this Ks-band excess from GROND.

This rapid evolution to red colours suggests either that

new dust is condensing in the SN ejecta, or that there

is an IR light echo from pre-existing circumstellar dust

or interstellar material heated by the SN flash. We in-

vestigate those scenarios in detail in Sec. 4.

4. DUST MODELLING RESULTS

Infrared emission from CCSNe may arise from new

dust forming in the ejecta, a thermal echo from CSM, or

a thermal echo from nearby interstellar material (ISM).

The origin of the emission (which could be from more

than one of these mechanisms) may be inferred from the

temporal evolution of the emission. New dust will form

at a temperature close to the dust sublimation temper-

ature, and if it is heated by the decay of radioactive

elements in the ejecta, it will fade exponentially. In the

case of a SLSN powered by the spin down of a newly

formed magnetar (Kasen & Bildsten 2010), the energy

deposited in the expanding remnant would similarly be

expected to decline quickly. On the other hand, flash-

heated circumstellar or interstellar dust will in general

have a temperature lower than the sublimation temper-

ature of the constituent dust. The temporal evolution

of a light echo is determined by the geometry of the

echoing material. Extensive CSM may give rise to very

long-lasting echoes, such as those seen to continue many

years after the explosions of SN 2002hh (Barlow et al.

2005; Meikle et al. 2006) and SN 1980K (Sugerman et al.

2012).

In the following we expand on each of these scenarios

in more detail.

4.1. Interstellar echoes

We model the evolution of the SED of SN 2018bsz

using the radiative transfer code mocassin (Ercolano

et al. 2003, 2005)3.

We calculated the predicted emission from interstel-

lar and circumstellar echoes using mocassin’s option to

sum emission from within ellipsoidal regions defined by

light-travel time (see Wesson et al. 2010 for a descrip-

tion). This approach is valid if photons are subject to a

single scattering only and hence requires that the echo-

ing medium be optically thin.

Figure 4.1 shows the temporal evolution of the emis-

sion from a slab of dust measuring 10 pc × 10 pc × 1 pc,

1 pc in front of SN 2018bsz, containing 1 M� of amor-

phous carbon dust. We modelled the ISM echo using

a light pulse of 75 days, with an integrated energy of

5.5× 1049 erg and a temperature of 104 K. We find that

the IR emission from this slab is several orders of mag-

nitude below the observed fluxes at early times, and its

flux is almost constant with time. Placing the slab closer

to the SN does not increase the echo fluxes significantly

as the echoing region then becomes smaller. A higher

flash luminosity or dust mass may be possible but nev-

ertheless, an ISM echo is unlikely to be a significant

contributor to the evolving IR emission, except possibly

at much later epochs than considered here.

4.2. Circumstellar echoes

Dense CSM close to the SN may give rise to a sig-

nificant thermal echo. We constructed models of CSM

echoes by assuming a smooth shell in which the density

is proportional to r−2, with the echo calculated using

the same flash parameters as the ISM models. The tem-

poral evolution of the echo is determined by the inner

and outer radii, with the echo ending once the epoch

exceeds twice the light-travel time to the outer radius.

We calculated the evolution of a light echo from shells of

both carbon and silicate dust, with grain radii of 0.01,

0.1 and 1.0µm. We considered shells with combinations

of inner radii between 0.001 and 0.1 pc and outer radii

3 We used version 2.02.73 of the code.
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Figure 3. The temporal evolution of the emission from an ISM slab of dust. The IR flux from this ISM slab model is orders
of magnitude below the observations, and its flux is quite constant over time. The green circles are the Milky Way extinction
corrected fluxes of SN 2018bsz, and empty triangles denote 3σ upper limits where we have a non-detection. The predicted SN
SED is shown by the blue curves and the assumed dust model is described in Sec. 4.1.

between 0.03 and 0.5 pc. We are unable to find a shell

geometry that can account for the evolution of the SED,

for three reasons:

Firstly, the temporal evolution is not reproduced. For

there to be a CSM echo lasting until +535 d, the shell

needs to be very extensive, with at least some mate-

rial ∼270 light days (0.23 pc) behind the SN. This gives

rise to a slowly-declining echo, from which the fluxes at

+230 d and +265 d, for example, would not be signifi-

cantly different. The observations show that over these

35 days, the IR fluxes in fact decline significantly.

Secondly, the flash-heated dust is too cool to repro-

duce the SED.

And thirdly, the optical non-detections at +230 d and

+265 d cannot be reproduced in most of these echo sce-

narios; models that predict IR fluxes of the same order

as those observed also generally predict detectable opti-

cal signals from scattered light. Only models with very

small grains can reproduce the optical non-detections.

Silicate dust does not absorb enough radiation to re-

emit significantly in the IR.

Figure 4.2 shows the predicted echo flux from a CSM

extending from 0.1 to 0.25 pc from the SN, for both

0.01µm and 0.1µm grains. This geometry gives IR

fluxes which are reasonably close to the observations,

but for either grain size, the echo gives too little flux at

early times and too much at late times, and the larger

grains over-predict the optical fluxes.

Due to the lack of observational constraints, we

have not considered echoes from an asymmetrically-

distributed CSM. An asymmetric CSM could give rise to

thermal echoes with a temporal evolution more consis-

tent with the rapid fading of the IR emission. However,

it remains difficult to see how the optical non-detections

at +230 d and +265 d could be reproduced in this sce-

nario.

4.3. New dust forming in the SN ejecta

Given that an ISM echo cannot contribute signifi-

cantly to the IR fluxes, and an echo from a symmetric

CSM is not compatible with the evolution of the SED,

we consider models of newly-forming dust in the ejecta.

We adopt a configuration in which the heating source

is distributed throughout an expanding dusty shell, in

which the dust density is proportional to r−2. We adopt

a temperature of 5,000K for the heating source, although

this is not strongly constrained by the observations,

given the optical non-detections. We assumed a veloc-

ity of 1000 km s−1 at the inner edge of the ejecta, and

an outer radius 5 times the inner radius. The predicted

SEDs are not strongly sensitive to the adopted inner ra-

dius, but outer radii much larger than the adopted value

result in dust too cool to match the observed SED.
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Figure 4. Predicted SED evolution from the smooth CSM shell, with grain sizes of 0.1µm. The symbols are the same as that
used in Fig. 3. The assumed dust model is described in Sec. 4.2.

We first constructed models for +230 d. At this epoch,

we find that silicate dust would evaporate unless the

grains are larger than 1µm in size. Much smaller grains

of amorphous carbon dust can survive and their forma-

tion at this early epoch is more plausible. We therefore

assume that the dust is composed only of amorphous

carbon.

While Rayleigh-Taylor instabilities are expected to

form during the SN explosions and give rise to clumpy

ejecta distributions (e.g. Arnett et al. 1989), the optical

non-detections are difficult to reconcile with a clumpy

dust distribution. In the case of SN 1987A, clumpy

dust models have found that a clump volume filling

factor of around 0.1 is required (Ercolano et al. 2007;

Wesson et al. 2015; Bevan & Barlow 2016). If this

is adopted for SN 2018bsz, optical emission exceeding

the observed non-detections is predicted. We there-

fore investigated clumpy dust distributions with much

higher volume filling factors, and find that a filling factor

greater than about 0.7 is required to match the optical

non-detections. For a given total mass, the predicted

SEDs for smooth dust distributions are not significantly

different to the predictions for clumpy distributions fill-

ing so much of the volume, and so for simplicity, we

adopt a smooth dust distribution. With this assump-

tion, we find that the +230 d SED can be well fitted by

5×10−4 M� of amorphous carbon dust with a grain size

of 0.1µm.

At days +230 d and +265 d, we use the luminosity

from the bolometric light curve (Fig. A4) in our mod-

els. To fit subsequent epochs, we investigated different

rates of decline of the luminosity. From its peak un-

til +265 d, the bolometric light curve declines with a

half-life of approximately 32 days, much faster than the

half-life of 56Co. However, extrapolating this to +535 d,

we find that the luminosity would then be much too low

to reproduce the observed IR fluxes. To constrain the

luminosity at this epoch, we consider two limiting cases.

We first estimate an upper limit to the luminosity of

1.7×1041 erg s−1; above this, the emission from a 5000 K
blackbody would exceed the observed infrared fluxes.

We then estimate a lower limit by considering mod-

els containing 10−3 M� of dust, which maximises the

emission at 3.6 and 4.5µm (higher/lower dust masses

give predicted SEDs which peak at longer/shorter wave-

lengths). To match the observed fluxes at these wave-

lengths with this dust mass requires a luminosity of

about 1.7×1040 erg s−1.

We therefore fitted subsequent epochs by expanding

the modelled dusty shell, reducing the luminosity ac-

cording to 56Co radioactive decay, and then varying

the dust mass uniformly throughout the shell if neces-

sary. We note that while the late time light curve of

SN 2018bsz is probably not powered by Ni (e.g. Inserra

et al. 2013), the decline rate of SLSNe is quite similar to

that of 56Co until 600 days (Moriya et al. 2017), mak-
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Figure 5. The observed bolometric light curve of
SN 2018bsz and late time extrapolations. Since we only de-
tect SN 2018bsz in the MIR at +535 d, we must estimate the
true bolometric luminosity that serves at input to our dust
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fit which matches the MIR points. The green dashed line
shows the 56Co decay, while the orange points show the final
luminosities that we use in our dust modeling.

ing this a reasonable choice of function for the input

luminosity.

We find that until +535 d, models with a steadily in-

creasing dust mass can fit the observations. At +535 d,

calculating the luminosity by extrapolating the 56Co de-

cay, we are able to fit the observed IR fluxes but with

a lower dust mass than at +420 d. Requiring that the

dust mass does not decrease, we find that a higher lumi-

nosity is necessary to fit the MIR emission. Figure 4.3

shows the bolometric light curve, the extrapolated 56Co

decline, and the actual luminosities used in our models.

Our predicted SEDs are shown in Fig. 4.3. Our mod-

els require that the dust mass increases from about

5×10−4 M� at +230 d to 10−2 M� at +535 d. This pat-

tern of the dust mass increasing steadily over a few hun-

dred days is consistent with the pattern of dust forma-

tion observationally determined in other CCSNe (e.g.

Wesson et al. 2015; Bevan & Barlow 2016; Bevan et al.

2020). In Fig. 4.3 we plot literature values of estimated

dust masses at different epochs of other CCSNe (be-

tween 102 and 104 days) together with our estimated

masses for the dust in SN 2018bsz. At all epochs, the

largest source of uncertainty in the estimate of the dust

mass is the adopted luminosity. At +230 and +265 d,

the bolometric luminosity is well-constrained, and the

resulting uncertainty in the dust mass is about a factor

of 2. At +300 d where only upper limits to the fluxes

are available, the dust mass is unconstrained. At later

epochs when the luminosity is extrapolated, the uncer-

tainties are larger. At +535 d, as described above, a

dust mass of zero is nominally compatible with the ob-

servations but would require a much higher luminosity

than at earlier epochs. To estimate the uncertainty on

the dust mass at this epoch, we require that the lumi-

nosity is not higher than at previous epochs, and then

vary both the dust mass and luminosity to obtain fits

to the SED. In this way we estimate that the dust mass

uncertainty is about a factor of five. The possible con-

tribution of a CSM echo at this epoch may introduce an

additional uncertainty, although if we assume that the

mass of newly-formed ejecta dust does not decrease at

any point, the overestimate in the dust mass that would

be caused by attributing a CSM echo to newly-formed

dust emission must be small.

These uncertainties notwithstanding, SN 2018bsz ap-

pears to have formed more dust at these epochs than

most other CCSNe. The shape of the dust growth

curve of SN 2018bsz is very similar to the general trend

seen in Fig. 4.3, and SN 2018bsz clearly lies at the up-

per edge of the spread seen in normal CCSNe. We fit

the evolution of SN 2018bsz and all other CCSNe sepa-

rately using Mdust ∝ t2.4 (adopting from the SN 2010jl

ejecta dust evolution from Gall et al. 2014), and find

that SN 2018bsz to have formed ten times more dust

than normal CCSNe at similar epochs. In the case of

SN 1987A, Wesson et al. (2015) found that the major-

ity of the dust present 23 years after the explosion must

have formed at epochs later than 1000 days. If a sim-

ilar formation process is occurring in SN 2018bsz, the

10−2 M� of dust present at +535 d will be a small frac-
tion of the final dust mass.

5. DISCUSSIONS AND CONCLUSION

Several lines of evidence suggest that new dust form-

ing in the ejecta of SN 2018bsz is responsible for the

observed IR excess after ∼ 200 days. CSM echoes can-

not reproduce the temporal evolution of SN 2018bsz;

while the CSM geometries that could explain the IR

emission at much later times (> 230 days) would also

predict detectable optical emission from scattered light,

which we do not observe. ISM echoes, on the other hand,

would have to be from extremely dense dust clouds close

to the SN to give rise to detectable IR emission. We

find that a slab of dust 1 pc in front of the SN contain-

ing 1 M� of dust would result in an echo at 535 d with

fluxes about two orders of magnitude below those ob-



11

10 1 100 101 102

Wavelength ( m)
10 8

10 6

10 4

Fl
ux

 (J
y)

+230 days, 5 × 10 4M

10 1 100 101 102

Wavelength ( m)
10 8

10 6

10 4

Fl
ux

 (J
y)

+265 days, 10 3M

10 1 100 101 102

Wavelength ( m)
10 8

10 6

10 4

Fl
ux

 (J
y)

+300 days, 10 3M

10 1 100 101 102

Wavelength ( m)
10 8

10 6

10 4

Fl
ux

 (J
y)

+380 days, 5 × 10 3M

10 1 100 101 102

Wavelength ( m)
10 8

10 6

10 4
Fl

ux
 (J

y)

+420 days, 5 × 10 3M

10 1 100 101 102

Wavelength ( m)
10 8

10 6

10 4

Fl
ux

 (J
y)

+535 days, 10 2M

Figure 6. Predicted emission from new dust in the SN ejecta at epochs from +230 d to +535 d after the peak. The symbols
are the same as those used in Fig. 3. The assumed dust model is described in Sec. 4.3.

served. Therefore, our modelling suggest newly-formed

dust in the SN ejecta at epochs > 200 days, with a dust

composition of pure amorphous carbon. We estimate

that the dust mass formed in SN 2018bsz is about ten

times larger than what is found for other SNe at sim-

ilar phases, with the dust mass increasing from about

5×10−4 M� at +230 d to 10−2M� at +535 d.

The fact that the SN 2018bsz was hydrogen poor at

early times (Anderson et al. 2018), and that the Balmer

lines appear after 77 days, before dust formation (after

200 days), suggests that the dust formation is driven by

the interaction between the SN ejecta and a hydrogen-

rich CSM. Mixing of metal-rich material in the ejecta

with a hydrogen-rich CSM can lead to the formation

of large amounts of dust, as the necessary molecular

processes are thought to be more efficient in a hydrogen-

rich environment (Rawlings & Williams 1990).

Late-time CSM interaction, together with a strongly

asymmetric ejecta (as seen, for example in like Eta Cari-

nae) may also account for the peculiar Balmer line pro-

files. In this scenario, around 100 days after peak bright-

ness we observe the Balmer lines first forming, and later

when the SN ejecta sweeps up the CSM it causes the ob-

served changes in their profiles. The blue side of the line

profiles are absorbed by swept-up CSM, while thanks to

the asymmetric geometry, we can still see the red side

of the lines. We do not see such profiles in the metal

lines, likely because they come from deeper layers in the

ejecta. Dust will form as the shocked, swept-up CSM

cools, as is observed at late times (> 200 days).

Although SN 2018bsz is the first SLSN without hy-

drogen lines at maximum light for which dust has been

detected, a late-time NIR excess was observed in one

Type II SLSN, SN 2008es (MV ∼ −22 mag) (Gezari

et al. 2009; Miller et al. 2009; Inserra et al. 2018b). It

has a broad Hα feature during the photospheric phase

and does not show any sign of strong interaction be-

tween SN ejecta and circumstellar shells in the early

spectra. Bhirombhakdi et al. (2019) obtained late-time

photometry of SN 2008es, which showed r−K ′ >1.5 mag
around 250–300 days after the explosion. The authors

suggested that this NIR excess indicates dust condensa-

tion in a cool dense shell that formed through circum-

stellar interaction (e.g. Mattila et al. 2008). We note

however that SN 2018bsz has a much redder colour of

r −Ks > 4.9 mag at a similar epoch to SN 2008es.

Omand et al. (2019) investigated the effect of a pulsar

wind nebula on dust formation and found that the pulsar

wind can accelerate or delay dust formation time. The

formation timescale of carbon dust can vary from ∼ 180

to ∼ 590 days for Type I SLSN assuming a magnetar

power source. In our case for SN 2018bsz we detect

carbon dust formation within one year after explosion,

which is consistent with their predicted timescale.

Type I SLSNe are rare events, with about one SLSN

for every 3500+2800
−720 CCSNe estimated from the Palomar
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Figure 7. The dust masses inferred for SN 2018bsz, compared with literature values for other CCSNe. We find that SN 2018bsz
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SN 1987Ab (Matsuura et al. 2011; Indebetouw et al. 2014; Matsuura et al. 2015; Wesson et al. 2015; Bevan & Barlow 2016),
SN 1993J (Bevan et al. 2017), SN 1998S (Pozzo et al. 2004), SN 1999em (Elmhamdi et al. 2003), SN 2003gd (Sugerman et al.
2006; Meikle et al. 2007), SN 2004dj (Szalai et al. 2011), SN 2004et (Kotak et al. 2009), SN 2005ad and SN 2005af (Szalai &
Vinkó 2013), SN 2005ip (Fox et al. 2010; Stritzinger et al. 2012; Bevan et al. 2019), SN 2006bc (Gallagher et al. 2012), SN 2006jc
(Sakon et al. 2009), SN 2006jd (Stritzinger et al. 2012), SN 2007it (Andrews et al. 2011), SN 2007od (Andrews et al. 2010),
SN 2010jlc (Maeda et al. 2013; Sarangi et al. 2018a; Bevan et al. 2020), SN 2011ja (Andrews et al. 2016), SN 2014C (Tinyanont
et al. 2019a), ASASSN-14jb (Meza et al. 2019), and SN 2017eaw (Tinyanont et al. 2019b).
a:

https://www.nebulousresearch.org/dustmasses/
b:

We note that Dwek & Arendt (2015) report high dust masses at early epochs for SN 1987A. However, we do not plot these here as they are

incompatible with the observed gradual evolution of the emission-line profiles (Wesson & Bevan, in prep. 2021).
c:

For SN 2010jl we show the dust masses assuming carbon dust in Sarangi et al. (2018a).

Transient Factory sample by Frohmaier et al. (2021).

These authors found that the relative rate was higher

in low-mass (logM < 9.5 M�) galaxies, with one SLSN

for every 1700+1800
−720 CCSNe. Furthermore, sub-solar

metallicity appears to be required for massive stars to

explode as Type I SLSNe (Perley et al. 2016; Chen

et al. 2017b; Schulze et al. 2018). Such low-mass, low-

metallicity galaxies are common in the early Universe

(e.g. Heckman et al. 2005; Cardamone et al. 2009; Bian

et al. 2016). The dust mass deduced for SN 2018bsz is

∼ 10 times larger than what is seen in most CCSNe. If

the rate of Type I SLSNe were 10−2 of the CCSN rate in

the high-z Universe, they could thus produce up to 10%

of the dust in the early Universe. In fact, one could even

speculate that if SLSNe are produced by more massive

stars than CCSNe, and if the initial mass function at

high redshift is top heavy, then SLSNe could be even

more common.

A more self-consistent (although still approximate) es-

timate of the dust mass produced by Type I SLSNe at

high redshift can be obtained from cosmological galaxy

evolution simulations. For example, the cosmic dust

production rate density (DD) from SLSNe can be calcu-

lated from the L-Galaxies 2020 semi-analytic model
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(Henriques et al. 2020; Yates et al. 2021). We as-

sume that (a) Type I SLSNe only form in galaxies

with gas-phase metallicity ≤ 0.5 Z�, (b) the initial

mass function (IMF) is fixed over time and space, (c)

SLSNe produce 10 times as much dust per event as

CCSNe, and (d) the shape of the DD evolution from

SNe follows that of the cosmic star formation rate den-

sity (SFRD). Under these assumptions, and following

the dust evolution modelling implemented by Vijayan

et al. (2019), L-Galaxies 2020 predicts an approx-

imate DD of −7.56 . log10(Mdust,SLSN / M� yr−1

Mpc−3) . − 6.99 at z = 7, depending on the simula-

tion box (i.e. mass resolution) and the ISM enrichment

efficiency chosen. This is around 2 orders of magnitude

lower than the DD expected from CCSNe at z = 7 (see

Vijayan et al. 2019, fig. 8). However, it is roughly com-

parable to the expected contribution from AGB stars

at this redshift, which may play an important role (see

Valiante et al. 2009; Mancini et al. 2015). This indicates

that Type I SLSN are indeed a non-negligible contribu-

tor to dust production in the high redshift Universe.

We caution that these estimates assume that all

SLSNe produce as much dust as SN 2018bsz. However,

SN 2018bsz is a somewhat unusual SLSN and appears

quite different to the bulk of the Type I SLSN population

(according to its unique light curve-shape and spectro-

scopic evolution). It is hence quite possible that only a

few percent of the SLSN population produce dust.

Observational data for Type I SLSNe remains the lim-

iting factor in knowing their dust masses. We may well

be systematically missing the window to see evidence for

dust-formation in SLSNe, as the majority of them are

found at z > 0.1 and do not have rest-frame K-band ob-

servations, especially at late times (> 200 days). In fact,

only two other Type I SLSNe (among ∼200 events) have

late-time rest-frame K-band data, namely PTF12dam

(Nicholl et al. 2013; Chen et al. 2015; Vreeswijk et al.

2017), and SN 2015bn (Nicholl et al. 2016)).

Finally, a high luminosity combined with their pref-

erence for dwarf hosts, makes Type I SLSNe appeal-

ing targets for high-redshift (young Universe) searches,

e.g. with Euclid (Inserra et al. 2018a), the James

Webb Space Telescope (JWST ) or the Rubin Observa-

tory Legacy Survey of Space and Time (LSST) (Inserra

et al. 2021). JWST in particular can reach down to 27th

magnitude in the infrared (IR), potentially allowing for

observations of SLSN out to z = 20 (Wang et al. 2019),

and spectroscopic classification of some of these up to

z ∼ 5 (Nicholl et al. 2020). Further systematic observa-

tions by JWST will help to determine how much dust

is formed in typical Type I SLSNe.
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Figure A1. Temperature evolution of SN 2018bsz in comparison to the average evolution of Type I SLSNe and Type II SNe
(Inserra et al. 2018b). The comparison sample comprises 14 Type I SLSNe (Inserra et al. 2013; Nicholl et al. 2015) and ∼ 30
Type II SNe (Elmhamdi et al. 2003; Maguire et al. 2010; Inserra et al. 2011, 2012; Botticella et al. 2010; Tomasella et al. 2013;
Gutiérrez et al. 2017). The shaded regions represent the 99.73 percent confidence ranges for temperature of each class of SNe.
The temperature of SN 2018bsz is measured from SED fits assuming a blackbody at selected epochs. We find that if the host
extinction is between AV = 0.1 and 0.3 mag we obtain reasonable agreement with the SLSNe at 3–20 days after the peak.

APPENDIX

A. IMAGING OBSERVATIONS OF SN 2018BSZ

A.1. UVOT observations with Swift

We obtained 28 epochs of photometry for SN 2018bsz with UVOT on board the Neil Gehrels Swift Observatory. The

UVOT photometry was performed using the task uvotsource in HEASoft4 version 6.25, with a 3′′-radius aperture.

For host subtraction, a template was constructed from images obtained between MJD = 58562 and 59068. We

measured the host contribution using the same source and background apertures and numerically subtracted the host

contribution from the SN light curve. While this manuscript was in preparation, a new version of the Swift CALDB

was released which affects the zeropoint for our UVOT data. However, as the change in photometry is less than 0.1

mag and within the photometric uncertainties in all epochs, we have not implemented this change here and it will not

affect our results.

4 https://heasarc.gsfc.nasa.gov/docs/software/heasoft/

https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
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Figure A2. GROND host-subtracted light curves of SN 2018bsz. These data are the first daily-cadence and simultaneous
7-band observations of an SLSN.

A.2. Optical and near-infrared imaging from the ground

We used GROND to monitor the light-curve evolution of SN 2018bsz from +3 d to +421 d. This 7-channel imager

collects multi-band photometry simultaneously in the g’, r’, i’, z’, J, H and Ks bands. The images were reduced using

the GROND pipeline (Krühler et al. 2008), which applies de-bias and flat-field corrections, stacks images and provides

astrometric calibration. For GROND NIR images, due to the bright host galaxy we disabled line by line fitting of the

sky subtraction routine since this caused over-subtraction artifacts.

All photometric measurements of the imaging data were carried out using the custom-built photometry pipeline

AutoPhOT5 (Brennan et al. 2021). Point spread function (PSF) photometry was performed using a PSF model

built from bright, isolated sources in the image. We adopted the +610 d epoch as the host galaxy template and

subtracted that before measuring the SN brightness using AutoPhOT. The optical magnitudes are calibrated against

PanSTARRS field stars while NIR images are calibrated to 2MASS and converted to the AB system. The PSF model

for each image is used to determine limiting magnitudes. We collect a random sample of pixels within a cutout around

SN 2018bsz and build a pseudo-PSF model. We then assert a confidence that pixels at the transient are real detection,

rather than a correlated noise spike.

For this work, limiting magnitudes are set to 3σ confidence. For further details, see Brennan et al. (2021). Figure A2

shows our GROND light curves of SN 2018bsz from +3 d to +111 d.

In addition, we obtained several J and Ks-band images using SOFI on NTT through the ePESSTO program. The

images were reduced using the PESSTO pipeline (Smartt et al. 2015) with flat-fielding and sky background subtraction.

The host templates were taken around +600 d and we measured the host-subtracted photometry of those SOFI images

using AutoPhOT.

5 https://github.com/Astro-Sean/autophot
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A.3. Mid-infrared imaging from space

We obtained Spitzer observations at four different epochs between 2019 June 27 (at epoch +384 d) and 2019 December

30 (+564 d), just before the end of the Spitzer mission. The images were taken using IRAC in the 3.6 and 4.5µm

bands, which we here refer to as the Ch1 and Ch2 bands.

We aligned the images using the geomap and geotran tasks within iraf and employed the High Order Transform

of PSF ANd Template Subtraction (hotpants)6 package to carry out the host template subtraction. We used the last

epoch as the host template and subtracted the other frames from it. The image subtraction results are shown in

Fig. A6. We measured the counts from the SN in those host-subtracted images using the daophot task within iraf.

With an aperture size of 6.1 pixel radius, a conversion factor of 8.461595 × 10−6 and a aperture correction of 1.112,

we calculated the SN fluxes in Janskys and converted them to magnitudes. More details on conversion factor and

aperture correction can be found from the Spitzer Heritage Archive7,8. The errors were dominated by the standard

deviation of the sky background pixels around the SN positions.

The Spitzer mCh1 measurement at +384 d is consistent with the evolution of the NEOWISE mW1 magnitudes.

This validate our choice to use the +565 d epoch as a template, because the NEOWISE magnitudes are obtained by

subtracting a template that was obtained before the SN explosion. On the other hand, assuming a linear decline

from the epoch at +384 d to +403 d, the extrapolated magnitudes that we derived at +535 d are mCh1 ∼ 22.4,

mCh2 ∼ 21.4 mag, respectively. Those are consistent within the uncertainties of the measured Spitzer magnitudes that

result from using +565 d epoch as the template (mCh1 = 21.8± 0.7, mCh2 = 21.6± 0.6 mag).

The NEOWISE-R data set consists of 12 epochs at W1 (3.4 µm) and W2 (4.6 µm) at a ∼6 month cadence, with the

final three epochs obtained after the discovery of SN 2018bsz. Each epoch consists of 12-18 individual exposures across

∼2 days, with PSF-fitted magnitudes reported in the NEOWISE-R catalogue. An unresolved source was reported

at the position of the host of SN 2018bsz at all epochs. We calculated the average magnitude at each epoch, where

exposures flagged for poor quality were excluded, and the error was taken as the standard error of the mean combined

with a flux error term to reflect the uncertainty between epochs (e.g., Kool et al. 2020). The nine NEOWISE-R epochs

up until the SN discovery did not show significant evolution within the errors at W1 and W2 bands. Based on these

nine epochs we determined mean quiescent magnitudes at W1 and W2 bands of the host of SN 2018bsz of 13.50±0.01

and 13.32±0.02 mag, respectively. The mean quiescent magnitudes were then subtracted, in flux space, from the three

post-SN NEOWISE-R epochs to obtain the contribution of the SN at W1 and W2 bands at each epoch. The final SN

magnitude errors include the statistical error and the systematic error of the quiescent magnitude. More details on

this method are described in Kool et al. (2020).

B. OPTICAL AND NIR SPECTROSCOPIC OBSERVATIONS OF SN 2018BSZ

We obtained a series of spectra of SN 2018bsz using different instruments (a log of observations is given in Table 1).

SINFONI is a NIR IFU fed by an adaptive optics (AO) module. We used the SN itself as a natural guide star, in

order to perform an AO corrections. Unfortunately as SN 2018bsz was around mag∼16 at the time these observations

were taken it was too faint to obtain a satisfactory AO correction. The observations hence have a seeing ∼1′′, much

larger than expected.

WiFeS is an IFU with 25 slitlets that are 1′′ wide and 38′′ long. The data were reduced using a custom-built pipeline

PyWiFeS (Childress et al. 2014). The pre-peak NTT+EFOSC2 spectrum was taken from Anderson et al. (2018); the

post-peak spectrum at +108 d was reduced in the standard fashion using the PESSTO pipeline (Smartt et al. 2015).

The X-Shooter data were reduced using PypeIt9 package (Prochaska et al. 2020; Prochaska et al. 2020). However,

no SN trace is detected, and in particular we see no clear broad feature at the red extremity of the spectrum where

we expect CO emission (∼ 23, 000 Å).

At +417 d, when SN 2018zd had disappeared in the optical we used MUSE to observe the host environment. The

data were reduced and combined into single MUSE data cubes using the standard ESO pipeline software version

1.2.11 (Weilbacher et al. 2014). We also subtracted the sky lines from our data cubes using the Zurich Atmospheric

Purge (ZAP; v2.0 Soto et al. 2016) software and corrected for telluric absorptions using the molecfit software package

(Smette et al. 2015). Detailed data reduction procedures are described in Schady et al. (2019).

6 http://www.astro.washington.edu/users/becker/v2.0/hotpants.html
7 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/24/
8 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/27/# Toc410728317
9 https://pypeit.readthedocs.io/en/latest/



18

10000 12000 14000 16000 18000 20000 22000 24000
Rest-frame wavelength (Å)

Sc
al

ed
 fl

ux
 d

en
sit

y 
+ 

co
ns

t.
(e

rg
 s

1  c
m

2  Å
1 )

+17d

+383d

PaPaPa

Figure A3. NIR spectra of SN 2018bsz. We extracted the SN position in the SINFONI data cube obtained at +17 d. A
narrow Paβ is clearly detected, which is from the host H ii region. No broad emission from the SN has been seen, confirming the
hydrogen poor ejecta at peak brightness. The X-Shooter spectrum was taken on +383 d, no trace from the SN been detected.

We measured the emission line fluxes from the extracted MUSE spectrum at the SN position. The spectrum

has been corrected for the Milky Way dust extinction and host dust extinction based on the Balmer decrement,

and the stellar continuum has been subtracted. The flux and uncertainty measurement follow the method in Chen

et al. (2017b). We adopted the Pettini & Pagel (2004) calibration of the N2 and O3N2 methods, which use the

log([N II]λ6583/Hα) ratio, giving 12 + log(O/H) = 8.27 ± 0.06; the log([O III]λ5007/Hβ)/([N II]λ6583/Hα) ratio,

giving 12 + log(O/H) = 8.27 ± 0.05, respectively. Moreover, we also adopted a metallicity diagnostic of Dopita et al.

(2016), which uses [N II]λ6583, Hα, [S II]λλ6717,6731 lines, giving 12 + log(O/H) = 8.14 ± 0.10. Assuming a solar

oxygen abundance of 12 + log(O/H)� = 8.69 (Asplund et al. 2009), we found the local metallicity at the position of

SN 2018bsz to be ≈ 0.3− 0.4Z�.

C. BOLOMETRIC LIGHT-CURVE CONSTRUCTION

We used the Superbol code10 (Nicholl 2018) to construct the bolometric light curve of SN 2018bsz. We integrated

the flux for SN 2018bsz over the observed bands from UV to MIR between +2 d and +265 d, which gives very similar

results to the bolometic lightcurve computed using blackbody extrapolations. We used the Ks-band epochs as our

reference passband and interpolated and extrapolated the other bands by fitting a low-order polynomial to estimate

the magnitude at epochs with missing data in a given filter. Unfortunately, during the pre-peak rising phase, we only

have the optical light curve (with two colours), and thus we used the o band as the reference filter here. We assumed

that the colours are the same as that at peak brightness to extrapolate the UV, other optical bands and NIR. For

the MIR contribution, we smoothly interpolated the MIR magnitudes between the W ISE bands +68 d and +265 d.

For earlier phases after peak, we run Superbol again with no MIR data, and added a constant fraction to all epochs

based on the MIR fraction at +68 d of 1%. Finally we assumed no MIR contribution before the peak. We show the

10 https://github.com/mnicholl/superbol/blob/master/superbol.py
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Figure A4. The bolometric light curve of SN 2018bsz. The blue solid points show the lightcurve integrated over all bands as
discussed in the text, while the empty green points show the integration excluding the MIR contribution. The inset panel shows
the relative contribution of UV (uvw2, uvm2, uvw1), optical (U,B, g, c, V, r, o, i, z), NIR (J,H,Ks) and MIR (W1,W2).

bolometric light curves with and without MIR contribution in Fig. A4, those are basically the same for the first 150

days as the MIR contribution is negligible in the early time.

The inset in Figure A4 shows the fractional luminosity in different wavelength ranges for SN 2018bsz. During the

peak luminosity, the fraction of flux in the UV (uvw2, uvm2, uvw1; 1597–4730 Å) is 40%, optical (U,B, g, c, V, r, o, i, z;

3018–10647 Å) is 53%, NIR (J,H,Ks; 10707–24537 Å) is 6% and MIR (W1,W2; 2.75–5.34µm) is only 1% (assuming

a constant fraction based on that at +68 d). After the peak, the UV fraction starts to decline, the optical fraction

starts to increase and reaches 76% around +75 d, and the NIR fraction slowly increases. At +40 d, the fraction from

the UV and the NIR was equal, both contributing 15% to the total luminosity. At +111 d, the fraction of UV dropped

to 3%, the optical is 62%, the NIR raised to 32%, and the MIR is 3%. At the late-time phase of +232 d, there is no

contribution from the UV and optical, the fraction from the NIR dominates at 74%, and the MIR is 26%. Just 34

days later the MIR has significantly increased to 68%.

D. OBSERVATION LOG
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Figure A5. SED fitting for SN 2018bsz at selected epochs at +2.6,+50,+100,+110 and +265 d. The fluxes were converted
from the observed magnitudes after correcting for Milky Way and host extinction. We find a single blackbody can fit the
observed SED well for all selected epochs and do not require two distinct components to fit the SED.
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Figure A6. SOFI and Spitzer images of SN 2018bsz and template subtractions. The first row shows SOFI J-band frame taken
on +266 d, the reference image taken on +599 d, and the subtraction between the two (with a 3σ detection limit of > 21.92 mag).
The second row shows SOFI Ks-band images, as the same epoch as in the first row. The Ks-band subtraction clearly shows
a source at +266 d where we detect the SN of 19.65 ± 0.15 mag. The third row shows Spitzer Ch1 (3.6µm) frame taken on
+384 d, the reference image taken on +565 d, and subtraction result with a SN detection at 20.17± 0.24 mag. The fourth row
shows the Spitzer Ch2 (4.5µm) images, at the same epoch as in the third row, where the SN was detected at 19.13± 0.09 mag.
Each panel has the same scale and orientation as marked in the second row.
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Table 1. Spectroscopic observations.

Date MJD Phase Telescope Instrument Grism or Grating Exp. time Slit Resolution Range

(day) (s) (′′) (Å) (Å)

2018-05-23 58261.290 −6 NTT EFOSC2 Gr#11/Gr#16 1500/1500 1.0/1.0 13.8/13.4 3400-7400/6000-9900a

2019-06-16 58285 +17 VLT SINFONI J 6300 IFU 11,000-14,000

2018-08-16 58346.561 +77 ANU 2.3-m WiFeS B3000/R3000 1800/1800 IFU 1.6/2.5 3500-5700/5400-9500

2018-09-17 58378.035 +108 NTT EFOSC2 Gr#11/Gr#16 2700/2700 1.0/1.0 13.8/13.4 3400-7400/6000-9900

2019-04-30 58603 +327 VLT X-Shooter UVB/VIS/NIR 3600/3712/3600 0.9/0.9/1.0 1/1.1/3.3 3000-5560/5450-10,200/10,000-20,600

2019-05-05 58608 +332 VLT X-Shooter UVB/VIS/NIR 7200/7424/7200 0.9/0.9/1.0 1/1.1/3.3 3000-5560/5450-10,200/10,000-20,600

2019-05-06 58609 +333 VLT X-Shooter UVB/VIS/NIR 3600/3712/3600 0.9/0.9/1.0 1/1.1/3.3 3000-5560/5450-10,200/10,000-20,600

2019-06-27 58661 +383 VLT X-Shooter UVB/VIS/NIR 7200/7424/7200 0.9/0.9/1.0 1/1.1/3.3 3000-5560/5450-10,200/10,000-20,600

2019-08-01 58696 +417 VLT MUSE 2139 IFU 4650-9300

Note—a: the −6 d spectrum is taken from Anderson et al. 2018. b: the +108 d spectrum will be presented in Pursiainen et al. in prep.

Table 2. Blackbody temperature and ra-
dius evolution at selected epochs.

Phase Temperature Radius

(day) (K) (cm)

+2.6 13050(630) 1.70(0.20)× 1014

+50 7760(230) 2.30(0.20)× 1015

+100 6295(255) 2.60(0.30)× 1015

+110 6230(280) 2.20(0.25)× 1015

+265 1230(110) 1.25(0.30)× 1016
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Szalai, T., Vinkó, J., Balog, Z., et al. 2011, A&A, 527, A61

Tartaglia, L., Pastorello, A., Sollerman, J., et al. 2020,

A&A, 635, A39

Tinyanont, S., Lau, R. M., Kasliwal, M. M., et al. 2019a,

ApJ, 887, 75

Tinyanont, S., Kasliwal, M. M., Krafton, K., et al. 2019b,

ApJ, 873, 127

Todini, P., & Ferrara, A. 2001, MNRAS, 325, 726

Tomasella, L., Cappellaro, E., Fraser, M., et al. 2013,

MNRAS, 434, 1636

Valiante, R., Schneider, R., Bianchi, S., & Andersen, A. C.

2009, MNRAS, 397, 1661

Valiante, R., Schneider, R., Salvadori, S., & Bianchi, S.

2011, MNRAS, 416, 1916



26

Vijayan, A. P., Clay, S. J., Thomas, P. A., et al. 2019,

MNRAS, 489, 4072

Vreeswijk, P. M., Leloudas, G., Gal-Yam, A., et al. 2017,

ApJ, 835, 58

Wang, L., Mould, J., Baade, D., et al. 2019, BAAS, 51, 399

Weilbacher, P. M., Streicher, O., Urrutia, T., et al. 2014, in

Astronomical Society of the Pacific Conference Series,

Vol. 485, Astronomical Data Analysis Software and

Systems XXIII, ed. N. Manset & P. Forshay, 451

Werner, M. W., Roellig, T. L., Low, F. J., et al. 2004,

ApJS, 154, 1

Wesson, R., Barlow, M. J., Matsuura, M., & Ercolano, B.

2015, MNRAS, 446, 2089

Wesson, R., Barlow, M. J., Ercolano, B., et al. 2010,

MNRAS, 403, 474

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al.

2010, AJ, 140, 1868

Yan, L., Quimby, R., Ofek, E., et al. 2015, ApJ, 814, 108

Yan, L., Lunnan, R., Perley, D. A., et al. 2017, ApJ, 848, 6

Yates, R. M., Henriques, B. M. B., Fu, J., et al. 2021,

MNRAS, 503, 4474


	1 Introduction
	2 Observations
	2.1 Imaging from ultraviolet to mid-infrared wavelengths
	2.2 Optical and NIR spectroscopy

	3 Observational characteristics of SN 2018bsz
	3.1 Extinction
	3.2 Light curve and bolometric light curve
	3.3 Late-time Hydrogen from CSM
	3.4 Colour evolution and NIR excess

	4 Dust modelling results
	4.1 Interstellar echoes
	4.2 Circumstellar echoes
	4.3 New dust forming in the SN ejecta

	5 Discussions and conclusion
	A Imaging observations of SN 2018bsz
	A.1 UVOT observations with Swift
	A.2 Optical and near-infrared imaging from the ground
	A.3 Mid-infrared imaging from space

	B Optical and NIR spectroscopic observations of SN 2018bsz
	C Bolometric light-curve construction
	D Observation log

