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Red supergiants have been confirmed as the progenitor stars of the majority of hydrogen-

rich type II supernovae1. However, while such stars are observed with masses >25 M�
2,

detections of >18 M� progenitors remain elusive1. Red supergiants are also expected to form

at all metallicities, but discoveries of explosions from low-metallicity progenitors are scarce.

Here, we report observations of the type II supernova, SN 2015bs, for which we infer a pro-

genitor metallicity of ≤0.1 Z� from comparison to photospheric-phase spectral models3, and

a Zero Age Main-Sequence mass of 17-25 M� through comparison to nebular-phase spectral

models4, 5. SN 2015bs displays a normal ‘plateau’ light-curve morphology, and typical spec-
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tral properties, implying a red supergiant progenitor. This is the first example of such a high

mass progenitor for a ‘normal’ type II supernova, suggesting a link between high mass red

supergiant explosions and low-metallicity progenitors.

Type II supernovae (SNe II) are the most abundant stellar explosions in the Universe, as mea-

sured in volume-limited samples6. (We use ‘SNe II’ to refer to all objects showing flat or declining

V -band light curves, together with broad Hα features, excluding type IIn, IIb and SN 1987A-like

events.) They are the only SN type with robust constraints on their progenitor stars1, provid-

ing direct evidence for red supergiant (RSG) progenitors and confirming results from light-curve

modelling7. Pre-explosion images constrain their initial mass to be 8.5-18 M�
1. The lack of pro-

genitors above this mass is referred to as the ‘red supergiant problem’8, given that at least some

stars >18 M� should be viable SN II progenitors9, with the exact mass limit being dependent on

rotation, metallicity and mass-loss10, 11. This is also seen when comparing nebular-phase spectra

(>200 days post explosion, +200 d) with SN II explosion models4, 5, 12–14. A number of solutions

to this issue have been proposed. 15 suggested that the inclusion of unaccounted for circumstel-

lar dust around progenitors could translate to higher luminosities and therefore higher masses. It

has been argued that the problem disappears if accurate bolometric corrections are used to esti-

mate progenitor luminosities16. The predicted upper mass limit for producing SNe II decreases in

rotating models10 and when employing higher RSG mass-loss rates11. This opens the possibility

that progenitors above 20 M� may not explode as SNe II, but as SNe IIb or SNe Ib. However, it

has also been argued1 that this dearth of massive progenitors is due to RSGs collapsing to a black

holes with no (or a weak/faint) accompanying SN. This latter scenario is supported by the observed
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bimodal distribution of compact remnants17, and the recent detection of a vanishing 25 M� RSG

star18.

Historical SN surveys prioritised SN detection over completeness concentrating on obser-

vations of bright, nearby galaxies, where the majority of the star formation (SF) takes place at

solar metallicity. This led to a lack of SNe found in low-luminosity, low-metallicity galaxies.

While modern surveys are rectifying this situation19, samples of SNe II in hosts of low metallicity

(≤0.5 Z�) are still lacking20–22. We therefore started a follow-up program to study SNe II discov-

ered in galaxies dimmer than –18.5 in the B-band, through the Public ESO Spectroscopic Survey

of Transient Objects (PESSTO)23.

On the 25th of September 2014, the Catalina Real-Time Transient Survey (CRTS)24 discov-

ered the apparently host-less SN CSS140925:223344-062208. It was also recovered by the CRTS

in the Mount Lemmon facility, and detected by the Panoramic Survey Telescope and Rapid Re-

sponse System (Pan-STARRS125: https://star.pst.qub.ac.uk/ps1threepi/psdb/, hereafter the SN is

designated as the IAU confirmed name of SN 2015bs). A pre-SN non detection constrains its ex-

plosion epoch to be the 20th of September ±5 days. The classification spectrum revealed Balmer

lines on top of a blue continuum, indicative of a young SN II. A redshift of around 0.02 was es-

timated from the SN spectrum. Three additional optical spectra were obtained during the plateau

phase, together with B, V, r, i photometry. A year post explosion we also obtained integral field

spectroscopy of SN 2015bs and its surroundings.

SN 2015bs displays a relatively luminous, but normal optical light-curve (Fig. 1, and Sup-

plementary Information, SI). At ∼50 d, the spectrum of SN 2015bs is dominated by the typical
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hydrogen Balmer lines observed in SNe II (Fig. 2a). However, metal absorption lines are much

less prominent in comparison to other SNe II. Spectral models produced from progenitors of dif-

ferent metallicity3, 21 show that as metallicity decreases metal-line pseudo-equivalent widths be-

come weaker. Further, SNe II occurring within lower-metallicity H II regions display weaker Fe II

5018 Å lines22. Fig. 3 shows how the +57 d spectrum of SN 2015bs is well matched by a mode

at 0.1 Z�, in contrast with SN 2012aw, whose strong metal lines support a super-solar metallicity

progenitor. Measuring the pseudo equivalent width of the Fe II 5018 Å line, we find 4.25±0.54 Å

for SN 2015bs, and 3.61±1.29 Å for the 0.1 Z� model (11.33±0.71 Å is measured for the 0.4 Z�

model), in support of a low-metallicity progenitor.

Using our late-time spectroscopy, we identify the host of SN 2015bs at an angular separation

of 3.4′′ from the SN (see SI Fig. 1) that shows narrow Hα (from ionised gas within the galaxy) at a

redshift of 0.027, consistent with the spectra of SN 2015bs. We measure an absolute r-band magni-

tude for the host of –12.2 mag. This makes SN 2015bs the lowest-luminosity host for a SN II, being

more than a magnitude fainter than the previously dimmest host19, 20, 26. Using well known galaxy

luminosity–metallicity relationships this translates to a host metallicity of 0.04 Z�±0.0519, 27.

In addition to being the lowest metallicity SN II studied to-date (as compared to all previ-

ous published SN II environment metallicities20, 26), SN 2015bs is unique in its nebular phase. It

presents striking differences compared to other SNe II (Fig. 2b). Dominant spectral lines at these

epochs are [O I] 6300,6364 Å, Hα, and [Ca II] 7291,7323 Å. In SN 2015bs [O I] is as strong as

Hα and [Ca II]: in most other SNe II Hα is stronger than either line, and [Ca II] is stronger than

[O I]. In addition, the nebular hydrogen line of SN 2015bs (Supplementary Fig. 8) is broader than
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seen in other SNe II. Observations at nebular epochs can be used to constrain the properties of

the helium core. Following the the tight relation between helium-core mass and ZAMS28 (that is

largely insensitive to metallicity∼30 M�
3, 9), we thus constrain the progenitor mass of SN 2015bs.

One caveat is the way convection is treated in 1-D models, and the associated uncertainties29 that

may complicate the exact mapping to ZAMS mass.

The absolute strength of [O I] is an indicator of the helium core mass, and nebular modelling

of SNe II reveals that as progenitor mass increases so does the strength of [O I] as compared to Hα

and [Ca II]5, 30. Our observations therefore suggest that SN 2015bs was the explosion of a higher

mass progenitor than previously observed SN II. In the Supplementary Information (SI) we make

comparisons between the +413 d spectrum of SN 2015bs and spectra from 15 and 25 M� ZAMS

models12 (Supplementary Fig. 11). SN 2015bs displays significantly stronger [O I] than the 15 M�

model, suggesting a higher mass progenitor than previous nebular-spectroscopic constraints.

We make quantitative comparisons between SN 2015bs, our comparison SN II sample, and

models, using the percentage of the [O I] flux with respect to the total optical flux contained within

the wavelength range of the nebular SN 2015bs spectrum (see Table 1). This is an alternative to

using the luminosity of [O I] normalised to the 56Co decay power. The 56Co-normalisation method

has been used5 because gamma-ray trapping also depends on ZAMS mass, errors from extinction

are moderated as the luminosity of [O I] and the 56Ni mass estimates are affected similarly, and

contamination by background continuum is removed. Using the optical ratio removes uncertain-

ties associated to bolometric corrections used to estimate 56Ni masses. SN 2015bs has a value of

15.4±0.7%, which is at least twice higher than previously observed. This provides further evi-
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dence that SN 2015bs arose from the highest mass SN II progenitor to date. SN 2015bs is closer

to the percentage of the 19 M� model than that of 15 M� (Table 1), and we here constrain its pro-

genitor mass to be 17-18 M�. Such a mass constraint lies at the upper limit of the mass range from

direct progenitor detections – while being larger than any previous nebular-spectrum constraints.

However, it is clear from Fig. 2b that the nebular spectrum of SN 2015bs is significantly distinct

from other SNe II. There is therefore a real difference in helium-core mass (and therefore progen-

itor mass) between SN 2015bs and previously studied RSG explosions.

One should note that model line fluxes start to saturate above 19 M� due to line absorption

in the increasingly dense cores (see the relatively small increase in the [O I] percentage for the

25 M� model). This means that models in the 20-30 M� range are only 20-30% brighter in [O I]

than measured values, and cannot be ruled out considering model uncertainties. At the same time,

model tracks at 20-25 M� are still over a factor of 3-6 brighter than 12-15 M� models, outlin-

ing the diagnostic power of using [O I] to determine progenitor mass. No previous SN II nebular

spectrum was consistent with models of ZAMS of much more than 15 M�, whereas – within mea-

surement and model uncertainties – SN 2015bs is consistent with models of 19 M� and above.

The broad nebular Hα emission of SN 2015bs can also be explained through the explosion

of a star with a higher helium-core mass. In SNe II, the width of the nebular lines reflect the ve-

locity of the outer edge of the helium core, or equivalently the inner edge of the hydrogen-rich

envelope4. Since the width of optical lines in SN 2015bs during the photospheric phase suggests a

standard explosion energy, this implies a larger fractional core mass, i.e. the helium-core material

represents a larger fraction of the total mass and its outer edge is closer to the maximum velocity
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in the ejecta4. The high Hα nebular velocity of SN 2015bs (seen in Supplementary Figs 7 and

8), therefore provides further evidence that SN 2015bs had a massive helium core. SN 2015bs

has a Half-Width at Half Maximum (HWHM) nebular Hα velocity of 2127± 308 kms−1, while

inferred photospheric velocity at +50 d is 5359± 392 kms−1. Making direct comparison to the

hydrodynamic models of 4 (specifically velocities in their table 2), constrains the progenitor mass

of SN 2015bs to be between 20 and 25 M�. While the velocity of the Hα nebular line is signif-

icantly higher for SN 2015bs than for any other SN II, the velocities of [O I] are similar between

SN 2015bs and the comparison sample (see Supplementary Fig. 7). In low-mass SNe II (ZAMS

≤12 M�), as much as ∼50% of the nebular line emission of [O I] and the majority of [Ca II] arises

from the hydrogen-rich envelope, with the rest coming from the core5, 31. However, assuming a

higher mass for SN 2015bs, [O I] emission becomes dominated by oxygen in the core rather than

primordial oxygen in the envelope. This naturally explains the relatively high ratio of hydrogen to

oxygen velocities as compared to other SNe II (dominated by lower core-mass events), and gives

further support for a 20-25 M� progenitor for SN 2015bs. We note that such a difference between

Hα and [O I] line velocities was also observed in SN 1987A31, whose progenitor was also of rela-

tively low metallicity and high mass.

The association of SN 2015bs with a 17-25 M� progenitor star at 0.1 Z� has important im-

plication for massive star evolution and explosions. Firstly, it shows that stars more massive than

17 M� can explode, and that not all such massive progenitors proceed to direct black-hole for-

mation without any accompanying bright transient. Together with the recent identification of a

vanishing 25 M� RSG star18, this supports the notion that there may be ‘islands of explodability’
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for massive stars32: the generally greater mass accretion rate onto the proto-neutron star forming in

higher mass stars may not systematically lead to a failed explosion33. Secondly, the link between

a high-mass RSG explosion and a low-metallicity progenitor opens the possibility that progeni-

tors >20 M� can successfully explode as SNe II if the metallicity is sufficiently low (mass-loss is

lower), while at solar metallicities the majority of such RSGs may lose enough mass to explode

as SNe IIb or Ib (although the detection of a disappearing high-mass RSG at solar metallicity pro-

vides an obvious counter example that this is not always the case). A detection of a high-mass and

metallicity progenitor for such SNe would provide confirmation of this possibility. These different

interpretations are discussed further in the SI.

We have presented observations of SN 2015bs, a type II SN that exploded in the lowest-

luminosity host galaxy for any SN II discovered to date19, 20, 26. The weakness of metal lines in

the photospheric-phase spectrum is consistent with models of SNe II at low metallicity, and con-

firms the utility of SNe II as metallicity indicators21, 22. The nebular spectrum is notably distinct,

implying a more massive progenitor than all previously known SNe II. The effects of sub-Small

Magellanic Cloud metallicities (<0.4 Z�) on SNe II and massive star evolution are relatively un-

constrained observationally. The unique characteristics of SN 2015bs highlights the bias in the

current sample of SNe II, with most events studied at around solar metallicity. Current and future

surveys will broaden the SN II parameter space, and further our knowledge of the evolution and

explosion of massive stars.
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Figure 1: Comparison of optical-wavelength spectra of SN 2015bs with literature SNe II. a):

photospheric phase spectra. While the Balmer lines appear similar between SN 2015bs and the

comparison SNe, there is a clear lack of spectral features in the blue part of the spectrum. The

position of the Fe II 5018 Å absorption line is indicated, bracketed by dotted black vertical lines.

This line has been used as a proxy for progenitor metallicity22, and is significantly weaker in

SN 2015bs. b): nebular phase spectra. The most prominent nebular lines are indicated on the

spectrum of SN 2013ej: [O I] 6300,6364 Å; Hα; and [Ca II] 7291,7323 Å. While the comparison

SNe II all look quite similar – apart from small changes in the width of emission lines – SN 2015bs

is clearly distinct. The relative strength of oxygen is much higher, and in particular Hα is broader.
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SN Epoch (days post explosion) [O I] percentage (error)

2015bs 413 15.4 (0.7)

1999em 391 5.2 (1.0)

2004et 401 5.7 (0.9)

2007aa 376 6.1 (0.7)

2009N 406 3.0 (1.0)

2012A 393 6.6 (0.4)

2012aw 451 8.0 (0.9)

2013ej 388 8.7 (0.8)

12 M� 400 4.1 (0.4)

15 M� 400 8.6 (0.6)

19 M� 400 17.9 (0.8)

25 M� 400 19.6 (1.0)

1987A 398 9.1 (0.3)

Table 1: Measured [O I] 6300,6364 Å fluxes for SN 2015bs and our comparison SN II sample

as a percentage of total ‘optical’ flux (4800 to 9300 Å). In the first column we list the SN name,

followed by the epoch of the nebular spectrum (days post explosion) in column 2. In column 3

we present the [O I] 6300,6364 Å flux as a percentage of the total ‘optical’ flux. Note, for the

19 M� model this value is calculated by interpolating between nebular model spectra at +369

and +451 d. We also include values for SN 1987A for comparison. Errors on percentages are

derived from the standard deviation of multiple flux measurements while making slight changes

to the defined continuum level. While our model comparison suggests a ZAMS mass between

17-18 M�, the [O I] percentage for the 25 M� model is not significantly higher than the 19 M�

model. In addition, SN 2015bs shows a much larger value than SN 1987A, for which a 18-20 M�

progenitor has been invoked. 18



Methods

1. CSS140925:223344-062208, aka SN 2015bs

SN 2015bs was discovered on the 25th of September 2014 by the Catalina Sky Survey (CSS)

telescope of the overall CRTS project. In Supplementary Fig. 1 the position of the SN is indicated

on a collapsed image produced from our integral field spectroscopy obtained using the Multi Unit

Spectroscopic Explorer (MUSE34) at the Very Large Telescope, VLT. While no explosion-epoch

constraining non-detections exist from the CSS, a non-detection from the Mount Lemmon facility

(part of CRTS) on the 15th of September 2014 (limiting magnitude of 21.73) constrains the date

of explosion to be the 20th of September 2014 ±5 days, or Julian Date (JD) 2456920.5 ±5 days.

The transient was also detected much later by Pan-STARRS1 as PS15dsr on the 27th June 2015, at

wps = 21.3 mag. A spectrum was obtained with the ESO Faint Object Spectrograph and Camera

(v.2) (EFOSC235) mounted on the New Technology Telescope (NTT) on September the 29th 201436

(see Supplementary Fig. 2), revealing a type II spectral morphology. Matching of the classification

spectrum with a library of SN spectral templates using SNID37 gives good results with SN 2004et

at 2 days before maximum light, which translates to 14 days post explosion (+14 d), leading to an

explosion epoch of the 15th of September, i.e. the same date as the last non-detection. The reason

for the earlier explosion epoch from the spectral matching can be explained by the low progenitor

metallicity of SN 2015bs, meaning that spectral line and colour evolution is slower than usually

observed in SNe II (because of reduced blanketing by metal lines38). Nevertheless, the spectral

matching gives an explosion epoch that is overall consistent with that from the non-detection.

We identify narrow Hα emission from a galaxy (indicated in Supplementary Fig. 1) offset
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3.4′′ from SN 2015bs (the characterisation of which is presented below). The observed wavelength

of this emission (the only emission line observed for this galaxy) gives a redshift for that object of

0.027. This redshift is consistent with that of the SN Hα emission as seen in the nebular spectrum,

and the value inferred from spectral matching above. We adopt this redshift for SN 2015bs, which

corresponds to a distance modulus of 35.4 mag (assuming H0 of 73 km s−1 Mpc−1). At this red-

shift, the angular separation between the peak flux of our identified host and SN 2015bs translates

to 2 kpc.

Line of sight extinction from dust contained within the Milky Way is taken from the re-

calibrated dust maps of 39, assuming a Fitzpatrick extinction law40. No sign of narrow sodium

absorption within the spectra of SN 2015bs is detected – the presence of which would indicate

a higher level of host galaxy extinction – and as shown below in Section 3 and Supplementary

Fig. 3, SN 2015bs does not show particularly red colours. Therefore we assume that SN 2015bs is

affected by negligible internal host galaxy extinction.

2. Data reduction and calibration

BV ri photometry was obtained through the Carnegie Supernova Project-II (CSP-II41) from

around maximum light to just after the end of the plateau, using the Swope telescope (+ e2V CCD)

at the Las Campanas Observatory. Images were reduced in a standard manner. Observations of

standard star fields were carried out on photometric nights when SN 2015bs was observed allowing

the calibration of local standard sequences in BV 42 and ri43. Photometry of SN 2015bs was then

calibrated against these local sequences, and is published in the natural system of the Swope tele-
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scope. Photometry of local sequence stars is presented in Supplementary Table 1 (on the standard

system), while that of SN 2015bs is listed in Supplementary Table 2 (on the natural system). No

attempts were made to subtract the underlying host galaxy flux, given that the host is not detected

in deep images taken around a year post explosion. The BV ri light-curves for SN 2015bs are

displayed in Supplementary Fig. 4.

The Pan-STARRS Survey for Transients observed the field of SN 2015bs during the tail

phase, some 280 days after discovery during its normal survey mode. The transient was recovered

over a period of 77 days with the internal name PS15dsr. The data were taken with the broad wps

band which is a composite of gpsrpsips, as described in 44. Difference imaging with respect to a

reference frame was carried out, with point-spread-function photometry produced automatically

as described in 45 and 46. The detections from Pan-STARRS difference images are associated and

merged into objects in a database of transients47 and the photometry is reported in Supplementary

Table 3 (AB magnitudes in the system described by 48)

Four photospheric-phase optical spectra were obtained for SN 2015bs using the NTT (+

EFOSC2) at La Silla, through the PESSTO collaboration, and using the Las Cumbres Observa-

tory (LCO49) FLOYDS spectrograph. Spectra were obtained at +9 (the classification spectrum

discussed above), +23, +57 and +80 d. The photospheric-phase spectral sequence is presented in

Supplementary Fig. 2. EFOSC2 spectra were reduced and calibrated in a standard manner using a

custom built pipeline for the PESSTO project23, while the FLOYDS spectrum was reduced as in

50.

The position and surrounding sky of SN 2015bs were observed using MUSE at +406 and
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+421 d. MUSE is a 1′×1′ field of view (FOV) integral field spectrograph, allowing us to simulta-

neously observe the SN and search for its host galaxy. These data were reduced using the MUSE

pipeline51, with subsequent combination of the two observations. The extracted 1 dimensional

spectrum of SN 2015bs is shown in Fig. 2 of the main article. The MUSE data cube was analysed

using QFitsView52.

Throughout our analysis we compare the properties of SN 2015bs with a sample of SNe II

from the literature. Given that our conclusions stem from analysis of nebular-epoch optical spec-

troscopy, our comparison sample was defined as any SN II with a nebular spectrum (with a cut

off date of December 2015) within ±50 days of that obtained for SN 2015bs, with respect to the

explosion. Seven such SNe were found which are listed in Supplementary Table 4.

3. Nebular line analysis of SN 2015bs with respect to a SN II comparison sample

Nebular spectra of SNe II are dominated by Hα, [O I] 6300,6364 Å, and [Ca II] 7291,7323

Å, and our analysis is restricted to the measurement of these line profiles. We measure FWHM

velocities, and in the case of [O I] and [Ca II] their absolute fluxes. Velocities are extracted by

fitting Gaussians to each line and measuring their FWHM. In the case of [Ca II], often more than

two Gaussians are needed to provide a good fit. This is to be expected, as the [Ca II] lines can be

blended with e.g. [Ni II] 7378 Å, [Fe II] 7388 Å, and [Ni II] 7412 Å. In addition, for SN 2015bs

and SN 2013ej, more than two components are needed for [O I], and more than one component for

Hα (arguing against unusually strong [Ni II] 7378 Å, [Fe II] 7388 Å, and [Ni II] 7412 Å in these

SNe II, given that the ‘red-excess’ is not unique to [Ca II]). In the case of SN 2013ej, it has been
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suggested that the nebular lines are best modelled assuming blue- and red-shifted components of

[O I], Hα, and [Ca II]53. Additional components on the red side of [O I] and Hα were also observed

for SN 2014G54, and were argued to be due to circumstellar interaction. SN 2015bs displays [O I],

Hα and [Ca II] emission peaks blue-shifted by around 1000 kms−1. Excess flux is also observed

as a red shoulder in emission lines (see Supplementary Figs 8 and 11). Such profiles could sug-

gest significant dust extinction in SN 2015bs. Alternatively, ejecta asymmetries may explain the

observed line profiles. Given that we also observe both blue-shifted emission and a red-shoulder

excess for [Ca II] 7291,7323 Å suggests that a strong ejecta asymmetry is most likely, as this line

predominantly forms outside the metal core where any dust would reside.

If a better fit to the line profiles is attained using additional Gaussian components then these

are added, and the [O I], Hα, and [Ca II] velocities are taken from the largest fitted Gaussian. To

estimate line fluxes we simply integrate the total emission under the [O I] and [Ca II] line profiles.

This is achieved over a constant wavelength range for all SNe, meaning that we include any ‘extra’

emission observed in the case of [O I], and that from [Ni II] 7378 Å, [Fe II] 7388 Å, and [Ni II]

7412 Å in the case of [Ca II]. This approach is preferred, given the uncertain nature of fitting to

multiple unresolved lines, and it also allows for a consistent comparison between all SNe. In this

case the values presented here are not immediately comparable to those published elsewhere31.

Histograms of FWHM velocities of [O I], Hα, and [Ca II] are shown in Supplementary Fig. 7.

With respect to the comparison sample, SN 2015bs shows nebular-phase velocities for [O I] and

[Ca II] towards the centre of the distributions. However, SN 2015bs clearly displays the highest Hα

velocity (Supplementary Figs 8 and 9). Larger nebular-phase velocities are expected in the case of
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SNe II with higher helium core masses4. As discussed in the main article, we make direct compar-

ison of the nebular-phase Hα velocity measured for SN 2015bs with those from the hydrodynamic

models of 4, constraining the progenitor mass of SN 2015bs to be as high as 25 M� (further details

below). The ‘normal’ line velocities for [O I] are to be expected for a larger progenitor mass where

a higher percentage of the flux is expected to arise from the core (i.e. a reduced [O I] flux from

faster moving outer envelope).

The nebular-line widths are measured directly from the nebular spectrum. However, in or-

der to extract a photospheric-phase velocity – and directly compare observed velocities to model

values from 4 – we use two SNe II from our comparison sample to aid us. This is because the

spectral lines usually used for estimating the photospheric velocity, such as Fe II 5169 Å are weak

in the photospheric-phase spectra of SN 2015bs, making their use unreliable. Therefore, we cal-

ibrate the velocity difference between Hβ and Fe II 5169 Å for SN 2004et and SN 2013ej (given

their similar Hβ and Hα velocities to SN 2015bs), and apply this difference to the Hβ velocity

for SN 2015bs, obtaining a +50 d photospheric velocity of 5359± 392 kms−1. Using this, together

with the nebular-epoch HWHM velocity of Hα of 2127± 308 kms−1, thus constrains (through

comparison to hydrodynamic models) the initial progenitor mass of SN 2015bs to be between 20

and 25 M�.

In the main article the flux of [O I] with respect to the flux of that across the full wavelength

range of the MUSE spectrum was presented for SN 2015bs as compared to the same measurement

for our comparison sample and SN 1987A. This showed that SN 2015bs indeed displays stronger

[O I] with respect to the available energy (56Co decay). Previously, the luminosity of [O I] as a
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percentage of the total 56Co power at the epoch of observations has been used as a proxy for pro-

genitor mass through model comparisons13. Here we also analyse SN 2015bs in this context. To

estimate a 56Ni mass for SN 2015bs we proceed with three different methods. Firstly, we extract a

synthetic V -band magnitude from the nebular MUSE spectrum obtained at around +400 d, which

we estimate to be 24.11±0.66 mag. This magnitude is then converted into a bolometric luminosity,

and a 56Ni mass of 0.048+0.041
−0.022 M� is derived assuming full trapping of the radioactive emission by

the SN ejecta55. Secondly, we integrate the total flux within the MUSE spectrum (4800 to 9300 Å),

together with the ‘MUSE flux’ of a spectrum of SN 1987A close in time to that of SN 2015bs56.

Converting these fluxes to luminosities we then obtain the ratio of SN 2015bs MUSE luminosity

to that of SN 1987A, and using a 56Ni mass of 0.075 for SN 1987A57, we arrive at a value for

SN 2015bs of 0.042+0.006
−0.007 M�. Finally, a 56Ni mass is estimated using late-time wps-band photom-

etry. We first fit a straight line to the wps-band photometry, confirming a decline rate consistent

with that expected by the decay of 56Co. We then extrapolate this (by 50 days) to the epoch at

which there is a spectrum available for SN 1987A. A 56Ni mass of 0.057+0.003
−0.003 M� for SN 2015bs

is then obtained by scaling the brightness of the SN 2015bs photometry to that of SN 1987A. Tak-

ing an average of these three values we obtain a 56Ni mass of 0.049±0.008 M�.

Using the derived 56Ni mass for SN 2015bs the luminosity of [O I] is estimated as a percent-

age of the 56Co power to be 5.3%. This is much higher than any previous SN II (see Fig. 24 of

reference 58, where the previous highest value was less than 4%), and when compared to model

predictions suggests a ZAMS mass of ≥17-18 M� (estimated from figure 24 of 58), consistent with

the mass estimates from [O I] fluxes as compared to models in the main article using the [O I] flux
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compared to the total MUSE flux, and comparison to such constraints for SN 1987A.

The overall results from this nebular analysis are shown in Supplementary Fig. 10. Here two

ratios are plotted vs. each other. On the x-axis the ratio of the nebular to photospheric-phase Hα

velocity is shown. This normalises the outer core velocity to the explosion energy4. On the y-axis

we show the ratio of the integrated flux of [O I] to that of [Ca II]. SN 2015bs falls on the extreme

of the distribution of each axis, confirming its uniqueness. Based on model predictions4, 5, the sim-

plest explanation is that SN 2015bs was the explosion of a massive, 17-25 M� progenitor star, i.e.

the most massive progenitor star yet inferred for a SN II.

4. Host galaxy identification and characterisation

There is a faint galaxy 12.7′′ away from the explosion position of SN 2015bs (see Supple-

mentary Fig. 1), however this galaxy does not have a published redshift and appears as a candi-

date SDSS galaxy. The initial redshift of 0.021 was taken from the SN spectral matching (see

above). This implied an absolute r-band magnitude of –13.6 mag for the galaxy: already one of

the dimmest hosts for a SN II. However, in our MUSE observations [O II] 3727 Å and Hβ emission

are identified for this galaxy at a redshift of 0.90, inconsistent with our initial redshift estimate and

therefore this galaxy was discarded as the possible host. The host of SN 2015bs was identified

as a very faint galaxy (see Supplementary Fig. 1) that has narrow Hα emission at a wavelength

consistent with SN 2015bs. Only Hα is visible in the spectrum, so we are unable to constrain the

metallicity using emission line diagnostics. This provides a compelling argument for the use of

SN II as independent metallicity indicators. A synthetic r-band magnitude was extracted from the
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host galaxy spectrum and estimated to be 23.3±0.2 mag. Correcting this for Milky Way extinction,

and the distance modulus, we obtain an absolute r-band magnitude of –12.2, making the host of

SN 2015bs the dimmest host for a SN II in the literature. Aware of the caveats of converting this to

a metallicity, this implies a chemical abundance of 0.04±0.05 Z�
19, making SN 2015bs the lowest

host metallicity SN II yet studied. The metallicity error is that of the dispersion on the relation

between absolute magnitude and metallicity from 19.

Data Availability Statement

The data that support the plots within this paper and other findings of this study are avail-

able from the corresponding author upon reasonable request. In addition, the PESSTO spectra are

available through the PESSTO Spectroscopic Data release 3 (SSDR3), for more information see

the PESSTO website (www.pessto.org), all spectra will also be made available on WISeREP:

www.weizmann.ac.il/astrophysics/wiserep/, and photometric measurements are

listed in the SI.
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Figure 2 Absolute V -band light-curves of SN 2015bs together with a comparison sam-

ple from the literature. The light curve of SN 2015bs is shown in light blue. Errors on

the photometry of SN 2015bs are the propagated errors from the photometric calibration

(those for the comparison sample are taken from the literature). While SN 2015bs falls on

the bright side of the distribution, overall it displays a normal light-curve morphology for a

SN II. The decline rate during the ‘plateau’ phase appears typical of SNe II, as does the

length of the optically thick phase duration.

Figure 3 Comparison of the 57 d spectrum of SN 2015bs with 0.1 Z� and 0.4 Z� models

at +50 d3. We also present an example SN II from our comparison sample (SN 2012aw)

which shows much more prominent metal lines, more consistent with the 2 Z� model. It

is clear that the 0.1 Z� model best matches the spectrum of SN 2015bs (observe the

regions bluer than 5000 Å, and specifically the strength of the Fe II 5018 Å line, which

is bracketed by dashed lines), providing strong evidence for the low-metallicity nature of

SN 2015bs.
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