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Type II supernovae explode energetically and brightly1 and 
leave behind a neutron star2. One particular type II supernova, 
OGLE-2014-SN-073 (hereafter referred to as OGLE14-073), 

was discovered in phase IV of the Optical Gravitational Lensing 
Experiment (OGLE-IV) transient search3,4 on 2014 August 15.43 uni-
versal time (ut) at coordinates α​J2000 =​ 05 h 28 m 51.61 s, δ​J2000 =​ −​62°  
20′​ 16.05″​. No stringent constraint on the explosion epoch could 
be placed, with the last non-detection around 110 d before discov-
ery. A classification spectrum taken on 2014 September 24.28 ut  
(ref. 5) by the Public European Southern Observatory (ESO) 
Spectroscopic Survey of Transient Objects (PESSTO; ref. 6) showed 

very prominent hydrogen P Cygni features and no signs of an inter-
action between the ejecta and circumstellar medium. Despite the 
fact that the spectrum was taken around 40 d after discovery, the 
temperature and velocities inferred best matched a type II super-
nova around 15 d after explosion, posing a problem for the determi-
nation of the actual age of the event.

Host galaxy
Although OGLE14-073 appeared hostless, a pre-discovery image 
taken on 2012 December 22.33 ut by the Dark Energy Survey  
(DES; ref. 7) during Science Verification showed a faint galaxy at 
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Type II supernovae are the final stage of massive stars (above 8 M⊙) which retain part of their hydrogen-rich envelope at the 
moment of explosion. They typically eject up to 15 M⊙ of material, with peak magnitudes of −​17.5 mag and energies in the order 
of 1051 erg, which can be explained by neutrino-driven explosions and neutron star formation. Here, we present our study of 
OGLE-2014-SN-073, one of the brightest type II supernovae ever discovered, with an unusually broad lightcurve combined with 
high ejecta velocities. From our hydrodynamical modelling, we infer a remarkable ejecta mass of −60 16

+42 M⊙ and a relatively high 
explosion energy of −12.4 × 105.9

+13.0 51 erg. We show that this object belongs, along with a very small number of other hydrogen-
rich supernovae, to an energy regime that is not explained by standard core-collapse neutrino-driven explosions. We compare 
the quantities inferred by the hydrodynamical modelling with the expectations of various exploding scenarios and attempt 
to explain the high energy and luminosity released. We find some qualitative similarities with pair-instability supernovae, 
although the prompt injection of energy by a magnetar seems to be a viable alternative explanation for such an extreme event.
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the position of the supernova (Fig.  1a). The magnitudes of the 
host were measured on the available griz-band images using aper-
ture photometry within DAOPHOT (see Methods). We inferred 
mg =​ 23.04 ±​ 0.10 mag, mr =​ 21.81 ±​ 0.16 mag, mi =​ 21.98 ±​ 0.13 mag 
and mz =​ 21.36 ±​ 0.23 mag. From this observed photometry, we 
estimated the stellar mass of the host galaxy. We used the stel-
lar population model programme Multi-wavelength Analysis of 
Galaxy Physical Properties (MAGPHYS; ref. 8), which provided a 
stellar mass of log M =​ 8.7 M⊙ and a 1σ range from 8.5 to 8.9 M⊙ 
for the host of OGLE14-073. This was a few times larger than that 
of the typical mass of the host galaxies of superluminous superno-
vae with slowly fading lightcurves9. Following the mass–metallicity 
relation, this implies a moderately sub-solar metallicity for the host 
of OGLE14-073.

A strong contamination from the host galaxy was clearly vis-
ible in our last spectrum (see Fig.  2a). From these narrow emis-
sions we could measure a redshift of z =​ 0.1225, and from the ratio 
between Hα and [N ii] lines10, we inferred an oxygen abundance 
of 12 +​ log(O/H) =​ 8.36 ±​ 0.10 for the host galaxy of OGLE14-073, 
which is half of the solar abundance. This estimate, together with 
the stellar mass previously inferred, is in good agreement with the 
mass–metallicity relation11.

Spectrophotometric evolution
At a measured redshift of z =​ 0.1225, OGLE14-073 peaked at −​19 mag 
in the I-band. Very few non-interacting type II supernovae have a 
luminosity comparable to OGLE14-073. The roughly three month 
rise to maximum shown by OGLE14-073 (Fig. 3 and Supplementary 
Information) and the broad peak of the lightcurve resemble the pecu-
liar type II supernova SN 1987A (ref. 12); however, SN 1987A was 
much fainter. After a steep post-maximum decline, the lightcurve of 
OGLE14-073 settles onto a tail consistent with the decay rate of 56Co. 
From the luminosity of this tail, the amount of 56Ni synthesized during 
the explosion can be inferred. This estimate requires an assumption 
of the explosion epoch, which is not well constrained. However, if we 
consider that the explosion occurred only one day before discovery, 
we can derive a solid lower limit MNi ≥​ 0.47 ±​ 0.02 M⊙, which is the 
largest MNi ever estimated for a hydrogen-rich supernova13. Overall, 
the spectroscopic evolution of OGLE14-073 (Fig. 2a) is much slower 
compared with other type II supernovae (Fig.  2b), with almost no  

evolution during roughly 160 d of spectroscopic follow-up. The spectra 
are dominated by hydrogen and iron-group elements throughout the 
entire spectral sequence. Weak forbidden lines start to appear only in 
the last spectrum 115 d after the maximum. Despite the slow spectro-
scopic evolution, a progressive cooling of the temperature is visible, as 
well as a redward shift of the minima of the main absorption features 
(see Supplementary Information).

Lightcurve modelling
To investigate the nature of OGLE14-073, we used the well-tested 
modelling procedure described in ref. 14, which has already been 
applied to several other type II supernovae (see Methods for a detailed 
description). First, an exploratory analysis was conducted to deter-
mine the parameter space. This was done using the semi-analytical 
code developed by ref. 15. The outcomes from this preliminary 
examination set the framework for the more sophisticated hydro-
dynamical modelling; that is, the general-relativistic, radiation-
hydrodynamics Lagrangian code presented in ref. 16. The best fit was 
obtained by simultaneously comparing (using a chi-squared test)  
the bolometric lightcurve, photospheric gas velocity and continuum 
temperature of OGLE14-073 with the corresponding quantities 
simulated by the code. The resulting best model (as shown in Fig. 4)  
had an explosion energy = . ×− .

+ .E 12 4 105 9
13 0 51 erg, an ejected mass 

= −
+M 60ej 16

42 M⊙ and a radius at explosion = . ×− .
+ .R 3 8 100 1 0

0 8 13 cm 
(1σ confidence level). In the standard core-collapse paradigm, the 
energy of the explosion results from neutrino deposition after neu-
tron star formation17. Given the low cross-section of the neutrino-
matter interaction, these are assumed to deposit only around 1% of 
their energy in the ejecta, leading to a fairly robust energy upper 
limit of E ≲​ 2 ×​ 1051 erg (ref. 2). Therefore, to achieve the E ≳​ 1052 erg 
inferred for OGLE14-073 in the context of neutrino-driven explo-
sions, one has to invoke a much higher, and possibly unphysical, 
neutrino deposition fraction. In addition, the Mej inferred is sev-
eral times higher than typical values for type II supernovae13,18. We 
stress that the models were calculated assuming that the supernova 
exploded the day before discovery. However, given the lack of 
constraints, it is legitimate to assume that the supernova actually 
exploded well before discovery, and moving the explosion epoch 
back in time the energy, ejecta mass and Ni mass accordingly. 
Therefore these are all to be considered to be lower limits. It is 
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Fig. 1 | RGB images of the OGLE14-073 field. a, Pre-explosion image taken on 2012 December 22.33 ut by the DES during Science Verification. Sloan 
Digital Sky Survey gri filters have been used. At the position of OGLE14-073, marked in red, the faint anonymous host galaxy is observed. b, Post-explosion 
image taken on 2014 September 24.29 ut by PESSTO with the NTT and ESO Faint Object Spectrograph and Camera (version 2). Johnson–Cousins BVR 
filters have been used.
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difficult to reconcile the extraordinary energetics of OGLE14-073, 
together with its high Mej and MNi values, with the conventional 
core-collapse scenario.

Pair-instability scenario
If the progenitor of OGLE14-073 was a very massive star (with a 
helium core between 64 and 133 M⊙; ref. 19), it could have ended its 
life due to the instabilities induced by the production of e+e− pairs 
in a pair-instability supernova (PISN). These events are character-
ized by very bright (up to 1044 erg s−1) and broad lightcurves, with  
rise times ≳​150 d, due to large ejecta masses and, hence, very long 

diffusion times20,21. In Fig. 5, we compare the lightcurve of OGLE14-
073 with those of hydrogen-rich PISN models from ref. 20. In particu-
lar, we consider a progenitor with a zero-age main-sequence (ZAMS) 
mass MZAMS =​ 190 M⊙ (helium core: ~100 M⊙), as among the models  
of ref. 20, they produced the dimmest lightcurves (still brighter than 
OGLE14-073). Both lightcurves coming from a red supergiant and 
a blue supergiant progenitor are considered. The red supergiant 
model is brighter at early phases and lacks the observed rise-time 
of OGLE14-073. The decline phase has a very similar slope to that 
of OGLE14-073. The blue supergiant progenitor lightcurve shows a 
reasonable qualitative match; however, we lack data before −​100 
days to probe the full rise (and early peak). OGLE14-073 experi-
ences a faster decline over the first 80 d after the peak, but in the tail 
phase shows similar decline rates to the red supergiant model. The 
tail phase luminosities (Fig. 5) indicate that the 56Ni mass in the 
two PISN models is much higher than in OGLE14-073. Our initial 
estimate of MNi ≥​ 0.47 M⊙ is below the values of 2.6–3.0 M⊙ of the 
models. However, we lack a constraint on the explosion epoch of 
OGLE14-073, and if we assume that the explosion occurred ~90 d 
before the initial discovery, MNi could be as high as ~1.1 M⊙. While 
this is still low, it is in the regime of PISN events arising from 
less massive progenitors (helium cores: ≲​90 M⊙; ref. 19). The 
pre-maximum spectra of the PISN models of ref. 20 show many 
similarities with OGLE14-073, being dominated by the Balmer 
lines. However, the models show the hydrogen disappearing 
after the peak. This occurs because at the time of the explo-
sion the progenitors of PISN have very massive helium cores, 
which prevent the centrally distributed 56Ni from being mixed 
with the outer ejecta, where the hydrogen is mainly situated. 
Instead, in OGLE14-073, the hydrogen dominates the spectrum 
at all epochs. Therefore, despite the similarities with the mod-
els (see also Supplementary Fig. 4 for a comparison of tempera-
tures and velocities), the late-time spectra of OGLE14-073 are in  
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Fig. 2 | Optical spectral evolution of OGLE14-073 and comparison with 
SN 1987A. a, Optical spectral evolution of OGLE14-073. The spectra 
are corrected for reddening and redshift, and shifted vertically for better 
display. On the right of each spectrum, the phase (in the rest frame) with 
respect to the bolometric maximum lightcurve and the telescope used 
are reported. The two GEMINI spectra are smoothed with a boxcar of five 
pixels. The positions of the telluric O2 A and B absorption bands are marked 
with the ⊕​ symbol. All spectra are available at http://wiserep.weizmann.
ac.il/home. b, Spectroscopical comparison between OGLE14-073 and SN 
1987A, given the similarities between their lightcurves. On the right of each 
spectrum, the phase with respect to the bolometric maximum epoch is 
reported, unless differently specified. For comparison, the spectrum of SN 
1999em 15 d after the explosion is also shown, which was the best match 
for the classification spectrum. See Supplementary Information for the 
references of the objects used for the comparison.
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Fig. 3 | Bolometric lightcurve of OGLE14-073 and comparison with 
other type II supernovae. Comparison of the optical pseudo-bolometric 
lightcurve of OGLE14-073 with other luminous non-interacting type II 
supernovae (the type II-P supernovae SN 1992am, SN 2004et and SN 
2009kf, and the peculiar SN 1987A; see Supplementary Information for 
references). The phase is in the rest frame and from the explosion for all 
the supernovae apart from OGLE14-073, for which the first detection was 
used. The initial four points of OGLE14-073 (shaded) were calculated  
from only one I band image per epoch, assuming the same spectral  
energy distribution as for the first epoch with multi-band information.  
For comparison we have included the full-bolometric lightcurve of  
OGLE14-073 (see Methods). The dashed magenta line marks the slope of 
the 56Co decay. The green lines at the top of the frame mark the epochs  
at which the spectra were measured.
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conflict with a PISN interpretation (unless a source other than 56Ni 
is ionising the hydrogen).

Alternatively, in progenitors with smaller helium cores than 
those of PISN (that is, ~30–60 M⊙), the instabilities arising from 
the creatio of pairs could be insufficient to disrupt the entire star, 
but violent enough to expel part of the envelope22. The interaction 
due to the collision between two (or more) of these shells of mate-
rial could be an efficient way to power luminous lightcurves, in a 
so-called pulsational PISN (ref. 22). If the shells are dense and mas-
sive enough, a photosphere could be created, which could mimic a 
normal supernova, without clear signs of interaction from the spec-
tra. Given the broad lightcurve of OGLE14-073 and the hydrogen 
lines visible at all epochs, a scenario with a fast, low-mass inner shell 
interacting with a slower massive outer one (for example, see SN 
1994W; ref. 23) could perhaps reproduce the observables. Assuming 
the light curve rise-time to be the diffusion time td in the shell, an 
opacity κ =​ 0.34 cm2 g−1, an outer radius R~1016 cm and a constant 
density ρ, using td =​ κρR2/c (ref. 24) we get Mshell ~14 M⊙. Therefore, 
the outer shell should have a kinetic energy in the order of 1052 erg. 
Similar energies can indeed be produced in the most extreme 
pulsational PISN (ref. 22). However, in most models, such ener-
gies are achieved through large masses and relatively low velocities  
(~1,000–2,000 km s−1), while the first spectrum of OGLE14-073 shows 
the minimum of the absorption of Hα at ~10,000 km s−1, which is 
probably too high for a pulsation event due to pair instabilities. Note, 
in addition, that in this scenario the progenitor star might still be alive, 
and there would be no 56Ni synthesized, thus the tail phase match with 
the radioactive decay of 56Co would be coincidental.

Hypernova scenario
We may notice that, although rare, supernovae with E >​ 1052 erg do 
exist. Historically, they have been labelled as ‘hypernovae’, and some 

are associated with long gamma-ray bursts; for example, SN 1998bw 
(ref. 25). Moreover, a hypernova-like explosion has also been invoked 
to explain the luminous type II-P supernova SN 2009kf (refs 26,27). 
In the case of SN 2009kf, the following parameters were inferred: 
Mej =​ 28 M⊙, E =​ 22 ×​ 1051 erg and MNi =​ 0.40 M⊙. These values are 
not far from those found for OGLE14-073 (although inferred with 
a fairly different methodology) and the spectra also show similari-
ties26. However, the lightcurves are quite different (see Fig. 3), with 
that of SN 2009kf resembling more normal type II-P supernovae. To 
try to associate such energetic events within a known scenario, we 
built a sample of normal type II supernovae, long-rising 1987A-like 
supernovae, standard Ibc supernovae (stripped-envelope) and 
hypernovae, for which estimates of E and Mej were available18,28,29, 
and we plotted these parameters in Fig. 6a (we point out that given 
the different sources, the methods applied to infer the parameters 
are quite heterogeneous). The transients appear to gather in four 
clusters. In particular, OGLE14-073 sits in a region characterized 
by both high E and high Mej, together with SN 2009kf and also 
with two long-rising supernovae, SN 2004ek and SN 2004em. This 
domain of the plot is not populated by ‘traditional’ transients. 
Indeed, the ejecta of these four supernovae are much larger than 
those of the hypernovae and are much more energetic than canon-
ical type II events. Such clustering disappears when comparing 
E with MNi (Fig. 6b). Here, there seems to be a continuum, with 
MNi increasing with E, a trend already reported in previous stud-
ies30,31. OGLE14-073 follows the general tendency; however, it sits 
far from all other type II supernovae (with the exception of SN 
2009kf) in a region populated by hypernovae. Given the scarcity 
of the sample, we cannot exclude the possibility that high-energy 
type II supernovae may somehow extend towards lower energies 
or masses, implying that this would either require a much more 
efficient core-collapse mechanism, or much larger hydrogen-rich 
progenitors for hypernovae.

To explain the high-energy properties of hypernovae, an addi-
tional source powering the explosion is required. Such a source is 
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model computed with the general-relativistic, radiation-hydrodynamics 
code described in ref. 16. The best-fitting model parameters are 
E =​ 12.4 ×​ 1051 erg, Mej =​ 60 M⊙ and R0 =​ 3.8 ×​ 1013 cm. a, Bolometric light 
curve. b, Photospheric velocity. c, Photospheric temperature evolution. 
We assume the explosion occurred the day before discovery, and the 
phase is referred to this epoch. To estimate the photospheric temperature 
and velocity from the observations, we respectively used the continuum 
temperature and the minima of the profile of the Fe lines, which are 
considered good tracers of the photospheric velocity in type II supernovae. 
For the sake of completeness, the best-fitting model, computed with the 
semi-analytical code15 (E =​ 21 ×​ 1051 erg, Mej =​ 69 M⊙ and R0 =​ 3.5 ×​ 1013 cm), 
is also shown.
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usually identified in an ‘inner engine’, in the form of a magnetar 
(for example, ref. 32) or a black hole (for example, ref. 33). In the first 
case, a protoneutron star born with a spin period in the order of 
1 ms and a magnetic field in the order of 1015 G can inject 1052 ergs of 
energy in the inner ejecta on a time scale of 10–100 s. This energetic 
shock soon reaches the slower supernova shock, while still travel-
ling through the envelope of the progenitor star, boosting it and 
producing a hyperenergetic supernova explosion32. Such an ener-
getic shock also has a deep influence on nucleosynthesis, as a nickel 

excess is also expected. Note that this magnetar engine is different 
from that supposed to sustain the lightcurves of superluminous 
supernovae34,35, as in those cases the magnetic field of the neutron 
star is one order of magnitude lower, injecting energies of ~1051 erg 
on a timescale of days to weeks36. We can speculate that a magnetar 
with B ≥​ 1015 G and a spin period of ~1 ms could be hidden at the 
centre of the explosion of OGLE14-073, and this could be the source 
of energy of the most powerful hydrogen-rich supernovae shown 
in Fig. 6. Alternatively, the inner engine could comprise a rapidly 
rotating black hole, which—as a consequence of the accretion of the 
matter in-falling from the collapsing progenitor—launches relativ-
istic jets, triggering the explosion.

Conclusions
Regardless of the energy injection mechanism, the shape of the 
lightcurve and the spectra of OGLE14-073 unequivocally point to 
the presence of a massive hydrogen envelope, which is also con-
firmed by our hydrodynamical modelling. Despite the uncertainties 
regarding a definitive determination of the explosion scenario, it 
appears certain that the progenitor was much larger than the typical 
progenitors of type II supernovae37. However, explosion energies in 
the order of 1052 erg and ejecta masses above 50 M⊙ are too high for a 
canonical core-collapse supernova and neutrino-driven explosion. 
Although there are few other high-energetic hydrogen-rich events 
that seem to defy the standard core-collapse scenario, OGLE14-073 
appears to have an unmatched spectrophotometric evolution. It is 
puzzling how the progenitor managed to retain such a big amount 
of its outer envelope without triggering mass-loss events and tran-
sitioning to a luminous blue variable or a Wolf–Rayet star38. Indeed, 
progenitors in the mass range that we infer from the ejecta mass 
should explode as hydrogen-free supernovae, according to the cur-
rent state-of-the-art models. Perhaps a low metallicity environ-
ment, as our host galaxy analysis suggested, could have suppressed 
the mass loss39. In this context, PISN are supposed to come from 
massive population III progenitors; however, both the PISN and the 
pulsational PISN scenarios have inconsistencies with the observ-
ables of OGLE14-073. We argued that a central engine scenario 
could in principle provide the energy shown by OGLE14-073, but 
this leads to other issues, such as how and why some stars are able 
to produce compact objects with ultra-intense magnetic fields while 
others do not. Moreover, it is not clear how these peculiar neutron 
stars (or black holes) interact with massive envelopes, especially if 
jets form, influencing the geometry of the explosion, 56Ni mixing 
and radiation transport. Together, we believe that the observables 
of OGLE14-073 provide strong motivation for the search for other 
similar objects (possibly with better explosion epoch constraints) 
and more detailed modelling.

Methods
Follow-up and data reduction. OGLE-IV reported the discovery of OGLE14-073  
on 2014 September 20.32 ut (ref. 3), with an I band magnitude of ~19.5 mag. 
However, inspection of the acquisition images close to the discovery revealed a 
couple of previous detections, the earliest being on 2014 August 15.43 ut. We used 
this date as the discovery reference throughout the paper. The last non-detection 
is from OGLE-IV, on 2014 April 27.98 ut (limit 20.0 mag in I band), around 110 d 
before the first detection. The observational campaign of OGLE14-073 lasted for 
about eight months, before it went behind the Sun. Then, when it was visible again, 
we were able to obtain just one more detection (S/N~4), in addition to a number of 
upper limits. The photometric campaign has also been supported by the acquisition 
of eight spectra. Supplementary Table 1 lists the telescopes and instrumentation 
involved in the follow-up of OGLE14-073.

Images from the Las Cumbres Observatory40 and OGLE-IV were automatically 
ingested and reduced using the lcogtsnpipe pipeline41 and the OGLE-IV data 
analysis system4, respectively. We reduced all the images coming from the 
other telescopes by correcting for overscan, bias and flatfields, using standard 
procedures within the Image Reduction and Analysis Facility (IRAF). The near-
infrared images, all of which came from the infrared spectrograph and imaging 
camera Son of ISAAC (SOFI) on the ESO’s New Technology Telescope (NTT), 
were reduced using the PESSTO pipeline6. For the photometric measurements, 
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Fig. 6 | Ejecta mass versus explosion energy and 56Ni mass plots.  
a, Ejecta mass Mej versus explosion energy E plot. A sample of ‘normal’ 
type II supernovae18, 1987A-like supernovae28, type Ibc supernovae and 
supernovae related with gamma-ray bursts (hypernovae29) are shown. Four 
major groups are identified in the graph, with OGLE14-073 sitting in a new 
region of high-energy type II supernovae, together with the supernovae 
SN 2004ek, SN 2004em and SN 2009kf. This group of hydrogen-rich 
supernovae appears as a separate cluster from the other standard core-
collapse supernovae, suggesting a different explosion mechanism for this 
type of energetic transient. b, Explosion energy E versus 56Ni mass MNi plot. 
A continuum of events is evident, with more energetic events synthesizing 
more 56Ni. This tendency has already been found in several other studies30, 
which led to the claim of a unique exploding mechanism for all the classes 
of supernovae considered, invoking collapse-induced thermonuclear 
explosions as an alternative to neutrino-driven explosions31. OGLE14-073 
seems to respect the general trend, but it sits far from the other hydrogen-
rich events (with the exception of SN 2009kf).
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the SNOoPY package42 was used, which allowed—for each exposure—the 
extraction of the magnitude of the supernova with the point spread function 
fitting technique, using DAOPHOT (ref. 43). If the transient was not detected in 
the image, conservative upper limits were estimated, corresponding to an S/N of 
2.5. To derive the magnitude of the supernova, we first estimated the zero point 
and the colour term of the night through the observation of photometric standard 
fields44. Then, we calibrated a sequence of secondary stars in the field of OGLE14-
073, which were subsequently used to calibrate the supernova in each night. For 
near-infrared images, we used the Two Micron All Sky Survey catalogue45 as a 
reference for the calibration. Finally, we applied a K-correction computed from 
the sequence of spectra we gathered. Error estimates were obtained through an 
artificial star experiment, combined (in quadrature) with the point spread function 
fit error returned by DAOPHOT, and the propagated errors from the photometric 
calibration. Sloan Digital Sky Survey griz filters were used in three epochs taken 
at Las Cumbres Observatory, and we converted the extracted magnitudes to 
Johnson–Cousins BVRI filters, following the relations derived by ref. 46. The i filter 
of the ESO Faint Object Spectrograph and Camera (version 2; EFOSC2)  
is actually a Gunn i; nevertheless, it has been calibrated as a Cousins I. All the 
magnitudes reported in this work have been calibrated in the Vega system. 
OGLE-IV provided a great number of images in which the supernova was not 
detectable (both pre-explosion images and images taken after the supernova  
faded below their detection limit). We stacked them in three deeper images,  
one of which showed a detection.

Given the contamination of the galaxy in the last epochs, a template 
subtraction would be appropriate. However, the pre-discovery images were either 
not deep enough (the ones from OGLE) or had different filters from those used for 
the follow-up (the one from the DES). The supernova was not detected in the very 
last epoch taken with the visual and near UV FOcal Reducer and low dispersion 
Spectrograph (version 2; FORS2) on the ESO’s Very Large Telescope (VLT) using 
VRI-band filters, so we decided to use this last acquisition as the template. We 
performed the subtraction using hotpants (http://www.astro.washington.edu/
users/becker/v2.0/hotpants.html) by point spread function matching of the field 
stars. We note that the epoch used as a template was taken only 75 d after the last 
detection in the R and I bands. Thus, it is likely that the supernova flux was not 
completely negligible yet, resulting in an over-subtraction of the actual supernova 
signal. For this reason, the magnitude measurements at 400 d in the R and I bands 
are to be considered as upper limits.

The bolometric and pseudo-bolometric luminosity lightcurves of OGLE14-073 
were calculated by integrating the spectral energy distribution (SED) using the 
trapezoidal rule. Each photometric point is converted in flux at the wavelength 
equal to the effective wavelength of the filter. All the points are then connected to 
form a very low-resolution SED. The blue- and red-most points are also extended 
by half of the effective width of the corresponding filter, with zero flux assumed 
outside these boundaries. Finally, the obtained SED is integrated by summing 
the area of the trapezoids that comprise it. Since our photometry mainly covered 
the optical wavelengths, we had to apply a bolometric correction to create a full 
bolometric lightcurve. We estimated this by fitting the spectral energy distribution 
(to estimate the bolometric correction we used only the spectral energy 
distribution measured from epochs where the supernova was detected in more 
than two bands) with a blackbody and then adding the missing flux, measured 
from 0 to ∞​, to the optical luminosities.

For the optical spectra, the extractions were performed using standard IRAF 
routines. The spectra of comparison lamps and standard stars acquired on the 
same night and with the same instrumental setting were used for the wavelength 
and flux calibrations, respectively. A cross-check of the flux calibration with the 
photometry (if available from the same night) and removal of the telluric bands 
with the standard star were also applied. The GEMINI spectra were reduced 
using a combination of the Gemini IRAF package and custom scripts in Python 
(https://github.com/cmccully/lcogtgemini/). We performed overscan and master 
bias subtraction and corrected for the quantum efficiency difference between 
the chips using Gemini IRAF tasks. We removed any remaining differences in 
the inter-pixel sensitivity from lamp flat field images. Pixels affected by cosmic 
rays were identified using the astroscrappy package (https://github.com/astropy/
astroscrappy).

Note that given the distance of OGLE14-073, a time-dilation correction has 
been applied, and all the phases reported are always to be considered in rest-frame, 
unless explicitly expressed.

The host galaxy analyses were performed on pre-discovery ugriz images  
taken on 2012 December 22.33 ut by the DES during Science Verification.  
No flux from the supernova is assumed to have been present at this time. 
Magnitude measurements of the host were carried out using aperture photometry 
within IRAF/DAOPHOT. We let the aperture size vary until we were confident  
that it encompassed the whole host flux and avoided other nearby objects.  
The aperture radius adopted was around 2″​. The zero point was determined  
with 55 reference stars in the field (~3′​ around the host), which were also used  
for the supernova photometry calibration.

After the Milky Way extinction correction (AV =​ 0.17 mag; ref. 47), we applied 
the luminosity distance of 573.9 Mpc (z =​ 0.1225; ref. 48) using a cosmology of 
H0 =​ 70 km s−1 Mpc−1, Ω​M =​ 0.27 and Ω​λ =​ 0.73 to calculate the host flux.  

We employed the MAGPHYS stellar population model program of ref. 8 to estimate 
the stellar mass from the observed photometry of the host galaxy. This code 
employs a library of stellar evolution and population models from ref. 49 and adopts 
the galactic disc initial mass function of ref. 50. MAGPHYS first found the best-fit 
galaxy model (χ = .1 4red

2 ) and then calculated the probability density function over 
a range of model values, inferring the median of stellar mass of 108.7 M⊙, and a 1σ 
range from 108.5 to 108.9 M⊙ for the host of OGLE14-073. This stellar mass is a few 
times greater than host galaxies of some superluminous supernovae with slowly 
fading lightcurves (for example, ref. 9). Following the mass–metallicity relation, this 
implies a sub-solar metallicity for the host of OGLE14-073. We noticed some flux 
excess of the observed r band while comparing the best-fit model, which indicates 
that the host may have a strong contribution from [O iii] lines, as is also confirmed 
by our last spectrum of OGLE14-073 (see Fig. 2a).

We used the spectrum at +​115 d after maximum for measuring the emission 
line flux from the host galaxy (see Fig. 2a). The contamination from the supernova 
is strong and the Hβ line is not detected. Hence, we used the N2 method10 for the 
oxygen abundance. Given the close wavelengths of Hα and [N ii] lines, this has 
the advantage of being less affected by dust extinction. We inferred an oxygen 
abundance of 12 +​ log(O/H) =​ 8.36 ±​ 0.10 for the host galaxy of OGLE14-073, 
which is equal to half of the solar abundance (assuming a solar abundance 
of 12 +​ log(O/H) =​ 8.69; ref. 51). This estimate, together with the stellar mass 
previously inferred, is in good agreement with the mass–metallicity relation11. 
Nevertheless, a future pure, deep host spectrum is required to measure the host 
metallicity more accurately.

We also measured the star formation rate (SFR; ref. 52) of the host galaxy 
from the Hα luminosity (2.41 ×​ 1039 erg s−1) and then divided it by 1.6 assuming 
a Chabrier initial mass function. The SFR of the host is >​0.01 M⊙ yr−1, and the 
specific SFR (stellar mass/SFR) is >​0.02 Gyr−1. We point out that this is actually a 
lower limit, since we did not apply any internal dust extinction correction and the 
Hα flux is contaminated by the supernova flux.

Modelling procedure. The ejected mass Mej, the progenitor radius at the explosion 
R0 and the total (kinetic plus thermal) explosion energy E of OGLE14-073 were 
estimated using a well-tested modelling procedure, which is described in refs 14,53.  
This procedure includes hydrodynamical modelling of all the main supernova 
observables (that is, the bolometric light curve, evolution of line velocities 
and temperature at the photosphere), where Mej, R0 and E are derived from a 
simultaneous chi-squared fit of these observables to the model calculations. The 
full radiation hydro models were calculated using the code presented in refs 16,54. 
This enabled simulation of the evolution of the physical properties of supernova 
ejecta and reproduction of the behaviour of the main supernova observables, 
from the breakout of the shock wave at the stellar surface to the radioactive 
decay phase. The radiative transfer was accurately treated at all optical depth 
regimes by coupling the radiation moment equations with the hydrodynamics 
equations. A fully implicit Lagrangian finite difference scheme was adopted to 
solve the energy and the radiation moment equations. The description of the 
ejecta evolution took into account the heating effects due to the decays of the 
radioactive isotopes synthesized during the supernova explosion. The gravitational 
effects of the compact remnant were also considered through a fully general-
relativistic approach. The initial conditions used in the code well mimic the 
physical properties of a supernova progenitor after the shock breakout at the stellar 
surface and the reverse shock passage through the ejecta, with the exception of the 
outermost high-velocity shell of the supernova ejecta, which can recombine quickly 
and is not included. The outermost high-velocity shell of the supernova ejecta 
can provide a non-negligible contribution to the early emission of the supernova, 
preventing accurate reproduction of the evolution of the photospheric velocity in 
the early phases, but it is typically not crucial for the total mass–energy budget of 
the supernova. Including it would likely increase both the estimated ejected mass 
and explosion energy, reinforcing the idea that OGLE14-073 is an extraordinary 
object. In particular, the initial density profile is described by equation 6 of  
ref. 16. This is derived from the so-called radiative zero solution of ref. 55  
(which well approximates the initial temperature profile) assuming that the ejecta 
are radiation dominated.

However, the computation of a grid of models with the full radiation hydro 
code is very time consuming. Therefore, we need to first constrain the parameter 
space of the supernova progenitor and ejecta. This is accomplished by means 
of the semi-analytical model described in refs 15,53, which solves the energy 
balance equation for ejecta of constant density and free coasting (in homologous 
expansion). The plasma is assumed to be dominated by the radiation pressure. 
Both the recombination of the ionised matter and the decay of the 56Ni and 56Co 
synthesized during the explosion are considered as sources of heating of the 
ejecta. The parameter estimates were carried out as described above, fitting the 
main supernova observables to model calculations using Mej, R0 and E (or the 
initial expansion velocity) as fitting parameters. This preliminary analysis yielded 

= ×−
+E 21 1013

29 51 erg, = −
+M 69ej 36

52 M⊙ and = . ×− .
+ .R 3 5 100 1 1

0 8 13 as the best parameters at 
a confidence level of 3σ.

Once an approximate but reliable estimate of the physical conditions describing 
the supernova progenitor at the explosion was obtained, such a reduced framework was 
used as a start for the above-mentioned general-relativistic, radiation-hydrodynamics 
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Lagrangian modelling. The parameters resulting from this modelling  
were = . ×− .

+ .E 12 4 105 9
13 0 51 erg, = −

+M 60ej 16
42 M⊙ and = . ×− .

+ .R 3 8 100 1 0
0 8 13 cm  

(1σ confidence level). The reported uncertainties are an estimate of the errors 
related to the chi-squared fitting procedure used for the modelling, and are 
inferred following the same approach as described in ref. 14 but considering 1σ 
confidence intervals. Usually the typical values of these uncertainties are in the 
range ~10–30% (relative error) for conventional type II supernovae. However, the 
unique characteristics of OGLE14-073 inflated these uncertainties, providing wide 
bounds for the inferred parameters, nevertheless reflecting a reliable and solid 
range of values. We note in particular that the upper error for the energy is in the 
order of 100%, suggesting that it is more probable that the explosion was more 
energetic with respect to what we have inferred, rather than less energetic. We also 
point out that the inferred errors do not include possible systematic uncertainties 
linked to the input physics (for example, opacity treatment and the approximate 
initial condition of our models) nor uncertainties related to the assumptions made 
in evaluating the modelled observational quantities (for example, the adopted 
reddening, explosion epoch and distance modulus). Although the variations of 
the parameters E, Mej and R0 due to these systematic uncertainties may not be 
negligible, they do not have a significant impact on the overall results (see also 
section 2.1 of ref. 14 and references therein for further details). In the case of 
OGLE14-073, they can produce a systematic increase in E (and Mej), reinforcing 
the idea that OGLE14-073 is an extraordinary object that defies the canonical 
neutrino-driven core-collapse paradigm.

The parameters inferred from the semi-analytical model and the more 
accurate hydrodynamical modelling are in good agreement. The explosion energy 
is approximately 70% higher in the semi-analytical mode because the latter does 
not take into account the ejecta acceleration that occurs in the first few days after 
explosion, which converts most of their internal energy into kinetic energy. To 
correctly reproduce the velocity profile, the semi-analytical code requires a larger 
initial velocity, hence leading to an overestimate of the initial kinetic and total 
explosion energy.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request. OGLE-IV data can 
be accessed from http://ogle.astrouw.edu.pl/ogle4/transients/. PESSTO data 
can be accessed from http://www.pessto.org. DES Science Verification data 
can be accessed from http://des.ncsa.illinois.edu/releases/sva1D. Las Cumbres 
Observatory images are available from http://lcogt.net/. Two Micron All Sky 
Survey data can be retrieved from http://www.ipac.caltech.edu/2mass/.
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