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We present our study of OGLE-2014-SN-073, one of the brightest Type II SN

ever discovered, with an unusually broad lightcurve combined with high ejecta

velocities. From our hydrodynamical modelling we infer a remarkable ejecta mass

of 60 � 42
� 16 M d , and a relatively high explosion energy of 12 :4� 13:0

� 5:9 � 1051 erg. We show

that this object belongs, with a very small number of other hydrogen-rich SNe, to

an energy regime that is not explained by standard core-collapse (CC) neutrino-

driven explosions. We compare the quantities inferred by the hydrodynamical

modelling with the expectations of various exploding scenarios, trying to explain

the high energy and luminosity released. We �nd some qualitative similarities

with pair-instabilities SNe, although a prompt injection of energy by a magnetar

seems also a viable alternative to explain such extreme event.

Type II supernovae (SNe) are the �nal stage of massive stars (above 8 Md ) which retain

part of their hydrogen-rich envelope at the moment of explosion. They typically eject up to

10� 15 Md of material, with energies of the order of 1051 erg and peak magnitudes of -17.5 mag

[1]. Although more luminous events are commonly discovered, their explosion energies are

mostly in the range of a few times 1051 erg, explainable by neutrino-driven explosions and

neutron star (NS) formation [2].

OGLE-2014-SN-073 (hereafter OGLE14-073) is a SN discovered by the Optical Gravita-

tional Lensing Experiment (OGLE-IV) Transient Search2 [3] [4] on 2014 August 15.43 UT, at

coordinates� J2000 � 05h28m51:61s, � J2000 � � 62� 20116:052. No stringent constraint on the

explosion epoch could be placed, with the last non-detection at� 110 d before discovery. A

classi�cation spectrum, taken on 2014 September 24.28 UT [5] by the Public ESO Spectro-

2http://ogle.astrouw.edu.pl/ogle4/transients/
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scopic Survey of Transient Objects (PESSTO3) [6], showed very prominent hydrogen P-Cygni

features, and no signs of interaction of the ejecta with circumstellar medium. Despite being

taken � 40 d after discovery, the temperature and velocities inferred from the spectrum best-

matched a Type II SN at� 15 d after explosion, posing a problem on the determination of the

actual age of the event.

1 The host galaxy

Although OGLE14-073 looked apparently hostless, a pre-discovery image taken on 2012 De-

cember 22.33 UT by the Dark Energy Survey (DES) [7] during Science Veri�cation4 showed

a faint galaxy at the position of the SN (see Figure 1, left panel). Magnitudes of the host

were measured on the availableugrizy images, using aperture photometry withindaophot.

We inferred g � 23:04 � 0:10 mag, r � 21:81 � 0:16 mag, i � 21:98 � 0:13 mag and

z � 21:36 � 0:23 mag. From this observed photometry, we estimated the stellar mass of

the host galaxy. We used the stellar population model programmagphys[8], which pro-

vided a stellar mass of logM � 8:7 Md , and a 1� range from 8.5 to 8.9 Md for the host of

OGLE14-073. This is a few times larger than that of the typical mass of the host galaxies of

SLSNe with slowly-fading lightcurves [9]. 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 is clearly visible in our last spectrum (see

Figure 3, top panel). From these narrow emissions we could measure a redshift ofz � 0:1225,

and from the ratio between H� and [N ii ] lines [10], we inferred an oxygen abundance of

3www.pessto.org
4http://des.ncsa.illinois.edu/releases/sva1D
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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, are in good

agreement with the mass-metallicity relation [11].

2 The spectrophotometric evolution

At a measured redshift ofz � 0:1225, OGLE14-073 peaked at� 19 mag in the I-band. Very few

non-interacting Type II SNe have a luminosity comparable to OGLE14-073. The� 3 months

rise to maximum shown by OGLE14-073 (see Figure 2 and SIx 1) and the broad peak of the

lightcurve resemble the peculiar Type II SN 1987A [12], which however was much fainter. After

a steep post-maximum decline, the lightcurve of OGLE14-073 settles onto a tail consistent

with the decay rate of56Co. From the luminosity of this tail, the amount of 56Ni synthesised

during the explosion can be inferred. However, this estimate requires an assumption on the

explosion epoch, which is not well constrained. Yet, if we consider that the explosion occurred

only the day before discovery, we can derive a solid lower limitMNi ¥ 0:47� 0:02 Md , which

is the largest MNi ever estimated for an hydrogen-rich SN [13]. Overall, the spectroscopic

evolution of OGLE14-073 (see Figure 3, top panel) is much slower compared to other Type II

SNe (see Figure 3, bottom panel), with almost no evolution during the� 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 maximum. Despite the slow spectroscopic evolution, a progressive cooling of the

temperature is visible, as well as a redward shift of the minima of the main absorption features

(see SIx 2).
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3 Lightcurve modelling

In order to investigate the nature of OGLE14-073, we use the well-tested modelling procedure

described in [14] and already applied to several other Type II SNe (see Methods for a detailed

description). First, an exploratory analysis is conducted in order to determine the parameter

space. This is done using the semi-analytical code developed by [15]. The outcomes from

this preliminary examination set the framework for the more sophisticated hydrodynamical

modelling, that is the general-relativistic, radiation-hydrodynamics Lagrangian code presented

in [16]. The best �t is obtained by simultaneously comparing (with a� 2) the bolometric

lightcurve, the photospheric gas velocity and continuum temperature of OGLE14-073 with

the corresponding quantities simulated by the code. The resulting best model (shown in

Figure 4) has an explosion energyE � 12:4� 13:0
� 5:9 � 1051 erg, an ejected massM ej � 60� 42

� 16 Md

and a radius at explosionR0 � 3:8� 0:8
� 1:0 � 1013 cm (1� con�dence level). In the standard CC

paradigm, the energy of the explosion results from the neutrino deposition after NS formation

[17]. Given the low cross-section of the neutrino-matter interaction, these are assumed to

deposit only � 1% of their energy in the ejecta, leading to a fairly robust energy upper limit of

E À 2� 1051 erg [2]. Therefore, in order to achieve theE Á 1052 erg inferred for OGLE14-073

in the context of the neutrino-driven explosions, one has to invoke a much higher, and possibly

unphysical neutrino deposition fraction. In addition, theM ej inferred is several times higher

than typical values for Type II SNe [13] [18]. We stress that the models are calculated assuming

that the SN exploded the day before discovery, and therefore the inferred parameters are all to

be considered lower-limits, as all energy, ejecta mass and Ni mass grow moving the explosion

epoch back in time. The extraordinary energetics of OGLE14-073, together with its highM ej

and MNi , are hard to reconcile with the conventional CC scenario.
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4 The pair-instability scenario

If the progenitor of OGLE14-073 was a very massive star (with He-core between 64 and

133 Md [19]), then it could have ended its life due to the instabilities induced bye� e� pairs

production, in a pair-instability SN (PISN). These events are characterised by very bright

(up to 1044 erg s� 1) and broad lightcurves, with rise-timesÁ 150 d, due to the large ejecta

masses and hence very long di�usion times [20] [21]. In Figure 5, we compare the lightcurve

of OGLE14-073 with those of hydrogen-rich PISN models from [20]. In particular, we con-

sider a progenitor with zero-age main-sequence (ZAMS) massMZAMS � 190 Md (He-core

of � 100 Md ), since, among the models of [20], they produced the dimmest lightcurves (still

brighter than OGLE14-073). Both lightcurves coming from a red supergiant (RSG) and a blue

supergiant (BSG) progenitor are considered. The RSG 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 BSG progenitor lightcurve shows a reasonable qualitative match,

however we lack data before� 100 days to probe the full rise (and early peak). OGLE14-073

experiences a faster decline over the �rst 80 d after peak, but in the tail phase shows similar

decline rates, as the RSG model. The tail phase luminosities (Figure 5) indicates that the56Ni

mass in the two PISNe models is much higher than in OGLE14-073. Our initial estimate of

MNi ¥ 0:47 Md is below the values of 2.6-3 Md 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 Md . While this is still low, it is in

the regime of PISN events arising from less-massive progenitors (He-coresÀ 90 Md ; [19]). The

pre-maximum spectra of the PISN models of [20] show many similarities with OGLE14-073,

being dominated by the Balmer lines. However the models show the hydrogen to disappear
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after the peak. This occurs because at the time of explosion the progenitors of PISNe have

very massive He-cores, which prevent the centrally distributed56Ni from being mixed to 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 models

(see also Supplementary Figure 4 for a comparison of temperatures and velocities), late-time

spectra of OGLE14-073 are in conict with a PISN interpretation (unless a source other than

56Ni is ionising the hydrogen).

Alternatively, in progenitors with smaller He-cores (� 30� 60 Md ) than those of PISNe,

the instabilities arising from the pairs creation could be insu�cient to disrupt the entire star,

but violent enough to expel part of the envelope [22]. The interaction due to the collision

between two (or more) of these shells of material could be an e�cient way to power luminous

lightcurves, in a so-called pulsational PISN (PPISN; [22]). If the shells are dense and massive

enough, a photosphere can be created, that could mimic a normal SNe, without clear signs of

interaction from the spectra. 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 (e.g., see SN 1994W; [23]) could perhaps reproduce the observables.

Assuming the light curve rise-time to be the di�usion time in the shell, an opacity� �

0:34 cm2 g� 1, an outer radius R� 1016 cm and assuming a constant density� , using td �

��R 2{c [24] we getM shell � 14 Md . Therefore, the outer shell should have a kinetic energy of

the order of 1052 erg. Similar energies can indeed be produced in the most extreme PPISNe

[22]. However in most models such energies are achieved through large masses and relatively

low velocities (� 1000� 2000 km s� 1), while the �rst spectrum of OGLE14-073 shows the

minimum of the absorption of H� at � 10000 km s� 1, probably too high for a pulsation event
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due to pair-instabilities. Note, in addition, that in this scenario the progenitor star might

still be alive, and there would be no56Ni synthesised, thus the tail phase match with the

radioactive decay of56Co would be coincidental.

5 The hypernova scenario

We may notice that, although rare, SNe withE ¡ 1052 erg do exist. Historically, they have

been labelled as \hypernovae", and some of them are associated with long gamma-ray bursts

(GRBs), e.g. SN 1998bw [25]. Moreover a hypernova-like explosion has also been invoked to

explain the luminous Type II-P SN 2009kf [26] [27]. In that case the following parameters were

inferred: M ej � 28 Md , E � 22� 1051 erg andMNi � 0:40 Md . These values are not far from

those found for OGLE14-073 (although inferred with a fairly di�erent methodology), and the

spectra also show similarities [26]. However the lightcurves are quite di�erent (see Figure 2),

with that of SN 2009kf resembling more normal Type II-P SNe. In order to try to associate

such energetic events within a known scenario, we build a sample of normal Type II SNe,

long-rising 1987A-like SNe, standard Ibc SNe (stripped-envelope) and hypernovae, for which

an estimate ofE and M ej was available [28] [18] [29], and we plotted these parameters in the

top panel of Figure 6 (we point out that given the di�erent sources, the methods applied to

infer the parameters are quite heterogeneous). The transients appear to gather in 4 clusters,

and in particular OGLE14-073 sits in a region characterised by both highE and high M ej,

together with SN 2009kf and also with two long-rising SNe, 2004ek and 2004em. This domain

of the plot is not populated by \traditional" transients. Indeed the ejecta of these 4 SNe are

much more massive than that of the hypernovae and are much more energetic than canonical

Type II events. Such clustering disappears when comparingE with MNi (Figure 6, bottom
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panel). Here there seems to be a continuum, with theMNi increasing withE, a trend already

reported in previous works [30] [31]. OGLE14-073 follows the general tendency, however it

sits far from all other Type II SNe (with the exception of SN 2009kf), in a region populated

by hypernovae. Given the scarcity of the sample, we cannot exclude that high energy Type

II SNe may somehow extend towards lower energies or masses, implying, however, that this

would either require a much more e�cient core-collapse mechanism, or much more massive

hydrogen-rich progenitors for hypernovae.

In order to explain the high energy properties of hypernovae, an additional source pow-

ering the explosion is required. Such source is usually identi�ed in an \inner engine", in the

form of a magnetar (e.g. [32]) or a black hole (BH; e.g. [33]). In the �rst case, a proto NS

born with a spin period of the order of 1 ms and with a magnetic �eld of the order of 1015 G

can inject 1052 ergs of energy in the inner ejecta in a time scale of 10� 100 s. This energetic

shock soon reaches the slower supernova shock, while still travelling through the envelope of

the progenitor star, boosting it and producing an hyperenergetic supernova explosion [32].

Such an energetic shock has also a deep inuence on the nucleosynthesis, as a nickel excess

is also expected. Note that this magnetar-engine is di�erent to that supposed to sustain the

lightcurves of superluminous SNe [34] [35], as in those cases the magnetic �eld of the NS is

one order of magnitude lower, injecting energies of� 1051 erg on a timescale of days to weeks

[36]. We can speculate that a magnetar with B¥ 1015 G and spin period of� 1 ms could be

hidden at the center of the explosion of OGLE14-073, and this could be the source of energy

of the most powerful hydrogen-rich SNe shown in Figure 6. Alternatively, the inner engine

can also be constituted by a rapidly rotating BH which, as consequence of the accretion of

the matter in-falling from the collapsing progenitor, launches relativistic jets, triggering the
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