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A B S T R A C T 

A nebular spectrum of the peculiar, low-luminosity type Ia supernova 2010lp is modelled in order to estimate the composition of 
the inner ejecta and to illuminate the nature of this event. Despite having a normally declining light curve, SN 2010lp was similar 
spectroscopically to SN 1991bg at early times. Ho we ver, it sho wed a very unusual double-peaked [O I ] λλ 6300 , 6363 emission 

at late times (Taubenberger et al.). Modelling of the nebular spectrum suggests that a very small amount of oxygen ( ∼0.05 M �), 
e xpanding at v ery low speed ( � 2000 km s −1 ) is sufficient to reproduce the observed emission. The rest of the nebula is not too 

dissimilar from SN 1991bg, except that SN 2010lp is slightly more luminous. The double-peaked [O I ] emission suggests that 
SN 2010lp may be consistent with the merger or collision of two low-mass white dwarfs. The low end of the SN Ia luminosity 

sequence is clearly populated by diverse events, where different channels may contribute. 

K ey words: radiati ve transfer – techniques: spectroscopic – supernovae: general – supernov ae: indi vidual (SN 2010lp). 
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 I N T RO D U C T I O N  

hile there is general consensus that type Ia supernovae (SNe Ia)
esult from the explosion of carbon–oxygen white dwarfs in binary
ystems, there is no agreement as to the detailed properties of the
rogenitor system or how the white dwarf is brought to explosion.
his is a particularly interesting question given that SNe Ia are used
s cosmological standardizable candles (Phillips 1993 ) and have
eralded dark energy (Riess et al. 1998 ; Perlmutter et al. 1999 ). 
The two main contenders are the single-degenerate (SD), and

he double-degenerate (DD) scenarios. In the SD scenario, a CO
hite dwarf accretes material from a non-degenerate companion.

f the white dwarf has a mass close to the Chandrasekhar limit
 ≈1.38 M �, hereafter referred to as M Ch ), accretion causes the central
emperature to rise until oxygen burning is triggered (e.g. Whelan &
ben 1973 ; Nomoto, Thielemann & Yokoi 1984 ). If on the other hand
he white dwarf has a mass significantly below M Ch , a detonation
an be triggered on the surface of the white dwarf if the accreting
aterial is He. Under specific circumstances a shock wave can then

ropagate to the centre of the white dwarf and detonate it (an ‘edge-
it’ ‘double detonation’) (Livne & Arnett 1995 ). In the DD scenario,
wo white dwarfs in a close orbit around each other merge after
adiating gravity waves (Iben & Tutukov 1984 ; Webbink 1984 ), and
he resulting massive white dwarf explodes, leaving no remnant, if it
 v oids accretion-induced collapse (Nomoto et al. 1991 ). Explosion
s more likely if the merging occurs ‘violently’ (Pakmor et al. 2010 ).
ecently, two more scenarios have been proposed. The head-on
ollision of two white dwarfs, possibly aided by a third body in
 E-mail: mazzali@MPA-Garching.MPG.DE 

w  

1  

Pub
 triple system, is a variation of the DD scenario which may lead
o explosion and the creation of two distinct ejecta (Rosswog et al.
009 ; Kushnir et al. 2013 ). This scenario has specific observational
onsequences (Dong et al. 2015 ). Finally, the explosion of a white
warf engulfed in a common envelope by the outer layers of an
symptotic giant branch (AGB) star and merging with the AGB
tar’s degenerate core, the ‘core-degenerate’ scenario, has also been
roposed as a channel to produce SNe Ia (e.g. Livio & Riess 2003 ;
ashi & Soker 2011 ; Ashall et al. 2021 ). Livio & Mazzali ( 2018 )

e vie w possible progenitor/exposion channels. 
While it is difficult to imagine how all these physically motivated

cenarios, some of which are quite aspherical in nature, might
ossibly coexist at all SN luminosities and yield events that follow
uite closely the relation between SN luminosity and light-curve
idth (Yungelson & K urano v 2017 ), it is also not unreasonable to

xpect that they all exist, perhaps in some corner of parameter space,
hile the main relation may be due to a single, dominant channel. 
The question we may ask is then, is there evidence in the data

or systematic differences along (or across) the luminosity sequence,
hich could hint to the presence, or even dominance, of a particular

hannel, at least in specific luminosity/light-curve width ranges. This
earch does not appear to yield clear results if it is performed based
n early-time data. The temperature in the line-forming region is
 smooth function of luminosity (Nugent et al. 1995 ; Hachinger
t al. 2008 ). The luminosity distribution of SNe Ia, ho we ver, seems
o show two peaks: a main one, where all normal and moderately
eculiar SNe lie (including the ‘hot’ 1991T class; Filippenko et al.
992b ; Phillips et al. 1992 ), and a secondary, low-luminosity peak,
hich includes all rapidly declining SNe, most notably the ‘cool’
991bg class (Filippenko et al. 1992a ; Leibundgut et al. 1993 ; Turatto
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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t al. 1996 ). These two peaks appear to be quite distinct, with few
ransitional events straddling in between (Ashall et al. 2016b ). The 
ow-luminosity group is not only sub-dominant in number, it also 
hows a strong preference for passive galaxies, suggesting that low- 
uminosity SNe Ia originate from older progenitor systems. Simple 
volutionary considerations suggest that scenarios involving DD 

ystems may be on average older than SD ones. Although exceptions 
re possible that can alter this picture somewhat, the evidence for
his remains circumstantial and limited. 

We have shown in previous work that the late-time (nebular) 
pectra of SNe Ia, which probe the inner ejecta, may more easily
ield information about the physics of the explosion and thus, more 
r less directly, those of the progenitors (e.g. Mazzali & Hachinger 
012 ). One striking feature distinguishing low-luminosity SNe Ia 
rom normal ones at late times is the dominance of [Fe III ] emission
t the lowest velocities. These lines are also present in ‘normal’
Ne Ia, but they typically coexist with [Fe II ] lines. This unexpected
roperty was observed in SN 1991bg, where [Fe III ] lines dominate
t epochs beyond 200 d and velocities below 3000 km s −1 (Turatto
t al. 1996 ; Mazzali & Hachinger 2012 ), and similarly in the 91bg-
ike SN 1999by (Silverman et al. 2012 ). They are also strong in
N 2003hv (Leloudas et al. 2009 ; Mazzali et al. 2011 ) and in
N 2007on, where a complex spectrum requires two components 
ith different – opposite – line-of-sight velocities (Mazzali et al. 
018 ). At the low densities of the late-time SN ejecta (at epochs
xceeding 300 d for normal SNe, but as early as 200 d for sub-
uminous ones), a high ionization is less the result of a high
emperature than it is of low density, which suppresses recombination 

ore efficiently than high temperature fa v ours it. Therefore, if low-
uminosity SNe Ia show a higher degree of ionization at late times,
his is likely to indicate a low central density. These SNe are also
ypically characterized by lower velocity ejecta at early times (Benetti 
t al. 2005 ). The combination of these factors, as well as the early
ransition to the nebular regime, suggests that low-luminosity SNe Ia 
re the explosion of progenitors of lower mass than normal SNe Ia.
heir progenitors are likely to be white dwarfs that did not reach
 Ch when the y e xploded. Such white dwarfs can only be exploded

y compression, in violent events such as mergers or collisions of
wo white dwarfs. 

There are not many low-luminosity SNe Ia for which nebular 
pectra are available. This is in part due to their faintness, but
lso to the relative scarceness of these events. It is therefore 
nteresting to analyse data that are available, in order to test different
xplosion scenarios. This is particularly true when the spectra show 

eculiarities that had not been seen before. 
One outstanding example of this is SN 2010lp. While it appeared to 

e similar spectroscopically to SN 1991bg near maximum, showing 
 cool spectrum and low line velocities (Prieto & Morrell 2011 , see
lso Section 2 below), it was not very sub-luminous. An estimated 
ptical peak luminosity of ∼2.5 × 10 43 erg s −1 (Kromer et al. 2013 )
s comparable to that of low-luminosity, transitional SNe Ia such as
986G (Ashall et al. 2016a ). The decline rate of the light curve after
aximum, ( � m 15 ( B ) ≈ 1.25 mag; Kromer et al. 2013 ), ho we ver, was

imilar to that of normal SNe Ia. In the nebular phase, SN 2010lp was
gain similar spectroscopically to SN 1991bg, except that, instead of 
ho wing narro w [Fe III ] lines at low velocities, it displayed [O I ]
300,6363 Å emission (Taubenberger et al. 2013 ). Not only had 
hese lines not been seen before in any SN Ia, but they were very
arrow in SN 2010lp, suggesting that they originate in the centre of
he ejecta, and they showed two components, one blue-shifted and 
he other red-shifted by similar velocities. Double-peaked profiles 
ad been observed only in the Na I D line in SN 2007on (Dong
t al. 2015 ), but the two components were not as distinct (Mazzali
t al. 2018 ). The clear separation of the two components of the
O I ] line in SN 2010lp suggests that the emission originates in
wo separate, low-velocity blobs of material, as both spherically 
ymmetric options, a shell and a disc configuration, would not create
uch sharp separation between the two peaks. A transition to an
Fe III ]-dominated phase was not observed in SN 2010lp, indicating
hat at low velocities iron was absent, or if it was present either
he density was not very low or that the presence of oxygen led
o a higher electron density n e , making recombination easier. The
ate-time spectrum of SN 2010lp was taken at an epoch of 264 d
fter maximum. Taubenberger et al. ( 2013 , fig. 4) compare it to
he spectrum of SN 1991bg obtained ∼200 d after peak, showing
he impressi ve dif ference between them despite the underlying 
imilarity. 

Kromer et al. ( 2013 ) compared an early-time spectrum and the
ight curve of SN 2010lp with their simulation of a violent merger
f two CO white dwarfs of mass 0.90 and 0.76 M �, and showed
ood agreement, which supports the merger scenario for this peculiar 
N Ia. In this particular type of merger, Kromer et al. ( 2013 ) found

hat the centre of the ejecta are dominated by unburned oxygen
oming from the disrupted secondary. This is at least one step towards
hat is observed in SN 2010lp, but the central oxygen has an almost

pherically symmetric distribution, which is unlikely to produce two 
istinct components of the [O I ] emission in the nebular phase. The
nalysis of Kromer et al. ( 2013 ) did not extend to the nebular epoch.
urther study is therefore warranted. A merger scenario had been 
roposed for SN 1991bg itself (Pakmor et al. 2011 ; Mazzali &
achinger 2012 ), suggesting that the merger channel represents a 

ignificant contribution to low-luminosity SNe Ia. 
As the analysis of the nebular spectrum in Taubenberger et al.

 2013 ) was mostly qualitative, we aim to characterize the inner
jecta more quantitatively. In particular, we determine the abundance 
nd distribution of the central oxygen. To this end we use our
on-local thermodynamic equilibrium (NLTE) SN nebular code, 
hich is briefly described in Section 3 . Before that, we present a

ow resolution spectrum of SN 2010lp obtained at Gemini that had
ot been analysed before. As the spectrum shows interstellar Na I D
bsorptions from both the Galaxy and the host (which has redshift
 = 0.010; Taubenberger et al. 2013 ), it is very useful in order
ndependently to determine the reddening to SN 2010lp (Section 2 ),
hich turns out to be smaller than previously estimated. In Section 4
ur possible solution for the nebular spectrum of SN 2010lp is
resented, and in Section 5 our results and their implications are
iscussed. Section 6 concludes the paper. 

 GEMI NI -N  SPECTRUM  A N D  R E D D E N I N G  

ne of the most uncertain parameters that may affect the modelling
f SN 2010lp is reddening. 
Here we present and analyse an early, unpublished spectrum 

f SN 2010lp obtained with the 8.1-m Gemini-North telescope 
quipped with the Multi-Object Spectrograph GMOS-N. The data 
ere obtained using the B600 + G5307 disperser with a central
avelength of 500 nm and the R400 + G5305 disperser with a

entral wavelength of 750 nm. Observations were performed on 
011 January 10 (MJD(avg) = 55571.291; i.e. ∼2 d after the time
f maximum assumed by Taubenberger et al. ( 2013 ). They consisted
f 600 s of integration time, and cover the spectral range 3570 to
625 Å. The data were reduced using the gemini gmos package 
ontained within the IRAF environment. The extracted 1D spectra of 
N 2010lp were flux-calibrated using a sensitivity function computed 
MNRAS 511, 5560–5569 (2022) 
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M

Figure 1. A comparison of the spectrum of SN 2010lp obtained with Gemini at a phase ≈2 d after maximum light (black solid line) with the coe v al spectrum 

of SN 1991bg (blue dashed line). Both spectra have been corrected for reddening ( E ( B–V ) = 0.05 mag for SN 1991bg and 0.14 mag for SN 2010lp) and redshift. 
The galactic and host interstellar Na I D doublets visible in the spectrum of SN 2010lp are marked. 
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rom archi v al observ ations of the standard star BD + 28 4211 obtained
n MJD 55534.27. The combined, flux-calibrated spectrum is shown
n Fig. 1 , where it is compared with a coe v al spectrum of SN 1991bg
ereddened with E ( B − V ) tot = 0.05 mag assuming a standard
 xtinction la w (Cardelli, Clayton & Mathis 1998 ). 

Interestingly, the spectrum of SN 2010lp shows clear Na I D
nterstellar absorption lines. A Galactic component has equi v alent
idth EW(Na I D) Gal = 0.69 Å, while the component at the redshift
f the host galaxy ( z = 0.010) has EW(Na I D) host = 0.35 Å. Since
alactic reddening is E ( B–V ) Gal = 0.094 mag (Schlafly & Finkbeiner
011 ) using the same relation between EW(Na I D) and E ( B–V ) as in
he Galaxy ( E ( B–V ) / EW(Na I D) = 0.136 mag Å−1 ), we obtain E ( B–
 ) host = 0.048 mag. This is intermediate between the v alues deri ved
sing two empirical relations between EW(Na I D) and reddening.
ne, presented by Turatto, Benetti & Cappellaro ( 2003 ), gives
 ( B–V ) host = 0.056 mag, while the other, proposed by Poznanski,
rochaska & Bloom ( 2012 ), yields E ( B–V ) host = 0.036 mag. These
elations are subject to a large uncertainty (Phillips et al. 2013 ), such
hat we may estimate E ( B–V ) host = 0.048 ± 0.012 mag. The total
eddening towards SN 2010lp is then E ( B–V ) tot = 0.14 ± 0.01 mag.

hen the spectrum of SN 2010lp is dereddened by this amount, both
he continuum and line features look very similar to the spectrum of
N 1991bg. 
The velocity of the Si II 6355 Å absorption in this near-maximum

pectrum is ∼9800 km s −1 . This low e xpansion v elocity is typical of
he Faint SN Ia subclass as defined in Benetti et al. ( 2005 ), whose
NRAS 511, 5560–5569 (2022) 

t  
rototype is actually SN 1991bg. This confirms the similarity of the
wo SNe. 

 M E T H O D  

ynthetic nebular spectra were computed using our NLTE code. The
ode is based on the assumptions outlined in Axelrod ( 1980 ). The
as in the SN nebula is assumed to be heated by collisions with the
igh-energy particles generated in the thermalization process of the
amma-rays and positrons emitted in the decay chain 56 Ni → 

56 Co
 

56 Fe, and it cools via the emission of (mostly) forbidden lines.
ome strong permitted transitions are also considered. 
The radioactive decay of 56 Ni and 56 Co produces both gamma-rays

nd positrons, which deposit their energy in the SN ejecta and thus
ower the SN light curve. Gamma-rays carry most of the radioactive
nergy released by the decay. Positrons are responsible for only
3.6 per cent of it. Deposition is computed using a Montecarlo
ethod, as outlined in Cappellaro et al. ( 1997 ) and Mazzali et al.

 2001a ). Constant opacities are used for both processes: κγ =
.027 cm 

2 g −1 for gamma-rays and κe + = 7 cm 

2 g −1 for positrons. At
he times considered here the density in the ejecta is still high enough
hat gamma-rays deposit efficiently enough to make the dominant
ontribution to the energy deposition, despite the significantly lower
pacity to which they are subjected. 
After computing the energy deposition, the ionization and the

hermal balance are solved in NLTE (Ruiz-Lapuente & Lucy 1992 ).
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Figure 2. The nebular spectrum of SN 2010lp obtained 264 d after maximum (Taubenberger et al. 2013 , black) compared to the nebular spectrum of SN 1991bg 
(red) obtained combining the spectrum obtained ∼203 d after maximum by Turatto et al. ( 1996 ), which co v ers the blue side and the one obtained by R. Lopez 
∼199 d after maximum and presented by Taubenberger et al. ( 2013 ), rescaled down in flux to match roughly the flux of SN 2010lp. Also shown are two synthetic 
spectra. The one drawn in cyan was computed using the sub-Chandrasekhar mass model for SN 1991bg discussed in Mazzali & Hachinger ( 2012 ), while the 
one drawn in blue is based on the same model but has a larger 56 Ni mass ( ≈0.084 M �). 
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onization is assumed to be entirely due to impact with the high-
nergy particles produced by the deposition of the radioactive prod- 
cts, while photoionization is assumed to be negligible (Kozma & 

ransson 1998 ). The rate of impact ionization and the recombination 
ate are balanced for each ion to compute the degree of ionization.
evel populations are computed solving the rate equations under 

he assumption of thermal balance, i.e. equating the non-thermal 
eating rate and the rate of cooling via line emission. Under the
ssumption that the nebula is optically thin, radiation transport is 
ot performed. The resulting line emissivity is used to compute the 
merging spectrum. 

The code has been used for both SNe Ia (e.g. Mazzali et al. 2011 ;
azzali & Hachinger 2012 ) and SNe Ib/c (e.g. Mazzali et al. 2007b ),

nd it can yield a description of the inner layers of the SN ejecta.
oth a one-zone and a 1D version are available. The latter treats
jecta stratification in both density and abundance. 

 RESULTS  

aubenberger et al. ( 2013 ) convincingly showed that SN 2010lp 
isplayed a nebular spectrum closely resembling that of SN 1991bg 
bout 200 d after maximum. The main difference was the absence of
he narrow [Fe III ] lines. These were replaced by two narrow (full-
idth at half-maximum ≈1900 km s −1 ) emissions which correspond 

o [O I ] 6300, 6363 Å, with a blue- and a red-shifted component. Maz-
ali & Hachinger ( 2012 ) showed that the higher ionization [Fe III ]
ines in SN 1991bg are emitted from a small volume, presumably at
he centre of the ejecta, bounded by a velocity of ∼3000 km s −1 .
 low central density was likely to be responsible for the high

onization. 
As Taubenberger et al. ( 2013 ) remarked, the width of the [O I ]

ines suggests that they are also emitted at the centre of the ejecta,
y the lowest velocity material. Taubenberger et al. ( 2013 ) wondered
ow the same ejecta structure that produced Fe III in SN 1991bg can
ield a low ionization and neutral oxygen lines (at a later epoch) in
N 2010lp. We argue that the different mean molecular weight of an
xygen-dominated gas (with mean molecular weight μ ≈ 16) with 
espect to an iron-dominated gas ( μ ≈ 56) would lead to a similar
lectron density n e in the two gases even if on average only every
ther oxygen atom released an electron in an oxygen-dominated 
as, while every iron atom released ∼1.5 electrons (such that both
e II and Fe III are present in similar amounts) in an iron-dominated
as. Recombination depends on the product n e n ion , where n ion is the
umber density of ions. Given that n ion in a partially ionized oxygen-
MNRAS 511, 5560–5569 (2022) 
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Figure 3. The nebular spectrum of SN 2010lp compared to two synthetic spectra. The one drawn in green (which is mostly o v erwritten by the other spectrum) 
was computed with the SN 1991bg model, an increased 56 Ni mass as shown in Fig. 2 , but an empty inner region (at v < 3000 km s −1 ). It shows a rather 
flat-topped [O I ] λλ 6300 , 6363 line (which is not exactly flat-topped because of the doublet nature of the emission and because other lines also contribute in that 
region). The synthetic spectrum shown in blue was computed using the same model except that the inner region (inside 3000 km s −1 ) was filled with oxygen 
rather than 56 Ni, and therefore it shows a very strong [O I ] line. 
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ominated gas is ∼3.5 times as large as in an iron-dominated gas, we
ay expect the ionization to be lower in the former at similar mass

ensity. 
As a proof of principle, we therefore started from the den-

ity/abundance profile (the ‘explosion model’) that Mazzali &
achinger ( 2012 ) used for SN 1991bg, and replaced iron with oxygen

n the innermost layers, up to a velocity of 2000 km s −1 , in agreement
ith the width of the observed [O I ] lines. Below we present and
iscuss the various steps of the procedure we adopted. 
First, we compare the spectra of SNe 2010lp and 1991bg with

ynthetic spectra obtained with the model that was used to match
N 1991bg. Fig. 2 shows the spectrum of SN 2010lp obtained 264 d
fter maximum (Taubenberger et al. 2013 ) and that of SN 1991bg
btained 203 d after maximum (corresponding to an epoch ≈221 d
fter explosion), scaled down in flux to match the spectrum of
N 2010lp. Both spectra are shown in the rest frame and without
 reddening correction. Two synthetic spectra are also shown: one
s the model used for SN 1991bg (Mazzali & Hachinger 2012 ),
ow computed at an epoch of 275 d, which should be a reasonable
pproximation for the epoch of the spectrum of SN 2010lp, and the
ther is a spectrum obtained using the same density structure and
poch but with an increased 56 Ni mass (0.08 M � instead of 0.06 M �),
NRAS 511, 5560–5569 (2022) 
hich yields a closer match to the observed flux of SN 2010lp (but not
o its detailed features). The synthetic spectra are reddened with E ( B

V ) tot = 0.14, the reddening assumed for SN 2010lp. As expected,
he synthetic spectrum reproduces some features of SN 2010lp, but
ho ws a narro w [Fe III ] emission feature near 4700 Å, which is absent
n SN 2010lp. The feature near 5200 Å contains [Fe II ] emission from
he surrounding layers and is not completely suppressed even in
N 2010lp. 
In order to reproduce the spectrum of SN 2010lp we then per-

ormed a number of experiments. The lack of central [Fe III ] emission
nd the presence of the [O I ] lines suggest that one should test what
appens to the SN 1991bg model if the inner iron-rich zone, inside a
elocity of 3000 km s −1 is removed and replaced with oxygen. This is
hown in Fig. 3 . Two synthetic spectra are shown in that figure. In one
he central region has been completely remo v ed. As e xpected, this
pectrum does not show the narrow [Fe III ] peaks. It is characterized
y flat-top profiles in several lines (e.g. Na I D/[Co III ], the Ca II IR
riplet, which is ho we ver the result of a blend with [Fe II ] emission),
eflecting the lack of low-velocity emission. The other synthetic
pectrum was obtained by filling the inner region with oxygen only.
his corresponds to a low-velocity oxygen mass of 0.065 M �. The
orresponding synthetic spectrum shows an extremely strong [O I ]
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Figure 4. The nebular spectrum of SN 2010lp (black) compared to a synthetic spectrum computed using the model originally used for SN 1991bg, with a larger 
56 Ni mass, a central oxygen-rich zone, and modified abundances to yield a better match with SN 2010lp (blue). 
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ine (obviously the two peaks are not expected to be reproduced 
n this 1D, spherically symmetric model). Oxygen is heated by 
he particles produced in radioactive decays just outside the inner 
one. The surrounding 56 Ni zone, although not particularly rich 
n 56 Ni (0.08 M �, as in the synthetic spectrum shown in Fig. 2 as
higher 56 Ni’), is more than sufficient to excite the upper levels of
he [O I ] λλ6300, 6363 Å transition in the centre of the ejecta. 

Given that even a rather small amount of 56 Ni surrounding a 
entral, oxygen-dominated zone is sufficient to cause much stronger 
O I ] emission lines than observed, and that the mass of 56 Ni is
onstrained by the o v erall SN luminosity, it is likely that a smaller
ass of central oxygen is present in SN 2010lp than in the model

resented in Fig. 3 . If we choose not to modify the density structure
hat was adopted for SN 1991bg (the main reason for this is to
 v oid creating an untested explosion model as neither light-curve 
nformation nor multiple spectra are available for SN 2010lp) we 
eed to replace some of the oxygen at low velocity with other
lements. Some lines (e.g. Na I D/[Co III ]) show flat-top profiles in
he model with central oxygen only, which justifies this procedure. 

e therefore replace some of the central oxygen with a mixture 
ontaining a small amount of 56 Ni, as well as the Intermediate 
ass Elements (IME) that are typically abundant in the ejecta of

 SN Ia (Si, S, Ca). Despite the additional heating provided by the
entrally located 56 Ni, cooling by ions other than O I , combined with
he reduced oxygen abundance, reduces the emission in the [O I ]
oublet significantly. The model has a central oxygen mass (below 

000 km s −1 ) of 0.035 M �. The 56 Ni content inside that velocity is
nly 0.015 M �, while IME account for 0.015 M �. The synthetic
pectrum, which is shown in Fig. 4 , offers a reasonable reproduction
f the observed spectrum. We did not try to optimize it any further,
s the observed [O I ] profile cannot be reproduced exactly with a 1D
odel. The important result is that a very small mass of oxygen at

ow velocity is sufficient to generate emission lines comparable in 
trength to the observed ones in SN 2010lp. This should impact on
he possible explosion scenarios for SN 2010lp. 

While the estimate of the oxygen mass appears to be reasonable,
n order to reproduce in detail the shape of the [O I ] emission
 multidimensional approach is required. Such a clearly defined 
ouble-peaked [O I ] emission as is observed in SN 2010lp cannot
e obtained from a shell or an edge-on disc. In both of these cases
ignificantly more emission at zero line-of-sight velocity would be 
een, while in SN 2010lp the two [O I ] peaks, which are blue- and
ed-shifted by ∼2000 km s −1 , respectively, are well separated. The
ore likely scenario is that two oxygen-rich blobs are ejected in

pposite directions when the explosion occurs. As it is most likely
hat the actual direction of motion of the two blobs is not at a very
arge angle with respect to the line of sight, we may assume that
he blobs have low spacial velocity ( � 3000 km s −1 ) and therefore
MNRAS 511, 5560–5569 (2022) 
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emain embedded within the inner ejecta, where they can be excited
y the radioactive decay products from the 56 Ni that surrounds them
nd possibly coexists with them. This is a complicated scenario to
imulate, so we attempt to reproduce it qualitatively adding together
ynthetic spectra computed as one-zone models. 

Using a one-zone approach we produce the spectra of two oxygen-
ich blobs, and add them to a one-zone simulation of the ejecta.

hile this is interesting as a proof-of-principle, the details of the
esult should be treated as an approximation at best. Two small
lobs are modelled. One is blueshifted by 1900 km s −1 , the other is
edshifted by the same velocity with respect to the observer. Both
lobs have boundary velocity of 1500 km s −1 . The blueshifted blob
ontains 0.019 M � of oxygen, 0.002 M � of 56 Ni (which is used in
hese models to excite the gas), and small amounts of IME, for a total

ass of 0.022 M �. The redshifted blob contains 0.013 M � of oxygen
nd 0.0014 M � of 56 Ni, for a total mass of 0.015 M �. In both cases,
he 56 Ni/O ratio is very small, � 0.1. When the spectra of these two
lobs are summed to the rest of the spectrum emitted by SN 2010lp at
igher velocities, a reasonable reproduction of the observed profile
s obtained. The outer ejecta are treated as a single emitting zone
ounded by an outer velocity of 3500 km s −1 , containing a total mass
f ≈ 0 . 25 M � including 0.07 M � of 56 Ni and 0.02 M � of oxygen.
ig. 5 shows the o v erall spectrum, while Fig. 6 is a blow-up of the
NRAS 511, 5560–5569 (2022) 
O I ] emission region. The large mass depends on the inclusion of a
ignificant mass of IME ( ∼ 0 . 15 M �). The relatively low boundary
elocity of the nebula leads to a split of the Ca II ] 7291, 7323 Å line
rom the [Fe II ]-dominated emission, with strongest lines at 7155
nd 7172 Å. It also offers a better match to the emission near 8700 Å,
hich is a blend of the Ca II IR triplet (8498, 8542, 8662 Å), [Fe II ]
617 Å, and [C I ] 8727 Å. 

 DI SCUSSI ON  

hile it was not the aim of this work to reproduce the nebular
pectrum of SN 2010lp exactly, we have shown that a density
tructure similar to that of SN 1991bg, characterized by a low central
ensity, reproduces the main features of the observed spectrum.
hen the inner, 56 Ni-rich region is replaced by an oxygen-dominated
ixture of lighter elements the [O I ] emission seen in SN 2010lp

an be reproduced in o v erall intensity. A more exact match of
he double-peaked emission profile requires using two small blobs

oving in opposite directions at low velocity. The oxygen mass that is
equired to match the emission-line intensity is quite small, a total of
0.04 M �. There is of course significant uncertainty on these values.
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acking a definitive bolometric light curve, 1 we cannot confidently 
stimate the o v erall 56 Ni mass, which affects the excitation of the
entral oxygen at late times. The lack of a nebular spectral series
akes it difficult to determine accurately the densities in the inner 

ayers: the changing ionization as a function of time is very important
n this respect (e.g. Mazzali & Hachinger 2012 ; Mazzali et al. 2020 ).

We should note here that a few features in the red part of the
pectrum are not reproduced. In particular, emissions near 8100, 
000, and 9500 Å are weak or absent in our synthetic spectra. The
mission near 8100 Å may ha ve contrib utions from [Fe I ], b ut the
elativ e e xpected line strengths do not match the observ ed profile, and
ther [Fe I ] lines are not seen. Our synthetic spectrum shows a weak
eature, which is caused almost entirely by [Fe II ] lines. If a weak
nderlying continuum was remo v ed from the data the discrepancy 
ould not be as large. Another possibility is poorly known atomic 
ata for these lines. This may also affect the emission near 9000 Å,
hich our spectra only partially reproduce, while we have no suitable 

andidate for the emission near 9500 Å. The emissions near 9000 and
500 Å were also seen in SNe 1991bg and 1999by, while the one near
100 Å was not (Fig. 2 , also Taubenberger et al. 2013 ). 
 Kromer et al. ( 2013 ) present a preliminary bolometric light curve of 
N2010lp, but we do not know what reddening was used and do not have the 
riginal photometry, which is still unpublished. 

b  

o  

t  

s  

r  
One scenario in which central oxygen emission has been predicted 
s that of the deflagration of a Chandrasekhar-mass carbon–oxygen 
hite dwarf. In the slow burning of a deflagration wave mixing

an drag unburned material to the inner parts of the ejecta. This
onfiguration is expected to produce strong central [O I ] emission
Kozma et al. 2005 ). Ho we ver, the lo w central density and the
mplied low ejected mass that are inferred from the comparison 
ith SN 1999bg and the nebular spectral modelling both suggest that
N 2010lp was itself a sub-M Ch SN Ia. 
A number of possible scenarios may then be invoked. Accretion 

f helium from a companion on the surface of a sub-M Ch mass white
warf can cause the surface of the white dwarf to ignite (Livne &
rnett 1995 ). If the ensuing shock wave can propagate and focus

t the centre of the star, the white dwarf can explode via a central
etonation (Shen & Moore 2014 ). Given the requirement of central
gnition, this scenario is not likely to lead to two distinct blobs of
nburned material. 
The violent merger of two sub-M Ch mass white dwarfs can also

ead to ignition and explosion, as discussed above. If the two white
warfs are of suf ficiently dif ferent mass, as in the case presented
y Kromer et al. ( 2013 ), low-velocity oxygen may be the result
f incomplete burning of some part of the less massive white dwarf
hat is disrupted in the merger process. Kromer et al. ( 2013 ) present a
imulation of a merger of two white dwarfs of mass 0.9 and 0.76 M �,
especti vely, and sho w that as much as 0.5 M � of oxygen from the
MNRAS 511, 5560–5569 (2022) 
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isrupted secondary are left at v � 2000 km s −1 . This is much more
han we find in our simulations of the nebular spectrum of SN 2010lp,
nd it has a spherical distribution, which would not be compatible
ith the spectrum of SN 2010lp, but it is at least one step in the

equired direction. Compared to their model, SN 2010lp produced
uch less oxygen, and it ejected it in two blobs. They also used a

arger value of the reddening than we find here, and therefore had
o use a 0.9 M � white dwarf as the primary of the system in order
o synthesize enough 56 Ni (0.18 M �). With the smaller reddening
etermined here the amount of 56 Ni necessary to fit the light curve
f SN 2010lp would be less. We estimate here that ≈0.08 M �of 56 Ni
ere sufficient to energize the nebular spectrum of SN 2010lp, while

or SN 1991bg Mazzali & Hachinger ( 2012 ) estimated 0.06 M �.
ome merger scenario with slightly different masses and mass ratios
ight produce the required mass and distribution of oxygen. 
A third possibility is that the two blobs mark part of the material

hat survives the explosion following the impact (collision) of two
ub-M Ch white dwarfs, as in the models of Kushnir et al. ( 2013 ).
lthough the original model of white dwarfs collision envisages the

reation of two central blobs of 56 Ni it may not be excluded that some
articular configuration, or range of white dwarf masses, may lead to
n outcome similar to what is diagnosed in SN 2010lp. The question
n this case might be, what would then set these inner regions into
xpansion? 

Finally, another possible way to place material at low velocity is
or it to be companion material stripped off and swept up by the
mpact with the SN ejecta, such as is expected for a hydrogen-rich
ompanion (Marietta, Burrows & Fryxell 2000 ). Could oxygen lost
rom a double-degenerate system during merging lead to such a
onfiguration? What would cause two distinct blobs? 

 C O N C L U S I O N S  

ynthetic spectra have been computed for the nebular spectrum of
he sub-luminous, peculiar SN Ia 2010lp. The o v erall spectrum can
e reproduced reasonably well if a sub-M Ch explosion model is used,
s in SN 1991bg. In SN 1991bg the presence of low-velocity 56 Ni is
onsistent with a scenario that involves the violent merger of two
ub-M Ch mass white dwarfs, although the mass of 56 Ni synthesized
hould be less than in the models that have been produced so far. 

In the case of SN 2010lp, the observ ed low-v elocity, double peaked
O I ] emission can be reproduced replacing the central 56 Ni with
xygen. The amount of oxygen that is required to produce the
bserved emission is actually small ( ∼0.05 M �), and the emission is
aused by two oxygen-rich blobs, moving in opposite directions. 

If two low-mass white dwarfs merged or collided to give rise to
he SN, their respective central regions should suffer very limited
urning in order to reproduce the observations of SN 2010lp. The
ack of corresponding low-velocity carbon emission lines suggests
hat at least carbon from the progenitor did burn to oxygen. 

Some merger models predict the presence of unburned oxygen
t low velocities, but no published model predicts the formation
f separate oxygen blobs. Such blobs may possibly be observed in
ore detailed 3D hydrodynamical simulations, co v ering perhaps a

ifferent space of parameters (white dwarf masses, mass ratio), or
ay require the development of a completely new scenario. 
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