
Aouad, CJ, Mazzali, PA, Ashall, C, Tanaka, M and Hachinger, S

 Abundance stratification in type Ia supernovae – VII. The peculiar, C-rich 
iPTF16abc: highlighting diversity among luminous events

http://researchonline.ljmu.ac.uk/id/eprint/24233/

Article

LJMU has developed LJMU Research Online for users to access the research output of the 
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by 
the individual authors and/or other copyright owners. Users may download and/or print one copy of 
any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or 
any commercial gain.

The version presented here may differ from the published version or from the version of the record. 
Please see the repository URL above for details on accessing the published version and note that 
access may require a subscription. 

For more information please contact researchonline@ljmu.ac.uk

http://researchonline.ljmu.ac.uk/

Citation (please note it is advisable to refer to the publisher’s version if you 
intend to cite from this work) 

Aouad, CJ, Mazzali, PA, Ashall, C, Tanaka, M and Hachinger, S (2024) 
Abundance stratification in type Ia supernovae – VII. The peculiar, C-rich 
iPTF16abc: highlighting diversity among luminous events. Monthly Notices 
of the Royal Astronomical Society, 529 (4). pp. 3838-3857. ISSN 0035-8711 

LJMU Research Online

http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk


MNRAS 529, 3838–3857 (2024) https://doi.org/10.1093/mnras/stae785 
Advance Access publication 2024 March 29 

Abundance stratification in type Ia superno v ae – VII. The peculiar, C-rich 

iPTF16abc: highlighting di v ersity among luminous events 

Charles J. Aouad , 1 ‹ Paolo A. Mazzali, 1 , 2 Chris Ashall , 3 Masaomi Tanaka 

4 , 5 and Stephan Hachinger 6 
1 Astrophysics Research Institute, Liverpool John Moores University, 146 Brownlow Hill, Liverpool L3 5RF, UK 

2 Max-Planck Institut f ̈ur Astrophysik, Karl-Sc hwarzsc hild-Str. 1, D-85748 Garching, Germany 
3 Department of Physics, Virginia Tech, 850 West Campus Drive, Blac ksb urg, VA 24061, USA 

4 Astronomical Institute, Tohoku University, Aoba, Sendai 980-8578, Japan 
5 Division for the Establishment of Frontier Sciences, Organization for Advanced Studies, Tohoku University, Sendai 980-8577, Japan 
6 Leibniz Supercomputing Centre (LRZ) of the BAdW, Boltzmannstr. 1, D-85748 Garching, Germany 

Accepted 2024 March 12. Received 2024 March 8; in original form 2024 February 8 

A B S T R A C T 

Observations of Type Ia supernovae (SNe Ia) reveal div ersity, ev en within assumed subcategories. Here, the composition of the 
peculiar iPTF16abc (SN 2016bln) is derived by modelling a time series of optical spectra. iPTF16abc’s early spectra combine 
traits of SNe 1999aa and 1991T known for weak Si II λ 6355 and prominent Fe III features. Ho we ver, it dif fers with weak early 

Fe III lines, and persistent C II lines post-peak. It also exhibits a weak Ca II H&K feature aligning it with SN 1991T, an observation 

supported by their bolometric light curves. The early attenuation of Fe III results from abundance effect. The weakening of the 
Si II λ 6355 line, stems from silicon depletion in the outer shells, a characteristic shared by both SNe 1999aa and 1991T, 
indicating a common explosion mechanism that terminates nuclear burning at around 12 000 km s −1 unseen in normal events. 
Beneath a thin layer of intermediate mass elements (IMEs) with a total mass of 0.18 M �, extends a 56 Ni rich shell totaling 

0.76 M � and generating a bolometric luminosity as high as L peak = 1.60 ± 0.1 × 10 

43 ergs s −1 . Inner layers, typical of SNe Ia, 
hold neutron-rich elements, ( 54 Fe and 

58 Ni), totaling 0.20 M �. Stable iron, exceeding solar abundance, and carbon, coexist 
in the outermost layers, challenging e xisting e xplosion models. The presence of carbon down to v ≈ 9000 km s −1 , totalling 

∼0.01 M � unprecedented in this class, links iPTF16abc to SN 2003fg-like events. The retention of 91T-like traits in iPTF16abc 
underscores its importance in understanding the diversity of SNe Ia. 

Key words: line: identification – nuclear reactions, nucleosynthesis, abundances – radiative transfer – supernovae: general –
supernov ae: indi vidual: iPTF16abc. 
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 I N T RO D U C T I O N  

t is generally accepted that Supernovae type Ia (SNe Ia) result from
he thermonuclear disruption of a carbon–oxygen (CO) white dwarf
WD) in a binary orbit (Hillebrandt & Niemeyer 2000 ; Mazzali et al.
007 ; Livio & Mazzali 2018 ). The width-luminosity relation (WLR;
hillips 1993 ), linking the peak brightness of their light curves to

heir width, has established them as standardizable candles, unveiling
he accelerated expansion of the Universe (Phillips 1993 ; Perlmutter
t al. 1998 ; Riess et al. 1998 ). 

The event is thought to initiate when the central temperature
eaches ∼10 9 K leading to e xplosiv e carbon burning. This ignition
an occur through accretion from a non-degenerate companion,
single-degenerate scenario (SD); Whelan & Iben ( 1973 )], or by
he violent merger of two WDs [double degenerate scenario (DD)
ben & Tutukov ( 1984 )]. In some cases, SNe Ia may also originate
rom a triple system [Kushnir et al. ( 2013 ); for a re vie w see Livio
 Mazzali ( 2018 )]. The mass can either attain the Chandrasekhar

imit, alternatively, it may exceed it in what is known as a super-
 E-mail: charlesaouad@aascid.ae , C.J.Aouad@2020.ljmu.ac.uk 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
handrasekhar mass scenario, or it may eventually fall below it in a
ub-Chandrasekhar mass scenario. In all cases, a burning front propa-
ates, unbinds the WD and causes the production of heavy elements
ncluding radioactive 56 Ni. The decay of 56 Ni through the 56 Ni →
6 Co → 

56 Fe chain (P anke y 1962 ; Colgate & McKee 1969 ) releases
-rays and positrons, which deposit energy in the expanding ejecta,
iving rise to optical photons. These photons remain trapped until
hey diffuse as the ejecta expand and the opacity decreases. 56 Ni and
ther iron group elements (IGEs) have a rich array of line transitions.
heir presence in the H poor ejecta where line opacity dominates

Pauldrach et al. 1996 ), increases the diffusion time, so events with
ore 56 Ni are not only hotter and brighter, but decline slower leading

o the observed Width-Luminosity relation in their light curves
Arnett 1982 ; Mazzali et al. 2001a ; Bersten & Mazzali 2017 ). 

It has been suggested that the observed scatter in their peak
uminosity corresponds to different amounts of 56 Ni synthesized
a range of 0.1–1 M �, Mazzali et al. 2001a , 2008 ). What causes
his spread in 56 Ni production is still not clear, but it is a direct
onsequence of the burning regime. Currently, one of the fa v ored
urning scenarios is one in which a deflagration wave (subsonic
urning) transits to a detonation wave (supersonic shock wave)
n the so-called deflagration to detonation transition model (DDT;
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Figure 1. Early time spectra of iPTF16abc in comparison with SN 1991T, 
SN 1999aa, the normal SN 2003du, and the 03-fg like SN 2012dn. Epochs are 
shown with reference to B maximum. 
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hokhlov 1991b ; Mazzali et al. 2007 ). This transition enables 
fficient burning in the outer layers of the ejecta, resulting in 
he synthesis of sufficient amounts of intermediate-mass elements 
IMEs; e.g. Si, S, Ca) as supported by observations. 

A significant proportion of SNe Ia are typically categorized as 
normal’ owing to the uniformity of their spectroscopic characteris- 
ics. Nevertheless, an increasing number of events with a wide array 
f spectral features have been observed and classified as ‘peculiar’. 
hese peculiar SNe Ia encompass a broad range, from cooler, fainter 
bjects like SN 1991bg (Mazzali et al. 1997 ), SN 1986G (Ashall
t al. 2016 ), SN 2002cx (Li et al. 2003 ), SN 2002es (Ganeshalingam
t al. 2012 ) to hotter, more luminous objects such as SN 1991T
Mazzali, Danziger & Turatto 1995 ) or SN 1999aa (Garavini et al.
004 ). Furthermore, within the realm of luminous SNe Ia, there exists
 distinct subgroup known as SN 2003fg-like events (Ashall et al. 
021 ), which are also referred to as super-Chandrasekhar mass events 
SC). (e.g. SN 2003fg – Howell et al. 2006 , SN 2006gz – Hicken
t al. 2007 , SN 2009dc – Taubenberger et al. 2011 , SN 2012dn –
hakradhari et al. 2014 ). Yet, despite several attempts to classify

heir spectra (e.g. Nugent et al. 1995 ; Benetti et al. 2005 ; Branch
t al. 2006 ; Wang et al. 2009 ), a consensus regarding this observed
iversity remains elusive. 
During the initial stages of a SNe Ia event observed in the

ptical, known as the photospheric phase, the spectra probe the outer 
ayers. They are characterized by broad P-Cygni profiles indicating 
 xpansion v elocities of the order of 10 000 km s −1 . At this early
tage, the main spectral features of the SNe classified as ‘ normal ’
re lines of singly ionized IMEs such as Si II , S II , Ca II , Mg II , and
eutral elements such as O I . As time progresses, deeper layers of
he ejecta are revealed and blends of Fe III and Fe II start to influence
he appearance of the spectra. (Filippenko 1997 ; Parrent, Friesen & 

arthasarathy 2014 ). 
A few months after reaching maximum light, the ejecta of SNe Ia

enerally become gradually transparent to gamma-rays, allowing 
nly a fraction of the radioactive energy decay to be deposited (Ashall 
t al. 2021 ). Around one year after the explosion, SNe Ia spectra probe
he innermost shells of the ejecta and the supernova reaches the so-
alled nebular phase, whose spectra are characterized by emission, 
ostly in forbidden [Fe III ] and [Fe II ] lines (Mazzali et al. 2015 ). 
In contrast to normal Type Ia SNe, the early spectra of the events

lassified as 1991T-like display distinct behaviour. Singly ionized 
MEs like Si II λ 6355, S II , Ca II H&K, and Ca II NIR are either
bsent or notably weak, while prominent Fe III lines dominate. As
he events progress, their spectra gradually transition to resemble 
hose of normal SNe Ia around peak brightness. While most 1991T- 
ike events belong to the shallow silicone (SS) subclass according to 
he classification scheme of Branch et al. ( 2006 ) or to the low velocity
radient (LVG) subclass according to Benetti et al. ( 2005 ), substantial
iv ersity e xists within this group. F or e xample, the initial spectra of
N 1999aa exhibit Ca II HK and Si II λ 6355 lines with strengths

ntermediate between those seen in ‘normal’ events and those 
lassified as 91T-like, morphing to resemble the normal events earlier 
han SN 1991T (Garavini et al. 2004 ; Aouad et al. 2022 ). Conversely,
he early spectra of the events classified as 2003fg-like showcase 
umerous deep, singly ionized IME lines, despite many exhibiting 
igh luminosities. They are also characterized by slow photospheric 
elocities and relatively weak Fe III lines. Additionally, they all 
xhibit strong and persistent carbon features, the signature of unburnt 
aterial in the ejecta, observable until post-maximum epochs. 
This spectral diversity challenges our understanding of these 

bjects and their reliability as precise distance indicators. This is 
specially important for the bright events, which are of particular 
ignificance in cosmology. Therefore, it is important to identify 
bjects whose spectroscopic features link between two or several 
ifferent spectroscopic classes. iPTF16abc is an example of such an 
bject. It is characterized by early spectra resembling SN 1999aa, 
o we ver, it sho ws dif ferences when compared to both SN 1991T and
N 1999aa (cf. Fig. 1 ). In particular, the Ca II H&K high velocity
HV) feature is of intermediate strength between SN 1999aa and 
N 1991T, Fe lines are weaker, and it exhibits a C II λλ 6578, 6583

ine that slowly fades one week before B maximum, but then re-
ppears one week post maximum. As we progress to one week past
eak brightness and extend into the nebular phase, the spectra of
hese three events become nearly indistinguishable (cf. Figs 2 and 
 ). Remarkably, such properties are not completely different from 

hose observed in 2003fg-like events. All this establishes iPTF16abc 
s a capti v ating e vent, highlighting the subtle spectroscopic diversity
hat exists within the realm of luminous peculiar events. 

In this paper, we employ abundance tomography as a method to
nvestigate SNe Ia, allowing us to map the internal composition of the
xpanding ejecta and gain insights into the explosion process (Stehle 
t al. 2005 ; Mazzali et al. 2008 ; Tanaka et al. 2011 ; Sasdelli et al.
014 ; Ashall et al. 2016 ; Aouad et al. 2022 ). We apply this technique
o analyse iPTF16abc and compare it to SN 1999aa, SN 1991T, and
he normal SN 2003du. While we draw some parallels with 2003fg-
ike events, a comprehensive exploration of this aspect is reserved 
or future investigations. One of the main strengths of our work is
hat we have been applying a similar modelling technique to analyse
nd compare different events. This increases confidence that the 
imilarities and differences identified between different SNe Ia are 
eal and not limited by the modelling technique. The paper’s structure
s as follows: Sections 2 and 3 discuss data and methods, Sections 4
nd 5 present models for photospheric phase spectra, Section 6 
ocuses on the nebular spectrum model, Section 7 discusses the 
bundance stratification while Section 8 outlines a light curve model 
ased on our abundance stratification results. Section 9 discusses our 
ndings and Section 10 concludes the paper. 
MNRAS 529, 3838–3857 (2024) 
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M

Figure 2. One week post maximum spectrum of iPTF16abc in comparison 
with SN 1991T, SN 1999aa, the normal SN 2003du, and the 03-fg-like 
SN 2012dn. Epochs are shown with reference to B maximum. 

Figure 3. Nebular spectrum of iPTF16abc in comparison with SN 1991T, 
SN 1999aa, the normal SN 2003du, and the 03-fg-like SN 2012dn. Epochs 
are shown with reference to B maximum. 
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Table 1. Spectra of SN iPTF16abc and modelling parameters. 

UT Date JD 

a Epoch b Telescope/Instr. log L v T ph 

2016 (days) [ L �] (km s −1 ) (K) 

05/04 c 483.3 − 15 .3 Gemini-N/GMOS 8.860 13 450 15 900 
10/04 c 488.4 − 11 .0 Keck-I/LRIS 9.370 12 200 14 670 
11/04 c 489.5 − 9 .8 LCO-2m/FLOYDS 9.470 12 000 14935 
12/04 c 490.4 − 8 .9 LCO-2m/FLOYDS 9.550 11 800 14 832 
13/04 c 491.5 − 7 .8 LCO-2m/FLOYDS 9.580 11 200 15 330 
25/04 c 503.3 + 3 .7 LCO-2m/FLOYDS 9.620 10 000 10 187 
28/04 c 506.0 + 6 .3 NOT/ALFOSC 9.610 9200 10 040 
30/04 c 508.3 + 8 .5 LCO-2m/FLOYDS 9.520 7500 9682 
29/03/2017 c 841.7 + 342 .4 Keck-I/LRIS – – –

Notes. a JD − 2457 000 
b Rest-frame time since B maximum 

c see Dhawan et al. ( 2018 ) 
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 DATA  

PTF16abc (IAU name: SN 2016bln) was disco v ered by the interme-
iate Palomar Transient Factory on 2016, April 4, at 09:21:36.000,
D = 2457482.89 (Gal-Yam 2016 ), in the tidal tail of NGC 5221, a
arred galaxy classified as SABb at a redshift of 0.023279 (Courtois
 Tully 2015 ). Reported distance moduli, μ, to the host galaxy, using
NRAS 529, 3838–3857 (2024) 
he Tully–Fisher relation, vary from 34.69 to 35.09 1 (Willick et al.
997 ; Karachentsev et al. 2006 ; Theureau et al. 2007 ; Makarov et al.
014 ). We adopt an extinction value E ( B − V ) of 0.05 for the Milky
ay (Ferretti et al. 2017 ) and 0.03 for the host galaxy (Schlafly &

inkbeiner 2011 ; Miller et al. 2018 ). Early time photometric data in
he U , B , V , r , and i bands were taken from Miller et al. ( 2018 ) and
ate-time g band data were taken from Dhawan et al. ( 2018 ), who
eports a � m 15 ( B ) of 0.91. Spectroscopic observations of iPTF16abc
n the photospheric phase were obtained with a variety of telescopes
nd instruments. A nebular spectrum was obtained 342 days after B
aximum on 2017-03-29 by Dhawan et al. ( 2018 ). The time of the
 -band maximum light was considered to be on Modified Julian Date

MJD) 57499.54, as adopted in Miller et al. ( 2018 ). Photocalibration
as performed in the U , B , V , r , bands by multiplying the spectra with
 low-order smoothed spline. The calibrated flux does not deviate by
ore than 10 per cent from the interpolated photometry data in any

ass band. The spectra used in the current study are listed in Table 1 .

 M O D E L L I N G  TECHNI QUES  O F  T H E  

HOTOSPHERI C  PHASE  

e use a 1D Monte Carlo radiative transfer code as laid out in
azzali & Luc y ( 1993 ), Luc y ( 1999a , b ), Mazzali ( 2000 ), Stehle

t al. ( 2005 ). The code computes the radiative transfer through the
xpanding ejecta at a given epoch. It assumes a sharply defined
pherical photosphere from which a continuous blackbody radiation
ith temperature T ph is emitted. Seconds after the initial explosion,

he ejecta is assumed to coast on a homologous expansion in which
he radius is proportional to the velocity i.e. r = v × t , therefore the
elocity of the photosphere v ph can be used as a spatial coordinate
ssuming a time t from the explosion. As the ejecta expand, the
hotosphere recedes in mass coordinates. Photons emitted at this
hotosphere propagate through the ejecta and undergo Thomson
cattering or intersect with the lines assuming the Sobolev approx-
mation (Sobolev 1960 ; Castor 1970 ). Bound–bound emissivity is
reated through a branching scheme (Mazzali 2000 ). Ionization and
 xcitation lev els are calculated assuming a nebular approximation (cf.
azzali 2000 ). In this approximation, the gas state depends strongly

n a radiation temperature T R , computed from the mean frequency
f the radiation field at every radial mesh, and a dilution factor
hich parametrizes the radiation field energy density as a function
f radius. The radiation field and the gas state are iterated until T R 

s converged to the percent level. T ph is automatically adjusted to
atch the given L bol taking in consideration the back-scattering rate.

http://leda.univ-lyon1.fr/
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Figure 4. Density profiles used in the modelling process: W7 (Nomoto 
et al. 1984 ), DD2, DD3 (Iwamoto et al. 1999 ), and the modified DD2. In the 
modified DD2, a mass of 0.05 M � has been remo v ed at v > 14 000 km s −1 and 
redistributed in the inner layers to conserve the total mass. The total Kinetic 
energy is not significantly changed due to the small mass shift. Vertical dashed 
lines mark the photospheres of the synthetic spectra. 
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he code requires an initial fixed density profile of the SN ejecta,
n addition to the input parameters v ph , L bol , t , and the abundances
n every shell which are manually optimized to match the observed 
ata. For a detailed description of the modelling procedure see Stehle 
t al. ( 2005 ) and Mazzali et al. ( 2014 ), and for a discussion on errors
ee Ashall & Mazzali ( 2020 ). 

 T H E  PHOTOSPHERIC  PHASE  

e analysed eight spectra obtained from 15 days before to 8 days
fter B maximum. To model these spectra, we employed four distinct 
ensity profiles, namely one fast-deflagration (W7), two delayed 
etonation models (DD2 and DD3, Nomoto, Thielemann & Yokoi 
984 ; Iwamoto et al. 1999 ) and one modified DD2 density profile
see Section 5 ); The density profiles are shown in Fig. 4 . W7, DD2,
nd DD3, correspond to well-known hydrodynamic models that have 
een successfully used to model a number of SNe Ia and reproduce
he majority of their observed spectroscopic features, both during 
he photospheric and the nebular phases as well as their light curves
Stehle et al. 2005 ; Mazzali et al. 2008 ; Tanaka et al. 2011 ; Ashall
t al. 2016 , 2018 ; Aouad et al. 2022 ). Using the same density profiles
hen modelling different supernovae enables comparison between 
if ferent e vents, as is the focus of this series of papers. The input
arameters used in the models are shown in Table 1 , and the resulting
pectra are presented in Figs 5 , 6 , 7 , 14 , and 15 . 

.1 The pre-maximum spectra 

n Figs 5 , 6 , and 7 , we display synthetic spectra from day −15 to day
8, o v erlaid on the observed spectra. Our synthetic spectra faithfully

eplicate the observed features, with a good match in flux across the
ntire wavelength range. This alignment is evident in Fig. 8 , where
e compare photometric light curves derived from synthetic spectra 
ith observational measurements. The luminosity exhibits a steep 

ise from day −15 to day −11, while the velocities decline slowly to
reserve the optimal temperatures required for the synthetic spectra’s 
onization equilibrium. Notably, the velocities closely resemble those 
alculated for SN 1999aa, but they significantly exceed those of 
N 2003du, signaling a substantially higher level of opacity in 
N 1999aa and iPTF16abc. 
Fe-group elements: The earliest spectrum of iPTF16abc, taken 

t day −15, shows Fe III features around 4250 and 5000 Å that
e could reproduce with X(Fe) = 0.0035 at v > 13 450 km s −1 .
his is abo v e solar abundance ( X (Fe �) = 0.001, Asplund et al.
009 ). As we advance to day −11, these features grow in intensity,
orresponding to an increase in the iron mass fraction to 0.025 at
 > 12 200 km s −1 . Ho we ver, when compared to SNe 1999aa and
991T at the same epoch (Fig. 1 ), these features appear comparatively 
eaker. Consequently, the iron abundance in iPTF16abc remains 
oticeably lower (Fig. 9 ). The iron present must be stable (i.e. 54 Fe),
s it could not have resulted from the decay of 56 Ni, at this early
tage. Remarkably, the presence of iron at the outermost shell up to
 = 25 000 km s −1 is not anticipated by any of the explosion models.

These features keep increasing in strength at days −10 and in
he following days. Subsequently, the Fe mass fraction gradually 
ncreases, reaching a value of 0.038 at day −3.8 at v > 11 200 km s −1 .
t this epoch, this fraction is only ∼50 per cent of all iron needed,

he remaining being the product of 56 Ni decay. These stable iron
ass fractions values significantly surpass solar abundances, strongly 

ndicating that at these shells ( v < 13 450 km s −1 ), iron likely results
rom e xplosiv e nucleosynthesis. These stable iron mass fractions are
imilar to the ones computed in both the W7 and the DD models (cf.
omoto et al. 1984 ; Iwamoto et al. 1999 ). 
A 

56 Ni mass fraction of 0.013 is required at v > 13 450 km s −1 , to
ccurately replicate the Co III λλ 3287, 3305 feature, observed near 
200 Å, in spectra taken on day −11 and onwards (cf. Fig. 10 ).
dditionally, this 56 Ni mass fraction suppresses the flux in the 
ltraviolet (UV) range and contributes to redirecting it towards longer 
avelengths in the earliest spectrum obtained on day −15. 
Going inwards, the 56 Ni mass fraction increases gradually, reach- 

ng a peak of 0.69 at v > 11 200 km s −1 at day −8. These values are
lightly larger than the ones computed for SNe 1999aa and 1991T
t the same epochs. A feature centred around 4700 Å, primarily
nfluenced by multiple Ni III and S II lines is also replicated in the
ynthetic spectra. Unfortunately, a comparison with SNe 1999aa and 
991T is not possible at day −15 as data for these events are not
vailable at this early stage. 

Calcium: In the majority of SNe Ia, the Ca II H&K feature, seen
round 3800 Å is often composed of two separate components: 
ne at photospheric velocity (PV) and one at high velocity (HV;
azzali et al. 2005 ; Childress et al. 2014 ; Dutta et al. 2021 ). In

he SNe Ia classified as spectroscopically normal, e.g. SN 2003du 
Tanaka et al. 2011 ), the HV component dominates, causing the
wo features to blend together and form a single deep absorption
ine. Ho we v er, the high-v elocity component in iPTF16abc at day

11 and after is relatively weak, causing the feature to split into
wo separate components, with the blue part being of intermediate 
trength between the one seen in SN 1999aa and the one seen in
N 1991T (cf. Fig. 1 ). Our synthetic spectra accurately reproduce

his behaviour with X(Ca) = 0.00055 at v > 25 000 km s −1 , which is
bo v e Solar abundance ( X (Ca �) = 0.00006 as reported in Asplund
t al. 2009 ). This fraction decreases to 0.0002 at v > 13 450 km s −1 

han increases to 0.01 at v > 12 200 km s −1 and remains constant until
ay −9 at v > 11 800 km s −1 . This calcium mass fraction at lower
elocities is necessary to be able to replicate the (PV) component
f the feature. Even with this increase in the calcium mass fraction,
he pre v ailing high temperatures maintain the blue component of
he feature weak, primarily made by Si III λλ 3796, 3806 and Co III
3782. This can be seen in Fig. 11 , where we generate a synthetic

pectrum at day −9, deliberately excluding any calcium at high 
MNRAS 529, 3838–3857 (2024) 
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Figure 5. Observed early spectra of iPTF16abc (black), compared to the synthetic spectra in colours, corresponding to different density profiles as indicated in 
the legend. Epochs are shown with reference to B maximum. 
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Figure 6. Observed early spectra of iPTF16abc (black), compared to the synthetic spectra in colours, corresponding to different density profiles as indicated in 
the legend. Epochs are shown with reference to B maximum. 
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Figure 7. Observed day −8 spectrum of iPTF16abc (black), compared to the synthetic spectra in colours, corresponding to different density profiles as indicated 
in the legend. Epoch is shown with reference to B maximum. 

Figure 8. Light curves from observation compared to the ones from synthetic spectra. Photometry data from Miller et al. ( 2018 ). 
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elocity at v > 13 450 km s −1 . This adjustment yields negligible
ifferences compared to the spectrum containing calcium and shows
he dominance of Si III and Co III . In contrast, SN 1999aa distinctly
isplays Ca II dominance in the same feature during the same period,
n influence even more pronounced in SN 2003du. 

By day −8, a calcium mass fraction of 0.005 is sufficient for our
ynthetic spectra. These values fall within the range computed for
Ne 1999aa and 1991T, but are significantly lower than the values
eported for the spectroscopically normal events (Tanaka et al. 2008 ,
011 ). 
The presence of free electrons in the outer shells can affect the Ca II

&K HV feature’s strength by promoting recombination from Ca III
o Ca II , which may support the presence of hydrogen as discussed by

azzali et al. ( 2005 ). This allows for various calcium and hydrogen
NRAS 529, 3838–3857 (2024) 
ractions combinations to reproduce the line, as shown by Aouad
t al. ( 2022 ). In the case of iPTF16abc, a significant hydrogen mass
raction (up to 0.05) would be needed to noticeably change the
alcium ionization state. This quantity produces observable hydrogen
ines like H α, which are absent in the spectra. Thus, the derived
alcium mass fraction can be considered reliable. 

The Ca II near-infrared (NIR) feature, typically observed in normal
Ne Ia, is notably absent in the early spectra of iPTF16abc and
nly becomes visible a few days after maximum brightness. This
ehaviour resembles SNe 1999aa and 1991T and is reproduced well
n our synthetic spectra. 

Silicon, Sulphur, Magnesium: The Si II λ 6355 feature is barely
oticeable in the day −15 spectrum but gains slight strength on days
11 and −10, resembling SN 1999aa at the same epoch. Conversely,
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Figure 9. Probing iron at the outermost layers. The blue spectra are models 
generated replicating an iron abundance similar to SN 1999aa [X(Fe) = 0.018 
at v > 12 200 km s −1 , with a total mass of 0.005 M � (Aouad et al. 2022 )]. The 
red spectra have been produced using X(Fe) = 0.00035 at v > 13 450 km s −1 , 
and X(Fe) = 0.025 in the shell abo v e 12 200 km s −1 , with a total mass of 
0.002 M �. Notably, despite the outermost shells of iPTF16abc exhibiting 
supersolar abundances, its iron content in these layers remains lower than 
that of both SNe 1999aa and 1991T. Epochs are shown with reference to B 

maximum. 

Figure 10. Probing nickel at the outermost layers. A 

56 Ni mass fraction 
of 0.014 is required at the outermost shell at v> 13 450 km s −1 to replicate 
the Co III λλ 3287, 3305 line observed near 3200 Å . Epoch is shown with 
reference to B maximum. 

Figure 11. Detail of the region around ∼3700 Å, the HV Ca II feature 
reveals a split into two components. The bluer portion is characterized by 
the influence of Si III and Co III rather than Ca II in iPTF16abc. Interestingly, 
a synthetic spectrum at day −9, lacking calcium at high velocity (X(Ca) = 

0 > 13 450 km s −1 ), shows no discernible difference in its bluer segment 
compared to the one featuring Ca. I,n contrast, in SN 1999aa, Ca II dominates 
the same feature at the same time, and this dominance is even more pro- 
nounced in SN 2003du. Epochs are shown in square brackets with reference 
to B maximum. 
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he Si III λ 4560 feature is strong and increases in intensity as the
pectra evolve. To match these features, a Si mass fraction of 0.013
s required at v > 13 450 km s −1 , on day −15. Higher Si fractions
ould produce stronger features than observed (cf. Fig. 12 ). On day
11, the Si mass fraction sharply rises to 0.47 at v > 12 200 km s −1 ,

efore gradually decreasing inward. The precise matching of the line 
atios between Si II and Si III features in our synthetic spectra indicates
 well-constrained ionization balance and therefore temperatures in 
ur models. 
The two S II λλ 5468, 5654 lines begin to appear on day −10, and

ur synthetic spectra reasonably replicate their depth and evolution. 
he sulfur mass fraction follows a similar trend to silicon. The
epletion of intermediate-mass elements in the velocity range of 
12 000–13 000 km s −1 is akin to what has been suggested for SNe
MNRAS 529, 3838–3857 (2024) 
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Figure 12. Probing silicon in the outer layers. The optimal replication of the 
Si II λ 6355 absorption line observed on day –15 with reference to B maximum 

is attained with a silicon mass fraction of 0.013 at velocities v > 13 450 km 

s −1 . The observed spectrum is represented in black, and models with varying 
silicone fractions are depicted in different colours as indicated in the legend. 
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Figure 13. Probing carbon in the outermost layers. A carbon mass fraction 
of 0.007 provides the most accurate reproduction of the two primary C II 

features observed on day −15 with reference to B maximum at velocities v > 

13 450 km s −1 . (The observed spectrum is shown in black, and models with 
different carbon mass fractions are illustrated in various colours as indicated 
in the legend.). 
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999aa and 1991T, contrasting with spectroscopically normal SNe Ia
Aouad et al. 2022 ). 

The contribution of Mg to the line near 4200 Å is not significant,
s this line is primarily dominated by Fe III , resembling what was
bserved in SNe 1999aa and 1991T. We consider a Mg mass fraction
f 0.01 at v > 13 450 km s −1 . 
Carbon, Oxygen: A strong C II λ 6580 and a weaker C II λ 7234, are

vident in the day −15 spectrum. They diminish as time progresses
ut surprisingly re-emerge at day + 3.7, gaining strength by day + 8.
o accurately replicate these C II features, a mass fraction of 0.007

s required at v > 13 450 km s −1 , (day −15, cf. Fig. 13 ) decreasing
o 0.005 at v > 11 200 km s −1 on day + 8. 

Notably, clear carbon lines are not unambiguously present in the
pectra of SNe 1999aa and 1991T. Upper limits of 0.0005 and
.005 were, respectively, reported in a velocity range of 12 500–
7 000 km s −1 , (Sasdelli et al. 2014 ; Aouad et al. 2022 ), while Tanaka
t al. ( 2011 ) noted a mass fraction of 0.002 for the normal SN 2003du
t 10 500 < v < 15 000 km s −1 . The absence of carbon detection in
Ne Ia may stem from observational biases such as the lack of early
pectra or line blending. Nevertheless, it has been reported in a
ignificant fraction of SNe Ia across all spectroscopic classifications
Parrent et al. 2011 ; Folatelli et al. 2012 ). 

Our synthetic spectra reproduce an O I λ 7771 line near
400 Å, which is absent in the observed spectrum at day −15. The
ormation of this line has also been reported in previous works
Tanaka et al. 2011 ; Aouad et al. 2022 ). During this specific epoch
nd within this velocity range (13 500 km s −1 < v < 14 000 km s −1 ),
he density in our models drops to log ρ ≈−12.2 g cm 

−3 , while
he radiation temperature reaches approximately 10 4 K. Under these
onditions, the Sobolev optical depth for the O I λ 7771 line surpasses
nity, leading to the formation of this spectral feature. The removal of
his line from the models necessitates either substituting oxygen with
lternative elements, which could introduce unobserved features in
NRAS 529, 3838–3857 (2024) 
he spectra, and furthermore is difficult to explain in the context of
a’s. Or it requires much high temperatures, which would alter the
onization balance and hinder the formation of other spectral lines.
nother avenue to explore is the possibility of density reduction in

he outermost layers, a topic we investigate further in Section 5 .
n any case, with a mass fraction of 0.94, oxygen pre v ails at v >
3 450 km s −1 , but decreases inward, as the composition becomes
ominated by other elements, which are needed to replicate the
pectral features. 

The absorption line near 6300 Å has been attributed to H α in
revious studies (Lentz et al. 2002 ), but our synthetic spectra could
ot reproduce accurately this line using H, at any velocity. More
mportantly, replacing C with H will not allow for the appearance of
 II λ 7234 clearly seen and accurately replicated on day −15. 

.2 Post-maximum spectra 

igs 14 and 15 show spectra from 3.7 to 8.5 days after B maximum.
t this epoch, the photosphere resides inside the 56 Ni dominated

hell. Consequently, the assumption of a well-defined photosphere
ecomes less precise, and a substantial portion of the radiation energy
s deposited abo v e the photosphere in reality. This and the assumption
f blackbody radiation at the photosphere may cause the excess flux at
he redder wavelengths beyond ∼6000 Å in the models. Ho we ver, this
upposedly does not strongly affect line formation or the ionization
alance in our models. 
Fe-group elements: At this epoch, several Fe II lines start to form

nd influence the main Fe dominated feature near 4800 Å. The Fe II
ines are accurately replicated and their ratio to Fe III lines is faithfully
eproduced in our synthetic spectra, indicating that our models are
till in good ionization balance. From day + 3.7 until day + 6.3, the
table Fe mass fraction stabilizes at 0.05, constituting ∼30 per cent
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Figure 14. Comparison of post-maximum observed spectra of iPTF16abc (black) with synthetic spectra in various colours, corresponding to different density 
profiles as specified in the legend. Features near 6780 (weak) and 7400 Å (strong) are telluric. Epochs are presented with reference to B maximum. 
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Figure 15. Comparison of day + 8 observed spectrum of iPTF16abc (black) with synthetic spectra in various colours, corresponding to different density profiles 
as specified in the legend. Epochs are presented with reference to B maximum. 
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f the total iron content, while the remaining iron originates from the
ecay of 56 Ni. By day + 8.5, this fraction increases to 0.3, which is
ecessary to replicate the emission lines present in the nebular phase
pectrum (cf. Section 6 ). 

The 56 Ni mass fraction remains 0.69 in the probed shells until day
 8.5. The feature near 4000 Å, earlier due to Si II λ 4130, becomes

ully dominated by Co II λ 4160 at day + 8.5. A blend of Co III
λ 4317, 4249 and Fe III λ 4352, create a feature near 4150 Å, which

s also accurately replicated in our synthetic spectra. The deep feature
bserved near 3200 Å previously dominated by Co III λλ 3305, 3287
s now dominated by a blend of Co II lines as the temperature drops
nd the ionization balance shifts towards singly ionized species. 

Calcium: The Ca II NIR appears around day + 3.7. This feature
learly splits into two different components at day + 6.3 and after,
hich is accurately replicated. The Si III and Co III contributions to

he feature near 3800 Å reduce with time until it is dominated by
a II H&K, with a significant contribution of Si II λ 3858 (Childress
t al. 2014 ). This is expected as the temperatures drop. This feature is
etter reproduced with the W7 density profile. This may be due to the
ensity bump in the W7 profile in the velocity shell between 13 000
nd 16 000 km s −1 , where the PV component of the line forms. The
a mass fraction needed decreases from 0.005 at day + 3.7 to 0.001
t day + 8.5 at v > 7500 km s −1 . 

Silicon, Sulphur: At this epoch, the prominent feature near
400 Å earlier due to Si III λλ 4552, 4567, 4574 becomes fully
ominated by a blend of Fe III λλ 4420, 4431, 4395, and a Co III
4433 lines. As a result, the two separated features at 4200 and
400 Å earlier seen in the pre-maximum epochs, blend into one deep
bsorption feature, which is accurately replicated. This is common
NRAS 529, 3838–3857 (2024) 
o all type Ia that we have modelled (cf. Tanaka et al. 2011 ; Sasdelli
t al. 2014 ; Aouad et al. 2022 ). The Si II λ 6355 gets deeper as the
pectra evolve. The Si II λ 5972 line appears at day + 3.7 as depicted
n our synthetic spectra. At day + 6.3, the Si fraction is 0.17. At v <
500 km s −1 , 56 Ni and stable iron dominate the abundance. 
Carbon, Oxygen: The carbon mass fraction increases from 0.005

t v > 11 200 km s −1 , to 0.03 at v > 10 000 km s −1 , to slightly
ecrease to 0.025 at v > 9200 km s −1 . The o v erall increase o v er
he shells between 9200 and 11 800 km s −1 (cf. Fig. 22 ), is essential
o replicate the C II λ 6580 at days + 3.7, + 6.3, and + 8.5. Notably,
here is no requirement for carbon presence below 9200 km s −1 , as
ny carbon abundance at this velocity would shift the line to the
ed, deviating from its observed position (cf. Fig. 16 ). At day + 8.5,
he velocity of the C II line is ∼8000, 500 km s −1 detached above the
hotosphere ( v ph = 7500 km s −1 ). As oxygen cannot be accurately
onstrained from any visible line in the spectra, a similar abundance
s carbon is assumed since it is difficult to justify the presence of
arbon without oxygen. 

 A  MODI FI ED  DENSITY  PROFILE  

ur primary moti v ation for exploring modifications to the density
rofile arises from the presence of the O I λ 7771 line in our models
sing DD2, DD3, and W7 density profiles, which is absent in the
ata obtained from the earliest spectrum taken at day −15. To address
his, we experiment with modifying the original DD2 density profile.

e find that the most fa v ourable outcome is achieved by removing
.05 M � of mass at v > 13 450 km s −1 , while simultaneously adding
he missing mass in the deeper layers. This ensures the conservation
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Figure 16. Probing carbon at the inner layers: spectra taken approximately 
4 to 8 days after the peak. To accurately replicate the observed feature at 
around 6400 Å, carbon presence is required down to velocities as low as v 
= 9200 km s −1 . Introducing carbon at e ven lo wer velocities would cause the 
absorption line to shift redder from its observed position, as depicted in the 
yellow synthetic spectrum generated at day + 8.5. Epochs are presented with 
reference to B maximum. 
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Figure 17. Nebular spectrum of iPTF16abc on day + 342 with reference to 
B maximum light, displayed in black, compared with our synthetic spectrum 

in red. 

a  

a
m
a  

e  

b  

c

6

M
o  

f  

l  

2  

M  

n  

o  

r  

b
a  

5
 

c
t  

p  

u  

d  

c  

d
t  

p  

d

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/4/3838/7637644 by Liverpool John M
oores U

niversity user on 23 Septem
ber 2024
f the total mass, while the total kinetic energy is not significantly
ffected due to the small mass shift (cf. Fig. 4 ). This approach has
lready been used in Hachinger et al. ( 2009 ), Ashall et al. ( 2016 ),
nd in Mazzali et al. ( 2014 ). This minor modification does not
ubstantially affect the abundance as a function of velocity neither 
he integrated yields. Attention has been given to a v oid steep density
radients. Such gradients might trigger the formation of lines within 
arrower velocity ranges, thus potentially yielding lines significantly 
arrower than those observed. The results are shown in Figs 5 , 6 , 7 ,
4, and 15 with red lines. Notably, the manipulation of the density
rofile had minimal visible impact on most lines, but it reduced 
he O I signature substantially. Removing more mass from the outer 
ayers will eventually affect the formation of other lines. 

In general, all density profiles we used yield reasonably good fits
o the observed spectra, which makes it difficult to fa v our any one
odel. The same result was obtained when modelling SN 1999aa. 
pon closer examination, both DD models exhibit a striking resem- 
lance and outperform the W7 model in certain spectral regions, such 
s the vicinity of 3800 Å during the pre-maximum epoch, whereas 
7 performs better in the same region during the post maximum 

poch. The W7 model consistently generates a narrow and robust 
 I λ 7771 line, even in post-maximum spectra. The modified DD2, 
espite wiping out the strong O I λ 7771 in the earliest spectrum, falls
hort in reproducing the Si II λ 6355 line in the post maximum spectra
t days + 3.7 and + 6.3. Also the model does not reach the peak flux
round 4000 Å. Therefore, we deduce that the delayed detonation 
odels appear to be reasonable, although they may necessitate some 

djustments in line with the conclusions drawn for SN 1999aa (Aouad
t al. 2022 ). Our inclination towards DD models is also substantiated
y insights gained from the abundance distribution and the total 56 Ni
ontent, which we explore in greater detail in Section 7 . 

 T H E  N E BU L A R  PHASE  

odelling the nebular spectrum allows us to derive the properties 
f the inner ejecta. Nebular spectra of SNe Ia are dominated by
orbidden lines of [Fe II ] and [Fe III ] in emission and usually display
ines of a few other elements, such as Mg and Ca (e.g. Mazzali et al.
008 ). The emission intensity is a diagnostic for the content of 56 Ni.
ost 56 Ni in SNe Ia is normally located at low velocity, and so the

ebular phase is the best time to see it directly. At the typical epochs
f nebular spectra ( ∼1 year), most 56 Ni has decayed into 56 Fe. The
esidual 56 Co still heats the gas upon decaying into 56 Fe, and this is
alanced by cooling via line emission. Computing the heating rate 
nd balancing this with cooling yields an estimate of the mass of
6 Ni synthesized in the explosion, as well as the overall mass and
omposition of the emitting region, which is usually confined to 
he region where the abundance of 56 Ni is high. Additionally, the
resence of lines of two different ions of iron, Fe II and Fe III , is very
seful in order to estimate the recombination rate, and hence the
ensity of the gas. The ionization balance is affected by additional
ooling provided by the stable iron atoms that are also synthesized
uring e xplosiv e burning if the density is sufficiently high. Estimating 
he mass of stable Fe is a powerful tool to estimate the mass of the
rogenitor white dwarf at the time of explosion, and ultimately to
ifferentiate between different explosion scenarios, as stable Fe is 
MNRAS 529, 3838–3857 (2024) 
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hought to be synthesized only if the white dwarf has a mass close to
he Chandrasekhar limit. 

Unfortunately, the nebular spectrum for iPTF16abc at day + 342.4
as limited wavelength coverage and low signal-to-noise ratio.
urthermore, no photometric measurements are available at this
poch. In order to calibrate the spectrum, we extrapolated the g -
and photometry measurement from a few days earlier. Additionally,
e used the U − g colour of a similar supernova, SN 1999aa, as

n approximation to calibrate the U -band. While this approach is
udimentary and susceptible to potential inaccuracies, it can still yield
esults that fall within ≈20 percent of the true ones. Consequently,
here is some uncertainty associated with the derived 56 Ni mass.
o we ver, these quantities are subjected to further validation against

he bolometric light curve, which we explore in Section 8 . 
The a vailable neb ular spectrum of iPTF16abc was modelled (cf.

ig. 17 ) with our SN nebular code (see Fig. 17 ) (Mazzali et al.
001b ). The code computes the deposition of the γ -rays and positrons
roduced by 56 Ni and 56 Co decay using a Monte Carlo scheme
Cappellaro et al. 1997 ) and balances the heating that this causes with
ooling via emission lines in non-local thermodynamic equilibrium
NLTE), following the principles laid out in Axelrod ( 1980 ). The
est-fitting density profile, WDD2, was used for our models, together
ith the outer layers’ composition determined by photospheric-

poch spectral fitting abo v e. The composition in the inner layers,
hich are only visible at late times, was determined by modelling

he nebular spectrum itself. These inner layers are dominated by Fe-
roup elements. 56 Ni was introduced until a flux was reached that was
omparable to the observed one. Unfortunately, the neb ular -phase
pectrum of iPTF16abc does not extend far enough to the red for us
o be able to estimate the mass of calcium, which is an important
oolant despite its typically low abundance. This introduces some
ncertainty into our results. 

 A BU N DA N C E  TO M O G R A P H Y  

sing the results of both the photospheric and the nebular phases,
e construct the abundance as a function of depth. This is shown in
ig. 18 , where we plot the mass fraction of the main elements as a
unction of velocity and mass compared to the original abundance
rofile of the DD2 hydrodynamic model (Iwamoto et al. 1999 ). 
The inner core, up to about 3500 km s −1 , is dominated by neutron

ich stable iron group elements. The nucleus that pre v ails within the
nnermost layer is 58 Ni, but our calculations indicate its depletion
ccurring at 1000 km s −1 . In contrast, in the original model, 58 Ni
ersists much farther outward. This consistent finding was observed
n all the events we modelled. Recently, stable IGEs have been
onfidently detected in JWST spectra of normal SNe Ia (DerKacy
t al. 2023 ), further supporting the results of our modelling. Situated
bo v e this, 58 Ni-dominated layer is a layer primarily composed of
table iron (i.e. 54 Fe), which extends until 3500 km s −1 . 

In the shell spanning from 5000 to ≈12 500 km s −1 , 56 Ni emerges
s the dominant nucleus with a combined mass of ∼0.76 M �,
ccompanied by a portion of stable iron. Unlike the high-density
nner shells, these outer shells remain unaffected by electron capture
ut instead undergo complete Si burning, aligning with the original
ydrodynamic model. As we progress outward, the density gradually
ecreases, hindering the achievement of complete Si burning. Con-
equently, the quantity of Ni gradually diminishes, making way for
MEs, with Si and S being the primary species, accompanied with
 portion of Ca. The abundance profile of this IMEs shell is similar
o the hydrodynamical model, exhibiting a gradual increase as the
bundance of 56 Ni starts to decrease. 
NRAS 529, 3838–3857 (2024) 
Ho we ver, contrary to the original model, our calculations reveal
hat the Si abundance peaks at ≈12 500 km s −1 and experiences
udden depletion at v > 13 400 km s −1 . Consequently, the Si-rich
ayer occupies a narrower velocity range than in the original model,
here it extends out to v = 17 500 km s −1 . This bears a striking

esemblance to the behaviour observed in SNe 1999aa and 1991T,
uggesting a similar explosion mechanism (Sasdelli et al. 2014 ;
ouad et al. 2022 ). This is further supported by the abrupt increase

n oxygen abundance pre v ailing in the outermost layers beyond
5 000 km s −1 . Interestingly, carbon is present in the shells dominated
y Si and unexpectedly extends and increases inwards until about
200 km s −1 . It is difficult to explain the increase of C abundance
t these deep shells with conventional symmetric explosion models.
nburned carbon is typically expected at v � 15 000 km s −1 , in the
7 model and even higher velocities in the DD models (Nomoto et al.

984 ; Iwamoto et al. 1999 ). Diverging from established explosion
odels, 56 Ni and stable iron are both present in the outermost layers

ntil v = 25 000 km s −1 , albeit at percentage level. 
The integrated yields from our results are shown in Table 2 . Using

hese values, we compute the total kinetic energy using the formula 

 k = [1 . 56 M( 56 Ni ) + 1 . 74 M( NSE ) + 1 . 24 M (IME) − 0 . 46] 

×10 51 ergs (1) 

Woosley et al. 2007 ), where M ( 56 Ni), M (NSE), and M (IME) corre-
pond to the ejected mass of 56 Ni, nuclear statistical equilibrium ele-
ents, and IMEs, respectively. This yields a value of 1.32 × 10 51 ergs.
he 56 Ni mass closely resembles that of the original DD3 model.
o we ver, the kinetic energy falls slightly short when compared to
oth the DD2 and the DD3 models (cf. Table 2 ). This outcome
s expected due to the insufficient presence of IMEs, which is not
dequately compensated for by an increase in 56 Ni production. This
s a common trait for all the 91T-like we have modelled. Interestingly,
hen we assess the mass ratio IMEs/IGEs, the 91T-like objects

xhibit a common value (Table 2 and in Fig. 19 ), which is notably
ower than that of both the normal events and the hydrodynamical

odels. The IGEs mass of ∼0.2 M � is in the range expected for all
Ne Ia (Mazzali et al. 2007 ). We estimate the mass of carbon to
e ∼0.01 M � abo v e 9200 km s −1 , which aligns with the expected
ange of 0.001 to 0.01 M �, as reported by Folatelli et al. ( 2012 ). In
eneral, the abundance distribution more closely resembles delayed
etonation models. Explaining the extension of the 56 Ni-dominated
hell this far out in the ejecta using the W7 model pro v es challenging,
specially considering that the total 56 Ni mass suggested from our
odelling surpasses the total 56 Ni mass anticipated from the W7
odel. 

 BOLOMETRI C  L I G H T  C U RV E  

e generate a bolometric light curve spanning 3000–10 000 Å, (cf.
ig. 20 ) utilizing the UBVri photometry data reported in Miller et al.
 2018 ). This will then be compared to a light curve computed from
ur model (cf. Section 8.1 ). In cases where multiple photometric
easurements were available for a given epoch, we calculate the

verage magnitude; this introduces an error of ∼0.1 mag. U band
hotometry data are not available beyond day + 22 from B maximum
ight. Therefore, for these epochs, we assume U band measurements
y applying a constant U − B value as computed from the last
poch, where these two measurements were available (i.e. day + 21).
ext, we interpolate the data at a daily resolution and convert the
agnitudes to fluxes by applying the flux zero-points of Fukugita,
himasaku & Ichikawa ( 1995 ), dereddened with the extinction curve
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Figure 18. Upper panel: abundances obtained from spectral models using the DD3 density profile. Lower panel: the original nucleosynthesis from DD3 
(Iwamoto et al. 1999 ). 
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f Cardelli, Clayton & Mathis ( 1989 ) using E ( B − V ) = 0.08 mag
Miller et al. 2018 ). For each epoch, we compute the flux via
rapezoidal integration between the specific flux values obtained at 
he central wavelength of each passband. We extrapolate the spectrum 

ith a linearly decreasing function until 3000 and 10 000 Å to extend
he flux calculation beyond the U and i band central wavelengths. 
inally, we compute the bolometric luminosities using the adopted 
istance modulus of 35.01 considering an error of 0.15 mag (Makarov 
t al. 2014 ). 

The superno va e xhibited its highest luminosity, measuring L peak = 

.60 ± 0.1 × 10 43 ergs s −1 , with a rise time of 18.74 d in the supernova
est frame. The bolometric peak was observed to occur roughly one
ay prior to B max , which is in line with previous studies examining
olometric rise time (Contardo, Leibundgut & Vacca 2000 ; Scalzo 
t al. 2012 ). 

Miller et al. ( 2018 ) reported a bolometric peak of 1.2 ± 0.1 × 10 43 

or iPTF16abc using a distance modulus of 34.89 ± 0.10 mag. 
e adopted a distance modulus of 35.01 mag, consistent with 

ur modelling. Using a shorter distance would require a smaller 
uminosity input, which in turn would not reproduce the ioniza- 
ion balance found in our models. Even if we use the distance
rom Miller et al. ( 2018 ), it would result in a bolometric peak
MNRAS 529, 3838–3857 (2024) 
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Table 2. Nucleosynthetic yields and kinetic energies from the modelling 
compared to the original hydrodynamic models. Results from other SNe are 
also shown. E k for models is calculated using equation (1) in the text. 

56 Ni Fe a Ni stable IME b O IME/IGE E k 
M � M � M � M � M � 10 51 ergs 

iPTF16abc (DD2) 0.76 0.20 0 .006 0.19 0 .21 0 .197 1.32 
original W7 0.59 0.16 0 .122 0.24 0 .143 0 .275 1.30 
original DD2 0.69 0.10 0 .054 0.33 0 .066 0 .39 1.40 
original DD3 0.77 0.10 0 .0664 0.25 0 .056 0 .27 1.43 
1991T (DD3) 0.78 0.15 0 .0006 0.18 0 .29 0 .19 1.24 
1999aa (DD2) 0.65 0.29 0 .006 0.20 0 .22 0 .21 1.32 
2003du (W7) 0.62 0.18 0 .024 0.26 0 .23 0 .32 1.25 
2002bo (W7) 0.49 0.27 0 .0001 0.28 0 .11 0 .37 1.24 
2004eo (W7) 0.32 0.29 0 .0005 0.43 0 .3 0 .70 1.1 

Notes. a All stable isotopes except for 56 Fe, decay product of 56 Ni 
b 28 Si + 

32 S 

Figure 19. Scatter plot showing the total mass of Intermediate Mass 
Elements (IMEs) plotted against the total mass of Iron Group Elements (IGEs) 
for iPTF16abc as computed from our modelling, compared to other SNe and 
explosion models. Notably, the 91T-like events are observed to occupy a 
distinct region within this space. 
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f 1.48 ± 0.1 × 10 43 , still more luminous than SN 1999aa and
loser to SN 1991T, consistent with observations of their spectra.
dditionally, our computed bolometric luminosities from synthetic

pectra align well with both modelled and constructed light curves,
erving as an additional robust validation of our method and results
see crosses in Fig. 20 ). Using the 56 Ni abundance derived from our
ynthetic spectra (0.76 M �), we compute the peak luminosity using
 version of Arnett rule as described in Stritzinger & Leibundgut
 2005 ), using our rise time of 18.74 d. We find a peak luminosity of
 peak = 1 . 51 ± 0 . 1 × 10 43 ergs s −1 . This result aligns with the peak

uminosity v alue deri ved from our synthetic spectra yields, if we take
n account the uncertainties associated with distance, photometry, and
he method of integration. It is worth noting that this approximation,
hile providing a reasonable estimate, does not take into account

he distribution of 56 Ni throughout the ejecta. To account for this
istribution, we conduct a detailed modelling of the light curve in
he subsequent subsection, offering a more accurate assessment. 
NRAS 529, 3838–3857 (2024) 
.1 Modelling the bolometric light cur v e 

ne independent way to test the results of abundance tomography is
o use the density and ab undance distrib utions derived from spectral
odelling to compute a synthetic light curve. This should in principle

eproduce the observed one, if the tomography results are reasonably
orrect, as the light curve depends on the mass and distribution of 56 Ni
nd on the opacity in the ejecta, which depends on the composition
f the ejecta and go v erns the outward diffusion of the photons. 
Starting from the tomography results, we used our Monte Carlo

N light curve code to compute a synthetic bolometric light curve
o be compared to the one obtained from the observations. The code
s based on the principles set out in Cappellaro et al. ( 1997 ) and

azzali et al. ( 2001a ). The basic assumption is that opacity in a SN Ia
s dominated by line opacity (Pauldrach et al. 1996 ), and therefore
t depends on composition: heavier elements such as iron have more
lectrons and therefore a complex energy level structure and more
pectral lines that can in principle hinder photon diffusion than do
ighter elements such as silicon. In our calculations, opacity is treated
sing a scheme outlined in Mazzali & Podsiadlowski ( 2006 ), which
ncludes the dependence of the opacity on the number of ef fecti ve
ines and temperature through the Fe mass fraction and time after the
 xplosion, respectiv ely. 

The deposition of the energy carried by the γ -rays and positrons is
omputed exactly like in the nebular code, but then the energy that has
one into heating the gas is transformed into ‘optical packets’ which
iffuse in the ejecta, encountering an opacity determined locally by
he composition in the various ejecta layers. When a packet escapes,
t is accounted as contributing to the emerging luminosity at that
articular time. The code is grey in frequency, and so the output is a
olometric luminosity. This compares to the bolometric luminosity
btained from the data, but it includes radiation at all wavelengths,
nd so it is a ‘true’ bolometric luminosity. 

The synthetic light curve for iPTF16abc is shown in Fig. 20 . It
atches the observed one quite well in the rising part, which is

n indication of the correct estimate of the outer distribution of
6 Ni, and near peak, which supports the mass estimate. It does a
ood job also in the early declining phase, while it departs from
he observed light curve at later times, but clearly not at the nebular
poch, which is not shown in Fig. 20 . These differences may be
ttributed to the progressive shifting of the flux towards the infrared,
hose contribution is difficult to estimate because this wavelength

ange is not co v ered by the data of iPTF16abc. It is now known
hat the IR becomes a strong component at late times (Deckers et al.
023 ). Still, our result confirms that the estimate of the 56 Ni mass
jected is correct, and the fact that the width of the light curve near
aximum is correctly reproduced is also supportive of our estimate

f M ej and E k , i.e. of our choice of explosion model. 

 DI SCUSSI ON  

PTF16abc demonstrates weaker Fe III lines in its early spectra
ompared to both SNe 1999aa and 1991T. This difference is evident
n Fig. 21 , where we measure the pseudo equi v alent width (PEW)
f the Fe III trough around 4800 Å following the method described
n Hachinger et al. ( 2006 ). This trend is further confirmed when
e examine the abundance levels (cf. Fig. 22 ). Notably, iPTF16abc

xhibits approximately 7–10 times less iron than both SNe 1999aa
nd 1991T at velocities larger than 15 000 km s −1 . Ho we ver, this
isparity diminishes at deeper layers, where iPTF16abc’s iron abun-
ance aligns more closely with that of other events. This is supported
y PEW measurements of iron emission lines in the nebular phase
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Figure 20. The modelled bolometric light curve (red line) of iPTF16abc is plotted alongside the bolometric light curves of SNe 1991T, 1999aa, and 2003du. 
Days are with respect to the assumed explosion time. Black dots are bolometric luminosities calculated using the photometry data of Miller et al. ( 2018 ). Crosses 
represent bolometric luminosities calculated using our synthetic spectra. Curves in dashed lines in the subplot represent unique instantaneous energy release 
rates resulting from the decay of 56 Ni, computed for different 56 Ni masses for each supernova as suggested from the modelling (see Tanaka et al. 2011 ; Sasdelli 
et al. 2014 ; Aouad et al. 2022 ). The plotted data points include errors originating from photometry, while the error bars inserted into the plot account for distance 
uncertainties, considering a distance modulus error of 0.15 mag, as outlined in Makarov et al. ( 2014 ). 
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see Miller et al. ( 2018 )). Consequently, this suggests that the relative
eakness of Fe III lines during the photospheric phase is likely due

o variations in abundance within the outermost shells rather than 
eing driven by ionization-related luminosity effects. 
This observation is particularly significant, highlighting that ob- 

ects with weaker early Fe III lines may have comparable or even
igher luminosities than those with stronger lines like SNe 1999aa 
nd 1991T. This comparison becomes particularly intriguing when 
xamining the 2003fg-like events. Despite their ele v ated luminosi- 
ies, this subclass is recognized by weak Fe III lines (Ashall et al.
021 ). Moreo v er, the outermost shells’ supersolar abundance of
table iron in iPTF16abc, coupled with the existence of 56 Ni, is a
opic of interest. While the presence of 56 Ni, is undeniably linked 
o e xplosiv e nucleosynthesis, we should also remain receptive to the
ossibility that the presence of stable iron might be connected to 
he progenitor star’s original metallicity. This alternative explanation 
hould not be dismissed, especially in cases where the abundance is
upersolar, as observed in SN 1999aa (Aouad et al. 2022 ), SN 1991T
Mazzali et al. 1995 ; Sasdelli et al. 2014 ), SN 2002bo (Stehle et al.
005 ), SN 2010jn (Hachinger et al. 2013 ), and iPTF16abc. Such
nstances may suggest that progenitors with abo v e-solar metallicity 
o not necessarily lead to dimmer events, as suggested, for instance,
n Timmes, Brown & Truran ( 2003 ). An alternative explanation
ay also be multidimensional effects involving bubbles of burned 
aterial rising to outer regions, or large-scale turbulent mixing giving 

ise to the presence of IGEs at the outer shells (Hachisu et al. 1992 ;
spden, Bell & Woosley 2010 ). 
When examining the spectral evolution from the spectroscopically 

ormal to the peculiar luminous 91T-like events, the attenuation of 
he Si II λ 6355 line can be more attributed to abundance-related 
actors rather than influences of ionization (Sasdelli et al. 2014 ;
ouad et al. 2022 ). Interestingly, upon comparing the abundance 
rofiles of different events (cf. Fig. 22 ), silicon displays a noticeable
ecline in the outermost shells across the three 91T-like objects 
e have modelled, within a comparable velocity range. A similar 
bservation has been recently proposed by O’Brien et al. ( 2023 ),
here they model the optical spectra of 40 SNe Ia encompassing
oth normal and 91T-like classifications. They deduce a deficiency 
n intermediate-mass elements (IMEs) abundance in the 91T-like 
vents compared to those classified as normal (see also Mazzali et al.
MNRAS 529, 3838–3857 (2024) 
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Figure 21. Comparison of the pseudo equi v alent width of the Fe III trough, 
around 4800 Å, in the early spectra of iPTF16abc with those measured for 
SNe 1999aa and 1991T. The measurements were carried out following the 
approach described in Hachinger, Mazzali & Benetti ( 2006 ). Days are with 
reference to B maximum. 
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007 ). This behaviour holds true for sulfur abundance as well. This
rend implies the existence of a distinct burning regime within this
pecific subclass of supernovae, setting it apart from the dynamics
hat characterize spectroscopically normal events like SN 2003du.

ithin the operative regime among the 91T-like events, it appears that
he burning front abruptly ceases within a velocity range spanning
etween 12 000 and 13 000 km s −1 . This cessation creates a division
ithin the outer ejecta, resulting in two distinct regions characterized
y differing degrees of burning activity, one marked by vigorous
urning and the other characterized by subdued burning. 

The persistent carbon features until two weeks post maximum
isplay no resemblance to any SN Ia within the same spectroscopic
ubclass, namely SNe 1999aa and 1991T. Moreo v er, despite sporadic
ppearances of these attributes in the early spectra of events classified
s normal, they are notably absent during the phase of maximum
rightness and subsequent periods, e.g. SN2013 du (Zheng et al.
013 ), SN 2011fe (Nugent et al. 2011 ) (see also Parrent et al.
011 ; Folatelli et al. 2012 ). Remarkably, these characteristics have
onsistently emerged in 2003fg-like events (Ashall et al. 2021 ), such
s SN 2009dc (Taubenberger et al. 2011 ; Hachinger et al. 2012 ), SN
006gz (Hicken et al. 2007 ), SN 2012dn (Chakradhari et al. 2014 ),
nd recently SN 2022pul (Siebert et al. 2023 ). This pattern is evident
rom early spectra up to two weeks after reaching peak intensity. 

In Fig. 23, we plot the PEW of the C II λ 6580 and its velocity
ompared to a set of 2003fg-like SNe taken from Ashall et al. ( 2021 ).

hile the velocity of the line follows a similar trend to that observed
n 2003fg-like events, the PEW displays a different pattern. It
nitially exhibits considerable strength at an early stage, experiences
ubsequent weakening, but unexpectedly strengthens again one week
fter maximum. This behaviour distinguishes it from other 03fg-like
upernovae and reinforces the insights derived from our abundance
nalysis, which reveals an increase in carbon abundance in deeper
ayers, giving rise to a ‘bump’ around 10 000 km s −1 . Given this
bservation, it is plausible to speculate that this phenomenon arises
rom mixing driven by flame propagation asymmetries or clumps
f unburned material along the line of sight (Parrent et al. 2011 ;
NRAS 529, 3838–3857 (2024) 
 olatelli et al. 2012 ). Alternativ ely, it may arise from a C-rich
nvelope, leading to the decrease of photospheric velocities as the
jecta interacts with this e xtended env elope. This interaction could
ive rise to the prominence of carbon lines and longer diffusion
imes, a scenario suggested for the 2003fg-like events (Ashall et al.
021 ). This scenario may be considered viable for iPTF16abc given
he low velocity of the Si II 6355 Å line (Miller et al. 2018 , see).
inally, carbon could be the surviving material from a pulsation
riven detonation (PDD; Ivanova, Imshennik & Chechetkin 1974 ;
hokhlov 1991a ; Dessart et al. 2014 ). This is a scenario in which a

ailed deflagration expands the WD, creating a low density loosely
ound envelope, such that, when the detonation occurs, an outer
nburnt shell is left and the IME shell is confined in a narrow velocity
ange. 

Regardless of the scenario, the identification of carbon in
PTF16abc is capti v ating, positioning this event as a link connecting
he 03fg-like and 91T-like classifications. None the less, in addition
o these spectroscopic parallels with 03fg-like events, iPTF16abc
istinctively retains all the spectroscopic characteristics reminiscent
f a 91T-like SN Ia. This resemblance to the 91T-like SNe Ia persists
nto the nebular phase. Furthermore, when assessing the photometric
ttributes, iPTF16abc bears no resemblance to 03fg-like events,
hich are characterized by IR light curves devoid of a secondary
aximum (Ashall et al. 2021 ). Additionally, the time of the i -

and maximum occurs after to the B -band maximum in the events
lassified as 03fg-like. In iPTF16abc, it occurs three days before the
- band maximum, similar to the majority of 91T-like events (see
shall et al. 2020 ). 
The subdued intensity of the Ca II H&K feature in the early-

hase spectra of iPTF16abc, compared to SN 1999aa, can easily
e attributed to the distinct luminosities of the two objects. Ho we ver,
ra wing definitiv e conclusions becomes challenging when juxta-
osed with SN 1991T, particularly given the comparable bolometric
ight curves exhibited by these e vents, e ven when considering
nherent uncertainties. The observed dissimilarities in the behaviour
f the Ca II H&K lines do not offer sufficient grounds to cate-
orize iPTF16abc as an intermediate object between SN 1999aa
nd SN 1991T. Based on the available data, it is more plausible
o consider iPTF16abc as a similar object to SN 1991T, except for
he Carbon features. The differences in the suppression of the Ca II
&K line could potentially be influenced by density variations in the
uter layers affecting calcium recombination, or it could arise from
ifferent ionization levels due to varying temperatures. 
It remains an open question whether SNe displaying intermediate

roperties between the ones observed in iPTF16abc and the ones ob-
erved in both SNe 1999aa and 1991T will be disco v ered, particularly
oncerning the strengths and temporal evolution of the Fe III , Ca II ,
&K, C II, and Si II features. This could provide further insights into
ur understanding of the complex spectroscopic diversity observed
n 91T-like SNe Ia. 

0  C O N C L U S I O N S  

e have modelled a time series of optical spectra to derive the
bundance of the peculiar carbon rich, 91T-like type Ia supernova,
PTF16abc, and compare it to both SNe, 1999aa, and 1991T from
ne side, and the normal SN 2003du from the other side. Our main
onclusions can be summarized as follows: 

(i) Delayed detonation density profiles align very well with
PTF16abc’s spectroscopic features, even though requiring minor
djustments in the outer shells. 
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Figure 22. The distribution of the most important elements in SNe Iptf16abc, 1991T, 1999aa, and some spectroscopically normal SNe Ia. Left-hand side, top 
to bottom: Si, S, and Ca. Right-hand side, top to bottom: stable Fe, 56 Ni, O, and C. Iptf16abc exhibits very similar stratification properties to SNe 1999aa 
and 1991T, which are different than the spectroscopically normal events: the IMEs shell is narrow and is suddenly depleted abo v e ∼12 000 km s −1 , oxygen 
dominates the outer shells and is sharply depleted below ∼12 000 km s −1 . Carbon extends deep and increases creating a noticeable peak around 10 000 km s −1 . 
The dashed lines in the first panel represent the velocities probed by our photospheric phase models, spanning from approximately days −15.3 to + 8.5 relative 
to B maximum, while the regions below are probed by the nebular phase model. 
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(ii) The inner composition is dominated by stable IGEs (0.20 M �)
s in all SNe Ia followed by a 56 Ni dominated shell with a total mass
f 0.76 M � and a thin IME shell (0.18 M �). 
(iii) Iron abundance variations in the outermost layers explain 

he early weak Fe III lines, highlighting that 91T-like objects with 
eaker Fe III lines are not necessarily dimmer or cooler than those
ith stronger lines. 
(iv) Detection of stable iron in the outermost shells, similar to SNe 

999aa and 1991T challenges e xisting e xplosion models. The idea 
hat these are caused by bubbles of burned material rising to the outer
ayers is contradicted by the simultaneous presence of carbon within 
he 56 Ni dominated shell. This may suggest a potential link to the
rogenitor’s original metallicity and may indicate that progenitors 
ith abo v e solar metallicity may not necessarily lead to dimmer

vents. 
(v) Similar to SNe 1999aa and 1991T, the early Si II λ 6355

eakening results from silicon depletion in the outer shells. This 
istinct burning regime ends around 12 000 km s −1 , leaving in-
ompletely burned outer layers and setting it apart from typical 
vents. 

(vi) Carbon co-exists with IGEs in the outermost shells, extending 
nward with a noticeable increase in deeper layers. This persistence 
f the carbon feature beyond the maximum light epoch establishes a
MNRAS 529, 3838–3857 (2024) 
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Figure 23. Left-hand panel: Pseudo equi v alent width (PEW) of the C II 6580 Å observed in iPTF16abc, compared to a set of SNe 2003fg-like taken from 

Ashall et al. ( 2021 ). The line initially shows notable strength at an early stage but experiences a subsequent weakening before ultimately strengthening again, 
approximately one week after maximum light. 
Right-hand panel: Velocity of the same line. 
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